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ABSTRACT

An Active Electronically Scanned ArrdAESA) is an active antenna consisting of a large
number of radiating elements and is commonly usddday’s radar systems. One of the
major advantages with this kind of antenna systetha ability to steer the beam
electronically from one direction to another withany mechanical motion.

The assignment of the master thesis project isetate a model of an AESA in Simulifikvith
the main purpose to evaluate whether Sim{liiska satisfying tool when simulating these

large complex systems. Furthermore, the idea wasate a simulation using the Simuffhk
model with as many features of the Saab Microwaxse®ns antenna demonstrator (a 96

element receiver antenna) as possible.

A basic model is developed and then piece by pipgeaded to a more realistic antenna
system model. The model is built using predefineduink® blocks where the block
parameters are set by the user. One limitation tighmodel is the difficulty to implement a
system with an arbitrary dimension since every heads to be connected to the other boxes
by hand.

To overcome this problem, a similar system moddeweloped using Embedded Matlab™
Function blocks. The two system models are desigmédve the same functionality and since
the first version is fixed to 96 elements, the cangon of the system models is performed
with the same amount of elements. The difficultyhvthe Embedded Matlab™ version is the
handling with large matrixes. The magnitude ofphablem, that is, the number of array
elements and the number of evaluation angles ifethield, needs to be kept low enough to
not run out of memory.

The two models both have strengths and weakne&smsnbination of the two models would
probably result in the best outcome, the advanthdpeing able to study large and detailed
system models combined with the possibility of hgva flexible and arbitrary number of
array elements.

3 (61)



4 (61)



PREFACE

This thesis is a part of a Master of Science progaaChalmers University of Technology and
has been performed at the Department of SignalSgsttm$etween September 2008 and
April 2009. The work has taken place at, and inpgvation with, Saab Microwave Systems in
Lackareback, Gothenburg.

Moreover, this master thesis is a part of the striatresearch centr&rategic Research
Center on Microwave Antenna Systgi@barmant) an€halmers Antenna Systems VINN
Excellence Centr@Chase), where the first is sponsored byStedish Foundation for
Strategic Researc{SSF) and the second is sponsored bysteedish Governmental Agency
for Innovation System®&INNOVA) and Chalmers.

First, we would like to thank our supervisors Mdranne and Peter Nilsson Drackner for
their explanations and guidance throughout thecdities and obstacles during the work. We
are particularly grateful to Maria for the effoheshas put on reviewing grammar and offering
suggestions for improvement in our thesis. A spekbank to Séren Johansson for his interest
and support to our thesis and for given us the dppity to do this work at DD/UX and Saab
Microwave Systems.

We would like to express our gratitude to Andreakstvyém who helped us regarding
simulations of the large system in Simuffnld grateful thank to UIf Carlberg &P Technical
Research Institute of Swed¢3P) for the help regarding Simulfiend for being indulgent
towards spam. We would also like to thank Mats Ytend Per-Simon Kildal for being our
examiners.

Thank to all co-workers that has shown interestunwork and contributed to making this an
enjoyable time, especially Lars Erhage, Magnusdsok, Hanna Isaksson, Joldénsson,
Mikael Pedersen, Elin Ronnow, Jesper Skogsberglands Wingard.

Last, but not least, we would like to thank our fizas and friends for supporting and
encouraging us during this thesis and the timeuxfys

Gothenburg, April 2009
Jenny Hilbertsson & Josefina Magnusson

5 (61)



6 (61)



ABBREVIATIONS AND ACRONYMS

AESA Active Electrically Scanned Array

Charmant  Strategic Research Centre on Microwavera Systems
Chase Chalmers Antenna Systems VINN Excellencer€ent
ESA Electrically Scanned Array

GENA Generic AESA Demonstrator

GUI Graphical User Interface

HPA High Power Amplifier

IFF Identification Friend or Foe

LNA Low Noise Amplifier

M-AESA  Multirole AESA

MSA Mechanically Scanned Array

PA Power Amplifier

PESA Passive Electrically Scanned Array

RAM Random Access Memory

RF Radio Frequency

SLL Side Lobe Level

SNR Signal-to-Noise Ratio

SSF Swedish Foundation for Strategic Research

T/R module Transmit Receive module
VINNOVA Swedish Governmental Agency for InnovatiSgstems
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1 INTRODUCTION

In this thesis, a specific type of antenna systatedActive Electrically Scanned Array
(AESA), is studied. The basic principle as weltlzes structure of the system is presented
where the latter is modelled and simulated in @gm called Simulink

The assignment is to model an antenna system valigree fundamental parts are included
such as antenna aperture, receiver and combinimgprie A simple and idedtansmit
receive modul€T/R module) is modelled as a first step and placpiece developed into a
larger and more complex planar array system.

1.1 BACKGROUND

Ever since Christian Hilsmeyer got his patentieTtelemobilescop&904, where he
calculated the distance for an electro-magneticenavravel back and forth between a metal
object and his scope, the development of radant#oby has progressédn 1935 Great
Britain launched research activities regardinglafience. The radar technology in particular
was a question of vital importance for the defeoicBritain but it took some years before the
technique was exploited to the utmost. The newrratdnology was integrated with
radiotelephony and direction finding, which madpassible to achieve both early warnings
and the positions for hostile planes in the batiBritain during World War If

As many times before, military purposes have pitatgd the technical development which
later on has proven useful also for civil applicati. With more advanced antennas, the radar
can perform more sophisticated search and tra¢krpabut the technique is also used for non
military applications, such as air traffic contraleather monitoring and road speed control.

The radar technology can briefly be described HBavis. Electromagnetic radiation is
transmitted and propagates through the air and wthieaches a target, or some other
obstacle, the wave is reflected. The reflectionrmet as a weak signal, also known as an echo,
and from this signal useful information of the &trgan be extracted, for example the
distance, the position and the rate of speed e cha moving target).

Today, radar technology is a widely spread techmigu different fields of applications.
Several systems have been designed, for instaedertblye and the Giraffe, two radars
developed by Saab Microwave Systems. Both are dlanee radars, but the first one is
air-borne radar and the second is ground-based. radeng others, SAMPSON and APAR
radars can be mentioned as phased array navatsydtee MESA and THAARS
surveillance systems and AMSAR and Gripen PS-Gfghter radars.

The next step in systems for radar and electroaidase is the development of the

Multirole AESA(M-AESA), which is a development program betweaalsMicrowave
Systems, Selex Sistemi Integrati S.p.A and Eleitao6.p.A by order of the Swedish and
Italian Armed Forces. The goal is to create a sys$te radar, electronic warfare and
communication, used for land-, sea- and air-bappticGationsRadar systems of today
usually have one main function, but the main ideth® M-AESA is a multifunction system
whereldentification Friend or Fo€IFF), missile warnings and jamming of hostileaeslare
some of the functions. The existing hardware cammatage the requirements for the future

! Skolnik, Merrill I. Introduction to Radar Systen®® ed. New York: McGraw-Hill. 2001. p. 15
2 <http://www.foi.se > (17 December 2008)
® Nilsson Drackner, Peter. M.Sc.E.E. personal conigation (8 October 2008)
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but new semiconductor components and materialstrbgthe solution to this problem. With
multithreat capacity and multifunction, a systenii,wdepending on the tactical situation, be
used for different application’.

1.2 PURPOSE

The main purpose of this thesis is to design a medech consists of the essential parts of an
AESA system, in Mathworks Simulink®. An AESA consists of a large quantity of
components which together constitute a large coxgstem. To understand and predict its
performance knowledge about the different parteeded, as well as an overview and
understanding of the entire system. By modellirggtysstem in a simulation program, it is
possible to increase the understanding for howdiffierent parts act together and affect the
system performance.

Furthermore, a goal is to evaluate whether Sim{lisla satisfying tool to use when
modelling these types of large, complex systemsifahdan be useful for similar types of
systems. As the work proceeds, the model will bexarmore and more realistic and aspects
like maladjustments and interference from inteasalvell as external factors will be taken
into consideration.

Another goal is to extract information from an aaritic AESA model and implement the
features into the Simuliffkmodel to get a more realistic model.

1.3 LITERATURE SEARCH

Information concerning antennas, essential compsraard AESA principles are procured
during the first weeks. For the main part the #tare consists of articles from IEEE Xplore,
previous thesis and books about array antennasaaiad technology.

This thesis work has, as mentioned, been perfoameqmirt of the strategic research centres
Chase and Charmant which implicate an opportunitake advantage of the knowledge and
experience of the centres, especially concerningramming in Simulink. Since

Saab Microwave Systems holds a large amount ofnimdton and knowledge itself, several
rewarding discussions and conversations with cdarsrhave taken place and given a clearer
vision of the subject.

1.4 LIMITATIONS AND SIMPLIFICATIONS

Since AESA systems are complex and contains a Ergmint of components, a true model is
hard to achieve. In this thesis several limitatibage been done, some due to complexity and
others because of time limitation.

The antenna elements are modelled as isotropiceslsmvhere losses, mutual coupling and
maladjustments are disregarded. In the model Usmigedded Matlab™ Function blocks
there is a possibility to take radiation losses runsideration.

In this thesis, the focus is on the AESA operaimgeceive mode, where the main purpose for
this decision is to be able to compare the simdlatsults with existing measurement data as
the model is developed.

* <etn.se> (2 February 2009)
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The T/R module has been limited to contain thegn@st important componentsloav noise
amplifier (LNA), a phase shifter and an attenuator, wherd_tw& has been modelled as an
ideal component, described by a constant. The aantpnetwork, which in reality is a

complicated net due to mismatches are in this shegresented by a summation net which
add up all signals without any losses.
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2 THEORY

This section contains some basic antenna theotystiiged within the work. Along with
informative text and pictures some equations agsgated in order for the simulation work to
appear more comprehensive. The theory is dividedsome general antenna theory,

a Simulini® introduction and a short presentation of a denmatwt Together they contribute
to give the reader a brief theoretical introductiorthis thesis work as well as insight in what
the reality can look like. The terms used, are i@red as an antenna in either transmitting or
receiving mode, depending on which is more converi@ explaining a particular antenna

property.

2.1 ARRAY ANTENNAS

Some antenna sources can be seen as isotropicnégemvbich mean that they radiate equally
well in all directions. This is just a theoretie@sumption which is used to simplify
calculations. Many antenna elements, especiallylsmes, are often radiating similar to
isotropic elements with a wide radiation beam. Thisot always a desired feature, several
field of antenna applications require a more divectadiation characteristic.

The ability to focus energy in a certain directisrcalleddirectivity and for an antenna with
physical ared this is calculated according Eguation 1where lambda/) is the free space
wavelength. One way to achieve higher directivétya enlarge the electrical size of the
antenna which can be done by combining severahaateinto a so called array antenna.

