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The design of a monopulse microstrip wire grid ange array is presented with
simultaneously low side lobe levels in the sumgratias well as both azimuth difference
and elevation difference patterns. Monopulse arerare a class of antennas used for
direction finding in radar systems, and the contrioside lobe levels is important to help
with clutter rejection. The microstrip wire gridray is ideally suited to monopulse
applications, and it has been shown in the liteeathat side lobes can be lowered by
implementing an excitation taper across the aperidithough it has been demonstrated in
the literature that side lobes could be loweredtlfi@ sum pattern by applying a Taylor
taper to the element excitation, it has not beawshthat the antenna can be designed to
produce an exact side lobe level. This work dewelapsynthesis method to design an
excitation taper that would produce simultaneously side lobes for the sum and both
difference patterns. The resulting side lobe leaetsa compromise between the patterns,
since it is not possible to have arbitrarily lowlesilobe levels in all the antenna patterns
without using complex feed structures and incorfiogasub-arraying. This is true for
monopulse antennas in general. The result of tloik whows that it is quite difficult to

achieve an exact side lobe requirement with a Bpeexcitation taper, since mutual
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coupling and the current distribution at the fe&feéa the current distribution across the
entire antenna in different ways depending on titermma mode, or pattern generated.
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LIST OF ABBREVIATIONS

AZ Azimuth

CST Computer Simulation Technology
EL Elevation

EM Electromagnetic

FFT Fast Fourier Transform
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CHAPTER 1 INTRODUCTION

1.1 PROBLEM STATEMENT

1.1.1 Context of the problem

Monopulse antennas are a class of antennas usatynmaradar for angular measurements
towards the target. The term monopulse refers t® toncept that the angular
measurements are made in a single radar samplegrbgaring the response on multiple
simultaneous antenna patterns. This is in contvdbktother techniques such as sequential
lobing or conical scanning, where the angular imi@tion is obtained by taking multiple
samples at different times. The monopulse antenaaicélly performs angular
measurements by comparing the received signaldemela sum pattern and one or more
difference patterns. Many antenna arrays such esostrip patch arrays or slot arrays has
been made into monopulse antennas, but one parlicuhteresting array, known as a
microstrip wire grid array has received little atien in the literature. The microstrip wire
grid array was first proposed by Kraus [1] in 1964d involves the arraying of multiple
wire loops in a “brick wall” formation. These wirlwops can easily be adapted to
microstrip by simply printing these loops on an @mpiate substrate. This adaption to
Kraus’s wire grid antenna was first proposed byriTeti al. [2]. Palmer [3] has proposed a
method for the design of the microstrip grid arvayich results in optimum phasing to all
the array elements, and yields larger bandwidtha thhat could be achieved by Kraus’s
methods.

Pattern synthesis of monopulse antennas are of gngartance, as unwanted side lobes
can result in high levels of clutter entering tlaelar receiver. Conti et al. [4] has first
shown that the microstrip wire grid antenna array be used as a monopulse antenna, and
a design was proposed where the side lobe leveteeoSum channel was lowered by
applying a Taylor amplitude taper to the radiateilgments of the microstrip wire grid
array. They did not design the aperture taper fepecific required side lobe level, but
simply applied the aperture taper and lived witle tesultant side lobe level. Since
lowering the side lobes of the sum channel of a gpaise antenna usually leads to

degraded side lobes in the difference patterns,yntechniques has been proposed to
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CHAPTER 1 INTRODUCTION

provide simultaneously low side lobes for the sumd aifference patterns. These
techniques usually rely on sub arraying [5] and [Bjere are however antenna arrays
where the feed network does not allow the use ofptex sub arrays, and where the
difference patterns are obtained by feeding hathefantenna in phase, and the other half
of the antenna in anti-phase. These monopulse redeare known as two-section
monopulse antennas, and the microstrip wire gralydits into this category of monopulse
antennas. McNamara [7] proposed a method to aativibe optimum compromised sum
and difference pattern side lobe levels for a mois®p antenna. He has shown that his
optimization method works for simple equally spatiedar arrays, but did not apply the
resultant weights for the element to any real araenOnly linear array factor analysis was
done to determine the side lobe levels that coalddhieved.

1.1.2 Research gap

Little research has been done on the pattern ssisthef wire grid antenna arrays,
especially when used as monopulse antennas. Qaalti [@] has shown that it is possible
to lower the side lobe levels of the sum pattermafononopulse microstrip wire grid array
antenna. However, no research was done on theéiiagsof exact synthesis on side lobe
levels. The only research on the simultaneous amition of two-section monopulse
patterns was done by McNamara [7]. This was shawvdrk for simple equally spaced
linear arrays having only a sum and differenceepaftnot complex two dimensional

arrays of arbitrary arrangement and having a suinwa difference patterns.

1.2 APPROACH

The method that McNamara [7] proposed which is dadlyi a sequential quadratic

programme optimization is first expanded to work2® planar antenna arrays of arbitrary
arrangement. The array factor for each patterreisrchined, but the integrals to calculate
the directivity for each pattern are done numelycallso included in the quadratic

programme is a simple expression for the elemetteqpa The sequential quadratic
programme is extended to optimize side lobe lewetee sum and both difference patterns
by having compromised constraints for each patt€he quadratic programme and the

weights for each pattern are then weighed and amedbsimilar to what McNamara has

Department of Electrical, Electronic and ComputegiBeering 2
University of Pretoria
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done for the simple equally spaced linear array.sifple genetic algorithm was

implemented to perform the same optimization asrdrol. For the genetic algorithm, the

cost function was not optimized, although simplgusitnents were made to yield better
results. Using three dimensional array factor asedythe side lobe levels for a monopulse
antenna array are verified. A microstrip wire gadtenna with equal excitation is then
designed using the methods proposed by PalmeOj3¢e the rough arrangement of the
antenna array is known, the aperture excitatiodatermined that would result in the

lowest simultaneous side lobe levels for the sum difference patterns. The antenna
elements that would result in the required exatatvector are derived and the tapered
microstrip wire grid antenna is designed. The ameis simulated using CST (Computer
Simulation Technology) Studio Suite, which is d fuéive 3D electromagnetic solver. The
resultant side lobe levels are evaluated befordnyssigal antenna is manufactured and

measured.

1.3 RESEARCH GOALS

The goal of this research is to establish a wayledigning amplitude tapers for two
dimensional monopulse antenna arrays of arbitrargngement. A further goal is to
determine the feasibility of applying this amplieuthper to a microstrip wire grid array by

verifying the resultant side lobe levels that carabhieved.

1.4 RESEARCH CONTRIBUTION

This work aims to expand McNamara’s work from tira@e equally spaced linear array
to a 2D antenna array of arbitrary arrangementgifipally aimed at the arrangement of a
wire grid monopulse antenna array with a circulagréure, such as what could be used for
the radar seeker in missiles. The work of Con#lef4] does not design an excitation taper
for any required side lobe level. Rather a tapspecified and whatever resultant side lobe
level was simply reported on. This excitation tapas also meant to lower the side lobe
levels for the sum channel only. This work aimsglésign an aperture excitation taper that
would result in the lowest simultaneous side Iabeels for the sum pattern as well as the
azimuth and elevation difference patterns of a ositip wire grid antenna with a circular

aperture. Lastly, this work expands somewhat ondisign methodology proposed by
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Palmer [3]. Palmer only proposes design for phatationships between what he calls
modules. This work found that it is desirable taysaway from non-symmetrical modules
and that for all two port modules, the dipole ldrsgare easily found by checking the
resonant frequency of the module. The feed linesthen later adjusted for the phase

relationships.

1.5 STRUCTURE OF THE DISSERTATION

Chapter 2 of this dissertation embarks on a liteeastudy of monopulse antennas, the
design of wire grid antenna arrays, and also aat@nray factor analysis equations. It also
gives information on how the sequential quadratagpamme can be used to optimize the
side lobe levels of a two-section linear monopalsay simultaneously. Lastly, the genetic
algorithm is researched that will serve as the robrptimization towards the sequential

quadratic programme. Chapter 3 starts with thegdesf an equally excited monopulse

microstrip wire grid antenna and shows the simdlaésults for input match and side lobe
level. Next, the array factor and directivity exggm®mns for a monopulse antenna are
derived. These expressions are used to constrecdtuential quadratic programme and
genetic algorithms. Using these algorithms the samienna geometry is used to optimize
the side lobe levels. Deviations from the requseatk lobe levels and the resulting levels
are shown. Lastly, a comparator network for theegation of the sum and two difference

patterns is discussed, together with the constaf the final array. Chapter 4 deals with
the simulated and measured results of the finalapoise microstrip wire grid antenna,

while Chapter 5 discuss the differences observéddsn the realised side lobe levels and

the required side lobe levels. Chapter 6 providesrelusion to this dissertation.
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2.1 INTRODUCTION

This chapter presents a literature study on morsepahtennas and their key properties. It
also highlights the background and design of micisvire grid antennas. Lastly, two
methods for the simultaneous optimization of sioleel levels for the sum and difference

patterns of monopulse antennas are presented.
2.2 THE MONOPULSE ANTENNA

2.2.1 Two-section monopulse antennas

Monopulse is a radar measurement technique wherarngular information of the target is
found by comparing the measurements made from twoare simultaneous antenna
patterns [8], p. 275. Shown in Figure 2.1 is a gtamonopulse antenna, which can form
sum, elevation difference and azimuth differenciéepas. This antenna can be referred to
as a two-section monopulse antenna, because feecdite patterns are simply form when
one half of the antenna is fed in anti-phase with other half of the antenna [7].
Examining Figure 2.1 it can be seen that for a golaantenna generating sum and two
orthogonal difference patterns, the antenna isddiviinto four quadrants. To generate a
sum pattern, all four quadrants are fed in-phase.gé&nerate the elevation difference
pattern, quadram andB are fed in-phase, while quadraf@ndD are fed in anti-phase.
Lastly, to generate the azimuth difference pattquadrantA andC are fed in-phase, while
quadrantd andD are fed in anti-phase. To calculate the angle tdsva target, the radar
needs to calculate what is known as the monopudse. rin amplitude comparison
monopulse [8], p. 277 this monopulse ratio is symple received power on one of the
difference channels, divided by the received pomethe sum channel. If this is done in
both azimuth and elevation planes then the azirangie and elevation angle towards the
target can be calculated. It is important to ndtat talthough the magnitude of the
difference patterns are symmetrical around borés{gh0°), their phases are anti-

symmetrical. For example, the phase of the azimptitern in the direction
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(¢, ©) = (0, 10)° is 180° out of phase with the patternhe direction¢ , ) = (180,10)°

even though their magnitudes are equal.

A+ | B+ A+ B+ A+ B-

Cc+ D+ C- D- C+ D-
Sum Elevation Azimuth

Pattern Difference Difference
Pattern Pattern

Figure 2.1.Antenna sum and difference patterns.

It is also easy to see that if the target is lataeboresightd = 0°) then the monopulse
ratio is zero, because the received power on ffereince pattern is O.

Figure 2.2 shows the monopulse ratio for eitherahienuth or elevation difference plane
of a typical monopulse antenna. The monopulse istiasically the received power of the
difference pattern divided by the received powertlom sum channel. Once the target

measurements are made and the monopulse ratitcigatad, the angle towards the target
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can be found by comparing the measurement resthet&known monopulse ratio of the

particular antenna.

2
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Figure 2.2.The monopulse ratio in a single plane.

2.2.2 The monopulse comparator

Many techniques exist to create the sum and drifereatterns of a monopulse antenna
simultaneously. One elegant technique is by theafis@0°® hybrids formed into what is
called a monopulse comparator [9]. The monopulsapasator can be thought of as a
black box which on one side connects to the foterama quadrants. On the other side of
this black box are the three channels (sum, azindiffarence and elevation difference
channels). When the comparator is fed on the swanre#, then all four antenna quadrants
are excited in-phase. When the comparator is fetherazimuth difference channel, then
quadrantsA and C are excited in anti-phase with quadr&tand D. Lastly, when the
comparator is fed on the elevation difference ckfnihen quadrantd andB are fed in

anti-phase with quadran®&andD.
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Figure 2.3.The block diagram of a monopulse comparator crefated 90° hybrids.

The four antenna quadrants are connected on theidef of the monopulse comparator in

Figure 2.3. On the right side are the three channBhe top port is the sum channel,

second from top is the elevation difference charamal third is the azimuth difference

channel. The last port is rarely used, and is knasthe double difference channel. This

port is usually just terminated.

2.3 THE MICROSTRIP WIRE GRID ANTENNA

Kraus [1] proposed an antenna configuration congjstf multiple loops of wire. For the

resonant form of this antenna, the loops are aedmnga “brick wall” formation as shown

in Figure 2.4.
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- T3
; Eti,tiij

(a) (b)

Figure 2.4.The wire grid antenna as proposed by Kraus [1]ingle loop is shown in (a) while an

array of loops in a brick wall configuration is stroin (b).

The dimensions of these loops are essentially aelength by half a wavelength and the
arrows indicate the direction of the current fldsvom this it is clear that the horizontal
currents are opposite in sign, thereby cancellimg radiated far field caused by these
currents. The vertical currents are always in tmes direction as the loops are arrayed,
and therefore their contribution to the far fiekladded. This type of antenna should
therefore offer good co-polarization while haviogvlcross-polarization.

The wire grid antenna can easily be adapted toasiigp, by printing the loops on a
substrate. This implementation was first proposedibri et al. [2] and the conductors are
then made of microstrip lines. The loop dimensiaisthen be one wavelength by half a
wavelength in the substrate. The wire grid antaereavery elegant array antenna, where
the feed network is integrated with the antennayawhich is entirely unlike other arrays
such as an array of patch antennas, where a féatnkeneeds to be designed to connect
to all the patches in the array. Furthermore, Centl. [4] and later Hildebrandt [10] has
shown that it is possible to synthesize the rasiiapattern of the microstrip wire grid
array, by adjusting the width of the vertical elense In particular, Conti et al. [4] have
presented a wire grid monopulse antenna, whersutrepattern had a Taylor illumination
taper implemented on the width of the vertical edats, thereby achieving side lobes
better than those that could be obtained with equdth, or equally excited vertical
elements. Palmer [3] has shown that the radiatibrallathe discontinuities can be
represented by an equivalent radiation resistascghawn in Figure 2.5. Since all these

radiation resistances are spaced in multiples 4f dnavavelength around the wire grid
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array, the input impedance to the wire grid arragrey node is essentially the parallel sum

of all the radiation resistances.

Figure 2.5.Radiation resistances at discontinuities of the\giid antenna.

