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ABSTRACT

IMPLEMENTATION AND PERFORMANCE EVALUATION OF A
THREE ANTENNA DIRECTION FINDING SYSTEM

Arslan, Omer Cagri

M. Sc., Department of Electrical and Electronics Engineering

Supervisor: Prof. Dr. Temel Engin Tuncer

October 2009, 104 pages

State of the art direction finding (DF) systems usually have several antennas in
order to increase accuracy and robustness to certain factors. In this thesis, a three
antenna DF system is built and evaluated. While more antennas give better DF
performance, a three antenna system is useful for system simplicity and many of the
problems in DF systems can be observed and evaluated easily. This system can be used
for both azimuth and elevation direction of arrival (DOA) estimation. The system is
composed of three monopole antennas, an RF front end, A/D converters and digital
signal processing (DSP) units. A number of algorithms are considered, such as, three
channel interferometer, correlative interferometer, LSE (least square error) based
correlative interferometer and MUSIC (multiple signal classification) algorithms.
Different problems in DF systems are investigated. These are gain/phase mismatch of
the receiver channels, mutual coupling between antennas, multipath signals and multiple

sources. The advantages and disadvantages of different algorithms are outlined.

v
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0z

UC ANTENLI YON KESTIRME SISTEM UYGULAMASI VE
PERFORMANS ANALIZI

Yiiksek Lisans, Elektrik ve Elektronik Miithendisligi Boliimii

Tez yoneticisi: Prof. Dr. Temel Engin Tuncer

Ekim 2009, 104 sayfa

Yon kestirme sistemleri, dogruluk oranimi belirli miktarda arttirmak ig¢in
genellikle birden fazla antene sahiptir. Bu tezde, Ug¢ Antenli Yén Kestirici yapilmis ve
performans degerlendirmesi anlatilmigtir. Cok antenli yon kestirme sistemleri daha iyi
performans gostermesine karsin, lic antenli yon kestirme sistemi, daha sade olmasi
yoniliyle kullanighdir ve bu sistem kullanilarak yon kestirme sistemlerinde goriilen
sorunlar kolayca gozlenip degerlendirilebilir. Bu sistem, gelis yOniiniin yanca ve
yiikseklik agilariin hesaplanmasi i¢in kullanilabilir. Sistem {i¢ monopol anten, RF
boliimii, analog/sayisal ¢eviriciler ve sayisal sinyal isleme birimlerinden olusmaktadir.
Ug kanalli enterferometre, bagintili enterferometre, LSE tabanli bagintili enterferometre
ve MUSIC algoritmalar1 incelenmistir. Yon kestirme sistemlerinde goriilen cesitli
sorunlar arastirilmistir. Bu sorunlar, alma kanallarinin kazang/faz uyumsuzlugu, antenler
arasindaki karsilikli baglasim etkisi, birden fazla sinyal yolu ve birden fazla sinyal

kaynagidir. Degisik algoritmalarin avantaj ve dezavantajlar belirlenmistir.

Anahtar Kelimeler: Ug Kanalli Enterferometre Algoritmasi, Bagmtili Enterferometre
Algoritmasi, LSE Tabanli Bagintili Enterferometre Algoritmasi, MUSIC Algoritmasi,
Faz Farki, Kazan¢-Faz Uyumsuzlugu, Karsilikli Baglasim Etkisi

vi
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CHAPTER 1

INTRODUCTION

Direction finding (DF) has been an important issue since the directional property
of radio waves was discovered. During the twentieth century, the area of the direction
finding has grown and evolved. Today, direction finding plays a major role in the
broader areas of radiolocation and radio navigation. Numerous techniques have been
formulated, and many operational systems have been developed to satisfy a wide variety
of technical and operational requirements. The practical applications of direction finding
systems are numerous such as; radio navigation, search and rescue services, signal
direction finding and location systems, homing systems, warning systems, radio

astronomy and smart antennas.

There are several direction finding systems that have been developed last
century. Pseudo-Doppler, Watson-Watt, Brueninger and Interferometer direction finding
systems are the examples of various direction finding systems. Moreover, new
generation DF systems which use superresolution methods become popular recent years.

MUSIC algorithm can be classified as one of the superresolution DF methods.

The Pseudo-Doppler direction finding system is a phase measurement system
and it is sometimes described in terms of rotating antenna and the Doppler effect [1].
This system measures signal phase changes using commutated sequential elements
located on the circumference of a circle [1]. The direction of arrival of a signal can be
determined by moving an antenna in the circle in the horizontal plane and noting the
phase change that results [2]. Phase change at a rate of 2m radians per second is
equivalent to a Doppler frequency shift of one Hertz. When the antenna is moving

directly toward or away from the target the rate of the phase change is maximum and



will produce a maximum frequency increase (toward) or decrease (away), with zero

frequency shift when the antenna is moving tangential to the wave equiphase lines [2].

The Watson-Watt direction finding system is a simple amplitude comparison
scheme using two orthogonal Adcock beamforming arrays. Each Adcock array is made
of two dipole elements that are phase reversed to create a figure “8” beam pattern. The
optimal array spacing is about A/8 with relatively short dipole element lengths [1]. The
Watson-Watt Adcock DF process uses two orthogonal Adcock arrays nicknamed the
“sine” and “cosine” receiver channels, where the angle of arrival is estimated by taking
the arctangent of the voltages from these two RF channels. The Watson-Watt DF
process has two fundamental problems: first, the correct quadrant of the azimuth cannot
be determined uniquely, and second, the arctangent approximation deviates as the array

diameter to signal wavelength ratio changes [1].

The Brueninger direction finding system corrects the deficiencies of Watson-
Watt direction finding system [1]. In the Brueninger direction finding system, a sense
antenna is used to distinguish signal phase that resolves line of bearing (LOB) quadrant
ambiguities. The omni antenna may be a separate antenna or can be formed from the
sum of all four Adcock elements [1]. Moreover explicit phase-amplitude correlation

methods are used instead of taking arctangent of voltages [1].

The interferometer DF system makes a direct measurement of the phase
differences between two or more points on the wavefront and converts the phase
information into angle of arrival [2]. Interferometer direction finding systems investigate
the time differences of arrival of the signals by calculating the phases of the channel
signals which are received at different antennas. The phase information of the distinct
channels are processed by using various direction finding algorithms to find the
direction of arrival. Literature survey shows that direction finding performance of the
interferometer direction finding system is affected by mutual coupling between the
antennas [3]. The performance of a multi channel direction finding system is

considerably affected by the electromagnetic characteristics of the antenna array [4]. The



effects of the mutual coupling among antenna elements are significant and become more
drastic as the interelement spacing drops below half a wavelength [5]. The performance
of a multi-channel direction finding system may be degraded significantly when the
effect of the mutual coupling is ignored [6]. The effects of mutual coupling should be

investigated and taken into account when direction of arrival calculations are conducted.

One of the widely used interferometers is the correlative interferometer. This
interferometer compares the measured phase differences of the receive channel signals
with pre-measured sample space of signal phase differences for possible direction of
arrivals [7]. Maximum correlation between the phase measurements and the sample
space reveals the DOA [7]. In the correlative DF systems, the effects of mutual coupling
and gain/phase mismatch are automatically included in the DF calculations by using pre-
measurement method so that the DF performance of correlative interferometers is better
than the standard interferometers. Consequently, correlative interferometers have
become one of the most preferred commercial DF systems because of their sufficient

accuracy.

MUSIC algorithm, forms a spectral estimator by using eigen analysis of the
received signals. In this superresolution method, the DOA is obtained from the
characteristics of the spectral estimator. Maximum value of the spectral estimator
corresponds to the DOA of the incident signal. Moreover, the MUSIC algorithm makes
it possible to determine the DOA of the multiple signals. In this case, the estimator has
more than one peak which correspond to DOA of different signals. However, the

MUSIC algorithm breaks down in the case of coherent signals [8].

1.1  Scope of the Thesis

The main purpose of this study is to design and implement a three antenna
direction finding system. It is aimed to implement various direction finding algorithms

and evaluate the DF performance of the system for different algorithms. It is also aimed



to investigate the mutual coupling, gain/phase mismatch, multipath signals and multiple

signal effects on the three antenna direction finding system.

The implementations of three channel interferometer algorithm, correlative
interferometer algorithm, LSE based correlative interferometer algorithm and MUSIC
algorithm are accomplished. Root mean square error (RMSE) of DOA estimations are
determined for each DF algorithm under the cases of single signal transmitter, multi
signal transmitter and multipath signals. In addition, the effect of mutual coupling on the
three antenna system is examined when the element distances are A and A/2 and when

there is a signal reflection near the antennas.

1.2  Outline of the Thesis

The direction finding algorithms are given in Chapter 2. Hardware and software
design of the three antenna system is explained in Chapter 3. The effects of mutual
coupling and gain phase mismatch are given in Chapter 4. The performance evaluation

of the system is described in Chapter 5.



CHAPTER 2

ALGORITHMS FOR DIRECTION FINDING

In this chapter, implemented direction finding algorithms in the system are
investigated. Three channel interferometer algorithm, correlative interferometer
algorithm, LSE based correlative interferometer algorithm and MUSIC algorithm are

explained.

The organization of this chapter is as follows: In Section 2.1, implemented DF
algorithms in the three antenna DF system are briefly described. In Sections 2.2, 2.3, 2.4

and 2.5 these algorithms are explained in detail.

2.1 An Overview of DF Algorithms

In the three antenna DF system, different DF algorithms are implemented to
acquire information about the DOA of the incident source signal. The algorithms are
based on determining the relation between the phase differences of the channel signals
and the direction of the signal. When the antennas of the system are located at different
points with respect to the signal transmitter, the arrival time of the source signal differs
for each antenna. Time difference of the signal arrival causes phase differences for the
receive channels and DF algorithms use this fact to obtain the DOA. Three channel
interferometer algorithm uses the relation between the phase difference information of
each channel signal with the antenna spacing. The correlative and the LSE based
correlative interferometer algorithms depend on the comparison of the measured phase
differences with a sample space that is constructed in an ideal field. In the MUSIC

algorithm, the spectral analysis of the channel signals that are received from each of the



antennas is realized to find the DOA of the source signal. Moreover two source signals

can be determined in the three antenna DF system by using MUSIC algorithm.

The constructed DF system is adjusted to receive signals at 446MHz frequency
and the antennas of the system are located at the A/2 equal distances with respect to each

other.