The relation between the directivity and teen of an antenna is given according to

Equation 2whereG is the gainD is the directivity an@,q is the radiation efficiency. (The
radiation efficiency is always less or equal totyihiAs can be seen the two equations

below, an array antenna has higher gain than an elemensiofjle antenna, which makes it
possible to transmit a signal longer distancesréfbee are arrays more suited for applications
like trackgng radar and search radar where trarigsmgiover long distances is a desired
property.

arn
Dmax = 7 A [-] Equation ?
G=¢e,4D [] Equation 2

An array antenna can be designed in many ways asifggent kinds of antenna elements, but
in most cases the same type of antenna elemesedsaver the whole antenna aperture.
Depending on which properties that are desiredelaments can be located in different ways,
which means the elements are placed in a row armgnd of elements placed on a linear or a
planar surface, respectively. Other configuratisugh as circular arrays are also possible,
where circular arrays are one specific case ofaromdl arrays, that is, arrays placed on non-

® Stimson, George Whtroduction to Airborne Rada2™ ed. Mendham, USA. SciTech Publishing. 1998
pp. 473-479.

® Kildal, Per-SimonFoundations of Antennas: A Unified Approathnd, Studentlitteratur. 2000 p. 69

" Pozar, David MMicrowave and RF design of wireless systelofin Wiley & Sons. 2001 p. 118
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planar surfaces. This provides the possibilityaitot-made array antennas with certain
properties.

Array antennas can be divided into two main grobpsadsideandendfire depending on
how their main beam is designed to radiate eAdfire arrayhas its main beam in the
direction along the array, while theoadside arrayradiate perpendicular to the arrays
orientation, se€&igure 1 If the array is phase steered, the directiommefiteam can be
changed without rotating the antenna platfrm.

prd ﬂtm

~woProI@

mo

ENDFIRE
— .

Figure 1. Topology of a linear array.

Not all the radiated power from an array is conedrt to the main lobe direction as desired,;
some of the power will leak into so callside lobesThe amount of this misdirected power is
measured relative to the main beam power and lisdctileside lobe leve(SLL). Side lobes
occur since the surface of the array is finite,chhneans radiation from less than -90° and
more than 90° are received and affect the radigtaiternIn a radiation pattern where losses
are neglected, the first side lobe has a relagévellof -13.2 dB. To reduce the side lobes and
decrease the SLL a method caltageringcan be used. This method changes the radiation
pattern by lowering the signal amplitude in theredats close to the edges. Using this
technique the main beam will be less focused, nmgathiat the main beam will be wider.

The radiation field from an array antenna (or g@lgirantenna element) has different properties
depending on how far away from the array it is meas. The region surrounding the antenna
can be divided into two different main pamgar fieldandfar field, where the transition
between them depend of the wavelength and the teéamokthe antenna. The far field is

defined as the area where the spherical wave fraditated by the antenna or array, becomes a
close approximation to the ideal planar phase fobat plane wave. The definition of the far
field is described by the radius distangedrom the antenna accordingEouation 3 whereD

is the largest dimension of the antenna aimithe wavelength’

8 <www.orbanmicrowave.com> (2 October 2008) pp. 1-15
° <www.orbanmicrowave.com> (2 October 2008) p. 1
Y Kildal, pp. 37-42.
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2D?
r>
A

[m] Equation 3!

21.1 LINEAR ARRAYS

The elements in a linear array are distributed evene dimensional straight line and are often
equidistantly positioned to achieve a desired tamhgpattern. If a plane wave is incident
towards an equidistantly array where all elemerggdentical and the antenna elements are
omnidirectional, the received wave will divergeyhl a phase difference at each element.
This phase difference can be calculated accordiguation 4 wherex is the extra distance
the wave has to travel from on element to the rixis the distance between two elements
and @ is }Qe direction of the incident wave. An illusiom of these parameters can be seen in
Figure 2

A :§2n: dxsind

2 [rad] Equation 43

Flane wave

Figure 2. Geometry of a linear array antenna.

To achieve a more definite radiation pattern, takl ffrom the elements need to interfere
positively in the desired direction and have negsinterference in all other directions. This is
possible by phase steering the radiation from eacenna element.

The far field radiation pattern from an N-elemeneéar equally spaced array is a summation
of the radiation of each element accordingtpuation 5 whergj is the imaginary unik is the
wave number (8A) andV, is the complex excitation of the elementurther,dx represent

the distance between two elements w 8lare the angle of the incident wave. Assuming
identical element patterns, the equation (for #ukation pattern) can be rewritten and divided
into two parts, thelement patterand thearray factor, according tdquation 6

1 Kildal, p. 38.

12visser, Hubregt JArray and Phased Array Antenna Basi€hichester, England. John Wiley & Sons. 2005 pp.
123-135

Byisser, p. 124

14 visser, p. 124.
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N
E(6,¢9 = ZVn E..(6,9e*" ™" [V/m] Equation 5°

n=1

N « .
E(e’ w) = Eele(H’ w) Zvne]kndxsmﬁ [V/m]
n=1 Equation 6
Elementpattern Array factor

The element patterieie, describes the radiation of a single antenna elearahwill
therefore change appearance depending on whabkemtenna element is used. The array
factor is dependent of the element spacinghe number of antenna elements in the aixay,
and the amplitude and phase excitation of eachesiethThe bigger element spacing the
larger directivity is obtained, as long as there o visiblegrating lobes Grating lobes are
maxima in the radiation pattern in other directitiman the main beam. To avoid these often
undesired maxima (they can be mistaken for theorespof a target in the main beam) the
requirement on the element spacing for non-radjagnating lobes can be calculated
according tdequation 7 wheredAni, is the wavelength at the highest frequency. Funtboee,

O maxis the position of the main lobe asith(6,/2) corresponds to the half null depth beam
width of the grating lobe. An illustration of thagameters can be seerFigure 3

Having small element spacing, approximately halfaaelength, makes it possible to
theoretically design the antenna for full scan,cihieans the antenna can scan up to almost
+ 90° from broadside. In reality, the radiation malance changes with scan, which means the
useful scan region becomes limited to + 60°.

Api :
< : min_ [m] Equation 7°
1+sind,,, +sin@,, /2)

irisihle region

— |<— zin %'1‘1 sinEmas

Figure 3. Criteria for non-radiating grating lobes.

> Lanne, p. 8.

' Lanne, MariaAntenna Arrays System: Electromagnetic and Signatéssing Aspecisic.
Chalmers University of Technology. Gothenburg, @Gieas Reproservice. 2005 pp. 7-10.
7 Kildal, pp. 341-378.

18 Kildal, p. 354.
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2.1.2 PLANAR ARRAYS

A planar array consists of antenna elements spreadtwo dimensions where the positions
compose a planar lattice. A planar array can bertdes] as a linear array of linear arrays if

the grid on the planar array is of rectangular shepd all the elements are equally spaced, this
does not mean they need to have same spacing iwaharthogonal directions, séégure 4

The radiation field from a planar array is a sumarabf the radiation from each element, just
like for the linear array. Since the planar arsagistributed over two dimensions the equation
will be described by bottheta(6) andphi (¢, according tdequation 8 Vi, describe the
complex excitation for the element in & row, n'" column.Egeimplicate the element
pattern k the wave number ardk respectivelydy represent the distance between two
elements in the different dimensions.

Figure 4. A periodic rectangular two dimensionaftar geometry.

M N - )
E( 9!(”) = zzvmnEele( 5:§0ka snélmacospmdysing) [V/m] Equation 8°

m=1 n=1

Using planar arrays makes it possible to shapeattiation pattern in two dimensions and to
control the radiation pattern in bogh and ¢¢direction. Further, the side lobes can be lowered
in both directions as well and can be beam steteredrd any point in spac@.

Radiation diagrams are one way to present thetrigeul an array antenna. The diagrams
represent the radiation from the antenna and cantdbied in& and ¢plane or inu- and
v-plane. The most common way is to plot the radmatiou- andv-plane which is a
transformation from thedq ¢@-coordinates usingquation 9andEquation 10

¥ Lanne, p. 14.
20 Balanis, Constantine Antenna Theory: Analysis and Desi@ ed. Hoboken, New Jersey.
John Wiley & Sons. 2005 pp. 349-362
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u=sindlcosg [-] Equation 9

v=sindlsing [-] Equation 10

2.2 SCANNED ARRAYS

This section will introduce and briefly describedasompare different scanned arrays as well
as a comparison between them, where advantagetisattyantages will be listed. The first
section will introduce and compare the two mairugof scanned arrayslectronically
Scanned ArrayESA) andMechanically Scanned ArrgfMSA). In the last section there will
be a comparison betweeassive ESAPESA) andActive ESAAESA) which are two
subgroups to the ESA.

221 ESAvs MSA

Some of the technologies today require the arrégrera to have a moveable main beam, for
instance many radar applications. Scanned arraytharsolution to this requirement since
they have the ability to scan large areas instéaly using a fixed beam.

As mentioned earlier, the MSA is a scanned arraighvhises mechanics to change the
direction of the main beam. This is achieved by ntimg the array on a turn-table and then
tilts the entire antenna to point in the desir@edation. The largest disadvantage of this
method is the force of inertia which limits the spef the mechanical movement. Therefore
scanning between two far off angles is time consgpbut it is a good operative method
considering the financial aspects, due to thetfeatt MSAs only uses one central transmitter
and receiver for the entire system. These kind @thmanical arrays are commonly used in
both land-based and air-based applications.

In contrast to the MSA, the ESA is mounted on adiplane and instead of mechanical
movement the beam is steered using electronicadisting the amplitude and phase of the
element excitations, the direction of the main beambe changed. Phase shifters are used to
change the phase while the amplitude adjustmeatdngs by amplifiers. Since this technique is
based on electronic signals, the time to scan ta beam from one point into another far off
point is identical with scanning to the nearestsgue. This is a desirable advantage and one
of the main reasons why many MSAs are replaced34steven though the latter is more
expensive due to its complexity.

222 AESA VvsSPESA

The ESAs can be divided into the two groups, pasaind active ESAs, both having the
feature to steer the main beam using the combmatiphase shifters and amplifiers. The
main difference with the PESA is the use of onlg gentral transmitter and receiver for the
entire system, while the AESA has one power angpllifehind each antenna element. This
makes the AESA more complex and therefore is @ alsre expensive than the PESA. Both
the PESA and the AESA have one electronically atleti phase shifter placed behind each
radiating element of the array.