The same argument holds for the voltage level ah ed these discontinuities or nodes.
The magnitudes of the voltages at the nodes amqgakl. Since the voltage magnitude is
the same at all nodes, decreasing the radiatiostaese at the discontinuities will mean

that more power is radiated from that node.

The vertical conductors, when implemented in micipsepresent narrow patches fed by
horizontal microstrip lines, which is usually muittinner than the vertical microstrip lines

[3]. The radiation resistance of a microstrip paklkeasily controlled by their widths and

analytic models exist to determine the radiatiosistance from microstrip patches [11],

p.80. However, in general and for electrically khsubstrates, a full wave code is required
to determine the width of the patch for a givenaadn resistance. Therefore, varying the
widths of the vertical conductors should preseneasy way of producing an amplitude

taper across the aperture. Another source of radié the surface current of the vertical

dipoles. Here, again, since the characteristic dapee of the conductor decreases with
increasing conductor width, the current that flowsthese lines will also increase with
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increasing conductor width. This is because théagel magnitudes at the nodes are equal

across the microstrip wire grid array.

2.3.1 Narrow band design

Palmer [3] describes what he calls a narrow barsigdemethod. The basic idea is that
instead of an array of loops, the microstrip wired carray is seen as an array of wide
vertical dipoles connected by narrow half wavelangticrostrip lines. The design
procedure can then be summarised as follows:
* Determine the dipole widths, so that the paralleh f their radiation resistances
equal the required antenna input impedance.
« Calculate the dipole lengths to be half a wavelemngthe substrate.
* The width of the horizontal feeds can be chosertrarby, although it was shown
that the bandwidth improves if the characteristipedance of these lines is as high
as possible [3].
» Calculate the feed lengths so that their lengtiesadso half a wavelength in the
substrate.
The problem with this design approach, as notedP&lyner [3] is that the fields are not
well behaved in the vicinities of the discontinegti So breaking the microstrip wire grid
array into dipoles and horizontal feed arms leadsaccurate phasing once the microstrip
wire grid array is assembled. The problem is comped when the substrate is electrically
thick.

2.3.2 Broadband design

Instead of breaking up the microstrip wire gridagrmto wide vertical dipoles and narrow
horizontal feed lines, Palmer [3] proposes to braakhe microstrip wire grid array at the

centres of the feed lines, therefore creating wkatalls modules.
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Figure 2.6.The microstrip wire grid array broken up into mashul

The phase is much better behaved at the centreedéed lines than at the junction of the

feed lines and the vertical dipoles. The desigh ftst determines the module dipole

widths based on the radiation resistances anddhieged input impedance. The feed arms

are still made as narrow as possible, but then eaofiule is optimised on its own to

provide the correct phasing between its ports. Bpalty, Palmer proposes the H-module,

the U-module, the T-module and the L-module.

2.3.2.1 The H-Module (Feed)

This module is shown in Figure 2.7 below. Here, fded to the antenna is located at port

1. After the dipole and feed arm widths have beeterthined, the phasing of the s-

parameters needs optimization as follows:

£S4; and4Ss; are equal,

£S;; and4Sg; are equal,

the difference betweenS,;; and4S,; is 180°,
the difference betweenSs; and£Sg; is 180°,
£S5,is 180°,

£Ssp andsSs; are 0°,

£Ss41s 180°,

2S5, and2 Sz, are 0°.
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Figure 2.7.The H-module Feed.

For this module, it is not possible to satisfy e above requirements and keep the
module symmetrical. So a compromise between theinagents must be reached. It is
however more important to satisfy the first two uegments above. If the first two

requirements are not met, then the symmetry isdestreen the top half of the array and
the bottom half of the array. This will result irogr E-plane pattern performance,

especially for larger arrays [3].

2.3.2.2 The H-module

The non-feed H-module is show in Figure 2.8. H& rhodule is symmetrical, and the
optimization involves:
e £S5, must be 180°,

o £S5 and2S41 must be 0°.

Figure 2.8.The H-module.

These objectives can easily be met for the non4feedbdule.
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2.3.2.3 The T-module

Optimization of the T-module requires the phas&x@gto be 180°. The T-module is shown
in Figure 2.9.

Figure 2.9.The T-module.

2.3.2.4 The U-module

Optimization of the U-module requires the phas&gfto be 0°. The U-module is shown
in Figure 2.10.

Figure 2.10.The U-module.

2.3.2.5 The L-module

Optimization of the L-Module requires the followinglationships:
* £S;; ands4S;; must be 0°,
* £Sz andsS,;3 must be 180°,

¢ £S5, and£S;3 must be 0°,

Figure 2.11.The L-module.
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2.3.2.6 Assembly of the complete wire grid antenna

After all the modules have been individually opteul, the wire grid antenna can be
assembled. Because the modules will have diffeniogzontal dimensions, the feed can
either be bent to fit it all together, or Palmef$8ggests that the feed lengths for the centre
modules can be constrained to those of the feedulmpdnd only the dipole lengths are

adjusted for the consequent modules.

2.3.3 Results of the module design approach

Palmer [3] reports good impedance bandwidth forSislement dipole array of around
17%. The array was manufactured a0 thick Styrofoam substrate with a unity relative
dielectric constante{=1). The array has an efficiency of 82%. Good cidsrization is
reported, however, the feed used in this electyidhick substrate severely degraded the

expected side lobe levels.

2.4 ANTENNA ARRAY FACTOR

The Array Factor for a planar array with arbitralgment positions is given by [12], p.46:

1
AF(6,¢) = Z w;elVi 2.1)
i=1 )

where:
w; is the complex excitation weight
of each antenna element
Y = k(qu +y;v)
X andy; are the element positions
u = sinfcosg
v = sinfsing

_27r

=

o is the free space wavelength
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We can write (2.1) in matrix form as
AF(6,0) =]"F (2.2)
whereJ is a vector containing the element excitations Bods a vector containing the
phase factors to each element due to their position
Wy
.|
J= {Ws ‘ (2.3)
Wi
[eﬁh]

|e]1p2
F; = ejlpS

(2.4)

o J¥r
The directivity is defined as the ratio of the powlensity in a specific direction, to the
average power density [12] p.78. It is given as
|AF (6, $)|? (2.5)
f [7oT|AF (8, ¢)|?sin6dode

Since it is known that for any matrim the magnitude square is equal to its outer product
IM|2 = MMT (2.6)
We can write the power density term of (2.5) as
|AF (8, )1 = J]"R(TE)" =JTEE] =]TA] (2.7)

We can then write equation (2.5) as
JTA] (2.8)
in L 25T T AJsin8dode

D_

SincelJ is constant, these can be taken out of the integrad the equation for directivity

becomes
N JTAJ (2.9)
(4ﬂ I35 " Asinodode ) ]
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And if we define a matriB as follows:

1 nm (2.10)
B = E.U Asin6d6dg¢
00
Then the equation for directivity can be writtenthe ratio of two quadratic hermetic
forms as [13]:
_JTA (2.11)

b ~JTBJ

2.5 SIMULTANEOUS PATTERN SYNTHESIS FOR TWO-SECTION
MONOPULSE ARRAYS

In the last few years, many techniques have beeesiigated to optimize the sum and
difference patterns of monopulse antennas. Wegsggned from Taylor and Chebyshev
distributions can be used for sum pattern synthegisle McNamara has proposed the
Zolotarev distribution for the synthesis of diffece patterns [14]. Botha [15] outlines a
procedure for the synthesis of difference pattéonsrbitrarily shaped arrays based on the
Zolotarev polynomials. Many techniques for the diameous synthesis of sum and
difference patterns focus on sub-arraying such lzet was done in [5] and [6]. There are
however certain instances where sub-arraying ideastible, because of space constraints
with the feed network. The monopulse antennas isfdlass are known as a two-section
monopulse, and the whole array is fed in phasebtaio the sum pattern. The difference
patterns are obtained by feeding one half of thayat80 degrees out of phase with the
other half [7]. McNamara [7] has shown that it iBspible to use Sequential Quadratic
Programming to optimize the sum and differenceepast for equally spaced linear two-
section monopulse antennas. A more modern techimsginre genetic algorithm which can
be used for the optimization of many different peohs. It can therefore also be used for
the simultaneous optimization of sum and differepagéerns for two-section monopulse
antennas. More recently, Mohammed [16] has propasegtthod where an iterative fast

Fourier transform (FFT) is used to synthesize optisum and difference patterns, while
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forcing some percentage of common element exaitstion the difference patterns to

obtain simultaneously low side lobe levels in tbmsand difference patterns.

2.5.1 The sequential quadratic programme optimization

In equation (2.11) A and B are both hermitian, meaningm=anm and bn=bnm
Furthermore, [13] has shown thdBx > 0 for anyx wherex cannot be a zero vector, and
therefore B is positive definite. Maximizing the directivityf ahe antenna array is
equivalent to minimizing the quadratic quantity 17

QUI=J"B] —]"F, (2.12)
subject to constraints, where the constraintsteeide lobe levels defined as follows
JT(&F, — cFy) <0 (2.13)

Here,c is the side lobe level, and we make no assumpggarding the sign of the side
lobe level in order to keep the constraints lingaF, is the array factor value at its scan
angle. Equation (2.13) shows that the array faatasny coordinates(d) should be less
than the array factor at its scan angle (whichosated at (0,0) for the sum pattern)
multiplied by the constraint level. So, if 20 dRlsilobe levels are required,would be
0.01. Equations (2.12) and (2.13) can be solvea 8gquential Quadratic Programme.
Generally, any quadratic functiorf Mx + xTb + ¢ is strictly convex and has a unique
global minimum wherM is hermitian and positive definite. SinBeis positive definite,
equation (2.12) is convex and the minimumQpf] is also a global minimum. McNamara
[7] has shown that a multi-objective approach carkwfor 2 section linear arrays to
minimize both sum and difference patterns. Speadlfic minimizing the quadratic quantity

QcomsinenU] = J"Bcompinen) —J" Fo compinep (2.14)
where
QcompinenJ] = BQsuml/1 + (1 — B)QpirrlJ],
Bcompivep = BBsum + (1 — B)Bprr, (2.15)
Fo comsinep = BFosum + (1 — B)Fo pirr-
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Here,p is a value between 0 and 1, and represents taBveelweight of each quadratic
guantity. McNamara has found that a value of O.ualy works the best, since the
constraints are listed for each pattern of the maise antenna separately as:

JT(XFsyy — cFosym) <0 (2.16)

JT(£Fpipr — cFopirr) <0

2.5.2 The Genetic Algorithm

A more modern search and optimization method isSGaeetic Algorithm. The basic flow
of the Genetic Algorithm can be summarized as ¥adl$18], p. 30:

» find the cost for each chromosome in the population

* select mates,

* mating,

* mutation,

» convergence check.

2.5.2.1 Create an initial random population of chromosomes

Each chromosome in the population is basicallyraloen excitation vector for the array.
The directivity is evaluated ovéyp, 0) for each chromosome in the population.

2.5.2.2 Find the cost for each chromosome in the population

The directivity of each chromosome in the populai®then compared to a magkover
the (¢, 0) plane. A “penalty” or cost is given everywhere whehe directivity for a
particular chromosome exceeds the mask. The highisrcost, the worst choice the
particular chromosome is. The way in which the tgria calculated is known as the cost
function, and is a very important driver in the fpemance of the Genetic Algorithm [19],
p.83.
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2.5.2.3 Mate Selection

The chromosomes in the population is ranked froweki cost (best performing
chromosomes to highest cost (worst performing closomes) [19], p.36. Then only a
fraction of the best performing chromosomes is cdeté for mating, while the rest is

discarded.

2.5.2.4 Mating

Pairs of chromosomes are first selected for mdtimm the pool of mates. Various ways of
selecting mates can be implemented, like randomngaitournament selection or top to
bottom pairing [19], pp.38-40. “Offspring” is thgaroduced from the mated pairs. In its
simplest form, the offspring is generated by simglyapping out the genes of the two
chromosomes [19], p.57. For instance, a given chemme is the excitation vectdmwith

8 weights (or genes), while the mating chromososniné excitation vectdk also with 8
genes. A random amount of these genes are thetyssmuppped between vectiirandJ.
Another method involves blending the genes betved®omosomed andK [19], p.57. A
random variablg is defined between 0 and 1, and the genes offteprmg chromosome

L are found as follows:

L=B/+(1-pBK (2.17)

2.5.2.5 Mutation

To avoid converging into a local minimum, a randamount of genes in the entire pool of
offspring is mutated. Typically, the particular genor weight within the offspring

excitation vector is replaced by a random weigbi,[{.60.

2.5.2.6 Convergence Check

The mating pairs together with the newly formedpfing is then again evaluated for cost,
as explained above, and the whole process is egpeatiefinitely until either the cost

function has reached convergence, or a maximum anwduterations has been reached.
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2.6 CHAPTER CONCLUSION

This chapter presented an overview of the currppti@able theory on which the rest of
this work is based. Important concepts presentedranopulse antennas in general and
their uses, the history of the microstrip wire gaiday antenna, a method for the design
thereof and some basic array theory for the armlp$i antenna arrays of arbitrary
arrangement. The chapter concludes with two methardhe synthesis of antenna arrays.
The sequential quadratic programme will be usethéurin this work to design an antenna,

while the genetic algorithm will be used as a check
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DESIGN

3.1 INTRODUCTION

This chapter outlines the design procedure forpared monopulse microstrip wire grid
array. It starts off with the derivation of the noguilse array factor and directivity for 2D
monopulse array of arbitrary geometry. Then, analglexcited monopulse microstrip
wire grid antenna is designed. The analytical aqoatfor array factor are then used to
compare the radiation patterns calculated withrétkation patterns obtained from a full
wave solution for the equally excited antenna. €heguations are further used to develop
the sequential quadratic programme and genetiaitiigo for simultaneous optimization
of the side lobes of the sum and two differencdepas. An antenna with a tapered
excitation is then designed. Preliminary resultshef excitation taper are given. Lastly, a

comparator network is designed, and the final argeronstruction is shown.

3.2 DERIVATION OF THE MONOPULSE ARRAY FACTOR AND
DIRECTIVITY

A two-section monopulse antenna has some specabcteristics that can be exploited.
These antennas have an even number of elementshendre symmetrical around tke
andy axis of the antenna. This symmetry is applicablelement arrangement, as well as
element excitation.

