
 Eindhoven University of Technology

MASTER

Coupling correction in the TNO passive radar system

Scheepbouwer, M.

Award date:
2007

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/975fdb39-41aa-49ec-a5af-4c4c1bb492ca


Eindhoven University of Technology
Faculty of Electrical Engineering
Division of Telecommunication Technology and Electromagnetics
Radio Communication Group

Coupling correction in
the TNO Passive Radar system

M. Scheepbouwer

Master of Science Thesis
carried out from July 2006 to May 2007

Supervisors:
Dr. ir. S.J. Gelsema
Dr. M.H.A.J. Herben

Graduation professor:
Prof. dr. E.R. Fleddems

The Faculty of Electrical Engineering of Eindhoven University of Technology disclaims all
responsibility for the contents of traineeship and graduation reports.



Abstract

Active radar systems have been around for many years as a means to detect enemy
aircraft in military operations. These radar systems actively send radar pulses which
are reflected on potential targets and from these echoes information about a target
heading, speed, range, etc. can be computed. This method of detection is very
accurate, but its main disadvantage is that these radar systems are vulnerable to anti
radar operations, i.e. attacks with anti-radiation missiles. For this purpose passive
radar technology has gotten renewed interest in military operations. In passive radar
technology the transmitting (radar) post and the receiving (radar) post are in different
locations, leaving a detecting radar system totally invisible to the enemy.

TNO has developed a passive radar system operating in the FM frequency band. This
radar system uses the transmitted FM radio signals from the radio tower in Lopik to
detect aircraft in the Dutch skies by means of passive radar technology. Since the
direct signals from Lopik are some 90 dB stronger than the reflected echoes, it is
imperative to receive the strongest possible echoes, while cancelling the interference
of the direct signals from the radio tower.

This thesis concentrates on the cancellation of coupling effects between the array
elements of the TNO passive radar system. First the coupling matrix ofthe array is
determined in three ways. The first method of the determination of the coupling
matrix is by using a theoretical method gotten from literature study. The second
method is by implementing the array in a computer model and simulating the
radiation patterns and coupling effects. The third method to obtain the coupling
matrix is by measuring coupling currents on the array. This leads to a coupling matrix
with values ranging from -13 dB to -30 dB.

Then computer simulations are used to determine the characteristics of the array.
Beamwidths, front-to-back ratios and main/side lobe levels are determined and
comparisons are made between the coupling corrected and -uncorrected cases. It is
seen that coupling correction leads to a decrease in side lobe levels of about 0.5 dB
for scan angles up to 35 degrees. In this range also the front-to-back ratio improves.
Furthermore, it is seen that this array is applicable for scan angles up to 60 degrees.

The obtained coupling matrix is then used to correct the actual data from the array.
TNO hosted NATO trials in November 2006 and the data from these trials is used.
Beamforming theory is applied and comparisons are made between the coupling
corrected and -uncorrected cases. For both cases range/Doppler plots are made and
signal-to-noise ratios are compared. This is done for both a stationary target and a
moving target. It is seen that for both targets the coupling correction leads to a slightly
better signal-to-noise ratio. Furthermore the Xsquared method is used to determine
that correcting for coupling effects leads to an improvement in the detections.
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Chapter 1

Introduction

1.1 Background

Radar detection has been around for many years as a means to detect aircraft in the
surrounding skies. Most military radar systems make use of a single (monostatic) radar
system for both transmitting and receiving radar signals. A monostatic radar system uses an
antenna that transmits signals, either omnidirectional or at a certain fixed direction. These
signals can hit a target and are then reflected in different directions, including the direction
back to the antenna. This antenna can detect these reflected signals, which indicates a target
is present. By measuring time, phase and angular differences between the transmitted and
received signals, further information about the target's range, velocity and bearing can be
calculated. This radar operation is illustrated in figure 1.1.

Figure 1.1: Radar detection

Although using a monostatic radar system for military purposes has great advantages in
range and bearing determination, there are some disadvantages as well. Firstly, the use of
an active radar system makes one visible to the enemy and therefore vulnerable to anti
radiation attacks. Secondly, the effectiveness of a radar system can be countered by stealth
technology. Thirdly, monostatic radar systems are usually quite expensive.

1.2 Passive radar detection

Passive radar detection is based on a rather old technology, making use of a radar system
that is dedicated to receiving signals only and another (or more) system(s) dedicated to



transmitting signals only. This is also known as a bistatic (or multistatic) radar geometry.
Passive radar systems can use transmitters of opportunity and can use a wide range of
frequencies and signal types. Nowadays, systems are being developed that use UHF TV,
VHF radio or GSM signals. Passive radar detection is illustrated in figure 1.2.
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Figure 1.2: Passive radar detection

Passive radar technology using FM frequencies itself isn't able to produce the same
accuracy in range and bearing determination as active radar technology, but it has some
advantages in military operations over active radar technology. Firstly, the passive radar
geometry makes the receiving antenna totally invisible to enemy detection. Secondly,
stealth technology is based on the return of radar signals in all but the direction they came
from, reducing the monostatic radar cross section (RSC). This makes a bistatic radar system
potentially better at detecting stealth aircraft. Thirdly, passive radar systems make use of
lower frequencies than traditional, active radar systems. Stealthy aircraft are usually treated
with anti-radiation coatings, which are designed for specific radar frequencies. It is possible
that these coatings are less effective at the lower frequencies used by passive radar systems.
Fourthly, the wavelengths of passive systems are in the order ofmeters, which is the same
order as the dimensions of a stealthy aircraft. The target therefore reradiates more or less
like a point source, making stealth design principles less effective. Fifthly, the passive radar
detection systems are potentially simple and cheap, compared to active systems [17].

1.3 TNO Passive radar operation

The TNO FM dipole antenna array picks up the reflected signals from the target. The
reference dipole antenna picks up the direct signal from Lopik. When using FM radio
signals of96.8 MHz, one can expect a range resolution ofabout 1500 meters and a
detection range of about 100 kilometers (depending on the radio program content).
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Direct signal

Reflected signal

Figure 1.3: Time delay between the direct signal and the reflected signal.

In order to detect targets using passive radar technology, the echoes of the targets must be
detected by the radar array. These echoes are time- and frequency shifted copies of the
direct signals that can be taken from the reference antenna as shown in figure 1.3. The
receiving radar receives not only the detections from the target but also the direct
transmissions from the transmitter. These direct signals are strong enough to completely
mask the reflected signals (S/I is about -90 dB). The thermal noise values can be neglected
since the reflected transmissions from the target are some 50 dB higher for targets up to
100 kilometers, and even more for closer targets. Therefore, cancellation of the interference
by the direct signal is necessary. This is done by first placing a backplane behind the array.
This gives an improved front to back ratio to the array, diminishing the direct signals by
some 20 dB. Secondly, nulls in the antenna pattern are placed towards the transmitter. This
gives an improvement of another 15 to 20 dB. Thirdly, in the digital domain an adaptive
interference cancellation filter is used. This adaptive filter can theoretically cancel out all
interference, but practically gives an improvement of some 40 dB.

Typically, when using a bistatic radar configuration with one receiver and one transmitter,
the position ofa target can be confined to an ellipsoid with the transmitter and the receiver
as its foci, as shown in figure lAa. In order to determine the bearing of a target, one can use
two transmitters and one receiver so that the target's position can be determined as the two
crossing lines between two ellipsoids as shown in figure 1Ab.Using more transmitters
and/or receivers can lead to an unambiguous determination of the target's bearing. One can
also incorporate a directional antenna to determine the desired bearing [1].

456 1 8

Figure 1.4a: Bistatic radar with a single transmitter/receiver pair confines the position of a target to an
ellipsoid.
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Figure l.4b: Bistatic radar witb two transmitters and a single receiver determines tbe position ofa
target as tbe crossings of two ellipsoids.

1.4 TNO passive radar system

1.4.1 Antenna

The passive radar system used by TNO in The Hague consists of six ~ Adipole antennas,
placed in front of a backplane. The whole antenna array is placed on a tower at a height of
approximately 45 meters. The array is facing north. The transmitting signals that are being
used are taken from the Lopik transmitting station, some 50 km behind the array at an angle
of 110 degrees from broadsight of the TNO array. The transmitted waves have a (VHF)
frequency of96.8 MHz (and thus a wavelength of3.0971 meters) and an Effective
Radiated Power (ERP) of 100kW.

•

Figure 1.5: TNO radar array

The antenna array configuration consists of six dipole elements matched by use of a gamma
match. The length of the dipoles is 1.40 meters or 0.45 A. The dipoles are positioned at a
distance from each other of 1.37 meters or 0.44 A. The radius of the dipole antenna rods is
1.3 centimeters or 4.20 10-3 A. The radius of the metal rods used in the gamma match is 0.65
centimeters. The length ofthe gamma match is 0.39 meters.
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The backplane is symmetrically positioned 0.56 meters or 0.18 Abehind the dipole antenna
array and has dimensions of9.5 meters wide and 2.5 meters high. The radius ofthe metal
rods used for the backplane is 1.5 centimeters. The addition of this backplane results in a
front to back ratio of about 20 dB. This array configuration is illustrated in figure 1.5.

Furthermore, one reference dipole antenna is faced towards the transmitter at Lopik to
receive the direct signal.

1.4.2 Operation

The analogue data from the six dipole antennas is fed to the Real-time Ontvanger ten behoeve van
Communicatie Electronic Support Measures (ESM) System (ROCES). ROCES is an eight
channel receiver that can record, digitalize and store the antenna signals [2].

1.4.3. ROCES

Figure 1.6 gives an overview of the ROCES system. ROCES consists of three main parts:
Front-End (FE),
Data-Acquisition Unit (DAQ),
General Purpose Processor (GPP).

The signal from the reference dipole antenna and the signals from the dipole antenna array
are fed to the FE of ROCES. This FE is the analogue part of the ROCES which takes the
analogue data from the antennas and converts (two-step) the Rx frequency to a frequency
of 8 MHz, with a bandwidth of 200 kHz. This data is then collected in the DAQ unit. This
unit consists of
Analogue to Digital Conversion (ADC) unit,
Digital Down Converter (DOC),
Power Storage Box (PSB).

The DAQ unit collects and digitizes the data. The ADC consists of four dual 14-bit ADC
boards. The data from the FE can thus be imported simultaneously in bursts of
8 MSamples/s. The data is then digitized by the ADC. The DOC is implemented in
hardware and in software as well, and down converts the data speed by a factor of eight.
This DOC is used to prevent the hard disk from being filled too fast. The PSB is a unit that
controls the settings of the DAQ.
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Figure 1.6: ROCES

AIC
Since the interference from the direct signals is much stronger in magnitude than the
reflected signals, it is necessary to reduce this interference. This is done in two steps. The
interference from the direct signals from Lopik is first reduced in the analogue domain by
placing a "null" in the direction of Lopik. After this, there is also a reduction in the digital
domain. This is done by an Adaptive Interference Canceller (AIC). The AIC digitally
subtracts the filtered version of the direct signal from the measurement channel signal.
Since the interference is not constant, the AIC has to continuously adapt to the interference.
The AIC therefore changes the weight vector Wk = [Wk(O), wk(1), ... wk(N-l)f
continuously in order to keep the output power E {el} minimal [I].
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Figure 1.7: Adaptive Interference Canceller

In figure 1.7 dk =XO,k' which is the measured signal. The direct signal isxo,k' so

ek = dk - Yk

N-l

Yk =L wk,nxk_n
n=O

(1.1 )

Matched filter
The data, i.e. the target echoes appear as time- and frequency shifted copies of the reference
signal from the measurement channel. To obtain these copies a matched filter is applied
which is matched to the reference signal. The resulting ambiguity function is an
autocorrelation function of the signal and can be represented 3-dimensionally with target
range, velocity (and thus Doppler shift) and power on its axes (see figures 1.8). From the
outputs of the matched filter the final range/Doppler information can be computed. The
coherent integration gain of this matched filter is some 40 dB above the surrounding noise
level, totaling the final gain of the operation above the 90 dB needed [1].
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Figure 1.8: The ambiguity function can be used to determine the range and Doppler of a target.
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1.5 Scale model

For the purpose of measurements in a controlled environment TNO has developed a 1:10
scale model of the passive array. Figure 1.9 shows this scale modeL TNO has done
radiation pattern measurements as well as coupling coefficient measurements on this
modeL The relevant information has been incorporated in chapter 5 of this thesis.

Figure 1.9: The TNO 1:10 scale model of the passive radar array

1.6 Problem formulation

The TNO passive radar system can be used to detect aircraft in the surrounding skies. The
radar system consists of six dipole antennas that are positioned relatively close to each
other. Also, a backplane is positioned in the near vicinity of the array. It is expected that
coupling effects occur between these elements. Since coupling effects negatively influence
the signal-to-noise and interference ratio, S/(N+I), and the radiation pattern of the array,
these coupling effects need to be determined and then corrected for.

1.7 Objectives

The objective of this thesis is to determine the coupling matrix ofthe TNO passive antenna
array. The determination of the coupling coefficients is done in the following manner. First,
literature study will lead to a theoretical way to determine the coupling effects. This
theoretical way will be implemented in MATLAB to determine whether this leads to
accurate results for this specific TN0 array. After this, a model of the array will be
developed using the Numerical Electromagnetic Code (NEC) program. With this program
the radiation patterns of the array and the coupling coefficients can be numerically
determined. Thirdly, the already measured coupling effects of the scale model in a
controlled environment are included and finally the coupling coefficients are measured on
the actual array in an uncontrolled environment. These methods will lead to an accurate
coupling matrix C . Then, in a computer simulation the coupling matrix will be used to
adjust the radar data and it will be checked whether the adjustment for coupling effects
leads to a better result in a simulated environment. The next step in this thesis will be to
correct the actual data taken from the TNO radar array for the coupling effects and this
should lead to better results. For this purpose the data that was measured during the trials
held at TNO in November 2006 will be used. This data will be imported in MATLAB and

8



some programs will be developed to correct the data and to see whether this correction
leads to better results.

1.8 Thesis outline

This thesis has the following structure. Chapter 1 is the introduction of this thesis. Chapter
2 will give a description of the governing radar essentials. The essentials of passive radar
detection are given. Chapter 3 describes the antenna fundamentals. In this chapter the
theory behind coupling effects is explained. Chapter 4 deals with the theoretical methods of
pattern correction. In this chapter a theoretical way to determine the coupling effects is
given and beamforming is discussed. In chapter 5 the coupling matrix is determined. This is
done theoretically, numerically by using NEC and experimentally by measurements on the
scale model (already done by TNG) and by measurements on the actual array. Also in
chapter 5 a comparison is given between the radar parameters for the uncorrected and
corrected cases, using computer modeling. In chapter 6 the coupling coefficients are used to
improve the actual data from the TNG radar and it is determined whether the correction
leads to an improvement. Chapter 7 contains the conclusions and recommendations.
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Chapter 2

Radar essentials

2.1 Introduction

This thesis relates to the six element Uniform Linear Array (ULA) which is in use by TNO
and is described in chapter 1. In this chapter the governing radar essentials are covered.
First, the elementary process of radar detection will be treated and then a description of the
technique of passive radar is given. Chapter 3 will give a more in depth description of
antenna fundamentals of the antennas used in the TNO configuration and this is followed
by chapter 4 which deals with the pattern correction that is needed to account for the
mutual coupling effects.

