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Abstract

Due to the recent increases in the requirement for higher speed mobile communication, there
has been a great deal of research and development into technologies for high-speed mobile
communications. Among these methods, a microcellular system has been put into practical use.
In the microcellular system, coverage is divided into microcells to respond to the increase in
number of subscribers and the demand for high-speed mobile communication. Although
propagation in urban areas has become complex due to implementation of the microcellular
system, it is important to maintain the quality of mobile communication, particularly in urban
areas.

Thus, antennas are instalied, and the antenna angles are adjusted to ensure that the quality of
mobile communication is suitable for practical use when a base station is set up. However, in
urban areas, further complex multipath fading occurs due to reflection, diffraction, and
scattering because of microcellular systems. Therefore, many arrival waves significantly in
excess of the number of rake fingers reach the receivers. In addition, there are repeaters that
amplify and transmit the same signal as nearby base stations. Although repeaters improve the
quality of mobile communication, they may produce interference waves for other base stations
when the transmitted waves from the repeaters reach other cells. Thus, it is difficult to maintain
the quality of mobile communication at certain locations.

To address these problems, the transmitters of the interference waves are estimated. Moreover,
the area design should be improved. However, it is insufficient to measure the arrival waves at
each point and identify base stations by analysis of pilot signals in code division multiple access
(CDMA) systems, such as 1S-95 and CDMAZ2000. This is because repeaters in an area use the
same pilot signals as the base station for that area; therefore, it is impossible to distinguish
between the répeaters and the base station. Thus, it is important to estimate the direction of
arrival (DOA) to distinguish between the arrival waves from the base stations and those from
the repeaters. Such information is effective in improving the area design. Therefore, it is
necessary to estimate DOA and field intensity of electromagnetic waves as well as the base
stations that transmit these waves.

Radio waves from base stations arrive from several directions in the horizontal plane. Further,
the arrival directions of these waves may be proximate. Therefore, systems based on
super-resolution DOA estimation algorithms using a planar array antenna are useful for
measurement of multipath propagation. However, when a planar array is used.

forward/backward spatial smoothing, which facilitates DOA estimation of correlated waves.




requires many elements, resulting in a high expenditure on receivers with corresponding
increases in weight and size of the estimation system. Such a heavy and large-sized system
cannot be transported in an outdoor environment to measure the arrival waves.

This dissertation presents a method for estimating DOA with a virtual planar array
synthesized by shifting a T-shaped array antenna. The advantages of this method are low cost
because of the reduction in number of receivers, reduction of mutual coupling between elements,
and weight saving. In the proposed system, it is important to synthesize the data of the virtual
planar array by shifting the T-shaped array. Thus, three methods are proposed for synthesizing
the data of the virtual planar array: the first method, which assumes that arrival waves are
sinusoidal waves, uses the periodicity of received signals; the second method uses pilot signals
in the CDMA system; and the third method uses eigenvectors of correlation matrices.

Chapter 2 introduces the method for synthesizing virtual planar arrays and base characteristics
of the virtual planar array by shifting the T-shaped array antenna in DOA estimations, when it is
assumed that arrival waves are sinusoidal. In simulations, the average of estimation errors was
within 3° at an SN ratio within 5 dB when there are influences, such as position errors,
frequency fluctuation, efc. The average of DOA estimation error is 2.06° when the number of
arrival waves is one in an echoic chamber. In addition, the proposed method can estimate DOA
of two arrival waves in an anechoic chamber. These basic evaluations confirmed the
effectiveness of the system using data received by the virtual planar array.

Chapter 3 describes a method for estimating the DOA using pilot signals in the CDMA system.
We evaluated the proposed method by performing simulations and experiments in an anechoic
chamber and outdoor environment. In the simulations, the DOA was estimated accurately, and
the effectiveness of the proposed method was confirmed. Moreover, the average estimation
errors were approximately 1° in the anechoic chamber, and arrival waves from base stations
could be estimated in the outdoor environment. These results confirmed that the proposed
method provides effective DOA estimation.

Chapter 4 proposes a method for DOA estimation using eigenvectors and described an
evaluation of the proposed method by performing simulations and experiments in an anechoic
chamber. Simulation results indicated that DOA was estimated correctly within 3° although the
system suffered from the influence of position errors and SN ratio was poor. The performance of
the method was evaluated by performing experiments in the anechoic chamber, and the average
estimation error was about 0.5°. Further, the proposed method could estimate DOA of two
arrival waves. These results confirmed that the proposed method is effective for DOA

estimation.
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Chapter 1 Introduction

This chapter introduces the requirement for direction of arrival (DOA) estimation systems for
a mabile communication and presents the problems associated with such systems. First, a
history of developments for mobile communication systems is presented. Problems regarding
mobile communication are introduced, and technologies developed to solve these problems are
described. In addition, technologies to achieve further high-speed communication are also
presented. DOA estimation systems are necessary for solution of the problems in current and
next-generation mobile communication systems. Conventional DOA estimation systems are
introduced, and the problems associated with such systems are discussed. Finally, the

advantages of the proposed system are described, along with an outline of this dissertation.

1.1 Background

The major advantage of wireless communication is the ability to communicate while moving.
It was first proposed immediately after the experiment of Marconi about 100 years ago, and the
development of mobile communication systems had been proposed since the development of
technologies for wireless communication. However, such systems were limited to military and
police use before the end of the second world war, with systems for use by private organizations
and individuals proposed after the war.

The first mobile telephone system for business use by private organizations was MTS (Mobile
Telephone System) introduced in the United States in 1946, which was followed by IMTS
(Improved Mobile Telephone System). However, these systems had insufficient capacity
because theyl did not use cellular methods. AMPS (Advanced Mobile Phone Service), which is
currently the most widely used system in the United States, was introduced in 1983. The most
important feature of AMPS was the reduction of the radius of cells covered by any one base
station, and adoption of the cellular system that recycles the same frequencies in distant areas.
However, other countries developed original and analog cellular systems, with service
beginning in Europe in the 1980s. Typical systems include NMT (Nordic Mobile Telephone) in
Northern Europe and TACS (Total Access Communication system) in the UK. In Japan, an
analog cellular telephone service was introduced by NTT in 1979, and a high-capacity system
using narrowband was developed in 1989.

However, the capacities of these previous analog systems were too low to cope with the




increase in demand for cellular phones. Therefore, digital cellular systems were developed in
Europe, the United States, and Japan. Europe standardized on a GSM (Global System for
Mobile communication) system, I1S-54 based on TDMA (Time Division Multiple Access), while
the United States standardized on 1S-95 based on CDMA (Code Division Multiple Access). On
the other hand, the PDC (Personal Digital Cellular) system was introduced in Japan in 1992. In
addition to these systems, PHS (Personal Handy-phone System) [1] and DECT (Digital
European Cordless Telephone) [2] were also developed from cordless phone systems. PHS
systems have in excess of 80 million subscribers all over the world, and have become the third
most common type of mobile communication system after to GSM and CDMA [3].

The analog and digital cellular systems described above are known as the first- and
second-generation systems, respectively. The recent spread of globalization and use of the
Internet in business has necessitated the provision of a worldwide high-speed mobile
communication service. However, although the first- and second-generation systems do not
provide service in all regions, because they are different in each country. Thus, common
communication systems for high-speed communication were discussed in ITU-R (International
Telecommunication Union Radio communication Section), and IMT-2000 (International Mobile
Telecommunications-2000) was standardized as the communication method of the
third-generation system (3G). In Japan, the third-generation systems now have in excess of 34
million subscribers [4]. In addition, the number of subscribers of the second- and
third-generation systems exceeds 90 million [5], and cellular phones have become
indispensable.

High-speed communications systems with speeds ranging from dozens to several hundred
Mbps have been developed using optical fibers. To provide seamless service with these fixed
communication networks, an increase in speed to the same level is thought to be indispensable
for mobile communication. Therefore, further increases in speed are required in wireless
communication. There is a great deal of active research and development into Beyond 3G
(Beyond 3rd Generation), such as HSDPA (High Speed Downlink Packet Access) and the 4G
system [6], and these systems will be developed further in the future. Fig. 1-1 shows the

development of data transmission speed in Japan.
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Fig. 1-1 Development of mobile communication data speed in Japan

1.2 Wireless communication

1.2.1 Characteristics of electromagnetic wave propagation

In mobile communication, there are many arrival waves from base stations due to reflection,
diffraction, and scattering, as shown in Fig. 1-2. Moreover, many electromagnetic waves travel
through varidus paths in indoor environments, such as wireless LANs, while reflecting from the
walls and other scattered objects. There are various strong and weak points in electric fields
because of the different routes taken by the signals. In urban areas, cars, people, receiving
terminals, efc., move, and thus reception level changes over time.

This is called multipath fading, in which the reception level changes due to the large number
of arrival waves [7]. There are two types of multipath fading, ie., uniform and
frequency-selective fading. In general, multipath fading is considered to be uniform fading
when the delay times of arrival waves can be disregarded. On the other hand. the delay times
cannot be disregarded when the bandwidth of the transmitted signal is wide. because the delay

time of each arrival wave becomes the same as one symbol length: this is called

9




frequency-selective fading. In mobile communication, compensation technologies for signal
degradation due to multipath fading are important. As compensation methods differ according to
the differences between uniform. and frequency-selective fading, many compensation methods
have been studied [7]-[68].

Fig. 1-2 Propagation characteristics in urban areas

In designing wireless communication systems, a propagation model is important for
evaluation of the signal degradation due to multipath fading. The propagation model is based on
the probability distribution to allow calculation of statistics, and the Rayleigh distribution and
Nakagami-Rice distribution are generally used. The Rayleigh distribution appears as that of
signal strength when large numbers of waves of random phase signals arrive. The Rayleigh
distribution is used when considering multipath fading in mobile communication systems, such
as non-line-of-sight systems, in which there many scattered waves and no directional waves [7].
The Nakagami-Rice distribution is used for fading in line-of-sight, e.g, in satellite
communications for ships with sea clutter or for land mobile radio [7]. Fading is actually
simulated not only with modeling by statistical approaches but also by computer for the
evaluation of wireless systems, and fading simulators have been reported [8]-[12]. In addition,
experiments to clarify the propagation characteristics have been conducted by measurement of

electrical fields and delay profiles in indoor and outdoor environments [13]-[{31].



1.2.2 Techniques for multipath fading

It is necessary for high-efficiency mobile communication systems to consider efficiency with
regard to frequency, electrical power, and performance taking fading into account. Methods for
modulation and demodulation have been proposed taking these characteristics into
consideration. From the last half of the 1970s to the early 1980s, there was a great deal of
research and development into envelope modulation technologies to increase the efficiency of
electrical power and resistance to amplitude fluctuations due to fading. Thus, GSMK
(Gaussian-filtered Minimum Shift Keying)[32]{33], PLL-QPSK (Phase-Locked Loop
Quaternary Phase Shift Keying)[34], 4-value FM (Frequency Modulation)[35], and Tamed
FM[36] were proposed; GSMK was adopted for the GSM system developed in Europe. The
capacity shortages of the analog cellular phone system became a problem in the mid-1980s, and
linear modulation methods were studied to increase efficiency [37]. Based on the results of
these studies, FQPSK (Feher QPSK) and FQAM [38] were proposed. m/4QPSK was developed,
and it has been adopted for the PDC system.

When electromagnetic waves modulated by these modulation methods are demodulated, delay
or synchronous detection are generally adopted as the detection method. Compensation methods
for fading were not examined in the mid-1980s, because it was considered that the delay
detection method was better than the synchronous detection method. The reasons for this were
that circuit composition is easy, and the BER characteristics of delay detection were better than
synchronous detection in fading channels. However, with appropriate compensation methods for
fading, synchronous detection has better characteristics than delay detection. In addition, there
was an increase in demand for high-speed mobile communication, and therefore researchers
began to apply synchronous detection to mobile communication. In the second half of the 1980s,
multiple value modulation methods, such as 16 QAM, were studied for application to wireless
communications. In this case, greater accuracy of the compensation technologies for fading
were needed, Eecause the information is included in not only the phase but also the amplitude
{391 [411.

A problem in synchronous detection is that errors can occur that cannot be compensated,
because it is not possible to follow the phase of CW (Continuous Wave) output of PLL to the
fading channel. There are two types of method to address these problems—which are
distinguished by the use or lack of use of pilot signals. As examples of the latter, methods using
ACT (Adaptive Carrier Tracking) or based on LMS (Linear Mean Square) algorithm have been
proposed [42]-[44]. However, these methods are not efficient due to the necessity of using a
differential code. In contrast, technologies using pilot signals are very effective. In these

methods, fading is compensated by estimation of fading using well-known pilot signals. It is




possible to divide into three methods, i.e., pilot tone, pilot symbol, and pilot code methods,
according to the method used to insert the pilot signal, as shown in Fig. 1-3. The pilot tone
method multiplexes one or more sinusoidal waves and modulated signals on the frequency axis,
such as TCT (Tone Calibration Technique) [45][46], DTCT (Dual Tone Calibration
Technique)[47]-[50], and TTIB (Transparent Tone-In Band){51]-[53]. This method is used
mainly in FDMA (Frequency Division Multiple Access) systems. In the pilot symbol method,
well-known pilot symbols are multiplexed with the information symbols on the time axis. In this
method, the spectrum of the fading channel is limited to a given band and the fluctuation is very
smooth [54]-[57]. In general, TDMA (Time Division Multiple Access) systems use the pilot
symbol method. The pilot code method involves multiplexing a well-known pilot channel,
which is spread by an orthogonal code to traffic channel and has the same frequency as the
traffic channel. Especially, the pilot code method is used for CDMA (Code Division Multiple
Access) systems [58], such as cdmaOne, cdma2000, and W-CDMA, for fading compensation
when synchronization between terminals is taken with the base station. Diversity techniques
have been studied and put into practical use as other methods for fading compensation [60]-[62].
These methods secure a steady received power by selecting or synthesizing the received power,
because different fading occurs if the position, polarization, frequency, and radiation pattern of
antennas are different.

These techniques achieves a sufficient effect in case of uniform fading; however, further
fading compensation is needed when arrival waves are late by more than one symbol length, as
in frequency-selective fading. Thus, adaptive equalizers [63] are adopted for frequency-selective
fading. In particular, MLSE (Maximum Likelihood Sequence Estimation), which uses the
Vitarbi algorithm and DFG (Decision Feedback Equalizer) have been developed and put into
practical use [64]-[68]. These algorithms were used for the adaptive array antenna described
later.

Conventional methods for fading are not sufficient to provide communication quality
adequate for next generation systems for mobile communication [6]. Thus, further research and
development are currently in progress. In modulation/demodulation technologies, multi-carrier
wireless systems, such as OFDM (Orthogonal Frequency Division Multiplexing),
MC/DS-CDMA, and MC-CDMA, have attracted a great deal of attention [69][70]. Moreover,
with regard to encoding technology, the LDPC (Low-Density Parity-Check) code has been
studied {71][72]. On the other hand, the adaptive array antenna and MIMO (Multiple Input
Multiple Output) technology with two or more antennas have attracted attention as antenna
techniques [6]{71{73]. Especially, the adaptive array antenna system has been used as the base
stations for PHS systems [74], and MIMO systems have been put into practical use, and these

technologies are expected to be developed further in the future.
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1.2.3 Problems in mobile communications

The cellular system has been used in mobile communication to improve the efficiency of
frequency as shown in Fig. 1-2. Due to the increases in both number of subscribers and
demands for high-speed mobile communication, microcellular systems in which the radii of the
cells are small have been applied in areas where the density of users is high, such as urban areas.
There is a possibility of interference waves of the same frequency from base stations of nearby
cells in microcellular systems, because electromagnetic wave can propagate along distances of
the order of several hundred meters [75]. The propagations of actual microcellular systems are
more complex than the macrocellular systems in which the radii of cells range from one to a few
kilometers, because the cell structures are not ideal circles and are geographically irregular. In
addition, the influence of such the problems grows in the system of B3G and 4G because it is
expected that the size of the cells in B3G and 4G systems will become smaller than those in
conventional systems. Moreover, repeaters are used to amplify and transmit the same signal as
nearby base stations. Repeaters improve the quality of mobile communication. When the
transmitted waves from the repeaters reach other célls, they may become interference waves for
other base stations. On the other hand, there are illegal repeaters that transmit interference
waves, such as noise, in urban districts [76]. In fact, these illegal repeaters have become a
problem because the quality of mobile communication is degraded by these interference waves.

