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ABSTRACT

This thesis presents a two-probe excited circular ring antenna for the Multiple-
Input Multiple-Output (MIMO) systems. The antenna was analyzed by using the induced
emf method. First, an appropriate radius of the ring was chosen from a single probe
antenna. Then, the appropriate probe length and ring length were considered from the
two-probe antenna. The appropriate antenna parameters are a ring radius of 0.3\, ring
length of 0.3A and probe length of 0.25A. Moreover, the isolation between the two probes
was improved by offsetting the position of two probes and by insertion of an inductor coil
between the probes. From the study, the two-probe antenna with an inductor coil provides
better performance than the two-probe offsetting antenna. The prototype antenna at the
frequency of 5.2 GHz was fabricated and measured to compare with theoretical
calculations which resulted in the same trend. Measurements illustrated that the isolation
achieved was in excess of 20 dB while the VSWR was less than 2:1 over the 5 GHz
indoor wireless local area network (WLAN). The bi-directional radiation pattern was
achieved with 4 dBi gain in the desired direction. The MIMO performance of the
proposed antenna was studied in the corridor environment by two different methods. The
first method was the field test measurement in which the proposed antennas were used as
the antennas under test in the MIMO systems. Second, the MIMO channels of the
proposed antennas were reconstructed from the channel parameters from the double
directional channel measurement by using the random phase method. The results from
both methods show that the proposed antenna provides higher mutual information than
the use of the 1A horizontally spaced vertically polarized dipole array antennas.
Moreover, the isolation improvement can increase the mutual information of the channel

by using this proposed antenna.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

The multiple antennas at transmitting and receiving sides have been used for a
long time in the wireless communication. It was extended from the use of the single pair
antennas between the transmitter and receiver in the traditional communication or Single-
Input Single-Output (SISO) system. The purpose of using multiple antennas is for
increasing the quality of the communication. In 1980s, the multiple antennas at the
receiver were used for the received diversity system or Single-Input Multiple-Output
(SIMO) to mitigate the fading signal and hence improve the communication quality [1],
[2]. With this approach, the communication quality can be increased since the receiver
can always receive the signal. The simplest idea is that when the received signal from one
antenna is very low, such as lower than the threshold, the switch will select to receive the
signal from another antenna. Then, the communication can still be continued. It can also
be said that the communication interval is increased by this receive diversity. There are
many types of the diversity system, such as frequency diversity, temporal diversity,
spatial diversity and antenna diversity. One of the most well-known diversity systems is
the spatial diversity that uses the identical antenna placed at the different positions to
receive the uncorrelated signal. In case of the antenna diversity, the different antennas are
used instead to receive the uncorrelated signal. These different antennas use the different
antenna characteristics for the diversity system, such as polarization diversity and pattern
diversity. The advantage of the antenna diversity is its compact size since the different
antenna characteristics can be packed together in one structure. For antenna diversity
case, the extra space between the antennas is not necessary. However, in the cellular
system, the use of the diversity at the mobile phones is not popular since it is more
expensive, more power consumption and more complexity. Hence, the receive diversity is
usually used in the uplink at the base station. Since the multiple antennas are already used
at the base station, the motivation of using these multiple antennas for transmitting
diversity or Multiple-Input Single-Output (MISO) system is motivated [3]. Additionally,
because of the growth of the signal coding, the transmit diversity becomes popular and it

motivates the use of the Multiple-Input Multiple-Output antennas in the communication



system. The difference between the receive diversity system and the MIMO system is that
the same signals are transmitted and received in the diversity system, whereas the
different signals or independent data are used in the MIMO systems. Consequently, in the
diversity system case, the throughput (output in bits/s) is not increased.

The growing demand for wireless communication makes it important to
determine the capacity limits of the underlying channels for these systems. These capacity
limits dictate the maximum data rates that can be transmitted over wireless channel with
small error probability. The mathematical theory of communication underfying channel
capacity was proposed by Claude Shannon in the late 1940s [4]. This theory is based on
the notion of mutual information between the input and output of a channel. In particular,
Shannon defined channel capacity as the channel’s mutual information maximized over
all possible input distribution.

The most powerful usage of MIMO is the transmission of several parallel data
streams to increase the capacity of the system, called spatial multiplexing. In this case, the
different data streams are transmitted in parallel from the different transmit antennas and
the multiple receive antenna elements are used for separating the different data streams at
the receiver. The advantage of this method is that the data rate can be increased without
requiring more spectra [5]-[7] which is highly beneficial for large data transmission such
as multimedia data. The early reports of the MIMO system in [4]-[7] motivate many
researches in the MIMO systems. Nowadays, the concept of MIMO radio channel is an
interesting topic in communication research. MIMO is being considered for the third-
generation cellular systems (W-CDMA), IEEE 802.16a (WMAN) and IEEE 802.11n of
wireless local area networks (WLAN).

As mentioned above, parallel subchannels can be achieved from the spatially
separated antenna elements of the arrays. It was found that by increasing the number of
mobile antenna elements and the spacing between them, the capacity of such a system for
a large angular-spread environment was increased [8]. Nevertheless, this large antenna
spacing increases both size and cost of the equipment in the systems. In an environment
of limited space, the MIMO system can be accomplished by utilizing the independence of
the propagation paths of the two different polarizations [9]. In this case, the use of dual-
polarized antennas for polarization diversity is suggested wherein two orthogonal
polarizations can be provided in the same structure. Polarization diversity has been
recommended as an attractive solution for obtaining parallel channels in MIMO systems

[9]-[11]. The report of capacity increasing of around 10-20% from using polarization



diversity over single-polarization with spatially-separated elements is found in [12]. In
addition, the combination of polarization diversity with spatial diversity or pattern
diversity can enhance the decorrelation between communication links. Waldschmidt et al.
[13] presented an extremely broadband, spiral and sinuous antenna by using the
combination of pattern and polarization diversity. They also show that a system based on
the combination of polarization and spatial diversity is best-suited for the situation where
a trade-off between space and capacity has to be made. Getu and Andersen [14] proposed
a compact MIMO cube antenna for indoor environment with wide angular spread. This
antenna is made from 12 electric dipole antennas at the edges of a cube and uses space
and polarization diversity techniques. Furthermore, Dong et al. [15] studied a trimonopole
antenna structure with polarization diversity. This kind of antenna offers channel capacity
that approaches the capacity of an uncorrelated MIMO Rayleigh channel. Moreover, it
was shown that the increase in channel capacity is due mainly to polarization diversity,
not pattern diversity.

In general, the MIMO antenna performance should be considered in the real
MIMO environment. The performance of the MIMO systems that use different antennas
can be measured in the real practical environment. The multiple orthogonal parallel
transmission links maybe found using the singular value decomposition (SVD) of the
MIMO channel matrix [7], [16]. However, if there are many investigated antennas, the
assessing performance of the MIMO system by using generalized channel (channel without
the effect of the transmitting and receiving antennas) are preferable since it can reduce the
hard effort in the measurements. To assess the performance of MIMO systems in real
propagation channel, accurate characteristics of the channel are required. There are a lot of
attempts to simulate the behavior of the channel. The first method is based on the
electromagnetic approach by computer modeling with the ray optical model [17], [18]. The
second one is the statistical model that explains the statistic of the scatterers in the channel
[19], [20]. However, since the complexity of reflection, scattering, diffraction etc., in real
propagation environments can never be completely modeled by electromagnetic simulation
in the first method and because of the simplicity of the statistical approaches in the second
one, both models have to be verified by propagation measurements. The other approach is
proposed that is the double directional channel measurement which the properties of the
propagation channel are independent with the measurement antennas [21]. The double
directional channel measurement can be deduced by using channel sounder [22] which is

the measuring equipment to observe the time-varying multipath channel impulse response



(CIR). By using the double directional measurement, the parameters of the multipath can be
found. These parameters in the path model are DoA (Direction of Arrival) at the receiver
array, DoD (Direction of Departure) at the transmitter array, TDoA (Time Delay of
Arrival), Doppler shift, and the complex polarimetric path weight matrix. These parameters
can be estimated by using parametric estimation algorithms. Finally, the complete channel
model can be regenerated by these extracted parameters, such as DoA, DoD, TDoA and
polarimetric path weight matrix.

In addition to the MIMO performance, the antennas for the MIMO system
should be designed to provide an appropriate radiation pattern and electrical
characteristics. In general, an antenna for wireless communication may be intended either
for directional or omnidirectional patterns [23], [24]. Recently, Kosulvit [25] has
proposed a bidirectional antenna with a probe excited circular ring that is suitable for a
long and narrow environment like a corridor or a tunnel. That antenna had a simple
design and configuration. The electrical characteristics such as return loss and isolation
are important for the antenna design. Some researchers reported the influence of mutual
coupling on MIMO system which led ultimately to poor performance. For example, in
[26], Waldschmidt analyzed the impact of mutual coupling on the capacity of an MIMO
system with compact antenna array. It is also stated in [6] that the increase in mutual
coupling associated with reduced antenna spacing causes problems for achieving high
capacity. It appears in [27] that the capacity result of the antenna system degrades at close
antenna separation in case of wideband systems. It implies that isolation of the MIMO
antenna should be maximized to obtain high capacity performance. For a compact
antenna structure, isolations of higher than 20 dB between two antenna elements are

acceptable [23], [28].

1.2 Purpose and the Scope of the Thesis

In this thesis, a modified bidirectional circular ring antenna equipped with two-
probe excited ring is proposed for the 5 GHz WLAN (5.15-5.25 GHz) of IEEE 802.11n
indoor communication. This bidirectional antenna is suitable for using in a longitudinal
area, such as in the corridor. The proposed antenna is based on the circular ring antenna
that is excited by a single probe in [25]. The attractive properties of the antenna in [25]
are simple structure with the bidirectional radiation pattern and ease of fabrication. It also

has moderate directivity (7 dBi at 1.9 GHz) and wide impedance bandwidth. The antenna



configuration and antenna design are shown in Chapter 2. To gain insight into the antenna
parameters, the induced emf method is used in the analysis of the design and in the
development of the real antenna, and an equivalent circuit is used to determine the
impedance characteristics of the antenna. The fields at the aperture were derived from the
fields inside the ring by using Green function. The process of antenna design was as
follows: first, the parameters of a single probe antenna were chosen to obtain a suitable
ring radius. Then, the parameters of a two-probe antenna that yield suitable probe length
and ring length were determined. The design that yielded suitable antenna parameters
with maximum isolation and accepted return loss was identified. In Chapter 3, the
improvement of the isolation between the two probes of the antenna is illustrated. The
isolation is enhanced by offsetting the position of the two probes and by insertion of an
inductor coil between them. Finally, a prototype antenna designed to operate at the center
frequency of 5.2 GHz was fabricated and tested. In Chapter 4, the MIMO Theory and the
mutual information calculation based on the SVD approach are shown. In this thesis, the
MIMO performance of the proposed antenna is evaluated with two methods. The first
method is the direct measurement of channel matrix in practical corridor environment and
the second one is by using the result of double directional channel measurement in the
corridor. The direct MIMO performance measurements of the proposed antennas are also
described in Chapter 4 whereas the double directional channel measurement is described
in Chapter 5. In Chapter 5, the multipath parameters including polarimetric path weight
matrix, DoD at the transmitting site, DoA at the receiving site, and path delay are extracted
from the sounding measurement data by using the high resolution program (RIMAX) [29].
Depolarization of signal was studied in terms of cross polarization power ratio (XPR) [30],
[31]. Angular power spectrum and angular spread of incoming signal in a corridor
environment were also investigated. The extracted parameters of the discrete multipaths
were calculated with the random phase and the radiation pattern of investigated antenna
to create the complete propagation channel. The different channel matrices with the
different antennas were investigated. Here, the MIMO performance of the proposed
bidirectional dual-polarized antenna and the 14 horizontally spaced vertically polarized
dipole array antennas (dipole array antennas) were compared in both Chapter 4 and 5.

Finally, the conclusion and discussion were drawn in Chapter 6.