Received input signal model is,

x(t)=As(t)+v(1) , (2.1)

where x(2) is the received input signal vector, 4 is the steering matrix, s(z) is the incident
signal vector and v(?) is the noise vector at the antennas. It is assumed that signals and

noise are uncorrelated and the elements of the noise vector are zero mean and they have

. 2
variance value of o~ .

2.2 Three Channel Interferometer Algorithm

Three channel interferometer algorithm determines the DOA information by
direct phase comparison of the subject signal received by separate, disposed antennas
[9]. When the antennas are located at different points, phase difference emerges between
receiver channels. In other words, the phase differences between each received signals
are related to the direction of the signal transmitter. Three channel interferometer
measures the DOA by using the relationship between phase difference of channel signals
and DOA. Three antennas are located in the x-y plane and x-z plane as illustrated in

Figure 2.1.
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Figure 2.1 — Three Channel Interferometer Antenna Placement

In Figure 2.1, d is the distance between the antennas, @ is the azimuth angle of
the DOA. The angle between the y-axis and the second antenna is B and similarly the
angle between the y-axis and the third antenna is 8 and B is equal to 30°. The coordinates

of the second and the third antenna are (x,,y,) and (x;,y;), respectively. The first

antenna is located at the origin of the interferometer system and 0 represents the

elevation angle of the DOA.

If the first antenna is at the origin, and there is only one signal, the received

signals for the antennas can be written as,

x, (1) s()
x)=|x,)|=|s() exp(j%z(—d cosgsin@sin f+dsingsinfcos f)) |, (2.2)
%s(0) s(t)exp(j 27” (d cos@sin@sin S + d singsin @ cos 3))



where x(?) is the received signal vector, x,(¢),x,(¢#) and x,(¢#) are the signals on

Antenna-1, Antenna-2 and Antenna-3 respectively.

When the phase of the first antenna signal, x,(¢), is taken as a reference, the

phases of the antenna signals can be written as,

) 0
o= D, | = 27ﬂ(—dcos¢sin¢9sinﬂ+dsin¢sinﬁcosﬂ) , (2.3)
)

277[(41’ cos¢sin@sin B+ d sin gsin @ cos )

where @ is the signal phase vector,®,,®,and ®, are the phases of the signals on

Antenna-1, Antenna-2 and Antenna-3 respectively.

The signal phase difference of the Antenna-2 and the Antenna-1 can be

calculated as,
2, . . .
D, -, :7ds1n A(sin ¢ cos S —cos¢@sin 7). (2.4)

The signal phase difference of the Antenna-3 and the Antenna-1 can be

calculated as,
2, . . .
D, -, :761 sin @(sin g cos f+cosgsin ). (2.5)

The ratio of the sum and difference of the expressions (2.4) and (2.5) can be

written as,



4 . .
(@3_@1)+(®2_®1)=7(dsm9sm¢cosﬂ) | 06
(@, - D)= (P, -D)) 4/;[(61’ sin @sin f cos ¢)
A new parameter, ¥, can be defined by using the expression, (2.6), as,
(D, D) +(D,-D,) cosPsing 2.7

(@,-D)—(D,-D,) sinBcosg

It is clear that the azimuth angle of the DOA,¢#, can be derived from the

expression, (2.7), as,
@ = arctan(Y tan(f)) . (2.8)

The three channel interferometer algorithm calculates the azimuth angle of the
DOA by using the expression, (2.8), which shows the relationship between the azimuth

angle and the signal phase differences.

A parameter, P, can be defined by using the signal phase differences as,
P={(®, D)+ (D, —D))sin(B)}" +{((, @)~ (P, ~ D)) cos(S)}*. (2.9)

The parameter, P, is equal to,

2

2
P (%dsin@cosﬂsingﬁsinﬂj +(477zdsin6’sinﬂcos¢cosﬁ] . (2.10)

The expression, (2.10), can be modified as,



2

2
P (%stinecos,b’sinﬂj (sin2¢+cos2¢)=(47”dsin9005,35in,3j - (21D

It is clear that the elevation angle, &, of the DOA can be derived from (2.11) as,

JP

6 = arcsin 7] . (2.12)
Tﬁd cos fsin

The three channel interferometer algorithm calculates the elevation angle of the
DOA by using the expression, (2.12), which shows the relationship between the

elevation angle and the signal phase differences.

2.2 Correlative Interferometer Algorithm

The correlative interferometer algorithm is based on comparing the measured
signal phase differences with a sample space which contains the set of phase differences
of channel signals for the possible signal directions [7]. Maximum correlation between
the sample space and the phase measurement indicates the corresponding DOA of the
signal. The sample space is created by recording phase differences of the channel signals
in a matrix whose columns represent different DOA’s in an ideal field. Measured phase
difference vector is compared with the columns of the sample space matrix. The column
which has maximum correlation with the measured phase difference vector is designated

to find the DOA [7].

A particular signal phase difference vector of the sample space is represented as,

D,,(4,0,)
@(¢.0,)=| D, 4(4.0)) |, (2.13)
@, ,(¢.0))
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where ®(¢,,0,) is signal phase difference vector, @,  (4,6,) is the signal phase
difference of channel k and m at ¢, azimuth angle and 6, elevation angle. k=1, 2 and m

=2,3.

The sample space is measured in an ideal field with an azimuth angle interval of

A¢ covering 360° degrees [7] and with an elevation angle interval of A& covering 180°
degrees. A¢g and A€ indicate the resolution of the sample space. When the values of
A¢ and A6 decrease, the resolution of the sample space and the DF accuracy of the
correlative interferometer algorithm increase. In this work, A¢=5° covering 360° and

A@=7.5° covering 15°. For each elevation angle 72 different channel signal phase
difference vector set is obtained. Totally 216 different signal phase difference vectors
are obtained. In other words, measured sample space has 216 signal phase difference

vector sets.

In order to improve the DF accuracy, measured sample space can be expanded
by an interpolation method. In this work, cubic spline interpolation is used. The azimuth
and elevation angle accuracy of the sample space is increased by the interpolation
method so that new sample space covers more signal phase difference vector sets than
the measured sample space. Consequently, the measured signal phase differences can be
compared with more sample space vector sets by using interpolation method and the

DOA calculation accuracy is increased.

For the three channel direction finding system the measured signal phase

difference vector is represented as,

D, ,(4,0)
D, (4,0)=| ©,5(¢,0) |, (2.14)
D, 5(¢,0)
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where @, is measured channel signals phase difference vector, @,  (¢,0) is the signal

phase difference of channel £ and m at ¢ azimuth angle and & elevation angle. k=1, 2

and m =2, 3.

Correlation of the measured phase difference vector, ®@,.(¢,0), and a sample

space vector is obtained by using the expression (2.15),

- (©,(4,9)) ©(4,6)) | 015)

" @,0.0) ©,0.0)(06.0)) @.0)

where R, ; is the normalized correlation of ®,(¢,0) and ®(4,0,).

Maximum value of R, ; is equal to the maximum correlation of the measured

phase difference vector and a sample space vector. The azimuth and the elevation angle
values which cause maximum correlation in (2.15), corresponds to the DOA of the

signal.

2.3 LSE Based Correlative Interferometer Algorithm

In the LSE based method, the DF algorithm computes the vector difference (i.e.,
vector error), and searches for the LSE between the measured vector and each of the

sample space vectors [10].
For the LSE based correlative interferometer algorithm sample space of the

correlative interferometer algorithm is used and error vector set is obtained by

subtracting columns of the sample space from the measured vectors as,

q)E(¢i’Hj):®T(¢99)_®(¢i56j)9 (216)
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where @ ,.(4,,0,) is error vector, @, (¢4,0) is the measured phase difference vector and

O(g,,0,) is the sample space vector.

The least square cost function for the LSE based correlative interferometer [10]

18,
G($,0,) = (P ($,,0,) Rys ©,(4,,6,). (2.17)

Maximum value of the least square cost objective is searched to identify the

DOA [10], i.c.,

G(¢M 56M) :argmaX G(¢i=0/)a (218)
4:9; '

where G(4,,,0,,) 1s the maximum value of the least square cost objective at ¢,, azimuth

and 6,, elevation angles which are considered as DOA of the signal.

2.4 The MUSIC Algorithm

The MUSIC algorithm is based on eigenvalue decomposition, which is also
called a subspace-based method [11]. MUSIC is a superresolution direction finding
algorithm. The main difference between MUSIC and the previous methods is the fact

that MUSIC algorithm can be used to find the DOA of the multiple signals.

For an M element array with D incident signals, the received signal model can be

represented as,

x(t)=As(t)*n@t) t=12,...N, (2.19)
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where x(1)=[x,(¢),...,x,,(¢)]" is the received input data vector, 4 is the steering matrix,
s()=[s,(?),....,s, ()" is the incident signal vector, n(t)=[n,(t),...,n, (t)]" is the noise

vector and N is the number of samples.

If the mutual coupling between antennas is taken into account, the received

signal model can be represented as,
x(t)=CAs(t)+n(t) t=1,2,...N, (2.20)
where C is the mutual coupling matrix.

The steering matrix, 4, is M xD and it is composed of D steering vectors. The

steering matrix can be written as,
A=[a(¢.6) a($,,0,) ... a($,,0,) ... a($,.0,) 1], (2.21)
where a(¢,,0,) is the steering vector for the j-th incident signal.

The steering vector, a(@,0) , can be represented as,

71{27”(,“ sin @ cos g+, sin gsin 6+z cos&)j
e

,j[zjﬂ(xz sin @ cos g+ y, sin gsin 6+z, cosﬂ))

a($,0)=| € : (2.22)

—j[%(x‘w sin@cosg+y,, singsinG+z,, Cosé’))
e

where A is the wavelength of the signals, x,, y, and z, are the coordinates of the array

elements fori=1,....M .

14



The covariance matrix of the received signal [12] is,
R_=E{x(t)x(1)" }=AR A" +5°I, (2.23)

under the assumption that signals and noise are uncorrelated. Also noise is zero mean

with a variance of o [11]. I is identity matrix and R  is the correlation matrix of the

incident signals. It is assumed that R  is of full rank D [12].

Covariance matrix can be expressed in terms of its eigenvalues, 4 , and

eigenvectors, e, [12] as,
M
R.=> 1, ¢, e "=VaV", (2.24)

where A=diag{ 4,,...,4,, } is the eigenvalue matrix and V is the eigenvector matrix. The

eigenvalues of the covariance matrix are real and positive, arranged in descending order

[12].