Conventional methods for fading are not sufficient to maintain the quality of mobile
communication under these conditions because of a reduction in the electric field intensity. To
deal with these problems, the transmitters of the interference waves are estimated to allow the
area design to be improved. However, it is insufficient to measure electrical intensity at each
point and base stations and repeaters are identified by analysis of the measurement data
including pilot signals. This is because repeaters in an area use the same pilot signals as those
used by the base station for that area; therefore, it is impossible to distinguish between the
repeaters and the base station. Moreover, it is necessary to discover and remove the illegal
repeaters that cause degradation of communication. Thus, it is important to estimate the
direction of arrival (DOA) to distinguish between the arrival waves from the base stations and
those from repeaters. Such information is effective in improving the area design. On the other
hand, the adaptive array antenna and MIMO systems have been examined as methods to
compensate for fading and interference waves. However, these techniques have not been studied
sufficiently to allow their application to cellular systems in urban areas. For such research, it is
also necessary to analyze propagation. For these reasons, DOA estimation systems are very

important.
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1.3 DOA estimation system

1.3.1 Basic methods for measurement of multipath fading

The technologies for DOA estimation have been developed chiefly as military radar
technology. The radar system used for the first stage is CW radar [77]. This method estimates
distances from targets by transmitting 2 waves with different frequencies alternately and
calculating the differences in phase of the received signals. However, it is difficult to classify
targets with the same relative velocity. The FMCW method was proposed to solve this problem
[78][79]. This method estimates distances and velocities of targets by sweeping frequency and
Fourier transfdrm of the received data. Moreover, pulse radars and Doppler radars have also
been developed. Pulse radars are those in which pulse signals are transmitted and the times of
reflected waves are measured [80]. These radars have been adopted not only for military use but
also in air traffic control and as weather radars [81]-[83]. First, these methods measure
electrical intensities in all directions by rotating a reflector antenna for DOA estimation.
However, these methods have problems due to clutter, consisting of unnecessary reflected
waves due to scattering around targets, as well as poor resolution. Therefore, algorithms with
array antennas described later [81] [84]{85] have also been proposed.

On the other hand. in mobile communication, the conventional method for determining

propagation characteristics involves measurement of electrical intensity at each position with a




monopole antenna [13]-[31]. However, radio sources that transmit interference waves cannot be
distinguished because detailed propagation characteristics cannot be explained by this method.
Thus, it is impossible to apply this method to the problems of fading in microcellular systems.

To measure propagation in more detail, radars technologies have been applied for
measurement of the propagation environment of mobile communication. As a typical example, a
multipath estimation method, which measures the magnitude and angle of the direction waves
received by rotating the antenna with sharp directivity, has been reported [86]-[88]. This
method requires an antenna with an effective aperture area that is sufficiently large to improve
angular resolution. As the rotation of a large antenna requires a large drive unit, the total size of
the system increases.

In addition, there is a method that measures the delay profile while moving a non-directional
antenna at a constant velocity in a straight line [89]-[91]. This method estimates the DOA by
using the Doppler shift data obtained from the Fourier transform of the measured delay profile
data. Although this method can estimate the DOA continuously at each position, its
disadvantages include the inability to discriminate between symmetrical directions and the

forward direction and poor angular resolution.
1.3.2 DOA estimation algorithm with array antennas

The conventional methods have a number of problems in that the angle resolution is
insufficient to measure propagation and the sizes of the systems are large. Thus, DOA
estimation systems with array antennas have been studied to improve performance [92]-[148].
The most basic method in DOA estimation algorithms with an array antenna is the beam-former
method, which is based on the same principle as the Fourier transform [92][93]. This method is
used to measure the electrical power of an array output in all direction by scanning with the
main lobe of a uniform excitation array antenna. However, this method may estimate incorrect
directions when the array output becomes large due to receiving arrival waves with side lobes of
the array antenna, and therefore this method is not useful for measurement in urban areas.

The Capon method, which involves measurement of electrical power by scanning in all
directions while keeping a null radiation pattern to other arrival waves with an array antenna,
was proposed [94]. The resolution characteristics of the Capon method depend on the
beamwidth of the main beam due to scanning the main beam at all angles. That is, a narrow
beamwidth is necessary to achieve high resolution, and large numbers of elements are necessary.
On the other hand, it is possible to estimate DOA with high resolution by scanning all angles
with null, because the beamwidth of null is narrower than the main beam. Based on these

considerations, the linear prediction (LP) method were proposed [95]. Moreover, the Min-Norm



method [96] and Pisarenko method [97] have also been proposed. Weight assumptions of these
methods are extended from the LP method. Although DOA estimation algorithms have been
developed in addition to the adaptive array antenna, DOA estimation algorithms use the
characteristics of the adaptive array antenna, because the principle is closely related to the
adaptive array antenna [92][98][99]. For example, the principle of the Capon method is equal to
the DCMP adaptive array antenna [100], the LP method is equivalent to the side lobe canceller
and a power inversion adaptive array antenna [101][102]. It is possible in LP and Min-Norm
methods to make the nulls at directions where there are no arrival waves. Thus, it is necessary to
confirm the existence of arrival waves to estimate electrical power.

To resolve these problems, the multiple signal classification (MUSIC) method was proposed
[103]. The MUSIC method makes use of the characteristic that eigenvectors correlated to the
noise subspace of a correlation matrix are orthogonal to the mode vectors that express phase
differences to a base point. Although the computational method of the MUSIC method is more
complex than that of the beamformer method, the MUSIC method has higher resolution than
conventional methods. [104] —[106]. The MUSIC method cannot estimate DOA correctly when
the accuracy of the correlation matrix is insufficient, and has higher computational costs due to
scanning the MUSIC spectrums. Due to these problems, the Root-MUSIC method has been
proposed [107]. Moreover, the Unitary MUSIC method, which uses the Unitary transformation
that can replace the calculation by complex numbers with real numbers, was proposed to reduce
the computational complexity and to achieve better speed of the algorithm [108][109]. On the
other hand, the estimation of signal parameters via rotational invariance techniques (ESPRIT),
which is used to compute phase differences between subarray antennas, has been proposed [110].
A spectrum search is unnecessary in ESPRIT, although it has essentially the same accuracy as
the MUSIC method. ESPRIT can be classified into LS-ESPRIT (Least-Squares) [110] and
TLS-ESPRIT(Total-Least-Squares)[111] according to the methods used for calculating the
phase differences of two subarrays. The method using the Unitary transformation has been
proposed as Well as the case of the MUSIC method [112][113]. Moreover, these algorithms have
been extended to 2D or 3D, and can simultaneously estimate not only DOA in the horizontal
plane but also the directions of elevations and delay time [114] - [117].

Recently, DOA-based adaptive array antennas have been studied. When using DOA-based
adaptive array antennas in the fading channel, it is necessary to estimate DOA very early
because of rapid changes in propagation characteristics [118].

To deal with these problems, the BiSVD (Bi-Iteration Singular-Value Decomposition) method
[119] [121], PAST (Projection Approximation Subspace Tracking) method [122], and PASTd
(Projection Approximation Subspace Tracking) method [122] have been proposed and

investigated. These methods are characterized by successively updating eigenvectors in the




signal subspace of a correlation matrix, and have been applied to MUSIC and ESPRIT methods.

1.3.3 Specifications of DOA estimation systems

The performance of the conventional method during DOA estimation was evaluated by
performing simulations. For example, the accuracy of the method, which measures the
magnitude and the angle by rotating the antenna, was evaluated. The antenna pattern in this
simulation is shown in Fig. 1-5 (a). The half-bandwidth of the antenna is 30°. The result in the
case of one arrival wave at an angle of 0° is shown in Fig. 1-5 (b). This result indicated that
DOA can be estimated correctly. Then, the case of two arrival waves was simulated. Fig. 1-6 (a)
shows the results for arrival waves at 0° and 35°, and again the results confirmed that DOA can
be estimated in this case. On the other hand, Fig. 1-6 (b) shows the magnitude of received
signals at each angle with arrival waves of 0° and 25°. The estimation result was 11°, and
therefore this system could not distinguish between the two arrival waves. These results suggest
that it is possible for the DOA estimation error to be about 11° with this system.

Then, the specification of MUSIC was carried ouf. A simulation was conducted, in which two
arrival waves had angles of 0° and 25°. The array antenna was a 2 x 2 planar array with an
interval between elements of 0.4 wavelengths. The size of this array antenna became about 15 x
15 cm at 900 MHz. Fig. 1-7 shows the MUSIC spectrum of this simulation, and the results
indicated that this system can distinguish between the two waves and estimate DOA correctly.

It is necessary to search the range of about 100 meters in the radius if the distance between
transmitters and the system is 500 meters and DOA is estimated at two points, as shown in Fig.
1-8. Thus the efficiency of using this system for area design is not good. To resolve this problem,
the half-bandwidth of the antenna used is sharper than the resolution needed for DOA
estimation systems. However the size of the system becomes large due to the requirement of the
large antenna for high resolution, and this results in the high cost of the system. On the other
hand, it was confirmed that systems using MUSIC are better for efficiency area design than
conventional methods, because the range of transmitters in the case of MUSIC is narrowed to a

greater extent than in the case of an antenna with a shape pattern, as shown in Fig. 1-5 (a).

cos® (8) (90 <6<90)
bo)= 0 (-90 <6<90)
log,, 2
® - S0
" log,,{cos(©,/2)}



1
<
T

i

[\
[}
T

!

270

Mggnit&de [dB]
1 1

50 -

60, P P |
-180 <1200 -60 0 60 120 180
Angle [degree]

[deg.]

(a) Antenna pattern (b) Eletrical intensity (one arrival wave)

Fig. 1-5 Antenna pattern and simulation results (one arrival wave)

Y
=
T

Magnitude [dB]
5
—
1

i
Magnitude [dB]
1
1

40k -
-50} . 50} .
600, 4 PR TR TR S R B R S T SRR NP TN ' R
-180  -120  -60 0 60 120 180 -180 -120  -60 0 60 120 180
Angle [degree] Angle [degree]
(a) Eletrical intensity (0, 35 [degree]) (b) Electrical intensity (0. 25 [degree])

Fig. 1-6 Estimation results with rotation of the antenna




Magnitude [dB]

.60+ -

Il L | i | i L | L l_
180 -120 -60 0 60 120 180

Angle [degree]
Fig. 1-7 MUSIC spectrum (0, 25 [degree])

Range for searchi

A point of 2 measurement

A point of a measurement

(a) The case of the conventional method

A point of a measurement

A point of a measurement

(b) The case of the MUSIC method

Fig. 1-8 Search ranges



1.3.4 DOA estimation system for reducing system costs

The advantages of DOA estimation systems using the array antenna are that DOA can be
estimated with higher accuracy and resolution using super-resofution methods, such as the
MUSIC method, and it is possible to estimate arrival waves in all directions. Thus, DOA
estimation systems with array antennas using MUSIC or ESPRIT are desired for designing areas
in cellular systems [76].

However, when the array antenna is used, forward/backward (F/B) spatial smoothing [123],
which facilitates DOA estimation of correlated waves, requires many elements; this results in a
high expenditure on receivers with an increase in the weight and size of the estimation system.
Such a heavy and large-sized system cannot be transported in an outdoor environment to
measure the arrival waves. Although the method that uses the Fourier transform is useful for
reducing the effects of correlated waves [124], it is difficult to apply this method for estimation
of DOA in urban areas because it is assumed that correlated waves originate from fixed or
regularly moving transmitters. Thus, F/B spatial smoothing is required for DOA estimation in
urban areas.

As a solution to these problems, a method has been developed in which a linear array or a
planar array is translated to sweep or rotate an area and DOA are estimated using data obtained
by synthesizing these data [128][129]. This method can achieve performance equivalent to that
of a planar array occupying an area of a similar size, and can be applied to super-resolution
methods such as MUSIC. The performance of the moving linear array is expected to be similar
to that of a real antenna array that occupies the same area as that swept by the linear array of
antenna elements. Therefore, the moving linear array system has been termed a “virtual planar
array.” This method cannot be used to estimate the DOA when carrier synchronization has not
been established because when the linear array moves, there may be a phase difference between
the carrier frequencies of the wave transmitter and receiver. Therefore, the phase difference
cannot be calibrated accurately as measurements at each position are obtained at different times.
Therefore, this method can estimate DOA, when synchronization is achieved by connecting
transmitters to receivers using cables, because the synchronization can compensate for the time
differences between linear arrays at each position. However, in indoor environments this
measurement can be conducted and DOA can be estimated, while in the case of outdoor
environments this measurement cannot estimate DOA because base stations cannot be
connected to the DOA estimation system using cables.

A method was developed in which measurement of receiving power can be achieved by
scanning the main beam or null with an analog phase shifter as shown in Fig. 1-9 to reduce the

cost of DOA estimation systems [130][131]. However, the accuracy during DOA estimation is




not better than the MUSIC method using a planar array. Thus, a DOA estimation system has
been proposed in which data measured by several radiation patterns of the array antenna using
analog phase shifters are applied to beamspace algorithms, such as beamspace MUSIC.
Moreover, a DOA estimation system was developed that uses an electronically steerable
parasitic array radiator (ESPER) antenna, which can change the radiation pattern by parasitic
elements [135]-[138]. However, as the measurement times using each beam are different in
these methods, synchronization between transmitters and DOA estimation systems is needed,

and thus these systems cannot be used to estimate DOA in outdoor environments.

(a) Virtual planar array by (b) Virtual planar array by
shifting a linear array rotating a planar array

e —

-

Receiver Receiver
|

(c) Array antenna using

phase shifter (d) ESPER antenna

Fig. 1-9 DOA estimation method for reducing the system cost



1.4 Proposed system for DOA estimation

1.4.1 Virtual planar array antenna with a T-shaped array antenna

As described above, a method using an array antenna with a super-resolution method, such as
MUSIC, is desired for DOA estimation system. However, the large number of elements required
for F/B spatial smoothing procedures results in a high system cost. Although there are systems
that use shifting of the array antenna or several antenna patterns to reduce system cost, methods
for compensation of phase differences between data have not been examined in sufficient detail
to allow these systems to be applied in outdoor environments.

This dissertation presents a DOA estimation system that correctly estimates DOA, while
reducing the system cost. In this system, DOA can be estimated using data obtained from the
virtual planar array antenna synthesized by shifting in paraliel and measuring with a T-shaped
array antenna, in which a linear array is added to an element used to correct phase differences.

Fig. 1-10 shows an outline of the propsed method with the T-shaped array antenna for
synthesizing data received by the virtual plane array. First, arrival waves are measured with
T-shaped array antenna at certain position, then, it is shifted in parallel. In this case, the
T-shaped array is shifted so that the central element of the original position and the outstanding
element after movement may overlap as shown in Fig. 1-10. The overlapping data of two
elements is compared and the data of the next line is synthesized. Repeating this operation, the

data received by virtual planar arrays is obtained, DOA can be estimated with its data.

&] Comparison of phases

T-shaped array antennas

C Virtual planar array

Fig. 1-10 The proposed method

o
(%)




This method can reduce the number of antenna elements required, and thus has the following

advantages:

® Reduced system cost

® Can be applied to super-resolution methods, such as MUSIC, with an array antenna

Another advantage may be reduction of the influence of mutual coupling between antenna
elements.

The number of shifting operations is determined by the number of elements in the virtual
planar array required for the DOA estimations and the T-shaped array antenna. For example,
when an NV x N planar array is used for DOA estimation, the number of shifting operations is N —
1 times those of an N + 1 T-shaped array antenna. In fact, the proposed method can replace the
N x N planar array with an N + 1 T-shaped array. Although the proposed system requires a unit
for array shifting, if the cost of the unit is the same as that of a receiver and an analog-digital
converter, the cost of the proposed system is reduced when the number of shifts required
becomes greater than or equal to three. The cost of the unit for the shifting of the array antenna
for the experiments described here was practically less than 1/100 as compared with that of the
receiver and the ADC. Therefore, the proposed method is effective in reducing the system cost.
In urban areas, it is easier for individuals to measure the DOA while walking as the estimation
system is small and lightweight. Moreover, it is possible to apply the proposed method to DOA
estimation systems with phase shifters or ESPER antennas that install elements for corrections
of difference phases due to differences in measurement times. Thus, the systems with phase
shifters or ESPER antennas may be able to estimate DOA when it is impossible to synchronize

between transmitters and receivers.
1.4.2 Methods of synthesizing data received by virtual planar array antenna

In this proposed system, it is important to compare data of overlapping elements. Three
methods synthesizing virtual planar array are proposed in this dissertation. The first method is to
synthésize data of the virtual planar array by comparing data of overlapping elements of the
T-shaped array antenna and correcting the different phases between linear arrays, assuming that
arrival waves are sinusoidal waves of the same frequency only. This method is based on the
proposed system.

The second method uses the pilot signal in CDMA systems to correct the different phases
between linear arrays. When the arrival waves are modulated by random signals, the method

using the virtual planar array cannot estimate the DOA. The shift in phase cannot be determined
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as the phases of the received waves change randomly. Thus, it is impossible to calibrate the
phase differences between linear arrays because the measurements at each position are
performed at different times. That is, the method in which it is assumed that arrival waves are
sinusoidal waves cannot estimate DOA in urban areas. However, on the assumption that the
arrival waves are only emitted by the transmitters of CDMA systems, such as 1S-95 and
CDMA2000, pilot signals for the compensation of fading and the synchronization of spreading
codes are always included in the arrival waves and in identical repeated signals, as described in
Sec. 1.2.2. Therefore, the pilot signals can only be obtained by despreading the received signals.
Moreover, it is possible to calculate the phase differences at each position by despreading these
signals. Using these characteristics, the data of the virtual planar array are synthesized, and
DOA can be estimated in urban areas.