CHAPTER 2

A TWO-PROBE EXCITED CIRCULAR RING
ANTENNA

2.1 Introduction

In this chapter, a structure of the proposed two-probe excited circular ring antenna is
described. The analysis and design of a two-probe excited circular ring antenna are also
presented in this chapter. The analysis was done by using the induced emf method. The
impedance characteristics of the antenna were analyzed by using an equivalent circuit. The
antenna design is aimed to obtain the desired antenna characteristics, 1.e., bidirectional
radiation pattern, VSWR of less than 2:1 and maximum isolation. These characteristics can
be obtained by adjusting the parameters: ring radius (a) and ring length (d) of the antenna.
The design process was as follows: first, a suitable radius of the ring was chosen for a single
probe antenna. Then, the suitable probe length and ring length were determined for the two-
probe antenna. Finally, isolation between the two probes was considered. Moreover, in case
of two-probe antenna, the electrical characteristics of the antenna, such as radiation pattern
and input impedance, are also simulated by using Numerical Electromagnetic Code 2 (NEC2)
to confirm the theory. As a result, ring radius, ring length and probe length that provide the

desired antenna characteristics are chosen to fabricate the prototype antenna.

2.2 Antenna Configuration and Analysis

2.2.1 Antenna Configuration

The circular ring antenna proposed in [25] has only one excited probe. To construct
the dual-polarized antenna from the circular ring antenna in [25], another probe needs to be
added and it should be perpendicular to the conventional probe to provide the cross
polarization.

A two-probe excited circular ring antenna consists of two linear electric probes.

The probes have length [ and their feeding points are positioned at
(r=a, 0=7r/2, p=¢ )and (r=a, 6=n/2, $=¢,). Probe 1 is on +x-axis (¢, =0°); it

provides horizontal polarization. Probe 2 is on the +y-axis (¢2' =90°) and provides vertical



polarization. The difference between probe angles is Ag. The probes are surrounded by a

circular ring antenna with ring radius a and ring length d. The electromagnetic fields
propagate from the ring in both z and -z directions. The field is radiated from the two

apertures at the ends of the ring in the plane z = -d/2 and z = d/2, as shown in Fig. 2.1.

P(r,6’, ¢)

Fig. 2.1 Configuration of the two-probe excited circular ring antenna

2.2.2 Input Impedance and VSWR

L . a2

I Zian' I Zian+
Fig. 2.2 Equivalent circuit of the probe excited ring antenna
From the antenna configuration shown in Fig. 2.1, its equivalent circuit diagram is

illustrated in Fig. 2.2. The input impedance of the antenna is calculated from the shunt circuit

parameters. These parameters are the admittance of the probe and the admittance of the two



apertures, neglecting the reflections and the mutual coupling from the two apertures.
Precisely, the input impedance of the antenna is the inverse of the total admittance of the
equivalent circuit.

Induced emf method was used to calculate the self and mutual impedances of the
antennas because it was easy to obtain design parameters from the closed form mathematical
expressions used in the method [32]. To calculate the self impedance at the feeding probe,
the tangential electric field components on the surface of the wire had to be expressed as
closed form in equation (2.1) below. Its derivation is shown in the appendix. Sinusoidal
current distribution was assumed along the probe length. Under these conditions, the input

impedance at the feeding probe (Z,) could be expressed as

- (e
a J - e‘]"((z"z); >z

c,m” cos[ m(g-¢')] I '"/(fp )sm[k(P—a+l)]Ea,rE{ ke (-2) T dp
_]a)/lo © o e ;Z<Z’

) («fp ” M

+c€———cos[m(¢ ¢') ]I —=tsinfk(p—a+D)E,;mgy
K 2 IC -z);z <z
@.1)

where I, is the maximum current which is equal to unity and k=w\ue. ¢ and &

correspond to the transverse electrical mode (TE) and transverse magnetic mode (TM),
respectively. They are defined as ¢ =g,,,/a and & = p,,, /a respectively, where g, and p,

are the eigenvalues for different m and n. These values are tabulated in [33] and [34]. J, is
the Bessel function of the first kind of order m. The primed and unprimed coordinates
represent the location of source and the observation point, respectively.

The admittance of the probe is equal to the inverse of the input impedance Z,. Note
that the electric field in equation (A1) in the appendix cannot be used to find the impedance
at the feeding probe directly since this equation is not valid at z = z'; therefore, interpolation
techniques [35] were used to find the impedance at the probe position z = 0.

The aperture admittance Y, was calculated by using equation (2.2) below [36].

1 21 a ~a — o n
Y,=r7 [ I(E' x )-a, pdpdd, (22)
00

dp




By substituting E and H/, the tangential electric and magnetic fields at the aperture

respectively, from equation (A1) to (A4), Y, can be expressed

_ - —skg (-2, 7]
c (gp)cos[m{é ¢)J a,TE ’ (2 e
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_ 'a)/j ZZ o
J Oy ' '
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- . —.Ikc (2-7). 1
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© © ¢ ¢ (J ) Sin [m (#-¢ )] Here {+ e(F2). g
22 |
L L I ({p) . '"e—lk{(Z—z)’z >z
£ m '
+eg I{_f(-] k) s [m(¢ 4 ):' Ho.m v K D). g
N - | , N
a, pdpdg,
2.3)

where V'is the voltage across the aperture. Since the input impedance of the antenna is taken
to be the reciprocal of the shunt admittances, the transformation of these admittances at the
ends of both apertures can be carried out (i.e. from z=:+*d/2 along the ring length to the
probe position z = 0) by using the transmission line equation [37]. The transformation is
conducted only for the case that the optimal ring length yielded a single mode distribution.

The total input admittance can be determined by the relationship below

=Yy + Y, + YT (2.4)

Pyosal
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where the superscript a- and a+ are the positions of the aperture in z<z' and z>Z'
directions, respectively.

Finally, the input impedance can be obtained from the inverse of equation (2.4)

Zo =Y T 2.5)

In this thesis, the characteristic impedance of the antenna is evaluated in term of

VSWR. Their relationship can be expressed'as follows [38]

VSWR = I+ Irl
1- |1—- R (2.6)
Z- _ZO - . - . . . .
where I = E'ﬂ——z— and Zj is the characteristic impedance of the transmitter or receiver. It is
in + 0

equal to 50 Q in this work.

2.2.3 Mutual Impedance and Isolation

When one antenna is placed near another antenna, its input impedance can be
calculated by adding the mutual impedance with the self impedance (input impedance
without another antenna) and it is called driving point impedance [32]. The mutual

impedance (referring to the input current /;; of antenna 1) is

=Z,;=———[E-Tdl, 2.7

where E is the electric field component radiated by antenna 1 parallel to antenna 2 and 7 is
the current distribution along antenna 2. For the proposed antenna, E is expressed by
equation (A1) in the appendix and I is assumed to be a sinusoidal current distribution where

I; =1I,; =1, sin(kl). Hence,
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7 - JOHy
el 1 sin® (k1)

ik (z—2"
ejc(z z')

e Jke(2*-2)

. CngCOSI:m(¢—¢’)]]'nggp)sin[k(p“-a"‘l)]En,rg{

22
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0 n=1 +c§;§§—008[m(¢_¢,):| J%ij)sm[k(p—a-*l)]Ea’TM{

—‘k _'
e _]{(Z ')

o
e Jke(2'-2)
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2.8)

Therefore, the admittance of the mutual impedance can be calculated from the inverse of the
mutual impedance. Note that Z,,,« in equation (2.8) is calculated from interpolation
techniques since the electric field in equation (A1) in the appendix is not valid at the feeding
probe positionz=0.

To find the aperture admittance (Y,), the expression in equation (2.2) can be used

where E' and H; are the tangential electric and magnetic fields at the aperture, taken from

the electric and magnetic field component radiated by antenna 1 parallel to antenna 2. The
total admittance can also be found by using (2.4). Finally, the total mutual impedance can be
obtained from the inverse of the total admittance.

Isolation of the antenna can be computed as follows, as in [38],

Isolation (dB) =-20 log | Sail (2.9)
where S, = 22y, (2.10)
A
A=(Zu' +1)(222I +1)‘212'221' (2.11)
Ly -
z; =Z— ,i=1,2and j=1,2 (2.12)

0

and Zj is the characteristic impedance of the feeding coaxial cable (assumed to be 50 Q). Zj;
and Z»; are driving point impedances at probe 1 and probe 2, respectively. Z,, and Z), are
mutual impedances from probe 1 to probe 2 and from probe 2 to probe 1, respectively. Since

the antennas are identical, Z;, = Z»; and Z; = Z)5.
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As seen in the expressions of the antenna's input impedance and mutual impedance,
it is clear that both of them are dependent on ring radius a, ring length d, probe length / and

the angle between the two probes A¢.

2.2.4 Higher Modes

Before further investigation, the effect of higher modes on the impedance of the
antenna should be determined. So far, only the dominant mode (TE,,) is considered as the
propagation mode in the waveguide, but there also exist higher modes affecting the antenna
impedance since it is calculated at the feeding probe. As an example, the input impedance at
the feeding probe of an antenna that has a ring radius of 0.3\, a ring length of 0.2X, and a
probe length of 0.252 is determined for the purpose of illustrating the effect of higher modes.
Note that the shortest ring length is 0.2A which is the width of an SMA connector. Since the
number of modes is large when the ring length is small, the number of modes obtained from

the shortest ring length is used as a representative for those of other ring lengths.

0 L8
——n=1
—o—n=2 1.6
_2 - - e n=3 .........................................................
: n=4 P - 1.4
44 i\ |——AReactance|: L7 . TTT G 1P E TN p
: oo b - 1.2
= ~
G G
< 6 4 - 1.0 7
5 -
(3] : (3]
g , =]
- 8 4-}-3 : ."0.83
(3] &
a ®
I~ - 0.6 9
-10 4 %
- 0.4
-12 4 .
- 0.2
-14 — s i 0.0

0 1 2 3 4 5 6 7 & 9 10 11 12 13 14 15 16 17 18 19 20
m

Fig. 2.3 Impedance of the antenna for different m and n values (a = 0.3A, d=0.2), I=
0.25X)
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Fig. 2.4 VSWR of the antenna for different m and n values (a = 0.3, d=0.27, /=0.25})

Figure 2.3 shows the total impedances from each mn modes with the one from the
lower mode. Since resistance is equal to 33.30 Q for all cases, only the reactance values are
shown in this figure. Because m affects the impedance of the antenna more significantly than
n, we choose the case n = 4 to study the effect of m on the impedance. The differences
between the impedances of m and m+1 values, with n = 4 modes, are shown in Fig. 2.3. It is
clear that the impedance of the antenna does not converge (AReactance # 0) when m and n
increase, as can be seen in this figure. The impedance seems to converge at m = 13, but
AReactance increases again at m = 14. This kind of fluctuation is observed again as m
increases. On the other hand, when the impedance in terms of VSWR is considered, shown
here in Fig. 2.4, the high fluctuation is not obvious. Please note that only the VSWR at the
feeding probe is considered and that it starts from m = 1 because it is equal to infinity at m =
0, where there exists only the reactance term. When only the cases where the variation of
VSWR is less than 0.005 is considered, the first case is at m = 11 and n = 4. The VSWR is
1.509 there. The difference between this VSWR value and that of m = 12 and n = 4 is 0.001.
Moreover, the differences between the VSWR values of any pairs of m and m+1 modes are
always lower than 0.005 as m increases beyond 11. Therefore, the values of m =11 and n =4
are chosen for our calculation. Additionally, the impedances of the TE and TM modes have
also examined. It is found that the dominant mode, TE;;, had the most significant effect on
the impedance of the antenna, and the higher modes, TE;;, TM;1;, TMg; and TMy,, also

showed some influences.
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2.3 Antenna Design

2.3.1 Single Probe Antenna

In this study, the adjacent higher mode is TE;;. To allow only the dominant mode
to propagate along the waveguide, the ring radius of the waveguide was precisely chosen to
cutoff the TE,; higher mode. The ring radius (a) was chosen under the criterion cited in [25]

and [33] as

0.2931 <a <0.4864 (2.13)

where A is the wavelength of the operating frequency.