The eigenvalues A of the covariance matrix [12] are,
A, >0’ form=1,.,D,and A, =0c form=D+1,..M. (2.25)

As given in (2.25), the M—D smallest eigenvalues of R _ are equal to o, and
the eigenvectors e, , m=D+1, ... ,M corresponding to these eigenvalues span the noise

subspace. The D steering vectors that make up A lie in the signal subspace and are hence

orthogonal to the noise subspace [8], [12].

The number of incident signals can therefore be determined by inspection of the

magnitudes of the eigenvalues [11].
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Consequently, the covariance matrix can be partitioned into D-dimensional
subspace spanned by the incident signal mode vectors and M —D dimensional subspace

spanned by the M — D noise eigenvectors [12], i.e. ,

R =V AV I+V AV ", (2.26)

where V' is the M x D signal subspace and V', is the M x (M —D) noise subspace [12].

The MUSIC algorithm uses fallowing steps to find the DOA. First, the
covariance matrix given in (2.24), is computed and the minimum eigenvalue of the
covariance matrix of the observations as well as the number of eigenvalues equal to this
value are determined. Second, the noise subspace of the eigenvectors associated with

this minimum eigenvalue is formed, and then the spectrum, P(¢,0), of the incident

signals is estimated by using noise subspace and steering vectors [8], [12].

The spectrum, P(¢,6) , of the incident signals is,

1

PO = 00 77 a60)

(2.27)

where a(@,0) is the steering vector and V, is the matrix that contains the noise

eigenvectors [12].

The DOA of signal sources is determined by finding the values of ¢ and € that
gives the maximum P(¢,0)result [11]. The number of the peaks of the spectrum,

P(¢,0), gives the number of the incident signals [8], [12].

When the mutual coupling effect is considered, the expression of the spectrum

estimation becomes,

16



1

PO G 0C, VTC ap0)

(2.28)

The compensation of the mutual coupling effect can be realized in the MUSIC
algorithm by using (2.28). This new spectrum estimation takes into account the mutual
coupling and it is expected that this estimator improves the accuracy of the DOA

estimation.
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CHAPTER 3

THREE ANTENNA DIRECTION FINDING SYSTEM

In this chapter, hardware and software design of the three antenna direction
finding system are explained. The hardware is described in three main parts; antenna, RF
front-end and digital baseband processing. In the software part, DSP and FPGA

program codes are presented.

This chapter is organized as follows: In Section 3.1, the hardware of system is

explained. The software of the system is discussed in Section 3.2.

3.1 Hardware

The hardware of the three antenna direction finding system is composed of three
antennas, an RF front-end and a digital baseband processing part. RF front-end part is
responsible for converting the input RF signals received by antennas to IF signals which
are sent to digital baseband processing part. To produce the IF signal, the combination of
amplifiers, filters and mixers are used in the RF front-end. In the digital baseband
processing part, analog to digital conversion and digital signal processing are realized.
The RF front-end is connected onto the processing board by using PCB (printed circuit
board) connectors as shown in Figure 3.1. The block diagram of the system hardware is

shown in Figure 3.2.
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Figure 3.1 — RF Front-End and the Processing Board

RF FRONT-END
Antenna-1 DIGITAL BASEBAND PROCESSING

— -1 Channel-1 -4
L AD 4
Antenna-2 . C t
omputer
L1 -1 Channel-2 |- p {1 AD -1 FPGA -1 DSP [-1—» Inter?ac:e
Antenna-3 j’— { AD -
— -1 Channel-3 -

Figure 3.2 — Three Channel Direction Finding System Block Diagram
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3.1.1 Antenna

In the DF system, AC MARINE ZS-C-0320 normal mode helical antennas are
used. The helical antenna can be considered as a vertical array of loops, at least for the
case when the diameter of the helix is small compared to a wavelength [13]. The result is
normal mode radiation with higher gain than a single loop, providing an omnidirectional
antenna with compact size and reasonable efficiency [13]. Moreover the normal mode
helical antennas are useful as short, vertically polarized radiators, similar to the
monopoles and they are widely used in portable systems, primarily because it can be

shorter than A/4 monopole [14], [15]. The antenna can be seen in Figure 3.3.

Figure 3.3 — Antenna of the Direction Finding System
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The length of the antennas are 7042 mm and their polarization is vertical. The
antennas can operate properly at 435MHz-470MHz frequency range and their

impedances are 50 Q.

In the datasheet of the antenna AC MARINE ZS-C-0320, it is claimed that the
antenna has a VSWR (voltage standing wave ratio) value which is smaller than 2 at
446MHz operating frequency. The VSWR characteristics of the antenna is given in
Figure 3.4.

File “iew Channel Sweep Calibration Trace Scale Marker Sypstem Window Help

Marker 1 of 3 Marker 2 | 470000000000 MH E b arker 1 “
I 11.00 1: 4DB.DDDD$D FMHz 245211
=2 [|T0.000000 MH= 2.54?){

\ /

9.00
3.00

.00 \ /
5.00

5.00 \
4.00 \
3.00 1 22
2.00 \i jx
1.00 \./

Ch1: Start 100.000 kMHz  — Stop 600000 kMHz

Statuz CH1: 511 Memam | C 1-Part LCL

Figure 3.4 — The VSWR Plot of the Antenna

The antenna is simulated in the CST Microwave Studio simulation tool to

observe the antenna radiation pattern characteristics. The radiation pattern of the antenna
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is investigated in elevation pattern and azimuth pattern parts. The elevation pattern is
shown in Figure 3.5 and in Figure 3.6, for the theta values of 0° to 90° at phi is equal to
90° and 270° and at phi is equal to 0° and 180° respectively. The simulations are

conducted with infinite ground plane.

Farfield 'farfield (f=446) [1]' Gain_Abs(Theta]
0
10

Phi=270

a0 a0

Frequency = 446

Main lobe magnitude = 5.4 dB
Main lobe direction = 90.0 deg.
Angular width [3 dB]) = 44.1 deg.

Figure 3.5 — The Elevation Pattern for Phi is 90° and 270°
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Farficld 'farficld (f=446) [1]' Gain_Abs(Theta)

10

Phi=180

90

q0

Frequency = 446

Main lobe magnitude = 5.4 dB
Main lobe direction = 90.0 deg.
Angular width [3 dB]) = 44.1 deg.

Figure 3.6 — The Elevation Pattern for Phi is 0° and 180°

The azimuth radiation pattern of the antenna for the phi values of 0° to 360° at

theta is equal to 90° is shown in Figure 3.7.
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Farficld "farficld [f=446) [1] Gain_Abs{Phi): Theta= 90.0 deg.

q0

Frequency = 446
Main lobe magnitude = 5.4 dB
Main lobe direction = 357.0 deg.

Figure 3.7 — The Azimuth Pattern for Theta is 90°

The helical antenna behaves more like a dipole or monopole with a ground plane
antenna [16]. By using a ground plane, the image theory can be applied to the antenna
with a length of /. It can be considered to be equivalent to dipole with length 2/ in free
space [17]. The current distribution along the pole is the same as the dipole, thus the
radiation pattern is the same above the ground plane [16]. The ground plane which is
used in the system is 25cm x 25cm metal plate. The antenna with the ground plane is

shown in Figure 3.8.
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Figure 3.8 — Antenna with the Ground Plane

3.1.2 RF Front-End

RF signal is received and converted to IF in the RF front-end part. The RF front-
end has three receive channels each of which is connected to distinct antennas. Receive
channels are calibrated to receive 446MHz channel signals and to obtain 21.4MHz IF
signals. In each receive channels, signal amplifying, filtering and mixing processes are
realized for the RF to IF conversion and each receive channel uses the same clock source

to obtain phase matching. The RF front-end block diagram is shown in Figure 3.9.
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RF FRONT-END

Receiver-1
-"a'.mplif;.:'i|_1g|. Filtering | Channel - 1
Antenna - 1 Hixing IF Signal
Receiver-2
| Amplifying, Filtering |_ % ___ Channel - 2
Wibing 2 ” IF Signal
Antenna - 2
Receiver-3
| Amplifying, Fittering |5 ___| = Channel - 3
Antenna - 3 fibing IF Signal
TCXO
Clock Source

Figure 3.9 — RF Front-End

In receive channels, the input signal is amplified by a low noise amplifier which
gives 20dB gain to the signal with a noise factor of 8dB. Amplified signal is then filtered
by a filter which passes the signals between 438MHz and 454Mhz. The output of the
filter is connected to a mixer to decrease the frequency of the signal to 21.4MHz. The
signal is multiplied by 467.4MHz for obtaining 21.4MHz IF signal. This part can be

seen in Figure 3.10.
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Mixer

Amplifier Filter
20dB Gain P 438MHz - 454MHz

Antenna

467 4 MHz

Figure 3.10 — RF Amplifying-Filtering-Mixing Part

The output of the mixer is connected to the second part which is composed of an
attenuator, amplifier, narrow band filter and AGC (automatic gain controller)
combinations. In this part, the amplitude of the signal is controlled by the AGC and the
signal is filtered by a narrow band filter which passes the signals between 21.35MHz
and 21.45MHz. The AGC system holds the magnitude of the IF signal output at the
value of -6.47dBm by using attenuator and amplifier combination. The AGC system can
attenuate the IF signal by 40dB or amplifies the signal by 100dB to hold the signal
constant at -6.47dBm magnitude value. The narrow band filter which has 100KHz 3dB
bandwidth is used at the end of this part. The block diagram of AGC and narrowband
filtering part is shown in Figure 3.11.

Fitenueioe Variable Amplifier Filter
—p— Variable Gain |- 0dB 1o 100dB 1 21 35MHz - 21 45MHz (™ AGC  |[—# IF Signal

-2dB to -40dB

F 3 F 3

F 3

Figure 3.11 — AGC System of the RF Front-End
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The RF front-end is sensitive to RF signals which have minimum magnitude
value of -115dBm. The overall dynamic range of the RF front-end is -115dBm to
+15dBm. The signals which are in the dynamic range of the RF front-end can be held at
the magnitude value of 6.47dBm.

One of the receivers in the RF front-end part is shown in Figure 3.12.

Figure 3.12 — RF Receiver

3.1.3 Digital Baseband Processing

In the digital baseband processing part, analog IF signals are digitized and
processed to obtain phase differences of channel signals. Digital baseband processing is
realized in a DSP based board which is mainly composed of ADC’s, FPGA, DSP and

UART transceiver. The processing board has connection with a computer to monitor the
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process results and to send commands which determine the direction finding algorithm

type.