These antennas therefore haw @lements, wherdl is the amount of elements in one
quadrant. To start, expressions for the directiatysuch a monopulse antenna will be
created, for an antenna of 4 elements, or 1 elemesdich quadrant of the antenna. Such
an antenna is shown Figure 3.1. Notice from tlgsiri, that we can have elemerds a
real element, whil&l, i2 andi3 are just mirror images @faround the principal axes of the

monopulse antenna.
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N
il i
¢ l
i, Vi Xi, Vi
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< >~
™~ -~
-Xi, =Vi Xiy Vi
EW; +w;
V

Figure 3.1.A Monopulse antenna with 1 element in each quadrant

For the sum pattern, we have all element weighlastime and the phase factor matrix can

be written as:

(3.1)

ejk(xiu+yiv)
e _jk(xiu_yiv)
e —jk(XiU‘l'yiU)
eJk(xiu=yv)

Fs = (3.2)

The exponential terms of (3.2) can be rewritterubiyng the following identities, and if we

replacekxu with a andkyv with g for simplicity of writing we obtain
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ej(OH'B) — ejaejﬁ (33)
and
et/ = cosa + jsina (3.4)
Therefore

e/ B = (cosa + jsina)(cosp + jsinf)
e 1B = (cosa — jsina)(cosp + jsinf)
e 1@*B) = (cosa — jsina)(cosp — jsinp) (3:5)

e/ @=B) = (cosa + jsina)(cosp — jsinf)

Evaluating (2.2) with the above identities
]TF; = Wle](a+8) + Wie_j(a_B) + Wl.e_j(a"'B) + Wle](a_B) (36)

JTE, = w;[(cosa + jsina)(cospB + jsinB) + (cosa — jsina)(cosp + jsinB)

+ (cosa — jsina)(cosp — jsinB) .
+ (cosa + jsina)(cosf — jsinf)] (3.7)

cosacosf + jsinacosf + jcosasinfl — sinasinfS +

cosacosf — jsinacosf + jcosasinf + sinasinf +

cosacosf — jsinacosf — jcosasinfl — sinasinf; + (3.8)
cosacosf + jsinacosf — jcosasinf + sinasinf

JTE = w;

JTF, = 4w;[cosacosp] (3.9)
The expression for the sum pattern of the 4 elemamopulse antenna is therefore.
AFsy(8, ) = 4w;[cos(kx;u)cos(ky;v)] (3.10)

The same reasoning can be used to find the differpatterns in the azimuth and elevation
planes. For the azimuth difference pattern (2.2xmanded as
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While for the elevation difference pattern (2.2pigpanded as
]TF; e Wle](a+8) + Wie_j(a_B) — Wl.e_j(OH'B) — Wle](a_B) (312)

It is easy to verify that these expressions rediocéhe following expressions for the

azimuth and elevation difference patterns of ae#neint monopulse array:
AFyzp1rr (0, @) = 4jwi[sin(kx;u)cos(ky;v)] (3.13)
AFgpirr(0, ¢) = 4jwi[cos(kxuw)sin(kyv)] (3.14)

Extending this reasoning to planar array being sgtnigal around the array centre in both
azimuth and elevation planes, and having a totd#lAdélements (wherBl is the amount of
elements in a single quadrant) yields the arrayofacfor the three modes of operation.

These are given below as:

N
AFsyy(0,¢) = 4 z wylcos(kxp,u)cos(ky,v)]
n=1

(3.15)
N

AFyzpirr(6,¢) = 4) ; Walsin(kxnu)cos(kyyv)] (3.16)
N

AFgpirr(6,$) = 4) Z Walcos(kanw)sin(kyyv)l (3.17)

n=1

If we look at equations (3.15) through (3.17), ve@ ©once again write them in the matrix

form as was done with equations (2.2) through (2.4)
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J= (3.18)

rcos(kxu)cos(ky,v) T
cos(kx,u)cos(ky,v)
cos(kxszu)cos(kysv)

F =4
suM cos(kx,u)cos(ky,v) (3.19)

Lcos(kxyu)cos(kyyv).

rsin(kxyu)cos(ky,v) T
sin(kx,u)cos(ky,v)
sin(kxsu)cos(kysv)

F, =4j
baz J sin(kx4u).cos(ky4v) (3.20)

[sin(kxyu)cos(kyyv).

rcos(kxu)sin(ky,v)
cos(kx,u)sin(ky,v)
cos(kxsu)sin(kysv)

cos (kxsu)sin(ky,v) (3.21)

Fpp, = 4j

[cos(kxyu)sin(kyyv).

We can obtain the A matrix entries by calculatihg puter product of equations (3.19)
through (3.21)

Amn(sum) = €0s(kxpu)cos(ky,v)cos(kxpu)cos(kym,v) (3.22)
Amn(daz) = Sin(kxyu)cos(ky,v)sin(kxpu)cos(ky,v) (3.23)
Amnaery = €0Ss(kxpu)sin(ky,v)cos(kxpmu)sin(ky,v) (3.24)

with m,n =1,2,3,4...,and the entries to the B matrix given in (2.11)then
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2
Dmn(sum) = %Of! Amn(sum)Sin(0) dOdd (3.25)
2nm
bmn(daz) = ﬁ Of [ Amn(daz) SIN(6) dOd¢ (3.26)
2nm
Dmn(der = %Oj! Amn(aer) SIN(O) dOdep (3.27)

withm,n=1,2,34...

Evaluation of the integrals given in equations $3.%0 (3.27) is best kept numerical.
Computational power today is powerful enough towat® the integrals very quickly. This
has the advantage that no assumption has to be oradee element arrangement. Of
course there are rare element arrangements fohvama@exact solution to the integrals can

be found, but in general only a numerical solutiolh exist for these integrals.
3.3 ANTENNA DESIGN FOR EQUAL EXCITATION

3.3.1 Antenna Requirements

The antenna requirements are briefly summarizeaibel

Antenna gain: >23 dBi
Operating frequency: 18 GHz
Side Lobes: As low as possible simultaneousBbllipatterns

3.3.2 Initial estimate on antenna size

At first we have to estimate the aperture size

A, = Jo”
e An (3.28)
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Here, 1, is the free space wavelengt, is the effective aperture, arilis the antenna
gain.

From this we have an effective aperture of 4400°nithe active area for a microstrip wire
grid antenna confined within a circular area isgtdy hexagonal. So to fit a hexagon with
an area of 4400 mfinto a circle, the circle radius would need to4%mm. The above
equation is valid for 100% aperture illuminatiorfi@éncy. In [3] it was found that the
radiation efficiencies of microstrip grid antenraae typically around 80%, so the effective
aperture area is initially scaled by 1.25. Thiddgea circular area with a radius of 46mm.

3.3.3 Chosen Substrate

The substrate chosen is Rogers RT Duroid 5880 avitiickness of 0.787 mm. The main
driver for the substrate choice is availability. RUriod has a relative dielectric constant
of 2.2 and a loss tangent of 0.0009 at 10 GHz.

3.3.4 Initial estimate on dipole and feed arm arrangemerg

To start the layout of the geometry, the guided elenvgth within the substrate must first
be determined. At this stage, the feed arms widiisbe chosen to have a characteristic
impedance as high as possible, which can still Beufactured with good tolerances. This
equates to line widths of 0.2 mm, 45=154 Q. The dipole widths are not possible at this
stage to determine, since it is not known how mdipoles will fit into the antenna

aperture. The amount of dipoles, together withahtenna input impedance will yield the
dipole widths. Since the dipoles are wider thanfészl arms, their guided wavelengths in
the substrate should be a bit shorter. The guideceiength of the feed arms is calculated
to be 12.81 mm while the estimated guided wavelemdtthe dipoles is 12.3 mm. The

result is shown in Figure 3.2.
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Vertical dimension (mm)
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0.06 -0.04 002 0 002 004 006

Horizontal dimension (mm)

Figure 3.2.First estimate on the monopulse wire grid antenna.

Each quadrant contains 21 dipoles. The verticatisgabetween the quadrants is initially
set at 0.32b and the horizontal spacing is set toAD.Ihese values are based on the work
done by [4]. Since each quadrant will be fed onoits, the input impedance for each
quadrant must be Q. Therefore, the radiation resistance presenteshbi dipole is 21 x
50 Q = 1050 Q. The resonant length of the dipole and its cowedmg radiation
resistance is found by 3D electromagnetic simutatising CST. The geometry is shown
in Figure 3.3. It was experimentally found that theasured resistance at the edge of the
patch should be exactly half of the calculatedatain resistance presented by the dipole.
This is done by feeding the patch with a piece wirostrip the same width as the feed arm
width. The port extension is then adjusted so tkeasured impedance is at the edge of the

patch. The resulting patch dimensions are then:

e Length: 5.335 mm
e Width: 1.663 mm
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Figure 3.3.Determining the patch dimensions for free resotergth and radiation resistance.
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Figure 3.4.Resulting input impedance at the edge of the p&bk&#.8 +j0)Q, 18 GHz.

The next step is to construct the different modties are going to be used in building up
the entire grid array. The modules to be usedheill

e H-module (Feed),

* H-modules,

* T-modules,

* I|-modules,

« U-modules.
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I
T
— TI

Figure 3.5.A single quadrant of the wire grid antenna broken individual modules. The dipoles
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el

are numbered as indicated. The feed module is radiul

This work has found that modules which are not sytnical (like the feed module) cannot
be optimized entirely, instead a compromise musag$ be found. Therefore, this work
does not use the L-module as proposed by Palmetn&kad, the L-module is made up
from different combinations of U-modules, T-modulasd a newly proposed module
called the I-module. The I-modules are simply thme as the dipole fed by a quarter wave

feed line as shown in Figure 3.3.
3.3.5 Module Design

3.3.5.1 H-module (Feed) design

This module is optimized first, since it was sholwn[3] that phasing errors in the feed
module has the most effect on the impedance banllwithis module also needs to be
matched to the antenna. To do this, the antennadamnxe needs to be represented at ports
2-5 as shown in Figurd.6. The requirement for a 30 impedance4) at port 1 means
that port 2 and 3 should result in an impedancE06fQ at the top dipole edge, and port 4
and 5 should similarly result in an impedance o0 ID at port 1. These two 10Q
impedances will then result in an impedance ofbpresented at port 1. This effectively
means that port 2-5 should present 2D@ach to the module at the dipole top and bottom
edges respectively. Since the feed arms are eakgmfuarter wave transformers withy Z

equal to 154.12, we can use the quarter wave equation to deterthenport impedances.
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Z3

A
P Zaipote (3.29)

Therefore, the port impedances are calculated tilBerQ.

/_jg)‘og 2000 —

200Q  200Q

Figure 3.6.H-Module (feed) with presented port impedancesatdipole edges.

The way this is implemented in the CST environmershown in in Figure 3.7. Ports 2 to
5 are waveguide ports, and the microstrip widtlthesen so that Zis 118.7Q. The

lengths of these microstrip lines are 2 mm, and b extension of ports 2-5 is also
chosen as 2 mm.

Figure 3.7. H-module (Feed) implemented in the CST envirormieart extensions equal the
length of the 118.%2 microstrip lines.
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The H-module must further be optimized so thatthase of the s-parameters is:
e £Ssis equal to 180°,
e £S4andsSs; are equal to 0°,
* £Sy,andsSs, are equal to 0°,
e £S5 is equal to 180°,
e £S5, andsSs;are equal, but 180° out of phase wit,; and£Ss;.

To do this, the initial dimensions of the H-modulkeed to be set. Since it is required to
have an electrical length of 180° (which is 6.4081 nm the substrate for the feed arm)

between port 1 and port 2, we have the initial f@ed length at

Adietectri
L - ( e ZECtTlC _ Wdlpole) (330)
feed — 2 )
(w _ 1.677mm)
L —
feed 2 )

Ligeq = 2.36mm.

Next, the length of the dipole is adjusted so th&f; and 2Ss; are equal, but 180° out of
phase with2S;; and £Sz;. The dipole and feed arm lengths are then furditfusted to

meet the first 4 requirements. In reality it is wspible for this H-module to meet all 5
requirements, so a compromise must be reachedg Wseoptimizer of CST microwave

studio, the module is optimized as much as possiblgield the phasing for Portl as

driving port:
25, 59.5° Markerl
A 59.4° Marker2
2541 251.0° Marker3
2551 251.0° Marker4
Therefore, 251 - 2541 191.5°
Therefore, 2531 - 42551 191.6°
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180

270
Figure 3.8.Phasing for Port 1 as driving port. Marker 1 codles with Marker 2 and Marker 3

coincides with Marker 4.

Similarly, the phasing for Port 2 as driving port:

2S5 178.4° Markerl

YAV 9.0° Marker2

2S5 12.4° Marker3
90

180

270

Figure 3.9.Phasing for port 2 as driving port.
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Next, for Port 4 as driving port:

254 8.7° Markerl
A 12.1° Marker2
A 159.8° Marker3
90
120 60

e 00.1 0.7 ’

240 300
270

Figure 3.10.Phasing for port 4 as driving port.

The above results are obtained with the followirgdme dimensions:

L dipote 7.3 mm
Waipole 1.663 mm
Lteed arm 2.7 mm
Wreed arm 0.2 mm

Lastly, the input impedance as seen by port 1 iffie@. It is clear that there is some
inductance present from the probe feed. This camaiehed on the feed side at a later
stage when the complete antenna is realized. The match or § on the smith chart is
54.2+j7.2Q, and corresponds to a match of 22 dB.
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Figure 3.11.Input Impedance at port 1.

3.3.5.2 H-module Design

The same procedure is done for the optimizatiothefrest of the H-modules within the
antenna. These modules don’'t have a feed porteate#aing H-module, so the rest of the
H-modules can generally be optimized so that:

* 1S is equal to 180°

e £Sz;andsSy are equal to 0°

Figure 3.12.H-modules for the rest of the antenna array.
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The module is symmetrical, so the above requiresneiit mean that for any driving port,
the phasing to the other ports is also 180° ofT@fs H-module is shown in Figure 3.12.
For this module, the required phasing to the poats be optimized exactly. This is shown
in Figure 3.13.

251 180.0° Markerl
AT 0.0° Marker2
251 359.5° Marker3
90
120 60
150 30
(\
W/ \) | i? 0
0.2 0.4
I | 330
300
270

Figure 3.13.Phasing for the h-module. Marker 2 coincides witharkér 3

The key dimensions for the H-module are

I—dipole 7.825 mm
Wdipo|e 1.663 mm
Lteed arm 2.315 mm
ered arm 0.2 mm
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3.3.5.3 Compromised H-module feed arm lengths

Lastly, a compromise for the feed arm lengths nbastound between the H-modules and
H-module (Feed). This is only really true for therirontal spacing of the complete grid
antenna. The vertical lengths of the dipoles cag wéthout affecting the realization of the
grid antenna layout. The compromised feed arm lemgttherefore set at 2.5 mm. The
results of the port phasing for both H-module (Jesrad H-modules are then as follows:
For the H-module (feed) with port 1 as driving port

2S5 - 2541 191.9°

£S31 -4 S 191.9°

For the H-module (feed) with port 2 as driving port

£S3; 189.5°
£Ss 19.3°
£S5 22.4°
For the H-module (feed) with port 4 as driving port
VA 19.0°
£S34 22.1°
£S5y 170.2°
For the H-modules:
VA 169.4°
£S5 349.4°
£Sn 348.8°
Department of Electrical, Electronic and ComputegiBeering 38

University of Pretoria

© University of Pretoria



+
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Quf YUNIBESITHI YA PRETORIA

CHAPTER 3 ANTENNA SYNTHESIS AND DESIGN

3.3.5.4 T-modules design

The T-module is shown in Figure 3.14 below. Thedfarm length is found to be 2.643
mm, while the dipole length is found to be 5.875 .nfime result is the phase ofi$ equal
to 179.9°.