The last method involves synthesizing data received by the virtual planar array using
eigenvectors of correlation matrices. The method with pilot signals of CDMA systems cannot
estimate DOA when arrival waves do not include pilot signals. Although it is important for area
designs in urban areas to discover illegal repeaters that transmit interference waves, the method
using pilot signals cannot distinguish the illegal repeaters, because the waves from these illegal
repeaters are sinusoidal due to oscillation or wide band noise without pilot signals. To resolve
this problem, a method using eigenvectors of correlation matrices calculated from data received
by the T-shaped array antenna was proposed to estimate arrival waves that are random signals.
This method makes use of the characteristic that eigenvectors of correlation matrices have phase
information of mode vectors corresponding to the angles of arrival waves. ‘

In this study, the MUSIC method was used as the DOA estimation algorithm, although the
three methods can be applied to most DOA estimation algorithms using array antennas. As
MUSIC has a high degree of accuracy, super-resolution, and is generally more efficient than
ESPRIT when using a planar array. Although DOA can be estimated correctly with
super-resolution algorithms when there are no mutual couplings between antenna elements, the
effects of l'nutual coupling and errors reduce the accuracy of estimations in real systems. If DOA
estimation error is within 3°, the DOA estimation system can distinguish the transmitters located
500 meters from the system in the range of radius of 25 meters; thus, the DOA system can find
the transmitters effectively [76]. Therefore, the target of accuracy of DOA estimation is within
3°.

1.5 Outline of Dissertation

This dissertation is organized as shown in Fig. [-11. In Chapter 2, the basic characteristics of
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the proposed method are described. In Chapters 3 and 4, the development of the proposed
method is described, along with its application to DOA estimation when arrival waves are
waves in a CDMA system or random signals, such as noise.

Chapter 2 presents the base characteristics of the virtual planar array by shifting the T-shaped
array antenna in DOA estimations, when it is assumed that arrival waves are sinusoidal. In the
proposed method, the estimation accuracy is thought to be influenced by the synthetic accuracy
of the data received by the virtual planar array antenna to use data with different measurement
times. In addition, there is a possibility of position errors due to parallel shifting of the T-shaped
array antenna. Therefore, these influences on estimation errors were evaluated by carrying out
simulations and experiments in an anechoic chamber, and the effective and limited
characteristics of the proposed method were confirmed.

Chapter 3 describes the synthesizing method using pilot signals in the CDMA system. This
method can be used to estimate the arrival waves transmitted by CDMA systems, such as [S-95
and CDMA2000. The simulation results confirmed that the accuracy of the estimation based on
the virtual planar array was the same as that based on the real planar array. Then, the
effectiveness of the proposed system was demonstrated by experiments in the anechoic chamber
and an outdoor environment.

Chapter 4 described the method of DOA estimation with a synthesized virtual planar array
using eigenvectors of correlation matrices calculated from data received by a T-shaped array.
This method can be used to estimate DOA when arrival waves are coherent waves, which are
random signals. The performance of the proposed method was demonstrated through
simulations and experiments in an anechoic chamber, and the results confirmed the

effectiveness of this method. Chapter 6 presents the conclusions.

26



Chapter 1 Introduction

S aen W Bl SR R REEL BRN UM W wmm W B v s S @ PR WEm o msE S el R WER AN B R

" Characteristics of T-shaped array Z
g i
i Chapter 2 !
§ DOA estimation system using T-shaped array !
¥ antenna for sinusoidal waves !
femEEmEEEEEEE- mEEEmE-EmEm-EEmmEem
g Application of T-shaped array i
i i
i i
| i
| Chapter 3 Chapter 4 , I
[ DOA estimation system DOA estimation system i
| using T-shaped array using T-shaped array I
| antenna for CDMA system antenna for random signals i
| i

Chapter 5 Conclusions

Fig. 1-11 Structure of dissertation




Chapter 2  Basic evaluation of
DOA estimation system using
T-shaped array antenna

2.1 Introduction

This chapter introduces the DOA estimation system with the virtual planar array antenna
synthesized by the T-shaped array antenna. In the proposed method, arrival waves are received
with shifting of the T-shaped array antenna. Data received by the virtual planar array antenna are
synthesized correcting the different phases between linear arrays by comparison of overlapping
elements, and the DOA are estimated using these data. In this chapter, it is assumed that arrival
waves are sinusoidal waves only for basic evaluation of the proposed method, and the
performance of the proposed method during DOA estimation is evaluated based on simulations
and experiments in an anechoic chamber.

The method described here may not estimate DOA when radio waves representing different
random data from several sources arrive and phases of the data received by the compared
elements cannot be measured due to degradation of the signal to noise (SN) ratio by multipath
faciing. However, this method performs DOA estimation when arrival waves are sinusoidal or
are phase-modulated by the same signals and it is possible to measure signal components in the
two compared elements. Therefore, with the establishment of frame synchronization, this
method can be applied to systems in which reference signals from several transmitters, which

are the same waves phase-modulated in preamble or training, are received.

2.2 Method of synthesizing data of a virtual planar array

antenna using T-shaped array antenna

This section describes the method used for synthesizing data received by a virtual planar array

antenna. First, the DOA estimation method using a conventional planar array is explained, and



then the method for synthesizing data realized by moving the T-shaped array antenna is

presented.
2.2.1 DOA estimation method using a planar array antenna

Antenna elements are arranged in an M x N planar array at regular intervals of Ax on the
x-axis and Ay on the y-axis, as shown in Fig. 2-1. The arrival waves are incident on the array at
an angle of &,, as shown in Fig. 2-2. In this case, the DOA can be estimated by applying
MUSIC or ESPRIT. However, the receiver cost would increase as several elements are required
to estimate the coherent waves. These problems will be resolved and accurate estimations will
be possible if the data received by the planar array are realized with an array antenna, in which

the number of antenna elements is small.

antenna element

Fig. 2-1 Planar array antenna
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2.2.2 Method of synthesizing data received by a virtual planar array antenna

This subsection describes the method of synthesizing data received by a virtual planar array
antenna to reduce system costs. This method uses base band signals, which are complex data
received by the T-shaped array antennas and down-converted, when arrival waves are sinusoidal
waves. These received data have periodic characteristics, as shown in Fig. 2-3, and it is possible
to synthesize virtual data received by the planar array antenna using these characteristics.
Synthesizing data received by a virtual planar array antenna implies that a real array antenna is
used to receive the arrival waves, and the received data are used for realization the same as data
received by the conventional planar array antenna.

Fig. 2-4 shows one method with an N linear array antenna for synthesizing data received by
the virtual plane array. The arrival waves are measured by the linear array at a certain position
when carrier synchronization between transmitters and the receiver is established. Then, arrival
waves are measured by the linear array after shifting parallel only at element intervals. This
operation is repeated M times, and measured data are synthesized, such as for the M x N planar
array antenna. DOA can be estimated by applying these data to 2D discrete Fourier transform or
the MUSIC method. When carrier synchronization between transmitters and receivers is not
established, a received signal is measured at actual points because there is not a reference for the
start of sampling although it must be sampled at ideal points for DOA estimation as shown in
Fig. 2-3. Thus, DOA cannot usually be estimated by this system because it is not able to
consider differences in timing at the start of sampling at each linear array in the case of data
received over along period, although the time for obtaining all data is short enough to ignore

differences in timing at each linear array.
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Thus, this dissertation proposes a method for synthesizing data received by the virtual planar
array realized by shifting the (N + 1) T-shaped arrays as shown in Fig. 2-5. When NV is even, the
(N + 1)-th element is located at a position such that the '(N + 1)/2-th element and the (N + 1)-th
element after movement may overlap, as shown in Fig. 2-6.

X, denotes data received by the T-shaped array antenna at a certain position, K is the number

of samplings, and T"is the sampling interval. X, is given by:

X, = [xll’xIZ’."’xl‘(‘V“)]

x,, =[x, @).x,@7)..x,(KD)]

In

where x,, ( m=1,---,N+1 ) is the measurement data of the n-th element and
x,,(kT)(k=1,---,K) is the k-th data sampled at the »n-th element. Then, the T-shaped array
antenna is shifted parallel for a distance equal to the interval between elements (see Fig. 2-6),

and X, isthe data received at the location, and is given by:

X, z[xznxzzf"axz,(ml)}
xZn = [x2n (T)’XZH(ZT)’ e ’x2n (KT)]I

The measurement signals, which are X, ,.,, and X,,, , are approximately the same
data-sequence because the positions of these data are the same and different phases between
arrival waves are not changed. In this case, X, ,, have a different phase from X, ,,, due

to the difference in measurement times because of the time taken for the parallel shift of the
T-shaped array (See Fig. 2-6). However, X, and X, are synthesized such that the difference

in phase is corrected, synthesizing data received by a 2 x N virtual planar array antenna.
shift
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Fig. 2-6 The virtual planar array by the T-shaped array antenna
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There are two methods for calibrating the different phases. First, the method in which

cross-correlation values calculated with the two data-sequences are used for synthesizing data is

described. The cross-correlation value of the two data-sequences, x and X is

LIN+L)/ 2 2N+

given by:

1.
Cp) =%, By +i=DT)x; o (p+i=1)T) (1)
i=1

where []* denotes a complex conjugate, L(L < K) is the number of data, and p,, is the

number of the first line of X, used for DOA estimation (usually 1). It is assumed that received
data have periodicity in this method, and thus it is necessary that the number of data X is greater

than two cycles of the sampled signal and the number of data for computing the
cross-correlation value p is greater than one cycle of sampled signal. p,,is p that gives the

maximum C(p), the number of snapshot is Y(YSK). XI and XZ used for DOA

estimation are extracted from X, and X, as follows;

X, =[x‘|,x12,---,xh\,]

-

X (ﬁonT) X1 (f’mT) Xy (ﬁoxT)
_ Xy ((1301 +])T) xlz( Do +1)T) o Xy ((f?m + I)T) cR'
50 (P + Y =1)T) x, (P +Y=1)T) - x,y ((Poy +Y-1)T)
Xz 2[)221,&22’_”’&”]
X34 (ﬁsz) X3 ( AIZT) Xon (ﬁnzT)
_ X3 ((1312 +1)T) xzz( Dt )T) o Xy ((}312 'H)T) RN
5 (P +7-DT) 2, (o +Y-1)T) - x((Pa +Y-1)T)

where R denotes a set of ¥ x N real number matrices. By repeating the above procedure,

ﬁwﬂwm is calculated for each data sampled at overlapping elements, and data received by the

virtual planar array antenna are synthesized as follows:

(O8]
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XMI = [Xl’xz""axw]e R

:[an"'»xw’le""9XZN""=x/\4|""=xMN]

Xon (iy(m—l).mT) X2 (Ab(m—l).mT) o R (f)(mﬂ),mT) ]
< _| ((13(”,_,)1,,,+1)T) x,,,z((,a(,,,_”“l)T) e x ((;5(,”_”',,,+1)T)
_x,,,,((13(,,,,,).,,,+Y—1)T) % (B + Y =1)T) - me((ﬁ(n,_l)‘m+Y—l)T)~

where R denotes a set of ¥ x MN real number matrices. This method is defined as the

method using the cross-correlation value.

Next, the other method for synthesizing data is explained. The received signals are sinusoidal

waves with the same frequencies, and thus data-sequences X ., and X, ,,, aresinusoidal

waves with a certain constant phase difference. To reduce the influence of thermal noise, this

method calculates the average phase difference between X, ., ,,and X, .., which is given

by:

. I & X
—@, = arg _Z—

K53 X (a2

Using ¢/, to calibrate the phase difference due to the differences in measurement time, the data
without the phase difference are given by:

X, =X} xe/®

= [széjﬁlz ) Xzze‘mg2 SRR Xz,/\/em;2 ]

X; = [:XZPXZZ’“"XI,N]
By repeating the above procedures, the data without phase differences due to differences in
measurement time can be obtained as follows:

A

— 7 ¢m'ol.m‘ St .. ./’(bm'—l '
- l:xm’le > X,2€ ED.§ e

>’ N
" r_1 ...
Xm' - l:xm'l’xm'Z’. “’xm',AVjI (I?’l - l’ ’M)

¢m'—|.nl' = 0 (m, = ])

nt' ) ) (2)
¢“"“|J"' = Z ¢nr"—|,m" (’77 Pd 2)

m"=\
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The synthesizing data received by the virtual planar array are given by:
X2 = [X;’X;*""Xf\/]

This method is defined as the method calculating phase differences.

When each row of X,,, and X, are used as input vectors, DOA can be estimated by
MUSIC or ESPRIT. Fig. 2-7 shows a flowchart of the proposed method. The proposed method
assumes that positions of elements are the same by shifting parallel, and thus it is necessary to
measure position information of the T-shaped array antenna correctly. A concrete method for
these problems is described in Sec. 2.4. The proposed method is applicable to a linear array with
a fixed element instead of a T-shaped array, as illustrated in Fig. 2-8.

The number of shifting operations is determined by the number of elements in the virtual
planar array required for DOA estimations and the T-shaped array antenna. For example, when
an N x N planar array is used for DOA estimation, the number of shifting operations is N - 1
times that of an NV + 1 T-shaped array antenna. In fact, the proposed method can replace the N x
N planar array with the N -+ 1 T-shaped array.

Although the proposed system requires a unit for array shifting, if the cost of the unit is the
same as that of a receiver and an analog-digital converter (ADC), the cost of the proposed
system is reduced when the number of shifts required becomes greater than or equal to three.
The cost of the unit for the shifting of the array antenna for the experiments described here was
practically less than 1/100 as compared with that of the receiver and the ADC. Therefore, the
proposed method is effective in reducing the system cost. In urban areas, it is easier for
individuals to measure the DOA while walking as the estimation system is small and

lightweight.
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2.3 Characteristic evaluation by computer simulation

This section presents the results of the simulations performed to evaluate the effectiveness of

the virtual planar arrays. First, the results of the method using Eq. (1) and its problems are
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introduced, and a solution for the problems is presented. Next, the results of the method using
Eq. (2) are shown, confirming the usefulness of the proposed method. In the proposed methods,
the estimation accuracy is thought to be influenced by the synthetic accuracy of the data
received by the virtual planar array antenna to use data with different measurement times. In
addition, there is a possibility of position errors due to parallel shifting of the T-shaped array
antenna. Therefore, the influences of SN ratio, frequency offset, frequency fluctuation, etc, on

estimation errors were evaluated by carrying out simulations in each method.
2.3.1 Simulation of method using the cross-correlation

2.3.1.1 Comparison with linear array antenna

When virtual planar array antenna data are synthesized without carrier synchrony between
transmitters and receivers, the method using a linear array antenna cannot estimate DOA due to
differences in the sampling points. On the other hand, the proposed method can synthesize data
of virtual planar array antenna with good accuracy. Therefore, a comparison with methods using
the linear array and T-shaped array antennas was performed by simulations when MUSIC was
used as the DOA estimation algorithm.

The number of elements in the linear array was 7, and the form of the virtual planar array was
7 % 4 with 3 parallel shifts. In a similar way, a 7 x 4 virtual planar array antenna was
synthesized with 3 parallel shifts of a 7 + | T-shaped array antenna. When the interval between
antenna elements is longer than a half wavelength, imaging peaks in angles without incident
waves exist in the MUSIC spectrum because the mode vector of an angle is equal to the mode
vectors of the other angles, and thus DOA cannot be estimated. Thus, for accurate DOA
estimation, it is necessary for the intervals between antenna elements to be less than a half
wavelength. However, the accuracy of DOA estimation decreases due to the influence of mutual
couplings, when the interval between antenna elements is short. Thus, the interval between
antenna elements was set as 0.4 wavelengths. Table 2-1 shows the simulation specifications.
The frequency of received data was 1 MHz because the chip rate for spreading codes is 1 Mcps
in systems providing services in actual use. The sampling number was 500, snapshot number
was 300, and the data number used to calculate the cross-correlation value was 300. Sampling
frequency was 40 MHz. It was assumed that carrier synchrony was not established between
transmitters and receivers, and sampling frequency was 5 MHz. The number of arrival waves
was 6. The amplitudes of arrival waves were equal, and MUSIC was used as the DOA
estimation algorithm. The method for synthesizing data received by the virtual planar array was
that using the cross-correlation value. The time from measurement at a certain position to the

next measurement by parallel shifting of the T-shaped array was | second. In this simulation.




SNR was defined as follows:

SNR =10log

The simulation result in the case of synchrony error was 1x10™ MHz as shown in Fig. 2-9.
Fig. 2-9 shows that the system with a linear array cannot estimate DOA, while the proposed
system could estimate DOA. This was because errors in sampling points can be corrected by

using Eq. (1). The results of these simulations confirmed the effectiveness of the proposed

system.

