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Abstract

In this paper, a new ultra wideband circular antenna array (UCAA) combining genetic
algorithm to minimize the bit error rate (BER) is proposed. The ultra wideband (UWB) impulse
responses of the indoor channel for any transmitter-receiver location are computed by applying
shooting and bouncing ray/image (SBR/Image) techniques, inverse fast Fourier transform and
Hermitian processing. By using the impulse response of multipath channel, the BER performance of
the binary pulse amplitude modulation (B-PAM) impulse radio (IR) UWB system with circular
antenna array can be calculated. Based on the topography of the antenna and the BER formula, the
array pattern synthesis problem can be reformulated into an optimization problem and solved by the
genetic algorithm. Our approach is not only choosing BER as the object function instead of sidelobe
level of the antenna pattern, but also considering the antenna feed length effect of each array element.
The strong point of the genetic algorithm is that it can find out the solution even if the performance
index cannot be formulated by simple equations. Simulation results show that the synthesized antenna
array pattern is effective to focus maximum gain to the LOS path which scales as the number of array
elements. In other words, the receiver can increase the received signal energy to noise ratio. The
synthesized array pattern also can mitigate severe multipath fading in complex propagation
environment. As a result, the BER can be reduced substantially in indoor UWB communication
system.
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1. Introduction

Ultra wideband (UWB) technology is an ideal candi-
date for a low power, low cost, high data rate, and short
range wireless communication system. According to the
Federal Communication Commission (FCC), UWB sig-
nal is defined as a signal having fractional bandwidth
greater than 20% of the center frequency [1]. Ultra wide
bandwidth of the system causes antenna design to be a
new challenge [2—5]. This is because the multipath fad-
ing and interferences become more apparent than in nar-
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row band system. In order to overcome this phenome-
non, smart antenna technology is envisaged as one of
possible solutions.

Smart antennas employ arrays of antenna elements
and can integrate multiple antenna elements with a sig-
nal processing. These smart antennas combine the sig-
nals from multiple antennas in a way that mitigates mul-
tipath fading and maximizes the output signal-to-noise
ratio. It can dramatically increase the performance of a
communication system. The smart antenna technology
in wireless communication can apply to the receiver
[6,7] and the transmitter [8,9]. The smart antenna tech-
nique at receiver is to perform combining or choosing in
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order to improve the quality of the received signal. When
using the smart antenna to be a transmitter, it can focus
the synthesized antenna array pattern to optimize avail-
able processing gain to the receiver by adjusting the ex-
citation phase delay and amplitude of each antenna array
element and so on.

In the past, most papers apply genetic algorithms for
searching the minimum sidelobe level of the antenna
[10]. However, this pattern cannot guarantee to obtain
the minimum BER performance. In this paper, we pro-
pose a smart ultra wideband circular antenna array at the
transmitter to synthesize an array pattern for minimizing
the BER performance in a UWB communication system.
Unlike in a narrow band communication system, the
UWB communication system spans a wide bandwidth in
the frequency domain. In fact, adjusting the same excita-
tion phase delay of the UWB antenna for different fre-
quencies is difficulty. Thus we control the feed length of
the array element. It provides the excitation phase delay
which varies with different frequencies to synthesize the
antenna array pattern.

When synthesizing the antenna array pattern to mini-
mize the BER, the excitation problem is reformulated as
an optimization problem and the constraint conditions
are often highly nonlinear and non-differentiable. Thus,
we use the genetic algorithm to regulate the antenna feed
length of each array element to minimize the BER per-
formance. As a result, the receiver can increase the re-
ceived signal energy to noise ratio. Moreover, it can mi-
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tigate severe multipath fading and reduce the effective
delay spread of the channel.