Because Kosulvit's study [25] stated that directivity performance of the antenna
degrades when ring radius is larger than 0.4\, ring radii of 0.3A and 0.34A is chosen. Even
though ring radius of 0.3 is suggested [25], a larger ring radius is more interesting because
of its higher obtainable directivity. Figure 2.5 shows the VSWR of the antenna as a function
of probe length, calculated for two ring radii, and four ring lengths. The probe lengths
investigated from 0.15A to 0.29A and 0.15A to 0.33A.; the ring radii chosen were 0.3\ and
0.34A; and the ring lengths were 0.2A , 0.3X , 0.4A , and 0.5A. The frequency is fixed at 5.2
GHz. The ring length is limited to 0.5 since the directivity of the antenna decreases rapidly
with longer ring length and bidirectional pattern would not be obtained, according to
Kosulvit's study [25].

Note that these VSWR results were the same for both probe 1 and probe 2 since
they are identical according to the reciprocity theorem. From Fig. 2.5, it is evident that for
both ring radii, the longer the feeding probe, the better the VSWR, and larger ring radius
yielded higher VSWR. For instance, the VSWRs obtained from the antenna with ring radius
of 0.34) were higher than 2, for all probe lengths and ring lengths. Consequently, ring radius
of 0.3A was chosen for further investigation, not only for the reason just mentioned, but
because waveguides with this dimension were widely available commercially.

When ring radius was 0.3\ and probe length was 0.27A, almost all ring lengths
yielded the lowest VSWRs, except for ring length of 0.2A where the lowest VSWR was
obtained at probe length of 0.25A. It can also be seen that VSWR decreased as ring length
increased. Finally, ring length of 0.5A yielded the absolute lowest VSWR. To sum up, the

chosen single probe antenna possessed the following parameters: ring radius of 0.3, ring
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length of 0.5) and probe length of 0.271. These optimal ring and probe dimensions differed

from those reported in [25] as the latters were chosen to provide maximum directivity.

34

31 F

28

0.15 0.17 0.19 0.21 0.23 0.25 0.27 0.29 0.31 0.33

1A

Fig. 2.5 VSWR for various probe lengths: ring radius of 0.30A and 0.34A (f= 5.2 GHz)

2.3.2 Two-Probe Antenna

In this section, the impedance characteristics of the antennas with two-probe excited
ring is considered. For these antennas, both the VSWR of each antenna and the isolation
between the two antenna ports were objects to concern, and since ring length- and probe
length also have a significant impact on the two-prgbe antenna performance, their variations
were of interest.

To achieve a suitable probe length for a two-probe antenna, VSWR has to be trade-
off with isolation. A maximum isolation of more than 20 dB with minimum VSWR less
than 2:1 was aimed for in this study.

Fixing the radius at 0.3A, the angle between the two probes at 90°, and the operating
frequency at 5.2 GHz, VSWR and isolation of the antenna were plotted, in Fig. 2.6, as a
function of probe length for various ring lengths. Note that the isolation results were
applicable for both the isolation of probe 1 from probe 2 and that of probe 2 from probe 1
since they are identical according to the reciprocity theorem. It was found that the shorter the
feeding probe, the higher the VSWR and isolation. Feeding probe length shorter than
0.23X yielded VSWR higher than 2. Therefore, if isolation higher than 20 dB and VSWR less
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than 2 were intended for, probe length of 0.25A was a good choice. Even though probe
length of 0.23A provided 1 dB higher isolation, its VSWRs were approximately 2 for all ring
lengths, so it is not the best choice. It can be seen that the variations of VSWR and isolation
were in opposite direction. The probe length that achieved desirable VSWR yielded

undesirable isolation.

VSWR

Isolation (dB)

Fig. 2.6 VSWR and isolation of the antenna with varying probe length (@ = 0.3A, Ag =90°, f
= 5.2 GHz)

Figure 2.7 shows the VSWR and isolation of the antenna as a function of the angle
between the two probes for different ring lengths with probe length fixed at 0.25A and
operating frequency fixed at 5.2 GHz. It is evident that larger angle between the two probes
provided higher VSWR, while maximum isolation was achieved at the angle of 90° where the
two-probe antenna produced orthogonal polarizations. The isolation were higher than 20 dB
for all ring lengths at this angle. VSWR increased enormously when the angle between the
two probes was larger than 90°. The isolation at these angles were small since the probes
produced nearly the same polarization. Lastly, high mutual coupling between the two probes

was also observed.
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Isolation (dB)

45 %0 135 180
Angle between two probes (degree)

Fig. 2.7 VSWR and isolation of the antenna with varying angle between the two probes (a =
0.3A, [=0.25A, f=5.2 GHz)

Figure 2.8 shows VSWR and isolation of the antenna as functions of frequency for
different ring lengths when the probe length is fixed at 0.25)A and the angle between the two
probes is 90°. The frequency range spanned the frequencies of 5.1 GHz to 5.3 GHz. The
start frequency was set at 5.1 GHz since the cut-off frequency of this particular ring radius
was 5.08 GHz. This frequency range was chosen to study because it is the operating range of
the 5 GHz indoor WLAN, i.e. 5.15 - 525 GHz. The results obtained were as follow: the
VSWRs of the antenna were less than 2 and the isolation were approximately 20 dB within
the operating band for all ring lengths. At the center frequency of 5.2 GHz, ring length of
0.3\ provided maximum isolation. Therefore, it can be concluded that ring radius of 0.3A,
ring length of 0.3A, probe length of 0.25X, and the angle between the two probes of 90° were
to be used for two-probe excited circular ring antenna. Note that its resonance frequency was

not at 5.2 GHz since the probe length that provided maximum isolation was chosen.
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Fig. 2.8 VSWR and isolation of the antenna at various frequencies (@ = 0.3A, I=0.25\, A¢ =
90°)

2.3.3 Simulation by Numerical Electromagnetics Code 2 (NEC2)

To confirm the antenna design by the analysis, the Numerical Electromagnetics
Code 2 (NEC2) based on the Method of Moments (MoM) simulation program is used. By
using NEC2 program, the antenna structure is modeled by small wire grids. The segment
length of each wire should be less than 0.14 [39]. However, at the probe of the antenna, the
segment length can be finely divided to 0.014 to obtain the accurate input impedance. The
two probes are excited by a voltage gap feed. At the probe base, the two diagonal wires are
added to support high current density according to the suggestion in [39]. The lossy wire grid
is used to model brass with conductivity of 2.56x107 S/m since it is used to fabricate the
prototype antenna. The wire radius is equal to the radius that provides the equivalent wire
grid surface area to the real surface area [39], [40]. By using NEC2 program, the VSWR and
isolation are studied when the ring radius and the ring length of the antenna are varied. As
same as the simulation, the length of the two probes is identical and equals 0.254.

The contour plot in Fig. 2.9 is the result at the center frequency (5.2 GHz) of the
operating band with respect to the ring radius and the ring length of the antenna. Since the
probe length is fixed at 0.254, the ring radius should be larger than 0.251 to avoid the contact
between the probe and the ring. Then, the investigated ring radius started at 0.3 4. In addition,
the ring length should be larger than 0.104 since the ring becomes only a wire when the ring

length is too small. By using NEC2, the radiation pattern of the antenna can be obtained.
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Then, the radiation pattern is also considered for the bidirectional radiation pattern. Here, the

ring radius of 0.301-11 and the ring length of 0.104~14 are investigated.
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Fig. 2.9 Contour plot of the isolation of the antenna with respect to the ring radius (a) and

the ring length (d)

Only the contour plot of isolation is shown here since the VSWR is less than 2:1 for
all cases. From the result in Fig. 2.9, the isolation can be maximized by extending the ring
radius and ring length. The enlarged ring radius provides good isolation since the gap
between the two probes is widen. However, the antennas with an enlarged ring radius provide
the main beam in the undesired direction. Their main beams do not point along the corridor
and their radiation patterns are also not the bidirectional radiation pattern. This result is also
mentioned in [25]. The beams of these antennas point toward the opposite side of the excited
probe that causes loss of the transmission power in the undesired direction. In addition, the
enlarged ring length makes the circular ring antenna become the circular waveguide. As a
result, the gain in the desired directions of the antenna becomes small due to the ohmic loss in
the waveguide. The dimension of the antenna with the appropriate gain (higher than 2.15 dB1)
and the bidirectional radiation pattern comprises of 0.304-0.504 ring radius and 0.104-0.504
ring length (shaded area). Unfortunately, these interesting antennas have small isc;lation (12-
16 dB). It can be noted that the difference of the isolation between the calculation and
simulation can be observed. The isolation from NEC2 is lower than that from the calculation.

This difference is maybe from the aperture coupling effect that is omitted in the analysis
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CHAPTER 4
MIMO DIRECT MEASUREMENT AND MUTUAL
INFORMATION RESULTS

4.1 Introduction

In this chapter, the systems with multiple antennas at the transmitter and
receiver are considered, which are commonly referred to as Multiple-Input Multiple-
Output (MIMO) systems. In MIMO systems, multiplexing exploits the structure of the
channel gain matrix to obtain independent signaling paths that can be used to send
independent data. Indeed, the initial excitement about MIMO was motivated by the
pioneering work of Winters [42], Foschini [5], Foschini and Gans [6], and Teletar [7]
predicting remarkable spectral efficiencies for wireless systems with multiple transmit
and receive antennas. In this chapter, a MIMO theory are examined and its advantage are
describe. Then, the direct measurements of the channel matrix of the proposed antennas
are measured in the practical indoor environment. The mutual information results from
the MIMO systems using the proposed antennas are compared with those from the system

using dipole array antennas.

4.2 Fundamental of Multiple-Input Multiple-Output

4.2.1 Narrowband MIMO Model

In this section, a narrowband MIMO channel is considered. A narrowband
point-to-point communication system of M, transmit and M, receive antennas is shown in

Fig. 4.1. This system can be represented by the following discrete-time mode:

» My iy, || X ny

Il
+

(4.1)

hM,.l hM M, JCM’ nMr
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or simply as y = Hx+n. Here x represents the M,-dimensional transmitted signal, n is the
M,-dimensional noise vector, y is the M,-dimensional received signal and H is the M,xM,

matrix of channel gains Aj; representing the gain from transmits antenna j to receive

Y Y .
_Y><v h

MM,
T I,

antenna .

Y

Fig. 4.1 MIMO systems

4.2.2 Parallel Decomposition of the MIMO Channel

When both the transmitter and receiver have multiple antennas, the performance
gain called multiplexing gain is offered. The multiplexing gain of a MIMO system results
from the fact that a MIMO channel can be decomposed into a number Ry of parallel

independent channels. Because Ry, the rank of matrix H, can not exceed the number of

columns or rows of H, it follows that Ry <min(M,,M,). If H is full rank, which is
referred to as a rich scattering environment, then Ry =min(M,,M,). Other

environments may lead to a low-rank H: a channel with high correlation among the gains
in H may have rank 1. By multiplexing independent data onto these independent
channels, an Ry -fold increase in data rate can be obtained in comparison with a system
with just one antenna at the transmitter and receiver. This increased data rate is called the
multiplexing gain. In this section, the approach to obtain independent channels from a
MIMO system is described.

Consider a MIMO channel with M,xM, channel gain matrix H. Let Ry denotes
the rank of H, for any matrix H, its singular value decomposition (SVD) can be obtained
as [7],[16]

H=UzZV" (4.2)
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where
Z=diag(0'1,...,0'RH )e RMrM, ;01202 2...20g, 20 (4.3)
U=[uy,...,up | e CYM: (4.4)
V=[viy...sVi | € CHMi (4.5)

The M, xM, matrix U and the M;xM; matix V are unitary matrices which imply

that UMU=1,,, and ViV=l,,. T is M,xM, diagonal matrix of singular values {0',-} of H.

These singular values have the property that o; = \/Z for 4; that is the i th largest

eigenvalue of HH and H”H, and Ry of these singular value are nonzero.