In the processing board, three identical MAXIM MAXI1449EH] ADC’s
simultaneously digitize the incoming analog IF signals and send digital data to XILINX
XC3S1000 FPGA. Three ADC’s and the FPGA have parallel interfaces for transferring
the data from ADC’s to FPGA so that data is accumulated in the internal dual port RAM
of the FPGA. As a signal processor TEXAS INSTRUMENTS TMS5509A Fixed Point
DSP is used in the board. Digitized signal is read by the DSP from the FPGA’s dual port
RAM when DSP is ready to process the data. After signal processing is completed,
results are sent to TEXAS INSTRUMENTS TL16C750CIPM UART transceiver. The
UART transceiver has an external interface with a computer via MAXIM MAX3237
RS232 driver so that the processing results can be monitored on the computer screen.

The processing board block diagram is shown in Figure 3.13.

Channel-1

Signal ADC
Channel-2 ADC _ FPGA . DSP

Signal i XC351000 TIMS55094
Ghe_mneI-B ADC

Signal ¥

UART Computer
TRANSCEIVER Interface

Figure 3.13 — The Processing Board Block Diagram

Required voltages for the processing board are 3.3V, 2.5V, 1.6V and 1.2V. These
voltages are produced by using six different voltage regulators whose inputs are 5V

input voltage. 3.3V is produced by MAXIM MAXI1904ETJ, 2.5V and 1.8V are
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produced by MAXIM MAXI1793EUE-33 regulators whereas 1.2V is produced by
MAXI1830EEE regulator. The input voltage of the MAX1793EUE-33 regulators and
MAXI1830EEE regulator is also 5V input voltage. The production of the board voltages

is shown in Figure 3.14.

MAX1904ET) — 3.3V

MAXATISEUE-33 —e 25V

5V e——
Input Voltage

MAXTTO3EVUE-33 —e 16V

MAX1830EEE ——e 1.2V

Figure 3.14 — Voltage Production

The reset signal for the DSP is produced by MAXIM MAX6707KA-T reset
controller. DSP operating voltages 3.3V and 1.6V are monitored at the reset controller’s
input. If these voltages drop below the 3.08V and 1.4V, reset signal is produced at the
controller output so that DSP software is restarted. Moreover during the power up

period, reset signal is sent to the DSP and the FPGA by the reset controller for
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initializing the software in the chips. Connections of the reset controller can be seen in

Figure 3.15.

TM55509A D5SP

MAXETOTKA-T
RESET 2 I
CONTROLLER eset Input
3.3V — Vin-1
Out
. - Reset KC351000 FPGA
1.6V — Vin-2 Output
Reset Input
(GPIO)

Figure 3.15 — Reset Controller

The clock of the board is supplied by 24MHz EC54 SMX7 clock oscillator and
LINEAR TECHNOLOGY LT1719 square wave generator. 24MHz clock signal is
obtained from the output of the square wave generator which is connected to AMI
FS6377-01 PLL to produce clocks for DSP, UART transceiver and clock buffer. Output
clock signals of the PLL are 24MHz DSP clock signal, 3.072MHz UART transceiver
clock signal and 24MHz clock buffer input signal. Clock buffer output of the PLL is
connected to a zero delay buffer CYPRESS CY2308SI to feed each ADC’s and FPGA
with the same clock. Since the clock buffer is zero delay, it does not cause any undesired
phase skew between the ADC’s clock signal. Moreover the clock signal routes of each

ADC on the PCB are designed identical in length, in shape and in thickness to obtain
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clock phase matching between all of three ADC’s. In other words ADC’s are all
matched in terms of the clock source. CY2308SI clock buffer doubles the clock signal
frequency which means that clock frequency of ADC’s and the FPGA is 48MHz. The

block diagram of the clock circuit is shown in Figure 3.16.

EC54 SMXT I —— DSP Clock
24Nhz Clock |-» w| F36377-01 | :
Oscillator Comparator PLL —*— UART Transceiver Clock

—»— FPGA Clock
CY23085] —»=— ADC1 Clock
Clock Buffer | »— ADC? Clock

—— ADGC3 Clock

Figure 3.16 — Clock Circuit Block Diagram

The analog IF signals are digitized by three identical 10-Bits MAX1449EH]
ADC’s which are working with 48MHz sampling frequency [18]. The operating
voltages of ADC’s are 3.3V and the clock signals of each ADC are obtained from the
zero delay clock buffer CYPRESS CY2308SI.

The SINAD (signal to noise plus distortion) value of the DF system, including
the RF front-end and processing parts, is 52dB. The ENOB (enable number of bits)
value is calculated by using the SINAD as,

SINAD —1.76
6.02 )

ENOB = 3.1)

The required ENOB value for the DF system is calculated as 8.345 bits by using
(3.1). 10-Bits MAX1449EHJ ADC’s are used in the system because they have ENOB
values of 9.358 at 21.4MHz input frequency [18].
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Analog IF signals which have center frequency of 21.4MHz are sampled at
48MHz which is over the Nyquist rate so that problem of aliasing is prevented [19].

According to the Nyquist theorem [20],

/s
2

> f., (3.2)

where £, is sampling frequency and f, is maximum frequency of the analog IF signal.

A parallel data interface is used to transfer digital data from ADC’s to FPGA.
Since the FPGA is using the same 48MHz clock source with the ADC’s, it can
simultaneously store all of the three channel’s digital data. At each clock cycle 10-Bit
data is received by the FPGA. For storing the data, FPGA’s internal dual port RAM is
used. The total size of the internal dual port RAM is 432-Kbits which is adequate to
buffer the data before it is received by the DSP [21]. ADC and FPGA data interface is

shown in Figure 3.17.
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-
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Figure 3.17 — ADC and FPGA Data Interface

For each processing cycle, 250 samples of the analog IF signal is used in the
DSP. When DSP is ready to process, stored data is sent to DSP by using the parallel
interface of the DSP and the FPGA. The interface has 10-Bits length data bus, 20-Bits
length address bus, a chip enable (CE) signal, an output enable (OE) signal and a write
enable (WE) signal. The interface of the DSP and the FPGA can be seen in Figure 3.18.
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GPIO
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GPIO
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CE

OE

WE

Figure 3.18 — FPGA and DSP Interface

the board is powered on.
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The operating voltages of the FPGA are 3.3V, 2.5V and 1.2V. I/O’s
(Inputs/Outputs) of the FPGA are fed with 3.3V, whereas, the core of the FPGA operates
with 2.5V and 1.2V. For loading the software to the FPGA, XILINX XCF04SVO20
PROM is used. The software of the FPGA is loaded to PROM. When the board is
powered on, FPGA is booted by the PROM.

Signal processing operations are realized in the fixed point DSP TMS5509A. The
DSP has a parallel interface with AMD AM29LV160DT-90EI Flash ROM as shown in
Figure 3.19. The interface has 16-Bits length data bus, 20-Bits length address bus, a chip
enable (CE) signal, an output enable (OE) signal and a write enable (WE) signal. By
using the parallel interface the software of the DSP is loaded from the flash ROM when




TMS5509A

AM29LV1600T-90EI

DSF FLASH ROM
16-Bit
Data Bus Data Bus Data Bus
D(0-15) D(0-15)
20-Bit

Address Bus
A(1-20)

CE1

QE

WE

Address Bus

Address Bus
A{1-20)

CE

QE

WE

Figure 3.19 —DSP - Flash ROM Interface

DSP has a parallel interface with TL16C750CIPM UART transceiver to send
DOA (direction of arrival) information and to receive commands from the computer.
The interface has 8-Bits length data bus, 3-Bits length address bus, a chip enable (CE)

signal, an output enable (OE) signal and a write enable (WE) signal as shown in Figure

3.20.
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TIMS5509A TL16CTE0CIPM

D5P UART TRANSCEIVER
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D{0-7} Data Bus
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A{1-3) Address Bus
CE CE
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'|.."'|..rE '|.."'|..rE

Figure 3.20 — DSP and UART Transceiver Interface

The UART transceiver has an external interface with a computer via MAX3237
RS232 driver. The computer and the UART transceiver can communicate using RS232
(recommended standard 232) communication standard. In other words, output data is
received from the UART transceiver and sent to RS232 connector over the RS232
driver. A computer is connected to RS232 connector so that an external interface is
established between the processing board and the computer. The external interface is
used for monitoring the output data on the computer screen and to receive commands
that determine the algorithm type from the computer. The interface of the UART
transceiver and the computer is shown in Figure 3.21 and the processing board is shown

in Figure 3.22.
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Figure 3.21 — UART Transceiver and Computer Interface

Figure 3.22 — The Processing Board
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3.2 Software

The software of the three channel direction finding system is composed of two
parts, TMS5509A DSP software and XC3S1000 FPGA software. Digital signal
processing is realized by the DSP software whereas buffering the digitized signal data is

controlled by the FPGA software.

3.2.1 DSP Software

Reading channel signal data from the dual port RAM of the FPGA, calculating
channel signal phase differences, implementing DF algorithms and sending DF results to
UART transceiver are conducted by the DSP software. The implemented algorithms in
the DSP software are three channel interferometer algorithm, correlative interferometer

algorithm and least square error based correlative interferometer algorithm.

DSP program code starts to run by checking which direction finding algorithm is
going to be used. The information of the algorithm type is written to the internal data
register of the UART transceiver by using external computer interface. When the
computer sends the algorithm type data, the internal data ready register in the UART
transceiver is refreshed and data is written to the internal data register of the UART
transceiver. DSP software continuously polls the internal data ready register of the
UART transceiver to determine the computer accesses to the processing board. When
the data ready register of the UART transceiver indicates that the computer sends
algorithm type information to the processing board, DSP program reads the internal data
register of the UART transceiver to designate the algorithm type. The block diagram of

this process is shown in Figure 3.23.
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Read the Algorithm
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Figure 3.23 — Reading Algorithm Type Data Block Diagram

After the algorithm type is designated, START command is sent to the FPGA.
START command is used for starting the data buffering in the FPGA. When the FPGA
sends data buffering completed response, DSP sends READ command to the FPGA.
READ command is sent to read the buffered data from the FPGA. DSP reads 250 data
each of which is 10-Bit long. When all of the 250 data are read, DSP sends STOP
command to the FPGA. STOP command indicates the end of the reading process. The

block diagram of this process can be seen in Figure 3.24.
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Figure 3.24 — Reading Data From FPGA Block Diagram

After digital signal data are read from the FPGA, DSP starts to find the phase
differences of each channel signals by using the correlation matrix. At this part, the
processes of digital signal filtering, in-phase and quadrature signal component
production and calculations of channel signals phase differences are realized. The block

diagram of phase calculation part is shown in Figure 3.25.
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Figure 3.25 — Phase Calculation Block Diagram

To filter the digitized IF signal, a digital bandpass filter is used for each receive
channels. For bandpass filtering, a linear phase FIR (finite impulse response) type filter
is designed. FIR filters are less sensitive to finite wordlength effects such as coefficient
quantization errors and roundoff noise, they have a highly regular structure which is
advantageous for the implementation and they are stable [22], so that this type of filter is
preferred. Moreover linear phase FIR filters can have exact linear phase response,
resulting in a constant group delay over the frequency range of interest. Therefore, no
phase distortion is introduced by the filter [23]. The filter is linear phase and type-I
which means that the filter coefficients are symmetric and hence the number of the

multipliers is reduced by half [24], [25].