Total Electric Power

Noise Power

Table 2-1 Simulation Specifications

Array form

The T-shaped array antenna
(7+1 elements)

The linear array antenna

Number of elements of virtual planar array

7 % 4 elements (28 elements)

Number of element of subarray

3 x 3 elements (9 elements)

Interval between elements 0.4 wavelength
Number of arrival waves 6 (—-140°, —40°, -10°, 70°, 100°, 160°)
SN ratio 10 dB
Sampling number 500 times
Number of data compared 300
Snapshot number 300 times
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Fig. 2-9 Comparison of linear and T-shaped arrays

2.3.1.2 Comparison with real planar array antenna

The performance of the proposed system during DOA estimation was evaluated by
comparison with the conventional method using a real planar array. The form of the real array is
a7 x 4 planar array antenna, and the subarray is a 3 x 3 planar array. Oversampling rate is 40
times, and the other specifications are the same as described in Sec. 2.3.1.1.

Fig. 2-10 shows the MUSIC spectra of the simulations. It was confirmed that the proposed
method can estimate DOA with the same accuracy as the real planar array. However, the
MUSIC spectrum of the virtual planar array showed degradation due to errors in sampling
points without establishing carrier synchrony and the influence of thermal noise. On the other
hand, the differences in estimation results regarding electrical power from the real planar array
were about 3 %. Thus, the accuracy of the proposed method with regard to electrical power

estimation was the same as that of the real planar array.
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2.3.1.3 Influence of SN ratio

The performance of the proposed system during DOA estimation was evaluated by changing
the SN ratio. In this simulation, the SN ratio was varied, while the other specifications were the
same as described in Sec. 2.3.1.1.

Fig. 2-11 shows the MUSIC spectrum of the proposed method with varying SNR. When the
SR ratio was small, the dynamic range of the MUSIC spectrum and accuracy with regard to
DOA estimation were degraded as errors in synthesizing data increased due to noise.

T hése results showed that the proposed method can estimate DOA with the same accuracy as
the real planar array, although the proposed method is influenced by the SN ratio. The
degradation regarding DOA estimation and dynamic range of the MUSIC spectrum can be
improved by increasing the sampling rate and interpolating data. However, the computational

cost then increases by N® times because the received data are increased by N times when the
sampling rate is increased by N times.
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2.3.1.4 Influence of frequency offset
In the proposed method, the limit of correction of differences in synchrony, such as that
shown in Fig. 2-3, may be determined by the sampling frequency. Therefore, the performance of
the relationship between the differences in synchrony and sampling frequency can be evaluated
by performing simulations. The differences in sampling points between linear arrays due to
differences in synchrony and parallel shifts are provided by the initial phase at each row given
by uniform randon}l numbers. The number of trials was 1000. When estimation errors at each
arrival wave were more than 15°, these results were ignored as unable to be used to estimate
DOA. The other specifications of the simulations were the same as in Sec. 2.3.1.1. The
estimation error @ is defined as follows:
K1
== DR

k=l I=|

Q})

)
where L is the number of arrival waves, K is the number of trials, &, is the direction of the /-th

arrival wave. and 0, is the estimation result of the /-th arrival wave.

Fig. 2-12 shows the simulation results. DOA can be estimated within the estimation error of
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1°, when oversampling rate is more than 40 times. The estimation error may be decreased by
interpolating data, such as virtually increasing the sampling rate when the oversampling rate is
low. Thus, simulations in which oversampling rate is lower than 100 times oversampling are
virtually increased by spline interpolation, such as 100 times.

Fig. 2-13 shows the simulation results. When oversampling was lower than 40 times, the
success rate and the estimation accuracies were improved by spline interpolation. However, the
computation cost of Eq. (1) became A’ times in the case that oversampling increased by A
times.

These results can be summarized as follows. For accuracy estimation, it is necessary that
oversampling is more than 40 times without spline interpolation, or 4 times with spline
interpolation. For example, it is necessary for estimation accuracy that the frequency of sampled
data be lower than 25 and 2.5 MHz with or without spline interpolation, respectively. The radio
frequency evaluated here was the 900 MHz band, and thus it is possible that the difference in

frequency between transmitters and receivers was within 2.5 MHz without establishing carrier

synchrony.
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2.3.1.5 Influence of frequency fluctuation ‘

The proposed system used data measured with shifting a T-shaped array. Thus, the times of
measurements at each position were different, and the frequencies of the received data at each
row were changed because oscillators in transmitters and the receiver varied at different times.
The influence of these errors during DOA estimation can be evaluated by performing
simulations. Frequency fluctuation is defined as follows:

Maximum frequency — Minimum frequency

Frequency fluctuation = 4)
Center frequency

where the maximum frequency, minimum frequency, and the center frequency imply the highest,
lowest, and center frequency in the data of the linear array, respectively. The oversampling rate
was 40 times. The other simulation specifications were the same as in Sec. 2.3.1.1. Then,
simulations with a large number of shifts were performed, because this case may be affected
more strongly by the frequency fluctuation; the number of shifts was 99 times in this case. It
was assumed that frequency fluctuations do not occur within the terms of measurements. The
definition of the estimation error is given by Eq. (3).

Fig. 2-14 and Fig. 2-15 show the simulation results for cases with 3 and 99 shifts, respectively.
As shown in Fig. 2-14, there was no influence of frequency fluctuations within about %107,
On the other hand, DOA could be estimated within about 1x10° in frequency fluctuation

when the number of shifts increased. These results confirmed that DOA can be estimated with
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accuracy with 40 times oversampling over the range of frequency fluctuation of about 1x10*.
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2.3.1.6 Influence of sequential measurements
Although the proposed method assumes that arrival waves are measured when the T-shaped
array has stopped, this subsection considers arrival waves measured while the T-shaped array is
moving. The speed of movement of the T-shaped array was 40 km/h (about 11.1 m/s), sampling
frequency was 40 MHz, and the sampling number was 1000. In this case, the time for one
measurement is given by:
L 1000=2.5%10° [sec]
40x10
The distance moved by the T-shaped array is given by:
1.11x2.5%10" =2.775%10™" [mm]
This length is 0.2% of the interval between elements. Simulations of these influences were
performed. The frequency of measured data was 1 MHz. The other simulation specifications
were the same as in Sec. 2.3.1.1. The information of positions was obtained with good accuracy.
Fig. 2-16 shows the simulation results, which confirmed that the proposed system can
estimate DOA with accuracy. This result indicated that this system can estimate DOA when the

system is installed in a car and arrival waves are measured while moving,
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Fig. 2-16 MUSIC spectrum (Speed = 40 km/h)




2.3.2 Simulation of method by calculating difference phases

2.3.2.1 Relationship between number of snapshots and SN ratio

The proposed method calibrates the phase difference due to a parallel shift of the T-shaped
antenna, and estimates DOA of arrival waves using the data. Thus, it is possible that the
estimation errors increase when the SN ratio or the number of samplings is small. In the method
involving calculation of phase differences, the characteristics of these influences are evaluated
by performing simulations. Table 2-2 shows the simulation specifications. Averages of
estimation errors were evaluated when the number of samplings and SN ratio were changed.
The trial number was 500. The definition of the estimation error is given by Eq. (3).

Fig. 2-17 shows the MUSIC spectrum of the proposed method with varying SN ratio. DOA
could not be estimated at the SN ratio of 0 dB as the information of phases at overlapping
elements could not be obtained due to the noise. The success rates in case of SN ratio = 0 dB
was about 30% for all snapshot numbers. Thus, the case where the SN ratio is 0 dB was not
considered in the following simulation. Fig. 2-18 shows the results of the simulations. With
small SN ratio, DOA could be estimated correctly. These results confirmed that the proposed
system can estimate DOA with accuracy by increasing the number of samplings when the SN

ratio is small.

Table 2-2 Simulation specifications (Method by calculating phase differences)

Array form The T-shaped array antenna

(7+1 elements)

Number of shifting operations ' 3

Number of elements of virtual planar array 7 % 4 elements (28 elements)
Number of element of sub array 3 x 3 elements (9 elements)

Interval between elements 0.4 wavelength

Number of arrival waves 6 (—140°, —40°, -10°, 70°, 100°, 160°)
Sampling number 2000 times

46




R

0 ‘ -
I S Lo
o 20 i ' o ]
— \ (o i
D] | \ ) 1 A
—g “ l' v ‘| ,ll ‘l
~ \ ! ! / ‘\
! \
E 40 ‘\ ’ s v
an S W
S v
s | \ ~
A ™
\[ -omemmeee SNR 0 dB
60~/ . J  \----- SNR 5dB -
— — SNR 10dB
— — == SNR 15dB
+ = SNR 20 dB [+

| L | L 1 L 1

i 3 i s |
180 -120 60 0 60 120 180
Angle [degree]

Fig. 2-17 MUSIC spectrum (Method of calculating phase)

T 1 T 1 i | T |
‘‘‘‘‘ SNR 5dB
N = — SNR 10dB ||
i N - ~— = — SNR 15dB
) AN ———— SNR 20 dB
q) Y
— \
on AN J
O - N
e AN
| S o
H \~\
2 Tl
S 05H R -
o -
o N
» ] N
= ~ Tt
1) R —_——
Lﬁ 0___ T T e e e -
L [ | - I L I L L
500 1000 1500 2000

Number of snapshot

Fig. 2-18 Estimation errors (Changing number of snapshots)

47




2.3.2.2 Influence of position errors

The influence of position errors was evaluated by performing simulations of methods
calculating difference phases. Position errors at each position were given by uniform random
numbers. Simulations were conducted with varying the range of position errors. The other
specifications of the simulation were the same as in Sec. 2.3.2.1. The definition of the
estimation error is given by Eq. (3). Fig. 2-19 shows the results of the simulations. In the case
where the range of errors was small, DOA could be estimated correctly. Ranges of errors were
within 0.02 wavelengths for estimation errors that had accuracy greater than 1°. A distance of
0.02 wavelengths is about 6 mm at 900 MHz. It is easy to fabricate the DOA estimation system
such that position errors are within 6 mm, and thus high-precision equipment is not required for

shifting the T-shaped array. Therefore, the proposed system is uncomplicated and can be
implemented at low cost.
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Fig. 2-19 Influence of position errors (Method of calculating phase differences)

2.3.2.3 Relation between number of shifting operations and SN ratio
The relationship between number of shifting operations and SN ratio was evaluated by
performing simulations of methods calculating difference phases. Specifications of the

simulation were the same as in Sec. 2.3.2.1 except for the number of shifting operations. The
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definition of the estimation error is given by Eq. (3). Fig. 2-20 shows the results of the
simulations. When SN ratio was 5 dB, although estimation errors increased with increasing
number of shifting operations, errors converged more than 10 times. On the other hand, the
estimation errors converged to a value when the SN ratio increased although it increased only
once. With SN ratio of 20 dB, DOA could be estimated correctly. These results confirmed that
the proposed system can estimate DOA with accuracy by increasing the number of samplings

when SN ratio is small.

2.3.2.4 Relationship between frequency fluctuation and SN ratio

The influence of frequency fluctuations that occurred while shifting the array was evaluated
by performing simulations. Specifications of the simulation were the same as in Sec. 2.3.2.1
except for SN ratio and frequency fluctuations as shown in Eq. (4). The definition of the
estimation error is given by Eq. (3). Fig. 2-21 shows the results of the simulations. DOA could
be estimated correctly when the range of frequency fluctuation was within 107 It is possible

that a stability of the oscillator in receivers and transmitters is within 107, and thus the
proposed method is not influenced by frequency fluctuations in real systems.
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'2.3.2.5 Characteristics regarding incident angles

The characteristics regarding incident angles were evaluated by performing simulations of
methods calculating difference phases. The number of arrival waves was 1, the array form was a
3 + 1 T-shaped array, and the data received by a 3 x 3 virtual planar array was synthesized by
shifting the T-shaped array twice. When DOA was changed from —180° to 180°, DOA was
estimated at each angle. SN ratio was 10 dB, and the range of position error was changed from 0
to 0.05 wavelengths. The number of trials was 50 at each angle. In this simulation, estimation
errors were 0° all angles at all position errors. These results confirmed that the proposed system

does not have characteristics regarding incident angle, and can estimate DOA at all angles
correctly.

2.4 Measurements in anechoic chamber

Experiments in an anechoic chamber were conducted for confirming the effective and limited
characteristics of the proposed method. First, the experiment in one arrival wave was carried out

for basic consideration. Then, the experiment in two arrival waves was conducted for
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confirming DOA estimation when several waves arrive.
2.4.1 Experiments for the case of one arrival wave

The performance of the proposed system during DOA estimation was evaluated by
experiments in the case of one arrival wave in an anechoic chamber. The radio frequency was
900 MHz band, and the wave was sinusoidal. The frequency of base band signals was 1 MHz.
The SN ratio was about 20 dB, and was calculated by Fourier transformer of outputs of ADC.
Although carrier synchrony between the transmitter and receiver was established, it may have
no influence because the stability of the transmitter was 5x107'°/day and the time between
each measurement of the arrival wave was about 1 minute. The experiment is shown
schematically in Fig. 2-22. The array form was a 3 + 1 T-shaped array antenna, and a 3 x 4
virtual planar array was synthesized by shifting 3 times. Measurement errors increased due to
the influence of twisted cables and the short distance between the transmit antenna and
receiving antenna with the parallel shifted of the T-shaped array antenna. Thus, in this
experiment the T-shaped array antenna was moved to reduce measurement errors, as shown in
Fig. 2-22. In this experiment, shifting distance Ax was defined by the following equation,
such that the distance was equal to the theory described in Sec. 2.2.2:

Ax = Axxcosf

where Ax is the interval between elements. The subarray was a 3 x 3 planar array, and the
system estimated DOA using MUSIC with the F/B spatial smoothing procedure. Based on the
results shown in Sec. 2.3.1.4, the probability of successful DOA estimation was about 65%
because the oversampling of ADC was about 5 times. Thus, the number of measurements at
each position was 10, and the virtual planar array was synthesized according to each data set,
and that with the best accuracy was assumed to be a result. If this method is not used, it is
necessary to use spline interpolation, ADC with higher sampling frequency, such as 40 MHz, or
the second ;netlmod.

Fig. 2-23 shows the experiments results, which confirmed that DOA could be estimated with
accuracy and the dynamic range of the MUSIC spectrum was obtained. Fig. 2-24 shows the
estimation errors in all directions. The average estimation error was 2.06°, indicating the

effectiveness of the proposed method.
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2.4.2 Experiments for the case of two arrival waves

The performance of the proposed system during DOA estimation was evaluated by
experiment in the case of two coherent arrival waves.Fig. 2-25 shows a schematic view of the
experiment. The radio frequency was the 900 MHz band, and two coherent waves, which were
sinusoidal waves, were transmitted. The frequency of the transmitter was adjusted such that the
output of the receiver was about 1 MHz. The power of the transmitter was —15 dBm. The SN
ratio calculatef:l,using Fourier transform of output data at ADC was about 20 dB. The array form
was a5 + 1 T-shaped array, and the data received by a 5 x 4 virtual planar array was synthesized
by shifting 4 times. The ADC in this experiment had 8 channels, and thus I- and Q-components
of six elements were not measured simultaneously. However, the Q-components could be
calculated from I-components using an all-path filter because arrival waves were sinusoidal.
Thus, [-components of the six elements were measured by ADC, Q-components were obtained
using the all-pass filter on a PC, and DOA were estimated using the calculated data. The transfer

function was given by:

l+az™

H(z)= -
a+z

where o is defined as:




LH(2)=—a,T+2tan” | 2502} _ 7
l+acosa,T ) 2

where @, is the center frequency, and T is the sampling interval. Although the antenna side of
the transmitter was shifted to reduce the measurement errors in the case of one arrival wave, the
antenna side of the receiver was shifted because of problems in setting up the trial apparatus.
The other experimental specifications were the same as in the case of one arrival wave. Fig.
2-26 and Fig. 2-27 show the experiment results, which confirmed the estimations of two arrival

elements.
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Fig. 2-25 Schematic view of experiment (two arrival waves)
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2.5 Summary

This chapter introduced the DOA estimation system with a virtual planar array antenna
synthesized by a T-shaped array antenna assuming arrival waves are sinusoidal waves only, and
described simulations and experiments performed as basic evaluations of the proposed method.

Simulation results indicated the effectiveness of the proposed method although the dynamic
range of the MUSIC spectrum was degraded. Moreover, the average estimation errors was
within 3° when the SN ratio was within 5 dB in the presence of influences, such as position
errors, frequency fluctuation, efc. Then, the proposed system was built, and used for
experiments in cases of one and two arrival waves. In the case of one arrival wave, the average
estimation error was 2.06°. On the other hand, two waves could be distinguished accurately.
These results confirmed that the proposed method provides an effective DOA estimation.