2.2 Radar detection

In Chapter I figure 2.1 is introduced as a monostatic radar geometry. In this chapter both
monostatic and bistatic radar geometries are further explained.

Figure 2.1: The basic monostatic radar geometry.

2.2.1 Radar band usage

Radar and communication transmissions use frequencies that are best suited for their
purpose. Lower frequencies (with longer wavelengths) are useful for longer ranges and
aren't subject to weather influences. These frequencies have low time resolution. Higher
frequencies (with smaller wavelengths) have high time resolution, but are more subject to
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weather influences and have smaller ranges. In the next table a summation is given ofthe
different frequency bands and their usage [4].

Band Usage Frequency range
High frequency Over-the horizon radar, long range, low 3 -30 MHz
(HF) time resolution
Very high Long range, line of sight surveillance 30 MHz-1 GHz
frequency (VHF) (~200 - 500 Ian) ,low to medium
!Ultrahigh resolution, free from weather effects
frequency (UHF)
Lband Long range surveillance with medium 1-2 GHz

resolution and moderate weather effects
Sband Medium range surveillance (~1 00 - 200 2-4 GHz

Ian), long range tracking (~50 - 150 Ian)
with medium accuracy, significant weather
effects

C band Short range surveillance, long range 4- 8 GHz
tracking with high accuracy, subject to
weather effects

X band Tracking and guidance with high accuracy, 8-12GHz
subject to weather effects

Ku and Ka bands Short range tracking and guidance (~10-25 12-40GHz
Ian), small antennas, weather influences

V band, W band Very short range tracking and guidance 40- 300 GHz
(~1-5Ian)

Table 2.1: Radar and band usage

2.2.2 Friis transmission equation

~ :- R ,"'..., wm{:.:=J
ransmilting antcnna Receiving antenna

Figure 2.2: The transmission geometry

In order to determine the radar equations for the simple transmission geometry of figure
2.2, we first consider the situation of a transmitting antenna and a receiving antenna at a
distance R > 2D 2/,1., where D is the largest dimension of either antenna and Ais the
wavelength (i.e. far field). We can determine the power density of a field radiated by an
isotropic antenna (Wo) as

(2.1)
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where PI is the transmitted power which is radiated spherically, hence the division by 47rR2
•

When a transmitting antenna with a certain gain (GI) in a certain direction is used, the
equation for the actual power density (WI) becomes

(2.2)

where GI depends on the angles () and qJ in spherical coordinates, related to the source.

Consider a receiving antenna with an effective area (Aeff,r) and a receiver gain (Gr)
by

(2.3)

where Gr depends on the angles () and qJ in spherical coordinates, related to the receiver.

Then the total power collected by the receiving antenna related to the total transmitted
power is given by the Friis transmission equation

(2.4)

where L stands for all additional losses such as losses due to the transmission lines, antenna
losses, losses due to the atmosphere, etc.

2.2.3 Monostatic radar equation

Traml'ftltting antenna
Rea:ly,ng lIJItelUla

Figure 2.3: The monostatic radar geometry

In a monostatic radar geometry as shown in figure 2.3, the Friis transmission equation
needs to be adjusted since there is now a target as well as a radar that acts as both
transmitter and receiver. Starting with (2.2)

we now have to consider that the radiated energy hits a target with an arbitrary RCS, (0)
and this energy is than reflected spherically, so

12



(2.5)

Then, one needs to include the effective aperture of the receiving antenna and the additional
losses to get the total power that is returned to the receiving antenna

p = )}GtG,Pp

, 4n{4nR 2 yL

(2.6)

(2.7)

In these formulas the transmitting gain is not assumed equal to the receiving gain. This
equation is known as the monostatic radar equation [3, 4, 5].

2.3 Passive radar detection

~
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Figure 2.4: The basic bistatic radar geometry.

In figure 2.4 the basic bistatic radar geometry is shown. In this geometry a target is
illuminated by a transmitter and the reflections are received by a receiver in a different
location.

2.3.1 Basic properties of passive radar

-

Tran~

Rl

D

R2

alpha

-
Figure 2.5: The relevant dimensions ofa bistatic radar geometry.

13



The bistatic radar geometry is given in Figure 2.5. From this a range from target to the
receiver is calculated as

R
z

= (R1 +RzY _D
z

2(R[ + Rz + Dsina)
(2.8)

where Rj is the range from the transmitter to the target, R2 is the range from the target to the
receiver and D is the range from the transmitter to the receiver [17] .

We can also extend the monostatic radar equation to the bistatic radar equation

p = }.?GtGr~cr'

r (4Jl-)3 R
1
ZR/L

(2.9)

where we now take the two different ranges R1 and Rz into account. Furthermore, the RCS
((J ') has a different value from the original radar equation since this RCS is now also a
function of the angles eand qJ in spherical coordinates, related to the target [3, 16, 17].

2.4 Maximum effect

In order to improve the performance of the passive radar system a system designer can
influence the receiver parameters (Gr, Pr,). One way to improve the performance ofthe
system is to make the receiving antenna as effective as possible, by canceling the mutual
coupling effects. In the next chapters of this thesis an answer is given on why and how to
minimize the effects ofmutual coupling in the receiving antenna.

2.5 Conclusions

In this chapter the governing radar essentials were covered. Monostatic radar equations
were given and bistatic radar equations were deduced. It was seen that the bistatic range of
a target could be calculated from the ranges in the geometry.

The bistatic radar equation could be deducted from the monostatic radar equation by taking
an altered target cross section and the bistatic geometry into account.

14



Chapter 3

Antenna fundamentals

3.1 Introduction

Chapter 2 described the radar essentials of both monostatic and passive (or bistatic) radar.
To improve the performance of the passive radar that is used by TNO, the coupling effects
in the antenna array need to be incorporated in the beamforming algorithm. It is therefore
necessary to first look at the fundamentals of the dipole antennas and the antenna array
configuration. In this chapter the behaviour of an ideal dipole antenna will be discussed.
After this, the behaviour of an ideal dipole antenna array will be discussed, followed by the
effects of an ideal backplane. This chapter then continues with the influence of non-ideality
of the dipole antenna on the array pattern. From that we can end the chapter with a
description of the coupling effects and their influence on the array. Most ofthe information
given in this chapter is extracted from textbooks such as [3,4,5].

3.2 The ideal dipole antenna

In this section the ideal dipole antenna and its characteristics are given. The most important
characteristics of a dipole antenna are the dimensions, the impedance value and the
radiation pattern.

3.2.1 Basic dimensions

- ----fIloo- III
fo =fin

Figure 3.1a: The basic dimensions of a ideal dipole antenna
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Figure 3.1b: The current distribution along the antenna for different lengths of the dipole antenna.

In figures 3.1 a and b the basic dimensions of an ideal dipole antenna and the current
distribution along the antenna are given. An ideal dipole antenna in transmitting mode can
be regarded as a perfect conductor of certain length and infinitesimal diameter, attached to
a generator. The length of the conductor determines the radiation pattern. As reciprocity is
applicable to ideal antennas, one can regard an ideal dipole antenna in receiving mode as a
perfect conductor attached to a load, with the same radiation pattern as in transmitting
mode. In this thesis we consider a dipole antenna array consisting of'i2 Adipoles, meaning
that the length ofthe dipoles is Yz A. When we consider the perfect conductor, it can be
easily determined that

Jz = qvvz

where Jz is the current density [amperes/meter2
]

qv is electric volume charge density [coulombs/meter3
]

V= is velocity in the z direction [meters/second]

(3.1)

Considering an ideal electric conductor, where charge resides at the surface and considering
a infmitesimal diameter this equation becomes

Iz = qrvz

where 1= is the current in the wire [amperes]
q, is charge per unit length [coulombs/meter]

16
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Figure 3.2: The current distribution along an ideal dipole antenna.

When the current is time varying we end up with the following relation, which gives the
relation between changing current and charge.

d
-Iz = qlaz
dt

with az being the time derivative of the velocity in the z direction.

(3.3)

We can now easily see a relation between the movement of charge and the changing current
and since the current through the wire (the ideal conductor) is related to the electric field by
the conductivity ((J), we can use Maxwell's equations to describe the EM field properties.

3.2.2 EM field relations

The following relations occur for the EM field in the near field

E ·z kI(O)Le-ikr [1 1 I] . e
0=) 0 +---- SIll

4nr jkr (kr)2

I(O)Le-
ikr

[ 1]Er = Z 0 2 1+-.- cose
2nr )kr

u . kI(O)Le-
ikr [1 1]. e

11¢=) +- SIll
4nr jkr

Hr=O

Ho=O

E¢ = 0,

(3.4)

with 1(0) being the constant current along the dipole of length L« iL The wavenumber k
is equal to 27[/)." r is the distance from the antenna and eis the angle to the antenna.

In the far field the terms of r 2 can be neglected, leaving
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H8=0

E¢ =0,

(3.5)

which is known as Transverse Electro Magnetic (TEM) wave, in which both the E- and H
field are perpendicular to each other and to the direction of propagation.

We can now consider a dipole of some length and because the TNO configuration consists
of ~ Adipoles, we will look at the radiated fields of those dipoles. First we have to relate
the length of the dipole to the current.

(3.6)

Then substitute this new current in the equations given, and set L to ~ Aand k to 27r/).. By
subdividing the dipole into a number of infinitesimal smaller dipoles and integrating over
these dipoles, we end up with

COS(~2cos e)
l(O)e-Jkr

E8 = jZ 0 ----'---'------I
2nr sine

COS(~2cose)
.1(0)e-Jkr

H¢ = ) ---'---'------I
2nr sine

Er=O

Hr=O

H8=0

E¢ =0,

which are the far field relations of a single half-wavelength dipole [7, 8, 9].

3.2.3 Radiation pattern

(3.7)

The radiation pattern of an antenna is a two- or three-dimensional graphical representation
of the radiation energy of an antenna as a function of spherical space coordinates (B, qJ, r) or
polar coordinates (B, z, r). This radiation pattern is usually plotted in decibels (dB). The
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radiation pattern of an ideal dipole antenna depends on its length in relation to the
wavelength used. For a small dipole antenna (l < A) the radiation pattern is given in figure
3.3a and b.

Figure 3.3a: The radiation pattern of a small ideal dipole antenna

Figure 3.3b: The radiation pattern of a small ideal dipole antenna at a further distance from the
antenna

With the increase in the length of the dipole antenna, the radiation pattern changes. For
antenna lengths larger than 1.2 times A, side lobes start to occur. For dipole antenna of
different lengths at the radiation pattern is given in figures 3.4a and b.
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Figure 3.4a: The radiation pattern of ideal dipole antennas with different lengths
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Figure 3.4b: The radiation pattern of ideal dipole antennas with length / = 1.25 A

3.3 The ideal dipole antenna array

The directional gain that can be achieved using a single dipole antenna is very limited. In
some applications more directivity is needed. One way to achieve more directivity is by
combining more dipole elements in an array configuration. In such a configuration the
individual elements are fed by different phases. One can also incorporate some sort of taper
to feed the individual elements with different amplitudes. The individual radiation patterns
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then combine in the far field to a steered radiation pattern. The idea is that patterns combine
in certain (wanted) directions and interfere in other (unwanted) directions, resulting in
certain maxima and certain minima (or "nulls"). In this section the ideal dipole antenna
array and its characteristics are discussed [5, 10].

3.3.1 Linear arrays

An array of antennas can be determined by five factors, namely the geometrical
configuration of the array (linear, rectangular, spherical, etc), the distance between the
elements in relation to the wavelength used, the excitation amplitude and -phase and the
radiation pattern of the individual elements used. An ideal array has infinite dimensions and
an infinite amount of elements. Although all these factors can theoretically vary for each
individual antenna element, we will focus the discussion on a six element Uniform Linear
Array (ULA), with uniform spacings, which is used by TNO.

3.3.2 Radiation pattern

The field pattern of a(n ideal) ULA is equivalent to the element pattern of a single dipole
antenna times the array factor F, with

F = sin(nlj/ / 2)

n sin(1j/ /2)

where

2m1
Ij/ =--cosrjJ + a.

A

(3.8)

(3.9)

n is the number of dipole elements in the ULA, d is the distance between the dipole
elements and a is the phase shift between the elements. Since the array factor has a
sinc-shape and the dipole elements themselves radiate omnidirectional in the planes
perpendicular to its axis, it can be seen that the total field pattern of a ULA can have some
sort of maximum in one direction and minima in other directions, depending on how you
choose the different parameters.

3.3.3 The backplane

To achieve a greater directivity and to cancel out interference from behind the dipole
antenna array, a backplane can be incorporated into the total array configuration. This
backplane basically acts as a mirror to the elements in the ULA as can be seen in figures
3.5aand b.
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Figure 3.5a: The radiation of virtual and real sources add up constructively in front of a backplane.
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Figure 3.5b: When the mirrors and the dipole antennas are perpendicular, the mirror is in counter
phase to the actual source.

Every source in front of a backplane has a virtual counterpart behind the backplane. The
radiation patterns of these two sources then add constructively in front ofthe backplane,
with the directions determined by the laws of Snellius. When considering a single
infinitesimal dipole above a perfect backplane ((J - 00, and having infinite dimensions) the
far field equations for the added EM fields can be constructed as follows.
For a single infinitesimal dipole the relations were

E 'Z kJ(O)Le-
Jkr

. e
0= } 0 SIll

4nr

R
. kI(O)Le-Jkr

• e
¢ = } SIll .

4nr

(3.10)

These now become

kJ(O)Le-Jkr

Eo = jZo sin e[2cos(khcose)1 z ~ 0
4nr

kI(O)Le-P.T

H¢ = j sin e[2 cos(kh cos e)l z ~ 0
4nr

Eo =O;z ~ 0

H¢ =O;z ~ 0,

(3.11 )
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where a relation between the distance between the dipole antenna and the backplane
(height, h) and the radiated fields is visible [3, 4, 5]. Also, one can conclude that no
radiation is emitted behind the (perfect) backplane. This gives rise to a further directivity
towards the frond end of the array, as can be seen in figure 3.6.

Vertical planeTol-gain IdBi]

6 FM DIPOLES (G-MATCH) OVER GROUNDPLANE (OPTIMIZE-25 <dBi <231
6 FM dipoles (G-matchj over-qroundplane (optimized-13en4ciiondv-27 <dBi <6.81
Phi= 90 ·11:'0 .180 Ib:l

Figure 3.6: The influence of a backplane. The red line indicates the radiation pattern of two dipoles,
equally excited, without a backplane. The blue line indicates the radiation pattern of the same two
dipoles, but with a backplane added.