2L Stimson, pp. 473-479.
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The AESA is commonly designed with one T/R modwdhibd each element in the array. In
addition to phase shifters and attenuators, T/Rulesdcommonly include

high power amplifiergHPA), circulators or switches (to switch betweeception and
transmission), limiters and LNA for the receivegrals. All T/R modules are in transmit
mode fed with a RF-signal via a RF feed networke Tike of array antennas with a large
number of elements and T/R modules makes it pastibbperate the antenna even when
some T/R modules are broken. This advantage isd@aceful degradationSince the T/R
module makes it possible to individually steer d@ingplitude and phase excitation of each
element, superior beam shape agility is also pexl4t

2.3 SIMULINK ®

Simulink® is aGraphical User Interfae (GUI) extension to Matl&h containing several tools
for modelling and simulation of multidomain dynamsigstems. It supports linear and
nonlinear systems, modelled in continuous time,@aditime, or a combination of the two.
Since SimulinR is an integrated part of Matf@bdata can easily be transferred between the
programs which make it possible for the user te tak advantage of the features offered by
both environments. In Simulifikhe user can build hierarchical models as bloeky@im,

with predefined blocks using drag-and-drop moussatpns. The program has an extensive
block library containing sources, sinks, math fimts and many other useful blocks which
altogether is over two hundred pieces. Some obtixes are underframes in which the user
has the possibility to create own properties usipgration code as for instance C++ and
Embedded Matlabcode?

Since a large amount of boxes might cause themystde difficult to lucid, the model can be
simplified by grouping blocks into subsystems. Besithe lucidness, subsystems make it
easy to keep blocks with related functionality thge and establish a hierarchical block
diagram with different layers. Subsystems are egtxecuted conditionally or
unconditionally, where the latter are always exeduDepending on the input signal, the
conditionally executed subsystem may or may naxeeuted” As there are coding
algorithms better suited for the textual languatgtaad of the graphical, tiembedded
Matlab™ Functionblock is a useful tool. Working with the Embeddédtlab™ subset

makes it possible to perform embedded softwaregdess well as implementation and testing
completely within the Matldbworkspacé?

2.4 DRUTTEN, THE DEMONSTRATOR

Saab Microwave Systems, earlier Ericsson Microwaystems, has, as part of the
Generic AESA Demonstrat¢GENA) program, worked with an active antenna desti@ator
which consists of a rectangular phased array aaterme demonstrator is only built to work
in receive mode.

The demonstrator consists of a planar array withdpole elements set up in a rectangular
grid with 10«20 antenna elements. The elements are equidistpdbed irx-direction as well
as iny-direction, but do not have the same spacing irwloeorthogonal dimensions. The 96
elements in the middle, placedl®, are connected to one receive module each whdrea

22 Stimson, pp. 473-491.

2 <www.mathworks.com> b (29 September 2008)

24 <www.mathworks.com> ¢ (9 February 2009) pp. 198-19
% <www.mathworks.com> a (9 February 2009) p.15
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104 elements on the border are terminated intohedttoads, seigure 5 The receive path
for each of the 96 elements consists of, as caebe inFigure G a limiter, an LNA, an eight
bit phase shifter and a nine bit attenuator.

0OO00000000
0000000000

Figure 5. Scheme of the antenna elements in Drifften

The GENA program focus was on developing basicpgants necessary for next generation
of prototypes and products within the field of aetantennas for modern radar. It
concentrated on technologies and antenna archiésctiniat could be used for different radar
applications at different frequencies, where thea®strator works at S-band (2-4 GHz). The
demonstrator has been used to get practical exjperia areas like antenna system design,
T/R module production, antenna system calibratimhe@valuation. Some of the goals have
been to demonstrate a stable active antenna funwitb an active receive array and to
evaluate a calibration scheme based on factoryacteizatiorf.’

Ant lements (200
ntsringlelementsi(200) Vertical RF-combiners (16)

.yj”....:.:....b’ Receivel\llodules(ss) j

Structure and Horizontal RF combiners

liquid cooler Power and Control

Figure 6. Simple diagram of the antenna uffit.

% Nilsson Drackner, Peter and Engstrém, Bjém.Active Antenna Demonstrator for Future AESAte8ys
In: IEEE InternationalProceedings of the International Radar Conferen@@322005. p. 227.

" Nilsson Drackner and Engstrém, pp. 226-231

% Nilsson Drackner, Peter. M.Sc.E.E. E-mail. (25 8a2009)
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3 METHOD

In this section the implementation of the AESA systs presented. Since the assignment of

the thesis work is to evaluate whether Simiflifsa good simulation tool for large arrays, two
different modelling approaches are evaluated angpeoed. This is done to explore as many

of the features in Simuliffkas possible.

The first modelling approach presented is almos¢ @imulink’ programming with boxes
linked to each other where the idea is to avoierirention of MatlaB to the greatest possible
extent, whereas the second is built up with boxésabedded Matlab™ programming
complemented with Matl&bscripts. The first modelling approach is called

Model Based on Drag-and-Drop Boxeghile the second modelling approach is called
Model Composed by Embedded Matlab™ Function Blocks

Some of the predefined Simulifiklocks used have functionalities that are quite éas
understand, while others need an explanation. ©Redused in the models and a short
summary about how they work can be foundppendix A

3.1 MODEL BASED ONDRAG-AND-DROP BOXES

In this modelling approach the focus is to modeR&SA system based on the drag-and-drop
boxes method that the Simulifhkbrary offers. First the system is built in a wafiere each
component is ideal and then the components arefieddiiep by step into a more complex
and realistic model. As a start an antenna elesrahia T/R module are modelled, these are
modified and copied into a linear and finally an@aarray.

3.1.1 ANTENNA ELEMENT AND T/R MODULE

The first step in the modelling of the AESA is teate a model of the T/R module, where all
the parts in the module are ideal and linear. teikee mode the first component in the module
is an LNA which in this stage corresponds to a iplidation factor. The phase shifter, which
follows after the LNA, is modelled as an expondrftiaction where the phase is manually
change by the user. The last component in the TdRute is an attenuator and like the LNA
this part is represented by a multiplication factorthis initial model the antenna is lossless
and therefore the received signal of the antentramsmitted unchanged into the LNA. When
simulating the model, it is assumed that a planeaviimpinges on the antenna. Complex base
band representation is used, which means thaighals received by the antenna elements are
modelled as complex numbers. This signal is traregdhrough the simulation model and
then, using &cope blockthe user is able to watch the result, Siggire 7.
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Figure 7. T/R module in receiver mode consistingroENA, a varying phase shifter and an attenuator.

As mentioned in the theory part (section 2.3),eHsra possibility in Simulirfkto group
different boxes into so called subblocks. This ptes the opportunity to divide the model
into different subsystems and thereby make the hmadee apprehensible. The three
components; the LNA, the phase shifter and th@aé#t®r are representing a T/R module and
are therefore placed in a subblock with the sameenaed-igure 8

~
S > 270
P < T/R module

~ LMA, Phase shifter Attenuator

— —_

= Jp—
TiR module i -

Figure 8. The three components, LNA, phase slaftdrattenuator, grouped into a subblock called m&dule.

The input signal to the T/R module comes from thie@na element. The antenna element is
modelled under the assumption that there is no atigm losses or coupling between the
elements and consequently, everything receivethéglement is thereby transmitted
unchanged into the T/R module.

3.1.2 MODELLING OF LINEAR ARRAY
To model an array of ten antenna elements and TW&uhas, the model with an antenna
element and a T/R module, is copied into ten idahtrersions and then their signals are

added in a combining network, deigure 9 The combining network is at this stage a
summation network, where all signals are addecdasding losses and mismatches.
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Figure 9. Ten identical antenna elements, their MiBtules and a combining network.

The signals received by the antenna elements adeliad as a vector of complex numbers
representing the received plane wave. The receiiggidls are a function of the direction of

the incident plane wave relative to the normahef éarray antenna aperture. To model how the
array receives signals from all angles of inciderihe &plane, the vector with plane wave
directions contains angles fromv/2 — 172 radians with 180 steps. This is placed in a
subsystem calleReceived PhasseeFigure 1Q Since the angles fromm2 —172 radians

equals the angles from 90 90, there will be 181 points representing all intagarthe

interval.

- linspace (-pi/2 pi/2,1817] gin

o Received Phase

— [
Received Phase ———— T

Figure 10. Content in the Receiver phase subbox.

In an array antenna there are physical distandegeba the antenna elements. Because of
these distances an incoming signal will not beiveckat all elements on the same time,
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unless the signal is incident perpendicular toailnay aperture surface. The incoming signal
corresponds to a narrow band plane wave and thexeatiice in the received signal between
two elements can therefore be described as a ghésestead of a time shift. When
implementing this in the model, each element néedthsive an index corresponding to its
position in the array, sddgure 11 This index is multiplied with a phase constantclih
represents the physical distance between two atjatements, according Equation 11
Wherek represents the wave numbeidescribes the index of the element drdhe distance
between two elements. The angle of the incidenewsdescribed by.
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Figure 11. A linear array with ten indexed anteralaments.

signalinto elemeni = g ks ] Equation 11

Both phase shifters and attenuators are creatédawyitedefined scale of values. This scale
describes the values that the component can addpsdimited by a maximum and a
minimum value. Phase shifters and attenuators areifactured with a certain number of bits
which is a measure of how many states the scalaloés are divided into. If the component
for example is an eight bit attenuator the scatihvigled equally into 256 different states,
according tdequation 12 Since there is a limited amount of states intype of component it
is not always possible to set the desired attemmathlue. This results in a small residual for
each component setting. In this model the numbéitsfis defined by the user and can be
changed from one simulation to another.
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8- bit component> 2° = 256 [-] Equation 12

When these bit components are manufactured ittipogsible to make them identical since
there always will be small variations between tbmponents. This is the reason why two
components do not have identical states of scaa though they are designed and
manufactured in the same way. The uneven stateteargibed in this model using a

Gaussian normal distributigraccording t&Equation 13 wheremu (1) andsigma 6),

represent the mean value and standard deviati@selbparameters determine the magnitude
of the variation between the phase shifters arha#tors respectively and are set by the user.

The equation is implemented in a Maflazript, seéAppendix Band calculated for each
component when running the program. In the scifigt functionrandnis used to return
pseudorandom, scalar values drawn from a normalldison with the specified mean value
and standard deviation. This implies that a unipréation between each component will
occur.

_(x=p)?

1 >
f (X | U, U) = J—\/ZT (& 29 ['] Equation 13

This description is used in this model for bothg#hahifters and attenuators with the
difference that the states of the attenuators iardedi between 0 — 1 while the phase shifters
are divided between 0 +2It is possible for the user to have differenainds-values for the
phase shifters and the attenuators.

The phase shifter as well as the attenuator iesepited by one subsystem each. The phase
shifter is a subblock containing an exponentiateer the main lobe into a, by the user
predefined direction, séagure 12 The desired phase shift is depending on whetigein
geometry of the array the element is placed. Simeencoming signal is received with a time
shift between the elements this needs to be revéngéhe phase shifters to make sure the
signals adds up in phase (constructively). Consgtyyehe phase shifters must have
knowledge about where in the array they are pléagedowing the positions of their
interconnected antennas. The exponential that eaeén in the figure is varying dependent
on the index of the antenna element.