On the other hand, when the arrival waves are modulated by random signals, the method
using the virtual planar array introduced by this chapter cannot estimate the DOA. The shift in
phase cannot be determined since the phases of the received waves change randomly. Thus, it is
impossible to calibrate the phase differences because the measurements at each position are
performed at different times. For these problem, the development of the proposed method is
described, along with its application to DOA estimation when arrival waves are waves in a

CDMA system or tandom signals, such as noise in Chapters 3 and 4.

56




Chapter 3 DOA  estimation
system using T-shaped array
antenna for CDMA system

3.1 Introduction

Based on the assumption that the arrival waves are sinusoidal and information on precise
positions can be obtained, we have proposed a method in which the DOA can be estimated by
adding an element used for correcting different phases. Further, we confirmed the basic
characteristics and effectiveness of this method by performing simulations and experiments in
Chapter 2. The advantages of this method include low cost because of the reduction in the
number of receivers, weight saving, efc. On the other hand, when the arrival waves are
modulated by random signals, the method using the virtual planar array cannot estimate the
DOA. The shift in phase cannot be determined since the phases of the received waves change
randomly. Thus, it is impossible to calibrate the phase differences because the measurements at
each position are performed at different times. However, it is assumed that the arrival waves are
only emitted by the transmitters of CDMA systems such as 1S-95 and CDMA2000. Pilot signals
for the synchronization of spreading codes are always included in the arrival waves and in
identical repeated signals. Therefore, the pilot signals can only be obtained by despreading the
received signals. Moreover, it is possible to calculate the phase differences at each position by
despreading these signals.

Based on tl}e. above considerations, we developed the method described in Chapter 2, and
propbsed a method for the DOA estimation with a synthesized virtual planar array using pilot
signals of the CDMA systems. The proposed method offers the advantages of low cost due to
the reduction in the number of receivers, weight saving, and the estimation of the arrival waves
that are random signals including pilot signals. In other words, the proposed method can reduce
the system cost and determine the arrival waves in outdoor environments more easily than
methods using real planar arrays. Moreover, it can estimate the arrival waves, which cannot be
estimated by the methods in Chapter 2, transmitted by the CDMA systems such as 1S-95 and
CDMA2000. This chapter has demonstrated the utility of the proposed method by simulations
and experiments in an anechoic chamber and in an outdoor environment. The proposed method

can be applied to superior resolution methods such as MUSIC and ESPRIT. In this study. the
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MUSIC method was used as the DOA estimation algorithm.

3.2 Method of synthesizing data of a virtual planar array

antenna using pilot signals

This chapter assumed that the arrival waves are transmitted from the base stations of the
CDMA systems such as [S-95 and CDMA2000 that use the pilot signals. The proposed method
adopts a novel approach to solve the problem of data acquisition. Instead of a conventional
planar array antenna, this approach uses a T-shaped array antenna shifted in parallel for
estimating DOA.. In this subsection, it was assumed that there was only one base station, one
pilot signal, and NV was odd.

It is described that the method for synthesizing the data received by the virtual planar array
that is realized by shifting the (V + 1) T-shaped arrays, as shown in Fig. 3-1. When N is even,
element N + 1 is located at a position shifted from Fig. 3-1 such that the antenna of the elements

from 1 to N and the N+1 element after movement may overlap.

shift ,
(MN)  (M(N+1)2)  (M,1)
(IN)  (1L,(N+1)2) (1,1) Comparison of phases

Virtual planar array

Fig. 3-1 Synthesis of virtual planar array with T-shaped array antenna

The data X, received by the T-shaped array antenna at its first position are given by:

X, :I:Xll’xlz’“"xlh\'ﬂ)]

X, = [XIH(T\')’XIH(QT\ )-’ T xln(K71\ )]I

In

where the superscript " denotes transposition, K is the number of data samples, 7. is the
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sampling time, and x,,(n=1,---,N +1) are data received by the n-th element. The variable

X, (kT )(k=1,---,K) is the k-th data at the n-th element and can be expanded as follows:
%, (KT) = 3B (T kT, Y (KT, e % 4, (KT,
=1
where W(kT,) is the Walsh code for channel separation, c¢(k7,) is the spreading sequence
for the separation of base stations, d(kT.) is the pilot data, e s the phase difference

introduced by the angle of the DOA, 6, L is the number of arrival waves from a base station,
and n,,(kT,) is the additive white Gaussian noise (AWGN). It is assumed that the arrival
signals are only pilot signals, W (k7,) and d(kT,) arealwaysequal to one, and c(kT,) isa
periodic pseudo random noise code (PN) sequence. By assuming that the chip signals are

synchronized, the despread data can be expanded as follows:

Yl :[y||,y|29"'ayl(/v'+l):|

1 & . .
o = 2% (KW (T (KT,
k=1

=— 2 Y B KT )e(kT)dRT W (kT,)e” (KT, Je )

1.
1 /=]

Mx

1
K

x~
]

K
+%an (KT)W* (KT.)c’ (kT,)

k=1
Since the number of samples X is sufficiently large, Eq. (5) can be approximated by Eq. (6),
because the second term on its right hand side remains in the spread data and can be neglected.
1 X L * *
2 DB KT e (RT)A (KT, (KT, )" (KT, )e ©)
k=1 1=l )

The T-shaped array antenna is shifted parallel by a distance equal to an element interval (see Fig.

J}InE

3-1),and X, .is the data received at a location, it is given by:

X, :[inxzzv""xzu\/ﬂ)]
,
X,, = [xzn(Ts +1,),%,,2T +1,,),++, %, (KT, +1, )]

1.
o, (KT +1,) =Y JBW (KT, +1,)c (KT, +1,)d (KT, +1,)e™" e s, (KT, +1,)
I=1
where 1, is the time between the beginning of the first measurement and the beginning of the

=1

measurement after shifting. and e is the phase difference between X, and X, due to

an error in sampling points caused by shifting 7,. The despread signal Y, is expressed in the
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same manner as 1|:

Y, =[)’z|=)"2z"'.'aY2(N+|>]

Yo =;1<—i %, (KT, +1, )W (KT, +t,)c" (KT, +1,)
k=l
—llgzi\/FW(kT +1,)e(kT, +1,)d (KT, + 6, )W (KT, +1,)c" (kT, +1,) )

k=

=1
K
x g /BB -}L—Z ny, (KT, + 6, W (KT, +1,)c" (KT, +1,)
k=1
The above equation is approximated similar to Eq. :
¥, =—Zz\/_W(kT +1,)c(kT, +1,)d(kT, +1,)

/( 1 /=1 (8)
XW (k?‘: +t2)c (k]—: +t2)e_-/¢2"(01 e“.fV’lZ

The measurement signals y, ., and Y, y,, are the despread signals of data sampled by

elements (N + 1)/2 and (N + 1) that are located at the same positions at two different times
before and after shifting the T-shaped antenna, respectively. The positions at which they receive
the signal are the same, and the phase difference between the arrival waves does not change.
Hence, they are two data-sequence elements that differ from each other only by a phase

difference of ¢** and AWGN. Since K is sufficiently large, ™" can be approximated by
following Eqs. (6) and (8):

e‘*.f'/’lz yZ{N-H)

~

Yiw+nyz

If 3?2 denotes the corrected despread data for the phase difference due to the difference in
sample time, it can be expressed by multiplying ¥, with e’
Qz =g/ Y2 (9)

By repeating the above procedure (M — 1) times and synthesizing them as shown in Eq. (10), we
can define a despread data sequence Y that represents the virtual data received by an M X N
planar array antenna with the spread data obtained by a parallel shift of the T-shaped antenna:
Y =[Y|,?3,"',i{1,,:|
(10)
= l:Y| ae-”/ﬁl Y'2 JERE e”'/’l:*"'*"/ﬁ \/—l\\/.Y\I jl

Using Y as an input vector, we can perform an analysis of the DOA estimation by MUSIC
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and ESPRIT. In the proposed method, it is not required to calculate the average of the
correlation matrices to decrease the influence of AWGN because Y is the despread data in
which the noise is decreased by using equivalent time-averaged data.

The proposed method is applicable to a linear array with a fixed element instead of a
T-shaped array, as illustrated in Fig. 3-2. In this case, the phase difference e /" generated by
different sampling start times can be estimated using the data of the fixed element at each
position of the linear antenna in the same manner as in Eq. (10). Therefore, we can obtain the
despread data Y that virtually represents the data received by the M X N planar array
antenna.

In fact, the radio waves transmitted from a base station include not only the pilot signals but
also other channel data. However, all signals excluding the pilot signals are spread even after
despreading. Hence, the proposed method can be applied because these spread signals are
included in the second terms on the right hand sides of Eqs. (5) and (7).

When the arrival waves transmitted from several base stations and repeaters are combined,
the waves with the synchronized pilot signal can be estimated. However, other waves with a
non-synchronized pilot signal cannot be estimated because they are not despread and are
included in the second terms on the right hand sides of Eqs. (5) and (7). Therefore, all the waves
cannot be estimated simultaneously by the proposed method. Therefore, to estimate such
combined arrival waves transmitted from several base stations, this method performs
synchronization, despreads each arrival wave, synthesizes the virtual planar array data, and adds
these data to enable their application as input vectors for the MUSIC method. Fig. 3-3 shows a
flowchart of the proposed method using pilot signals.

The number of shifting operations is decided by the number of elements in the virtual planar
array required for the DOA estimations and T-shaped array antenna. For example, when an N x
N planar array is used for the DOA estimation, the number of shifting operations is N — 1 times
those of an NV + 1 T-shaped array antenna. In fact, the proposed method can replace the N x N
planar array with the N + 1 T-shaped array.

The proposed method can be applied to the CDMA system including pilot signals. The array
shifting speed is arbitrary if DOA does not change and sufficient received signals are obtained
to despread the pilot signals, because the phase difference due to errors in the sampling points
caused by shifting time can be calibrated by Eq. (10). Although the proposed system requires a
unit for array shifting, if the cost of the unit is the same as that of a receiver and an
analog-digital converter (ADC), the cost of the proposed system reduces when the number of
shifts required becomes greater than or equal to three. The cost of the unit for the shifting of the
array antenna for the experiments described here was practically less than /100 as compared

with that of the receiver and the ADC. Therefore, the proposed method is effective in reducing
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the system cost. In urban districts, it is easier for individuals to measure the DOA while walking
since the estimation system is small and lightweight.

Fixed element

H(N+1)/2 #N

N

Shift

Fig. 3-2 Method with linear array antennas

Measurement at each position

Repetition
M-1 [time]

Despreading procedure with i-th pilot

¥

Comparison of phases ¥y

¥

E Synthesis of data received by virtual
planar array with i-th pilot Y
o] Parallel shift |

¥

Calculation and addition of correlation ZR(,)
matrix on each pilot signal —

¥

DOA estimation (MUSIC)

Repetition number of
pilot signals [time]

Fig. 3-3 Flowchart of the proposed method uesing pilot signals
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3.3  Characteristic evaluation by computer simulation

In this section, it is presented that the results of the simulations performed for evaluating the
effectiveness of the virtual planar arrays. In the proposed methods, the estimation accuracy is
thought to be influenced by the synthetic accuracy of the data received by the virtual planar
array antenna to use data with different measurement times. In addition, there is a possibility of
position errors due to parallel shifting of the T-shaped array antenna. Therefore, the influences
of SN ratio, frequency offset, frequency fluctuation, erc, on estimation errors were evaluated by
carrying out simulations. First, the proposed method was compared with the conventional
method using the planar array. Next, the relationships between the SN ratio, position errors, and

estimation errors were determined.

3.3.1 Comparison between the virtual and real planar array

The performance of the proposed system during the DOA estimation was evaluated by a

~comparison with the conventional method using a real planar array. Table 3-1 lists the

specifications of the simulation. It is considered that six arrival waves are with the same power
level. Three arrival waves—# 1-#3-—included the same pilot signal (PN sequence 1), while the
remaining three—#4—#6-—included another pilot signal (PN sequence 2). The virtual planar
array included 28 (7 x 4) elements, and the subarrays were 3 x 3 planar arrays for spatial
smoothing. The interval between the elements was 0.4 wavelengths. The chip rate was 1.23
Mcps, sampling frequency of the ADC was 5 MHz, and sampling number was 2000. The
number of other. channels—the number of forward traffic signals such as sync signals and
paging signals—was 10. In these simulations, the other channels are random signals whose
power levels are the same as that of the pilot signal. Fig. 3-4 shows a schematic view of the
virtual array antenna and arrival waves. The MUSIC method was employed as the DOA
estimation algorithm.

Fig. 3-5 shows the results for the real and virtual planar arrays. When data were synthesized
using only PN sequence [, arrival waves #1-#3 could be estimated, whereas arrival waves
#4-#6 could not. This was because arrival waves #4-#6 could not be despread using PN
sequence 1. and the data of these waves were calculated as noise. Similarly. when data were
synthesized using only PN sequence 2. arrival waves #4--#6 could be estimated. whereas arrival

waves #-#3 could not. The addition of data despread using PN sequence 1 with those despread
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using PN sequence 2 resulted in the accurate estimation of the six waves.

The averages of the estimation errors of the planar and virtual planar arrays were 0 and 0.58

degrees, respectively. These results indicate that the virtual planar array of the proposed system

can estimate the DOA with almost the same accuracy as that of the real planar array. On the
other hand, the dynamic range of the virtual planar array was less than that of the real planar
array (See Fig. 3-5). This may be due to AWGN and the errors caused by the presence of other
signals during synthesis. The results of these simulations confirmed the effectiveness of the

proposed system.

Table 3-1 Simulation specifications

Array from T-shaped array antenna (7 + 1 elements)
Number of shifting operations 3
Number of virtual planar array elements 7 x 4 (28 elements)
Number of subarray antenna elements 3 x 3 (9 elements)
Interval between elements 0.4 wavelengths
Number of arrival waves ; 6 (-140°, -40°, -10°, 70°, 100°, 160°)
SN ratio 10 dB
Pilot signal for waves #1-#3 PN sequence 1
Pilot signal for waves #4-#6 PN sequence 2
Number of other channels ‘ 10
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Fig. 3-5 Simulation results of MUSIC spectrum




3.3.2 Relationship between SN ratio and number of samplings

The proposed method calibrated the phase difference with Eq. (10) by a parallel shift of the
T-shaped antenna and estimated the DOA of the arrival waves using the data obtained. Thus, it
is possible that the estimation errors will increase when the SN ratio or the number of samplings
is small. Therefore, the characteristics of these influences were evaluated by performing
simulations.

The specifications of the simulation were the same as those in Sec. 3.3.1 with the exception of
the SN ratio and the number of samplings. All the arrival waves (i.e., the six waves) were
estimated using PN sequences | and 2, and their estimation errors were computed. The averages
of the estimation errors were evaluated by changing the number of samplings and SN ratio; the

number of trials was 50. An estimation error ® is defined as follows:
1 K L n
®=— f@,—&,l] )
i p
where L is the number of arrival waves, K is the number of trials, &, is the direction of the /-th

arrival wave, and 6, is the estimation result of the /-th arrival wave.

Fig. 3-6 shows the simulation results. When the SN ratio was small, the DOA was estimated
with 1500 or more samplings. These results confirmed that the proposed system can estimate

the DOA accurately by increasing the number of samplings when the SN ratio is small.
3.3.3 Relationship between position errors and estimation errors

The influences of the position errors that occurred while shifting the array were evaluated by
performing simulations. The specifications of the simulations were the same as those described
in Sec. 3.3.1. All the arrival waves (i.e., the six waves) were estimated using PN sequences 1|
and 2, and their estimation errors were computed. The averages of the estimation errors were
evaluated by changing the ranges of the position errors; the number of trials was 50. The
definition of the estimation error is given by Eq. (11).

Fig. 3-7 shows the simulation results. The DOA could be estimated accurately when the range
of the position errors was smaller than 0.01 wavelengths. These resuits indicate that
high-precision equipment is not required for shifting the T-shaped array; therefore, the proposed

system is uncomplicated and can be implemented at low cost.
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3.3.4 Relationship between the number of shifting operations and estimation error

The relationship between the number of shifting operations and the estimation error was
evaluated by performing simulations. Table 3-2 lists the simulation specifications. Six arrival
waves with the same power level were considered. All the arrival waves—#1—+#6-—included the
same pilot signal (i.e., all the arrival waves were correlation waves). When the number of
shifting operations is 0 (T-shaped array) and 1 (5 x 2 virtual planar array), all the arrival waves
cannot be estimated theoretically. The array should be shifted two times or more to estimate the
DOA. Thus, we consider a case in which the number of shifting operations is greater than or
equal to two. In general, the number of shifting operations is decided by the number of arrival
waves and of the elements in the T-shaped array. The number of subarray antenna elements was
3 x 3 (9 elements). The chip rate was 1.23 Mcps, sampling frequency of the ADC was 5 MHz,
and sampling number was 2000. The number of other channels was 10. The averages of the
estimation errors were evalvated by changing the number of shifting operations; the number of

trials was 50. The definition of the estimation error is given by Eq. (11).