The bandpass filter has 95 coefficients and the filter is center at 0.891 normalized
frequency value which corresponds to 21.4MHz. The 3dB bandwidth of the bandpass
filter 1s 200KHz. The magnitude response of the digital bandpass filter is shown in
Figure 3.26.

42



Bandpass Fitter
Magnitude Responze (dB)

Moooooooohononoonohoooonoonhoooaaooaboaonooonhonoooonohooooaaoahoooaonoobooonoooe

e o o sy PSSP TP PP P PP | SPSPSSS) SSYE SPpSyee |

| il sttt Sttt Sttt sl e A S el S Bt

[RRR SR T R —

O

O

Ll T e e S e el T B

R

1)

20-------

30 -------

=
0 -------

T, | S
0

(@p) apnyube y

Normalized Frequency (xx radizample)

Figure 3.26 — The Magnitude Response of the Digital Bandpass Filter
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The impulse response of the digital bandpass filter is shown in Figure 3.27.

Bandpas= Filter
Impulze Response

Amplitude

Figure 3.27 — The Impulse Response of the Digital Bandpass Filter

The equation for an FIR filter of length L can be expressed as [23]

y(n)=bx(n)+bx(n—-1)+..+b, x(n—L+1)= Liibix(n —-i), (3.3)

i=0
where y(n) is the filter output, x(n) is the input signal, b, is the i- th filter coefficient.
Bandpass filtering is realized in DSP software by multiplying filter coefficients

with IF signal samples as given in (3.3) [26]. The convolution operation is conducted for

all of the three channel signals separately.
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For each three channels, the outputs of the bandpass filtering process are divided
into in-phase and quadrature components. To obtain in-phase and quadrature
components, the signals are multiplied by sine and cosine signals having frequency
equal to the center frequency of the signals. After that the outputs of the multiplication
are filtered by a digital low-pass filter. The block diagram of this technique can be seen

in Figure 3.28.

y(n)
S r- LPF —* Qin)
% cos(wn+g)

90°
%(n) Phase Shift
——=» BPFF

—a— sin(wn+g)

y(n) 2
r-%ga - LPF | I(n)

Figure 3.28 — In-phase and Quadrature Component Production

x(n):  the digitized IF signal
y(n):  output of the bandpass filter
Q(n): quadrature component

I(n):  in-phase component

Each of the bandpass filtered channel signal is multiplied with sin(2nfn) and
cos(2nfn) signals whose frequency, f, is 21.4Mhz.

By using the digital filter design tool of the MATLAB, equiripple, type I, linear

phase digital lowpass filter is designed [27]. The lowpass filter has 123 coefficients and

the magnitude response of the digital lowpass filter is shown in Figure 3.29.
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Figure 3.29 — The Magnitude Response of the Digital Lowpass Filter
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The impulse response of the digital lowpass filter is shown in Figure 3.30.
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Figure 3.30 — The Impulse Response of the Digital Lowpass Filter
Lowpeass filtering is realized in DSP software by using (3.3) and is conducted for
all of the three channel signals separately.
After in-phase and quadrature parts of the signals are obtained for each three
channels, phase differences between the channel signals can be found by using the

autocorrelation matrix of the channel signals.

Produced in-phase and quadrature components are used to represent the receive

channel signals as,

¥ @) =1,0)+jO,(0), (3.4)
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where y,(#) is complex data for k th channel, /,(¢) is in-phase component data for & th
channel, Q,(f) is quadrature component data for k-th channel, N is the number of

samples, 1 =1,2,3,...,N and k=1,2,3.
The array output, y(?) , can be written as,

yi(0)
y) =y, |, t=1,23,.,N, (3.5)
y5(8)

where N is equal to 250.

The output samples can be stacked in a 3x250 output matrix, ¥. The sample

covariance matrix of ¥ gives the information of channel phase differences.

R:% Yvy”, (3.6)

where R is 3 x3 sample covariance matrix.

The sample covariance matrix, R, can be written as

o ha K3
R=\r, rn, nl, (3.7)
., Ft, F

31

where r,, 1, and r,, are complex numbers and their phases are equal to phase

difference of channel-1 and channel-2 signals, channel-1 and channel-3 signals, channel-

2 and channel-3 signals respectively.

Phase differences of the channel signals are calculated by
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o Im{7, } 18
o(i, j) = arctan m , (3.8)

where the ¢(i, j) is the phase difference of i-th and the j-th channel signals, 7. is the i-

J

th row and the j-th column element of the sample autocorrelation matrix, R.

After phase calculations are completed, the software starts to implement desired
DF algorithm. By using the phase difference information as an input in the algorithm,

software finds the DOA of the signal.

Finally the DOA information is sent to UART transceiver for monitoring the
result on a computer screen. The block diagram of the whole DSP software can be seen

in Figure 3.31.
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Figure 3.31— DSP Software Block Diagram

3.2.2 FPGA Software

In the FPGA software, the processes of buffering the digitized signal data and
transferring the data to DSP are controlled. Digitized signal data are written to internal
dual port RAM by using the write process and stored data are sent to the DSP by using
the read process. One side of the internal dual port RAM has 10-Bits wide data bus, 13-

Bits wide address bus, a clock input, an enable input and a write enable input. Internal
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dual port RAM inputs and outputs are connected to write and read processes as shown in

Figure 3.32.

DUAL PORT RAM
Data Bus - A Data Bus -B
FPGA WR'TE AddrESS BUS - A Address BUS - B FPGA READ
PROCESS PROCESS
Enable - A Enable - B
Write Enable - A Write Enable - B
Clk - A Ck-B

Figure 3.32 — Dual Port RAM

When DSP sends START command, data is written to dual port RAM until the
last address of the memory location is reached. The clock input of the dual port RAM is
equated to input clock signal of the FPGA so that write process operating clock is equal
to the ADC clocks. At every rising edge of the dual port RAM clock, 10-Bits data is
written to register which is pointed by dual port RAM address bus. Totally 8192 of 10-
Bits data are written to internal registers of the dual port RAM. At the end of the process
a ready to send flag is sent to DSP. Ready to send flag indicates that data are stored in
the FPGA and they are ready to be sent. The block diagram of the write process is

shown in Figure 3.33.
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Figure 3.33 — Write Process Block Diagram

When the DSP sends READ command, stored 10-Bits long data are sent to the
output of the FPGA. Starting from the address zero, 10-Bits long data are sent to FPGA
output until the address 250 is reached. When the last data word is received by the DSP,
it sends STOP command which causes dual port RAM to stop sending data. The block

diagram of the read process can be seen in Figure 3.34.
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Figure 3.34 — Read Process Block Diagram

To summarize, at every processing cycle DSP reads 250 data which are sampled
at 48MHz, for each receive channel. Received data is processed in the DSP and the
DOA information is obtained. Then next 250 data for each channel is read and processed
by the DSP and a new DOA information is obtained for these 250 samples and the cycle
goes on continuously like this. In this method, every 250 data of the channel signals are
considered as one sample of the DF system. Consequently, this method is advantageous

in that at one moment high number of data is processed.
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CHAPTER 4

ANTENNA SYSTEM MEASUREMENTS

In this chapter, the effects of mutual coupling and gain-phase mismatch are
considered. Scattering parameters (S-parameters) of three antenna system are
determined to understand the mutual coupling effect on the system. Moreover Cramer
Rao Bound for the experiment scenario is calculated to determine the limit for DOA

accuracy.

In Section 4.1, the mutual coupling effect is studied. The gain/phase mismatch is

determined in Section 4.2, the Cramer Rao Bound calculations are given in Section 4.3.

4.1 Mutual Coupling Between Antennas

In a real array, the antennas interact with each other and alter the currents from
that which would exist if the elements were isolated. This interaction, called mutual
coupling, changes the current magnitude, phase and distribution on each element [28].
Mutual coupling arises due to the interaction of two or more antennas as a result of the
elements being in close proximity to each other. This effect is observed during
transmission or reception of elements in the array [29]. The effects of the mutual
coupling on the performance of a multi antenna system depend upon the antenna type,
antenna design parameters, relative positioning of the antennas in the system and

radiation characteristics of the antennas [30].

The mutual coupling effect between two antennas is illustrated in Figure 4.1.

Assume that a plane wave (0) is incident, and it strikes antenna m first where it causes
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current flow. Part of the incident wave will be rescattered into space as (2), the other will
be directed toward antenna n as (3) where it will add vectorially with the incident wave
(0), and part will travel into its feed as (1). It is then evident that the amount of energy
received by each element of an antenna array is the vector sum of the direct waves and

those that are coupled to it parasitically from the other element [30].

NEEAN

1}J1:4 L

Antenna-m Antenna-n

Figure 4.1 — Illustration of the Mutual Coupling Effect

The strength of the coupling decreases as the spacing between the antennas
increases [28]. Considering the free space pattern of each element, if the elements are
oriented such that they are illuminated by a pattern maximum then the coupling will be
appreciable. If, on the other hand, the individual patterns exhibit a null in the direction of
the coupled antennas, the coupling will be small [28]. Mutual coupling can be

represented by an impedance, admittance, or scattering parameter matrix [31].
To observe the mutual coupling effect on the antennas of the system, scattering

parameters, or S-parameters of the antennas are determined. Three antenna configuration

shown in Figure 4.2, is characterized by the S-parameters [16].
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Figure 4.2 —Three Antenna Configuration

As it can be seen from Figure 4.2, antennas form equilateral triangle and d is the

length of the antenna spacing.

The scattering matrix which is composed of the S-parameters relates the voltage

a2 Sy S,

V, |= S21 Szz

vy Sy Sy,
V- =SV",

waves incident on the ports to those reflected from the ports [32]. Scattering matrix of

the three port network is determined from the relation,

Su ||V
Sy || V2
Sy | V5
(4.1)

where V", V," and V," are the amplitudes of the voltage waves incident on the ports,
V", V,” and V;” are the amplitudes of the voltage waves reflected from the ports, or,

antennas. S|, 1s the antenna-1 reflection coefficient, S,, is antenna-2 to antenna-1

transmission coefficient , S|, is antenna-3 to antenna-1 transmission coefficient.