The parallel decomposition of the channel is obtained by defining a
transformation on the channel input and output x and y via transmit precoding and
receiver shaping [43]. In transmit precoding the input x to the antenna is generated by a
linear transformation on input vector X as x = VX. Receiver shaping performs a similar

operation at the receiver by multiplying the channel output y by U”, as shown in Fig. 4.2.

Yy
Yy

x=Vi y=Hx+n y=U"y

T“JT "
l“¢1<«

\d
eee

Y

Fig. 4.2 Transmit precoding and receiver shaping

The transmit precoding and receiver shaping transform the MIMO channel into
Ry parallel Single-Input Single-Output (SISO) channels with input X and output ¥, since
from the SVD we have

y UH(Hx+n)

H{UsvHx+n)

i
c <

H{yzvH v n)
=UHUY VAV + U0
_Y%+n (4.6)
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where fi=U"n. Note that multiplication by a unitary matrix does not change the
distribution of the noise, then n and n are identically distributed in the Additive White
Gaussian Noise (Noise) channel. Thus, the transmit precoding and receiver shaping
transform the MIMO channel into Ry parallel independent channels, where the i th
channel has input X;, output y;, noise #;, and channel amplitude gain o;. Note that these
o; are related because they are all functions of H, but since the resulting parallel channels
do not interfere with each other, it can be said that the chanrels with these gains are
independent-linked. This parallel decomposition is shown in Fig. 4.3. By sending
independent data across each of the parallel channels, the MIMO channel can support Ry
times the data rate of a system with just one transmit and receive antenna, leading to a
multiplexing gain of Ry. Note, however, that the performance on each one of the channels

will depend on its gain o;.
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Fig. 4.3 Parallel decomposition of the MIMO channel
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4.2.3 MIMO Channel Capacity

The mathematical theory of communication underlying channel capacity was
pioneered by Claude Shannon in the late 1940s [4]. This theory is based on the notion of
mutual information between the input and output of a channel. In particular, Shannon
defined channel capacity as the channel’s mutual information maximized over all possible
input distributions. Capacity equals the maximum data rate that can be transmitted over
the channel with arbitrarily small error probability. Capacity versus outage defines the
maximum rate that can be transmitted over the channel with some nonzero outage
probability. The capacity of a MIMO channel is an extension of the mutual information
formula for a SISO channel. In general, the fading channel capacity with channel fade
level information at both the transmitter and receiver is achieved when the transmitter
adapts it power, data rate, and coding scheme to channel variation. The optimal power
allocation in this case is a “water-filling”, where power and data rate are increased when
channel conditions are favorable and decreased when channel conditions are not
favorable. However, in this thesis, the optimal power allocation water filling is not
assumed. Then, the maximized mutual information of the capacity is not yielded. The
channel’s mutual information results are achieved. This mutual information is the mutual
information for equal power allocation and it is optimum if the transmitter does not know
the channel state information (CSI).

For an M, -transmit M, -receive antenna system of the uniform power

transmission, mutual information /(X:Y) is given by

I(X;Y) = Blog, det[IMr + Mi HHH ] 4.7)
!

where p = P/ o2 . P, is the transmission power of each channel, 0'3‘ is noise power and B

is the bandwidth.
Using the SVD of H, we can express this as [7], [16]

I(X;Y) = i’*Blogz (1+y,), bits/s (4.8)
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where y; =cj p.

To consider the mutual information over the frequency spectrum,

. Ry
L’;ﬂ = Y logy(1+7;), bits/s/Hz (4.9)
i=1
. Ry _
1Y) Zlogz{l +o? i'z] bits/s/Hz (4.10)
B i=1 0o

L3

Usually, the MIMO channel mutual information reported by most of the existing
studies was investigated under a constant received power condition and assumed
transmission power control [6], [8], [9]. However, in order to evaluate the effect of
antenna gain on mutual information, power allocation was not used in this calculation. In
this thesis, the channel matrix H should be the real matrix in the propagation environment
including the part of antenna and propagation loss. Power in each channel and noise
power were calculated from the transmitted power levels and the noise floor of the
receiver according to IEEE Std 802.11a [44] which the transmission power control is not
considered. For the 5.15 to 5.25 GHz band, the total maximum output power was equal to
40 mW. Since each transmitter transmitted an independent data stream of power, power
in each channel equals 20 mW or 13 dBm. According to IEEE Std 802.11a, the noise
figure of the receiver was equal to 10 dB, noise power was equal to -91 dBm over the 20
MHz bandwidth. Finally, by using power in each channel, noise power and eigenvalues,
mutual information was obtained. From the value of the above power in each channel and
noise power, the calculated Signal to Noise Ratio (SNR) was 104 dB which was rather
high from the SNR used in an optimal power allocation system."However, these power in
each channel and noise power are actually used in WLAN IEEE 802.11a. This SNR value
was calculated without the consideration of the propagation loss since this effect was
already included in the matrix H. In the calculation of mutual information of the proposed
antenna and the dipole array antennas, the same values of power in each channel and

noise power were used.
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4.3 Measurement Procedure

Sy
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Fig. 4.4 Layout of the measured floor

The MIMO channel measurement data of the proposed antenna was conducted in
a corridor on the 10™ floor of the Krom Luang Naradhiwas Rajanagarindra building, King
Mongkut’s Institute of Technology Ladkrabang as shown in Fig. 4.4. There are laboratory
rooms with thick glass windows and wooden doors along both sides of the corridor. The
experiment was not extended into the office room since the bidirectional radiation pattern
of the proposed antenna is expected to cover only the service area in corridor. The width
of the corridor is 2 m and the length is 16 m. The ceiling is 3 m above the floor.
Wideband measurements were performed in the range of 4.8 GHz to 6.2 GHz which
corresponds to the frequency bandwidth of the proposed circular ring antenna. This
frequency bandwidth was also limited by the bandwidth of the amplifier and the switch
that were used in the measurement. The channel is considered as wide-sense stationary
(WSS) within this bandwidth and measurements were conducted in such a way that both
transmitter and receiver were fixed at one location when the 801 frequency samples were
recorded. These samples are treated as different channel realizations to draw cumulative
distribution function (CDF). The transmitting antenna was installed at the center of the
ceiling in the corridor marked as Tx in Fig. 4.4. The receiving antenna with a height of
1.5 m from the floor was installed on a tripod at the center of the floor. All the locations

represent Line-of-Sight (LoS) scenarios where the transmitter and receiver separation was
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the same level of amplitude whereas the eigenvalues of the dipole array antennas have a

large gap between them. The 10% outage probability of 4 andA,, of the two-probe
antenna with inductive coil are -35.57 dB and -40.67 dB, respectively whereas the A4
and A4 of the dipole array antennas are -38.84 dB and -55.67 dB, respectively. It can be

concluded that the use of the bidirectional dual-polarized antenna provides two strong
uncorrelated channels whereas the use of the dipole array antennas provides only one
significant channel in the corridor environment. This result is already a well-known
advantage of the dual-polarized antenna that usually provides two uncorrelated channel
regardless of the environment. The large gap between the eigenvalues of the dipole array
antennas has an effect on the mutual information when compared with the maximal
condition under which all the eigenvalues are equal in case of dual-polarized antenna. The
mutual information comparison between the dual-polarized antenna and copolarized
configuration can be found in [12] that the dual-polarized antenna provides higher mutual
information than the copolarized elements. Second, from the result in Fig.4.12, it can be

observed that A, of the two-probe antenna with inductive coil iz 3.33 dB higher than 4,4

of the dipole array antennas. This value is the same value of the difference between the
gain of the two-probe antenna with inductive coil and dipole array antennas. However,
this result has a small influence on the final mutual information results. Consequently,

since A, and A,  of the two-probe antenna with inductive coil are higher than 44 and A,,

of the dipole array antennas, the mutual information of the two-probe antenna with
inductive coil is higher than that of the dipole array antennas. Moreover, at the other Rx
positions, the mutual information results of the two-probe antenna with inductive coil are
higher than those of the dipole array antennas. These results can confirm the advantage of
using this proposed antenna in the corridor environment. The mutual information results
of the two-probe antenna with inductive coil and dipole array antennas correspond to the
results in Fig. 4.12 are shown in Table 4.1 together with the mutual information of

different antenna configurations.
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. Table 4.2
Comparison of 10% outage mutual information (bits/s/Hz) for different antennas as the

transmitter and dipole array antennas as the receiver

Tx Antenna
Rx1 Rx2 Rx3 Rx4
(Rx Antenna:Dipole Array)
Two-probe 38.74 40.40 43.99 44.53
Offset probe 38.88 41.05 44.19 44.85
Inductive coil 40.60 42.22 45.05 46.54

In Table 4.2, the dipole array antennas is used at the receiving side as the user
terminal antenna and the proposed bidirectional dual-polarized antennas are used at the
transmitting side as the access point antenna. All of the results show a higher mutual
information by using the proposed antenna at the access point than by using the dipole
array antennas at the access point as in the case of traditional communications. This result
confirms the interesting view of using this proposed antenna as the access point antenna
in WLAN systems. The use of the two-probe antenna with inductive coil as the
transmitting antenna provides the highest mutual information of 40.60 bits/s/Hz which is
2 bits/s/HZ or 5.18% higher than the use of the traditiorial dipole array antennas. Note
that the mutual information results in Table 4.2 are increased when the distance between
the transmitter and receiver 1s decreased.

From Table 4.1 and Table 4.2, the mutual information from the use of the two-
probe antenna is higher than that of the dipole array antennas. Moreover, the antennas that
improve the isolation, i.e. offset probe antenna and two-probe antenna with inductive
coils, have the higher mutual information than the two-probe antenna without isolation
improvement. It implies that the improvement of the isolation can increase the mutual
information of the MIMO system. Specifically, the mutual information of the antenna can
be improved by 2 bits/s/Hz from the inductive coil technique. For example, in Table 4.1,
the use of the two-probe antenna with inductive coil antenna as the transmitting and the
receiving antennas has the mutual information of 2.11 bits/s/Hz or 5.06% higher than the

use of the two-probe antenna as the transmitting and the receiving antennas.
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4.5 Conclusion

In this chapter, the basic of the MIMO communications and mutual information
of the MIMO channel based on the SVD approached are describes. The appropriate
mutual information can be achieved with the compact structure of the proposed two-probe
excited circular ring antenna. Because of the dual polarization and the higher antenna
gain, the use of the proposed antenna provides higher mutual information, by 3 bits/s/Hz,
than the use of the 1A horizontally spaced vertical polarization dipole array antennas in
the corridor environment. Especially, the use of the two-probe antenna with an inductive
coil as the transmitting and receiving antennas provides the highest mutual information
result. The independent two parallel channels can be observed for the proposed dual-
polarized antenna. Inserting the inductive coil between the two probes can improve the

isolation and the mutual information performance of the proposed antenna.



CHAPTER §
DOUBLE DIRECTIONAL CHANNEL

MEASUREMENT AND MUTUAL INFORMATION
RESULTS

5.1 Introduction

In this chapter, the double directional channel measurement in a corridor is
presented. Multipath parameters including polarimetric path weight matrix, DoD, DoA, and
path delay are extracted from the sounding measurement data. Depolarization of signal was
studied in terms of cross polarization power ratio (XPR) [30], [31]. Angular power
spectrum and angular spread of incoming signal in a corridor environment were also
investigated. The extracted multipath parameters can be used in combination with the
directivity of any assessed antennas to create a complete channel model like the evaluation
approach in [45]. Consequently, the mutual information that corresponds to these channel
responses can be obtained. Here, the mutual information of a MIMO system with two-
probe antenna, offset probe antenna, two-probe antenna with inductive coil and 14
horizontally-spaced vertically-polarized dipole array antennas are compared with each

other.