The backplane results in a great improvement in the front-to-back ratio of the antenna
configuration.

3.4 Impedance considerations

3.4.1 Impedance

The input impedance is defined as the voltage to current ratio at a pair of terminals. The
impedance of the antenna (in transmitting mode, see figure 3.7) is given by

Rldimd
\,l,'I\'t

Figure 3.7: An antenna in transmitting mode.

Za =Ra+ jXa (3.12)
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where
Za = antenna impedance at terminals a-b (ohms)
Ra antenna resistance at terminals a-b (ohms)
Xa = antenna reactance at terminals a-b (ohms)

with

Ra = Rr+ RL

where
Rr = radiation resistance of the antenna
RL = loss resistance of the antenna

(3.13)

Furthermore, we can consider a transmitting antenna fixed to a generator with internal
impedance

(3.14)

where
Rg = resistance of generator impedance (ohms)
Xg = reactance of generator impedance (ohms)

Of the power delivered to an antenna (in transmitting mode) a part will be radiated through
the radiation resistance and a part will be dissipated as heat through the loss resistance. This
process affects the overall efficiency of the antenna. The most ideal situation occurs in case
ofconjugate matching, in which case

Rr+RL=Rg

Xa=-Xg .

(3.15)

When an antenna is in receiving mode as is seen in figure 3.8, the equations remain
basically the same, but now under conjugate matching part of the total collected power is
delivered to the load and part is reradiated or dissipated as heat.

Figure 3.8: An antenna in receiving mode.

Since the input impedance of an antenna is also a function of frequency, geometry, method
of excitation, transmission lines and many other factors, one usually determines the input
impedance experimentally and changes the impedance accordingly. A thin lossless dipole
antenna of exactly Ih.lt. has an input impedance ofZ = 73 +j42.5 n, which is close to the
self impedance of coax transmission lines of 50 n or 75 n. The coax lines used by TNO
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have a self impedance of 50 n. In order to reduce the reactance to zero, i.e. to make the
antenna exactly resonant, the dipole lengths are reduced to around 0.47 A. to 0.48 A. and a
gamma match is applied.

3.4.2 Gamma match

In order to further match the complex impedance of the antenna to the real impedance of
the transmission line behind it, gamma matching is done. In this setup the variables a, a',
1'/2 and C from figure 3.9a are determined to get an ideal match. The gamma match
connection is employed as a broadband matching technique to feed a dipole from a
mismatched, and possibly unbalanced transmission line, such as a coaxial line. The inner
gamma rod (usually with smaller radius) is connected to the transmission line at one end
and is tapped at one location to the outer dipole, the tap point set a distance 1'/2 from its
center. The gamma match and dipole are separated from each other by a small distance, s.
A capacitor (C), whose purpose is to resonate the circuit and balance the line, is placed at
the feed point of the gamma rod [3].

I
:a"

I I
I I
I z..1
I I

Figure 3.9a: Gamma match

Zin

Xc

Z,

(I +0:) : I

Z,/2

Figure 3.9b: The equivalent circuit of a gamma match

The equivalent circuit ofthe gamma match is given by Figure 3.9b. Here the input
impedance is equal to

(3.16)
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where Za is the center point free space impedance of the antenna in the absence of the
gamma match. The factor a is known as the current division factor and (1 +ai is called the
step-up ratio. The factor a can be determined by

cosh -I (v 2

- u2

+ IJ
2v In(v)a =-------;----7- ;::; -:;""""7""--'---''---;-___

_1(V2+u 2 -IJ In(v)-ln(u)
cosh

2vu

where

a
u=

a'
s

v=
a'

The value for Zg can be obtained by using

where

z, '" 276 log" ( .j~,J

(3.17)

(3.18)

(3.19)

(3.20)

which is the characteristic impedance of the two wire transmission line with radii a and a',
with separation s.

To obtain the value for the capacitor, we can use

Zm = R;n + jX;n

X =_1_=_1_
m mC 2ifC

3.5 The non-ideal dipole antenna

(3.21)

(3.22)

So far we have considered ideal dipole antennas in an ideal ULA in front of an ideal
backplane. The reality is of course less ideal. In reality, the non-ideality of the dipole
antenna and the non-ideality ofthe array configuration need to be considered, in order to
account for the differences that can be observed between the ideal situation and the real
situation. We can then explain the effects of mutual coupling.
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3.5.1 The non-ideal dipole element.

Figure 3.10: The dipole antenna as a non-ideal element.

Figure 3.10 illustrates a dipole as a non-ideal element. When describing a dipole as a non
ideal element one has to take the dimensions as well as the material into account. This
means that both the radius of the dipole and the non-ideal conductivity becomes an issue.
This affects the current flow in the dipole, the impedance of the dipole, its radiation pattern
and the current, impedance and radiation pattern of neighboring elements. The radius of the
dipole has a small influence on the current distribution as can be seen in the next figure.

0.30
0.0 l.-----L....----L_L.---'--------L_L-----'---------'-_.L..----I---l._-'-----'----'_--'----':-:--'~""":_::_--'-____::_".

0.00 0.05 0.10 0.15 0.20 0.25

0.8

Dist,ulCC from dipole center (wavelengths)

Figure 3.11: The influence ofthe diameter ofthe dipole on the current magnitude for two different
lengths of dipoles (Yz land 1 A). The influence of the radius for Yz wavelength dipoles is small, whereas
the influence on full wavelength dipoles is larger.

Furthermore we can look at the reactance of the dipole.
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Figure 3.12: The relation between the length of a dipole antenna in wavelengths, the diameter of the
dipole and the reactance.

In figure 3.12 it can be seen that dipoles of(n) times Y2 A have good reactance values. For
dipoles of ( Y2 +n) times Y2 }" the value of the reactance is considerable and growing for
smaller diameters of the dipole.

3.5.2 The non-ideal dipole antenna array

lncidclll
wave Iront

Antenna 1Jl

Figure 3.13: A non-ideal antenna array.

Anlenna /I

In a non-ideal antenna array one can assume the situation as depicted in figure 3.13.
Consider a plane wave incident on the array (0). When the wave hits the dipole antenna,
part ofthe wave will rescatter into space as (2). A second part ofthe wave will be directed
to the neighboring antenna elements as (3) and a third part of the wave will travel into the
feed of the dipole antenna itself. The total amount of energy that is absorbed by an antenna
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element is therefore the sum of the direct waves and the waves that are coupled into the
antenna by its neighboring elements, which is known as mutual coupling. Finally we have
wave (4), which is the reflected wave back into the antenna due to mismatching. The
mutual coupling principle leads to a different impedance value, as well as a changed
radiation pattern of each dipole and therefore of the total array. Mutual coupling can
negatively influence the total gain of the array, meaning a deterioration ofthe total gain and
a variation of the beam width [18].

Furthermore, the TNO configuration uses a backplane, which is also not perfect. The
backplane is not of infinite dimensions, nor is its conductivity infinite. One can therefore
assume that the mirroring and shielding functions of the backplane are less then perfect.
Finally, the TNO array consists of only six dipole elements, leaving the dimensions ofthe
array less then perfect.

In a good design of an array it is necessary to counter for the total sum of the coupling
effects and these other imperfections.

3.5.3 Mutual Impedance

The mutual impedance describes the effect of one dipole antenna on the impedance of the
next dipole antenna. When considering only two elements next to each other, a set of
formulas can be constructed. The input impedance of an element with no interference of
another element can be seen as

The impedance of one element due to another element is given by

Z12 = ~ , which is reciprocal.
12

(3.23)

(3.24)

Thus, the total mutual impedance of an element due to its own impedance and due to the
impedance of its neighboring element is given by

ZI = Zl1 + Z12[ S~J

Z2 = Z22 + Z21UJ

These relations can be seen graphically in the next figure.
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Figure 3.14: The relation between the separation of two dipoles, their mutual impedance and the wire
diameter.

The TNO radar configuration has dipole antennas of approximately 0.48 A., with d = 0.48 A.
and a radius of the dipoles being 4.27 10-3 A.. This results in Z12 = Z21 ::::; -4 -j34.

In a six element dipole array we need to consider the mutual impedances between all
elements. The next picture demonstrates the admittance (Y=liZ) relations between four
ports, which is still graphically understandable. For six antennas the fundamentals remain
the same. For six antennas in front of the backplane we also need to consider the
admittance relations between the actual sources and their mirrors [15].
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Figure 3.15: The mutual admittance relations between ports.

Figure 3.15 also shows that the self admittance ofa dipole antenna is decreased by the
mutual admittances between itself and all other ports.
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The coupling matrix C can be calculated from the mutual impedance values by stating that:

(3.26)

where Z is the elements input impedance (for Y2 Adipoles this value is Z = 73 +j42.5 Q). ZT
is the complex conjugate of Z, IN is the identity matrix and Z is the mutual impedance
matrix, given by

Z+ZT Z21 Zln

Z 21 Z+ZT Z21

z= (3.27)

Zn1 Zn2 Z+ZT

[19,20]

3.6 Cosine taper

To reduce side lobe levels in the radiation pattern ofan array some sort of taper can be
included. By using a cosine taper the individual array elements are excited by values
multiplied with cosine values as is shown in figure 3.16.

Figure 3.16: Cosine taper function

The values that can be taken for a six element array are the values for resp. 60, 120, 180,
180,240 and 300 degrees, giving resp. 0.25, 0.75, 1, 1,0.75,0.25 as multiplication values.
The result will be that the side lobes in the radiation patterns will be reduced at the expense
of the magnitude of the main lobe and the 3-dB beamwidth. The difference between the
magnitude of the main lobe and of the side lobes, as well as the front-to-back ratios will
improve. The next figures illustrate the use of a cosine taper for a six element array at a
scan angle of 14 degrees. The reduced side lobe levels as well as the reduced magnitude of
the main lobe are visible.
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Figure 3.17a Radiation pattern without the use of a cosine taper
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Figure 3.17b: Radiation patterns with the use of a cosine taper.

3.7 Calibration

The position of a target can be determined by (bistatic) range and bearing in relation to the
receiving antenna. The determination of the bistatic range is based on the time difference
between the direct signal and the received (reflected) signal as is stated in paragraph 2.3.1.
For the determination of a targets bearing the phase differences between the signals that are
received by the individual array elements are used. It is therefore imperative that there is no
pollution of any kind in the phase differences between the array elements. This can be
achieved by calibrating the array. Calibrating the array is done by taking a known
stationary target in the detection of the array. This target should ideally give a known phase
per element with the same phase differences between the elements as seen in formula 3.28.
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(3.28)

with rp being the angle of arrival of the target echo and () being the phase difference of the
recieved signal at two antennas [16].

This data can then be used to correct the measured phase differences. This results in a
calibration vector by which the measured data must be multiplied in order to calibrate the
system.

3.8 Conclusions

In this chapter a description was given of dipole elements and dipole arrays. First, single
elements were described as though they were ideal elements. For these elements EM-field
relations were given and radiation patterns were shown. The relation between the length of
a dipole antenna (per wavelength, A) and its radiation pattern was shown. For antenna
lengths larger than 1.2 times A, side lobes start to occur. Then a description was given of a
Unifonn Linear Array (ULA) of elements and the array factor was introduced.

A configuration consisting of an array of elements and a backplane was introduced. The
resulting EM field relations were given and it was shown that a backplane can improve the
front-to-back ratio of an array. Furthennore, the impedance relations of radiating elements
were given and the influence of a gamma match was explained.

A description was given of dipole antennas and arrays as real elements. With a non-ideal
element one has to take the dimensions as well as the material into account. This means that
both the radius of the dipole and the non-ideal conductivity becomes an issue. This affects
the current flow in the dipole, the impedance of the dipole, its radiation pattern and the
current, impedance and radiation pattern of neighboring elements. The radius of the dipole
has a small influence on the current distribution. Dipoles of (n) times If2 Ahave good
reactance values.

Coupling effects were introduced. When a plane wave hits a dipole antenna, part of the
wave will rescatter into space. A second part of the wave will be directed to the
neighboring antenna elements and a third part of the wave will travel into the feed of the
dipole antenna itself. The total amount of energy that is absorbed by an antenna element is
therefore the sum of the direct waves and the waves that are coupled into the antenna by its
neighboring elements, which is known as mutual coupling. Finally a part of the wave is
reflected back into the antenna due to mismatching. The mutual coupling principle leads to
a different impedance value, as well as a changed radiation pattern of each dipole and
therefore of the total array.

The addition of a cosine taper was described. The result of this taper will be that the side
lobes in the radiation patterns will be reduced at the expense of the magnitude of the main
lobe and the 3-dB beamwidth. The difference between the magnitude of the main lobe and
of the side lobes, as well as the front-to-back ratios will improve.
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Finally, calibration was described. Calibration results in correct values for the phase
differences between array elements, which is necessary for bearing determination.

In next chapters ways will be developed to counter coupling effects.
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Chapter 4

Methods of pattern correction

4.1 Introduction

In chapter 3 the mutual coupling effects were described. It was seen that the mutual
coupling effects have their origin in the non-ideality of the antenna array. The coupling
effects lead to a changed impedance of the single dipole antennas and a changed radiation
pattern of each dipole antenna and therefore a less effective antenna array with a changed
total radiation pattern. In this chapter a theoretical description will be given of the methods
of the pattern correction that can be used to correct for the mutual coupling effects. The
idea behind this pattern correction is to multiply the measured voltage values at the antenna
elements with a (to be determined) correction matrix K to get the original, desired voltage
values [11, 12, 13, 14]. In this thesis two methods of pattern correction will be discussed.
The first method uses the Fourier decomposition and is described in [11]. The second
method uses measurements to determine the coupling currents and thus the coupling matrix
C. By inverting the coupling matrix C, the correction matrix K is obtained. In this chapter a
theoretical explanation is given of how to determine the coupling matrix and how to use
this matrix to correct the data. In the next chapters this coupling matrix will then be
determined and used.

4.2 Pattern correction

One could see the array pattern of an ideal antenna array as the product ofthe individual
radiation pattern of the antenna elements and the array factor. This results in the following
equation for the array pattern

(4.1)
n

where fn (u) is the individual element pattern and an is the complex amplitude per element.

When we take the mutual coupling effects in account this equation changes into

(4.2)
n n

We now have an array pattern consisting of two terms. The first term is a summation over
all elements where we take an average individual radiation pattern fa (u). The second term

is a summation where a pattern deviation per element lfa (u) is included. So we have a
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radiation pattern consisting of an ideal pattern plus an error pattern. The objective is to
compensate for the error.

Incidellt
wave frollt

,
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Figure 4.1: A non-ideal antenna array.