Figure 3.14.The T-Module.

The dipole length is first found by examiningi|Sand adjusting the dipole length until
resonance is achieved at the operating frequenkgreafter, the feed arm lengths are
adjusted until the correct port phasing is achieVéus method gets rid of ambiguity when
trying to optimize the single phase relationshipngen port 1 and port 2, while having

two variables (feed arm length and dipole lengthune.

-6

-8
-10
-12
-14
-16
-18

20

22

_24 ‘\¥/

26

16 16.5 17 17.5 18 18.5 19 19.5 20
Frequency / GHz
Figure 3.15.T-module dipole resonance {{5-24.3 dB at 18 GHz).
Department of Electrical, Electronic and ComputegiBeering 39

University of Pretoria

© University of Pretoria



+
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Quf YUNIBESITHI YA PRETORIA

CHAPTER 3 ANTENNA SYNTHESIS AND DESIGN

The resultant port phasing for the T-module is shawFigure 3.16 below.
90

180

0\"0.2 04 06 08

270

Figure 3.16.Phasing for the T-module {50.932179.9° at 18 GHz).

3.3.5.5 U-Modules design

The U-module is optimized in the same way as waedor the T-module. First the dipole

length is found be examining the resonance freqyesmad then the feed arm lengths are
adjusted to achieve the required port phasing.réfaired port phasing for the U-module

is 0°.

Figure 3.17.The U-module.
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After optimization, the U-module dipole length i$5nm long, and the feed arm lengths
are 3.08 mm long. The resultant S-parameters anersbelow, with the phasing (359.6°)

shown in Figure 3.18 and the dipole resonance shiowigure 3.19.

90
120

SEW

SEE

240 300
270

180

210 330

Figure 3.18.Phasing for the U-module £50.882359.6° at 18 GHz).

16 /
) W/
-20
16 16.5 17 17.5 18 18.5 19 19.5 20
Frequency / GHz

Figure 3.19.U-module dipole resonance {{|5-19.9 dB at 18 GHz).
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3.3.5.6 I-modules design

The last module to be designed is the I-modules Thodule looks exactly like the free
resonance dipole simulation done to determine thigali dipole length and width.
Therefore, it is not necessary to further optinorethe dipole length for this module. Only
the feed arm length needs to be adjusted, so likaphase of 3 is equal to 180°. After

optimization, the feed arm length is 3.15mm, aredghase of § for the I-module is 180°.

3.3.5.7 Summary of module dimensions

The table below shows a summary of the module dsmes required to yield the best

overall phasing between the ports of each module

Table 3.1.Summary of the module dimensions.

Dipole Length | Dipole Width Feed Arm Feed Arm

[mm] [mm] Length [mm] Width [mm]
H-module(feed) | 7.3 1.663 2.7 0.2
H-module 7.825 1.663 2.315 0.2
T-module 5.875 1.663 2.643 0.2
U-module 55 1.663 3.08 0.2
[-module 5.335 1.663 3.15 0.2

3.3.6 Construction of the Microstrip Wire Grid Antenna

The microstrip wire grid array is constructed inTO8r simulation. The way in which this

is done is to first place the dipoles at certaicuwdated coordinates, and then connect them
with the horizontal feed lines. Referring to Fig3:& for the dipole numbering, and Figure
3.20 for the coordinates, dipole 1 is placed shelh its centre is at coordinate (0,0). Dipole
2 is places at the same vertical coordinate aslalifip but at a specific offset in the
horizontal dimension. This coordinate is definedDas + 1.5D0,. Here, Qi is horizontal
distance from the centre of dipole 1 to the edgésohorizontal feed line as used in the

individual module optimization step.«Ds the average horizontal dimension of the H-

Department of Electrical, Electronic and ComputegiBeering 42
University of Pretoria

© University of Pretoria



+
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

CHAPTER 3 ANTENNA SYNTHESIS AND DESIGN

modules as was found in 3.3.5.3. It is made upmidet the compromise feed arm length
plus the H-module dipole width as per the individugodule optimization step. The
horizontal offset between dipole 2 and dipole 2B and the last dipole in the bottom
row, dipole 4 is offset from dipole 3 by, P>+ 1.5D.. The vertical spacing0s determined
by the average height of the H-modules, dipole thésefore located at coordinates(>-

Dye , Dy). The rest of the coordinates of the dipolesvegiin Table 3.2.

1 1

Dy

Dy
u o |

Dy

Dxl DX Dx Dx Dx Dx Dx4

Figure 3.20.Wire grid array with the dipole spacing conceptwho

At first, all of the horizontal spacingsx) D, Dxs. Dx11, Dx14, Dx15. Dx1g @and Do are set
equal to 0.5 which is 2.5 mm. Dis equal to the average H-module length (includirey
feed module), or 7.767 mm.
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Table 3.2.Coordinates of the dipoles.

Dipole Number x-coordinate y-coordinate
1 0 0
2 Dy1+1.50 0
3 Dy1+3.5D 0
4 Dy1+5Dx+Dya 0
5 Dyx1+0.5D, Dy
6 Du1+2.50 Dy
7 Dy1+4.5D, Dy
8 Dt~ Dy 2Dy
9 Dy1- Dygt1.50 2Dy
10 Dy1- Dyst+3.5Dk 2Dy
11 D~ Dxgt5Dx+Dya1 2Dy
12 D +0.50 3Dy
13 Da+2.50 3Dy
14 D1+4Dy+Dy14 3Dy
15 D1~ Duas 4Dy
16 B~ Duast1.50k 4Dy
17 B~ Dxast3.50k 4Dy
18 D +0.50 5Dy
19 Bat+2Dy+ Dias by
20 D~ Dx2o 6Dy
21 Dia- Dyoot1.50 6Dy
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Due to the different dipole lengths, the feed aemgths are longer than those obtained
during the individual dipole optimization. Therefof-, U-, and I-modules need to be re-
evaluated. Referring to Figure 3.21 the first medub be re-evaluated are the T-modules.
Measuring the feed length section between modud@d module 2 yields a distance of
5.123 mm. This section is circled in green on FegBr21. During the individual module
optimization, the H-modules had a compromised fedjth of 2.5 mm while the T-
modules had a feed length of 2.643 mm. This eqbdld3 mm. Since the measured
distance is 5.123 mm and 2.5 mm of this distanedlegated to the feed arm of module 5,
the feed arm of module 2 is only 2.623 mm long.sTisi a small enough difference,
however, for this exercise we return to the indiidmodule optimization for module 2.
This new feed arm length is used, and the lengtheflipole of module 2 is adjusted until
the phase relationship is once again 180°. Theptieaation for module 3, 17 and 21 is
done similarly by measuring the feed arm length&iguire 3.21 which is circled in green.

For the equally excited antenna, all the T-modupmle lengths are therefore adjusted to

5.909 mm.
M :
[g
% N g
@
V
:
Figure 3.21.A single quadrant of the microstrip wire grid array
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Next, the U-modules are re-examined, by measuhiadgded line distance on the wire grid
antenna, and comparing that to what was found duha individual module optimization
step. In this case however, the U-modules can gitmplimoved to correct the feed lengths,
for instance, the feed line length between the ldgpof module 8 and 5 measures 5.167
mm. The feed line length between the dipoles of i@ and 12 also measures 5.167
mm. This total length is 10.334 mm. Once again,ath@cation of this length towards the
H-modules is 5 mm, so the total feed length alledatio the U-module is 5.334 mm.
During the individual module optimization step, fieed length of the U-module should be
6.16 mm (2 x 3.08 mm). Thereforey dhs adjusted until the total feed length between
modules 5, 8 and 12 measures 6.16 mm + 5 mm, @6 Ithm. Qg therefore changes to
3.757 mm. The same reasoning leads @ Bquals to 3.757 mm, whilexR and Do
equals to 3.666 mm.

The last modules to be re-examined are the I-msddlke I-module feed line was found
to be 3.15 mm during the individual module optiniza step. The expected feed line
length is therefore 5.65 mm on the wire grid angenfherefore, [, Dy4, Dx11 and Do
are adjusted to 3.81 mm. The final quadrant is shieglow, inclusive of the probe feed.

Figure 3.22.The completed quadrant of the monopulse wire grdrana.

Finally, the entire microstrip wire grid antennan®ved, so that the horizontal spacing
between the quadrants is 0.3g2and the vertical spacing between the quadraftsis.
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The parameters describing the antenna are givewhbelTable 3.3.

Table 3.3.Parameters for the wire grid antenna with equaitatxan. D, are horizontal spacings,

Dy is the vertical spacing,jland W represents dipole lengths and widths resgéyget

Parameter Dimension [mm]
Dy 6.663
Dx1 3.810
Dya 3.810
Dys 3.757
Dx11 3.810
Dx14 3.666
Dxis 3.757
Dx1o 3.666
Dx20 3.810
D, 7.767
Whipoles 1.663
La,La,Laa,l2o 5.335
Ls,L14,L15L19 55
La,Ls,Laz,laa 5.909
LsLeL7LioLizLagLlielis | 7.825
Lo 7.3
Feed Positiox 17.3
Feed Positioy 19.1

The resultant antenna geometry is somewhat latggm the original aperture, so the
antenna gain is expected to be more than 23 dis.i$shown in Figure 3.23.
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Figure 3.23.Antenna layout printed onto a circular area of uadt6mm.

The input match is shown in Figure 3.24. As carséen, the antenna is resonant at 17.5
GHz, or 3% lower than the design frequency. Theegfbefore the taper can be designed,
the equal aperture antenna needs to be scaled@18so that the element positions are
known a priori as accurately as possible. The isgal done by adjusting thex[nd §

parameters.

NS Nk
\/

-25

Ol( 17.363,-10) /
3019, (17.524,-33.677)

03( 17.684, -10)

35 !
16 16.5 17 17.5 18 18.5 19 19.5 20

Frequency / GHz

Figure 3.24.The input match of the single quadrant antenng| @8).
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Table 3.4 shows the new parameters of the scaledl excitation antenna. The scaled
antenna is simulated again to check that resonsnoew at the required 18 GHz. The
result is shown in Figure 3.25. The Y-componentenir distribution is shown in Figure
3.26. As can be seen, all the dipoles are relatitieltphase” meaning that the module

design approach is valid.

Table 3.4.Dipole spacing parameters for the scaled wire gnigtnna with equal excitation.

Parameter Dimension [mm]
Dy 6.490

Dx1 3.709

Dxa 3.709

Dxs 3.658

Dx11 3.709

Dxi14 3.569

Dx1s 3.658

Dx1o 3.569

Dx20 3.709

Dy 7.562

Whipoles 1.663
La,L4,Lag,loo 5.194
Ls,L14,L15L19 5.355
Lo,Ls,Laz,lon 5.753
Ls,Lel7,Liol12,L13L16L1s | 7.618

Lo 7.107

Feed Positiox 17.3

Feed Positioy 19.1
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o (17.818,-10.001 )
-50'~o2 (17.992, -55.666 )
o, (18.164,-10.005)

-60 ‘
16 16.5 17 17.5 18 18.5 19 19.5 20

Frequency / GHz

Figure 3.25.The input match of the scaled equally excited wiid antenna (|3 dB).
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Figure 3.26.Dipole Y-component currents.

Next, the complete 4 quadrant monopulse wire gnigrana is simulated, to get an idea of
the gain and what the side lobe levels are foruhidormly illuminated antenna. The
geometry of the antenna is shown in Figure 3.2 fifncipal plane polar pattern reveals
that for the sum channel, the side lobe levels@aughly 18 dB down. This is mainly due
to the antenna geometry, as the weights are adllequ

Department of Electrical, Electronic and ComputegiBeering 50
University of Pretoria

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Quf YUNIBESITHI YA PRETORIA

CHAPTER 3 ANTENNA SYNTHESIS AND DESIGN

Figure 3.27.4 Quadrant uniformly illuminated monopulse wiredgaintenna.

dB
24.9
21.8
18.7
15.6 1
12,3 9
9.34 |
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i

0
~1.89
-3.78
-5.56
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5.4
113
-13.2
~15.1

%

Figure 3.28.Sum 3D Far field pattern of the monopulse wire gmtenna.
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Farfield Realized Gain Abs (Phi=0)

Frequency = 18

Main lobe magnitude = -2.49¢-014 dB
Main lobe direction = 0.0 deg.
Angular width (3 dB)= 9.9 deg.
Side lobe level = -18.4 dB

180

Theta / Degree vs. dB

Farfield Realized Gain Abs (Phi=90)

0
Phi= 90 30 30 Phi=270
60 60
90 f T ; 90
4ovs=3d 20 -10
120 120
Frequency = 18
Main lobe magnitude = 2.76e-007 dB
150 150

Main lobe direction = 0.0 deg.
180 Angular width (3 dB) = 8.8 deg.
Side lobe level = -18.0 dB

Theta / Degree vs. dB

Figure 3.29.Principal planes of the sum far field pattern.
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2.78
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~4.45
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Farfield Realized Gain Abs (Phi=0)

Phi= 0 Phi=180

90

Frequency = 18

Main lobe magnitude = -3.55e-015 dB
Main lobe direction = 8.0 deg.

180 Angular width (3 dB) = 9.0 deg.
Side lobe level = -13.1 dB

Theta / Degree vs. dB

Figure 3.30.Azimuth Difference pattern, 3D (Top) and polar (®ot).
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Farfield Realized Gain Abs (Phi=90)

0
Phi= 90 30 30 Phi=270
60 60
90 T T . 90
= -20 /-10

120 120
Frequency = 18
Main lobe magnitude = -0.195 dB

150 150 Main lobe direction = 7.0 deg.

180 Angular width (3 dB)= 7.9 deg.
Side lobe level = -13.6 dB

Theta / Degree vs. dB

Figure 3.31.Elevation Difference pattern, 3D (Top) and polaottBm).