5.2 Double Directional Channel Measurement

Double directional channel measurement directly describes the properties of the
physical multipath propagation channel. Ideally, such measurements are independent of
the properties associated with the measurement antennas. This representation models the
channel in wave number space according to the directional impulse response M (k,k’,¢)
where k and Kk’ are vectors associated with receive and transmit wave number (direction),
t is time, and single polarization has been assumed. Assuming only far-field propagation
mechanisms, k and k'are unit vectors in the propagation direction, with wave
propagation at the speed .of light. For simplicity, the fields at the receiver are typically

modeled as a discrete set of plane-wave according to
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L ,
M@K, 0) = 3y,e? 6(t~7))50 ~ k)5 (k' ~ ki) 5.1)
I=1

where §(e) is the Dirac delta function, and the /th multipath component has amplitude y;

that is equal »PP,yP9,y% and y%9 that are complex polarimetric path weights for the
different transmitting and receiving polarizations, phase ¢;, TDoA 7;, DoA k;, and DoD
kj . Intuitively, each multipath component corresponds to a plane wave arriving at a

specific time and directions at the receiver due to energy launched in a specific transmit
direction. When the true channel behavior is well presented by (5.1), the multipath
parameters maybe measured using conventional beamforming, basis matching techniques,
or parametric estimation algorithms such as Estimation of Signal Parameters by
Rotational Invariance Techniques (ESPRIT).

The estimated data can then be used to access the MIMO performance for any
desired transmit/receive antenna configuration as well as for local movement of the arrays
within this environment. This post-measurement flexibility is not possible with direct

measurement of H, since in that case the antennas become part of the measured channel.

5.3 Measurement Procedure

This section describes the corridor channel measurement campaign that conducted
on the 3™ floor of the south 6 building, Tokyo Institute of Technology, Japan. The layout
and photograph are shown in Fig. 5.1. The width of the corridor is 2 m and the length is
64 m, with lecture rooms along both sides. The wall along the corridor and between the
rooms were made of reinforced concrete with wooden office doors. The floor was rubber
sheets on concrete and the ceiling was covered with metal grid (approximately 50 cm gap
between the metal grid and the concrete layer). The height of the corridor was 2.45 cm.
There were metal pipes between concrete layer and metal grid. A wideband measurement
was performed in the 5 GHz band where the center frequency is 4.5 GHz with bandwidth
of 120 MHz. using the Medav RUSK-Fujitsu MIMO channel sounder [22]. The periodic
multi-frequency test signal used in the measurement had a repetition period of 0.8 ps and
a bandwidth of 120 MHz. The measurement was based on MIMO channel with a
polarimetric rectangular array antenna as the transmitting antenna (Tx) and a stacked
uniform polarimetric circular patch array antenna as the receiving antenna (Rx). For every

position in the measurements, the transmitting antenna height is 180 cm and the receiving
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H(,7) = [ [[[Er (Qr)T(t, 7 Qr, Q1) -EF (Qr)dQrdQr

[ eror(Qr1)  erpr (Qi) ]
-3 ero2 (Qrt)  erp2 (Qr) || 77 Y (5.10)
e : : yP 0 '
N
eran (Qr1)  erpn (1) |
_6;01(971) ere2 (1) eron (2m)
erp1 Q1) erp2(Qm) - erom (Qm) ki

[ is the index of estimated paths and L is the total number of estimated paths. T is the

different path weights which are complex polarimetric path weights

yPP 4P P and y99 for the different transmitting and receiving polarizations. It is

noted that ¥PP #P4 49 and y99 stay unchanged when the antenna elements were
considered. Eg and Ep are the complex radiation patterns of the receiving and
transmitting antennas, respectively. Q=(0, q)) where 6 and ¢ are the azimuth and

elevation directions. 7 1is the delay different multipath number k. Finally, the mutual

information of channel matrix H can be calculated using the approach in Chapter 4.

5.7 Mutual Information Results

Two sets of Tx-Rx antennas are calculated in this section. The first ones are the
two-probe antenna, offset probe antenna, two-probe antenna with inductive coil and the
dipole array antennas at both the Tx and Rx ends. The last ones are the two-probe
antenna, offset probe antenna, two-probe antenna with inductive coil at the Tx and dipole
array antenna at the Rx as in Chapter 4.

The mutual information of the proposed antenna and the dipole array antennas at
10% outage probability and at all measurement points are shown in Table 5.2 and Table
5.3. In Table 5.2, at Rx1, the proposed bidirectional dual-polarized antenna provided
higher mutual information than the dipole array antennas did due to the corresponding
radiation pattern with the angular power spectrums. In &ddition, there was the
depolarization of the vertical polarization at Rx1 where the transmitted vertical
polarization signals turned into a horizontal polarization in this corridor environment.

Hence, the receiving vertical polarization dipole array antennas received cross



58

polarization. At other Rx positions (Rx2, Rx3 and Rx4) the mutual information from the
dual-polarized antenna was higher than that from the dipole array antennas since the
average angular spread at these Rx positions was very small. The performance of
spatially-spaced MIMO systems degrades when their incoming signal angular spread is
small such as in a line-of-sight environment [47], [48]. Mutual information increases as
the distance between the transmitter and the receiver decreases due to stronger received
signal as the receiver approaches the transmitter as same as the results in Chapter 4. It
should be pointed out that bidirectional dual-polarized antenna is suitable for a corridor

environment where the angular spread is small and depolarization exists.

Table 5.2
Comparison of 10% outage mutual information (bits/s/Hz) for same antennas as the

transmitter and the receiver

Antenna Rx1 Rx2 Rx3 Rx4
Two-probe 30.2 31.2 32.1 36.0
Offset probe 31.3 32.6 333 36.8
Inductive coil 31.7 33.5 34.6 37.2
Dipole array 18.0 18.3 18.7 19.2

Moreover, the antennas that improve the isolation, i.e. offset probe antenna and
two-probe antenna with inductive coil, have the higher capacity than the two-probe
antenna without isolation improvement. It shows that the improvement of the isolation
can increase the mutual information of the MIMO systems as the results in Chapter 4. In
Table 5.2, at Rx1, the use of the two-probe antenna with an inductive coil yields the
highest mutual information of 31.7 bits/s/Hz and it is 13.7 bits/s/Hz or 76.1% higher than
the use of the dipole array antenna. In addition, the offset probe antenna provides higher
mutual information than the two-probe antenna.

From Table 5.3 when the receiving antenna is the dipole array antenna, the use
of the two-probe antenna with an inductive coil provides the highest mutual information
of 28.2 bits/s/Hz at Rx1 and this results is higher than the use of the dipole array antenna
at both Tx and Rx. It implies that the use of the proposed bidirectional dual-polarized

antenna at both Tx and Rx is more preferable in this corridor environment.
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Unfortunately, the mutual information results in this chapter and Chapter 4 can
not be directly compared to validate the mutual information calculations since the
measurement environment are different. The different values of the mutual information
can be observed because of the different environment propertieé, for example, the length
of the corridor. However, the trend of the mutual information results with respect to the
distance between Tx and Rx can be investigated. The eigenvalues of the proposed antenna

can be obtained from the SVD approach as mention in Chapter 4.

Table 5.3
Comparison of 10% outage mutual information (bits/s/Hz) for different antennas as the

transmitter and dipole array antennas as the receiver

x

Tx Antenna
Rx1 Rx2 Rx3 Rx4
(Rx Antenna:Dipole Array) -
Two-probe 26.4 27.1 279 28.5
Offset probe 26.6 28.3 29.1 30.2
Inductive coil 28.2 29.5 30.2 31.0

5.8 Conclusion

This chapter presents the results of double directional channel measurements in a
corridor environment by channel sounder. Channel properties, especially polarization, in
a corridor are determined from XPRC, XPRS, angular spread and angular power
spectrum. The obtained channel multipath parameters, i.e. DoA, DoD, TDoA and
polarimetric path weight are calculated with antenna directivity to produce MIMO
channel model of arbitrary antenna. Then, mutual information of arbitrary antenna in a
corridor environment can be investigated. It can be observed that the reflection along the
corridor established the small spread of the incoming signal. Measurement results exhibit
the bidirectional shape of the received angular power spectrum. It was found that
depolarization of both vertical and horizontal polarizations should be concerned in
installing the antenna in the corridor. For instance, traditional dipole antenna may be
installed with tilt angle to achieve good communication performance when distance
between Tx and Rx is in excess of 20 m. A dual polarized antenna is a good candidate to

resolve depolarization of vertical polarization in the corridor environment. Furthermore,
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the bidirectional antenna is suitable for the bidirectional angular power spectrum in the
corridor environment. It was illustrated that the proposed antenna provides 70% higher
mutual information than the dipole array antennas over the same SNR value. It is noted
that this result is for 2x2 array antenna; however, the result maybe different for larger
array. This increased mutual information enhances data rate in high-speed modemn

wireless communications.



CHAPTER 6
CONCLUSIONS AND DISCUSSIONS

A bidirectional circular ring antenna using two probes for polarization diversity
is proposed for the MIMO systems. The antenna comprises of a circular ring that is
excited by two perpendicular probes. The antenna design and antenna characteristics are
presented in Chapter 2. The analysis was done by using the induced emf method and the
impedance characteristics of the antenna were analyzed by using an equivalent circuit.
The analysis was validated by using NEC2 simulation. The design process was as
follows: First, a suitable radius of the ring was chosen for a single probe antenna. Then,
the suitable probe length and ring length were determined for the two-probe antenna. The
antenna parameters that are ring radius of 0.3A, ring length of 0.3\ and probe length of
0.25X is concluded from the study. The isolation between the two probes was enhanced
by offsetting the position of two probes and by insertion of an inductor coil between the
probes in Chapter 3. When the criteria of VSWR less than 2 and maximized isolation are
considered, the two-probe antenna with an inductor coil provides better performance than
the two-probe offsetting antenna. The operational characteristics of the prototype antenna
at the frequency of 5.2 GHz were measured and compared with theoretical calculations. It
was evident that the analysis and measurement results were in reasonable agreement.
Measurements showed that the isolation achieved was in excess of 20 dB while the
VSWR was less than 2:1. Bidirectional pattern was satisfactorily accomplished. The
maximum gain was approximately 4 dBi in the desired direction. In addition to the
satisfied antenna characteristics, the appropriate mutual information can be achieved with
the proposed bidirectional circular ring antenna. The mutual information calculation
based on the SVD approach was described in Chapter 4. The mutual information of this
proposed antenna was considered in two methods. The first one was the direct field
measurement in the corridor environment that was shown in Chapter 4. The 10% outage
probability mutual information of the MIMO systems was considered. The results showed
that the use of the proposed antenna provided higher mutual information, by 3 bits/s/Hz,
than the use of the 1A horizontally spaced vertical polarization dipole antennas.
Especially, the use of the two-probe antenna with an inductive coil as the transmitting and

receiving antennas provided the highest capacity result. The independent two parallel
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channels could be observed for the proposed dual-polarized antenna. It can be concluded
that inserting the inductive coil between the two probes can improve the isolation and the
mutual information performance of the proposed antenna. The other method based on the
double directional channel measurement by using the channel sounder and RIMAX high
resolution algorithm is shown in Chapter 5. By this method, the channel characteristics of
the corridor, such as polarimetric path weight matrix, DoA, DoD and TDoA, that is not
affected by the transmitted and received antennas can be obtained. The MIMO channel of
the proposed antenna can be calculated from this measured channel by using the random
‘ phase technique. In addition to the mutual information result of the antenna, the channel
characteristics of the environment can also be obtained by using this technique.
Moreover, the attempt of the measurement is reduced since only one of the channel
measurements can be used for all transmitting and receiving antenna. However, the
channel sounder equipment is very expensive and it uses complicated algorithm to extract
the channel characteristics results from the channel measurement. From this method, the
mutual information of MIMO system that use the proposed antenna was 12 b/s/Hz higher
than that of the other MIMO system equipped with traditional 14 horizontally-spaced
vertically-polarized dipole array antennas. There is the depolarization of the vertical
polarization transmission that degraded the mutual information of the dipole array
antennas in this environment. The angular spread of the incoming signals at the receiver
ranged from 0.9° to 3.8" depending on the distance between the transmitter and the
receiver. Unfortunately, the results in Chapter 4 and Chapter 5 can not be compared since
they are measured in the different environment. However, the inline results can be
observed such as, the higher mutual information results of the proposed antenna than that
of the dipole array antennas, the increasing of the mutual information results when the
distances between the transmitter and receiver are decreased. From the above antenna
characteristics and mutual information results in this thesis, the two-probe antenna can be
a promising antenna for use in the high data rate communication such as in the MIMO

system.