In chapter 3 figure 4.1 was introduced to explain the effect of mutual coupling. We can
relate the received EM fields to the numbers in the picture by stating that

(4.3)
n,m:t:n

where vm(u) is the received signal at element m, with u being the sine of the angle efrom
broadside. Furthermore, Cmm is the coupling factor from the antenna to the transmission
line, Em is the incident field at antenna m, in the picture denoted by (0) andfi(u) is the
individual element pattern. The summation in the equation consists of all Cmn, which is the
coupling factor of the aperture of element rn i- n to element n, En andf(u), where
cmnEJi(u) is the leakage of element m to element n, depicted by (3) in the picture. Equation
(4.3) relates thus the incident fields to the output voltages of the individual elements of the
array.

Since Emfi (u) is the desired signal without coupling effects that is received by element m,
we can deduct the following equation

=

Cmn

•
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where the vector vmeas = (VI (u) ... vn(u)f consists of the received signals (with coupling

effects) and the vector vd = (v( (u) ... v:(u)l consists of the desired signals without

coupling effects. The coupling effects are grouped in matrix C = (cmn ).

In figure 4.2 a block diagram is given ofthe operation. It starts with the signal vector
vd

= (v( (u) ... v: (u) l that is received. These signals are received by the individual array

elements and mutual coupling effects are present, so that the signal vector that is measured
is Vmeas = (VI (u) ... vn(u)f. In order to get the desired signals back the following

multiplication is performed:

(4.5)

where

(4.6)

Although the coupling effects are dependent on the direction of the incoming wave, the
coupling compensation is independent of the direction of the incoming wave. After this the
normal weighing and summation of the array is performed.

The final result is the following array pattern

(4.7)
n

which is a summation of the isolated element pattern and the individual weighing per
element. This is the total array pattern without coupling effects.

4.3 determining Kby Fourier decomposition

When using Fourier decomposition to determine the C matrix, one first has to measure the
complex voltage pattern gm(u) of each dipole element by individually exciting the elements
in NEe. Since

(4.8)

we can use the following relation, to obtain the Fourier coefficients Cmn

(4.9)

which is basically a Discrete Fourier Transform.

The Fourier coefficients can numerically be determined by using
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mn 27£ ff j' (u)
kd

(4.10)

The integration used in this formula is to u, which is the sine of an angle to broadside.
When using this formula at each dipole element we will end up with the matrix C = (cmn ).

Furthermore, we need to know j'(u). This isolated element pattern also needs to be
determined and this will be done in chapter 5.

We need to understand that the integration to u has an interval that stretches from
[-1tlkd ... 1tlkd]. Since k = 2/l/A and d = 0.45 A this gives an integration interval ranging
from [-1.11 ... 1.11]. However, u is a sine function, and therefore the integration interval
should not go beyond +/- 1(, which means that d > ~ A). So, to use this method we need to
have the integration interval range from [-1.00 ... 1.00], neglecting both [-1.11 ... -1.00]
and [1.00 ... 1.11] as values for u. In chapter 5 it will be checked whether this leads to
missed information and thus inaccuracy in the Fourier coefficients.

Also, this method is based on small arrays and does not mention arrays in front of a
backplane. The TNO radar configuration does contain a backplane and it will to be checked
whether this method still produces valid results for arrays incorporating a backplane [11].

4.4 Determining K by measuring the coupling currents

The second method that will be used in this thesis to determine the K matrix is to measure
the coupling currents and coefficients on the scale model and on the array. First the results
from earlier measurements on the scale model done by TNO will be consulted. These
measurements were done on a scale model in a controlled environment. The resulting
coupling matrix will be given.

Then, the coupling currents will be measured on the actual array. This is done by
individually stimulating the dipoles with an in frequency varied current and measuring the
amplitudes and phases of the coupling currents on the other dipoles. The measurements are
done in an uncontrolled environment and are therefore subject to small discrepancies due to
outside influences (i.e. radio broadcasts).

The resulting matrices can then be interpreted and will be used to correct the radiation
pattern of the array to correct for coupling effects.

4.5 Beamforming

The operation of any radar system leads to information of the targets range, velocity,
altitude, etc. This information is gotten from calculations using the sent radar signal and
the received (reflected) radar signal or echo. Time and phase differences between the two
are therefore used. Typically, a reflected signal is a time- and frequency shifted copy of the
original signal as was shown in chapter 1 by figure 1.3. The bistatic range can be
determined using formula 2.8. The different phases that are detected on the individual
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antennas in an array are used to determine a targets bearing in relation to the receiving
radar position. This means that a radar system outputs data regarding a targets range and
bearing. When looking at this data for a period of time, the targets velocity and heading can
be determined. From the received frequency shift, Doppler information is obtained [1, 16,
17].

4.5.1 Range/Doppler surface

In radar processing the target range and Doppler can be plotted. This result in a plot as is
seen in figure 4.3. In this figure multiple targets are plotted with range on the vertical axis,
Doppler on the horizontal axis and magnitude as a color function.
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Figure 4.2 RangelDoppler surface

In figure 4.3 a rangelDoppler surface is given. From this plot several targets can be
observed. For instance at a range of some 55 km and a Doppler of -55 a target is visible.
This could typically be an aircraft. (- or + values for Doppler mean that the target is either
flying away or towards the recieving antenna). Also some targets are visible on the 0
Doppler line. These are stationary targets.

In a six element ULA such as in use by TNO this operation leads to six rangelDoppler
surfaces such as figure 4.3 for any length of time that is observed. These range/Doppler
surfaces are more or less identical, since each surface represents the collected data per radar
element.

4.5.2 FFT operation on the rangelDoppler surfaces

The range/Doppler data from the previous paragraph can be manipulated using an FFT to
get figures for the individual beams of the total antenna array in the angular domain. To do
this the following mathematical operation is executed:
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Z(r,d)j * A *exp(j * <PJ
Z(r,d)2 * A *exp(j *<P2)
Z(r,d)3 * A *exp(j *<PJ
Z(r,d)4 * A *exp(j* <P4)
Z(r,d)5 * A *exp(j *<PJ
Z(r,d)6 * A *exp(j *<P6)

FFT )

Z'(r,d,<I'j)

Z' (r, d, <1'2)

Z'(r,d,<I'3)

Z'(r,d,<I'4)

Z'(r,d, <1'5)

Z'(r,d,<I'6)

(4.11)

In these formulas ZL6 are range/Doppler surfaces per radar element and are dependent on
range (r) and Doppler (d). A is the taper coefficient in case a (cosine) taper is used and f{J is
the calibration correction vector (-0.3106, -2.2713, 1.1854, -1.6241, 1.4308, -0.8683)T.
The FFT turns these range/Doppler surfaces in new range/Doppler surfaces, but as a
function of angle f{J in relation to the recieving antenna [6].

The next figure illustrates this operation with 4 range/Doppler surfaces Z.

Z'(r. d. phi)

Figure 4.3: FFT operation on range/Doppler surfaces

By executing the FFT operation on the range/Doppler data, plots are obtained of the
individual beams of the radar array. In these plots aircraft detections are given with a
certain magnitude that differs per plot. In the next figure this effect is illustrated.
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Figure 4.4: RangelDoppler surfaces after FFT

In Figure 4.5 four rangelDoppler surfaces are given. In these plots a target is visible at a
range of some 55 kIn with a Doppler of some -50. This target is visible in the first beam,
more visible in the second beam and most visible in the third beam. This means that this
method of beamforming results in information about a targets bearing in relation to the
receiving antenna.

4.5.3. Correcting for coupling effects

In order to get better range/Doppler plots the data can be corrected for coupling effects.
This is done by multiplying the detection data with the correction matrix K.

Z(r,d)l A * exp(j * (jJl ) Z'(r,d,<I'I)

Z(r,d)2 A * exp(j *(jJ2) Z' (r, d, <1'2)

Z(r,d)3
*(K)*

A * exp(j * (jJ3 )
FFT )

Z' (r, d, <1'3)
(4.12)

Z(r, d)4 A * exp(j * (jJ4) Z'(r,d,<I'4)

Z(r,d)s A * exp(j * (jJs) Z'(r,d,<I's)

Z(r,d)6 A * exp(j * (jJ6) Z'(r,d,<I'6)
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4.6 Conclusions

In this chapter it was described that the coupling effects can be accounted for by
multiplying the measured voltage values at the antenna elements by a correction matrix to
get the desired voltage values. Two methods to determine the coupling matrix C were
described. The first method uses the Fourier decomposition.

The formulas that are used when determining the coupling matrix by Fourier
decomposition contain an integration to u which has an interval that ranges from
[-1t/kd ... 1t/kd]. These formulas were developed for arrays with d > )Iz A, resulting in an
integration interval for u ranging from [-1. .. 1]. In The TNO radar array, d= 0.45 Awhich
gives an integration interval ranging from [-1.11 ... 1.11]. In chapter 5 it will be checked
whether this leads to missed information and thus inaccuracy in the Fourier coefficients.

The second method uses measurements to determine C. This is done by individually
stimulating the dipoles with an in frequency varied current and measuring the amplitudes
and phases ofthe coupling currents on the other dipoles. The measurements are done in an
uncontrolled environment and are therefore subject to small discrepancies due to outside
influences (i.e. radio broadcasts). The resulting matrices can then be interpreted and will be
used to correct the radiation pattern of the array to correct for coupling effects.

By stating that the correction matrix K = C 1 and vd = K vmeas, the original voltage values
can thus be determined.

Beamforming is introduced as a means to tum the collected data in range and Doppler into
data in the angular domain.
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Chapter 5

Determination of the coupling matrix

5.1 Introduction

In this chapter the coupling matrix C is determined. First the coupling matrix is calculated
by implementing formulas 4.9 and 4.10 from chapter 4 in MATLAB and using output data
from simplified NEC models. Formulas 4.9 and 4.10 are used in [11] for simple arrays
without an incorporated backplane and for element spacings d> lh A. In this chapter,
therefore, a comparison is made between the method based on formulas 4.9 and 4.10 and
NEC calculations for different array configurations in order to determine whether the
method from [11] can be used to get correct results for the coupling coefficients of the
TNO radar. Then, the coupling coefficients will be numerically determined using an
accurate NEC reference model. After this, the measurements of the coupling matrix in a
controlled environment on the scale model are given and finally the measurements of the
coupling matrix on the actual array in an uncontrolled environment are given.

All methods result in a coupling matrix in dB values. For the accurate NEC model and for
the measurements done on the actual array in an uncontrolled environment the coupling
matrix is given in complex values as well. The coupling matrix from NEC is used to
determine the correction matrix K. This correction matrix is applied to the data from the
NEC model to determine whether this correction matrix leads to a better result in the NEC
radiation pattern. In the next chapter the coupling matrix from the actual array is used to
improve on the measured data from the actual array.

5.2 Determining the coupling matrix by Fourier decomposition

Formulas 4.9 and 4.10 were implemented in MATLAB in order to determine the coupling
coefficients and thus the coupling matrix. The following MATLAB functions were
implemented:

function Nec = readnec(filename)i

fid = fopen(filename, 'r') i

necLine = "i
while isempty(strfind

(necLine, '- - - RADIATION PATTERNS - - - ')),
necLine = fgets(fid)i

end~iv,hile
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for iLine = 1:4,
neeLine = fgets(fid);

end'i5for

C = textsean(fid,
'%f32 f32%f32 f32 f32 f32 f32'i*s f32 f32%f32 f32');

Nee.theta
Nee.phi
Nee.vgain
Nee.hgain
Nee.gain
Nee.eTheta
Nee.ePhi

C { 1} ;
C{2};
C {3} ;
C {4 } ;

C {5} ;

C{8} .* exp(j*pi*C{9}/180);
C{10} .* exp(j*pi*C{1l}/180);

fdose (fid) ;
%EOFUNCTION READNEC

function C = steyskal(NeeO, Nee);

e = 3.0e8;
fe = 96.8e6;
lambda = e/fe;
k 2*pi/lambda;
d = 1.60;

theta = pi*Nee.theta/180; u = sin(theta);
dTheta = (theta(end)-theta(l)) .1 (length(theta)-l);

eO NeeO.eTheta + NeeO.ePhi;
e Nee.eTheta + Nee.ePhi;

for m = -2.5:2.5,
C(m+3.5) = sum(-(e.leO) * cos (theta) * exp(-j*k*m*d*u) *

dTheta) ;

disp(20*log10(abs(C) ));
end

plot(u, 20*log10(abs(eO)),
plot(u, 20*log10(abs(e)),
grid Oil;

EOFUNCTICN STEYSKl-iL

, r I ); hold V"",

'b'); hold off;

The isolated element patternF(u) is taken as a single dipole in front of the backplane. This

pattern is determined in NEC and the output is read in the
MATLAB C = steyskal (NecD,Nec) function as NeeD.
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The complex voltage pattern gm(u) of each dipole element is determined by implementing
the array in NEC and individually exciting the dipoles in the array environment. The output
ofthe NEC computations is read as Nec.

Reference [11] is limited to small arrays of elements with element spacings d > ~ A,
without a backplane present. So, in this thesis it will be gradually checked whether this
method gives accurate results for the TNO radar.