Department of Electrical, Electronic and ComputegiBeering 54
University of Pretoria

© University of Pretoria




+
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Q= YUNIBESITHI YA PRETORIA

CHAPTER 3 ANTENNA SYNTHESIS AND DESIG!

The measured gain for tlsum mode is 24 dBi as shown irFigure 3.28 The layout o
Figure3.27can be completely encapsulated within a circulaaaf 11 mm diameter, o
9.85z¢°m” The expected gain for an aperture of this siZ26.5 dBi. This indicates the

the illumination efficiency ii70%for this aperture siz

3.4 COMPARISON BETWEEN 3D FULL WAVE SOLUTION AND ARRAY
FACTOR

The equations of sectio3.2 are used to calculate the radiation patterns of atray
geometry as shown iFigure 3.32 and specified irTable 3.4 The element pattern
assumed to be cosine squared, and the excitatrehtte each element is <to unity. The
calculatedarray patterr are compared tca full wave ElectromagneticEM) simulatior,
and the redlts in the princijal planes arishownin Figure 333. Detailed 3D pattern resul
are given irFigure 3.34 andFigure 3.35 where comparisons are made at a couple of
coordinatesThese key coordinates are listecTable 3.5 FromTable3.5it can be see
that generally, the patterns are similar, but theee places, notably where the calculz
directivity predicts «de lobe levels lower than around dB where there are significa
differences. This would mainly be duecurrent phase distribution of the vertical dipo

spuriou: radiation from the feed point, and mutual couplegween dipole

Figure 3.32.Geometry for directivity calculation of the equadiycited monopulse antenna ar
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Figure 3.33.Principal plane calculated and full wave radiajpatterns.
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(98}

S

6

0 45 90 135 180 225 270 315
Phi (degrees)

Figure 3.34.Resultingnormaliser radiatior patterncalculated by a MATLAB script fcthe
geometr and excitatio of the monopulse antenna ariof Figure3.32.From top to bottom is sur

azimuth difference and elevation difference patieThe colour bar is in d.
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(8]
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0 180
Phi (degrees)

45 90 135 225 270 313 360

Figure 3.35.Full wave calculated normalised radiation pattemtifie geometry and excitation of
the monopulse antenna array of Figure 3.32. Frgmiddoottom is sum, azimuth difference and

elevation difference patterns. The colour bar idBn
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At coordinate number 8, the calculated directivéyel is -19.6 dB, while the full wave

simulation results in a level of -16.1 dB. Thisdéis high enough to indicate that effects
such as mutual coupling and current phase distobuire causing degradation in the
radiation pattern. It is therefore important toentitat spurious feed radiation and mutual

coupling might limit the ability to control sidebes lower than 22 dB on this electrically

thick substrate. In terms of wavelengths, the satesthickness is 0.@7n the dielectric.

Table 3.5.Comparison between the full wave and calculatethtad patterns.

Coordinate Radiation pattern Full Wave Calculated
- (¢, 0)° type Directivity (dB) directivity (dB)
1 (45, 15) Sum Pattern -17.8 -17.9
2 (62, 24) Sum Pattern -21.6 -21.9
3 (0, 51) Sum Pattern -21.2 -27.7
4 (90, 44) Sum Pattern -23.9 -25.4
5 (90, 73) Sum. Pattern -22.0 -32.9
6 (118, 48) Sum Pattern -23.2 -27.8
7 (180, 30) AZ. Dif. Pattern -13.1 -13.9
8 (180, 58) AZ. Dif. Pattern -16.1 -19.6
9 (143, 20) AZ. Dif. Pattern -13.6 -13.7
10 (210, 60) AZ. Dif. Pattern -21.0 -28.0
11 (90, 26) EL. Dif. Pattern -13.6 -12.8
12 (90, 50) EL. Dif. Pattern -18.7 -17.6
13 (48, 20) EL. Dif. Pattern -13.7 -13.5
14 (35, 30) EL. Dif. Pattern -18.4 -18.9
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3.5 MONOPULSE PATTERN SYNTHESIS USING THE SEQUENTIAL
QUADRATIC PROGRAMME

The concept of McNamara [7] needs to be expandexgtimize for planar arrays in sum
pattern, elevation difference pattern and azimuffiergnce pattern. The quadratic quantity

to be minimized can be written as

QU] = aQSUM U] + IBQAZIMUTH DIFF U] + VQELEVATION DIFF U] (331)

TheB matrix andr in (2.12) can be written as

B = aBSUM + BBAZIMUTH DIFF + yBELEVATION DIFF (332)

FO = aFOSUM + BFOAZIMUTH DIFF + VFOELEVATION DIFF

And the constraints is written as

JT(xFsyy — cFosum) <0
JT(XFazimurs pirr — €Fo azimurs pirr) < 0 (3.33)

T
] (iFELEVATION DIFF — CFO ELEVATION DIFF) <0

Here,a,  andy are weights that are assigned to each quadradiatigyin forming the
combined quadratic quantity for optimization. Fallog McNamara’s [7] work, these
weights are simply kept equal, while the constgare individually applied to the sum and

two difference patterns.

3.5.1 The sequential quadratic programme implemented in M\TLAB

MATLAB code was developed to implement the seqaigiadratic programme synthesis
technique for simultaneous sum and difference pat&le lobe optimization. Before any

optimization can be attempted, a rough idea of ahtenna geometry is needed. The
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antenna geometry of Figure 3.2 was used as thingtaoint. First the constraints need to
be defined.

3.5.1.1 The sum constraints

The constraints are implemented in MATLAB. Firstnash grid of theg,#) coordinates

at which the array factor will be evaluated is teda
Phi0=0:1:90;
Theta0=0:0.5:90;

[Phi, Theta]=meshgrid(Phi0, Theta0)
C=zeros(size(Phi));
C(Theta>=15)=-17;
C(Theta>=23)=-20;

The code above shows that the constraints will belgvaluated over a single quadrant of
¢ and in the top hemisphere only. This is because ahtenna is symmetrical, and
enforcing the side lobe levels in this quadranyamll automatically have the same effect
in all other quadrants. The lower half of the hgahiere is ignored, as the element pattern
is essentially zero in this direction. For isotmmdiators, the bottom hemisphere will look
exactly the same as the top hemisph€rin the above code is the required maximum side
lobe level at eachy( ). Initially it is set at 0 dB. Then, the sum patteide lobe level
constraints are set to be maximum -17 dB fopall5° and -20 dB for a>23°.

It should be noted that these constraints werdauwtd arbitrarily, but rather in an iterative
process, where the constraints were lowered, aadatiyles at which these constraints
apply were tightened until a solution could notfdwend.

Next, Fsis evaluated at each, (@) within the constraints list

for phi=1:size(Phi,2);
for theta=1:size(Theta,l1);
for n=1:N
u=sin(Theta(theta,phi)*pi/180)*cos(Phi(theta,phi)*p i/180);
V= sm(Theta(theta phi)*pi/180)*sin(Phi(theta, phl)* i/180);
Fs(n,index) = cos(k*xn(n)*u)* .
cos(k*yn(n)*v)* o
cos(Theta(theta,phi)*pi/1 80);
end;
index=index+1;
end;
end;
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In the above cod®l is the amount of elements in a single quadrarthefantenna. The
locations of each element on the antenna are givélre vectorskn andyn. The last cosine
term in the calculation fdfs is associated with the element pattern, whiclsssimed to be
cosine squaredrs is therefore a matrix oN rows, andindex columns. The amount of
columns basically represents the amount of comsgran the ¢, 0) plane. NextFs is
calculated at the antenna scan angle. This valdensted a&,. OnceF is calculated, the
maximum value of the side lobe levels is calculatsitigF, and theC matrix.

for n=1:N
u=sin(Max_Directivity Theta*pi/180)*cos(Max_Dir ectivity_Phi);
v=sin(Max_Directivity Theta*p|/180)*sm(Max Dir ectivity_Phi);
FO(n,1)= cos(k*xn(n)*u)*
cos(k*yn(n)*v)*
cos(Max_Directivity Theta*p|/180)
end;
index=1;

for phi=1:size(Phi,2)
for theta=1:size(Theta,1)

cFO(:,index)=10"(C(theta,phi)/20).*F0;
index=index+1;
end;

end;

al = (Fs-cF0);

a2 = (-Fs-cFO);
a=cat(1,al,a2);
b=zeros(size(a,1),1);

Finally, thea matrix is the implementation &fF, — cF, in equation (2.13). The use of the

b vector will become clear later on.

3.5.1.2 The azimuth and elevation difference constraints

The azimuth and elevation difference constrainés st up exactly as was done for the
sum constraints, with the only difference beingt thaoccurs at different coordinates on
the @, 0) plane. An initial guess on these coordinatesaglg found be simply evaluating
the array factor for the antenna geometry withahtnna weightd all equal to 1.

For the azimuth difference constraints, the coaidirwas found to be:

Department of Electrical, Electronic and ComputegiBeering 62
University of Pretoria

© University of Pretoria



+
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Quf YUNIBESITHI YA PRETORIA

CHAPTER 3 ANTENNA SYNTHESIS AND DESIGN

Max_Directivity Theta=8.5;
Max_Directivity Phi=0;

While for the elevation difference constraints to®rdinate was found to be:

Max_Directivity Theta=8;
Max_Directivity Phi=90;

The side lobe constraints are also iteratively ébbyg starting with 0 dB constraint levels
and systematically lowering the constraints andhtéging the angles at which these
constraints apply. This is all done simultaneousiyh the sum constraints until the
sequential quadratic programme cannot find a soiuthat satisfies all the constraints
anymore.

The lowest azimuth difference constraints were tbimbe:

Phi0=0:1:90;
Theta0=0:0.5:90;

[Phi, Theta]=meshgrid(Phi0, Theta0);
C=zeros(size(Phi));
C(Theta>=22.5)=-17;
C(Theta>=42)=-18;

C(Theta>=18 & Phi>=45)=-19;

While the elevation difference constraints werenfbto be:

Phi0=0:1:90;
Theta0=0:0.5:90;

[Phi, Theta]=meshgrid(Phi0, Theta0);
C=zeros(size(Phi));
C(Theta>=22.5)=-17;
C(Theta>=42)=-18;

C(Theta>=18 & Phi<=45)=-19;

Department of Electrical, Electronic and ComputegiBeering 63
University of Pretoria

© University of Pretoria



+
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Q= YUNIBESITHI YA PRETORIA

CHAPTER 3 ANTENNA SYNTHESIS AND DESIGN

F; and kg for the azimuth difference constraints is calcediaas

index=1;
for phi=1:size(Phi,2);
for theta=1:size(Theta,l1);
for n=1:N
u=sin(Theta(theta,phi)*pi/180)*cos(Phi(theta,phi)*p i/180);
V= sm(Theta(theta phi)*pi/180)*sin(Phi(theta, phl)* i/180);
Fs(n,index) =  sin(k*xn(n)*u)* .
cos(k*yn(n)*v)*
cos(Theta(theta,phi)*pi/1 80);
end;
index=index+1;
end;
end;

for n=1:N
u=sin(Max_Directivity Theta*pi/180)*cos(Max_Dire ctivity _Phi);
v=sin(Max_| D|rect|V|ty_Theta*p|/180)*3|n(Max Dire ctivity _Phi);
FO(n,1)= sin(k*xn(n)*u)* "
cos(k*yn(n)*v)*
cos(Max_Directivity Theta*p|/180)
end;

while K and K for the elevation difference constraints is caloedl as

index=1;

for phi=1:size(Phi,2);
for theta=1:size(Theta,l1);
for n=1:N
u=sin(Theta(theta,phi)*pi/180)*cos(Phi(theta,phi)*p i/180);
v= sm(Theta(theta phi)*pi/180)*sin(Phi(theta, phl)* i/180);
Fs(n,index) = cos(k*xn(n)*u)* .
sin(k*yn(n)*v)*
cos(Theta(theta,phi)*pi/1 80);
end;
index=index+1;
end;
end;

for n=1:N
u=sin(Max_Directivity Theta*pi/180)*cos(Max_Dire ctivity _Phi);
v=sin(Max_| D|rect|V|ty_Theta*p|/180)*3|n(Max Dire ctivity_Phi);
FO(n,1)= cos(k*xn(n)*u)* .
sin(k*yn(n)*v)*
cos(Max_Directivity Theta*p|/180)
end;
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3.5.1.3 The Sequential Quadratic Programme

MATLAB has a built in function calleduadprogwhich is part of its optimization toolbox.
It is outside the scope of this work to developguential quadratic code, so the built-in
function is used instead. Calling the function quad®,F0,a,h attempts to minimiz&)

by finding the appropriate vectdr

1
QU1 = 5/7B) +F, (839

Subject to

Ja<bh (3.35)

It can now be seen why b is for the purposes af wuork set to a vector of zeros. Wah
calculated as discussed in section 3.5.1.1, equéB®5) is the direct implementation of
equation (2.13). Since there is a factor of 0.53r84), theB matrix as calculated in
equations (3.25) to (3.27) is simply multiplied BylLastly, we have to multiply’ F, by -1

to get equation (2.12) into the form of (3.34). Tdwzle below shows how the sequential
quadratic programme is implemented in MATLAB. Theights of (3.32) were kept equal
similar to what McNamara [7] has done, and the trairgs were just individually adjusted

for the sum and difference patterns.

%6%%%%6%6%%% %% %% %6%6%%% %% %% % % % %% %% %% %% %0 %8%8%8/0 %0 %696 %% %% %% % % % %
% CONSTRAINT ANGLES AND CONSTRAINT LEVELS
[asum,bsum,FOsum]=Sum_Constraints(N,k,xn,yn);
[adaz,bdaz,FOdaz]=Azimuth_Difference_Constraints(N, k,xn,yn);
[adel,bdel,FOdel]=Elevation_Difference_Constraints( N,k,xn,yn);

%%%%%% %% %% %% %% %% % %% %% %% % %% %% %% %% % %0 %8%48%6/0%0%6%0 %% %% %% % % % %
% QUADRATIC PROGRAM

sum_weight=1;
az_difference_weight=1;
el_difference_weight=1;

a=cat(1,asum,adaz,adel);
b=cat(1,bsum,bdaz,bdel);

B=2.*sum_weight.*Bsum + 2.*az_difference_weight *Bdaz +
2.*el_difference_weight.*Bdel;
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F=-sum_weight.*FOsum’' - az_difference_weight.*F Odaz'
el_difference_weight.*FOdel’;

opts = optimoptions( ‘quadprog’ , 'Algorithm'’ , 'interior-point-
convex' , 'Display’ , 'iter’ );

[J fval eflag output lambda] =
quadprog(B,F,a,b,[],[],zeros(1,N),ones(1,N),[],opts );

3.6 MONOPULSE PATTERN SYNTHESIS USING THE GENETIC
ALGORITHM

The genetic algorithm was included in this work, ascomparison to the sequential
guadratic programme to finding the weights that Mfdaad to optimal side lobe levels in
the sum and difference patterns of a 2D monopulsg .aAs has been alluded to in section
2.5.2 the cost function for a genetic algorithmcidtical to the performance of the
algorithm. Although finding the best cost functimm the simultaneous optimization of the
sum and difference pattern side lobes for a morsgpahtenna is outside the scope of this
work, some experimentation has been done to findsa function that works reasonably

well. Initially the cost function is simply giversa
C=) J"F(.6) - M($,0) (3:36)

Here, M is the constraints masks defined d¢ep), and is identical to the constraints
applied with the quadratic programme.