- Incorming Signal

e D ’}

- -j*exist_phase (1,1) e Phase shifter
Steering

— —_—

Phase shifter e ——

Figure 12. The steering value for element (1,1)rarétiplied with the incoming signal in the sublkoc
Phase shifter.
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The attenuators are the components that are usex t&pering an array. In this thesis a
Taylor taperingis applied to the elements in the array. For exang80 dB Taylor

distribution corresponds to a beam pattern whexéhiphest side lobes are 30 dB below the
main lobe maximum. A Matldbscript, seeAppendix Bis used to calculate the attenuation for
each element to achieve a specific tapering. Thptsm@lculates the ideal values for a linear
array with a specified number of elements. Fronseéhelues the nearest existing value in the
scale of the attenuator is chosen and a small efrattenuation arises (corresponding to the
difference between the desired and actual attesruatilue). The resulting tapering value is
multiplied with the incoming signal in the attenoratsed-igure 13

- N
- Incaming Signal
s
~ : . X
L~ exist_tapering (1.,1) Attenuatar
e < Tapering value
s
-~ — ———
- - I —

— e —— =
Attenuator e ——

Figure 13. The tapering value for element (1,1) mn@tiplied with the incoming signal in the subkkoc
Attenuator.

The simulation of the ten different antennas ardr fiVR modules is done for 181 different
angles of incidence which in the end of the simatais combined and presented in a
radiation pattern. When the simulation of the Im&aay is done, an Embedded Matlab™
Function block is programmed to automatically pnéseradiation pattern which completes
the simulation of the linear array.

3.1.3 MODELLING OF PLANAR ARRAY

To model the planar array the previously modelieddr array is used. Since the model
should be comparable Rrutten (the antenna demonstrator) having a size>06 elements,
the linear array is increased to 16 elements. Taeseopied into six different subsystems,
representing six linear arrays, $@gure 14 To let the six linear arrays represent a planar
array, the indexation of the elements are incre&sedntain two numbers corresponding to
the two dimensions. The signal received at the efgmin a planar array are also dependent
on two directions and the equation describing #uation will be expanded as described in
the theory, according tBquation 8
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Figure 14.Structure of the planar array.

When having a planar array new aspects must be tak® consideration. The array is two
dimensional which meanke beam can be scanned in two dimensions. Thersftie
antenna system modelled as a function of Bdhd ¢ which can be seen Figure 15
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Figure 15. The first element in the planar array.

The simulation of the planar array is done using d&erent angles of incidence in both
& andgplane, wher&d goes from 0 /2 andggoes between 0 -w2The signals from the
different elements are added and presented irea thimension radiation pattern.

The system is complemented with two Maflaeripts, one containing the different adjustable
parameters for the system and one containing elonk based on the modified parameters.
The first script, seAppendix Ccontains the parameters for the antenna geontké&yphase
shifter, the attenuator and other variables neéaletthe simulation. The user should only get
in touch with this first script and make changeesiifor the wanted simulation since the
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second script is called upon automatically fromftret. The second script, which has been
mentioned before, contains calculations of valaeegiired for the phase shifters and the
attenuators, se&ppendix B

3.2 MoDEL COMPOSED BY EMBEDDED M ATLAB ™ FUNCTION BLOCKS

The previously designed model was created witlk admber of elements in the antenna
system. It also used one box for each operatidhanmodel, which lead to a substantially
large amount of boxes. Knowing this, the secondehimdmade with the intention of having
an arbitrary number of elements and having all comepts with the same functionality
modelled in same block. One way to create thesekblis to use Embedded Matlab™
Functionblocks in which the properties for the blocks aregpammed by the user. This
makes it possible to create blocks containing n@mgponents of the same type, but where
each of the components has unique performance.

The previous model was built as an ideal antener@meht with a connected T/R module,
which subsequently was extended into a large mamgtex planar array. Thidodel

Composed by Embedded Matlab™ Function Blegkstended to be equal to the final result
of theModel Based on Drag-and-Drop Boxggstem and therefore a planar array is designed
without the intermediate steps of a single antexlement and a linear array. Since this AESA
model is based on Embedded Matlab™ Function bls®aiigure 16 the system consists of
coding algorithms in textual language. The codeherdifferent component blocks used in
the system can be seemAppendix D

1
help edit parameters I |genemte pammetersl

Plane wawe Antenna element LMHA Phaze =hifter Atenuator Combining network

field Ot e[ i1 At EnNE_ElEmErt LTt g 71 LMA out f=—lin  phaze_phifter out f=—mlin  attenuator  out fe—|in comb_network

Figure 16. Model composed by Embedded Matlab™ Fomd¢tiocks.

3.2.1 INFORMATION MATRIX

The model is built using six Embedded Matlab™ Fiamcblocks, where each of the blocks is
programmed to represent a component or a funatidine AESA system. Since each antenna
element can receive signals from arbitrary diretispecified by the two dimensiorgsand @
the information at each element will be represebted matrix. The matrix is sent throughout
the whole system and modified in every box before summed up in the last block. This is
done by storing the matrixes of each element atieh other, in the order in which their
antenna elements are positioned. Altogether, therots in the large matrix contain the
amount of elements idirection times the number of scanr@dalues and the rows contain
the amount of elements yadirection multiplied with the number gtvalues to be scanned. A
visualization of a matrix can be seerFigure 17

The code used in the Embedded Matlab™ Functiorkblaoe similar to the one used in
Matlab®, but with a smaller number of functions. The comtheell, which is a function that
creates matrix arrays, is one example of a functi@ahwould facilitate the handling of these
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large matrixes. The cell array allows the programtoetore matrixes at each position in a
matrix but this command is not supported by Sink{lin

1 2 .. 16
1 [[181x181 [181x181 --- [181x187]

2 |[181x181 [181x181 --- [181x187]
6 |[181x181] [181x181] --- [181x18]]
Figure 17. Two-dimensional matrix with X6 elements and 184181 points in different directions.

One of the criterions for the Embedded Matlab™ FEonddlock is the requirement of having
the size of the output independent of the siz&éefihput. For this reason, the size of the
matrix is predefined in the script with the eligiblariables, se&ppendix E

3.2.2 PLANE WAVE

The first block in this model is calld®lane waveand contains the equation describing the
appearance of the signal received at each elenhé&me antenna, according Eguation 14
Where the equation is calculated fr&muation 8for elementX,y) and where the amplitude

of the received field is set to one. The signalesg}s on the position of each antenna element
which is described by the integerandy and wheralx anddy represent the spacing between
the elements expressed in wavelengths. Furtherrf@mgpsymbolize the angles from where
the plane wave has been transmitteldoth angels are zero, which means that the figna
incident perpendicular towards the antenna apertiieesignal at each antenna element will be
identical. As previously, the received signals@escribed by a matrix of received values,
reflecting the position of the transmitted sigredresned. The received signals are stored
together and then transmitted into the next blatled Antenna element.

signalinto elemen(x, y) = 1[@?™sn(y-Ddsngrictid@osy) 11 Equation 14

3.2.3 ANTENNA ELEMENT

The antenna elements in the previous model hatk#teres of an isotropic antenna, which
means that the antenna was assumed to radiatdyeiguall directions. This assumption is a
common simplification and requires that mutual dogp losses and maladjustments are
neglected.

In this model the antenna element is developedstapefurther as an element pattern is
implemented. The element pattern describes thatradiof an antenna element and is in this
model approximated using a cosine function, acogrth Equation 15 where the equation is
expressed in normalized amplitude andescribes the value which the cosine factor is
superscript to. This equation will attenuate thdiaton in near edge angles of the antennas. If
them-factor is set to zero, the model will be identitmathe previous model since the cosine
term will become equal to one. Furthermore, theaéiquo is independent of scanning angles in
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gdirection, which makes the appearance of the etediagram to be the same for all angles
of @ Since the appearance of the diagram is indep¢déme position of the elements in the
antenna, they will have identical pattern for ealdment. The values for the element pattern
are calculated and placed in a vector, which igiplidd with the received matrix using two
for-loops and then transmitted into the next block.

elementiagram=+/cos" & [V] Equation 18°

3.24 TRANSMIT RECEIVE M ODULE

As described in the theory part (section 2.2.2), THR module is one of the key elements for
the AESA system and even though different architest are possible the three most
important parts; LNA, phase shifter and attenuaioe,included in this model. In contrast to
the previous model this one has no block named@Rule, since all the components in the
T/R modules are placed directly in the model.

In real systems, the function of the LNA is to aiftyph weak signal before sending it into the
rest of the system. The LNA is the first componantceive channel in the T/R module and
can therefore amplify the signal before noise heentadded from the rest of the components.
In this way theSignal-to-Noise Rati¢SNR) is kept high and the signal can more edngly
distinguished. The function of the LNA is identiedth the foregoing model and since the
models are created with a high input signal whieeenbise is neglected the function of the
LNA is not as important as in real systems.

The LNA block, transfers the incoming matrix witheoodification further to the next block.
If the user wants to add maladjustments or logeedhlock can be reprogrammed to include
them, using two for-loops with a describing equaiiothe middle

When the matrix is sent through the system andesrat the phase shifter box, this block
repeal the influence of the distances betweenribenaa elements. As been described in the
drag-and-drop model, the phase shifter should seviére phase shift that is applied on the
received signal due to the distances between tiemiaa elements. It is the phase shifters that
steer the antenna beam into a, by the user, pnedkdiirection as well.

The phase shifter is one of the components whiahast developed. In this model, both
manufacturing variations and bits are taken intesaeration, which makes each phase shifter
unique and the result from one simulation to anotae include having a small difference.
Since there where problems to create an equivplege shifter in the drag-and-drop model,
the script used in this model, s&ppendix F-was also implemented in the first system model
but with some modifications.

The attenuators are similar to the phase shiftace $oth have bits and manufacturing
variations that are taken into consideration. A IRfdftscript, seeAppendix Gis used to
calculate the ideal attenuation values for eachrarg element using three parameters defined
by the user; the number of elements in the padicairay, the SLL and the desired number of
side lobes having the same height. To create uratjgaauators to this model the ideal
attenuation values are modified using the samea#fatcript as for the phase shifters, see
Appendix F Each unique tapering value is multiplied into teeeived matrix on all places

29 Mailloux Robert JPhased Array Antenna Handbo@®® ed. Norwood, USA. Artech House. 2005. p. 305

31 (61)



representing its position in the array, for examile tapering value at elemeftl) is
multiplied at the first 184181 places in the incoming matrix. This is donedach antenna
element in the array using a double for-loop amahtthe matrix is transmitted to the
combining network block.