In this thesis, the reflections and the mutual coupling between two apertures for
the inside and outside the ring are neglected, these resulted in the large different between
the calculated and measured isolation. To evaluate these effects on the calculation results,
the further calculations that include all of these effects should be considered. In addition,

the result in Chapter 3 shows the influence of the inductor coil orientation on the
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impedance of the antenna. However, since the aim of the isolation improvement is
realized in this thesis, the effect of the inductor coil on the near field antenna
characteristics should be concerned in the further study. As the aforementioned above,
the increase of isolation between the antenna elements can increase the mutual
information performance of the MIMO systems. Even though the bidirectional circular
ring antenna using two probes yields the accepted isolation resuit, the isolation should be
improved to gain the mutual information in the communication. There are some
approaches to improve the isolation, for example, change the diameter of the probe or
change the feeding structure. Moreover, the validation of mutual information results from
the double directional measurement with the direct field test measurement is also

preferable. However, these topics are left for further study.
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The electric fields and magnetic fields inside this antenna can be derived by using

the Green function. The fields can be expressed, cited from Kriengthanasarn's article [49],

as follows:
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According to the direct field test measurement in Chapter 4, the complex Sy
parameters from the network analyzer are used to form the channel matrix H. For
example, when transmitting switch selected the transmitting antenna 1 and receiving
switch selected the receiving antenna 1 (as shown in Fig. 4.11), this measured Sy is the
h;; element for the matrix H and so on for the different transmitting and receiving antenna
pairs. Finally, the channel matrix H can be obtained as follow for the 2x2 MIMO

communication,

h h
H =[ & ‘2]. (B1)
by hp

To evaluate the independent channet of this H, the Singular Value Decomposition
(SVD) approach was used according to (4.2). Finally, the singular value for each channel
can be obtained. In this thesis, the two different singular values can be achieved for 2x2
MIMO system.

The mutual information of the MIMO system can be calculated by using (4.10)
when multiply the singular value of each channel with the power in each channel and
noise figure. Lastly, the total mutual information can be summed up from the mutual

information in each channel.
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Abstract—Double directional channel measurements were made in
a corridor environment with a channel sounder. A my’tidimensional
high resolution algorithm was used to extract channel parameters
for calculating the mutual information of a special Multiple-Input
Multiple-Output (MIMO) system. This system utilized bidirectional
dual-polarized antennas at both ends of the communication. In a
corridor environment, the mutual information of this system was
12b/s/Hz higher than that of the other MIMO system equipped with
traditional 1A horizontally-spaced vertically-polarized dipole array
antennas. Depolarization of the vertical polarization transmission
degraded the mutual information of the dipole array antennas in this
environment. The angular spread of the incoming signals at the
receiver ranged from 0.9° to 3.8° depending on the distance between
the transmitter and the receiver.
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1. INTRODUCTION

Multiple-Input Multiple-Output (MIMO) systems play an important
role in high speed wireless communications since it can increase
data rate without increasing the frequency spectrum or transmitted
power {1-5]. They usually use spatially separated antennas with
single polarization, but large separation between antennas is needed
to achieve uncorrelated channels. When space is limited, small,
spatially separated antennas can not provide significant independent
channels; hence, polarization diversity antennas are introduced to
solve the problem [6,7]. Additionally, as far as radiation pattern
is concerned, dipole antennas with omnidirectional radiation pattern
are used successfully in many wireless communicafion systems.
However, for certain types of area such as in a corridor, where it is
desirable to be able to communicate effectively along its maximum
distance, omnidirectional radiation pattern does not give satisfactory
result. Therefore, the use of transmitting antennas with bidirectional
radiation pattern is proposed.

To assess the performance of MIMO systems in real propagation
channel, accurate characteristics of the channel are required. A
number of research studies have tried to explain the behavior
of corridor channel. Most of them used ray optical models
based on electromagnetic simulation [8,9]. However, since the
real propagation environments can not be completely modeled
by electromagnetic simulation, the environment can be modeled
by propagation measurement. The double directional channel
measurement was proposed which the properties of the propagation
channel were independent of the measurement antennas [10]. The
parameters of multipath can be accurately estimated by parametric
estimation algorithms. The results of corridor channel characteristics
by double directional measurements were reported in [11] where the
number of multipath clusters, angular and delay spreads in the
environment were presented. Since the application of polarization
diversity antennas in MIMO system design proves to be useful, it is
necessary to study its polarization behavior in a corridor environment.

In this paper, we present a double directional channel
measurement in a corridor. Multipath parameters including
polarimetric path weight matrix, Direction of Departure (DoD) at
the transmitting site, Direction of Arrival (DoA) at the receiving
site, and path delay are extracted from the sounding measurement
data.  Depolarization of signal was studied in terms of cross
polarization power ratio (XPR) [12,13]. Angular power spectrum
and angular spread of incoming signal in a corridor environment
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were also investigated. The extracted multipath parameters can be
used in combination with the directivity of any assessed antennas
to create a complete channel model like the evaluation approach
in [14]. Consequently, the mutual information that corresponds to
these channel responses can be obtained. Here, the mutual information
of a MIMO system with 0°/90° dual-polarized bidirectional antenna
and 1)\ horizontally-spaced vertically-polarized dipole array antennas
are compared with each other.

2. MATERIAL AND METHOD

2.1. Double Directional Channel Measurement

The channel measurement was conducted in a corridor. The layout
and photograph are shown in Fig. 1(a) and Fig. 1(b), respectively.
The width of the corridor is 2m and the length is 64 m, with lecture
rooms along both sides. The walls along the corridor and between the
rooms were made of reinforced concrete with wooden office doors. The
floor was rubber sheets on concrete and the ceiling was covered with
metal grid (approximately 50 cm gap between the metal grid and the
concrete layer). The height of the corridor was 2.45cm. There were
metal pipes beneath the metal grid. A wideband measurement was
performed in the 5 GHz band using the Medav RUSK-Fujitsu MIMO
channel sounder [15]. The periodic multi-frequency test’signal used in
the measurement had a repetition period of 0.8 us and a bandwidth
of 120 MHz. The measurement was based on MIMO channel with a
polarimetric rectangular array antenna as the transmitting antenna
(Tx) and a stacked uniform polarimetric circular patch array antenna
as the receiving antenna (Rx). For every position in the measurements,
the transmitting antenna height is 180 cm and the receiving antenna
height is 115cm. The transmitted power in all measurements was
fixed at 30dBm and the time interval of the MIMO switch was 1ms.
Because the transmitting power was restricted by the transmission
license, the Tx and Rx were separated only at a maximum distance
of 26 m. All of the locations measured represented the Line-of-Sight
(LoS) scenarios where the Tx-Rx separation varied from 26 m to 16 m.
These separations corresponded to Rx1 to Rx4 in Fig. 1. The Tx
was fixed at the location marked as “I'x” in Fig. 1. It should be -
noted that there was an emergency door 5m behind the Tx. The
Rx azimuth equals 0° was pointing at the Tx at all locations. For all
measurements, dual-polarized elements were used in both transmitting
and receiving array antennas to obtain a polarization matrix of the
environment. The complex frequency responses were computed on-line
and stored into the sounder’s hard disk for subsequent off-line post-
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processing. At each point in the measurement, 500 snapshots were
taken. During the measurement, people were not allowed to move
around in order to keep the channel static. The Tx and Rx antennas
were de-embedded from the channel response for estimation of the
parameters. In order to obtain a correct extraction of the multipath
parameters, the Tx and Rx had to be properly synchronized in time
and frequency. This was done by connecting the Tx and Rx units
via optical fibers. Moreover, the effect of signal propagation through
the cable and the signal processing delays were eliminated by doing
back-to-back calibration. The complex frequency response data from
the sounding measurement was processed off-line by using the RIMAX
algorithm [16], a multi-dimensional maximum likelihood algorithm, to
extract the multipath parameters.

IZ mi13Sm

Bm

(®)

Figure 1. Location of sounding measurements. (a) Layout. (b)
Photograph.

2.2. Mutual Information Calculation

Since mutual information is a random variable that depends on
instantaneous channel, the Cumulative Distribution Function (CDF) of
mutual information can be obtained from measurements with slightly
displaced arrays or with temporally varied scatterer arrangement.
However, these complex measurement techniques can be replaced by
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a simple evaluation method that requires only a single measurement
(single snapshot) of the channel [14]. This method uses the fact that
different realizations of the channel are generated as the phases of
multipath components change. These phases are uniformly distributed
random variables that occur when the transmitter; receiver, or
scatterers move in the channel. The transfer function of a 2 x 2
MIMO system with single polarization is shown in [14]. However, for
a 2 x 2 MIMO system with dual-polarized antennas at both ends, the
different realizations of the transfer function of the different polarized
transmitting and receiving antennas are

H(t,T) = / / / / Br(Qn) x T(t, 7, Or, Q) x B2 (Qr)dQRdQr

ern (Qr1)  erp1(Qnmi)

ero2(Qri)  erp2(Qri) [»,IPP ] ‘1}

= Z . . qp aq
= : : Vi M

eron(Qmi) eren(Qr1)

. [65“91 ()  epge(Smn) - e%oN(QTl)‘] ) (1)

€Ty Q1) €72 Q) ... e'}'lp}\{{(QTl
[ is the index of estimated paths and L is the total number of estimated

paths. T is the different path weights which are complex polarimetric
path weights PP, 479, v, and 4% for the different transmitting and
receiving polarizations. The first and second subscripts indicate the
polarization at the receiver and transmitter ends, respectively, where
p and g are the vertical and horizontal polarizations. Eg and Er
are the complex radiation patterns of the receiving and transmitting
antennas, respectively. Q = (8,¢) where 6 and ¢ are the azimuth
and elevation directions. 7 is the delay different multipath number k.
Referring to [2,17], the uncorrelated channels for the MIMO system
can be found by using the Singular Value Decomposition (SVD) of
the channel matrix H. It should be noted that water filling was not
used to calculate the uncorrelated channels of the channel matrix H
since power assigned to the channel remains unaltered whether channel
conditions are favorable or not. From Shannon’s theorem [18], the
mutual information of a uniform power transmission per unit frequency
or the spectral efficiency measured in b/s/Hz of parallel channels can
be calculated [1,2,17].
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3. RESULTS

3.1. Channel Characteristics

To investigate the depolarization of the signal in the corridor
environment, we used the cross polarization power ratio (XPR) [12, 13]
term of each detected path. The centroid of the cross polarization
power ratio (XPRC) and the spread of the cross polarization power
ratio (XPRS) were calculated at each measured point and used to
evaluate the depolarization of the environment.

The XPRC and XPRS results are shown in Table 1. The XPRCy
results of vertical polarization were mainly positive except at Rxl
where there was depolarization. As for the results of the XPRCy of
horizontal polarizations, depolarizations could be observed at Rx1 and
Rx2 but there were no depolarizations at Rx3 and Rx4. The XPRS
of 2 to 7dB could be observed in both polarizations.. The angular
spreads at the front of the receiver in the corridor environment, shown
in Table 1, varied from 0.9° to 3.8°. This result agreed well with the
measurement reported in [11]. These XPRC and angular spread had
an influence on the mutual information of the investigated antennas.
The discrete azimuth angular power spectrums at Rx1 for vertical and
horizontal polarizations are shown in Figs. 2(a) and 2(b), respectively.
They have bidirectional patterns which were similar to the shape of
the corridor. Hence, it can be concluded that a bidirectional radiation
pattern antenna is suitable for this environment. The directions of
significant paths, i.e., paths with high path gain, were in the azimuth
direction of 0° and 180°. The nearly 180° path was the transmission
path whose signals passed over the receiver and then reflected back
from the wall behind it. As shown in Table 1, the result on F/B,
which are the ratios of the incoming signal in the 0° direction to the
incoming signal in the 180° direction, shows that the signal strength
in the front direction was significantly strong at all’ points méasured.