This cost function works, but the genetic algoritbam easily provide a solution where the
side lobe level is reached everywhere except atghespoint, where there could be a large
difference between the side lobe level requirenterask) and the actual side lobe level
achieved. Since this happens at only a single pthiattotal cost function is relatively low.
It is much better to achieve a radiation patteat fhils to meet the mask at many points,
but only by say 0.1 dB than to have a radiationepatthat fails to meet the mask at 2 or
three points only, but by 3 dB. Therefore, a wayagnd that will add proportionally
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higher cost to the side lobe level of a specifiooatosome if it fails to meet the mask at

increasing values. A simple way of doing this isrtodify equation (3.36) to

€= UTF($,0) - M($,0)I* (3.38)

This way, a single point failing to meet the magk3bdB will be penalised more than 12
points failing to meet the mask by 1 dB. The rdsthe Genetic algorithm parameter is

given in Table 3.6 below.

Table 3.6.Genetic Algorithm Parameters.

Parameter Value
Population Size 100
Natural Selection Method Cost Ranking

Size of population after Natural Selection 50%

Mating Pairing Top to Bottom
Mutation Rate (Cost Function>2) 3%
Mutation Rate (Cost Function<2) 1%

3.6.1 The genetic algorithm implemented in MATLAB

The genetic algorithm starts with generating a eamdoopulation of chromosomes as

follows.

for i=1:npop

J=rand(N_Elements,1);
% 16 Elements in Q1 of the 64 Element JArray
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Sum_Cost = Calculate_Cost(J,xn,yn,B_SUM,B_AZD,B_EL D,f0,1,...
angular_resolution,pi/2,pi/2);
Az_Diff _Cost = Calculate_Cost(J,xn,yn,B_SUM,B_AZD,B _ELD/f0,2,...
angular_resolution,pi/2,pi/2);
El_Diff Cost = Calculate_Cost(J,xn,yn,B_SUM,B_AZD,B _ELD,f0,3,...

angular_resolution,pi/2,pi/2);

Total _Cost=Sum_Cost+Az_Diff Cost+El_Diff Cost;
population=[population; J',Total_Cost];

end;

population=sortrows(population,N_Elements+1);

The function Calculate_Cost basically calculates tdlevant directivity pattern for each
chromosome in the population, and compares thikg¢anask. It applies equations (3.38)
and (3.39) to arrive at the cost for the particdtaromosome. The total cost is then
calculated by simply adding the costs from the éhdéectivities for the antenna. The
population is then arranged in a matrix witipop rows and the genes of each
chromosome across the columns. The last columrarenthe total cost of the particular
chromosome. The population matrix is then sortefl wosts ranging from low to high.

The code snippet below shows how the function GaleuCost works.

%% Calculate the Directivity

[D_SUM,Max_SUM]=AF(J,xn,yn,B_SUM,f0,1,angular_resol ution,...
theta_range,phi_range,35,0,0);
[D_AZzZD,Max_AFD]=AF(J,xn,yn,B_AZD,f0,2,angular_resol ution,...

theta_range,phi_range,35,0,0);

[D_ELD,Max_ELD]=AF(J,xn,yn,B_ELD,f0,3,angular_resol ution,...
theta_range,phi_range,35,0,0);

D_SUM=D_SUM-max(max(D_SUM));

D_AZD=D_AZD-max(max(D_AZD));
D_ELD=D_ELD-max(max(D_ELD));

%% Calculate the Cost

Cost=[];
if (Channel==1)
C_Sum=Sum_Mask(angular_resolution,theta_range,p hi_range,0,0);

Cost=D_SUM-C_Sum;

Cost(Cost<0)=0;

Cost=sum(sum(Cost."4));
end;
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if (Channel==2)
C_AzD=Azimuth_Difference_Mask(angular_resolutio n,theta_range,...
phi_range,0,0);
Cost=D_AZD-C_AZD;
Cost(Cost<0)=0;
Cost=sum(sum(Cost."4));
end;

if (Channel==3)
C_ELD=Elevation_Difference_Mask(angular_resolut ion,theta_range,...
phi_range,0,0);
Cost=D_ELD-C_ELD;
Cost(Cost<0)=0;
Cost=sum(sum(Cost."4));
end;

The function AF calculates the directivity o@r 0) by implementing equation (2.11). The
mask functions are implemented below. For the swaskmve have

% CONSTRAINT ANGLES AND LEVELS

Phi0O=0:angular_resolution:phi_range;
ThetaO=0:angular_resolution:theta_range ;

[Phi, Theta]=meshgrid(Phi0, Theta0);
C=zeros(size(Phi));

% SIMULTANEOUS CONSTRAINTS
C(Theta>=15*pi/180)=-17;
C(Theta>=23*pi/180)=-20;
For the azimuth difference mask we have

% CONSTRAINT ANGLES AND LEVELS

Phi0O=0:angular_resolution:phi_range;
ThetaO=0:angular_resolution:theta_range ;

[Phi, Theta]=meshgrid(Phi0, Theta0);
C=zeros(size(Phi));

% COMMENT THESE IF ONLY SUM CONSTRAINTS ARE OPTIMIZED
C(Theta>=22.5*pi/180)=-17;
C(Theta>=42*pi/180)=-18;
C(Theta>=18*pi/180 & Phi>=45*pi/180) =-19;

And for the elevation difference mask we have
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% Constraint Angles and Levels

Phi0O=0:angular_resolution:phi_range;
ThetaO=0:angular_resolution:theta_range ;

[Phi, Theta]=meshgrid(Phi0, Theta0);
C=zeros(size(Phi));

% COMMENT THESE IF ONLY SUM CONSTRAINTS ARE OPTIMIZED
C(Theta>=22.5*pi/180)=-17;
C(Theta>=42*pi/180)=-18;
C(Theta>=18*pi/180 & Phi<=45*pi/180)=-19;

Once we have the initial random population withirtlassociated costs sorted from low to
high, only the top 50% of the population is selddta mating. The mates are also selected
in pairs from top to bottom. The mating procesgese blending according to equation
(2.17) with g equals to a random number between 0 and 1. Thepopwlation is then
made up of the original 50% of parents, while tlesvly created offspring makes up the
other 50% of the population. Lastly, some of thaggeare mutated in the new population
according to the mutation rate. Once the new pajpunlds created, the process repeats
itself with calculating the costs for each chrommsoin the population. The process

continues for a maximum of 250 iterations, or uthtéd cost function is 0.

% Random number that determines amount of genetic m aterial
% passed from each parent
B=rand(1);

% Mating
for n=1:2:nkeep-1
off_spring(n,1:N_Elements)=population(n,1:N_Ele ments)*B+...
population(n+1,1:N_Elements)* (1-B);
off_spring(n+1,1:N_Elements)=population(n+1,1:N _Elements)*B+...
population(n,1:N_Elements)*(1-B);
end;

% New Population

population=[population(1:nkeep,1:N_Elements);
off_spring(1:nkeep,1:N_Elements)];

% Mutation
x_indexes=ceil(rand(n_mutations,1)*N_Elements);
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y_indexes=ceil(rand(n_mutations,1)*npop);
s=sub2ind([npop N_Elements+1],y_indexes(;,1),x_inde xes(;,1));
population(s)=rand(1);

3.7 ANTENNA DESIGN FOR OPTIMUM SIDE LOBES

3.7.1 Optimization of excitations to produce simultaneouly optimized sum and

difference patterns

Knowing the general form of the directivity for tbqually excited antenna, it is possible to
use the sequential quadratic programme to findeleenent weights that will yield the
directivities with optimal side lobe levels for theum and difference patterns
simultaneously. The constraints for each patteenaafunction of its peak directivity, so it
is important to know where the peak of the diratstiis located. For the sum channel, peak
directivity is a8 = 0°. For the azimuth difference pattern, the péalectivity is at
(4, 6) = (0, 8.5)°, while for the elevation differencatigrn this is atg, 6) = (90, 7.5)°. The
side lobe levels for the sum pattern is alreadyegisivorable even for the equally excited
case, so the sum constraints are at first constiuotmatch these side lobe levels. The side
lobe levels for the two difference channels arentgeadually reduced until the quadratic
programme discussed in section 3.5 cannot find tisolsl anymore. The resulting
constraints are shown in Figure 3.36 and the elemverghts that satisfy these constraints
are shown in Figure 3.37. The resultant radiatiattepns (shown in Figure 3.38) have side
lobe levels that are at or below the constrainelevThis would be a first iteration of the
tapered excitation design. In this first iteratidhe antenna geometry for the equal
excitation is used as input. Generally, the tagennl lead to differences in the dipole
spacing or phase centers when designing the phyasintanna. A second iteration will
usually get good agreement between the antennaajgoosed for the optimization, and
the resultant geometry obtained from the 3D fulVevdesign process. From the excitation
taper and the required input impedance it is ptesgi derive each element’s radiation
resistance. The radiation resistance for elemeht total ofn elements is calculated from

the excitation taper and required input impedarsce a
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Zy (3.40)
Ze(®) = 7% > 1)

jor-
Here, Z, is the required input impedance of the completayarOnce again, these values
are the radiation resistances that each dipole dvprdsent to the array. When the dipole

lengths and width are determined in CST using thengetry shown in Figure 3.3, the

measured impedance at the port is set to exadfiphthe calculated values.
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Sum Constraints

Theta (degrees)

0 10 20 30 40 50 60 70 80 90
Phi (degrees)
Azimuth Difference Constraints

Theta (degrees)
=

[= B I
=]

0 10 20 30 40 50 60 70 80 90
Phi (degrees)
Elevation Difference Constraints

W = W
o O O

Theta (degrees)

0 10 20 30 40 50 60 70 80 90
Phi (degrees)

Figure 3.36:Sum Azimuth- and Elevation difference constraintssimultaneous optimized low

side lobes.
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Figure 3.37.0ptimized element weighfor the geometry cFigure3.32and the constraints
Figure 33€.

At this point, it is a good idea to check what genetic algorithm can achieve. The st
constraint levels ‘ere presented to the genetic algoril. Fifty runs of the geneti
algorithm were done, and each run was allowed Z&te@ations. On average ticost
function was reduced by around dB. This reduction is achieved in an average ofiaak
100 generations. The best run reduced the costidunby 5t dB while the worst rui
reduced the cost function by dB. This is shown itFigure 3.39 In none of these cas
could the genetic algorithm achieve the solutiomciwhhe sequential quadratic program
found.

It is important to note that the genealgorithm came extremely close. And should the
function and other genetic algorithm parametersiamized, the solution could indeed
found. This is however good evidence that the setiplequadratic programme is indee:
very good choice for tl optimization of simultaneous sum and difference dabe levels

for monopulse antenne
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Figure 3.38.Resultingnormalized radiatic pattern calculated by a MATLAB scriusing the
sequential quadratic programifor the geometry and excitation of ttaperecmonopulseantenna
array oiFigure3.37. From top to bottom is sum, azimuth difference aleyation differenc
patternsThe colourbaris in dB
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Cost (dB)

0 50 100 150 200 250
Generations

Figure 3.39.The cost function of 50 runs of the genetic algponi as a function of generation.

As reference, the worst performing genetic algamigolution is shown Figure 3.40.

The grey areas are the areas on gh&) plane where the solution match or is better than
the mask requirements. The red areas are the ateme the solution exceeds the mask
requirements. It is obvious that these areas aveTlae maximum value by which the sum
mask is exceeded is 0.8 dB, the maximum value hghwie azimuth difference mask is
exceeded is 1.1 dB and the maximum value by whiehdlevation difference mask is
exceeded is 0.9 dB. The best performing genetiariggn result is shown in Figure 3.41.
Here the sum mask exceeded by a maximum of 0.2h#Bazimuth difference mask is

exceeded by 1 dB and the elevation difference rizaskceeded by 0.5 dB.
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Figure 3.40.Areas where thworst performincgenetic algorithr runfailed to meet the mas
requirement. From top to bottom is sum, azimuth difference aedaion difference patter.
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Figure 3.41.Areas where thbestperforminggenetic algorithr runfailed to meet the mas

requirement. From top to bottom is sum, azimuth difference aledaion difference patter.
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From the required excitation vec (calculated by the sequential quadratic prograr,
and using equatiol(3.40 the required dipole radiation resistances are Galed, anc

shown below i Figure 342.

1045

590

[

Figure 3.42.Radiation resistances presented by each dipolmtiupe the required weights ¢

antenn input impedanc.

The antenna geometry with the eent excitation is showin Figure3.37.0nce again th
dipole numbering is as pFigure 3.5 The dipoles are optimized to be resonant, ane
the required radiation resistance. The results slm@wn in Table 3.7. The radiatior

resstance is the resistance measured at the dipoé.
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Table 3.7.Resultant Dipoles with their simulated radiatiogiseances and dimensions.