5.2.1 D > ~ Ain free space

First a simplified model was constructed in NEC consisting of a small array of six dipoles
with an element spacing of 1.60 meters (d > ~ A). There is no backplane incorporated. The
radiation pattern output of this model was used as input for the MATLAB functions and
was checked against the coupling coefficients that were computed by NEC [21,22,23].
The results are given in the following tables.

dB 1 2 3 4 5 6

1 0,0 -13,7 -22,1 -27,8 -32,2 -34,3

2 -13,3 0,0 -14,0 -22,5 -27,8 -30,7

3 -21,2 -14,0 0,0 -14,1 -22,3 -26,6

4 -26,3 -22,2 -14,1 0,0 -14,0 -21,4

5 -30,3 -27,9 -22,3 -14,1 0,0 -13,3

6 -33,9 -31,9 -27,6 -22,0 -13,7 0,0

Table 5.1: Coupling coefficients determined by MATLAB for d > Yz I. without a backplane

dB 1 2 3 4 5 6

1 0,0 -14,6 -21,3 -25,8 -28,5 -30,0

2 -14,6 0,0 -15,8 -23,3 -27,4 -28,5

3 -21,3 -15,8 0,0 -15,7 -23,3 -25,8

4 -25,8 -23,3 -15,7 0,0 -15,8 -21,3

5 -28,5 -27,4 -23,3 -15,8 0,0 -14,6

6 -30,0 -28,5 -25,8 -21,3 -14,6 0,0

Table 5.2: Coupling coefficients determined by NEC for d > Yz I. without a backplane

From these tables it can be seen that the coupling coefficients range from -13 dB to -34 dB.
The values in table 5.1 are of the same magnitude as the values in table 5.2. There is
consistency through both matrices since the coefficients of elements 1, 2 and 3 are almost
equal to the coefficients of elements 6, 5, and 4 and the reversed coefficients are almost
equal as well (row 1 :::::; column 1, etc.). There is complete consistency throughout the values
that were determined by NEC. In both matrices a decrease of influence can be noticed, the
further an element is placed from the active element. Also, throughout the matrices all
values of the coefficients from the active elements to their neighboring elements are
similar. These tables contain reasonable values and it can be concluded that the method of
[11] leads to accurate results for an array with an element spacing d > ~ Ain free space.
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5.2.2 D> lh Awith an infinite backplane

For the second set of calculations a perfect backplane of infinite dimensions is added to the
simplified model. The element spacing is kept at 1.60 meters (or 0.52 A). Reference [11]
doesn't mention applicability to this model. The results are given in the following tables

dB 1 2 3 4 5 6

1 0,0 -16,8 -24,6 -27,8 -29,1 -29,6

2 -16,6 0,0 -16,6 -24,2 -27,3 -28,5

3 -24,0 -16,5 0,0 -16,5 -24,1 -27,0

4 -27,2 -24,1 -16,5 0,0 -16,5 -23,9

5 -28,7 -27,3 -24,2 -16,6 0,0 -16,5

6 -29,8 -29,3 -28,0 -24,7 -16,9 0,0

Table 5.3: Coupling coefficients determined by MATLAB for d > ~ I.. with a perfect backplane

dB 1 2 3 4 5 6

1 0,0 -15,8 -24,9 -31,4 -36,0 -39,7

2 -15,8 0,0 -16,1 -23,3 -31,9 -36,0

3 -24,9 -16,1 0,0 -16,0 -23,3 -31,4

4 -31,4 -23,3 -16,0 0,0 -16,1 -24,9

5 -36,0 -31,9 -23,3 -16,1 0,0 -15,8

6 -39,7 -36,0 -31,4 -24,9 -15,8 0,0

Table 5.4: Coupling coefficients determined by NEC for d > ~ I.. with a perfect backplane

From these tables it can be seen that the coupling coefficients range from -16 dB to -40 dB.
Adding a perfect backplane reduces the mutual coupling between elements. This effect is
less visible in table 5.3. The values in table 5.3 are of the same magnitude as the values in
table 5.4 for the closest elements. For the mutual coupling between the elements that are
furthest apart, the values determined by MATLAB differ from the values determined by
NEe. There is consistency through both matrices since the coefficients of elements 1, 2 and
3 are almost equal to the coefficients of elements 6, 5, and 4 and the reversed coefficients
are almost equal as well. In both matrices a decrease of influence can be noticed, the further
an element is placed from the active element, but in the MATLAB results this decrease is
minimal for the elements furthest apart. Also, throughout the matrices all values of the
coefficients from the active elements to their neighboring elements are similar. These tables
contain reasonable values and it can be concluded that the method of [11] leads to accurate
results for an array with an element spacing d > lh Aand an infinite backplane.
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5.2.3 D < ~ "A with an infinite backplane

For the third set of calculations the perfect backplane of infinite dimensions is kept, but the
element spacing is reduced to 1.37 meters (or 0.44 "A). Reference [11] shouldn't apply to
this model. The results are given in the following tables

dB 1 2 3 4 5 6

1 0,0 -17,4 -23,0 -20,6 -19,9 -20,3

2 -19,2 0,0 -17,9 -22,0 -19,1 -18,3

3 -20,1 -18,3 0,0 -18,3 -21,3 -18,2

4 -18,0 -20,7 -18,1 0,0 -18,5 -20,7

5 -18,2 -18,9 -21,3 -17,9 0,0 -19,7

6 -20,3 -19,8 -20,3 -22,6 -17,6 0,0

Table 5.5: Coupling coefficients determined by MATLAB for d < Y21. with a perfect backplane

dB 1 2 3 4 5 6

1 0,0 -12,7 -19,5 -24,7 -28,8 -33,2

2 -12,7 0,0 -12,4 -19,4 -24,4 -28,8

3 -19,5 -12,4 0,0 -11,6 -19,4 -24,7

4 -24,7 -19,4 -11,6 0,0 -12,4 -19,5

5 -28,8 -24,4 -19,4 -12,4 0,0 -12,7

6 -33,2 -28,8 -24,7 -19,5 -12,7 0,0

Table 5.6: Coupling coefficients determined by NEC for d < Y21. with a perfect backplane

From these tables it can be seen that the coupling coefficients range from -12 dB to -33 dB.
Reducing the element spacing increases the mutual coupling between elements. The values
in table 5.5 aren't of the same magnitude as the values in table 5.6. In table 5.5 there is no
consistency since the coefficients of elements 1, 2 and 3 aren't equal to the coefficients of
elements 6, 5, and 4 and the reversed coefficients differ as well. Also, in table 5.5 there is
no decrease of influence, the further an element is placed from the active element. Table
5.5 doesn't contain reasonable values. This is due to the fact that the integration interval
that is used in formula 4.10 extends beyond visible space (-1.11 < u < 1.11). It can be
concluded that the method of [11] leads to inaccurate results for elements spacings d < ~ "A.

5.2.4 D < Y2"A with a finite backplane

For the final set of calculations actual TNO antenna array is implemented. The perfect
backplane of infinite dimensions is changed into the actual backplane of finite dimensions,
and is positioned at a distance h=0.56 meters behind the dipole configuration. The element
spacing is kept at 1.37 meters (or 0.44 "A). Reference [11] shouldn't apply to this model.
The results are given in the following tables.
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dB 1 2 3 4 5 6

1 0,0 -8,3 -15,8 -19,8 -23,2 -26,3

2 -8,0 0,0 -14,9 -25,6 -33,7 -48,9

3 -15,1 -11,2 0,0 -15,4 -22,1 -23,9

4 -23,6 -22,0 -15,4 0,0 -11,2 -15,0

5 -41,8 -21,6 -25,1 -14,8 0,0 -8,0

6 -26,4 -23,0 -20,1 -15,7 -8,2 0,0

Table 5.7: Coupling coefficients determined by MATLAB for d < Yz A with a finite backplane

dB 1 2 3 4 5 6

1 0,0 -12,7 -20,0 -25,0 -29,1 -33,2

2
-12,7 0,0 -12,4 -19,6 -24,7 -29,1

3
-20,0 -12,4 0,0 -12,4 -19,6 -25,0

4
-25,0 -19,6 -12,4 0,0 -12,4 -20,0

5
-29,1 -24,7 -19,6 -12,4 0,0 -12,7

6
-33,2 -29,1 -25,0 -20,0 -12,7 0,0

Table 5.8: Coupling coefficients determined by NEC for d < Yz Awith a finite backplane

From these tables it can be seen that the coupling coefficients range from -12 dB to -33 dB.
The finite backplane that is incorporated into rno radar has no negative effects on the
mutual coupling between elements, compared to the perfect array of infinite dimensions.
The values in table 5.7 aren't of the same magnitude as the values in table 5.8 and again, in
table 5.7 there is no consistency in the values. Table 5.7 doesn't contain reasonable values
and it can be concluded that the method of [11] leads to inaccurate results.

5.2.5 Conclusions

Tables 5.1 through 5.8 show that formulas 4.9 and 4.10 only lead to reasonable results for a
configuration with an element spacing of d > Y2 A. For other configurations the results are
inaccurate. It is therefore not possible to use this method for determining the coupling
coefficients of the rno radar.

5.3 Determining the coupling matrix using NEC

NEC can automatically compute the maximum coupling between elements. In order to
compute the maximum coupling it is necessary to have matched conditions for load and
receiver impedances. Then, one has to implement the entire antenna array (in actual size)
and individually excite the dipole antennas between which the coupling is calculated. The
other four dipoles are closed by connecting them to a load of 50 Ohm. The used formulas
are:
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(5.1)

with

(5.2)

[21,22,23]

In annex A the description is given of the NEe model that is used to detennine the coupling
matrix. The resulting coupling matrix in dB values was given in the table 5.8.
The resulting coupling matrix in complex values is given by the amplitude/phase data in
table 5.9.

1 2 3 4 5 6

1 0 0.231 exp(-2.223j) 0.1 exp(1.175j) 0.056exp(-1.687j) 0.035exP(1.763D 0.022exp(2.364D

2 0.231 exp(-2.223D 0 0.23gexp(-2.271 j) 0.105exp(1.116j) 0.058exp(-1.748j) O. 035exp(1.763i

3 0.1 exp(1.175j) 0.23gexp(-2.271j} 0 0.241exp(-2.277j) 0.105exp(1.116j) 0.056exp(-1.687j)

4 0.056exp(-1.687j) 0.105exP(1.116j) 0.241 exp(-2.277j) 0 0.23gexp(-2.271i) 0.1exp(1.175j)

5 0.035exp(1.763j) 0.058exp(-1.748j) 0.1 05exp(1.116j) 0.23gexp(-2.271 j) 0 0.231exp(-2.223j)

6 0.022exp(2.364j) 0.035exp(1.763j) 0.056exp(-1.687j) 0.1exp(1.175j) 0.231exp(-2.223j) 0

Table 5.9: Coupling coefficients determined by NEC for the TNO array

5.4 Detennining the coupling matrix of the scale model

The scale model has been used to determine the individual radiation patterns of the dipoles
in the array. This was done by individually exciting the dipole antennas while closing the
other dipoles with a load. The resulting E-fields were registered. The scale model is a 1:10
model of the actual array and measurements were perfonned using a frequency of985
MHz. The scale model uses dipole antennas that are matched by means of gamma matches,
which are set to 44.3 mm (Lgm). The mutual coupling parameters were measured in dB's
and are given in the next table:

dB 1 2 3 4 5 6

1 0 -13,0 -21,5 -26,0 -29,8 -36,6

2 -13,0 0 -13,7 -21,5 -26,5 -30,6

3 -21,5 -13,7 0 -13,5 -21,6 -27,3

4 -26,0 -21,5 -13,5 0 -13,7 -21,6

5 -29,8 -26,5 -21,6 -13,7 0 -13,9

6 -36,7 -30,6 -27,3 -21,6 -13,9 0

Table 5.10: Coupling coefficients determined on the scale model
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This table shows the coupling coefficients ranging from -13 dB to -37 dB. There is
consistency through the matrix since the coefficients of elements 1, 2 and 3 are similar to
the coefficients of elements 6,5, and 4 and the reversed coefficients are similar as well. A
decrease of influence is noticed, the further an element is placed from the active element.
Also, throughout the matrix all values of the coefficients from the active elements to their
neighboring elements are similar. This table contains reasonable values and it can be
concluded that this method leads to accurate results.

5.5 Determining the coupling matrix of the actual array.

The actual antenna array has been used to determine the coupling matrix. This was done by
applying a current to an individual dipole and measuring the current due to coupling on the
other dipoles. The current was applied in a frequency range from 50 MHz to 150 MHz,
resulting in a coupling current in the other dipoles related to frequency. In the next figures
the frequency is plotted on the horizontal axis and the resulting coupling current in dB is
plotted on the vertical axis.
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Figure 5.1: Coupling between the two inner elements
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Figure 5.2: Coupling between the two outer elements
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From figures 5.1 and 5.2 it can be seen that coupling in this array exists mainly in the
frequency range between 80 MHz and 120 MHz, with maximum coupling around 88 MHz.
This is also the frequency range in which this antenna can operate. The resulting coupling
matrix in dB for 96.8 MHz is given in the next table:

dB 1 2 3 4 5 6

1 0 -16,0 -20,6 -23,8 -26,8 -30,6

2 -16,0 0 -15,0 -19,4 -23,2 -27,0

3 -20,5 -15,0 0 -14,6 -19,7 -23,7

4 -24,0 -19,5 -14,6 0 -14,8 -20,3

5 -27,3 -23,5 -19,8 -15,1 0 -16,0

6 -30,6 -26,9 -23,8 -20,4 -15,8 0

Table 5.11: Coupling coefficients ofthe TNO array

The resulting coupling matrix in complex values is given by the following amplitude/phase
data:

1 2 3 4 5 6

1 0 0.15gexp(-2.241 il 0.993exp(1.415il 0.065exp(-1.202il 0.046exp(2.336il 0.031exp(-0.435il

2 0.153exp(-2.142il 0 0.177exp(-2.228il 0.11exp(1.448il 0.071exp(-1.3il 0.045exp(2.279il

3 0.094exp(1.406j) 0.178exp(-2.23j) 0 0.186exp(-2.081j) 0.104exp(1.496j) 0.065exp(-1.219j)

4 0.063exp(-1.05il 0.105exp(1.594il 0.185exp(-2.084il 0 0.181 exp(-2.027il 0.097exp(1.57il

5 0.044exp(2.3730il 0.66exp(-1.207;) 0.101 exp(1.598il 0.175exp(-1.942il 0 o.158exp(-2.034il

6 0.030exp(-0.427il 0.045exp(2.274il 0.065exp(-1.221il 0.095exp(1.748il 0.163exp(-2.113il 0

Table 5.12: Coupling coefficients ofthe TNO array

These tables show the coupling coefficients ranging from -16 dB to -31 dB. There is
consistency through the matrix since the coefficients of elements 1, 2 and 3 are similar to
the coefficients of elements 6, 5, and 4 and the reversed coefficients are similar as well. A
decrease of influence is can be noticed, the further an element is placed from the active
element. Also, throughout the matrix all values of the coefficients from the active elements
to their neighboring elements are similar. The values of the coupling coefficients of
elements 3 and 4 are of the same magnitude and the further out of the centre the elements
are placed the bigger the coupling coefficients get (ranging from -14.6 dB to -16 dB).This
can be explained by the finite dimensions of the backplane that has more influence on the
centre elements than on the outer elements. The values in table 5.8 are larger than the
values in table 5.7. This can be explained by the fact that table 5.7 contains values
measured on the scale model under almost perfect conditions, whereas table 5.8 contains
values that were measured in an uncontrolled environment. Also, the measurements on the
1:10 scale model were done using a frequency of 985 MHz, which is slightly more than 10
times 96.8 MHz and the gamma match on the scale model differs slightly from the gamma
match on the actual array (44 mm vs. 40 cm). These tables contain reasonable values and it
can be concluded that this method leads to accurate results.
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5.6 Effects of mutual coupling

5.6.1 Radiation pattern

The NEe model is used to detennine the radiation patterns of the actual array. One can then
apply the coupling coefficients to correct the radiation pattern for coupling effects. This is
done by inverting the coupling matrix C to get the correction matrix K. The individual
dipoles are then excited by a current multiplied with K. To get an even better result the
array is then also excited using a cosine taper. The results are given in tables 5.10 through
5.12.

original original original original original 3-dB

scan mainlobe sidelobe side/mainlobe fronUback beamwidth

anQle levels (dB) levels (dB) ratio (dB) ratio (dB) (dB)