Table 1. Angular spread, XPRC, XPRS, and Front-to-Back ratio
(F/B).
Rx | XPRCv | XPRCy | XPRSv | XPRSy | Angular Spread | F/B
[dB] [dB] [dB] [dB] | Fromt | Back | [dB]
Rx1 -0.3 -1.8 6.7 7.2 3.8° 4.2° 30.0
Rx2 2.6 -0.9 438 5.5 1.2° 3.2° 313
Rx3 5.7 2.3 34 3.8 1.1° 2.9° 37.8
Rx4 7.2 6.5 2.3 2.1 0.9° +2.7° 42,5
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The measured discrete angular power spectrums at Rx2, Rx3, and Rx4
were similar to those in Fig. 2 and so not illustrated.

3.2. Bidirectional Dual-Polarized Antenna

A bidirectional dual-polarized antenna was used for evaluation in this
corridor environment. The antenna parameters were the ring radius
(a), ring width (d), and probe length (I) which was the same for both
excited probes as shown in Fig. 3. The angle between the two probes
was fixed at 90°. The maximum gain, return loss, and isolation of the
antenna were adjusted by varying the antenna parameters to achieve
the desired antenna characteristics [19]. The antenna was equipped
with probe 1 on the +z-axis to provide vertical polarization and probe
2 on the —y-axis to provide horizontal polarization. Both probes were
of the same length (I) of 0.25), following the design in [20]. These
two probes excited the two apertures perpendicular to the z-axis and
provided a bidirectional radiation pattern along the +-z-axis and the
—g-axis. When the antenna was placed on the ceiling of the corridor,
its bidirectional radiation pattern covered the length of the corridor
along the z-axis. Maximum gains were required in the directions
$ = 0° and ¢ = 180° to provide maximum coverage distance of the
area. Ring radius of 0.30\ (1.73 cm) and ring width of 0.40A (2.31 cm)
were used to fabricate the prototype antenna.

Received Received.
Signal [dB] Signal [dB]

(b)

Figure 2. Received angular power spectrums at Rx1. (a) Vertical
polarization. (b) Horizontal polarization.
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Figure 5. Radiation patterns in the zy-plane of the bidirectional dual-
polarized antenna. (a) Probe 1 was excited, probe 2 was terminated.
(b) Probe 2 was excited, probe 1 was terminated.

Figure 4 shows the S-parameters of the antennas over the 4-7 GHz
band. The bandwidth, with VSWR at less than 2:1, was 1600 MHz
for this proposed antenna and, consequently, the impedance bandwidth
was wide. Specifically, over the operating bandwidth of 5.15-5.25 GHz,
the antenna yielded return loss and isolation of more than 40dB
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and 10dB, respectively. Figs. 5(a) and 5(b) show the measured and
simulated radiation patterns in the zy-plane of the antenna when probe
1 and probe 2 were excited, respectively. The antenna possessed a
bidirectional pattern with cross polarization of less than 10dB.

3.3. Mutual Information

Two sets of Tx-Rx antennas are compared in this section, namely, the
bidirectional dual-polarized antennas and the dipole array antennas at
both the Tx and Rx ends. Uncorrelated paths were obtained from the
eigenvalues of the SVD approach. Usually, the MIMO channel mutual
information reported by most of the existing studies was investigated
under a constant received power condition [1,6,17]. However, in order
to evaluate the effect of antenna gain on mutual information, power
allocation was not used in this calculation. Power in each channel
and noise power were calculated from the transmitted power levels
and the noise floor of the receiver according to IEEE St4 802.11a [21].
For the 5.15 to 5.25 GHz band, the total maximum output power was
equal to 40mW. Since each transmitter transmitted an independent
data stream of power, we have power in each channel equals 20 mW or
13dBm. According to IEEE Std 802.11a, the noise figure of the receiver
was equal to 10 dB, noise power was equal to —91 dBm over the 20 MHz
bandwidth. Finally, by using power in each channel, noise power
and eigenvalues, mutual information was obtained. From the value
of above power in each channel and noise power, the calculated Signal
to Noise Ratio (SNR) was 104 dB which was rather high from the SNR
used in an optimal power allocation system. However, these power
in each channel and noise power are actually used in WLAN IEEE
802.11a. In the calculation of mutual information of the bidirectional
dual-polarized antenna and the dipole array antennas, the same values
of power in each channel and noise power were used.

Table 2. Comparison of 10% outage mutual information (b/s/Hz) of
the antennas.

Rx Mutual information [b/s/Hz]
Bidirectional Antenna | Dipole Array Antennas

Rx1 30.2 18.0

Rx2 31.2 18.3

Rx3 32.1 18.7

Rx4 36.0 19.2
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The mutual information of the bidirectional dual-polarized
antenna and the dipole array antennas at 10% outage probability
and at all measurement points are shown in Table 2. At Rxl,
the bidirectional dual-polarized antenna provided higher mutual
information than the dipole array antennas did due to the
corresponding radiation pattern with the angular power spectrums.
In addition, there was the depolarization of the vertical polarization at
Rx1 where the transmitted vertical polarization signals turned into
a horizontal polarization in this corridor environment. Hence, the
receiving vertical polarization dipole array antennas received cross
polarization. At other Rx positions (Rx2, Rx3 and Rx4) the mutual
information from the dual-polarized antenna was higher than that from
the dipole array antennas since the average angular spread at these Rx
positions was very small. The performance of spatially-spaced MIMO
systems degrade when their incoming signal angular spread is small
such as in a line-of-sight environment [22,23]. Mutual information
increases as the distance between the transmitter and the receiver
decreases due to stronger received signal as the receiver approaches the
transmitter. It should be pointed out that bidirectional dual-polarized
antenna is suitable for a corridor environment where the angular spread
is small and depolarization exists.

4. CONCLUSION

This paper presents the results of double directional channel
measurements in a corridor environment by channel sounder. Channel
properties, especially polarization, in a corridor are determined from
XPRC, XPRS, angular spread and angular power spectrum. The
obtained channel multipath parameters, i.e., DoA, DoD, TDoA and
polarimetric path weight are calculated with antenna directivity to
produce MIMO channel model of arbitrary antenna. Then, mutual
information of arbitrary antenna in a corridor environment can be
investigated. It can be observed that the reflection along the corridor
established the small spread of the incoming signal. Measurement
results exhibit the bidirectional shape of the received angular power
spectrum. It was found that depolarization of both vertical and
horizontal polarizations should be concerned in installing the antenna
in the corridor. For instance, traditional dipole antenna may be
installed with tilt angle to achieve good communication performance
when distance between Tx and Rx is in excess of 20m. A dual
polarized antenna is a good candidate to resolve depolarization of
vertical polarization in the corridor environment. Furthermore, the
bidirectional antenna. is suitable for the bidirectional angular power
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spectrum in the corridor environment. It was illustrated that the
bidirectional dual-polarized antenna provides 66.67% higher mutual
information than the dipole array antennas over the same SNR value.
It is noted that this result is for 2 x 2 array antenna; however, the result
maybe different for larger array. This increased mutual information
enhances data rate in high-speed modern wireless communications.
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1. Intreduction
In the longirudinal service ercas of wireless communications where the height of the
sntennses a¢ the cell gation are not much higher than the rabile usera {such as on lhe street, in
the tunnel, on the expressway or in the corridor of the building), the bi-directi is
vsualty used (1], Morcover, the multi-peth fading that reducu the performance of wireless
communication is inevitable. The way to miligme this fading problem is to nse the antenna
diveraity at the ¢eil station for the uplink reception {1). This papes introduced a simple and cost-
effective bi-directional polarization diversity antenna which is used as cell station antenna in the
expressway, The p'mposed which is adopted from (2], ists of a two-perpendicular-
pmbe excited circular ring and is called Polarization Diversity Bi-directional Antenna (PDBA)
The h istics such as gein pattern and impedance characteristics ave
simulated by NEC-2 [3] based on the Method of Moments (MoM) and ase compared with the
experimental results. The isolation result between two ports of the PDBA is also determined.
The angular power density function for the that is particulasly used in the expresstay is
also proposed. Subsequently, the diversity characteristics of the PDBA, mean effective gain
(MEG) {4], correlation coeflicient { p, ), diversity pain (Ga) and DAG on Selection Combining

(SC) and Maxi Ratio Combining (MRC), are calculated.

2. Antenna Configuration snd Modeling

The PDBA stracture is composed of a circular ring of the radius a excited by 1wo-
perpendiculas linear electric probes of the same iength / alipned in +2-axis and -y-axis as shown
in Fig. }(a). When the PDBA is installed beside the expressway, the direction of beams sre
along the +x-axis and -x-axis. For vertical polarization reccption, the probe on +z-axis is active
(branch 1)} whereas the probe on -y-axis is terminated circuit, (* d circuit” is just
“terminated™, hereaficr.) Aiso, for hori: } polarization ption, the probe on -y-axis is
active (branch 2) whereas the probe on +z-axis is terminated. The ring leapth is equal to 4 with
two circular apertures in x=df2 and x=—df2 planes. The PDBA is modeled by conductive

wire-grid structure which are loaded with conductivity 2.56%10" S/m (Brass) as shown in
Fig.I(b). The selection of wire radius is based on the equivalent surface area assumption [3).
The wires aro divided into small scgments about 0.014 to 0.03 A in kngth that is efficiently
small 1o achieve reliable impedance characteristics as well as radistion patterns [3]. The
cxcitation at probes is modeled by delu-gap voltage source between the probe base and the ring
strip. At each probe base, two diagonal wires are added to support the high cuirent density from
the excitation. To confirm the validity of the proposed design method and the PDBA
usefulness, the PDBA is fabricated at 1.9 GHz band, The dimension of the PDBA et 1.9 GHz
has ring radius @ = 0.32 A (5.10 cm), ring length d = 0.15 4 (2.40 cm) and a feed probe /== 0.25
A (3.95 cm) [2], [5]. The prototype of the PDBA is shown in Fig.1(c) where branch 2 is used
and branch 1 is terminated,

Financlal support from the Thallaud Research Fund through the Royal Golden Jubilee Ph.D.
Program (Grant No. PHD/0067/2546) to P. Keowsawat and M, Krziriksh is sckmowledged.

0-7803-8302-8/04/$20.00 ©2004 [EEE 3198

thorized licensed use limited lo: King Mongkuts Institute of Technology Ladkrabang. Downloaded on September 11, 2009 at 00:16 from IEEE Xplore. Restrictions apply.



Fig.1 Configuration of PDBA (a) real mode} (b) wire-grid model (c) prototype antenna

3. Antenos Characteristics

The compari: by ical and experimental component gain pattems (G,
and G, ) in xy-plane of cach branch is illustrated in Fig. 2. The good agreement of the
theoretical and experimental bi-directiona) can confirm the y of the simulari

The SWR is also measured and found that the resonant frequency of the PDBA is &1 1.9 GHz
which coincides with the simulation. The experimental bandwidth of the PDBA with SWR less

than 2.0 is 420 MHz. The isolation b two branches of the PDBA is better than 12 dB that
is rather low. However the isolation can be improved by varying the angle between two probes
st the expense of the higher SWR.

b4

Flg.2. Componert gain pattern of the PDBA (in xy-plane)
(a) branch 1 (vertical) is active snd beanch 2 is terminated
(b) branch 2 (hotizontal) is active and branch 1 is terminated

4. Diversity Characteristics

The new angular power density fimction for the exp y envi is prop
in this paper. We assume that B, (vertical polarization) and £, (horizontal polarization) are
jdentical in the expressway environment, The incident waves at the base station can be assumed
to come from only at the elevation plane which 6 =90° (mecasure from +2-axis) because the
slightly different height between base station antenna and mobile users [6}. Thercfore the only
azimuth angle (¢ ) cen be used to describe the angular power density function [6). [n order 10
obtain the angular power density function, the mode! of the expressway is iflustrated in Fig. 3(a)
and Fig. 3(b). The width and the length of the expressway are w, and 24, respectively. The
antenna is installed beside the expressway as shown in Fig. 3(a). In this mode, the distribusion
of the users along the expressway is assumed to be uniform. From Fig. 3(s), it can be seen that
the expressway area can be divided into two sy ical quad of the di ion w, xd .