Dipole Radiation| Dipole Dipole Dipole Radiation| Dipole Dipole
Number | Res. 2] | Length Width Number | Res. 2] | Length Width
[mm] [mm] [mm] [mm]
1 554 5.355 1.5831 11 627 5.406 1.408¢
2 323 5.173 2.4794 12 544 5.348 1.6098
3 343 5.189 2.3709 13 611 5.396 1.4443
4 1270 5.730 0.6571 14 647 5.419 1.3667
5 737 5.472 1.2019 15 296 5.151 2.6422
6 570 5.367 1.5420 16 473 5.295 1.82372
7 637 5.413 1.3871 17 567 5.365 1.5496
8 293 5.148 2.6638 18 2934 6.070 0.200(
9 358 5.202 2.2912 19 594 5.348 1.4835
10 504 5.319 1.7244 20 1045 5.638 0.8120
21 590 5.381 1.4930

Next, the modules were designed and optimized. Moeules were first individually

optimized for phase. The H-modules are optimizest.fiThe I-modules have the same
dipole dimensions as their corresponding free rasog dipole prototypes and their feed
lengths are then adjusted so that the phase;06 $80°. The T-module dipole lengths are
adjusted first to show resonance at the operatguency. Thereafter their feed lengths
are adjusted to provide a 180° phase differentdvben the ports. The U-modules are
optimized in the same way as the T-modules but wifli phase requirement. The module

dimensions are given in Table 3.8.
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Table 3.8.Individual optimized module dimensions.
Module | Dipole Dipole Feed Dipole Dipole Dipole Feed
Number | Length Width Length Number | Length Width Length
[mm] [mm] [mm] [mm] [mm] [mm] [mm]
1 5.355 1.5831 3.160 11 5.406 1.4089 3.150
2 5.674 2.4794 2.400 12 7.798 1.6098 2.345
3 5.695 2.3709 2.434 13 7.715 1.4443 2.439
4 5.730 0.6571 3.150 14 5.544 1.3667 3.179
5 7.598 1.2019 2.579 15 5.380 2.6422 2.760
6 7.763 1.5420 2.384 16 7.910 1.8232 2.225
7 7.687 1.3871 2472 17 5.915 1.5496 2.670
8 5.380 2.6638 2.760 18 7.191 0.2000 3.124
9 7.200 2.2912 2.300 19 5.527 1.4835 3.141
10 7.857 1.7244 2.280 20 5.638 0.812¢ 3.150
21 5.934 1.4930 2.687

Next, the microstrip wire grid array is constructdd order to do this, the common
horizontal spacing Ppmust be determined first.,0s found by the average of the H-
module horizontal dimensions, but because the feedule phasing is more important
than the other modules for impedance bandwidthP3]is found by first calculating the
average horizontal dimensions for the H-moduley.ofihe average of this value and the
horizontal dimension of the feed module then resultD, which is 6.600 mm in this case.
When the average horizontal dimension is enforgethe H-modules, the phasing of the
H-modules changes. For the H-modules, i§ fixed because of the horizontal constraint,
but $; and Q1 can be re-optimized to 0°. This is done by chaggire dipole lengths of

the H-modules. The new lengths for these dipaleshown in Table 3.9 below.
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Table 3.9.Updated dimensions of the H-modules to accounthf@ichange in their feed lengths.

Module Dipole Dipole Feed
Number | Length Width Length
[mm] [mm] [mm]
5 7.5352 1.202 2.6991
6 7.4631 1.542 2.5290
7 7.4138 1.387 2.6065
9 7.2000 2.664 1.968
10 7.5251 1.724 2.4378
12 7.4864 1.610 2.4951
13 7.4312 1.444 2.5779
16 7.5534 1.823 2.3884
18 7.0684 0.2 3.2000

Once these new lengths of the H-modules are fothwed vertical spacing which is the
average of the H-module heights can be calculdgds calculated to be 7.409 mm. The
dipole lengths and widths in Table 3.8 are usedatustruct the wire grid array, withyD
and O already determined from the H-modules. Using tiesidea as was done for the
equally excited antenna, the T-modules are novwkaereed. For the tapered antenna, the
feed lengths between dipole 2 and 5 as well aslaigoand 6 are measured on the
constructed wire grid antenna. The sum of thesgtisnminus the feed length allocation
from the H-modules of dipole 5 and 6 yields twibe feed length of dipole 2. Half of this
value is therefore used to re-optimize the T-modiildipole 2. The concept is shown in
Figure 3.43 below.

L52Measured + L62Measured - LSfeed length — L6feed length = 2L2feed length (3-41)
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This is an iterative process, because as soomew d-module length is found, this will
affect the measured feed length on the constrwetedgrid antenna. Normally, after
around 3 iterations convergence is reached bettheefeed lengths and dipole lengths.

L5 Feed length -~ ™~ L6 Feedlength

allocation allocation

L2 Feedlength

allocation

Figure 3.43.Determining the feed line length allocated to thenddule of dipole 2.

The same is done for the T-Modules of dipole 3add 21. The new dimensions of the T-

modules are listed in Table 3.10.

Table 3.10.Updated lengths of the T-modules to account forctienge in their feed lengths.

Module Dipole Dipole Feed

Number Length Width Length
[mm] [mm] [mm]

2 6.1090 2.4794 2.1364

3 6.1040 2.3709 2.1882

17 6.025 1.5496 2.6000

21 5.984 1.4930 2.6538

Lastly, the spacings for the U- and I-modules aljesied on the constructed wire grid

antenna (as was done for the equally excited aajamtil the measured feed lengths equal
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the feed lengths calculated during the individuatiole optimization step. The final dipole

spacing parameters are shown in Table 3.11.

Table 3.11.Final dipole spacing parameters.

Parameter Dimension [mm]
Dy 6.6000
Dy1 3.8163
Dy4 3.3851
Dxs 3.9267
Dx11 3.7290
Dx14 3.7302
Dxis 3.9805
Dx19 3.8247
Dx20 3.4314
Dy 7.4050
Feed 17.300
Feeg 19.100

3.7.2 Input match simulation results

A full wave 3D simulation shows that the single dret wire grid antenna is resonant at
17.71 GHz. Therefore, the grid spacing paramegersyell as the dipole lengths need to be

scaled to get the resonance frequency to be aHIBaS required.
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Figure 3.44.Full wave simulation, showing the resonance fregueai the antenna.

The scaling factor is simply 17.71/18, and the galof Table 3.8, Table 3.10 and Table

3.11 are scaled accordingly.

0
———'___—M—_—-
5 \\v v/ Lo | /\__
AN/
\[/
\f
-25
309 (17:83.-10.191) (
o (18.004,-39.871 ) {
-357703 ( 18.185,-10.088 )
40 |
16 16.5 17 17.5 18 18.5 19 19.5 20
Frequency / GHz
Figure 3.45.Input match of the scaled single quadrant micrpstiire grid antenna.
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3.7.3 Second iteration design

The resultant scaling and adjustment of the spguamgmeters to yield optimal phasing for
the modules means that the layout of the anterffeaslirom the layout used to find the
optimal weights. Therefore, the current antennargeoy is used to find the optimal
weights again in a second iteration of the desidpe. differences in radiation resistances
are shown in Table 3.12. It is clear that the gaineend remains the same as far as the
aperture weights are concerned; however, thersigndicant differences at some dipoles,
such as dipole 4. Therefore, a second iteratidgheotiesign is done. The second iteration
is done in exactly the same manner as the precsdictgpn, but based on the new dipole
radiation resistances. The final antenna paramatershown in Table 3.13 and Table
3.14.

Table 3.12.0riginal dipole radiation resistance vs. dipoleiatidn resistance based on the scaled

antenna geometry.

Dipole Original New Dipole Original New

Number Radiation | Radiation | Number Radiation | Radiation
Resistance| Resistance Resistancel Resistance
[Q] (€] [Q] (€]

1 554 514 11 627 525

2 323 326 12 544 480

3 343 353 13 611 453

4 1270 2040 14 647 684

5 737 879 15 296 314

6 570 638 16 473 593

7 637 586 17 567 604

8 293 284 18 2934 2114

9 358 362 19 594 735

10 504 490 20 1045 1120

21 590 496
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Table 3.13.Final antenna dipole dimensions for the secondtitan design.

Dipole Dipole Dipole Dipole Dipole Dipole
Number Length Width Number Length Width
[mm] [mm] [mm] [mm] [mm]
1 5.327 1.695 11 5.335 1.663
2 5.855 2.462 12 7.591 1.801
3 5.822 2.316 13 7.584 1.892
4 5.983 0.299 14 5.550 1.292
5 7.285 0.995 15 5.392 2.532
6 7.433 1.385 16 7.465 1.486
7 7.470 1.502 17 5.678 1.460
8 5.377 2.723 18 7.092 0.256
9 6.800 2.271 19 5.568 1.205
10 7.530 1.768 20 5.673 0.744
21 5.848 1.749
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Table 3.14.Final antenna grid spacing parameters.

Parameter Dimension [mm]
Dy 6.518
Dx1 3.709
Dxa 3.050
Dys 3.774
Dx11 3.662
D14 3.636
Dx1s 3.764
Dx19 3.602
D20 3.284
Dy 7.315
Feed 17.300
Feed 19.100

3.7.4 Input match of the second iteration design

Once again, the resonance of the antenna is |dwaerthe expected 18 GHz by 150 MHz;
therefore the antenna is scaled again by a fadtat7d5/18 to achieve the required

resonance at 18 GHz.
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Figure 3.46.|S4] showing theesonance frequency of the second iteration design.
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Figure 3.47.|S4| showing theesonance frequency of the second iteration d€Sigaled).
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3.7.5 Surface current simulation

The vertical currents are shown in Figure 3.48 weld measurement was made regarding
the phase the currents by measuring the phase aetiter of each dipole. The results are

shown in Table 3.15.

Figure 3.48.Vertical currents of the tapered microstrip wir@garray section.

Table 3.15.Dipole current phase.

Dipole Dipole Dipole Dipole
Number Phase (°) | Number Phase (°)
1 167 11 173
2 172 12 168
3 177 13 172
4 167 14 168
5 163 15 186
6 166 16 170
7 169 17 173
8 178 18 168
9 145 19 174
10 170 20 169
21 179
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As can be seen, the currents are relatively ingghaigh a total phase range of 15° for non-
feed elements. The feed element has a phase ofwlZibh is not easily changeable. This
is considerably different to the average phase6d”1The feed element might therefore
produce significant spurious radiation as a redie resulting radiation patterns shows
that the required masks are generally met, howasgecially in the azimuth difference
pattern the required mask is exceeded significafithe radiation patterns in the principle
planes for the tapered versus the equally excie=sigd are shown in Figure 3.49, and
detailed radiation patterns are shown in Figur®.3Fr the sum pattern shown in Figure
3.50, the mask is only exceeded at a single pgird maximum of 0.3 dB. For practical
purposes the sum pattern therefore meets the regskrements. The azimuth difference
mask exceeds the mask requirements at varioussplahe biggest differences are @td)

= (31, 0)° and (31, 180)°. Here the mask requirementeaceeded by 2.1 dB. AD(¢) =
(59, 0)° and (59, 180)° the mask is exceeded by 0.7wdille at @, ¢) = (19, 60)° , (19,
120)° , (19, 240)° and (19, 300)° the mask is esee by 2 dB. Although the mask is
exceeded, the overall side lobe level is still drethan for the equally excited case. The
elevation difference mask exceeds the mask reqeme&srat couple of places. The biggest
differences are at( ¢) = (21, 45)° , (21 135)° , (21225)° and (21315)° .Here the mask
requirements are exceeded by 1 dB.

At (6, ¢) = (80, 90)° and (80, 270)° the mask is exceedgedb dB. The elevation
difference pattern is much better than the azinifference pattern. Once again, the
pattern is better than for the equally excited case

As a reference, and to show the improvement in llifference patterns, the equally
excited patterns are shown in Figure 3.51. Tablék te value differences are also
included.
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Figure 3.49.Principal plane patterns showing the differencewben the equally excited antenna

and the tapered antenna. The thick black lineesgmt the mask constraints in the principal

planes.
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Figure 3.50.The resulting patterns for the tapered monopulseasirip wire grid array. Red areas
indicate the places where the required mask isesbark Top to bottom is sum, azimuth difference

and elevation difference patterns.
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0 45

Figure 3.51.The resulting patterns for the equally excited nmise microstrip wire grid array.
Red areas indicate the places where the requiretl im@&xceeded. Top to bottom is sum, azimuth
difference and elevation difference patterns.
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Table 3.16 shows a comparison between the equatlited antenna and the tapered
antenna with respect to how much they exceed thairedl azimuth difference mask.
These differences are indicated at key markers shiow Figure 3.51.

Table 3.16.Comparisons of by how much the equally excitedtapered antennas exceed the

azimuth difference mask requirement.

Nr. Equally Excited [dB]| Tapered [dB]
1 3.9 2.1
2 1.3 <=0
3 4.8 19
4 19 0.8

Table 3.17 shows a comparison between the equatiifed antenna and the tapered
antenna with respect to how much they exceed theirexl elevation difference mask.

These differences are indicated at key markers shiow Figure 3.51.

Table 3.17.Comparisons of by how much the equally excitedtapdred antennas exceed the

elevation difference mask requirement.

Nr. Equally Excited Tapered
5 3.4 <=0
6 5.2 1
7 0.6 <=0
8 <=0 0.5
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Sum Pattern ¢=0° Sum Pattern ¢=90°

Equally Excited

= Tapered
Az. Dif. Pattern g=0° El Dif. Pattern$=90°

180°

Figure 3.52.Full wave simulation showing the principal planfeafiences between the equally

excited and tapered antennas.

Figure 3.52 shows that there is improvement betweemrqually exited and tapered
design. The only place where the equally excitesigiheshows better lobe levels, and

where the mask is exceeded is for the elevatidardifice pattern &= 80°.
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3.8 COMPARATOR DESIGN

The comparator was designed in microstrip and sitedl as per Figure 2.3. First, a 90°
hybrid was implemented. Then a 90° microstrip kvees added and simulated. Lastly, four
of these hybrids plus quarter wave combinationevessembled to construct the complete

comparator circuit.

3.8.1 90° hybrid coupler

A 90° hybrid coupler was designed and construated$T microwave studio on a Rogers
5880 substrate of thickness 0.127 mm

P1

P4

P3

Figure 3.53.A 90° hybrid coupler constructed on Rogers 588 dielectric thickness of 0.127

mm.

The magnitude of the S-parameters of the Hybridpmyus shown in Figure 3.54. From
this figure it is clear that the input is well miagdl at 18 GHz. 3 is represented by the red
trace, and is measured at -33 dB. The isolatiowdst ports 1 and 4 is also excellent at 18
GHz. S; is represented by the orange trace. The throudghcaaopled ports & and 3
shows excellent balance with botk &nd 3; equals to -3.3 dB. Figure 3.55 shows the

phase differential between:&and 3;. The phase differential is equal to 89.98°.
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Figure 3.54.Magnitude of the S-parameters of the 90° hybriapber.
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Figure 3.55.Phase of the S-parameters of the 90° hybrid coupler
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Next, a quarter wave transmission line is addatdeéd®0° hybrid as follows.

P1
P2

P4

P3

Figure 3.56.A 90° hybrid coupler plus quarter wave line consted on Rogers 5880 with

dielectric thickness of 0.127 mm.