Table 3-2 Simulation specifications

Array from T-shaped array antenna (5 + 1 elements)
Number of subarray antenna elements 3 x 3 (9 elements)
Interval between elements 0.4 wavelengths
Number of arrival waves 6 (—140°, —40°, -10°, 70°, 100°, 160°)
SN ratio 10 dB
Pilot signal for waves #1-#6 PN sequence 1
Number of other channels 10
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Fig. 3-8 Relationship between number of shifting operations and estimation error

Fig. 3-8 shows the simulation results. A 5 x 3 (=15) array antenna is required for the DOA
estimation with MUSIC and forward/backward spatial smoothing method in the case of the
conventional planar array. On the other hand, a 5 + 1 (=6) T-shaped array antenna and three
shifting operations are required for the proposed method. In fact, the cost, size, and weight of
the system can be reduced by using the proposed system. Additionally, an improvement in the
estimation error is expected by increasing the number of shifting operations by four times. The
estimation errors worsened moderately due to the errors of synthesizing data of T-shaped arrays
when the numi:)er of shifting operations was greater than or equal to five. The solution to this
problem is a part of future work. The results of these simulations confirmed the effectiveness of

the proposed system.

3.4 Experiments in anechoic chamber

Experiments in an anechoic chamber were conducted for confirming the eftective and limited
characteristics of the proposed method. First, the experiment in case of one arrival wave was

carried out for basic consideration. Then. the experiment in case of two arrival waves was
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conducted for confirming DOA estimation when several waves arrive.
3.4.1 Experiments for the case of one arrival wave

The performance of the proposed system during the DOA estimation was evaluated by
several experiments. First, we conducted experiments in an anechoic chamber, as shown in Fig.
3-9. Table 3-3 shows the specifications of the experiments in which the number of arrival waves
was equal to one. A transmitting antenna was shifted to decrease the estimation errors caused by
the influence of cable twisting. The area swept by shifting the T-shaped receiving antenna is
equivalent to the size of a planar antenna with 5 x 4 elements, which is equal to the size of the
virtual planar array. The distance moved, AX, was defined by Eq. (11) such that it became
equivalent to the theory presented in Sec. 3.2:

Ax = Axx cosf (12)
where Ax is the interval between the elements. A 3 x 3 planar array was used as a subarray for
spatial smoothing. The radio frequency varied over a 900 MHz band, the chip rate was 1.23
Mcps, sampling frequency of the ADC was 5 MHz, number of samplings was 2000, and
MUSIC was used for the DOA estimation. The estimation errors are summarized in Fig. 3-10. It

shows that the DOA was estimated accurately.

Table 3-3 Experimental specifications (one arrival wave)

Array form T-shaped array antenna (5 + | elements)
Number of shifting operations 3
Number of virtual planar array elements 5 x 4 (20 elements)
Number of subarray antenna elements 3 x 3 (9 elements)
Interval between elements 0.4 wavelengths
Radio frequency 900 MHz band
Chip rate 1.23 Mcps
Sampling frequency of ADC 5 MHz
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3.4.2 Experiments for the case of two arrival waves

We conducted experiments for the case of two arrival waves in the anechoic chamber, as
shown in Fig. 3-11. Table 3-4 lists the experimental specifications. In contrast to the previous
experiment, the 5 x 4 virtual planar array was obtained by shifting the 5 + 1 T-shaped array
antenna. One of the waves was a pilot signal and the other was a sinusoidal wave; their
transmitting powers were identical. The radio frequency varied over a 900 MHz band, chip rate
of the pilot signal was 1.23 Mcps, number of samplings was 2000, and MUSIC was used for the
DOA estimation.

Fig. 3-12 shows the MUSIC spectrum. As shown in this figure, the direction of the pilot signal
was estimated accurately because the sinusoidal wave was spread and equated with noise. Since
the transmitting powers of the two waves including the pilot signals were the same, they can be
estimated by the proposed method. This result confirmed that the proposed method was
effective for the DOA estimation.

Table 3-4 Experimental specifications (two waves)

Array type T-shaped array antenna (5 + 1 elements)
Number of shifting operations 3
Number of virtual planar array elements 5 x 4 (28 elements)
Number of subarray antenna elements 3 x 3 (9 elements)
Interval between elements 0.4 wavelengths
Radio frequency 900 MHz
Chip rate 1.23 Mcps
Sampling frequency of ADC 5 MHz
Signals Sinusoidal wave, Pilot signal
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3.5 Outdoor experiments

Experiments in outdoor environments were conducted for confirming a possibility of DOA




estimation by the proposed method in actual environments. First, the experiment at the

line-of-sight was carried out, then the experiment at the non-line-of-sight was conducted.

3.5.1 Experiments at Line of sight

We conducted an experiment for the line-of-sight case in an outdoor environment and
measured the arrival waves transmitted from base stations currently used in cellular systems.
Fig. 3-13 shows a schematic view of the experiment. The specifications of the receiver were the
same as those described in subsection 3.4.2: the number of elements was six (5 + 1 T-shaped
array), and the number of shifting operations was three. As evident from the results of the pilot
signal analysis, a wave of approximately 12 dB, which is stronger than those transmitted from
other base stations, was transmitted from a base station in the vicinity of the measurement point.
At this point, the base station was located at an angle of —88°. Figure Fig. 3-14 shows the

experimental results that confirmed that the DOA estimation results were accurate.

The penthouse 1
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. '"87 The direction of

“ the base station

The penthouse 2

(a) The situation (Line-of-sight)

The receiving antenng\®
and the receiver

(b) The photograph (Line-of-sight)

Fig. 3-13 Schematic view of outdoor experiment (Line of sight)
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Fig. 3-14 Results of DOA estimation (Line of sight)

3.5.2 Experiments at Non-line-of-sight

We conducted an experiment for the non-line-of-sight case in an outdoor environment and
measured the arrival waves from base stations currently used in cellular systems. The
propagation environment is shown in Fig. 3-15(a). It is impossible to accurately determine the
DOA from base stations. Therefore, we examined the accuracy of the results by changing the
direction of shift of the T-shaped array, as shown in Fig. 3-15 (b) and (c). The specifications of
the receiver were the same as those described in subsection 3.4.2: the number of elements was
six (5 + 1 T-shaped array) and the number of shifting operations was three.

The experimental results are shown in Fig. 3-16. The estimation error was approximately 9 ©
since the SN ratio was smaller than that in the line-of-sight case because the base stations were
not along the line of sight. However, the DOA was estimated in almost the same direction. In
order to reduce the estimation error. it was essential to increase the sampling number, as
described in subsection 3.3.2. Experiments with greater sampling numbers will be performed in
future studies. These results confirmed the performance of the proposed method in DOA

estimation experimentally.
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3.6 Summary

In this chapter, we proposed a method for estimating the DOA using pilot signals in the
CDMA system. when the arrival waves are modulated by random signals, the method in
Chapter 2 cannot estimate the DOA. However, it is assumed that the arrival waves are only
emitted by the transmitters of CDMA systems such as [S-95 and CDMA2000, we developed the
method described in Chapter 2, and proposed a method for the DOA estimation with a
synthesized virtual planar array using pilot signals of the CDMA systems.

We evaluated the proposed method by performing simulations and experiments in an anechoic
chamber and outdoor environment. In the simulations, the DOA was estimated accurately, and
the effectiveness of the proposed method was confirmed. Moreover, we evaluated the average
estimation errors to be approximately 1° in the anechoic chamber, and found that arrival waves
from base stations could be estimated in the outdoor environment. These results confirmed that
the proposed method provides an effective DOA estimation. Further studies are required to
improve the accuracy of DOA estimation and estimate the arrival waves simultaneously from

certain base stations.
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Chapter 4 DOA estimation system
using T-shaped array antenna for
random signals

4.1 Introduction

Chapter 2 presented the method for synthesizing data received by the virtual planar array
antenna, and discussed demonstration of the utility of the proposed method by simulations and
experiments in an anechoic chamber assuming that arrival waves are only sinusoidal waves.
Then, Chapter 3 introduced the method for synthesizing data received by the virtual planar
array antenna using pilot signals, and discussed the effectiveness of the proposed method
demonstrated by simulations and experiments in an anechoic chamber and in an outdoor
environment, assuming that arrival waves included pilot signals. These methods use the known
signals in arrival waves, and thus these methods cannot estimate DOA when unknown signals
arrive. Although it is important for area designs in urban areas to discover illegal repeaters that
transmit interference waves, and the waves from the illegal repeaters are sinusoidal due to
oscillation or wide band signals without pilot signals. In fact, these methods cannot distinguish
the illegal repeaters.

To address these problems, this chapter describes a method of synthesizing data received by
the virtual planar array using eigenvectors of correlation matrices. This method uses the
characteristic that eigenvectors of correlation matrices have phase information of mode vectors
corresponding to DOA. Thus, this method can estimate DOA when arrival waves are random
signals. This chapter describes the utility of the proposed method demonstrated by simulations
and experiments in an anechoic chamber. The proposed method can be applied to superior
resolution methods, such as MUSIC and ESPRIT. In the present study, the MUSIC method was
used as the DOA estimation algorithm. On the other hand, this method cannot estimate DOA
when arriving waves include non-coherent waves. This problem remains to be addressed in

future studies.
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4.2 Method of synthesizing data of the virtual planar array

antenna using eigenvectors

In this section, we describe the method of synthesizing data of the virtual planar array antenna
using eigenvectors. It is assumed that arrival waves are random and coherent waves. The
proposed method adopts a novel approach to solve the problem of data acquisition; this
approach uses the T-shaped array antenna shifted parallel, instead of a conventional planar array
antenna to estimate DOA. Synthesizing data received by the virtual planar array antenna imply
that the T-shaped array antenna is used to receive arrival waves, and the received data are used
to realize the same data as those received by the conventional planar array antenna by
synthesizing the received data. To provide a brief description in this subsection, it is assumed
that the number of arrival waves is only one and that N is odd.

We describe the method of synthesizing data received by the virtual planar array and realized
by shifting the (N+1) T-shaped arrays as shown in Fig. 4-5.

The data X, received by a T-shaped array antenna at its first position are given by:

X,(0)= [x”(t), X ()01, xI(NH)(t):]T
- A OFO+N,(0)

where the superscript ' denotes a transposition, t is time, & is DOA, F(¢) is a random signal
of a base point, and A, (¢) and N,(#) can be expanded as:

A,(0) =[O k@ . i@

Nl(t) Z[nn(t):nxz (t),- U (Z)]T

where ¢,,,(t9)(n'=l,2,---,N+1) is a phase difference introduced by & to a base element,

and n,,(¢) isthermal noise. A correlation matrix R, of X,(¢) is given by:
R 1= E[Xl (X)XlH (’)]

where the superscripts E[-Jand ' denote an ensemble average and a conjugate transposition,
respectively. Eigenvalues 4, of R, and the eigenvectors e, to the eigenvalues can be
calculated. When the number of arrival waves is 1. the relationships between eigenvalues are
given by:

Ay > Ay == Ay

and the eigenvector of €, is expressed by:
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. , : A
e, =aA (0)= [a]em'(e), ale-’m(a),---,a,e"%"'*‘m)] (13)

where ¢, isa constant.
The T-shaped array antenna is shifted parallel by the distance of the element interval (see Fig.
4-1), and an eigenvector €,, can be obtained from data at the position as well as by the above

procedures:

' s ity v ()]
e, = azAz (9) - [aze'%‘w’,%e-"”-”),---,aze'”‘z"‘ i ( )} (14)

i$ v

JB(xvani2

The elements of the eigenvectors e and e

Jvaniz I\ w1

are the same data, because the

elements of e and e are located at the same position at two different times before

T vansa

and after shifting of the T-shaped antenna, respectively. Hence, by comparing oe with

I# xa

a,e , it is possible to obtain the different phases 1, between first and second positions as

follows:

V/ B ale,lﬂjn.(.\'nuz 051
1= b
a7el¢?.,.\ + az

Therefore, the different phases between first and second positions can be calibrated and data of

a2 x N virtual planar array can be synthesized as follows:

N leézl

jh (8 2 (0) . J#x(8) e (6 J v ()T
i#hi(6) 2 ( ,._,,ale By 1801(6) 2\ J

=[ae et s W1 &se s Y p&,e

Jjo(8 Ja, (8 i (8) i, (6 VN CORTE
=a1[el¢|1( ),el(ﬁ]z( )"_"el¢|_\ ’e/¢:|( ),._"eﬂlj\ ]

A i (8) NGRS
€, = [0,/ - e’ ]

By repeating the above procedures (M-1) times, virtual data Y,, , received by an M x N

planar array antenna by a parallel shift of the T-shaped antenna can be synthesized as follows:

e1I

~

% B ¥12€4)
MxN — :

Wiar—nar€an

(0) () b (6) 1t (8)

-' T2 Jhn (@)1
=[ale/¢ll ’ale # ,..._’ale ’V/I2ale ’.H‘rv/(‘\,_]).“a'\’e I ] (IS)

a - j 9 s (8 AR
zal[@.l’ﬁn( ),G‘I’A“(G),"‘j@j%\( ),(3/0’"( )‘_._.’el(ﬁn\( )]

80




M a el¢\m—~|l,(\+|}‘:

M
" _ Z (m=1) _
L2 (M=-0OM v - Z
m=2

m=2 a,,,e
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Using Y,,.y asan input vector, we can perform analysis of DOA estimation by the MUSIC
and ESPRIT methods. In fact, there are several correlated waves transmitted from a base station,
and thus the eigenvectors at each position become degenerate. However, data at each position
can be synthesized as well as by Eq. (15), and the proposed method can estimate DOA using
F/B spatial smoothing. Fig. 4-2 shows a flowchart of the proposed method using eigenvectors.

The number of shifting operations is decided by the number of elements in the virtual planar
array required for the DOA estimations and T-shaped array antenna. For example, when an N x
N planar array is used for the DOA estimation, the number of shifting operations is N — 1 times
those of an N + | T-shaped array antenna. In fact, the proposed method can replace the N x N

planar array with the N + 1 T-shaped array.

shift

(LN) (L, (N+1)/2) (

L1) Comparison of phases
1 (LN o

(MN) - (M(N+1)2) (M)

N | Rewo L 2D
(N : g

&

Virtual planar array

Fig. 4-1 Synthesis of the virtual planar array

The proposed method is applicable to a linear array with a fixed element instead of a

—tvna

T-shaped array, as illustrated in Fig. 4-3. [n this case, the phase difference e generated by
different sampling start times can be estimated using the data of the fixed element at each
position of the linear antenna in the same manner as in Eq. (15). Therefore, we can obtain the
despread data Y,,,, that virtually represents the data received by the A/ X N planar array
antenna.

The array shifting speed is arbitrary if DOA does not change and sufficient received signals
are obtained to despread the pilot signals, because the phase difference due to errors in the
sampling points caused by shifting time can be calibrated by Eq. (15). Although the proposed
system requires a unit for array shifting, if the cost of the unit is the same as that of a receiver

and an ADC, the cost of the proposed system reduces when the number of shifts required
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becomes greater than or equal to three. The unit for the shifting of the array antenna for the
experiments described here was practically >100. Therefore, the proposed method is effective in
reducing the system cost. In urban districts, it is easier for individuals to measure the DOA

while walking since the estimation system is small and lightweight.

prossns e Measurement at each position
Calculation of correlation matrix
and eigenvectors

Repetition %
M-1 times

Comparison of phases #u-in

v

Synthesis of data received by virtual
planar array

Parallel shift

v

DOA estimation (MUSIC)

Fig. 4-2 Flowchart of the proposed method using eigenvectors

Fixed element

HOVH1)/2 4N

Shift

Fig. 4-3 Method using linear array antenna
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4.3 Characteristic evaluation by computer simulation

In this section, it is presented that the results of the simulations performed for evaluating the
effectiveness of the virtual planar arrays. In the proposed methods, the estimation accuracy is
thought to be influenced by the synthetic accuracy of the data received by the virtual planar
array antenna to use data with different measurement times. In addition, there is a possibility of
position errors due to parallel shifting of the T-shaped array antenna. Therefore, the influences
of SN ratio, position errors, efc, on estimation errors were evaluated by carrying out simulations.
First, the proposed method was compared with the conventional method using the planar array.
Next, the relationships between the SN ratio, position errors, and estimation errors were

determined.
4.3.1 Comparison of the virtual planar array with the real planar array

The performance of the proposed system in DOA estimation was evaluated by comparison
with the conventional method using the planar array. Table 4-1 shows the specifications of the
simulation. There were 6 arrival waves, all of which had the same power level. All arrival waves
were correlation waves. Twenty-eight (7 x 4) elements were included in the virtual planar array,
and the subarrays were 3 x 3 planar arrays for spatial smoothing. The interval between the
elements was 0.4 wavelengths. The number of sampling times was 2000. We used the MUSIC
method as the DOA estimation algorithm.

Fig. 4-4 shows the results for the real and virtual planar arrays. The average estimation errors
of both the planar array and the virtual planar array were 0°. Based on the results of these
simulations, it was evident that the virtual planar array of the proposed system could estimate

the DOA with almost the same accuracy as the real planar array.