A specific element of the scattering matrix can be determined as [32],
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V-
= : (4.2)
I vr=0 for kzj

Equation (4.2) says that §,; is found by driving port j with an incident wave of

voltage V", and measuring the reflected wave amplitude, coming out of port i. The

incident waves on all ports except the j th port are set to zero, which means that all ports

should be terminated in matched loads to avoid reflections [32].

For three ports network the impedance matrix Z can be written as,

|4 Z, Z, Z,l|l1,
V=12, Z,, Zy||L ]|,
v, Z, Z, Z,|| 1
or in matrix form as
V=Z1I, (4.3)

where V is the voltage matrix and I is the current matrix of the ports.
Scattering matrix, S, can be determined from the Z matrix. First, it is assumed

that the characteristic impedances of all the ports are identical and for convenience they

can be set to 1 [32]. The relation between the S and Z matrices is [32],
S=(Z+U)' (Z-U), (4.4)
where U is the identity matrix.
To obtain S-parameters of the antenna system Agilent E5062A Network

Analyzer is used. One of the antennas is excited and the coupled signals on the other two

antennas are automatically measured by the network analyzer. Antennas are excited one
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by one to calculate the S,,, §,,and S,; parameters of the antennas. Measurements are

conducted separately when the distance between the antennas, d, is A and A/2.

Besides obtaining the S-parameters of antennas, VSWR and return loss

characterictics of the antennas are also examined. The VSWR is calculated by [33],

-
i)

VSWR =

T
b

where p is the magnitude of the reflection coefficient, S, .

Another parameter is the return loss which is defined as [33],

The S-parameters of the antennas for A and A/2 distances at 446MHz are given in

Table 4.1.

Return Loss =-201log (p) .

Table 4.1 — S-parameters of the antennas

antenna distances

A A2
S-parameters
S, —0.429 + 0.047] —0.464 — 0.008]
=0.4532£174° =0.4641 £ —179°
Si (— 6.60 — 0.34j) x10™° (- 6.75-0.23j) 10~
=6.6102 x107° £—177° =6.7621 x107° £ —178°
Sis (- 6.56+0.11j) x10™ (— 6.63-0.46j) x10

=6.5632 x107° £ 179°

=6.6514 x107° £ - 176°
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The corresponding voltage standing wave ratio is 2.6598 for A and 2.7371 for
AM2. The return loss is 6.878dB for A and 6.654dB for A/2. As it can be seen from Table

4.1, the imaginary parts of the S-parameters are remarkably smaller than the real parts.

The S-parameter matrix of the system for A/2 antenna displacement can be

written as,

~0.464-0.008]  (-6.75-0.23j)x10°  (-6.63-0.46j)x 10"
S =|(-6.63-0.46j)x10°  -0.464-0.008]  (-6.75-0.23))x10" |. (4.7)
(-6.75-0.23j)x 107 (-6.63-0.46j)x10°  -0.464-0.008]

The corresponding mutual coupling matrix (MCM) [34] is,

cC=U-S. (4.8)

By using (4.8), the C matrix of the system is found as,

1.464+1.008]  (6.75+0.23j)x10°  (6.63+0.46j)x107
C =|(6.63+0.46j)x107 1.464 +1.008j (6.75+0.23))x107 |. (4.9)
(6.75+0.23))x10°  (6.63 +0.46j)x107 1.464 +1.008;

When the C matrix is normalized with, 1.464+1.008j, the matrix can be written

in the form,

1 (3.20-2.04))x10°  (3.21-1.90j)x10°
C=| (3.21-1.90j)x10? 1 (3.20-2.04j)x10° |. (4.10)
(3.20-2.04j) x10°  (3.21-1.90j)x10? 1
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4.2 Gain-Phase Mismatch of the Receivers

In this part, the effect of gain-phase mismatch of the receivers is examined to
improve the direction finding accuracy of the system. Since the receivers are not exactly
matched in terms of the gain and the phase, DOA calculation errors are occurred in the
system. To overcome the problem of the gain-phase mismatch, gain and phase

differences of the receivers are determined and the system is calibrated.

To measure the gain-phase mismatch of the system, signal transmitter is located
in front of the three antennas for three different cases as shown in Figure 4.3. The length
of the antenna spacing is /2 and the distance of the transmitter to the center of the
antennas, d, is equal to 5.5m (8.18 A). In each measurement case, the signal transmitter is
located at a position where the transmitter has an equal distance with two antenna pairs.
By this measurement configuration, equal phase and equal gain condition is satisfied for
the antenna pairs. In the case-1, gain-phase mismatch of the antenna-1 and antenna-2, in
the case-2, gain-phase mismatch of the antenna-2 and antenna-3 and in the case-3 gain-
phase mismatch of the antenna-3 and antenna-1 is determined. In each case, phase and
the amplitude of the received signals are determined for the antennas so that phase

differences and amplitude ratios are obtained.

Signal Signal Signal
Transmitter{?} Transmitter{? Transmitter{?}
| | |
id i1d id
| | |
| | I
---L-_9 --L-_-» ---L-_9
Antenna-1 : Antenna-2 ﬁ.|1t9|1|1a-2: Antenna-3 ﬁ_ntenna-H: Antenna-1
| | I
'S ¢ s
Antenna-3 Antenna-1 Antenna-2
Case-1 Case-2 Case-3

Figure 4.3 — Gain-Phase Mismatch Measurement Configuration
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From the measurements phase difference and amplitude ratio of the antennas are

determined as given in Table 4.2.

Table 4.2 - The gain-phase mismatch of the system antennas

gain/phase
Phase Amplitude
configuration Difference Ratio
Channel 1-2 11° 0.961
(Case-1)
Channel 2-3 4° 1.019
(Case-2)
Channel 1-3 7° 0.981
(Case-3)

4.3 Cramer Rao Bound Calculation

The Cramer-Rao bound (CRB) is a useful tool for assessing accuracy of
parameter estimation methods, as it provides a lower bound on the accuracy of any
unbiased estimator [34]. CRB gives the minimum value for the variance of an unbiased

estimator [34].

For M-element circular array the CRB is represented [34] as,

2
CRB = A , 4.11)
87°N SNR R*> ¢*(¢)

where N is the number of samples, A is the wavelength of the signal and R is the radius

of the circular array.

In (4.11), the term ¢(¢) [34] is,
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J— M
c*(¢) =D cos’($=4,), (4.12)
m=1
where M is the antenna number and 6, is the angle of the antenna location on the circle.

For uniformly located circular three antenna system c_2(¢) is equal to 1.5,
number of the samples, N, is 250, SNR is 34 dB, A is 0.672 m and R is 0.1939 m. By
using (4.11), the CRB is calculated as 1.1933x107 in radians.

The lower bound for the RMSE of the azimuth angle can be found [34] as,
. 180
Azimuth, RMSE (Lower Bound)=~CRB x— . (4.13)
V4

From (4.13), the lower bound of the RMSE of the azimuth angle is calculated as

0.198 degrees for the circular three antenna DF system.
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CHAPTER 5

PERFORMANCE EVALUATION OF THE DIRECTION
FINDING SYSTEM

In this part, the performance test results of the three channel direction finding
system are explained and evaluated. Tests are based on finding the DOA by using three
channel interferometer algorithm, correlative interferometer algorithm, LSE based
correlative interferometer algorithm and MUSIC algorithm. Moreover DOA finding
tests are repeated in the cases of multi signal source and reflection (multipath). Test

results are evaluated by examining the RMSE of the DOA.

In the DF system, the MUSIC algorithm is realized by using MATLAB. The DF
system sends the signal data to the computer so that signal data output of the DF system

is processed in a MATLAB code which implements MUSIC algorithm to find the DOA.

Single transmitter test is described in Section 5.1, two transmitters case is

explained in Section 5.2. The test results of the multipath case are given in Section 5.3.

5.1 Test Results of the Single Signal Transmitter Case

RMSE of the azimuth and the elevation angles of the DOA are determined in the
case of a single transmitter for different algorithms. All of the tests are conducted in the
open field area to avoid the environmental reflections. The RMSE of DOA tests and
collecting the sample space data for correlative interferometer are realized as shown in

Figure 5.1. First, the change in the RMSE of the azimuth and elevation angles of the
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DOA is observed for different number of samples. Second, DF performance of the
system is determined for different azimuth and elevation DOA angles. All of the tests
are conducted for correlative interferometer algorithm, LSE based -correlative
interferometer algorithm, three channel interferometer algorithm, MUSIC algorithm and
mutual coupling matrix (MCM) compensated MUSIC algorithm separately. The exact
DOA of the signal is determined by using portable angle measurement apparatus as

shown in Figure 5.2. The direction finding system test setup can be seen in Figure 5.3.

z
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-_— - f
| -
| 4
. | / & o %
-~ LA v
- Antenna-3| , 7 s P
ra o ~ e ,
.l'r d” & | "'-))"' d - - !
| Antenna-1] .- & -~ Iﬂntenna -2 |
k d
N ’
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- S -
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@: azimuth angle
0: elevation angle

d: length of the antenna spacing

Figure 5.1 — Test Setup of the Three Antenna DF System

While the sample space for the correlative interferometer algorithm is being

formed, the transmitter is located at 5.5m (8.18 A) far away from the origin of the

64



antennas and its frequency is 446MHz. The transmitter is moved with A¢=5° steps

covering 360° azimuth angle and A@=7.5° steps covering 15° elevation angle ranges,

consequently, the sample space production process is realized in 216 steps.