In this paper, the genetic algorithm is used to regu-
late the antenna feed length of each array element to min-
imize the BER performance of the communication sys-
tem. The remaining sections of this paper are organized
as follows: section 2 briefly explains the formulation of
the problem which includes antenna pattern, channel
modeling and the BER calculation. Section 3 describes
the genetic algorithm. The propagation modeling and
numerical results are then presented in section 4 and con-
clusion is made in section 5.

2. System Description

The entire link can be described in terms of the block
diagram in Figure 1. It shows the B-PAM UWB modula-
tor, equivalent baseband impulse response hy(t) which
includes the effect of the circular antenna array, a corre-
lation receiver and feed length controller (regulated by
the Genetic algorithm to minimize BER).

2.1 Circular Array Pattern

We consider a circular array of N UWB printed di-
pole antenna, as shown in Figure 2. Each element is apart
along a circle of radius I' (= 5 cm) which is correspond-
ing to the half wavelength of 3 GHz. Each element, as
shown in Figure 3, is the UWB printed dipole antenna
with circular arms, which has been designed in [11,12].

i B-PAM Demodulator :

[0

Decision
Device

1Z(t)

Figure 1. Block diagram of the simulated system.
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Figure 2. Geometry of a circular antenna of 8 UWB printed
dipole antennas.

The overall dimensions of the structure are 40.5 mm x
20.5 mm x 1 mm, with an arm diameter of 19.5 mm. The
input impedance bandwidth is from 3 GHz up to more
than 11 GHz. The radiation pattern between 3 GHz and 6
GHz is omnidirectional in the azimuth plane, which is in-
teresting for communications between objects having
undefined position in relation to each other. Because to
this advantage, we use this kind of antenna for circular
array element. The array factor of this circular antenna
array can be written as

Ny
AF(0,0, ) = ZFn exp[—j(k- X, sinBcos¢
n=1

+k-Y sinBsind+y,)]

()

where 0 and ¢ are the spherical coordinate angles from
the origin to the viewpoint in the elevation plane and
azimuth plane. F is the frequency of a sinusoidal wave.
Nr is the element number. k = 21/A is the wavenumber,
where A is the wavelength of the sinusoidal wave. v, is
the excitation current phase delay of the n-th element
and F, is the element excitation current amplitude of the
n-th element. In this paper, all F, are setto 1. X, and ¥,
are the positions of the n-th array element. Thus the to-
tal radiation vector can be expressed as

N(8,9, )= AF(®0,0,1)-N,(6,9, 1) 2)

‘Z

Figure 3. A UWB printed dipole antenna with circular arms.

where N (6,0, 1) is the radiation vector of individual
element which can be obtained by the HFSS software
based on the finite element method.

2.2 UWB Channel Modeling

Because the UWB communication spans a wide
bandwidth in the frequency domain, the channel impulse
response variations are significant for different types of
antennas [13,14]. As aresult, we do not only describe the
antenna radiation pattern which varies with different fre-
quencies but also use the SBR/Image technique to calcu-
late the channel impulse response which includes angu-
lar characteristics of radiation patterns and the variation
between different frequencies of wave propagation.

SBR/Image [15-23] techniques are good techniques
to calculate channel frequency response for wireless
communication [24,25]. In this paper, we develop SBR/
Image techniques including the antenna pattern to model
our simulation channel. It can perform the identification
of major scattering objects causing reflection, diffraction
and penetration in our simulation environment. The



142 Chien-Ching Chiu et al.

SBR/Image technique conceptually assumes that many
triangular ray tubes (not rays) are shot from a transmitter.
Here, the triangular ray tubes whose vertexes are on a
sphere are determined by the following method. First, we
construct an icosahedron which is made of 20 identical
equilateral triangles. Then, each triangle of the icosa-
hedron is tessellated into a lot of smaller equilateral tri-
angles. Finally, these small triangles are projected on to
the sphere and each ray tube whose vertexes are deter-
mined by the small equilateral triangle is constructed.
Then, each ray tube will bounce and penetrate in the
simulate environments. If the receiver falls within the
reflected ray tube, the contribution of the ray tube to the
receiver can be attributed to an equivalent source (im-
age). Using these images and received fields, the channel
frequency response can be obtained as following