Table 4-1 Simulation specifications

Array form The T-shaped array antenna (7+1 elements)
Number of shifting operations 3
Number of virtual planar array elements 7 x 4 (28 elements)
Number of subarray antenna elements 3 x 3 (9 elements)
Interval between elements 0.4 wavelength
Number of arrival waves 6 (-140°, —40°, -10°, 70°, 100°, 160°)
SN ratio 10 dB
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4.3.2 Relationship between SN ratio and number of samplings

The proposed method calibrates the phase difference due to a parallel shift of a T-shaped
antenna, and estimates DOA of arrival waves using the data thus obtained. Thus, it is possible
that the estimation errors increases when the SN ratio or number of samplings is small. This
subsection discusses the characteristics of these influences evaluated by performing simulations.

Specifications of the simulation were the same as in Sec. 4.3.1 except for SN ratio and the
number of samplings. Averages of estimation errors were evaluated when the number of

samplings and SN ratio were changed. The number of trials was 500. The estimation error @ is
defined as follows:

0, -é,U (16)

where L is the number of arrival waves, K is the number of trials, &, is the direction of the /-th

k=1 =1

~

arrival wave, and @, is the estimation result of the /-th arrival wave.

Fig. 4-5 shows the results of simulations. When SN ratio was small, DOA could be estimated
correctly. These results confirmed that the proposed system can estimate DOA with accuracy by

increasing the number of samplings when SN ratio is small.
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Fig. 4-4 Comparison with real planar array
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4.3.3 Influence of position errors at each position

The influence of position errors was evaluated by performing simulations of methods using
eigenvectors. Position errors at each position were given by uniform random numbers.
Simulations were conducted while the ranges of position errors were varied. The other
specifications of the simulation were the same as in Sec. 4.3.1. The definition of the estimation
error is given by Eq. (16).

Fig. 4-6 shows the results of the simulations. When the range of errors was small, DOA could
be estimated correctly. On the other hand, DOA estimation error was within 3° when the range
of position errors was large. These results confirmed that the method using eigenvectors is much
less sensitive to position errors than that assuming that arrival waves are sinusoidal waves.
These results indicate that high-precision equipment is not required for shifting the T-shaped

array; therefore, the proposed system is uncomplicated and can be implemented at low cost.
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Fig. 4-6 Influence of position errors

4.3.4 Relationship between number of shifting operations and estimation errors

The relationship between the number of shifting operations and the estimation errors was
evaluated by performing simulations. The averages of the estimation errors were evaluated by
changing the number of shifting operations. The other simulation specifications were the same
as in Sec. 4.3.1.

Fig. 4-7 shows the simulation results. DOA estimations degraded when SN ratio was poor,
although the estimation error was within 3°. These results confirmed that the proposed system

can estimate DOA with accuracy when the number of shifting operations increases.
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4.4 Measurements in anechoic chamber

Experiments in an anechoic chamber were conducted for confirming the effective and limited
characteristics of the proposed method. First, the experiment in one arrival wave was carried out
for basic consideration. Then, the experiment in two arrival waves was conducted for

confirming DOA estimation when several waves arrive.
4.4.1 Experiments with one arrival wave in an anechoic chamber

The performance of the proposed system in DOA estimation was evaluated by experiment.
First, we conducted experiments in an anechoic chamber as shown in Fig. 4-8. Table 4-2 shows
the specifications of the experiment, in which a transmitting antenna was shifted to decrease
estimation errors caused by the influence of cable twist. The area swept out by shifting the
T-shaped receiving antenna was equivalent to the size of a 5 x 4-element planar antenna, which
was the size of the virtual planar array. The distance moved Ax is defined by Eq. (17) such
that it becomes equivalent to the theory presented in Sec. 4.2:

Ax = Axxcosf (7
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where Ax is the interval between elements. The subarray for spatial smoothing was a 3 x 3
planar array. The radio frequency was 900 MHz band, the transmitted signal was random
modulated with the QPSK method, the sampling frequency of ADC was 40 MHz, the number of
samplings was 2000, and the method used for DOA estimation was MUSIC.

The average of DOA estimation error was 0.5°. The estimation errors are summarized in Fig.

4-9, which shows that DOA was estimated accurately.

Table 4-2 Specifications of experiments (one arrival wave)

Array form The T-shaped array antenna (5+1 elements)
Number of shifting operations 3
Number of virtual planar array elements 5 x 4 (20 elements)
Number of subarray antenna elements 3 x 3 (9 elements)
Interval between elements 0.4 wavelength
Radio frequency 900 MHz band
Chip rate 1.23 Mcps
Sampling frequency of ADC 40 MHz

Receiver

Sampling frequency
40 MHz

Fig. 4-8 Schematic view of experiment (Case of 1 arrival wave)
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Fig. 4-9 Estimation errors of experimental results (Case of 1 arrival wave)

4.4.2 Experiments with two arrival waves in an anechoic chamber

The experiment with two arrival waves was carried out in anechoic chamber. In the
experiment, a T-shaped array antenna was shifted parallel to allow synthesis o the virtual planar
array, because transmitters cannot be moved in the manner described in the experiment with one
arrival wave. The difference in direction was 30°. The other specifications of number of arrival
waves were the same as in the case of one arrival wave. Fig. 4-10 shows the MUSIC spectrum
of the experiment results. The average of estimation errors was 1.25°, and DOA could be
estimated with accuracy. These results confirmed that the proposed method using eigenvectors

could estimate DOA correctly.
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Fig. 4-10 MUSIC spectrum (two arrival waves)

4.5 Summary

In this chapter, we proposed a method of DOA estimation using eigenvectors and described
evaluation of the proposed method by simulations and experiments in an anechoic chamber. The
methods in Chapter 2 and Chapter 3 cannot estimate DOA when arrival waves are random
signals without pilot signals. To address these problems, this chapter describes a method of
synthesizing data received by the virtual planar array using eigenvectors of correlation matrices.
This method uses the characteristic that eigenvectors of correlation matrices have phase
information of mode vectors corresponding to DOA. Thus, this method can estimate DOA when
arrival waves are random signals.

Simulation results indicated that DOA was estimated correctly within 3° despite the influence
of position errors and the poor SN ratio. On the other hand, this method was confirmed to be
much less sensitive to SN ratio than the other methods. The performance of the method was
evaluated by performing experiments in an anechoic chamber, and the average of estimation
errors was about 1.4°. The proposed method could estimate DOA of two arrival waves. These
results confirmed that the proposed method is effective for DOA estimation. Further studies are

to estimate DOA when arrival waves are non-coherence waves with accuracy.
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Chapter S Conclusions

This dissertation presented a method for estimating DOA with a virtual planar array
synthesized by shifting the T-shaped array antenna. The advantages of this method are low cost
because of the reduction in number of receivers and antennas required, reduction of mutual
coupling between elements, and weight saving. In the proposed system, it is important to
synthesize the data of the virtual planar array by shifting the T-shaped array. Thus, this
dissertation proposed three methods for synthesizing the data received by the virtual planar
array. The results of simulations and experiments confirmed that the proposed methods were
effective for DOA estimation.

Chapter 2 introduced the method for synthesizing virtual planar arrays and base characteristics
of the virtual planar array by shifting the T-shaped array antenna in DOA estimations, when it
was assumed that arrival waves were sinusoidal. In simulations, the average of estimation errors
was within 3° when the SN ratio was within 5 dB when there were influences, such as position
errors, frequency fluctuations, efc. Then, DOA estimation error was 2.06° in the experiments
with one arrival wave, and the proposed method could estimate DOA of two arrival waves in the
anechoic chamber. These basic evaluations confirmed the effectiveness of the system using data
received by the virtual planar array.

Chapter 3 described a method for estimating the DOA using pilot signals in the CDMA
system. We evaluated the proposed method by performing simulations and experiments in an
anechoic chamber and outdoor environment. In the simulations, the DOA was estimated
accurately, and the effectiveness of the proposed method was confirmed. Moreover, we
evaluated the average estimation errors to be approximately 1° in the anechoic chamber, and
found that arrival waves from base stations could be estimated in the outdoor environment.
These results confirmed that the proposed method provides an effective means of DOA
estimation.

Chapter 4 proposed a method of DOA estimation using eigenvectors and discussed evaluation
of the proposed method by simulations and experiments performed in an anechoic chamber.
Simulation results indicated that DOA was estimated correctly within 3° despite the influence of
position errors and the poor SN ratio. On the other hand, this method was confirmed to be much
less sensitive to SN ratio than the other methods. The performance of the method was evaluated
by performing experiments in an anechoic chamber, and the average of estimation errors was
about 1.4°. The proposed method could estimate DOA of two arrival waves. These results

confirmed that the proposed method is effective for DOA estimation.
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Appendix A Modified Calibration
method for planar array antenna

A.1 Introduction

Radio waves from base stations in urban areas arrive from several directions in the horizontal
plane. Further, the directions of arrival of these waves may be proximate. Therefore, systems
based on super-resolution methods, such as MUSIC and ESPRIT, using the array antenna are
useful for measurement of multipath propagation. In this case, there are mutual couplings
between antenna elements and differences in phase and amplitude between channels in radio
frequency (RF) parts. Therefore, the accuracy of DOA estimation is reduced. To resolve this
problem, calibration methods for RF parts have been proposed [139]-[148]. A method was
proposed previously in which measured mode vectors are applied to MUSIC for calibration of
RF parts [139]. Although this method can correctly calibrate RF parts because the influences of
mutual coupling and phase differences between channels can be considered, it has a number of
faults, such as the requirement for the mode vector to be measured in all directions, and the non-
applicability to ESPRIT. Moreover, this method cannot estimate DOA of coherent waves
because the forward/backward spatial smoothing method cannot be applied. On the other hand,
another method to estimate mutual coupling and fluctuations between elements by known
sources has been proposed [140][141]. This method calibrates received data without mutual
couplings by applying reverse specifications to received data, assuming that antennas have a
single mode. This method can estimate DOA with F/B spatial smoothing, MUSIC, and ESPRIT.
However, this method cannot consider influences, such as fabrication errors, position errors of
antenna elements, and infinite ground plane. Therefore, DOA cannot be estimated correctly due
to defective calibrations. A method was reported in which the calibration is carried out using
mutual impedance measured with a network analyzer [142][143]. This method is not better than
that using known sources, although it can be applied to the F/B spatial smoothing method [144].
A method using the moment method has been proposed, which can calibrate errors in the case of
multimode antennas and with influence from the infinite and reflector planes [145]-[148].
Although this method can calibrate array antennas with arbitrary geometry, estimating coherent
waves is difficult because the F/B spatial smoothing method cannot be applied.

To address these problems, this appendix introduces a modified calibration method that is

more accurate than the conventional methods. The results of simulations and experiments
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carried out to confirm efficiency are described. The proposed method uses the method with
known sources [140][141] to obtain calibrated data, which are applied to mode vectors. This
method can calibrate errors that cannot be calibrated by the method using known sources, and
can estimate DOA with accuracy. This method can be applied to the F/B spatial smoothing
method with consideration of the influence of reflector and infinite planes because it is
equivalent to using measured mode vectors, and thus coherent waves can be estimated. On the
other hand, although arrival waves with low elevation are considered in the conventional system,
arrival waves with high elevation cannot be ignored because of the recent development of
microcellular systems. Further, DOA estimation is carried out around base stations that are set
up on the rooftops of buildings to find wave sources. Arrival waves at high elevation and
depression angles cannot be estimated with accuracy because antenna patterns in the horizontal
plane are different at different elevations and depression angles. Thus, accurate DOA estimation
at high elevations and depression angles may be carried out with application of calibration
tables measured at each elevation angle.

In this appendix, the theory of the proposed method for calibration of RF parts is introduced,
and the effectiveness of the proposed method confirmed by simulations and experiments is

described.

A.2 Improved calibration method for planar array antenna

In this section, a modified calibration method for the MUSIC method with a rectangular array
is described. The method using known sources was combined with the mode vector measured in
the proposed method. This method improves errors, which cannot be calibrated by the method
using known sources, due to the use of measured mode vectors. The accuracy of DOA
estimation is increased because of the use of more orthogonal mode vectors to the subspace

correlation matrix, obtained from measured data.
A.2.1 Modeling of mutual coupling between antenna elements

The reasons for DOA estimation errors are the differences in phase and amplitude between
channels in a receiver, fabrication and position errors of antennas, and mutual coupling between
antenna elements. The mutual couplings may change because they are defined by the shapes and
positions of antennas. It is assumed that the characteristics of the receiver, such as phase and
amplitude, do not change at the time points of measuring data for calibration and DOA

estimations, although these characteristics may change over long periods.




The shape of the array antenna is an M x N planar array, as shown in Fig. A-1. It is assumed

that the number of arrival waves is one, and the direction from each arrival wave is

6,(I =1,---,L) . Inthis case, the received data are given by:

X, (1) =CI'a(6,)s,(t)+n(t) (18)
) G2 G
c=| & B B
Cung  Cwanvz 7 Cunvmn

r:diag{}/l’yz"“’yMN}

a() = [9011(9/)’ 12005 O (60,251 (6,), 92 (6,)s > P (9/)]"‘

}'Z—}{Ay(n—])sinﬁl +Ax(m=1)cos 6, }

0. 0)=¢ (m=12,--,M,n=1,2,--,N)

where the superscript ' denotes transposition, s,(¢) is the complex amplitude of the I-th

incident wave, C and T express mutual couplings and differences in amplitude and phase of
channels, respectively, a(é,) is a mode vector, and ¢, (6,) is the phase difference relative

to a base point. If C,I" are calculated by a given method, the received data can be calibrated

as follows.
X, ()= (CT)" %,(1) (19)

In the method using known sources, C, I are computed using orthogonal eigenvectors of the
correlation matrix in the noise subspace and mode vectors, and the received data are calibrated

as shown in Eq. (19).
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Fig. A-1 Planar array antenna

A.2.2 Modified calibration method for MUSIC method

Although mutual couplings are calculated by modeling, e.g., by the equation in the method
using known sources, there are errors due to the influence of scattering from the edges of the
infinite plane and actual antenna elements without omni-pattern. Thus, the accuracy of DOA
estimation is degraded because these errors are not modeled in the method using known sources
and calibrated correctly. On the other hand, the method using measured mode vectors can
calibrate these errors. However, this method cannot be applied to the F/B spatial smoothing
procedure, and therefore DOA cannot be estimated. This chapter proposes a modified
calibration method to resolve these problems. The proposed method uses the method with
known sources to obtain calibrated data, and these calibrated data are used as mode vectors. The
proposed method computes more orthogonal mode vectors to noise eigenvectors of the
correlation matrix than the method using known sources, and thus the accuracy of DOA is
improved. Moreover, the proposed method can use the F/B spatial smoothing method.

In the method using known sources, C and I" are computed from data received from several
known sources. Then, data in DOA estimation are multiplied by the inverse characteristics of C
and I', and DOA can be estimated assuming that mode vectors a(0) are ideal. On the other hand,
this method uses mode vectors a(8), which are computed as follows.

C and T are estimated by the method using known sources. These matrices are expressed as




~ "

C and I, respectively. CI' is not equal toCI", because of the influences of irregular

antenna patterns and scattering from the edges of the infinite plane. It is assumed that the

number of arrival waves is one, using the same data when CI is calculated, and the

correlation matrix R is given by:

R, = E[x,(0x/ (1] = E{(éf)** %, (%" (t)((éf)—r ”

A ay-l
X, (1) = (Cr) %,()
where the superscript 7 denotes conjugate transposition. The eigenvector corresponding to the

. . ..ooad . (! :
maximal value of the correlation matrix is eﬁ ), the and other eigenvectors are ef,) . In this

. . Al A
case, the relationship between 65 ' and ef,) is as follows:

A / ~ ~
SR
. . O — .
From these specifications, eE ) is used as a calibration table as shown in Eq. (3) when MUSIC

spectra 13MU(9,) are calculated. This improves the orthogonality of noise eigenvectors

all)

obtained to use the eigenvector €; " and DOA is estimated more accurately:

a"(6)a0)
(6)ELEya(6)

}SMU(QI) = aF (20)

A _ l\(/)
a(g)=¢e
where E, -is a matrix composed of eigenvectors in the noise subspace of the correlation

matrix, which is computed from the data calibrated using the inverse matrix of CI . Therefore,

further orthogonal mode vectors to noise subspace calculated from the measured data are
applied to estimate DOA because the mode vectors include errors that cannot be calibrated, and
the accuracy of DOA can be estimated in advance. When the number of known sources is
insufficient in the required resolution of DOA estimation, mode vectors among the above mode

vectors are subjected to spline interpolation, and the calibration table corresponding to the
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necessary resolution is calculated.