4
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Thus, only one quadrant noted by no.] Is considered as ilustrated in Fig. 3(b). This rectangular
area will be subdivided into N small triangles by the azimuth angle (¢ ) as shown in the black
region in Fig. 3(b). The azimuth angle of the disgonal of the expressway s 4, . The angular
power density fanction of each azimuth angle can be realized by the numerical values of the
area covered by that azimuth engle ¢ and its previous azimuth engle ¢,. The resultant
expression of the angular power density function aftcr some mathematical msnipulations can be
expressod as

1
'2-'”'('3"4’1 ~tand,) 0<¢, S0, 4 =0

Byl)= \ 2 O}
;"W-I(WWI ~cotpyy) &, <4 5’2'

The angle §, can be calculated using the g y in Fig. 3(b) and it canbew;inmby

=2
9, marctanw, /d . The A can be ined from the condition of i}““(¢)= y2.
=0
The angular power density function of the other quadrant can be derived by the same procedure
as in quadrant no. 1. To cover the erea of the outdoor cell, the practical g will be used

in the model. The overall parameters for the model in Fig. 3(b) are w, =25 m, d =250 m, N =
90 and ¢, = 5.71'. The normalized angular power density function is shown in Fig. 3(c). This
resultant angular power density function will be used to calculate the MEG and envelope

comrelation coefficicnt.
y
9
no.2 { “o |
Yol Rxprasany Yy -;’ -:- oo 1 "
An i ) P 1
d da EEM
1) -~

e s vl
0 03 a5 a3 1
Fig.3 Angular power density function on the expressway

The MEG (G,) which can be calculated from gain patterns, angular power density
function and cross-polarization power ratio (XPR) that is equal to 0 dB is expressed in [4]. In
Table 1, the MEG of branch 1 and branch 2 of PDBA are 1,18 and 2.08, recpectively. The
antenna that has higher MEG means its goin pattern is better fits to the angular power density
function than the other. The envelope corclation coefficient (p, ) of two-branch diversity is
given in {7). For the base station antenma, the p, fower than 0.7 is sllowed {8]. p, can be

fenfated from plex radiation p that are the results from NEC-2, angular powcr
density function and XPR (0 dB). In Table 1, p, of the PDBA cquals 0.06. The diversity gain
(G} is defined as the difference of the average CNR at a certain value of the bit-crror rate
(BER) (usually at 10). The average BER of the two-branch diversicy antcnna for 7/4 shifted
Quadrenare Phase Shift Keying (QPSK) modulation in Additive White Gaussian Noise
(AWGN) for SC and MRC is expressed in [9). The diversity gains of the PDBA in Fig.} are
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equal to 9.85 and 9.30 dB for SC and MRC, respectively. The DAG of the antenns is the most
effective parameter to evaluate the performance. It is defincd as a product of MEQ and diversity
gain of a diversity antcnna in [9]. In Table 1, DAG of the PDBA are equal to 11.90 and 11.35
for SC and MRC, respectively.

-l

w
-3

L]
4

[ 1
- [ 3 n k. » L J k)

Aversge CNR (T°) for braneh 1 (dB)
Fig.4 Diversity gain of the PDBA
Table 1 Diversity perameters of PDBA
Antera | MEG | p, |_ Ca(@B) DAG (d8)

(d8i) SC_{ MRC | SC MRC
PDBA [1] 118 10061 985 | 930 | 11.90 | 1135
branch {2 205

. Coaclusion

The polarization diversity bi-directionst is proposed to be used 2s the cell
station in the exp! y envil The ggin p are simulated by wire-grid
modeling. The experimental radiation pattern and SWR agtee bly with the simulated

results which validates the accuracy of the wire-grid modeling. The bi-dircetional patti'n and
good diversity performance of this proposed antenns ensure that this antenna is & promising
candidate for the cell station antennas in the expresaway environment.
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1. Introduction

In the indoor propagation channel which transmitter and receiver are surrounded by the various
objects, the multipath signal can be received at the receiving antenna and the receiver. One possible
way to mitigate multipath fading is to implement a diversity combining technique [1]. The horizontal
space diversity is traditionally used to reduce the fading problems at the base station. In recent years,
the polarization diversity is one of the most promising techniques to reduce multipath with compact
antenna configuration requiring only one antenna location [2]. In cases where the radio unit will be
applied in the long and narrow areas, such as in the corridor or long rows of objects, a uni- or bi-
directional antenna may provide better coverage area than a conventional omni-directional antenna.
There are a number of research works dealing with uni- and bi-directional antenna proposed for
polarization diversity [3]. Nevertheless, the dual polarization can be achieved at the expense of
complicated configuration with an expensive material. In this paper, to mitigate effectively the
multipath influence to the indoor communications, we proposed the simple and cost-effective
polarization diversity with bi-directional antenna using a circular ring with two probes. Since the
antenna is used under the multipath environment, the radiation patterns have no direct meaning of the
antenna performance [4]. Then, the diversity characteristics of the antenna are necessarily
investigated. In this paper, the critical issues in the design for 5 GHz are determined, and both
simulated and experimental results are presented.

2. Antenna Configuration and Design
z

Probe 1

Probe 2

(a)
Fig.1 Configuration of the antenna (a) real model (b) wire-grid model

Figure 1(a) shows the structure of the presented polarization diversity bi-directional antenna [5].
The antenna consists of a circular ring of the radius a excited by two linear electric probes of the same
length  which the angle between two-probe is €,. The ring width is equal to d with two circular

apertures in x = d/2and x = —d/2 planes. The probe 1 will be active while probe 2 is terminated with

50 Q load resulting in vertical polarization, and vice versa resulting in horizontal polarization. The
direction of beams of the antenna are along +x-axis and -x-axis for both polarizations. The
optimization for design is carried out through the simulations using the Numerical Electromagnetics
Code 2 [6] based on Method of Moment (MoM) by changing the dimensiost of radius a, width of ring
d and length of probe /. The conductivity of the wire-grid antenna structure is 2.56x107 S/m as Brass.
The selection of the wire radius is based on the equivalent surface area assumption [7]. The wires are
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divided into small segments about 0.01 4 to 0.034 in length that is efficiently small to achieve
reliable impedance characteristics as well as radiation patterns [6]. The excitation at probes is modeled
by delta-gap voltage source between the probe base and the ring strip. At each probe base, two
diagonal wires are added to support the high current density from the excitation as shown in F ig. 1(b).
The design resonant frequency is chosen as 5.25 GHz for wireless LAN. The variation in gain and
return loss (S;;) with a and d are plotted in Fig. 2(a) and (b), respectively. In this case, the probe length
is fixed and- 8, is 90". The gain of branch 1 and 2 at ¢= 0" and 180" is considered. The antenna that

has the highest gain with S;; <-14 dB (SWR < 1.5:1) is selected. As a result, the optimum parameters
were finally selected as @ = 0.324(1.83 cm), d = 0.27 A (1.54 cm) and / = 0.23 A (1.31 cm). The
isolation (S1) can be considered in term of &,. The maximum Sy (14.32 dB) is obtained when the

angle between two probes is 120" with sacrificed gain and S;; as shown in Fig 3.
5 5 5

5 5
Gain [dBi) branch 1 and 2 Gain (dBi) branch 1 apd 2 ———
0 0 o 0
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Fig. 2 Gain and S,; of the antenna (a) d is varied (b) a is varied :
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Fig.3 Gain, S;; and Sy, of the antenna as function of angle between two probes

The variation of the angle between two-probe not only influences to the gain, Sy; and Sy; but
also to the diversity performance of the antenna as shown in Fig. 4(a) — (d). In Fig. 4(a), The Mean
Effective Gain (MEG) that can be expressed in [4] of the antenna in the indoor picocell angular power
density function which the portion of line-of-sight is significant on the order of 40 % follow the
measurement performed by Kalliola [8] is illustrated. The maximum MEG of branch 1 (G.)) is 0.17
dBi when the angle between two probes is 105" while the minimum G, is -7.95 dBi when the angle
between two probes is 180°. The maximum MEG of branch 2 (G.;) is -5.45 dBi when the angle
between two probes is 60° while the minimum G,; is -7.95 dBi when the angle between two probes is
180", The G.; are changed over narrow interval of -5 to -7 dBi because the position of branch 2 is fixed
while the position of branch 1 is altered in the simulation. This condition causes the various results of
G.; (removable probe) while the results of G.; are almost uniform (fixed probe). The envelope
correlation coefficient ( p,) [9] result is changed as shown in Fig. 4(b). The maximum result is 0.53
when the angle between two probes is 45°. The minimum result is 0.03 when the angle between two
probes is 135". The p, are lower than 0.7 for any angles between two probes which the uncorrelated

signal between two branches is obtained [10]. In Fig. 4(c) the diversity gain (Gan) [11] of the antenna
for Binary Phase Shift Keying (BPSK) modulation on Maximum Ratio Combining (MRC) technique
[12] is shown. The maximum result is 8.72 dB when the angle between two probes is 180" because the
ratio of the MEG for each branch (7) is equal to 1. The minimum Gz, of the antenna is 6.1 dB when
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the angle between two probes is 60" and 75. The Gy, result is not a sufficient parameter for
determining the performance of the antenna. Then we use these G, to calculate the effective
parameter i.e., Diversity Antenna Gain (DAG) [11]. The maximum DAG is 6.61 dB when the angle
between two probes is 120°. Furthermore from the above result, when the angle between two probes is
120°, the antenna yields the best isolation. The minimum DAG is 0.77 dB when the angle between two
probes is 180". Although the antenna that has the angle of 180° between two probes provides the
maximum Gy, its DAG is the lowest result. When the angle between two probes is 90", the DAG of
the antenna is 6.15 dB which is 0.46 dB lower than the highest DAG.
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3. Simulation and Experimental Results

The prototype antenna is fabricated for validation. In Fig. 5, the simulation and experimental Sy,
and S,, of the antenna that has the angle of 120" between two probes are illustrated. The measured Sy,
of branch 1 and 2 at the design frequency is around -19 dB while S;, is approximately -13 dB. The -14
dB S,, bandwidth is 400 MHz (7.6%) at the center frequency of 5.25 GHz. The discrepancy which
may be due to the error of fabrication can be found. The error of the fabrication can be avoided by
using a superior process. The difference of the measured and the simulated S, results is about 1 dB,
however the graph is in the same trend. The Sy results are not high because the antenna has two
probes in the same ring. Fig. 6 shows the xy-plane radiation pattern at 5.25 GHz when the angle
between two probes is 120°. The result shows the bi-directional pattern of the experimental and
simulation G, (vertical polarization), and G, (horizontal polarization) in x-direction for each branch

of the antenna. When branch 1 is used, the major component is G,and vice versa when branch 2 is
used. The radiation patterns are measured by using a linearly polarized monopole antenna in an
anechoic chamber. The good agreement is found between simulated and measured results. The gain of
branch 1 and 2 at ¢=0"and 180" are approximately 4 dBi for both the simulated and measured results.

4. Conclusion

This paper presents the design of a polarization diversity bi-directional antenna using two-probe
excited circular ring. Both simulated and measured results are mentioned. The gain and return loss of
the antenna are investigated when the radius (a) and the width (d) of the circular ring are varied. The
dimension of a = 0.32 4 (1.83 c¢m), d = 0.27 A (1.54 cm) and /= 0.23 1 (1.31 cm) gives the maximum
gain with return loss < -14 dB. The isolation of the antenna can be improved by changing the angle
between two probes. The maximum isolation and DAG is obtained when the antenna has the angle of
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120° between two probes. The antenna possesses a gain of 4 dBi with the 400 MHz bandwidth at the
center frequency of 5.25 GHz. The simulated and measured radiation patterns of each branch are bi-
directional pattern that are suitable for the long and narrow service area. The results of simulation and

experiment almost agree with each other.
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