H(f)=E[a(N]e"” )

where f'is the frequency of the sinusoidal wave, i is the
path index, 0; is the i-th phase shift, |a,|is the i-th receiv-
ing magnitude which depends on the radiation vector of

a;

the transmitting and receiving antenna in (2). Note that
the receiving antenna in our simulation is only one om-
nidirectional UWB dipole antenna and the transmitter
is the UWB circular antenna array (UCAA) which has
been described in above section. The channel frequ-
ency response of UWB can be calculated form equation
(3) in the frequency range of UWB.

The frequency response is transformed to the time
domain by using the inverse Fast Fourier Transform with
the Hermitian signal processing [26]. Therefore, the time
domain impulse response of the equivalent baseband can
be written as follows

B(0)=Y ,8(-1,) @

m=1

where M7 is the number of paths. o, and t,, are the
channel gain and time delay for the m-th path, respec-
tively.

2.3 Formulation of BER
As shown in Figure 1, {a} is the input binary data
stream and {a} is the output binary data stream after de-

modulator and decision device. When {a} passing th-
rough the B-PAM modulator, the transmitted UWB pulse
stream is expressed as follows:

X0 =Y. pe-nT,)d, )

where E, is the average transmitted energy and p(¢) is
the transmitted waveform. d, € {£1} is a B-PAM sym-
bol and is assumed to be independent identically dis-
tributed (i.i.d.). 7y is the duration of the transmitting
signal. The transmitted waveform p(¢) is the Gaussian
waveform with ultra-short duration 7, at the nano-
second scale. Note that 7} is the duration of the trans-
mitting signal and 7, is the pulse duration. The value of
T is usually much larger than that of 7,,. The Gaussian
waveform p(f) can be described by the following ex-

pression:
P 6
Jor ©)

where ¢ and o are time and standard deviation of the
Gaussian wave, respectively. The average transmit en-
ergy symbol E, can be expressed as

E=| OT PA(t)dt 7)

The received signal (¢) can be expressed as follows:

r(0) = [x() ® h, ()] + n(1) (8)

where x(#) is the transmitted signal and /,(¢) is the im-
pulse response of the equivalent baseband, n(¢) is the
white Gaussian noise with zero mean and variance
No/2. The correlation receiver samples the received sig-
nal at the symbol rate and correlates them with suitably
delayed references given by

q(t) = plt 1, ~(n=DT, ] ©)

where 7, is the delay time of the first wave. The output
of the correlator is [27,28]:

nly,

zZn= |

(n=DT;

{[ip(f—inm@hb (t)}-g(r)dt

nly (10)
+ J("_I)T.i n(t)q(t)dt = V(n) + T](VZ)
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It can be shown that the noise components 1(¢) of (10)
are uncorrelated Gaussian random variables with zero
mean. The variance of the output noise 1 is

(11)

The conditional error probability of the n-th bit is thus
expressed by:

V(n)

V2

P[z(n)|d] =%erfc[ -(dn)} (12)

where erfe(x) = \Zf Jm e dy is the complementary er-
TE X

ror function and {d} = {d,,d,,...d,} is the binary sequ-

ence. Finally, the average BER for B-PAM IR UWB
system can be expressed as [29]

z V(i)

BER:ZI‘,P(Q)%eFfC[E'(dJ} (13)

3. Genetic Algorithm

Genetic algorithms are global numerical optimiza-
tion methods based on genetic recombination and evalu-
ation in nature [30,31]. They use the iterative optimiza-
tion procedures, which start with a randomly selected
population of potential solutions. Then, iterative optimi-
zation procedures gradually evolve toward a better solu-
tion through the application of the genetic operators. Ge-
netic algorithms typically operate on a discretized and
encoded representation of the parameters rather than on
the parameters themselves. These representations are
often considered to be “chromosomes”, while the in-
dividual element, which constitutes chromosomes, is the
“gene”. Simple but often very effective chromosome re-
presentations for optimization problem involving se-
veral continuous parameters can be obtained through the
juxtaposition of discretized binary representations of the
individual parameter.