3.2.5 COMBINING NETWORK

In the previously described model the combiningvwoek corresponds to a summation block
which adds up the signals from all elements anastrats the final signal into a plotting
embedded box. Theéombining networklock is programmed to have the same functions as
the previous system model, but with both the surionatetwork as well as the automatic
plotting function in the same box. The block is iagdall signals having the same angel of
incident, which results in a matrix having a sigei@ to the number of points in the

(6 @-directions. The measured data of the matriXusitated in three different ways; the 3D
far field pattern and the far field cross sectitrsbothu andv.

3.3 |MPLEMENTATION OF THE DEMONSTRATOR

Measurement data from the demonstrator has beescted and implemented in the model to
get one step closer to a true antenna system.mjplerentation is done using theodel
Composed by Embedded Matlab™ Function Blpelsn though th®lodel Based on Drag-
and-Drop Boxegould be developed to handle this implementatooweall. The measurement
data come from the 200 antenna elements in the wigmador and their positions can be seen
in Figure 18 As mentioned in section 2.4, the 96 elementh@mtiddle are the ones not
terminated into matched loads. Five of the elerpatterns, corresponding to the elements
positioned at place 4, 43, 46, 48 and 94 in theréigare used to create an average function
corresponding to the diagram. The function is imp@ated in the antenna elements in the
model and is therefore representing a model onecétser to a real antenna system.

191 (181|177 173 (169|165 16] [157 (155142 | 145141 137|153 (125 | 125121 (117 (107 &7
192182175 | 174 (170|166 | 162|158 (154 | 150|146 |142 138 (154 (130|126 | 122 (115|108 | 38
193|185 91 | B3 |79 [ 73 |67 |61 |55 |49 [ 43 [S3Y |31 )25 119 (15[ 7 | 1 |109] 9%

1941124002 | 26 |80 [ T4 |62 |62 [ 56 |50 ) 44 |38 |32 [26 |20 )14 [ 8 | 2 |110f100
19511850 93 | BT |81 |75 | A9 | A3 | 5T |51 |45 [30 |33 |27 [21 |15 | & | 3 J111{101
195|186 04 | B2 |82 | Ta |70 | A4 [ 52 |52 |46 |40 )34 (28 |22 ) 1a (10 ] 4 112102
1970187 95 |89 | B3 [ 77 |71 | a5 [ 59 [ 5S53 ) 47 |4 |35 (20 |23 |17 [ 11 ] 5 115103

192 (1e2] 96 |90 [ B84 |75 | 72 |66 |60 |54 |48 |42 |36 |30 |24 [ 18 [12 | & |114 (104
193 [18% | 179 | 175 (171 | 167 | 165|159 [155)15] [147 143139 (155|131 | 127|123 (119 ]115]105
200|190 180|176 [172 (168 | 164 | 160 (156|152 | 148 (144|140 156 (1532|128 | 124 [120{116)10&

Figure 18. Configuration of the elements in Drufteeen from the front.
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4 RESULTS

In this chapter, results from the simulated modeéspresented and analysed. The outcome
from the different modeldviodel Based on Drag-and-Drop BoxasdModel Composed by
Embedded Matlab™ Function Blogkse compared and explained. As described inheary
(section 2.1.2), one way to present the performahe® array antenna is to present its
radiation pattern. Most commonly, this patternrissented in spherical coordinates and the
results for the models are therefore plotted like throughout the whole chapter. The
simulations are done to show how the performand¢betomponents influences the radiation
pattern for the whole system. To distinguish chiréstics easier, the cross-sections of the
radiation pattern are presented as well.

During all simulations presented in this chaptee, parameteregenerate_modulds set to

true which imply that the T/R modules are unique, ndyya@ompared with the other modules,
but also from one simulation to another. As longhesstandard deviations are set to relatively
low values, the regeneration of modules shouldaffett the outcome considerably.

4.1 OUTCOME FROM THE EMBEDDED MATLAB ™ FUNCTION BLOCK MODEL

To demonstrate how the different parameters angoaents influence the system, figures
illustrating the outcome from each block in the mlcare plotted. The first figure,
representing the outcome from thield block, illustrates the radiation pattern for aeat
untapered (uniform) planar array consisting okIXbisotropic antenna elements, see

Figure 19 The cross-section of this pattern is illustrate#ligure 20and shows a SLL of
-13.2 dB, which is correct according to theory, seetion 2.1. If counting the number of
peaks between u =0 and u = 1 (corresponding fah@driod of the periodic array factor for
this array with element separatidi2), including the main beam as one peak and nhyittig

it with two, the product represents the numberements in the-direction. The same can be
performed for the-plane resulting in the number of elements inytuirection.
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Far field pattern as function of u and v

RN

Relative amplitude [dB]

v = singSing u = sing@os

Figure 19. Radiation pattern for an ideal, unifoptanar array with 16x 6 isotropic antenna elements.

Cross section u = Uy Cross section v = Y

Relative amplitude [dB]
Relative amplitude [dB]

60
-1 -0.5 0 0.5 1
v = sin@Sing u = sing[dos
Figure 20. The cross-sections of the radiation gmtfrom the incoming field.
Left: u=0, v=sindsing  Right: u=sinfdcos¢g v=0

To give a more realistic description of how theemmia elements radiate an element diagram is
applied using a cosine shape in boetandv-direction, according t&quation 15n section

2.6.3. The factor which cosine is superscript tm ihis case 1.4 and result in a decreasing
radiation for angles further away from zero. If tusine factor is superscript to zero, the
elements become isotropic which represent the afa$e Model Based on Drag-and-Drop
Boxes The outcome with isotropic element patterns wdaddhe same as in previous figure,
since there is no contribution from the elements.

When the field has been received by the antenmaegits and weighted by the element
pattern, the radiation pattern has changed antheaeen ifrigure 21 The difference with
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the previous figure can be seen in the cross-sefidra, where the level of the second

side lobe has attenuated an extra 3 dB,7a0.81, compared to the left diagranfFigure 2Q

In the cross-section fof, every side lobe from the second one and furthattenuated, more

or less, compared to the right diagranfrigure 2Q The largest difference can be seen in the
last side lobe where the attenuation has increlagadore then 4 dB. The cosine factor is a
projection and mismatch factor which increases withangle and is the reason why the outer
side lobes are affected the most.

Cross section u = Ug Cross sectionv= Y

Relative amplitude [dB]
Relative amplitude [dB]

-1 -0.5 0 0.5 1
Vv = sing[sing u = sinp@os
Figure 21. The cross-sections of the radiation graittfor an untapered planar array of X6 antenna elements

with cosine-shaped element patterns.
Left: u=0, v=sindsing  Right: u=sinfdcos¢g v=0

If the antenna is electronically tilted, the phakdters counteract the phase shifts which arise
when the radiation is not incident perpendiculathaperture. This means that the phase
shifters are changed so the array is receivingatreer direction than the main lobe. As can
be seen irrigure 22,the main beam is pointed inandv equal to 0.3536 which means the
antenna is electronically tilted in# = 30° andg = 45°, according t&quation 9and

Equation 10from the theory part (section 2.1.2). The crosgises ofu andv of the radiation
pattern give a clearer view and can be sedfngare 23
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Far field pattern as function of u and v
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Figure 22. The radiation pattern when the beantengsed t@#=30° andg=45.

Cross section u = Uy Cross sectionv= Y%

Relative amplitude [dB]
Relative amplitude [dB]

v = sin@[Sing u = sing@os
Figure 23. The cross-sections when the beam isnschtod=30° and g=45.
Left: u=0.3536, v=si#sing Right: u=sind cosy v=0.3536.

As mentioned in the theory (section 2.1), finitéegimas cause side lobes and to decrease the
side lobes a tapering can be applied to reduceathiation from the elements near the edges.
This result in lower side lobes but contributesviden the main beam. To indicate the affect
of tapering, & aylor 45 dBtapering inx-direction and &aylor 30 dB taperingn y-direction

is applied and simulated. For both taperings, tialrer of side lobes with the same height is
set to four and the result of the simulation carsé&en irFigure 24 In the figure significant
changes have occurred compare#igure 22 the SLL has decreased and the main beam has
become wider. In the left image kigure 25 the cross-section afis presented and since all
the side lobes are lowered below -30 dB the desapering is obtained. In the right image the
cross-section of is presented, showing that the values for thé dide lobes are adjusted to
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the desired tapering value. The outer side lohe#)dr away from the main beam, are not
tapered below -45 dB since the combination of tvetiapering level and letting four side
lobes have the same height is too hard to achiévs.result in a combination of the two
criterions where all side lobes have been atteduatieéthe ones closest to the main beam are
affected the most.

Far field pattern as function of u and v

Relative amplitude [dB]

v = singSing u = sin@@os

Figure 24. The radiation pattern using a Taylor ¢sing of -45 dB in x-direction and a -30 dB in yatition.

Cross section u = Uy Cross sectionv= Y%

Relative amplitude [dB]
Relative amplitude [dB]

v = sin@[Sing u = sing@os

Figure 25. The cross-sections after a Taylor tapes been applied in the attenuator block.
Left: u=0.3536, v=si@ sing with a Taylor tapering of -30 dB
Right: u=sind cosy v= 0.3536, with a Taylor tapering of -45 dB

To establish the fact that the two mod#&iedel Based on Drag-and-Drop BoxasdModel
Composed by Embedded Matlab™ Function Blpocia be equally comparable a simulation
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is done where the two models have the same vafitbsiovariables. If comparingigure 26
with Figure 27they are identical, which means the models arepenable.

Far field pattern as function of u and v
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Figure 26. A 3D plot of the Embedded Matlab™ systédran steering the main beam into (30°, 170°) hpain
Taylor tapering of 30 dB in x-direction and a Taytapering of 20 dB in y-direction.

Far field pattern as function of u and v
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Figure 27.A 3D plot of the Drag-and-Drop system when steetirggmain beam into (30°, 170°) having a Taylor
tapering of 30 dB in x-direction and a Taylor tajpey of 20 dB in y-direction.
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The performance and accuracy of phase shifterati@duators depend on the number of bits
which the components are manufactured for. In presty simulations, the number of bits was
selected to nine, but to illustrate how a small banof bits affect the system, a simulation
using five bits for both types of components iselofhis low number of bits causes a larger
space between each level that the phase shifteadagst, according tBquation 16

phasdevel step= 360 :3220:1125 [°] Equation 16

2numberof bits

When the main beam is directed il 30° andg = 45°, the phase at each antenna element
is close to a multiple of the phase level step.rétoge will the influence on the radiation
pattern not be so distinct, but as can be se€igure 28 the small amounts of bits have
generated a high side lobe at approximatedydv equal to -0.5. Having low side lobes
makes it easier to distinguish errors, since thgnitade of the errors is more comparable to
the levels of the side lobes.

As can be seen irigure 29 the performance of the attenuation of the sitde$ds reduced.
The tapering is set to attenuate 45 dB for thesssastion o, but the outcome corresponds
not even tolraylor 3Q Since the figures are plotted in dB, errors ateolevels is much more
prominent then for higher side lobes, thereforetlaegphenomena not as prominent in the
cross-section af compared ta.