0 11,47 -1,45 -12,92 22,7 20

2 11,47 -1,28 -12,75 23,2 18

4 11,45 -1,17 -12,62 24,8 18

6 11,42 -1,14 -12,56 27,5 18

8 11,38 -1,18 -12,56 31,6 18

9 11,36 -1,27 -12,63 33,9 18

10 11,34 -1,39 -12,73 38,5 18

14 11,3 -1,58 -12,88 38,4 18

18 11,24 -1,5 -12,74 37,1 20

22 11,15 -1,24 -12,39 36,7 20

28 10,92 -1,17 -12,09 43,6 20

34 10,66 -1,63 -12,29 36,1 22

38 10,51 -1,77 -12,28 42 24

42 10,35 -1,46 -11,81 33,9 24

46 10,18 -0,83 -11,01 30 24

48 10,08 -0,52 -10,6 29,7 28

50 9,98 -0,17 -10,15 30,2 28

52 9,88 0,19 -9,69 32 28

54 9,78 0,47 -9,31 36,5 28

56 9,62 1,1 -8,52 35,5 30

60 9,41 1,61 -7,8 21,6 30

64 8,82 3,91 -4,91 14,1 32

68 7,17 7,17 0 8,41 32

Table 5.13: Original radiation pattern data
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corrected corrected corrected corrected corrected 3-dB

scan mainlobe sidelobe side/mainlobe fronUback beamwidth

angle levels (dB) levels (dB) ratio (dB) ratio (dB) (dB)

0 11,43 -1,99 -13,42 22,4 20

2 11,43 -1,75 -13,18 22,9 18

4 11,41 -1,59 -13 24,4 18

6 11,38 -1,54 -12,92 27,1 18

8 11,37 -1,58 -12,95 28,8 18

9 11,35 -1,69 -13,04 34,1 18

10 11,33 -1,84 -13,17 40,8 18

14 11,27 -2,04 -13,31 39,1 20

18 11,21 -1,92 -13,13 40,5 20

22 11,12 -1,51 -12,63 39,1 20

28 10,92 -0,98 -11,9 48,1 20

34 10,68 -0,96 -11,64 36 24

38 10,53 -1,19 -11,72 39,4 24

42 10,41 -1,19 -11,6 34,2 24

46 10,27 -0,7 -10,97 29,6 26

48 10,19 -0,28 -10,47 28,9 26

50 10,09 0,2 -9,89 28,9 26

52 10,01 0,67 -9,34 29,2 26

54 9,92 1,11 -8,81 30,8 26

56 9,73 2,01 -7,72 36,2 28

60 9,46 2,89 -6,57 23,7 30

64 8,76 3,59 -5,17 14,9 32

68 6,65 6,65 0 7,49 34

Table 5.14: Radiation pattern data after coupling correction
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cos taper cos taper cos taper cos taper cos taper cos taper cos taper

scan mainlobe sidelobe gratinglobe side/mainlobe grat./mainlobe front/back beamwidth

anqle levels (dB) levels (dB) levels (dB) ratio (dB) ratio (dB) ratio (dB) (dB)

0 10,12 -9,6 -9,6 -19,72 -19,72 22,2 28

2 10,13 -9,62 -9,62 -19,75 -19,75 22,6 28

4 10,13 -9,82 -9,82 -19,95 -19,95 23,5 28

6 10,14 -10,2 -10,2 -20,34 -20,34 25,1 28

8 10,14 -10,7 -10,7 -20,84 -20,84 27,4 26

9 10,13 -11,3 -11,3 -21,43 -21,43 30,6 26

10 10,11 -12 -12 -22,11 -22,11 34,9 26

14 10,02 -12,8 -12,8 -22,82 -22,82 48,2 28

18 9,9 -13,2 -13,2 -23,1 -23,1 54,6 28

22 9,79 -13,5 -13,5 -23,29 -23,29 48,2 28

28 9,72 -14,6 -14,6 -24,32 -24,32 43 30

34 9,76 -11,6 -11,6 -21,36 -21,36 54,9 30

38 9,8 -9,48 -9,48 -19,28 -19,28 42,5 30

42 9,84 -17,8 -7,83 -27,64 -17,67 37,9 28

46 9,88 -14,2 -6,85 -24,08 -16,73 36,3 30

48 9,9 -12,6 -6,63 -22,5 -16,53 37,8 30

50 9,92 -11,3 -6,64 -21,22 -16,56 40 30

52 9,94 -9,99 -6,84 -19,93 -16,78 47,9 32

54 9,94 -8,94 -6,37 -18,88 -16,31 38,9 32

56 9,89 -7,18 -2,44 -17,07 -12,33 26,2 32

60 9,67 -4,75 1,48 -14,42 -8,19 20,3 32

64 8,99 -2,93 4,91 -11,92 -4,08 14,6 32

68 7,46 -1,75 7,46 -9,21 0 9,95 34

Table 5.15: Radiation pattern data after coupling correction with cosine taper
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In the next figures these radiation patterns are shown for five directions (resp. 0, 10,22,38
and 56 degrees from broadside). For each direction the original radiation pattern, the
radiation pattern when coupling correction is applied and the radiation pattern when both
coupling correction and excitation with a cosine taper is applied, are given.

For 0 degrees:
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Figure 5.3a, band c: Comparison of radiation patterns for 0 degrees. 5.3a is the original radiation
pattern. 5.3b is the radiation pattern when coupling correction is applied. 5.3c is the radiation pattern
when both coupling correction and excitation with a cosine taper is applied.

For 10 degrees:
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Figure 5.4 a, band c: Comparison of radiation patterns for 10 degrees. 5.4a is the original radiation
pattern. 5.4b is the radiation pattern when coupling correction is applied. 5.4c is the radiation pattern
when both coupling correction and excitation with a cosine taper is applied.
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For 22 degrees:
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Figure 5.5 a, band c: Comparison of radiation patterns for 22 degrees. 5.5a is the original radiation
pattern. 5.5b is the radiation pattern when coupling correction is applied. 5.5c is the radiation pattern
when both coupling correction and excitation with a cosine taper is applied.

For 38 degrees:
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Figure 5.6 abc: Comparison of radiation patterns for 38 degrees. 5.6a is the original radiation pattern.
5.6b is the radiation pattern when coupling correction is applied. 5.6c is the radiation pattern when
both coupling correction and excitation with a cosine taper is applied.
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For 56 degrees:

Figure 5.7 a, band c: Comparison of radiation patterns for 56 degrees. 5.7a is the original radiation
pattern. 5.7b is the radiation pattern when coupling correction is applied. 5.7c is the radiation pattern
when both coupling correction and excitation with a cosine taper is applied.

5.6.2 Comparison

From the data in tables 5.10 through 5.12 some conclusions can be drawn. In the next
figures this data is graphically shown.

In figure 5.8 the main lobe level (dB) is given as a function of the scan angle from
broadside. The blue line denotes the uncorrected case and the green line denotes the case
where the coupling correction is applied. The red line gives the values when both coupling
correction and a cosine taper are used.
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Figure 5.8: Main lobe levels

It can be seen the main lobe levels for the uncorrected case and the coupling corrected case
are near to equal for scan angles up to 30 degrees. For scan angles from 30 to 60 degrees
the coupling correction gives a slight improvement. The use of a cosine taper results in a
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smaller main lobe level. For scan angles greater than 60 degrees the main lobe levels of all
cases start to deteriorate rapidly.

In the next picture the 3-dB beamwidth as a function of the scan angle is given. The blue
line denotes the uncorrected case and the green line denotes the case where the coupling
correction is applied. The red line gives the values when both coupling correction and a
cosine taper are used.
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Figure 5.9: 3-dB beamwidth

The 3-dB beamwidth of the uncorrected case and the coupling corrected case are quite
similar. The coupling correction gives a slight improvement for scan angles of 45 degrees
and larger. The use of a cosine taper results in a larger 3-dB beamwidth.

In figure 5.10 the difference between the magnitude (dB) of the largest side lobe and the
main lobes are given as a function of the scan angle. The blue line denotes the difference
between the first side lobe and the main lobe for the original, uncorrected radiation pattern.
The green line denotes the case where the radiation pattern is corrected for the coupling
effects. The red line gives the values when both coupling correction and a cosine taper are
used.
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Figure 5.10: Ratio between side lobe and main lobe levels

The coupling correction leads to a better result in comparison to the uncorrected case for
scan angles up to 30 degrees. From 30 to 60 degrees the coupling corrected case has a
slightly lesser result than the uncorrected case. From this it can be concluded that the
coupling correction results in a better suppression of side lobe levels with scan angles from
oto 30 degrees, while it leads to a worse suppression of side lobe levels with scan angles
from 30 to 60 degrees. Furthermore, it can be seen that the use of a cosine taper can
significantly lower the side lobe levels, leading to the best result. In all cases the array gives
good results for angles from broadside up to about 60 degrees. After this the results
deteriorate rapidly.

In the next picture the front to back ratios (dB) as a function of the scan angle are given.
The blue line denotes the difference between the main lobe and the back lobe for the
original, uncorrected radiation pattern. The green line denotes the case where the radiation
pattern is corrected for the coupling effects. The red line gives the values when both
coupling correction and a cosine taper are used.
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Figure 5.11: Front-to-back ratios

59



The coupling correction leads to a better result up to scan angles of 35 degrees. From 35 to
60 degrees the uncorrected case and the coupling corrected case are almost equal. The use
of a cosine taper leads to better results for scan angles in the range from 0 to 60 degrees.
For angles greater than 60 degrees all cases deteriorate rapidly.

5.7 Conclusions

In this chapter the coupling matrix is determined. This was done by using the method of
[11], with the NEC model, on the scale model and on the actual array. The method of [11]
doesn't apply to the TNO array since the element spacing of the array is less than 'li A.

All other methods lead to more or less the same results (from about -13 dB to about
-30 dB). The coupling matrix that was derived from the NEC model was then used to
correct the data in the NEC model. After this, a cosine taper was applied to determine
whether this leads to additional improvements. For these cases the radiation patterns were
determined and compared.

Correcting the data with the coupling coefficients leads to a decrease in side lobe levels of
about 0.5 dB for scan angles up to 35 degrees. In this range the front-to-back ratio also
improves. For scan angles between 35 and 60 degrees correction with the coupling
coefficients does lead to a slight improvement in main lobe levels, but also leads to greater
side lobe levels.

The use of a cosine taper results in far lower side lobe levels in the total range of scan
angles between 0 and 60 degrees. This also leads to better front-to-back ratios in the total
range. Using a cosine taper decreases the magnitude of the main lobe and increases the
3-dB beamwidth.

All cases show that this antenna array can be used for scan angles up to 60 degrees. From
20 degrees up the beamwidth increases gradually from 18 to 30 degrees, leading to poorer
resolutions.
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Chapter 6

Correcting for coupling effects

6.1 Introduction

In chapter 5 the coupling matrix C was determined. By inverting the coupling matrix C the
correction matrix K was obtained. It was shown using NEC and MATLAB that correcting
for the coupling effects gives a slight improvement in the radiation pattern of the array. In
this chapter the coupling matrix from the actual array is used to correct the measured data
for coupling effects. Measurements from the NATO trials held in November 2006 are used
to determine the range/Doppler diagrams of the array. Then this data is corrected for
calibration and corrected for coupling effects and new rangelDoppler diagrams are made. It
will be shown that the application of coupling correction leads to a slightly better S/(N+I)
ratio in the data for small angles from broadside (-35 to 35 degrees) and a slightly worse
S/(N+I) ratio in the data for larger angles from broadside (above 35 degrees). The x-squared
method is used to determine the improvement in the phase of the detections.

6.2 TNO trials

In November 2006 TNO the Hague hosted NATO trials to detect aircraft using the passive
array. The data from these trials is used to determine the range/Doppler information of the
aircraft. Figure 6.1 gives an illustration of the actual aircraft movement in the skies during
the trials in a period of2 minutes as they were determined by EuroControl. In this figure
the actual flight numbers of the aircraft are shown. Figure 6.2 shows a bistatic
range/velocity plot of a 45 minute time interval as it is determined by the TNO passive
array system. In this figure the track numbers of the echoes are shown.
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Figure 6.1: Aircraft movements during the TNO trials (plot made available by use of NC3A MATLAB
and JAVA routines)
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Figure 6.2: Range/velocity surface of aircraft movements based on data of the passive array
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These aircraft movements were also detected during the trials by the passive radar system.
The resulting data can be corrected for the coupling effects and then an improvement
between the uncorrected case and the corrected case should be apparent. In order to get the
range/Doppler information approximately one second of data is processed with MATLAB.

6.3 Range/Doppler surfaces

The data is processed and beamforming as described in paragraph 4.5 is applied. The
range/Doppler surfaces without coupling correction and with coupling correction are
determined and compared with each other in order to see an improvement in the data when
correcting for coupling effects. After correction for calibration and coupling effects, the
next range/Doppler surfaces are obtained. Range is plotted on the vertical axis, Doppler is
plotted in the horizontal axis.
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Figure 6.3a through f: FFT operation on range/Doppler surfaces with calibration and coupling
correction leads to rangelDoppler surfaces for beam 1 through 6.
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6.4 Signal-to-noise and interference ratios

6.4.1 Stationary target

A single target is isolated and the FFT operation is applied. In figure 6.4 this target is
shown in range and bearing from the radar antenna. Figure 6.5a and b show the data per
beam without and with coupling correction applied. On the horizontal axis the beam
numbers are plotted. On the vertical axis time is plotted. The energy in the echoes is plotted
in colorscheme. From these figures a slightly stronger energy pattern for the coupling
corrected case is visible.
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Figure 6.4:Range/bearing plot of a stationary target (track 34240)
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Figure 6.5a and b: Detection of a stationary target (track 34240) per beam without coupling correction
(a) and with coupling correction applied (b). Time is on the vertical axis, beam number is plotted on the
horizontal axis and signal magnitude is plotted as color.

For the target of figures 6.5a and b the total signal strength and S/(N+I) without and with
coupling correction are determined and given in the next table. For this table the energy
within the beam containing the data information is added, giving the signal strength. Then
the signal strength is divided by the mean energy in the other beams to get the S/(N+I).
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without coupling correction with coupling correction
signal strength 7.1861Ell 7.8944E11
S/(N+I) 4.1996 4.3364

Table 6.1: Signal strengths and S/(N+I)s

6.4.2 Moving target

A moving target is isolated and the FFT operation is applied. In figure 6.6 this target is
shown in range and bearing from the radar antenna. This target starts from a position near
broadside on the right of the antenna array at a close distance and moves to the left away of
the antenna.
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Figure 6.6: Range/bearing plot of a moving target (track 215115)

When comparing this heading with the conclusions drawn in chapter 5 it is expected that
the correction for coupling effects has a positive influence for the target determination
when the target is inside an angle of -35 to +35 degrees from broadside. When the target is
further to the sides of the antenna array the coupling correction should have a slightly
negative influence. This is shown in figures 6.13a and b and figures 6.14a and b. In figures
6.13a and b, the first 1000 measurement are taken, corresponding to a position inside an
angle of -35 to +35 degrees from broadside. For figures 6.14a and b the measurements
2000 to 3000 are used, corresponding to an angle further away from broadside.
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Figure 6.7a and b: Detection of moving target (track 215U5) per beam without coupling correction (a)
and with coupling correction applied (b) for the first 1000 measurements. Time is on the vertical axis,
beam number is plotted on the horizontal axis and signal magnitude is plotted as color.
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Figure 6.7a and b: Detection of moving target (track 215115) per beam without coupling correction (a)
and with coupling correction applied (b) for measurements 2000 to 3000. Time is on the vertical axis,
beam number is plotted on the horizontal axis and signal magnitude is plotted as color. In time the
target moves through the beams of the array.