Figure 5.2 — Three Antenna DF System with Angle Measurement Apparatus
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Figure 5.3 — Three Antenna Direction Finding System and Signal Transmitter

In the first test, the transmitter is located 5.5m (8.18 A) away from the origin of
the antennas to ensure far field. Azimuth and elevation angle values are calculated for
different number of samples from 1 to 250 when the transmitter is placed at 0° azimuth
and 90° elevation angle with respect to the origin axis of the system. RMSE values of
the calculated azimuth and elevation angles are determined for all of the DF algorithms.
By using the test results, the RMSE of the azimuth and elevation angles versus number
of samples graphs are obtained. Azimuth and elevation RMSE versus number of samples

test parameters are given in Table 5.1.
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Table 5.1 — Angle RMSE versus number of samples test parameters

Transmitter Frequency 446MHz
SNR 34dB

Signal Source Distance | 5.5m (8.18 &)
Azimuth Angle 0°

Elevation Angle 90°

The RMSE of the azimuth angle versus number of samples graph is shown in
Figure 5.4. As it can be seen from Figure 5.4, the azimuth error decreases and converges
to a certain value when the number of the samples increases. Because of the mutual
coupling effect, gain/phase mismatch of the receivers, non-ideal device accuracy and the
signal reflections, the azimuth error does not drop under a certain value even if the

number of the samples is increased above the value of 100.
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Figure 5.4 — RMSE of Azimuth Angle versus Number of Sample Graph
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The RMSE of the elevation angle versus number of samples graph is shown in
Figure 5.5. Similar to the azimuth angle error, the elevation error drops when the number

of the samples is increased and the elevation error converges to a non-zero value.

Elevation Error vs. Number of Samples
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Figure 5.5 — RMSE of Elevation Angle versus Number of Sample Graph

In the second test, the placement of the transmitter is changed for different
directions around the DF system. The distance of the transmitter to the system is 5.5m
(8.18 A) away from the origin of the antennas. The transmitter is moved with 20°
azimuth angle and 5° elevation angle steps for 0°-360° azimuth and 90°-70° elevation
angle ranges respectively. In this test, it is aimed to observe the performance of the DF
system for different azimuth and elevation angle values. Angle RMSE versus DOA test

parameters are given in Table5.2.
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Table 5.2 — Angle RMSE versus DOA test parameters

Transmitter Frequency 446MHz
SNR 34dB

Signal Source Distance | 5.5m (8.18 1)
Number of Samples 100

The RMSE of the azimuth angle versus DOA graph is shown in Figure 5.6. In

this test, the elevation angle is 90° for the transmitter. As it can be seen from Figure 5.6,

DF results of the correlative interferometer and the LSE based correlative interferometer

algorithms are more accurate than the other algorithms. Although the accuracy of the

correlative and LSE based correlative interferometer algorithms are close to each other,

it is observed that the LSE based correlative interferometer algorithm is more accurate

than the correlative interferometer algorithm. The DF error of the MCM compensated

MUSIC algorithm is less than that of the uncompensated MUSIC algorithm because the

effect of the mutual coupling is decreased in the MCM compensated MUSIC algorithm.
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Figure 5.6 — RMSE of Azimuth Angle versus DOA Graph
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The RMSE of the elevation angle versus DOA graph is shown in Figure 5.7. In
this test, the azimuth angle of the transmitter is 0°. The elevation angle accuracy of the
correlative interferometer and the LSE based correlative interferometer algorithm is
higher than the that of other algorithms. Moreover, it can be seen that the elevation error
of the MCM compensated MUSIC algorithm is slightly less than the uncompensated
MUSIC algorithm at most of the azimuth points. However, it is observed that the mutual

coupling compensation can not be achieved remarkably.

In the S-parameter method, the receiving or transmitting antenna array is
modeled as an N-port network and the mutual coupling between antenna elements is
modeled using scattering parameters [35]. Once the S-parameters are all determined, the
decoupled signals can be computed from the coupled measurable terminals signals [35].
However, by using this method, only the transmitting array is modeled correctly with
respect to the handling of the mutual coupling effect [35]. For a receiving array, because
the definition of S-parameters requires that the antenna elements be driven by an active
source connected at the terminals of one of the antennas arrays, it fails to correctly model
the array whose antenna elements are all driven by an external source outside the array
[35]. The consequence of this method is that the mutual coupling in the receiving array
is independent of the external source which is incorrect [35]. Moreover, the S-parameter
method does not take into account the terminal loads which actually affect the current

distributions and which in turn affect the mutual impedance so calculated [36].
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Figure 5.7 — RMSE of Elevation Angle versus DOA Graph

The performance of the correlative interferometer and the LSE based correlative
interferometer DF algorithms are related to the number of sample space elements which
is increased by interpolation. To observe the effect of the interpolation, the RMSE value
of azimuth and elevation angles are determined for different interpolation values. For the
1°,0.9°, 0.8°, 0.7°, 0.6° and 0.5° sample space angle steps, DF results of the correlative
interferometer and LSE based correlative interferometer algorithm are calculated. Angle

RMSE versus sample space angle step test parameters are given in Table 5.3.

Table 5.3 — Angle RMSE versus sample space angle step test parameters

Transmitter Frequency 446MHz
SNR 34dB

Signal Source Distance | 5.5m (8.18 &)
Azimuth Angle 0°

Elevation Angle 90°
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The RMSE of the azimuth angle versus sample space angle step graph is shown
in Figure 5.8. When the sample space angle step is decreased, it is seen that the RMSE
of the azimuth angle decreases. The accuracy of the sample space is increased when the
sample space angle step is decreased so that the RMSE of the azimuth angle decreases.
It is seen from Figure 5.8 that after the sample space angle step drops below the value of
0.8°, the RMSE of the azimuth angle reaches a value of 1.282° for the correlative
interferometer algorithm and 1.194° for the LSE based correlative interferometer

algorithm.
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Figure 5.8 — RMSE of Azimuth Angle versus Sample Space Angle Step Graph

The RMSE of the elevation angle versus sample space angle step graph is shown
in Figure 5.9. The RMSE of the elevation angle decreases when the number of elements
in the sample space is increased. The drop in the RMSE of the elevation angle nearly

stops when the sample space angle step is decreased below to the value of 0.8°.
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Figure 5.9 — RMSE of Elevation Angle versus Sample Space Angle Step Graph

From Figure 5.8 and Figure 5.9, it is seen that the interpolation improves the DF
accuracy. The RMSE values of the azimuth and the elevation angles drop until the

sample space angle step is decreased to the value 0.8°.

5.2 Test Results of Two Signal Transmitter Case

In the two signal transmitter case, changes in the direction finding performance
of the algorithms are examined by using two transmitters. One of the transmitters is
located at a fixed point and the other one is moved on the circle whose center is at the
origin of the system. RMSE of direction of arrival for each algorithm is observed when

there are two transmitters in the system.
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First transmitter is placed at 0° azimuth and 90° elevation angle with respect to
the origin of the system coordinates and the other transmitter is moved with 20° azimuth
angle and 5° elevation angle steps for 0°-360° azimuth and 90°-70° elevation angle
ranges respectively. The illustration of the two transmitters test is shown in Figure 5.10.
The distance of the transmitters to the system is 5.5m (8.18 A) away from the origin of
the antennas. Angle RMSE versus DOA test parameters for two transmitter case are

given in Table 5.4.
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Figure 5.10 — Illustration of Two Transmitters Test Setup
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Table 5.4 — Angle RMSE versus DOA test parameters for two transmitter case

Transmitter Frequency 446MHz
SNR 34dB

Signal Source Distance | 5.5m (8.18 &)
Number of Samples 100

Position of The First 0° azimuth
Transmitter 90° elevation

The RMSE of the azimuth angle versus DOA graph is shown in Figure 5.11. In

this test, the elevation angle of the transmitter is 90°. The MUSIC algorithm is more

accurate than the other algorithms for the two transmitters case. MUSIC algorithm can

indicate the locations of the transmitters. When the transmitters are close to each other,

the RMSE of the azimuth angle decreases for the correlative interferometer algorithm,

LSE based correlative interferometer algorithm and three channel interferometer

algorithm.
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Figure 5.11 — RMSE of Azimuth Angle versus DOA Graph
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The RMSE of the elevation angle versus DOA graph is shown in Figure 5.12. In
this test, the azimuth angle of the transmitter is 0°. MUSIC algorithms have less RMSE
of elevation angle than the other algorithms. MCM compensated MUSIC algorithm is
the most accurate one. When the second transmitter becomes closer to the first
transmitter at 90° elevation angle, the RMSE of the elevation angle decreases for the
correlative interferometer algorithm, LSE based correlative interferometer algorithm and

three channel interferometer correlative algorithm.
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Figure 5.12 — RMSE of Elevation Angle versus DOA Graph

5.3 Test Results of Multipath Case

DOA tests are also conducted when there is a reflection in the system. As shown
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in Figure 5.13, a metal plate is located near the system so that reflection signal path can
be simulated. The differences in the DOA finding performance of the algorithms are

examined by observing the RMSE of the DOA.
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Figure 5.13 — Metal Plate Placement Near the Antennas

In Figure 5.13, m is the distance of the metal plate to the origin of the antennas.
The dimension of the metal plate is 50cm x 50cm. The metal plate is placed at different
m distance to observe the change in the DF performance of the system under the
multipath effect. The plate is located at 80cm, 120cm, 160cm and 200cm distances so
that the multipath sensitivity of the DF system can be determined for different steps. The
plate is placed at 60° azimuth angle and 90° elevation angle with respect to the origin of
the antennas. The illustration of the multipath signal test is shown in Figure 5.14. Angle
RMSE versus DOA test parameters for multipath signal case are given in Table 5.5. In
the azimuth angle graphs, the elevation angle of the transmitter is 90°. In the elevation

angle graphs, the azimuth angle of the transmitter is 0°.
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Figure 5.14 — The Illustration of the Multipath Signal Test Setup

Table 5.5 — Angle RMSE versus DOA test parameters for multi signal path case

Transmitter Frequency 446MHz

SNR 34dB

Signal Source Distance | 5.5m (8.18 &)

Number of Samples 100

The RMSE of the azimuth angle versus DOA and the RMSE of the elevation
angle versus DOA graphs are shown in Figure 5.15 and Figure 5.16 respectively. In this
case, the plate is located at 80cm far away from the origin (m=80cm). It is observed that
the RMSE of the azimuth and the elevation angles increase drastically for all of the
algorithms. Since the metal plate is located at 60° azimuth angle, the transmitter is

placed at the backside of the metal plate when the DOA is 60° azimuth angle.
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Consequently, it is seen that at that location of the transmitter, the RMSE of the azimuth

angle for all the algorithms is higher than the azimuth angle error at other positions.
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Figure 5.15 — RMSE of Azimuth Angle versus DOA Step-1 Graph
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Figure 5.16 — RMSE of Elevation Angle versus DOA Step-1 Graph

When the plate is located at 120cm far away from the origin (m=120cm), the
RMSE of the azimuth and the elevation angle decreases for all of the DF algorithms with
respect to the previous step. The RMSE of the azimuth angle versus DOA and the
RMSE of the elevation angle versus DOA graphs are shown in Figure 5.17 and in Figure
5.18.
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Figure 5.18 — RMSE of Azimuth Angle versus DOA Step-2 Graph