Far field pattern as function of u and v

Relative amplitude [dB]

v = sin@[Sing u = sing@os¢

Figure 28. The radiation pattern when having a lewnber of bits in attenuators and phase shiftefBaglor
tapering of -45 dB in x-direction and -30 dB in iyetttion is applied.
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Cross section u = Up Cross section v= Y

Relative amplitude [dB]
Relative amplitude [dB]

v = sinBEing u = sinBdosg
Figure 29. The cross-sections when having a lowbarrof bits.
Left: u=0.3536, v=si#sing with a tapering of -30 dB

Right: u=sind cosy v=0.3536 , with a tapering of -45 dB.

Another issue that affects the performance of tresp shifters and the attenuators are the
variation of the components when they are manufadturo give a clear view of how these
fluctuations affects the radiation results the nandf bits is reset to nine and instead the
standard deviatiorv] of the phase and attenuation for the phase shified attenuators,
respectively, is selected to 0.07. This standauibtien corresponds to a phase of 4° and an
attenuation of 0.59 dB. The result of the variagiocan be seen igure 30and apart from the
o parameter all the variables have the same vakigsRigure 25

Cross section u = Uy Cross section v= Vo

Relative amplitude [dB]
Relative amplitude [dB]

Vv = sin@Sing u = singdos@
Figure 30. The cross-sections @+0.07.
Left: u=0.3536, v=si@sing with a Taylor tapering of -30 dB
Right: u=sind cosy v=0.3536 , with a Taylor tapering of -45 dB.

A simulation having an element spacing of Di8 bothx- andy-direction is done to illustrate
the importance of having a not too big distancevbeh the elements in the array (see
section 2.1.1). These large distances betweendhgeats cause grating lobes and as can be
seen inFigure 31,two have appeared in the visible region when chantiie distance from
0.5)1 to 0.8\
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Far field pattern as function of u and v

Relative amplitude [dB]
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Figure 31. Grating lobes caused by a change inadist¢, from 0.3 to 0.84 in both x- and y-directions, between
the elements in the array.

4.2 |MPLEMENTATION FROM DRUTTEN

In this subchapter, the outcome of the model adpt¢he receiver antenna demonstrator
Drutten is presented. As mentioned earlier, thdempntation is made using measurement
data from the antenna elements in the demonstrator.

Measurement data from five of the active elemenBrutten, one in the middle and four at
the edges, are used to estimate a common elentgertpaed-igure 18 Since Drutten is

built to have its best element pattern in the agimaungle this is the one used for all of the five
elements. The diagrams of the five elements anéshmated function are almost identical
and can be seen iigure 32 The patterns from the elements in the middlevarg similar to
the ones at the edges and therefore are a sinapilifircof using the same diagram for all the
elements a good approximation of the true anteferaent performance.
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Element pattern

element 4
— — element 43
— —element 46
element 48
—— — element 94
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m=1.4

Relative amplitude [dB]
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Figure 32. Element patterns from five elementhiendemonstrator, the cosine shaped and the adjaséegam.

The outcome of thA&ntenna elemeritlock is illustrated for three different elemeatterns;
isotropic, cosine and adjusted. The latter is tie wsing the adapted diagram representing the
element pattern from the elements in the demoiwstrittcan be seen that the radiation pattern
using the adjusted element is closer to the ramfigiattern using the cosine shaped pattern
than the isotropic one, ségure 33andFigure 34 The larges difference, between the three
different element patterns, can be distinguisheti@tast side lobes whereas the main beams
of the three patterns are identical.
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) DISCUSSION

In this work, an AESA system is implemented in tmays, both using Simuliftkfor
simulations. The firstViodel Based on Drag-and-Drop Boxés build with graphical code
while the latterModel Composed by Embedded Matlab™ Function Blaskeplemented
with textual scripts.

This chapter is made with the purpose to discusstitcome of the simulations as well as
present a comparison between the two different isodeere is also a part that brings up the
discussion abowthether Simulink is a good simulation tool for these kind of sysseand

how to continuing in a possible future work.

5.1 ADVANTAGES AND DISADVANTAGES

Even though Simulirkis a user-friendly tool and easy to understandterfirst-time user,
there are many functions and settings that mightpticate things for the user before
appreciating the benefits. For the simulations withg-and-drop boxes, one limitation is the
difficulty to implement an arbitrary size mxn systgince every box has to be connected to
another and the parameters in these boxes areathégdrand. This can be made relatively
easy and quickly for a small system with few congaus, but as the system grows, it
becomes more time consuming and the risk for mestdlecomes substantial.

The model with Embedded Matlab™ Function blockgrenother hand is less complicated in
the sense of giving a better overview of the sysdedhis easier to change the size of the
antenna systems. At first sight, the Embedded Mafl&unction block gives the impression
of having a code identical to the one used in M&tnd even though there are many
resemblances there are several differences asWelEmbedded Matlab™ Function block
requires for instance that the size of the outpirtdependent of the input and once a variable
is defined, it can not be redefined to any othpetgr size. Furthermore, a difference from the
regular Matlal program is that the subset does not support magfation. This might be

seen as a drawback, but it opens up to reuse oixemand the user becomes encouraged to
write more efficient code. The feature, the new whwriting code, might seem inconvenient
for the experienced Matl&programmer, since a part of the capacity in M&tfinctions can
not be utilized.

Due to the fact that the Embedded Matlab™ Fundtiook does not support some of the
common MatlaB functions, alternative solutions to problems hagen necessary. The
commanccell is one of the functions not supported by Embeddatd@™ Function. Instead
an alternative solution was created, where a matasx used to give the impression of
functioning as the command cell. In each elemesitjpm another matrix was positioned,
containing the scanned angles in both directions.

Another problem with the drag-and-drop conceptlieen to create realistic phase shifters and
attenuators equal to the ones created in the noodebosed by embedded blocks. The idea
was to use the textual script created for the maitbl Embedded Matlab™ Function and
translate it into graphical code. In this way thagdand-drop system would be modelled
without intervention of Matlah Difficulties came up when trying to determine thesest
possible phase value compared to the correct pladise. So far, a solution to the graphical
translation has not been conceived and therefloegeixtual script is used in both models.
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One advantage with Simulifiks the generation of error message windows thagéas when
something in the model is incorrect. The messagesg short description on what is wrong
and sometimes even gives a solution to the prolffeamthe simulations belonging to this
thesis there have been error messages often rétat@ahing low on memorin the
Embedded Matlab™ Function version, which can beriiesd as one of the larger problems
with this model. The model uses one matrix thataslified throughout the whole system. The
size of this matrix depends on the number of elésnand the amount of scanned values,
which means that it becomes large for arrays wisimyrelements and for radiation patterns
with fine resolutionThe running low on memory issue is an essentidlpro since array
antennas often are composed by a large numbeemieglts and requires a large amount of
values to give an accurate result. To solve thelpm, the Embedded Matlab™ Function
version was modelled on a computer with higReandom Access Memo{igAM).

One of the key features with Simulffs the ability of sampling. This feature has sorfat
been taken into consideration, but if, for instarthe angles ot are sampled and the
outcome for each sample is saved, the result canltded together in the end. By using
sampling this way, a possible result for the Emlegiddlatiab™ Function model is that a
better and more refined model can be achieved simare values for the angles éfas well
as ¢ can be used without the problem of running lownemory. For the model based on the
drag-and-drop concept, this use of sampling cauitregs among other things, smaller
matrixes.

5.2 FURTHER WORK

Since the model of the AESA is focused on the k&ceiode, one continuation of this work
could be to develop the system such that a sinomati both receive and transmit mode are
possible. Furthermore, another step could be talsiie the whole process of a radar; a signal
from transmitting mode into receiving mode where téflecting part is modelled using time
sampling.

It is possible to continue to update the modekivesal ways. In particular all those parts,
which have been modelled assuming ideal performartoe model of the antenna elements
could for example be expanded to including mismatwdnufacturing differences and mutual
coupling to give a more realistic result. The comimg network is another part which could be
further developed.

There is a possibility to expand the model and en@nt more components and their features,
for example mixers and filters. Further more, aspkke noise temperature can be taken into
consideration. Another possibility is to comparerenof the measurement data from the
demonstrator to see how close to reality the moadelget. The model could also be expanded
to take into account realistic noise figures, afrgsligain and system losses in order to
evaluate the overall noise figure and S/N-ratio.
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6 CONCLUSIONS

There are many possibilities when using Simflitkk build models. The program has several
different ways to create models and the numeroppl&s of tools to perform the modelling
are various. During the work, when modelling tlaiggle and complex AESA system, there are
parts that have been hard to solve. If this istduestrictions in Simulinkas a program, or if
the knowledge about the software is too limitesyd be firmly declared.

Two models were simulated, one based on the drdgdeop concept and one composed by
Embedded Matlab™ Function blocks, with the intemiwd having the same functionality. The
models have several features that demonstrateoticept of a true AESA system, even

though the system could be further developed. Woeniost important drawbacks with the
latter model, is the insufficient flexibility antie¢ large memory requirements. These questions
need to be addressed during further developmenteahodel. Since the first model had
problem-free simulations regarding the memory isausombination of the two models is

likely to result in the best outcome.

Simulink® makes it easy to focus on one component at adirdgo develop and improve the
functionality gradually. Furthermore, Simulifks considerably easier to overview than a
large Matlal5 script because of the feature that the systenbeativided into subboxes or
Embedded Matlab™ Functions. The larger problemisithae arisen so far have been solved,
either in SimulinR or by contribution of Matla® so generally speaking, the software is a
good tool for implementations of this kind.
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APPENDIX A: SMULINK © BLOCKS

A short presentation of the different block usethie drag-and-drop model.

1 [

Constant

]

>

* I

Product

_ ulp
_\‘—.f.’u>

Co

mplex to

Magnitude

Trigonometric

F

N

Angle

Scope

Ir1

sin |

unction

Gain: The gain block multiplies the input by a constaalue and accepts a real
or complex scalar, vector, or matrix of any dafaetgupported by Simulifik
software. If the input of the gain block is reatiahe gain is complex, the output
will also be complex.

Constant:The constant block generates a real or complegtanhvalue. This
can be done with a scalar, vector, or matrix oytpepending on the
dimensionality of the constant value parameterthadsetting of the interpret
vector parameters as 1-D parameter. The outpthiedblibck has the same
dimensions and elements as the constant value pteam

Product: The product block performs multiplication or diais of its inputs.
This block produces outputs using either elemesewir matrix multiplication,
depending on the value of the multiplication parsenelhe product block
accepts real or complex signals of any data typeaded by SimulinR
software including fixed-point data types.