For this moving target the S/(N+I) without and with coupling correction are determined as
function of the measurement numbers and are given in the next table. Since the target is
moving the highest energy is not confined to a single beam. Therefore the highest energy
within the each beam is added and then divided by the mean energy in the other beams to
get the S/(N+I).

measurement S/(N+I) S/(N+I)
number without coupling correction with coupling correction
1-100 15.0117 20.7927
1-1000 11.8312 16.2984
1-2000 10.0881 11.2812
1000-2000 8.3417 6.2623
2000-3000 13.0547 10.9720
1-3874 (all) 12.0873 11.3645

Table 6.2: S/(N+I)
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From this paragraph it can be concluded that the correction for coupling effects leads to a
slightly better result in the targets S/(N+I) for targets within an angle of -35 to +35 degrees
(roughly), which is consistent with the conclusions drawn in chapter 5. For larger angles
from broadside the application of coupling correction leads to a slightly worse result in the
targets S/(N+I).

6.4.3 Cosine taper

In previous chapters it was concluded that the use of a cosine taper can dramatically
improve the signal-to-noise ratio at the expense of a larger beamwidth. The application of a
taper with weights [0.25, 0.75, 1, 1, 0.75, 0.25] as described in chapters 3 and 5 leads to the
values in the next table.

measurement S/(N+I) S/(N+I)
number without coupling correction with coupling correction
1-100 7.9011 19.0474
1-1000 8.7870 24.7087
1-2000 8.7139 19.8468
1000-2000 8.6455 14.9825
2000-3000 12.2048 20.4339
1-3874 (all) 10.4738 20.1572

Table 6.3: S/(N+I) for a moving target after application of a cosine taper

From table 6.3 it can be concluded that the application of a cosine taper has positive effects
on the S/(N+I). The usage of a taper and correcting for coupling effects leads to a better
result for all scan angles except around broadsight (measurements 1-100).

6.5 The x-squared method

To further establish the improvement on the detections that are obtained when correcting
the data for coupling effects the following method is used. First a stationary target is
determined. The phase angles and mean phases over time are calculated for these targets
and they should ideally lie close to zero. When this is done for both the case without
coupling correction and the case with coupling correction an improvement should be
apparent. To get a complete overview of the improvements made on the data the x-squared
method is used. In this method the X2 values are determined, where

(6.1)

This method gives an indication of how much the values ofa measurement spread around
the mean value. In this case the spreading of the phases of measurements are determined
and compared. Since this spreading of phases should be as small as possible, the value of
the l values should be closest to 1.
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x2
- value

no correction for calibration and no
correction for coupling effects 4.5853
correction for calibration and no
correction for coupling effects 2.1296
correction for calibration and correction
for coupling effects 1.6373

2Table 6.3: 1. values

From this table it can be concluded that the application of calibration leads to an
improvement on the detection data. The application of coupling correction leads to a further
improvement on the detection data.

6.6 Conclusions

The passive radar system can be used to accurately determine range /Doppler information
ofaircraft is the skies. In this chapter range/Doppler plots per dipole element were given of
the radar measurements that were done during the NATO trials in November 2006. By
executing an FFT operation on the range/Doppler data the range/Doppler plots as function
of cp were obtained. Then, the correction matrix K was used to improve the data.

For a stationary target it is shown that the application of coupling correction leads to a
better S/(N+I).

For a moving target it is shown that the application of coupling correction leads to a better
S/(N+I) for targets moving within an angle of some -35 to +35 degrees from broadside. For
targets positioned at an angle larger than 35 degrees from broadside the application of
coupling correction leads to slightly worse results. This is consistent with the conclusions
drawn in chapter 5.

From table 6.3 it can be concluded that the application of a cosine taper has positive effects
on the S/(N+I). The usage of a taper and correcting for coupling effects leads to a better
result for all scan angles except around broadsight (measurements 1-100).

The 1. squared method is used to determine that correcting for calibration leads to an
improvement on the data. The correction for coupling effects leads to a further
improvement on the data.
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Chapter 7

Conclusions and recommendations

In this chapter the conclusions drawn in this thesis are summarized and some
recommendations are given.

7.1 Conclusions

In this thesis a description was given of dipole elements and dipole arrays. First single
elements were described as though they were ideal elements. For these elements EM-field
relations were given and radiation patterns were shown. The relation between the length of
a dipole antenna (per wavelength, },) and its radiation pattern was shown. For antenna
lengths larger than 1.2 times A, side lobes start to occur. Then a description was given of a
Uniform Linear Array (ULA) of elements and the array factor was introduced.

Then a configuration consisting of an array of elements and a backplane was introduced.
The resulting EM field relations were given and it was shown that a backplane can improve
the front-to back ratio of an array. Furthermore, the impedance relations of radiating
elements were given and the influence of a gamma match was explained.

A description was given of dipole antennas and arrays as real elements. With a non-ideal
element one has to take the dimensions as well as the material into account. This means that
both the radius of the dipole and the non-ideal conductivity become issues. This affects the
current flow in the dipole, the impedance of the dipole, its radiation pattern and the current,
impedance and radiation patterns of neighboring elements. The radius of the dipole has a
small influence on the current distribution. Dipoles of (n) times )Iz Ahave good reactance
values.

Coupling effects were introduced. When a plane wave hits a dipole antenna, part of the
wave will rescatter into space. A second part of the wave will be directed to the
neighboring antenna elements and a third part of the wave will travel into the feed of the
dipole antenna itself. The total amount of energy that is absorbed by an antenna element is
therefore the sum of the direct waves and the waves that are coupled into the antenna by its
neighboring elements, which is known as mutual coupling. Finally a part of the wave is
reflected back into the antenna due to mismatching. The mutual coupling principle leads to
a different impedance value, as well as a changed radiation pattern of each dipole and
therefore of the total array.

The addition of a cosine taper was described. The result of this taper will be that the side
lobes in the radiation patterns will be reduced at the expense of the magnitude of the main
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lobe and the 3-dB beamwidth. The difference between the magnitude of the main lobe and
of the side lobes, as well as the front-to-back ratios will improve.

The necessity of calibration was described. Calibration results in correct values for the
phase differences between array elements, which is crucial for bearing determination.

In chapter 4 it was described that the coupling effects can be accounted for by multiplying
the measured voltage values at the antenna elements by a correction matrix to get the
desired voltage values. Two methods to determine the coupling matrix C were given. The
first method uses the Fourier decomposition.

The second method uses measurements to determine C. This is done by individually
stimulating the dipoles with an in frequency varied current and measuring the amplitudes
and phases of the coupling currents on the other dipoles. The measurements are done in an
uncontrolled environment and are therefore subject to small discrepancies due to outside
influences (i.e. radio broadcasts). The resulting matrices then are interpreted and are used to
correct the radiation pattern of the array to correct for coupling effects.

By stating that the correction matrix K = C 1 and vd = K vmeas, the original voltage values
can thus be determined. In this thesis both methods are used to determine the coupling
matrix and any differences between the two methods are explained.

Beamforming is introduced as a means to tum the collected data in range and Doppler into
data in the angular domain.

In chapter 5 the coupling matrix was determined. This was done by using the method of
[11], with the NEC model, on the scale model and on the actual array. The method of [11]
doesn't apply to the TNO array since the element spacing of the array is less than ~ A.

All other methods lead to more or less the same results (from about -13 dB to about
-30 dB). The coupling matrix that was derived from the NEC model was then used to
correct the data in the NEC model. After this, a cosine taper was applied to determine
whether this leads to additional improvements. For these cases the radiation patterns were
determined and compared.

Correcting the data with the coupling coefficients lead to a decrease in side lobe levels of
about 0.5 dB for scan angles up to 35 degrees. In this range the front-to-back ratio also
improves. For scan angles between 35 and 60 degrees correction with the coupling
coefficients does lead to a slight improvement in main lobe levels, but also leads to greater
side lobe levels.

The use of a cosine taper results in far lower side lobe levels in the total range of scan
angles between 0 and 60 degrees. This also leads to better front-to-back ratios in the total
range. Using a cosine taper decreases the magnitude of the main lobe slightly and increases
the 3-dB beamwidth.

All cases show that this antenna array can be used for scan angles up to 60 degrees. From
20 degrees up the beamwidth increases gradually from 18 to 30 degrees, leading to poorer
resolutions.
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In chapter 7 rangelDoppler plots per dipole element were given of the radar measurements
that were done during the NATO trials in November 2006. By executing an FFT operation
on the rangelDoppler data the rangelDoppler plots as function of <p were obtained. Then,
the correction matrix K was used to improve the data.

For a stationary target it is shown that the application of coupling correction leads to a
better S/(N+I).

For a moving target it is shown that the application of coupling correction leads to a better
S/(N+I) for targets moving within an angle of some -35 to +35 degrees from broadside. For
targets positioned at an angle larger than 35 degrees from broadside the application of
coupling correction leads to slightly worse results. This is consistent with the conclusions
drawn in chapter 5.

It is shown that the application of a cosine taper has positive effects on the S/(N+I). The
usage of a taper and correcting for coupling effects leads to a better result for all scan
angles except around broadsight.

The Xsquared method is used to determine that correcting for calibration leads to an
improvement on the data. The correction for coupling effects leads to a further
improvement on the data.

7.2 Recommendations

It is shown that the passive radar system can be used to accurately detect aircraft in the
surrounding skies. The system should be used for scan angles up to 60 degrees from
broadside. The calibration correction should be implemented to further improve on the
data. The coupling correction should be used for scan angles up to 35 degrees from
broadside.

It is not opportune to use the FFT operation for beamforming as a method of angular
detection since this method leads to a poor angular resolution.

This radar system determines the targets position in 2D. Target heights are presumed to be
equal to the radar systems height. The actual height of targets and movements in this third
dimension should lead to phase differences in the detections. Further research is necessary
to compute this influence.

The analogue Ale places a 'hard null' in the position of the host transmitter (Lopik). This
could influence the detections on other sides of the array (especially the sides closer to this
null). The influence of this operation should be further investigated. This can be done by
measuring the total radiation pattern of the actual array in the field.