When analyzing the circular antenna array, the feed
length of each array element provides the phase delay of
excitation current which varies with different frequencies.
The relationship between the n-th antenna feed length ¢

and the excitation current phase delay v, can be ex-
pressed as follows:

-2, 14
W, o (14)
where A is the wavelength. Thus, we regulate the an-
tenna feed length of each array element to get a optimal
radiation pattern which can minimize the BER perfor-
mance. The feed length of each array element can be de-
coded by the following equation:

_0O M )

£ = _,_MZ biz,, o (15)
2" -1 5

where b,",b,",..., b, , (genes) are M-bit strings of the

binary representation of ¢ .The Onin and O,y are the
minimum and the maximum values admissible for ¢ ,
respectively. In practical cases, Omin and Qpax can be de-
termined by the prior knowledge of the objects. There-
fore, we set the Opmin = 0.0 cm and Qpex = 10.0 cm which
is according to the minimum frequency 3 GHz. Then
the unknown coefficients in (15) are described by a Nz x
M bit string (chromosome). The genetic algorithm starts
with a population containing a total of N, candidates
(i.e., N, is the population size). Each candidate is de-
scribed by a chromosome. Then the initial population
can simply be created by taking N, random chromo-
somes. GA iteratively generates a new population,
which is derived from the previous population through
the application of the reproduction, crossover, and mu-
tation operators.

The genetic algorithm is used to maximize the fol-
lowing fitness function (FF):

z 1 v h
FF—{;P(d)-Eerfc[ ﬁc-(dn)}} (16)
where FF is the inverse of the average BER for B-PAM
IR UWB system. Through repeated applications of re-
production, crossover, and mutation operators, the in-
itial population is transformed into a new population in
an iterative manner. New populations will contain in-
creasingly better chromosomes and will eventually
converge to an optimal population that consists of the
optimal chromosomes. In our simulation, when the fit-
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ness function is bigger than the threshold value or GA
does not find a better individual within 300 successive
generations, the genetic algorithm will be terminated
and a solution is then obtained.

4. Numerical Results

A realistic environment is investigated. It consists of
a living room with dimensions 10 m x 10 m x 3 m, hous-
ing one metallic cupboard and three wooden bookcases.
Both of the cupboard and bookcase are 2 meter in height.
The radio wave can penetrate through the wooden book-
case and is totally reflected by the metallic cupboard.
The plan view of the simulated environment is shown in
Figure 4. Tx and Rx1, Rx2 antennas were all mounted 1
meter above the floor. The transmitter Tx position is (7
m, 5 m, 1 m). We simulated two scenarios with different
Rx positions. Scenario I has a line-of-sight path to the
Rx1 (3 m, 8.5 m, 1 m). Tx and Rx1 are at a distance of
approximately 5 meter. Scenario II has no line-of-sight
path to the Rx2 (5 m, 1 m, 1 m), since the wooden book-
case was higher than the Tx and Rx2. The Tx - Rx2 dis-
tance on the horizontal plane is 4.3 meter in Scenarios II.
A three-dimensional SBR/Image technique combined
antenna radiation pattern has been presented in this pa-
per. This technique is used to calculate the UWB channel
impulse response for each location of the receiver.

Based on the channel impulse response, the number
of multipath components, the RMS delay spread trums
and the Mean Excess Delay tygp are computed. Further-
more, we use the impulse response to calculate the BER.

10 m |

i :E ['Vé_’ \: Concrete
AAAAA 3m___ ~* x V7 Wood
= R g B Meul
/ DT ...... o
g s T i Z
7 i 7
é Sm RJ\Z ivr é
% R

B [0.45m

Figure 4. A plan view of the simulated environment.