Complex to Magnitude - Angl&he complex to magnitude-angle block accepts a
complex-valued signal of type double or single oligputs, the magnitude and/or
phase angle of the input signal, depend on thangeif the output parameter and
are real values of the same data type as the bipck. The input can be an

array of complex signals, in which case the ousigihals are arrays. The
magnitude signal array contains the magnitudeeetorresponding complex
input elements, while the angle output containsatigles of the input elements.

ScopeThe scope block displays its input with respeditoulation time. The
scope block can have multiple axes (one per pod)adl axes have a common
time range with independent y-axes. The scope doks you to adjust the
amount of time and the range of input values disgda

Inport: Inport blocks are the links from outside a systeto the system are
common in subboxes.

Trigonometric functionThe trigonometric function block performs numerous
common trigonometric functions as: sin, cos, tain,acos, atan, atan2, sinh,
cosh, tanh, asinh, acosh, and atanh. The outgbeddflock is a result of the
function using on one or more inputs. The trigonomdunction block accepts
input signals as real or complex of type double.
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> u

%

e

Math

Function

>lu

fcn

y

MATLAB Function

Embedded

Sum blockThe sum block performs addition or subtractiontsmputs. This
block can add or subtract scalar, vector or matipxits, it can also collapse the
elements of a signal.

Math function:The Math Function block performs numerous common
mathematical functions using exponential, transpsgeare root, reciprocal and
many more. The block output is the result of therapon of the function on the
input or inputs and both real and complex inpuésaarcepted, except for
reciprocal and square root.

Embedded Matlab Functio®tin Embedded Matlab™ Function block lets the
user compose a Matlab function within a Simulinkd®lo The user can specify
input and output data to the Embedded Matlab Fandilock in the function
header as arguments and return values. The Emb&tlatéah Function block
suppg)orts a subset of the language for which itgearerate efficient embeddable
code:

30 <http://www.mathworks.com/access/helpdesk/helpiima'simulink/index.html?/access/helpdesk/
help/toolbox/simulink/> (31 mars 2009)
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APPENDIX B: DRAG ANDDROP'GENERATE_PARAMETERSM'’

%% Calculations based on edited parameters ~ ~ ~ ~

% Transformation from degrees to radians
theta 0 rad = theta_0*(2*pi/360);
phi_0 rad = phi_0*(2*pi/360);

% Input parameters to the simulink model
parameter_vec = [elem_x, elem_y, dx, dy, m, theta_0
theta_vec = linspace(0,pi/2,181);

phi_vec = linspace(0,2*pi,181);

% Taylor tapering
% Used in the attenuator
if sll_x > 0;
tap_x_vec = taylortap_lin(elem_x,nn_x,sll_x);
else
tap_x_vec = ones(1,elem_x);
end

if sll_y > 0;

tap_y_vec = taylortap_lin(elem_y,nn_y,sll_y);
else

tap_y_vec = ones(1,elem_y);
end

matrix_in = j*ones(elem_y*length(phi_vec),elem_x*le
%% generate_receiver ~~~~~~~~~~~~~~~

if regenerate_modules strcmp(regenerate_modules,'tr
% LNA
% Create one unique phase shifter for each antenn
% distributed random function.

% Phase shifter
% Create one unique phase shifter for each antenn
% distributed random function.

exist_phase = zeros(length(elem_y),length(elem_x)
for x = 1:elem_x
fory=1:elem_y
wanted_phase(y,x) = 2*pi*sin(theta_0_rad)*
((x-1)*dx*cos(phi_0_rad)+(
if wanted_phase(y,x) > 2*pi || wanted_phase
wanted_phase(y,x) = mod(wanted_phase(y,x
end
if wanted_phase(y,x) <0
wanted_phase(y,x) = wanted_phase(y,x) +
end
end
end

ideal_vec = linspace(0,2*pi,2"phase_bit+1);

for x = 1:elem_x

_rad, phi_0_rad];

ngth(theta_vec));

ue’);

a element using a normal

a element using a normal

y-1)*dy*sin(phi_0_rad));

(y.x) <-(2*pi)
),2*pi);

2*pi;
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fory =1:elem_y
[rte,index] = min(abs(ideal_vec - wanted

error_vec = mu_phase_shifter + sigma_pha

exist_phase(y,x) = ideal_vec(index) + er
end
end

pos = [find(exist_phase < 0)];

for z = 1:length(pos)
exist_phase(pos(z)) = 0;

end

pos = [find(exist_phase > 2*pi)];

for z = 1:length(pos)
exist_phase(pos(z)) = 2*pi;

end

clear ideal_vec error_vec x y pos;

% Attenuator

% Create one unique attenuator for each antenna

% distributed random function

exist_tapering = zeros(length(elem_y),length(el
wanted_tapering = tap_y_vec™tap_X_ vec;
ideal_vec = linspace(0,1,2"attenuation_bit+1);

for x = 1:elem_x
fory=1.elem_y
[rte,index] = min(abs(ideal_vec - wante
error_vec = mu_attenuator + sigma_atten
exist_tapering(y,x) = ideal_vec(index)
end
end

pos = [find(exist_tapering < 0)];

for z = 1:length(pos)
exist_tapering(pos(z)) = 0;

end

pos = [find(exist_tapering > 2*pi)];

for z = 1:length(pos)
exist_tapering(pos(z)) = 2*pi;

end

clear ideal_vec error_vec x y pos;
end

exist_tapering = exist_tapering’;

exist_phase = exist_phase’;

clear bits attenuator x y p circular_attenuator min
clear wanted_tapering;

_phase(y,x)));
se_shifter.*randn(2);

ror_vec;

element using a normal

em_Xx));

d_tapering(y.x)));
uator.*randn(1);
+ error_vec;

_value max_value;

51 (61)



APPENDIX C: DRAG ANDDROP’EDIT _PARAMETERSM’

clc;

% Edit parameters for simulation
% Press SAVE before returning to the simulink model

% Antenna geometry

dx = 0.5; % Element separation in x direction [lamb
dy = 0.5; % Element separation in y direction [lamb
p_theta = 181; % The number of points in theta dire
p_phi = 181; % The number of points in phi directio
m = 0; % Factor used to raise cosinus, in this mode

% Phase shifter

theta 0 = 0; % Steering in theta direction, range:
phi_0 = 0; % Steering in phi direction, range: 0-36
mu_phase_shifter = 0; % Mean for normal distributio
sigma_phase_shifter = 0.00; % Standard deviation fo
phase_bit = 9; % Number of bits

% Attenuator

mu_attenuator = 0; % Mean for normal distribution
sigma_attenuator = 0.00; % Standard deviation for n
attenuation_bit = 9; % Number of bits

sll_x = 0; % Reduce side lobe level in x direction,
untapered [dB]

sll_y = 0; % Reduce side lobe level in y direction,
untapered [dB]

nn_x = 4; % Number of affected nulls

nn_y = 4; % Number of affected nulls

% Set 'true’ if new receiver modules are wanted, 'f
% should be used. First time the parameter should b
regenerate_modules = 'true’;

% SAVE and return to the Simulink model

%%

% Fixt in the drag-and-drop model

elem_x = 16; % The total number of antenna elements
elem_y = 6; % The total number of antenna elements
run(‘H:\Simulink\Slutgiltiga Simulinkmodeller\phase

da]

da]

ction

n

| it has to be zero

0-90 [degrees]

0 [degrees]

n

r normal distribution

ormal distribution
set to zero if

set to zero if

alse' if latest modules
e set to 'true'.

in x direction
in y direction

_attenuation.m);
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APPENDIX D: EMBEDDED MATLAB ™ FUNCTION BLOCKS

% Plane wave block
% The plane wave is distributed over the different
array

function out = field(matrix_in, theta_vec, phi_vec

% Making theta and phi- values to row vectors
theta = theta_vec;
phi = phi_vec;

% Parameter vector

tot_x = parameter_vec(1);
tot_y = parameter_vec(2);

dx = parameter_vec(3);

dy = parameter_vec(4);

% m = parameter_vec(5);

% theta_0 = parameter_vec(6);
% phi_0 = parameter_vec(7);

a=0;
b=0;
fory = 1:tot y

for x = 1:tot_x
% Calculation for the incoming field for on
exponential = exp((((y-1)*dy*sin(phi))'+
((x-1)*dx*cos(phi))")*(2j*pi*(sin(
% Saving the features for the antenna eleme
matrix_in(b+(1:length(phi)),a+(1:length(the
a = a + length(theta);

end

a=0;

b = b + length(phi);
end

% Parameters and matrixes out
out = matrix_in;

theta_out = theta;

phi_out = phi;

parameters_out = parameter_vec;

% Antenna element block
function out = antenna_element(in, theta_vec, phi_

matrix_in = in;
theta = theta_vec;
phi = phi_vec;

% Parameter vector

tot_x = parameter_vec(1);
tot_y = parameter_vec(2);
% dx = parameter_vec(3);
% dy = parameter_vec(4);

antenna elements of the

, parameter_vec)

e element

theta))));
nt in the matrix
ta))) = exponential;

vec, parameter_vec)
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m = parameter_vec(5);
% theta_0 = parameter_vec(6);
% phi_0 = parameter_vec(7);

% Two eligible element patterns where the second is
% an = sqrt(cos(theta).*complex(m));

% approximated element pattern

an = 1.7*sqrt((cos(theta)).”(2.2));

antenna = ones(length(phi),1) * an;

a=0;
b=0;
fory = 1:tot vy

for x = 1:tot_x
matrix_in(b+(1:length(phi)),a+(1:length(the
matrix_in(b+(1:length(phi)),a+(1:length(theta))).*a
a = a + length(theta);

end

a=0;

b = b + length(phi);
end

out = matrix_in;

% LNA block
function out = LNA(in, theta_vec, phi_vec, parame

matrix_in = in;
theta = theta_vec;
phi = phi_vec;

% Parameter vector

% tot_x = parameter_vec(1);
% tot_y = parameter_vec(2);
% dx = parameter_vec(3);

% dy = parameter_vec(4);

% m = parameter_vec(5);

% theta_0 = parameter_vec(6);
% phi_0 = parameter_vec(7);

% Parameters and matrixes out
out = matrix_in;

% Phase shifter block
function out = phase_shifter(in, theta_vec, phi_ve
exist_phase)

matrix_in = in;
theta = theta_vec;
phi = phi_vec;

% Parameter vector
tot_x = parameter_vec(1);
tot_y = parameter_vec(2);

the adjusted

ta))) =

ntenna;

ter_vec)

c, parameter_vec,
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% dx = parameter_vec(3);

% dy = parameter_vec(4);

% m = parameter_vec(5);

% theta_0 = parameter_vec(6);
% phi_0 = parameter_vec(7);

a=0;
b=0;
fory = 1:tot vy

for x = 1:tot_x
% The phase shifts are multiplied with each
phase = exp(-1j*exist_phase(y,x));
matrix_in(b+(1:length(phi)),a+(1:length(the
phase.*matrix_in(b+(1:length(phi)),a+(1:len
a = a + length(theta);

end

a=0;

b = b + length(phi);
end

% Parameters and matrixes out
out = matrix_in;