The RMSE of the azimuth angle versus DOA graph for m=160cm is shown in
Figure 5.19. In this step, it is seen that the RMSE of the azimuth and the elevation angle
continues to decrease for the DF algorithms. Moreover, the effect of the metal plate at

60° azimuth angle is observed clearly especially for the correlative interferometer and
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LSE based correlative interferometer algorithms. The RMSE of the elevation angle
versus DOA graph is shown in Figure 5.20.
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Figure 5.19 — RMSE of Azimuth Angle versus DOA Step-3 Graph
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Figure 5.20 — RMSE of Elevation Angle versus DOA Step-3 Graph
When the plate is located at 200cm far away from the origin (m=200cm), the

RMSE of the azimuth angle for the correlative interferometer and LSE based correlative
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interferometer algorithms considerably drops except for the point where the azimuth
angle of the transmitter is 60°. Similarly, the accuracy of the MUSIC and the three
channel interferometer algorithms is increased remarkably. The RMSE of the azimuth

angle versus DOA graph is shown in Figure 5.21.
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Figure 5.21 — RMSE of Azimuth Angle versus DOA Step-4 Graph

The RMSE of the elevation angle versus DOA graph is shown in Figure 5.22.
The plate is located at 200cm far away from the origin (m=200cm). At this step, it is
seen that the RMSE of the elevation angle drops for all the algorithms and RMSE values

approache to the no reflection case.
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Figure 5.22 — RMSE of Elevation Angle versus DOA Step-4 Graph

From the multi signal path tests, it is determined that the accuracy of the DF
system is affected from a metal plate signal reflector. When the metal plate approaches
to the system, the RMSE of the calculated DOA angle gradually increases for the DF
algorithms. The effect of the metal plate is considerably weaken when the plate is

located at 200cm far away from the system origin.

Local reflections at the receiving site can produce a condition of coherence [37].
In this part, the simulation of the coherence condition is realized. It is observed that the
MUSIC algorithm seriously affected from the coherency condition. The MUSIC
algorithm does not work in the case of coherency. This is an expected result since the
rank condition for the MUSIC algorithm no longer holds when coherent signals are
received by the system [8]. Coherent signals are perfectly correlated in terms of
amplitude and phase fluctuations [37]. Consequently, the full rank condition of the
signal covariance matrix can not be satisfied and the MUSIC algorithm breaks down in

the case of multi signal path [37].
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CHAPTER 6

CONCLUSION

In this thesis, the implementation and performance evaluation of a three antenna
direction finding system is considered. The system is tested by using different DF

algorithms under the various environmental conditions.

Three channel interferometer, correlative interferometer, LSE based correlative
interferometer and MUSIC algorithms are implemented in the DF system. The
performance of the algorithms are determined and compared with each other.

Performance tests are conducted when there are multiple sources and multipath signals.

The performance of the DF system is determined by obtaining RMSE in the
azimuth and elevation angle of the DOA. The results are shown by investigating RMSE
of the azimuth and elevation angle versus DOA angle graphs. RMSE of the azimuth and

elevation angle versus number of sample graphs are also determined.

It is seen that the results of the correlative interferometer and the LSE based
correlative interferometer algorithms are more accurate than the other algorithms in
single transmitter and single signal path case. It is observed that the correlative
interferometer and LSE based correlative interferometer algorithms have very similar
DF results, although LSE based correlative interferometer algorithm gives better result.
It is also seen that the results of the correlative interferometer and LSE based correlative
interferometer algorithms are improved by applying interpolation technique to the
sample space. The elements of the sample space is gradually increased and the effect of
the interpolation on the DF system is observed by obtaining azimuth and elevation angle

versus sample space angle resolution graphs.

85



In the multi transmitter case, it is determined that the results of the MUSIC
algorithm are less affected than the other algorithm results which is expected. Since the
DF system has three antennas, the MUSIC algorithm can work properly under the case
of two transmitters. However the error in results of the other algorithms increases

dramatically in multi transmitter case.

It is seen that the three antenna DF system can not work properly when there is a
signal reflector near the antennas. To observe the effect of the reflector distance on the
DF system, a metal plate is located at various points near the antennas. When the
distance between the reflector and the antennas is less than 160cm, for the system
parameters described in section 5.3 it is observed that the DF results of the algorithms
are considerably affected. It is also determined that the MUSIC algorithm does not work

in the case of coherent signals.

Mutual coupling effect on the three antenna DF system is investigated. Mutual
coupling affects the system performance and causes error in DF results. To determine
the mutual coupling, S-parameters of the antennas are obtained. The mutual coupling
matrix is derived from the S-parameter matrix. The error in the MUSIC algorithm due
to mutual coupling is compensated by using mutual coupling matrix. It is seen that the
DF performance of the MUSIC algorithm is slightly improved when the mutual coupling
is taken into account in the calculations. It is observed that the mutual coupling
compensation of the MUSIC algorithm can not be realized efficiently because the

method of S-parameters has deficiencies for modeling the mutual coupling.

The gain-phase mismatch of the receive channels in the DF system is
determined. It is shown that the channels are not exactly matched in terms of gain and
the phase. The DF system is calibrated according to gain-phase mismatch results and the

matching is achieved in the receivers.

In conclusion, it is shown that three antenna direction finding system is affected

by multi signal transmitter and multipath. The direction finding accuracy of the system
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is seriously dropped in the cases of two signal transmitters and a signal reflector near the
antennas. Moreover, mutual coupling causes errors in the DOA calculations. Although
the mutual coupling effect can be decreased by using mutual coupling matrix in the

MUSIC algorithm, it has still considerable effect on the performance of the system.

6.1 Future Work

The number of the antennas in the system can be increased to observe the
performance of the DF system under the condition of multi signal transmitter. It is
expected that the accuracy of the DF results are increased and direction of more than two

different signals can be determined.
The direction finding tests can be conducted by using signal source with variable
frequency to determine the ambiguities in the direction of the signal calculations related

to antenna location and transmitter frequency.

The mutual coupling can be calculated precisely enough and it can be used

efficiently to improve the accuracy of the DF system.
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APPENDIX A

CIRCUIT DIAGRAMS OF THE PROCESSING BOARD

The regulators which are used for voltage production in the processing board can

be seen in Figure A.1 and in Figure A.2.
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Figure A.1 — First Voltage Production Circuit
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Figure A.2 — Second Voltage Production Circuit

The reset circuit of the board is shown in Figure A.3.
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92

_DSP RET

ITMEONS REGULATOR W+ .
= MAX1904ET) VIS FOSENEIS S —
FGNDE=— Q2011 lg;ﬂ JJS‘T'
DLi— &L=
eaTsl Di{]—|1m wo ¥ E—} = ng 138
M‘a'lfSDSH D12}
T .
g8
88T



The clock circuit of the board is given in Figure A.4.

3.V
§I 53]
B 5 COMPARATOR
$O01001
R cipo1 82 LT1719
o2 I LM sHOH (E— il
. c—{v-  outg — —— 24MHz
ﬁ,é_ T— s vs :;:
. IPNE
- [=
, Td6 I[85
Tee T
AW
PLL
Ri252 FS6377-01 R1251
R 1 . B R,
sDA | 1 T scLHS e SCL
PLL_CFF | L 2 SEL-CD  CLK-A = — 1 F | DSP_CLEIM
- 3 Po vooz{ i
i TS, o—Susst cues[ S8 8% | BUF_cLKiN
aw o “lxm cukecH2— BIL—MIR | TEeT UART CLK
Q;_JP‘;;; 24MHz ——2 ®ouT x'sszh
I_E I oE cLk-oHE
. — — 3 wopt apDRPE—
IERERE
b s
% I8 15
E-.f'u'
I eEuE
b l-w 1-9
e T =
I35 [ I8 CLOCK BUFFER
CY230851-2
BUF_CLKIM — 1 re= Fax 8
DC2_CLK |—Dal — B8R Zoens conna ERUSEH0R | paga cuk
ADCT_CLy |—S3E —BER Dowaz comaa 2 BUGE B8R | anca cik
oot wopz[2
H clyiny] GMD2 zﬁ__
=~ Slrwmt cukmafl T
3 Dewmz comma|8 2.3V
8 -l & 2 ?
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The interface of one ADC and the FPGA is shown in Figure A.5. In the
processing board there are totally three ADC and FPGA interfaces as shown in Figure

A5 for each receive channels.
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The circuit of the FPGA and the DSP parallel data and address interface is shown

in Figure A.6.
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The circuit of the DSP and the Flashrom interface can be seen in Figure A.7.
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The circuit of the FPGA and the PROM interface is shown in Figure A.8.
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Figure A.8 — FPGA and the PROM Interface Circuit
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The circuit of the DSP and the UART transceiver interface is shown in Figure

A9.
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Figure A.9 — DSP and UART Transceiver Interface Circuit
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APPENDIX B

LAYOUT AND ROUTING OF THE PROCESSING BOARD

Three RF front-end connectors, FPGA, DSP and clock oscillator are placed at the
front side of the processing board. ADC’s, clock buffer and the UART transceiver are
located at the backside of the processing board.

The layout and routing of front and backside of the processing board can be seen

in Figure B.1 and in Figure B.2, respectively.

Figure B.1 — Front Side of the Processing Board

99



Figure B.2 — Back Side of the Processing Board

Clock buffer, ADC’s and clock signal routing of the ADC’s are shown in Figure
B.3. Clock routes of the ADC’s are placed identically for all the ADC’s as it can be

seen in Figure B.3.
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APPENDIX C

GRAPHICAL USER INTERFACE

The three antenna DF system is connected to a computer via RS232
communication standard with a cable. Monitoring and algorithm selection of the DF
system is controlled by a graphical user interface (GUI) which is installed in a computer.
The GUI includes a screen part which shows the azimuth DOA of the signal with an
arrow and a result part which shows the azimuth and elevation angle values of the DOA.
The DF algorithms selection buttons are located at the left side of the GUI screen. The

GUI of the DF system can be seen in Figure C.1.
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Figure C.1 — GUI of the DF System

When the algorithm selection buttons are clicked, the GUI program starts to send
related algorithm type command to the processing board and the selected algorithm
starts to run in the system. When the user selects the type of the DF algorithm, the
system implements the selected algorithm in the DSP to find the DOA and the red arrow
shows the result in the screen part of the GUI. The GUI of the system during the run-

time of the DF processing is shown in Figure C.2.
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Figure C.2 — View of the GUI During the Program Run-Time
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