The frequency range for the UWB channel is simulated
from 3 GHz to 6 GHz, because the array element has the
omnidirectional characteristic in this frequency range
[11]. Other simulation specifications are summarized in
Table 1.

Figure 5 (a), shows the channel impulse response for
Scenario I using three kinds of transmitting antennas: (a)
Only one UWB printed dipole antenna (OUA) (b) A cir-
cular array of eight UWB printed Dipole antenna, each
element antenna has the same feed Length without GA
regulating (NOGA-UCAA) (c) A circular array of eight
UWRB printed dipole antenna , each element antenna feed
length was regulated by GA(GA-UCAA). In Figure 5, all
the first peak is received around 16ns which is correlated
with 5 meter distance from the direct LOS path. The
number of resolved multipath components in Figure 5(a)
is greater than the number in Figure 5(c), since the direc-
tive radiation pattern in GA-UCAA provides focusing
gain to the LOS and mitigates the multipath. The energy
seems to be spread over less paths than for the omni-
directional transmitter (OUA). In Figure 5(b), the radia-
tion pattern of the circular antenna array also has direc-
tive characteristic. However, it can not provide the larg-
est synthetic gain to the LOS path. In other words, it has
different gains in each direction including LOS and
NLOS path. As a result, the multipath phenomenon in
Figure 5(b) is worse than the phenomenon in Figure 5(c).
Comparing the first peak value in Figures 5(a) and (c), it is
found that the peak value in Figure 5(c) is N times as that
in Figure 5(a). Here N is the number of array elements.

In order to determine the multipath effect, the Trms
and tyep were calculated. A summary of these values
are given in Table 2 for Scenarios I and II, respectively,

Table 1. Specifications of the antenna and genetic

algorithm

UWRB circular
Antenna

antenna array
Number of array element (N) 8
Circle of radius " 6.75 (cm)
Polarization of Tx-Rx Vertical-Vertical
Transmitted signal to noise ratio At least 20 dB
GA population size 200
Binary string length 10

0.0 to 10.0 (cm)
0.5 and 0.02

Search range of the feed length
The probability of crossover and
mutation
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B circular array of eight UWB printed
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0.1 Length NOGA-UCAA). (¢) A circu-
0 50 100 150 200 lar array of eight UWB printed dipole
Time [ns] antennas with different feed length
(c) regulating By GA(GA-UCAA).
Table 2. Mean excess delay and RMS delay spread for the two Scenarios
Transmitting OUA NOGA-UCAA GA-UCAA
Antennas
TMED TRMS TMED TRMS TMED TRMS
Scenarios (ns) (ns) (ns) (ns) (ns) (ns)
Scenario | 3.53 7.38 343 8.01 0.51 3.52
Scenario 11 11.88 12.55 11.08 12.04 10.91 6.72
which clearly shows the Tygp increase for the NLOS case 10° W\?V T —
(Scenario II). For the LOS case in Scenario I, the tgys in
OUA and in GA-UCAA is 7.38 ns and 3.52 ns respec- 10° Sog
tively. It is clear that tgys for the GA-UCAA case is the “\QW
smallest, since the directive antenna can mitigate multi- X
path effect. Figure 6 shows the BER V.S. SNR for Sce- & 107 -
nario I using three kinds of transmitters. Here SNR is de- X
fined as the ratio of the average transmitting power to the 10" 1 -OUA t’\
noise power. The results show that the BER curve de- o—NOGA - UCAA \
creases greatly when the GA-UCAA is used as transmit- v—GA - UCAA
ter. It is due to the fact that the GA-UCAA can minimize 102 0 5 1'0 15 20
the fading and reduce the mulitpath effects. It also can SNR [dB]
focus the synthesized antenna array pattern to optimize Figure 6. BER vs. SNR over Scenario I for three kinds of
the available processing gain to the receiver. transmitter.
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Figure 7 shows the channel impulse response for
Scenario II using three kinds of transmitters. In this sce-
nario, we consider a situation which has no LOS path of
all the three channels. The multipath phenomenon in
Figure 7(b) is the worst. It was noted that the radiation
pattern of the circular antenna array different gains in
each direction. The energy seems to be spread over more
paths than that for the omnidirectional transmitter in
Figure 7(a). In Figure 7(c), it is clear that the maximum
peak value is up to 0.045V which is the highest peak
value of the three kinds of transmitters. It also shows the
number of multipath components has been clearly re-
duced. It is due to the fact that the GA-UCAA can focus
the synthesized antenna array pattern to optimize the
available processing gain to the receiver.