When the F/B spatial smoothing procedure is applied to the proposed method, the correlation
matrix for calculating mode vectors fl(@,) is replaced with a correlation matrix with F/B

spatial smoothing as follows. Subarray antennas are an M'x N’ planar array antenna:
K ' 1
_ R), +JR,J

R; 5
k=1

. K=(M-M'+1)(N-N"+1) Q@
(M'=1,-,M,N'=1,-,N,M'xN' 2 2)

R) = El:x,k ' (z‘)}

0 .- 0
0 -+ 10
=\ ...
I -~ 0 0

A~
x,(t)=(CI‘) 90
where X, (f) is the received signal vector of the k-th subarray antenna. Eigenvalue

decomposition of the correlation matrix R; is carried out, and a calibration table is computed

with the eigenvectors corresponding to the maximal eigenvalues. Then, the received data for
DOA estimation are applied to the F/B spatial smoothing procedure, and DOA is estimated by
computing the MUSIC spectrum in the same way as described for the case without using the
F/B spatial smoothing procedure. When the number of known sources is insufficient in the
required resolution of DOA estimation, the same processing as described above is performed.

In urban areas, arrival waves have various elevation angles because the antennas of base
stations and repeaters are set up on high buildings. In addition, arrival waves exit at a certain
depression angle. The accuracy of DOA estimation may degrade when arrival waves have
different elevations from the angle of measurements for the calibration table, because the
antenna patterns of a DOA estimation system change at several elevations and depression angles.
Therefore, these errors are reduced by preparing calibration tables computed at each elevation

angle.
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A.3 Numerical analysis of the improved calibration method

A.3.1 Comparisons with the conventional method

The performance of the proposed method during calibration was evaluated by comparison
with the method using known sources. To determine the influences of mutual coupling, infinite
plane, and different angles in elevation or depression, the received signal vectors were
calculated using antenna patterns at each elevation that are the result of the method of moments.
Antenna models were monopole antennas, the interval between elements was 0.45 wavelengths,
the array form was a 2 x 2 planar array, and the size of the ground plane was 0.9 x 0.9
wavelengths. Fig. A-2 shows the radiation patterns of array antennas at elevations of 0° and 40°
from the horizontal plane by MoM. If there is one element, the radiation pattern is omni.
However, the radiation patterns are illegal due to mutual couplings and the influence of the
infinite plane. In addition, the radiation patterns change due to differences in elevation angle,
and thus the performance of DOA estimation may be degraded.

First, simulations with an elevation angle of arrival waves of 0° was carried out. Table A-1
shows the simulation specifications. SNR was 20 dB and the sampling number was 2000. The
calibration table was computed by each method using the known sources at an elevation of 0°.
The known sources incidence from all directions at intervals of 5°, and the number of known
sources was 120. The resolution of MUSIC was 0.5°. In this simulation, RMSE was evaluated
by:

(22)

where N is the number of trials, é

1

is the estimation result, and & is the true value. The

results obtained with the conventional method was 0.0053°, while that obtained with the
proposed method was 0.046°. These results showed that the accuracy of the proposed method is

the same as that of the conventional method.
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Fig. A-2 Radiation patterns (2 X 2 array antennas)

Table A-1 Simulation specifications

Array form 2 X2 planar array

Interval between elements 0.45 wavelengths

Number of arrival waves ]

Sampling number 2000

SN ratio 20dB
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Then, the proposed method was evaluated by simulation with an elevation angle of arrival
waves of 40°. The known waves incident with an elevation angle of 40° were used to calculate
the calibration table. Parameters other than the elevation were the same. Fig. A-3 shows the
results. RMSE for the conventional method was 2.00 and the accuracy of DOA estimation
became poorer. On the other hand, the proposed method yielded a good estimate because RMSE
was 0.05°. These results confirmed that the proposed method is effective for calibration when
elevation angles are changed. In outdoor environments, the elevations of arrival waves are
known. Thus, two or more calibration tables that change the elevation are prepared, and DOA is
estimated by applying MUSIC to these calibration tables. For this method, DOA can be

estimated with accuracy.
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Fig. A-3 Estimation errors (elevation 40°)
A.3.2 Characteristics in the case of incoherent waves
The characteristics of the proposed method were evaluated by performing simulation in the
case of 2 incoherent waves. RMSE was calculated by estimating DOA with changing angle

from 0° to 360° where the difference between 2 incoherent waves with equal powers was fixed

to 40°. The other simulation specifications were the same as in Sec. A.3. The results of the
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MUSIC spectrum are shown in Fig. A-4. As shown in this figure, the proposed method was
confirmed to be able to distinguish two waves with accuracy. RMSE was 0.28°. These results

indicated that the proposed method can estimate DOA in the case of two incoherent waves.
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Fig. A-4 Simulation results of the MUSIC spectrum (Incoherent waves)

A.3.3 Characteristics in the case of coherent waves

The characteristics of the proposed method were evaluated by performing simulation in the
case of two coherent waves. The array form was a 3 x 3 planar array, antenna elements were
monopole antennas, the interval between elements was 0.45 wavelengths, and the size of the
infinite ground plane was 1.35 x 1.35 wavelengths. The subarray form was a 2 x 2 planar array.
RMSE was calculated by estimating DOA with changing angle from 0° to 360° where the
difference between two coherent waves with equal powers was fixed to 40°. The calibration
table was computed using Eq. (22) with the F/B spatial smoothing procedure. Elevation angles
were 0°. The other simulation specifications were the same as in Sec. A.3. The results of the
MUSIC spectrum are shown in Fig. A-5. As shown in this figure, it was confirmed that the
proposed method can distinguish two waves with accuracy. RMSE was 0.13°. These results

indicated that the proposed method can estimate DOA in the case of two incoherent waves.
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Fig. A-5 MUSIC spectrum (Coherent waves)

A.4 Evaluation of the prototype system

The performance of the proposed method during calibration was evaluated by several
experiments. First, a comparison with the conventional method was performed. Then, the results
with changing elevation were determined. Finally, experiments with two incoherent waves were

performed.
A.4.1 Comparisons with the conventional method

The performance of the proposed method was evaluated by conducting experiments in the
case of one wave in an anechoic chamber. Antennas were adjusted to the same height. The
elevation angle was 0°. The radio frequency was a sinusoidal wave of 900 MHz that was not
modulated. In this experiment, IF of a receiver was about 20 MHz. The data were sampled at 80
MHz, and baseband signals were calculated by a digital down convert; these data were used for

DOA estimation. The SNR computed by applying output signals from ADC to Fourier transform




was about 30 dB. The array form was a 2 x 2 planar array, of which the interval was 0.45
wavelengths. Data were measured twice—the first were used for calibration, and the second for
evaluating DOA estimation. The performance of the proposed method was evaluated based on
these results. RMSE was calculated using Eq. (22).

Fig. A-6 shows the estimation errors when the incident angle was changed. In these
experiments, RMSE without calibration, with the conventional method, and with the proposed
method were 3.7°, 2.4°, and 0.5°, respectively. Although estimation errors were large in the case
without the calibration, the accuracy of DOA estimations was better using the method with
known sources. Moreover, improvements in accuracy of about 2° were obtained using the
proposed method. This experiment was performed to examine the case in which the elevation of
arrival waves is 0°. However, the results with the conventional and proposed methods were the
same in the simulation. Although the conventional method cannot consider fabrication errors or
differences in each antenna element in real systems, the proposed method can calibrate these
errors because they are included in the mode vectors used by the proposed method. Thus, the
proposed method can estimate DOA without increasing the errors. The results of these

experiments confirmed the effectiveness of the proposed method.
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Fig. A-6 Experiment results
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A.4.2 Elevation characteristics of the proposed method

The performance of the proposed method was evaluated by conducting experiments at several
elevation angles. The number of arrival waves was one, and this experiment is conduced in an
anechoic chamber. The heights of the antennas were adjusted such that the elevation of the
arrival waves was 20, 0, 20, or 40°.

Data were measured twice at each elevation angle—the first were used for calibration, and the
second for evaluating DOA estimation. The performance of the proposed method was evaluated
based on these results. RMSE was calculated by Eq. (22). The other specifications were the
same as in Sec. A.4.1. Fig. A-7 shows examples of radiation patterns of antenna elements at
—20°, 0°, and 20°. As shown in this figure, the radiation patterns are illegal because of the
influence of mutual couplings, infinite ground plane, and fabrication errors. Moreover, antenna
patterns changed when the elevation angles were varied. Thus, DOA may not be estimated

accurately at several elevations when only one calibration table is prepared.

270

[deg.]
Elevation -20 deg. | (b) #(1,2) element
= = = Elevation 0deg.
Elevation 20 deg.

[deg.]
(c) #(2,1)element (d) #(2.2) element

Fig. A-7 Antenna patterns (Experiments)
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Table A-2 Elevation specifications

Elevation for Elevation for evaluating o

calibration [degree] estimation errors [degree] Calibration method
Case | 0 20 Reference signals
Case 2 20 20 Reference signals
Case 3 20 20 Proposed method
Case 4 0 40 Reference signals
Case 5 40 40 Reference signais
Case 6 40 40 Proposed method
Case 7 0 =20 Reference signals
Case 8 -20 -20 Reference signals
Case 9 ~20 =20 Proposed method

Fig. A-8 shows the results from Case | to Case 3. In these experiments, RMSE of Case 1,
Case 2, and Case 3 were 2.7°, 2.4°, and 0.27°, respectively. Although the accuracy of DOA
estimation was not improved by changing the elevation for the calibration with the conventional
method, the accuracy at each elevation was the same as that with an elevation angle of 0° usirig
the proposed method.

Fig. A-9 shows the results from Case 4 to Case 6. In these experiments, RMSE of Case 4,
Case 5, and Case 6 were 4.0°, 3.8°, and 0.9°, respectively. The errors were greater than with an
elevation of 20°, This was due to the increased influence of scattering waves from the edge of
the infinite ground plane and because antenna mode cannot be assumed as single mode; thus,
errors increased in the case of the conventional method. On the other hand, the proposed method
could estimate accurately because these influence were included in the calibration table. The
experimental res'ults confirmed that the proposed method is useful in the case of high elevations.

Finally, Fig. A-10 shows the results from Case 7 to Case 9. In these experiments, RMSE of
Case 7, Case 8, and Case 9 were 3.3°, 2.3°, and 0.6°, respectively. These results showed that the
proposed method can calibrate the errors accurately when arrival waves have depression angles.
These results confirmed that arrival waves with high elevation and depression angles can be
estimated with the proposed method by preparing and using calibration tables of several

elevation angles.
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A.4.3 Characteristics in the case of incoherent waves

The performance of the proposed method was evaluated by conducting experiments in the
case of two incoherent waves. This experiment was conduced in an anechoic chamber. The
antennas were adjusted to the same height. Incident waves were sinusoidal waves of 900 MHz
that were not modulated. The frequencies of two waves were different by 7 MHz, and thus the
arrival waves were incoherent waves. Transmission powers were equal. The angle difference
was fixed to 40°, and arrival waves were measured with rotation of the array antenna by 360°.
In this experiment, the SNR computed by applying output signals from ADC to Fourier
transform was about 30 dB. The other specifications were the same as in Sec. A.4.1. RMSE was
calculated by Eq. (22).

Fig. A-11 shows examples of MUSC spectra at several angles. The results shown in this figure
confirmed that the system with the proposed method can distinguish two waves, and estimate

DOA. These results confirmed the useful of the proposed method.
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Fig. A-11 Experiment results (two arrival waves)

A.S Conclusions

This appendix described the modified calibration method for the MUSIC method with a planar
array. The proposed method can calibrate including the errors due to position errors and
differences between antenna elements. Thus, this method is effective for DOA estimation. In
addition, the proposed method can be applied to the F/B spatial smoothing method, and thus can
be used for estimation of coherent waves. The effectiveness in the case of high elevation was
confirmed by simulations. Moreover, experiments were conduced with the trial system, and the
results confirmed that arrival waves with high elevation or depression angles can be estimated
more accurately using the proposed method in comparison with the conventional method. These

results confirmed that the proposed method provides effective calibration.
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Appendix B DOA estimation
system using virtual planar array
with sequential measurements

B.1 Introduction

The quality of mobile communication must be improved, particularly in urban areas. Thus, it
is important to estimate DOA from base stations and repeaters, and a planar array is effective for
obtaining such measurements. However, systems with planar arrays require many elements for
F/B SSP. This results in a high expenditure on receivers with a corresponding increase in the
weight and size of the estimation system. This dissertation presented a DOA estimation system
with a T-shaped array antenna to reduce the cost, and described the results of experiments
confirming the effectiveness of the proposed method. The T-shaped array remains at rest in the
proposed method when data of arrival waves are measured. On the other hand, if measurements
of arrival waves are conducted while moving the T-shaped array, the usefulness of measurement
of arrival waves was improved. Therefore, this appendix discusses evaluation of the DOA
estimation method while moving the T-shaped array antenna. It is possible that there may be
errors when measurements are obtained while moving the T-shaped array. Errors in
measurement positions as shown in Fig. B-1 may increase when arrival waves are measured
continuously. These errors are referred to as position errors in this appendix. Moreover, if the
T-shaped array antenna is moving when data of arrival waves are obtained, this removes the
cause of estimation errors. These errors are referred to as shifting errors in this appendix.

The influences of position and shifting errors were evaluated during DOA estimation by
simulations and experiments. Although the method of shifting the T-shaped array continuously
can be applied to the three methods proposed in this dissertation, the method using eigenvectors

was used for synthesizing data of the virtual planar array.
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Fig. B-1 Measurement methods

B.2 Simulations

This section presents the results of simulation of the proposed method with sequential
measurements during DOA estimation. Table B-1 shows the simulation specifications. Arrival
waves were measured continuously with a T-shaped array as shown in Fig. B-1, and then DOA
was estimated from the data of the virtual planar array synthesized using eigenvectors. The
estimation algorithm used was MUSIC, the number of arrival waves was 6, and the averages of
estimation errors were computed. In this case, there were errors due to measurement while
shifting and position errors as shown in Fig. B-1. The array form was a 7 + 1 T-shaped array
antenna, and a 7 x 4 virtual planar array was synthesized by shifting 3 times.

Fig. B-2 shows the simulation results. It was confirmed that the influence of these errors on
DOA estimation was small. For example, position errors were about 0.004 wavelengths and
shifting errors were about 3x 107 wavelengths in the trial system described in Sec. B.3. Thus,
there were no errors during DOA estimation due to sequential measurements. These results

confirmed the possibility of sequential measurements using this method.
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Table B-1 Simulation specifications

Array form T-shaped array antenna (7 -+ 1 elements)
Number of virtual planar array elements 7 X 4 (28 elements)
Number of subarray elements 3 x 3 (9 elements)
Interval between elements ‘ 0.4%
Number of arrival waves 6 (~140°, —40°, ~10°, 70°, 100°, 160°,)
SN ratio 20 dB
Number of snapshots 2000
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Fig. B-2 Simulation results

B.3 Experiments in an anechoic chamber

The performance of the proposed method during DOA estimation was evaluated by several
experiments. The experiments were conducted in an anechoic chamber using the trial system.

Table B-2 shows the experimental specifications. The interval between elements was 0.45

[N




wavelengths, and a 5 x 4 virtual planar array was synthesized by shifting 5 + 1 T-shaped array
antenna 3 times. RF was 2 GHz, DOA was changed every 30° from 0 to 180°, and estimated.
Fig. B-3 shows a schematic view of the experiment. In the trial system, terminals were set up at
measurement points, the other terminals were set up at the shifted array antenna, and terminals
were connected to SG and AD as shown in Fig. B-3. When the array antenna reached the
measurement points, signals from SG were transmitted to ADC because of the contacts between
terminals at measurement points and the array antenna. The ADC samples data received by the
T-shaped array antenna when the input is received at the ADC. The velocity of shifting the
T-shaped array was about 10 [cm/s], and the measurement time was about 2 seconds. Under
these conditions, position errors were 0.004 wavelengths, and shifting errors were 3x107
wavelengths. The simulation results indicated that there were no position or shifting errors. Fig.
B-4 shows the experiment results. The average error of this experiment was 1.5. The results of

this experiment confirmed the effectiveness of sequential measurement.

Table B-2 Experimental specifications (one arrival wave)

Array form T-shaped array antenna (5 + 1 elements)

Number of virtual planar array elements

5 X 4 (28 elements)

Number of subarray elements

3 x 3 (9 elements)

Interval between elements 0.45 A
Number of arrival waves 1
Sampling frequency of ADC 20 dB
Radio frequency 2 GHz
Intermediate Frequency 40 MHz
Number of snapshots 2000
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Fig. B-3 Schematic view of experiment (one arrival wave)
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Then, experiments were conducted to examine the case of two arrival waves. The angle
difference between the two arrival waves was 30°. The other specifications were the same as in
the above experiments. Fig. B-5 shows the experiment results. It was confirmed that two arrival

waves could be distinguished and estimated. These results confirmed the effectiveness of

sequential measurement.
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Fig. B-5 Results of DOA estimation (two arrival waves)

B.4 Conclusions

This appendix described evaluation of the influences of position and shifting errors during DOA
estimation determined by simulations and experiments. These results confirmed that DOA can

be estimated using a virtual planar array with sequential measurements.
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