71



AnnexA

NEe data for calculating the mutual coupling between dipoles

CE
CM define the phase phi and the lengths of the dipoles and gamma matches
CE
SYphi = 0
SY Idl = 0.70
SY Igl = 0.39
SY Id2 =0.70
SY Ig2 =0.39
SY Id3 =0.70
SY Ig3 =0.39
SY C = 1.4ge-ll
CM Start of dipole definitions
CM The inner two dipoles are located at x~0.685 and x=0.685 m.
CE
GW I I -0.685 0.528 0.0 -0.685 0.56 0.0 0.0065
GW 2 I -0.685 0.528 -lgI -0.685 0.56 -Igl 0.0065
GW 3 5 -0.685 0.528 0.0 -0.685 0.528 -lgI 0.0065
GW 4 5 -0.685 0.56 0.0 -0.685 0.56 -lgI 0.013
GW 5 13 -0.685 0.56 0.0 -0.685 0.56 Idl 0.013
GW 6 9 -0.685 0.56 -Igl -0.685 0.56 -Idl 0.013
CM
CE
GW 7 I 0.685 0.528 0.0 0.685 0.56 0.0 0.0065
GW 8 I 0.685 0.528 -lgI 0.685 0.56 -lgl 0.0065
GW 9 5 0.685 0.528 0.0 0.685 0.528 -lgI 0.0065
GW 10 5 0.685 0.56 0.0 0.685 0.56 -lgI 0.013
GW II 13 0.685 0.56 0.0 0.685 0.56 ldl 0.013
GW 12 9 0.685 0.56 -lgI 0.685 0.56 -Idl 0.013
CM
CM The next two dipoles are located at x=-2.055 and x=2.055 m
CE
GW 13 I -2.055 0.528 0.0 -2.055 0.56 0.0 0.0065
GW 14 I -2.055 0.528 -1g2 -2.055 0.56 -lg2 0.0065
GW 15 5 -2.055 0.528 0.0 -2.055 0.528 -lg2 0.0065
GW 16 5 -2.055 0.56 0.0 -2.055 0.56 -lg2 0.013
GW 17 13 -2.055 0.56 0.0 -2.055 0.56 1d2 0.013
GW 18 9 -2.055 0.56 -1g2 -2.055 0.56 -ld2 0.013
CM
CE
GW 19 I 2.055 0.528 0.0 2.055 0.56 0.0 0.0065
GW 20 I 2.055 0.528 -lg2 2.055 0.56 -lg2 0.0065
GW 21 5 2.055 0.528 0.0 2.055 0.528 -lg2 0.0065
GW 22 5 2.055 0.56 0.0 2.055 0.56 -lg2 0.013
GW 23 13 2.055 0.56 0.0 2.055 0.56 1d2 0.013
GW 24 9 2.055 0.56 -1g2 2.055 0.56 -ld2 0.013
CM
CM The outer two dipoles are located at x=-3.425 and x=3.425 m
CE
GW 25 I -3.425 0.528 0.0 -3.425 0.56 0.0 0.0065
GW 26 I -3.425 0.528 -lg3 -3.425 0.56 -lg3 0.0065
GW 27 5 -3.425 0.528 0.0 -3.425 0.528 -lg3 0.0065
GW 28 5 -3.425 0.56 0.0 -3.425 0.56 -lg3 0.013
GW 29 13 -3.425 0.56 0.0 -3.425 0.56 Id3 0.013
GW 30 9 -3.425 0.56 -lg3 -3.425 0.56 -ld3 0.013
CM
CE
GW 31 I 3.425 0.528 0.0 3.425 0.56 0.0 0.0065
GW 32 I 3.425 0.528 -lg3 3.425 0.56 -lg3 0.0065
GW 33 5 3.425 0.528 0.0 3.425 0.528 -lg3 0.0065
GW 34 5 3.425 0.56 0.0 3.425 0.56 -lg3 0.013
GW 35 13 3.425 0.56 0.0 3.425 0.56 Id3 0.013
GW 36 9 3.425 0.56 -lg3 3.425 0.56 -ld3 0.013
CM
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CE
CM Start of definition of the backplane
CE
GW 37 3 -4.75 0.0 1.25 -4.44355 0.0 1.25 0.015
GW 38 3 -4.44355 0.0 1.25 -4.1371 0.0 1.25 0.015
GW 39 3 -4.1371 0.0 1.25 -3.83065 0.0 1.25 0.015
GW 40 3 -3.83065 0.0 1.25 -3.52419 0.0 1.25 0.015
GW 41 3 -3.52419 0.0 1.25 -3.21774 0.0 1.25 0.015
GW 42 3 -3.21774 00 1.25 -2.91129 0.0 1.25 0.015
GW 43 3 -2.91129 0.0 1.25 -2.60484 0.0 1.25 0.015
GW 44 3 -2.60484 0.0 1.25 -2.29839 0.0 1.25 0.015
GW 45 3 -2.29839 0.0 1.25 -1.99194 0.0 1.25 0.015
GW 46 3 -1.99194 0.0 1.25 -1.68548 0.0 1.25 0.015
GW 47 3 -1.68548 0.0 1.25 -1.37903 0.0 1.25 0.015
GW 48 3 -1.37903 0.0 1.25 -1.07258 0.0 1.25 0.015
GW 49 3 -1.07258 0.0 1.25 -0.76613 0.0 1.25 0.015
GW 50 3 -0.76613 0.0 1.25 -0.45968 0.0 1.25 0.015
GW 51 3 -0.45968 0.0 1.25 -0.15323 0.0 1.25 0.015
GW 52 3 -0.15323 0.0 1.25 0.15323 0.0 1.25 0.015
GW 53 3 0.15323 0.0 1.25 0.45968 0.0 1.25 0.015
GW 54 3 0.45968 0.0 1.25 0.76613 0.0 1.25 0.015
GW 55 3 0.76613 0.0 1.25 1.07258 0.0 1.25 0.015
GW 56 3 1.07258 0.0 1.25 1.37903 0.0 1.25 0.015
GW 57 3 1.37903 0.0 1.25 1.68548 0.0 1.25 0.015
GW 58 3 1.68548 0.0 1.25 1.99194 0.0 1.25 0.015
GW 59 3 1.99194 0.0 1.25 2.29839 00 1.25 0.015
GW 60 3 2.29839 0.0 1.25 2.60484 0.0 1.25 0.015
GW 61 3 2.60484 0.0 1.25 2.91129 0.0 1.25 0.015
GW 62 3 2.91129 0.0 1.25 3.21774 0.0 1.25 0.015
GW 63 3 3.21774 0.0 1.25 3.52419 0.0 1.25 0.015
GW 64 3 3.52419 0.0 1.25 3.83065 0.0 1.25 0.015
GW 65 3 3.83065 00 1.25 4.1371 00 1.25 0.015
GW 66 3 4.1371 0.0 1.25 4.44355 0.0 1.25 0.015
GW 67 3 4.44355 0.0 1.25 4.75 0.0 1.25 0015
GW 68 3 -4.75 0.0 0.0 -4.44355 0.0 00 0.015
GW 69 3 -4.44355 0.0 0.0 -4.1371 0.0 00 0.015
GW 70 3 -4.1371 0.0 00 -3.83065 0.0 0.0 0.015
GW 71 3 -3.83065 0.0 0.0 -3.52419 0.0 00 0.015
GW 72 3 -3.52419 0.0 00 -3.21774 00 0.0 0.015
GW 73 3 -3.21774 0.0 00 -2.91129 0.0 0.0 0.015
GW 74 3 -2.91129 0.0 0.0 -2.60484 0.0 00 0.015
GW 75 3 -2.60484 0.0 0.0 -2.29839 0.0 00 0.015
GW 76 3 -2.29839 0.0 00 -1.99194 0.0 00 0.015
GW 77 3 -1.99194 0.0 0.0 -1.68548 0.0 0.0 0.015
GW 78 3 -1.68548 0.0 0.0 -1.37903 0.0 0.0 0.015
GW 79 3 -1.37903 0.0 0.0 -1.07258 0.0 0.0 0.015
GW 80 3 -1.07258 0.0 0.0 -0.76613 0.0 0.0 0.015
GW 81 3 -0.76613 0.0 0.0 -0.45968 0.0 0.0 0.015
GW 82 3 -0.45968 0.0 0.0 -0.15323 00 0.0 0.015
GW 83 3 -0.15323 0.0 0.0 0.15323 0.0 0.0 0.015
GW 84 3 0.15323 0.0 0.0 0.45968 0.0 0.0 0.015
GW 85 3 0.45968 0.0 0.0 0.76613 0.0 00 0.015
GW 86 3 0.76613 0.0 0.0 1.07258 0.0 0.0 0.015
GW 87 3 1.07258 0.0 0.0 1.37903 0.0 0.0 0.015
GW 88 3 1.37903 0.0 0.0 1.68548 00 0.0 0.015
GW 89 3 1.68548 0.0 0.0 1.99194 0.0 0.0 0.015
GW 90 3 1.99194 0.0 0.0 2.29839 0.0 00 0.015
GW 91 3 2.29839 0.0 0.0 2.60484 0.0 0.0 0.015
GW 92 3 2.60484 0.0 0.0 2.91129 0.0 0.0 0.015
GW 93 3 2.91129 0.0 0.0 3.21774 0.0 0.0 0.015
GW 94 3 3.21774 0.0 0.0 3.52419 0.0 0.0 0.015
GW 95 3 3.52419 0.0 0.0 3.83065 0.0 0.0 0.015
GW 96 3 3.83065 0.0 0.0 4.1371 0.0 0.0 0.015
GW 97 3 4.1371 0.0 0.0 4.44355 0.0 0.0 0.015
GW 98 3 4.44355 0.0 0.0 4.75 0.0 0.0 0.015
GW 99 3 -4.75 0.0 -1.25 -4.44355 0.0 -1.25 0.015
GW 100 3 -4.44355 0.0 -1.25 -4.1371 0.0 -1.25 0.015
GW 101 3 -4.1371 0.0 -1.25 -3.83065 0.0 -1.25 0.015
GW 102 3 -3.83065 0.0 -1.25 -3.52419 0.0 -1.25 0.015
GW 103 3 -3.52419 0.0 -1.25 -3.21774 0.0 -1.25 0.015
GW 104 3 -3.21774 0.0 -1.25 -2.91129 0.0 -1.25 0.015
GW 105 3 -2.91129 0.0 -1.25 -2.60484 0.0 -1.25 0.015
GW 106 3 -2.60484 0.0 -1.25 -2.29839 0.0 -1.25 0.015
GW 107 3 -2.29839 0.0 -1.25 -1.99194 0.0 -1.25 0.015
GW 108 3 -1.99194 0.0 -1.25 -1.68548 0.0 -1.25 0.015
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GW 109 3 -1.68548 0.0 -1.25 -1.37903 0.0 -1.25 0.Dl5
GW 110 3 ·1.37903 0.0 -125 -1.07258 0.0 -1.25 0.Dl5
GW 111 3 -1.07258 0.0 -1.25 -0.76613 0.0 -125 0.015
GW 112 3 -0.76613 00 -1.25 -0.45968 0.0 -125 0.015
GW 113 3 -0.45968 0.0 -1.25 -0.15323 0.0 -1.25 0.Dl5
GW 114 3 -0.15323 0.0 -1.25 0.15323 0.0 -1.25 0.015
GW 115 3 0.15323 0.0 -1.25 0.45968 0.0 -1.25 0.015
GW 116 3 0.45968 0.0 -125 0.76613 0.0 -1.25 0.015
GW 117 3 0.76613 0.0 -1.25 1.07258 0.0 -1.25 0.Dl5
GW 118 3 1.07258 0.0 -1.25 1.37903 0.0 -1.25 0.Dl5
GW 119 3 1.37903 0.0 -125 1.68548 0.0 -1.25 0.015
GW 120 3 1.68548 0.0 -1.25 1.99194 0.0 -1.25 0.015
GW 121 3 1.99194 0.0 -1.25 2.29839 0.0 -1.25 0.015
GW 122 3 2.29839 0.0 -1.25 2.60484 0.0 -125 0.015
GW 123 3 2.60484 0.0 -1.25 2.91129 0.0 -125 0.015
GW 124 3 2.91129 0.0 -125 3.21774 0.0 -1.25 0.015
GW 125 3 3.21774 0.0 -1.25 3.52419 0.0 -125 0.015
GW 126 3 3.52419 0.0 -1.25 3.83065 0.0 -125 0.015
GW 127 3 3.83065 0.0 -125 4.1371 0.0 -1.25 0.015
GW 128 3 4.1371 0.0 -1.25 4.44355 0.0 -1.25 0.015
GW 129 3 4.44355 0.0 -125 4.75 0.0 -1.25 0.015
GW 130 9 -4.75 0.0 1.25 -4.75 0.0 0.0 0.015
GW 131 9 -4.75 0.0 0.0 -4.75 0.0 -1.25 0.015
GW 132 9 -4.44355 0.0 1.25 -4.44355 0.0 0.0 0.015
GW 133 9 -4.44355 0.0 0.0 -4.44355 0.0 -1.25 0.015
GW 134 9 -4.1371 0.0 1.25 -4.1371 0.0 0.0 0.015
GW 135 9 -4.1371 0.0 0.0 -4.1371 0.0 -125 0.015
GW 136 9 -3.83065 0.0 125 -3.83065 0.0 0.0 0.015
GW 137 9 -3.83065 0.0 0.0 -3.83065 0.0 -125 0.015
GW 138 9 -3.52419 0.0 1.25 -3.52419 0.0 0.0 0.015
GW 139 9 -3.52419 0.0 0.0 -3.52419 0.0 -125 0.015
GW 140 9 -3.21774 0.0 1.25 -3.21774 0.0 00 0.015
GW 141 9 -3.21774 0.0 0.0 -3.21774 0.0 -1.25 0015
GW 142 9 -2.91129 0.0 1.25 -2.91129 0.0 00 0.015
GW 143 9 -2.91129 0.0 0.0 -2.91129 0.0 -125 0.015
GW 144 9 -2.60484 0.0 1.25 -2.60484 0.0 00 0.015
GW 145 9 -2.60484 0.0 00 -2.60484 00 -125 0.015
GW 146 9 -2.29839 0.0 1.25 -2.29839 0.0 00 0.015
GW 147 9 -2.29839 0.0 00 -2.29839 0.0 -125 0.015
GW 148 9 -1.99194 0.0 1.25 -1.99194 00 00 0.015
GW 149 9 -1.99194 0.0 0.0 -1.99194 0.0 -125 0.Dl5
GW 150 9 -1.68548 0.0 1.25 -1.68548 0.0 0.0 0.Dl5
GW 151 9 -1.68548 0.0 0.0 -1.68548 0.0 -1.25 0.015
GW 152 9 -1.37903 0.0 1.25 -1.37903 0.0 00 0.Dl5
GW 153 9 -1.37903 0.0 0.0 -1.37903 0.0 -1.25 0.Dl5
GW 154 9 -1.07258 0.0 1.25 -1.07258 00 0.0 0.015
GW 155 9 -1.07258 0.0 0.0 -1.07258 0.0 -125 0.015
GW 156 9 -0.76613 0.0 1.25 -0.76613 0.0 00 0.015
GW 157 9 -0.76613 0.0 0.0 -0.76613 0.0 -125 0.015
GW 158 9 -0.45968 0.0 125 -0.45968 0.0 00 0.Dl5
GW 159 9 -0.45968 0.0 0.0 -0.45968 00 -1.25 0.Dl5
GW 160 9 -0.15323 0.0 1.25 -0.15323 0.0 0.0 0.015
GW 161 9 -0.15323 0.0 0.0 -0.15323 00 -1.25 0.015
GW 162 9 0.15323 0.0 125 0.15323 00 00 0.015
GW 163 9 0.15323 0.0 0.0 0.15323 0.0 -1.25 0.015
GW 164 9 0.45968 0.0 1.25 0.45968 0.0 0.0 0.015
GW 165 9 0.45968 0.0 0.0 0.45968 00 -125 0.015
GW 166 9 0.76613 0.0 125 0.76613 00 0.0 0.015
GW 167 9 0.76613 0.0 0.0 0.76613 0.0 -125 0.015
GW 168 9 1.07258 0.0 1.25 1.07258 0.0 0.0 0.015
GW 169 9 1.07258 0.0 0.0 1.07258 0.0 -1.25 0.Dl5
GW 170 9 1.37903 0.0 1.25 1.37903 0.0 0.0 0.015
GW 171 9 1.37903 0.0 0.0 1.37903 0.0 -125 0.015
GW 172 9 1.68548 0.0 125 1.68548 00 0.0 0.015
GW 173 9 1.68548 0.0 0.0 1.68548 0.0 -1.25 0.015
GW 174 9 1.99194 0.0 1.25 1.99194 0.0 0.0 0.015
GW 175 9 1.99194 0.0 0.0 1.99194 00 -1.25 0.015
GW 176 9 2.29839 0.0 1.25 229839 0.0 0.0 0.015
GW 177 9 2.29839 0.0 00 2.29839 0.0 -1.25 0.015
GW 178 9 2.60484 0.0 125 2.60484 0.0 0.0 0.015
GW 179 9 2.60484 0.0 0.0 2.60484 0.0 -1.25 0.015
GW 180 9 2.91129 0.0 125 2.91129 0.0 0.0 0.015
GW 181 9 2.91129 0.0 00 291129 0.0 -125 0.015
GW 182 9 3.21774 0.0 125 3.21774 0.0 0.0 0.015
GW 183 9 3.21774 0.0 0.0 321774 0.0 -1.25 0.015
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GW 184 9 3.52419 0.0 1.25 3.52419 0.0 0.0 0.015
GW 185 9 3.52419 0.0 0.0 3.52419 0.0 -1.25 0.015
GW 186 9 3.83065 0.0 1.25 3.83065 0.0 00 0.015
GW 187 9 3.83065 0.0 0.0 3.83065 0.0 -1.25 0.015
GW 188 9 4.1371 00 1.25 4.1371 0.0 0.0 0.015
GW 189 9 4.1371 0.0 0.0 4.1371 0.0 -1.25 0.015
GW 190 9 4.44355 0.0 1.25 4.44355 0.0 0.0 0.015
GW 191 9 4.44355 0.0 0.0 4.44355 0.0 -1.25 0.015
GW 192 9 4.75 00 1.25 4.75 0.0 0.0 0.015
GW 193 9 4.75 0.0 0.0 4.75 0.0 -1.25 0.015
GE 0
EK
CM Define the capacity of the gamma matches
CE
LD 0 3 2 2 0 0 C
LD 0 9 2 2 0 0 C
LD 0 15 2 2 0 0 C
LD 0 21 2 2 0 0 C
LD 0 27 2 2 0 0 C
LD 0 33 2 2 0 0 C
CM Put loads on the ports that aren't considered
CE
LD 0 19 0 0 50 0 0
LD 0 I 0 0 50 0 0
LD 0 7 0 0 50 0 0
LD 0 31 0 0 50 0 0

CM define the frequency
CE
FR 0 I 0 0 96.8 0
CM excite and calculate the mutual coupling between two dipoles
CE
CP 25 I 13 I
EX 0 25 I 00 I 0
RP 0 25 I 0 I 0 C
EX 0 13 I 0 I 0
XQ
GN -I
EN
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