Table 2 also shows the RMS delay spread trys de-
crease when using the GA-UCAA to be the transmitting
antenna in the Scenario II. Figure 8 shows the BER vs.
SNR for Scenario II using three kinds of transmitters.
The results show that the BER curve decrease when us-
ing the GA-UCAA to be transmitter.

Tables 3 and 4 show optimized feed lengths and ex-
citation current amplitudes for each antenna element in

0.02

0.01

Amplitude [Volt]

-0.01

02 50 100 150 200

Time [ns]

(b)

Figure 7. The channel impulse response for Sce-
nario II using three kinds of transmit-
ting antennas: (a) Only one UWB
printed dipole antenna (OUA). (b) A
circular array of eight UWB printed
Dipole antennas with the same feed
Length (NOGA-UCAA). (c) A circu-
lar array of eight UWB printed dipole
antennas with different feed length re-
gulating By GA(GA-UCAA).

BER
A

OUA ¥
| —6— NOGA - UCAA
~| —— GA - UCAA

SNR [dB]

Figure 8. BER vs. SNR over Scenario II for three kinds of
transmitter.

the Scenario I and Scenario II, respectively.

All of the above results demonstrate the GA-UCAA
which is presented in this paper is powerful. When ap-
plying this antenna array to LOS and NLOS propagation
environment, it can increase the ratio of combined re-
ceiving signal energy to noise. It also can mitigate severe
multipath fading in complex propagation environment.



Bit Error Rate Reduction by Smart UWB Antenna Array in Indoor Wireless Communication 147

Table 3. Optimized feed lengths and excitation current
amplitudes for each antenna element (Scenario I)

Table 4. Optimized feed lengths and excitation current
amplitudes for each antenna element (Scenario II)

n-th excitation current n-th excitation current
clement  ccdlength(em) o litude (volt) clement  ccdlengthem) o itude (volt)

1 5.034213 0.999 1 7.869013 0.999

2 5.816227 0.999 2 9.990225 0.999

3 3.782991 0.999 3 5.014663 0.999

4 4731183 0.999 4 2.629521 0.999

5 0.4105572 0.999 5 3.059628 0.999

6 1.818182 0.999 6 7.272727 0.999

7 1.290323 0.999 7 6.129032 0.999

8 0.3812317 0.999 8 8.602151 0.999

For these reasons, the BER can be reduced substantially
in indoor UWB communication system.

5. Conclusion

Using the smart UWB circular antenna array to mini-
mize the BER performance in indoor wireless local loop
is presented. The impulse response of the channel is
computed by SBR/Image techniques, inverse fast Fou-
rier transform and Hermitian processing. By using the
impulse response of the multipath channel and the ge-
netic algorithm synthesizing optimal antenna radiation
pattern, the BER performance of a B-PAM IR UWB
communication system is investigated. Based on the
BER formulation, the synthesis problem can be reformu-
lated into an optimization problem. In this paper, the fit-
ness function is defined as the reciprocal of BER of the
system. The genetic algorithm maximizes the fitness
function by adjust the feed length of each antenna. Nu-
merical results show that the BER can be reduced sub-
stantially in indoor UWB communication system.
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