% Attenuator block
function out = attenuator(in, theta_vec, phi_vec, p
exist_attenuator)

matrix_in = in;
theta = theta_vec;
phi = phi_vec;

% Parameter vector

tot_x = parameter_vec(1);
tot_y = parameter_vec(2);

% dx = parameter_vec(3);

% dy = parameter_vec(4);

% m = parameter_vec(5);

% theta_0 = parameter_vec(6);
% phi_0 = parameter_vec(7);

Oy
0

a
b=0;
fory = 1:tot y
for x = 1:tot_x
% The taperings are multiplied with each el
matrix_in(b+(1:length(phi)),a+(1:length(the
exist_attenuator(y,x).*matrix_in(b+(1:length(phi)
a = a + length(theta);

end

a=0;

b = b + length(phi);
end

% Parameters and matrixes out
out = matrix_in;

element

ta))) =
gth(theta)));

arameter_vec,

ement
ta))) =
),a+(1:length(theta)));
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% Combining network block
function comb_network (in, theta_vec, phi_vec, para

eml.extrinsic(‘figure','subplot’,'mesh’,'plot’,'yla
eml.extrinsic('title','axis','plot’,'surf','clear’,

matrix_in = in;
theta = theta_vec';
phi = phi_vec’;

% Parameter vector

tot_x = parameter_vec(1);
tot_y = parameter_vec(2);
% dx = parameter_vec(3);
% dy = parameter_vec(4);
% m = parameter_vec(5);
theta 0 = parameter_vec(6);
phi_0 = parameter_vec(7);

t = complex(zeros(length(phi),length(theta)));

a=0;
b=0;
fory = 1:tot vy
for x = 1:tot_x
% Summing up the signals from each element
t =t + matrix_in(b+(1:length(phi)),a+(1:le
a = a + length(theta);

end

a=0;

b = b + length(phi);
end

abs_input = abs(t);
norm_abs_input = abs_input./max(max(abs_input));
output = 20*log10(norm_abs_input);

matrix_theta = repmat(theta,1,length(phi))’;
matrix_phi = repmat(phi,1,length(theta));
% (theta,phi)

theta_deg = matrix_theta.*(360/(2*pi));
phi_deg = matrix_phi.*(360/(2*pi));

% (u,v)
u = sin(matrix_theta).*cos(matrix_phi);
v = sin(matrix_theta).*sin(matrix_phi);

[u_new v_new] = meshgrid(linspace(-1,1,length(theta
1,1,length(phi)));
output_new = griddata(u,v,output,u_new,v_new,'cubic

u_0 = sin(theta_0)*cos(phi_0);
v_0 = sin(theta_0)*sin(phi_0);

cross_u = round(((u_0+1)/2)*length(theta));
cross_v = round(((v_0+1)/2)*length(phi));

meter_vec)

bel','xlabel','zlabel");
'hold','griddata’);

ngth(theta)));

)).linspace(-

s
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% 3D plot with theta, phi and u,v (u=sin(theta)*cos
v=sin(theta)*sin(phi))

figure(1);

subplot(2,2,1);

mesh(theta_deg,phi_deg,output);

titte('Beam function as a function of \theta and \p
ylabel("\phi [deqg]’);

xlabel(\theta [deq]");

zlabel('Relative amplitude [dB]");

subplot(2,2,2);
mesh(u_new,v_new,output_new);

title('Far field pattern as function of u and v');
xlabel('u = sin\theta\cdotcos\phi');

ylabel('v = sin\theta\cdotsin\phi');
zlabel('Relative amplitude [dB]");

output = output_new;
subplot(2,2,3);
plot(u_new',output(cross_v,:),'k");
title("Cross section v =v_0";
xlabel('u = sin\theta\cdotcos\phi');
ylabel('Relative amplitude [dB]);

subplot(2,2,4);
plot(v_new,output(:,cross_u),'b")
title("Cross section u = u_0"
xlabel('v = sin\theta\cdotsin\phi");
ylabel('Relative amplitude [dB]);

(phi),

hi);
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APPENDIX E: EMBEDDED MATLAB ™ ‘EDIT_PARAMETERSM’

%clearvars -except phase_shifter exist_phase exist_
close(figure(1))

%% Edit parameters
% Edit parameters for simulation
% Press SAVE before returning to the simulink model

% Antenna geometry

tot_x = 16; % The total number of antenna elements
tot_y = 6; % The total umber of antenna elements in
dx = 0.5; % Element separation in x direction [lamb
dy = 0.5; % Element separation in y direction [lamb
m = 1.4; % Factor used to raise cosinus, i.e. sqrt(

% Phase shifter

theta 0 _deg = 0; % Steering in theta direction, ran
phi_0_deg = 0; % Steering in phi direction, range:
mu_phase_shifter = 0; % Mean for normal distributio
sigma_phase_shifter = 0.0; % Standard deviation for
phase_bit = 9; % Number of bits

% Attenuator

mu_attenuator = 0; % Mean for normal distribution
sigma_attenuator = 0.0; % Standard deviation for no
attenuation_bit = 9; % Number of bits

sll_x = 0; % Reduce side lobe level in x direction,
untapered [dB]

sll_y = 0; % Reduce side lobe level in y direction,
untapered [dB]

nn_x = 4; % Number of affected nulls

nn_y = 4; % Number of affected nulls

% Simulation parameters

% If a cross section is wanted, set one of the vari
points_theta = 181; % Number of points in theta vec
points_phi = 181; % Number of points in phi vector

% Set 'true’ if new receiver modules are wanted, 'f
% should be used.
regenerate_modules = 'true’;

% SAVE and return to the Simulink model

run('/home/emwawik/matlab/jenny_josefina/generate_p

attenuator, clc, clf;

in x direction
y direction
da]

da]

cos"m)

ge: 0-90 [degrees]
0-360 [degrees]

n

normal distribution

rmal distribution
set to zero if

set to zero if

ables equal to one.
tor

alse' if latest modules

arameters.m’);
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APPENDIX F: EMBEDDED MATLAB ™ ‘GENERATE_PARAMETERSM’

%% Calculations based on edited parameters ~ ~ ~ ~
% Transformation from degrees to radians

theta O = theta_0_deg*(2*pi/360);

phi_0 = phi_0_deg*(2*pi/360);

% Input parameters to the simulink model
parameter_vec = [tot_x, tot_y, dx, dy, m, theta_O,
theta vec = linspace(0,pi/2,points_theta);
phi_vec = linspace(0,2*pi,points_phi);

% Taylor tapering
% Used in the attenuator
if sll_x > 0;
tap_x_vec = taylortap_lin(tot_x,nn_x,sll_x);
else
tap_x_vec = ones(1,tot_x);
end

if sll_y > 0;

tap_y_vec = taylortap_lin(tot_y,nn_y,sll_y);
else

tap_y_vec = ones(1,tot_y);
end

matrix_in = j*ones(tot_y*length(phi_vec),tot_x*leng

%
clear nn_x nn_y phi_0_deg theta_0_deg points_phi po

%% generate_receiver ~~~~~~~~~~~~~~~

if regenerate_modules strcmp(regenerate_modules,'tr
% LNA
% Create one unique phase shifter for each antenn
% distributed random function.

% Phase shifter
% Create one unique phase shifter for each antenn
% distributed random function.

exist_phase = zeros(length(tot_y),length(tot_x));
for x = 1:tot_x
fory = 1:tot vy
wanted_phase(y,x) = 2*pi*sin(theta_0)*((x-
(y-1)*dy*sin(phi_0));
if wanted_phase(y,x) > 2*pi || wanted_phas
wanted_phase(y,x) = mod(wanted_phase(y
end
if wanted_phase(y,x) <0
wanted_phase(y,x) = wanted_phase(y,x)
end
end
end

ideal_vec = linspace(0,2*pi,2"phase_bit+1);

phi_0];

th(theta_vec));

ints_theta sll_x sll_y;

ue');

a element using a normal

a element using a normal

1)*dx*cos(phi_0)+

e(y,x) < -(2*pi)
X),2*pi);

+ 2*pi;
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for x = 1:tot_x
fory = 1:tot y
[rte,index] = min(abs(ideal_vec - wanted_
error_vec = mu_phase_shifter + sigma_phas
exist_phase(y,x) = ideal_vec(index) + err
end
end

pos = [find(exist_phase < 0)];

for z = 1:length(pos)
exist_phase(pos(z)) = 0;

end

pos = [find(exist_phase > 2*pi)];

for z = 1:length(pos)
exist_phase(pos(z)) = 2*pi;

end

clear ideal_vec error_vec x y pos;

% Attenuator
% Create one unique attenuator for each antenna e
% distributed random function

exist_attenuator = zeros(length(tot_y),length(tot
wanted_tapering = tap_y_vec"tap_x_vec;
ideal_vec = linspace(0,1,2"attenuation_bit+1);

for x = 1:tot_x
fory = 1:tot y
[rte,index] = min(abs(ideal_vec - wanted_
error_vec = mu_attenuator + sigma_attenua
exist_attenuator(y,x) = ideal_vec(index)
end
end

pos = [find(exist_attenuator < 0)];

for z = 1:length(pos)
exist_attenuator(pos(z)) = 0;

end

pos = [find(exist_attenuator > 2*pi)];

for z = 1:length(pos)
exist_attenuator(pos(z)) = 2*pi;

end

clear ideal_vec error_vec x y pos;
end

% exist_attenuator = exist_attenuator’;

% exist_phase = exist_phase’;

clear bits attenuator x y p circular_attenuator min
clear wanted_tapering;

phase(y,x)));
e_shifter.*randn(1);
or_vec;

lement using a normal

_X);

tapering(y,x)));
tor.*randn(1);
+ error_vec;

_value max_value;

60 (61)



APPENDIX G: MATLAB SCRIPT ‘TAYLORTAP_LIN’

function excitering=taylortap_lin(length,nn,sl)

%TAYLORTAP_LIN Beraknar exciteringar for linjar gr

%avstand mellan antennelementen

%
%
%
%
%
%
%
%
%
%
%

TAYLORTAP_LIN(length,nn,sl)
length: antal element
nn: antal lika stora sidlober innan dampnin
sl:hur manga dB férsta sidloben ska vara da
EXEMPEL:EX=taylortap_lin(41,6,25)
beréaknar exciteringen fér 41 element
dar de 6 forsta sidloberna pa varje sida ar
forhallande till huvudloben. Sedan dampas e
sidlober ytterligare med sin(x)/x. Resultat
utparameter i vektorn EX.

uppantenn med lika

gen dkas
mpad

dampade 25 dB i
fterféljande
et ges som
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