The magnitude of the S-parameters shows somersh#irding input match and isolation,
but these parameters are still perfectly acceptaldlere importantly, both &, S51, $4 and
Sz4 are still equal to -3.3 dB. Also, it can be seleantthe phase differential between S
and S is 0°, while the phase differential between &d S, is 0.4°.
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Figure 3.57.Magnitude of the S-parameters of the 90° hybridoteuplus quarter wave section.
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Figure 3.58.Phase of 8, $1, $4 and 34 for the 90° hybrid plus quarter wave section.
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3.8.2 The complete monopulse comparator

Figure 3.59.The complete monopulse comparator constructedogrei® 5880 with dielectric

thickness of 0.127mm.

From the magnitude of the S-parameters, it canees shat the power to each port is
around -6.5 dB. Therefore, the loss through theparator is 0.5 dB. It can also be seen
that the difference in thesss S, Sz and Ss parameter is less than 0.5 dB over the span
17.5 GHz to 18.5 GHz. Also, the isolation betweaty &f the driving ports of the
comparator (portl to port4) is more than 30 dB ateleast a 500 MHz bandwidth at 18
GHz. With port 1 as driving port, the expected madehe antenna will be elevation
difference. Here, the maximum phase error is 1t328aGHz. Port 2 is expected to the
double difference channel and will not be usedt Barepresents the azimuth difference
channel. Here 3 and 33 show a maximum error of 1.1°, whilgs&nd S3; shows an error

of 1.8°. Lastly for Port 3 as driving portsgsnd $3; show an error of 0.1°.

Department of Electrical, Electronic and ComputegiBeering 101
University of Pretoria

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Q= YUNIBESITHI YA PRETORIA

CHAPTER 3 ANTENNA SYNTHESIS AND DESIGN
’ |
29 (18.-649) g5
02( 18,-6.4264 ) S6.1
4119 (18, -6.4834)1— 871
0, (18,-6.4031)||—ss,1 At
-6 jos‘ 18. -6.5634 )éi ) | —————  — —
; e B 4 = 4 -‘_“_‘——\_‘
p Ho (18.-6.4701)— 56, ]
- 07( 18,-6.5231 )||—87.2 ]
1o 1% (18.-64106))[ 55
9 (18,-6.4524)||—g53
12494 18.-6.4553 )0— 56,3
0 { 18.-6.4314)(| 573
-14{0 4 18, -6.4702 )58 3
04 18.-64773)||—s5.4
-16 -ol'i 18, -6.5248 )[1— 56.4
04 18,-6.415) ||—s74
-18 ﬁo]é 18.-6.4906 )[|— g8 4
20 !
16 16.5 17 17.5 18 18.5 19 19.5 20
Frequency / GHz
-10
||
™ ’//’/
-30’*01( 18,-51.29) [[—sz.1 z
-9, (18,-45.432)(|— 83,1 / e
-40H% (18,-65.592)H S4.1 —=
9, (18,-51.632)|[—s1.2[=
o (18.-60.896) sS4 7 '
-5077%( 18,-45.101 )[]— 4,2 77
2, (18,-45.04) [|—s13 %
o (18,-61.389) S2.3
-60H 1 -
G 18, -50.086 ) S4,3 AT )
Od 18, -66.674 ) S1.4 S
-T010 { 18, -44.887 ) — 2.4
0 4 18,-49.755 )| [—S3.4
-80 |
16 16.5 17 17.5 18 18.5 19 19.5 20
Frequency / GHz
Figure 3.60.Magnitude of key S-parameters of the complete coaipa
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Figure 3.61.Phase of key S-parameters of the complete comparato

The sum channel is expected to be formed whenmdyifiort 4. The phase error between
S54 and S64 is 0.6° and the phase error betweerasb484 is 0.4°. Lastly the phase
error between S64 and S74 is 0.6°. The comparaortleerefore be used to drive the

monopulse antenna array.

3.9 CONSTRUCTION OF THE COMPLETE MONOPULSE MICROSTRIP
WIRE GRID ARRAY

The complete monopulse microstrip wire grid array constructed on a compound
substrate, with stack up as shown below. The mdsemomparator sits at the back of the
antenna, and feeds the antenna at the same Ixa®nvas done during the previous

simulations.
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TOP COPPER (ANTENNA)

ANTENNA DIELECTRIC
(ROGERS 5880 0.787 mm THICK
0.5E/0.5E

ANTENNA GROUND

FRS5 PRE-PREG, 0.063 mm
THICK

COMPARATOR GROUND

COMPARATOR DIELECTRIC
(ROGERS 5880 0.127 mm THIC
0.5E/0.5E

BOTTOM COPPER
(COMPARATOR)

Figure 3.62.Substrate used for the complete antenna desigmandfacturing.

Circuitry on the back of the antenna like the maris@ comparator is referenced to the
ground plane on the bottom, while the antennafese@aced to the ground plane on the top.
These ground planes need to be connected by vieferably at the spots where the back
circuitry connects to the antenna. The first stepoi check that the feed will still work

properly when the coaxial probe feeds are replégethe microstrip to coax transition as
shown below. The microstrip running at the backhef substrate, and referenced to the
ground plane forming part of the bottom dielectsicconnected to the probe, which runs
through the substrate and is connected to the sirgqoowire grid array. Around the

clearance is arranged 5 vias which drills throughthte ground plane on the antenna
substrate. The ground planes are therefore comhattéhese points. The coaxial clearing

was adjusted to yield optimal results
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Figure 3.63.Microstrip to probe transition.
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Figure 3.64.Input match to the antenna with the microstrip-grafansition.
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Figure 3.65.Comparator constructed on the back of the antenna.

The comparator was constructed on the back ofritenaa. The comparator is driven with
four Corning Gilbert GPPO connectors. Because ¢ierm loss of these connectors starts
to degrade from 20 GHz and higher, a quart wavéisseavas implemented at each
connector to improve the return loss. The figurbweshows the antenna side where the

feeds connect to the antenna.

Figure 3.66.Area where the probe feed connects to the antenna.
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3.10 CHAPTER CONCLUSION

This chapter has outlined a design process for mopuse microstrip wire grid antenna.
The chapter starts off with a derivation of theediivity for a monopulse antenna in
general. Next, a wire grid monopulse antenna ohkgucitation was designed, following
the methodology proposed by Palmer [3]. Some exparaf the methodology was done,
by observing that dipole lengths for two port dgmlcould be found by looking at the
magnitude of the s-parameters. The magnitude glsadws where the dipole is resonant.
Doing this eliminates the ambiguity of finding angle phase parameter with multiple
variables that can be tuned to find this parameétecomparison between the analytical
model and a full wave simulation already shows saliiserepancies in the expected side
lobe level. This could be due to mutual coupliregd radiation and surface waves. These
phenomena are amongst the factors limiting thehegns of exact side lobe levels. A
sequential quadratic programme, based on the wiokkcblamara [7], and expanded to a
monopulse antenna with azimuth and elevation diffee patterns, as well as arbitrary
element arrangement was developed. The results orereked with a simple genetic
algorithm with the same constraint levels. The Itesof this optimization were applied to
the design of a tapered monopulse microstrip wireg gntenna. Even though the resulting
tapered antenna did exceed the mask requiremeatcatuple of key coordinates, the
resulting tapering did lower these key side lobeele by an average of 2 dB over the

equally excited antenna.
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CHAPTER 4 SIMULATED AND MEASURED
RESULTS

4.1 INTRODUCTION

This chapter outlines the results for the finaletaggl monopulse microstrip wire grid
antenna including the comparator network. The fiestults discussed are the full wave

electromagnetic simulation results. After this, #wtual measured results are given.

4.2 3D EM SIMULATION RESULTS OF THE COMPLETE MONOPULSE
WIRE GRID ANTENNA
4.2.1 Input match

The input match for all three modes of operatiam{sazimuth difference and elevation
difference) is shown below. The 10 dB bandwidth58 MHz, or around 2.5%.

N/
:;: \/
¥

'25 F
-30
-35
o (17.801,-9.9352) |—SL.I
] ~
-407719, (17.989, -26.621 )[|—S3
9 ( 18.253,-9.9908 )| |—S4.4
A5T5 r 1% 010, 296 043
AL
-50 1
16 16.5 17 17.5 18 18.5 19 19.5 20
Frequency / GHz

Figure 4.1.Input match for all three modes of operation.
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4.2.2 Side lobe levels

The results of the complete monopulse wire grigiamd is shown in Figure 4.3 and Figure
4.3. Adding the comparator network shows some diagi@n in side lobe levels over the
simulations where the quadrants were fed in pedettphase with four different ports.
For the sum pattern, the side lobes are degradé # = (90° 15°), where the mask is
exceeded by 0.8 dB. The other point remains theesasnthe four quadrant simulation at
(0, ¢) = (90° 73°) where the mask is exceeded by 0.3 dB. Thewhipattern shows the
worst results, where the mask is exceeded,af) (= (0°, 32°) and ¢, ¢) = (0°, 58°), by 2.9
dB and 2.1 dB respectively in the azimuth planes €levation difference pattern matches
the mask in the elevation plane, but exceeds thekrbg 2.2 dB and 1.9 dB a#,(¢) =
(20°, 45°) and ¢, ¢) = (30° 30°) respectively. It is clear however, that theet@d design
does yield better side lobe levels than the equadtited antenna, which is included in the

principle plane pattern plots of Figure 4.3.
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Sum Pattern ¢=0° Sum Pattern ¢=90°
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Figure 4.2.Principal plane radiation patterns showing wheeerttask is exceeded. The thick black

lines represent the mask constraints in the pra@lanes.
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(5]

Theta (degrees)

0 45 90 135 180 225 270 315 360
Phi (degrees)

Figure 4.3.Resulting normalized radiation patterns for thalffitmpered monopulse wire grid array.
Areas in red are where the mask is exceeded. Fopriotbottom is sum, azimuth difference and

elevation difference patterns.

The places where the difference patterns signifigaxceed the masks are shown in the
table below, and the markers are indicated onitjueds above. As can be seen, even
though the masks are exceeded, the side lobe laretgenerally still better than what

could be achieved for the equally excited case.
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Table 4.1.Comparison between how much the equally excited@oeled antenna exceeds the

mask requirements.

Nr. Equally Excited Complete microstrip
Array [dB] monopulse wire grid array with
tapered excitation [dB]
1 <=0 0.8
2 <=0 0.3
3 3.8 2.9
4 1.9 2.1
5 4.8 3.1
6 5.2 2.2
7 0.6 1.9

4.2.3 General comments on the resultant pattern

From the table above it is clear that the maskirements could not be met by the realized
antenna. Further degradation is observed from thadépendent quadrant simulation
results of Chapter 3. Even so, it should be ndtad generally, at the key indicated places
where the mask requirement are exceeded, it isrglgnequal or better than an equally
excited antenna. On the sum pattern, it is clearttite mask is exceeded by less than 1 dB.
The only place where the tapered solution delivessse side lobe levels than the equally
excited antenna is at marker 8. The results in @nap and Chapter 4 show that even
though it is possible to lower side lobe levels wheapering the dipole currents by varying
their widths, the microstrip wire grid array posesne significant challenges when trying
to synthesize specific side lobe levels. This geeglly true when trying to synthesize side

lobe levels on all three patterns for a monopulszastrip wire grid array.
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4.2.4 Monopulse null

Another important metric for monopulse antennakésnull depth and direction. The null
depth is mainly determined by how well the monopuwsmparator balances the
amplitudes to the 4 quadrants. The phasing wilehav influence on the null direction.

As can be seen from the difference patterns shoviagure 4.4 and Figure 4.5 below, the
difference nulls for both azimuth and elevationgats are around -30 dB, while the null

position is around 0.1°

Farfield Realized Gain Abs (Phi=0)

Frequency = 18

Main lobe magnitude =-3.91e-014 dB
Main lobe direction = 8.4 deg.
Angular width (3 dB)= 9.4 deg.
Side lobe level = -14.0 dB

150
180

Theta / Degree vs. dB

Figure 4.4.Difference null for the azimuth difference pattern.
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Frequency = 18

Main lobe magnitude = -0.0608 dB
Main lobe direction= 7.5 deg.
Angular width (3 dB) = 8.5 deg.
Side lobe level = -18.1 dB

180

Theta / Degree vs. dB

Figure 4.5.Difference null for the elevation difference patter

4.3 MEASURED RESULTS OF THE MANUFACTURED MONOPULSE
MICROSTRIP WIRE GRID ARRAY

The antenna was manufactured using the layer stacks shown in Figure 3.62. The

resulting antenna is shown in Figure 4.6.
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Figure 4.6.The front side of the manufactured monopulse midmwvire grid antenna.
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4.3.1 S-parameters

The S-parameters for the sum, azimuth and elevatiannels are shown in Figure 4.7 to
Figure 4.11 below. It is clear that the measuredafmeters are different from the

simulated S-parameters shown in Figure 4.1. Thenmaason here is that the GPPO
connectors used could not be characterized actursthen moving the connectors, there
was huge response difference detected. The cuelew lare the curves that resulted most
of the times when the connectors were adjusteflitume, it is highly recommended to use
screw-in connectors. The sum channel -10 dB inpattmbandwidth is measured at 1.41
GHz, while the -15 dB match bandwidth is 780 MHteTsum channel input match

bandwidth is usually more important than the azhmand elevation channels input match
bandwidths, because the radar transmitter is Idcat¢his channel. The isolations between
the sum and two difference channels are better 20adB over the span 17 GHz to 18.7
GHz. These isolations are shown in Figure 4.10 Rigdre 4.11. Isolation results show

good correlation between measurements and simujatidicating that the connectors are

the main contributor to differences in reflectiaretficient measurements.

Sum channel return loss

=)
=
2
5‘5 —Measured
s> N NN S Simulated
o
k=
3.
=
L
~

_4 1 1 1 1 1 1 1 1 1 |

17 17.2 17.4 17.6 17.8 18 18.2 18.4 18.6 18.8 19
Frequency [GHz]
Figure 4.7.Measured sum channel reflection coefficient.
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Azimuth difference channel return loss
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Figure 4.8.Measured azimuth difference channel reflection facieft.
Elevation difference channel return loss
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Figure 4.9.Measured elevation difference channel reflectioefficient.
Department of Electrical, Electronic and ComputegiBeering 117

University of Pretoria

© University of Pretoria



-
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Q= YUNIBESITHI YA PRETORIA

CHAPTER 4 SIMULATED AND MEASURED RESULTS

Sum-Azimuth difference channel isolation
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Figure 4.10.Measured isolation between the sum and azimutbréifice channels.

Sum-Elevation difference channel isolation
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Figure 4.11.Measured isolation between the sum and elevatifereince channels.
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4.3.2 Radiation patterns

Time constraints did not allow the full 3D measueemof the radiation patterns. Instead,
the radiation patterns were measured in the prahg@panes only. The radiation patterns
were measured at the compact range at the UniyesiPretoria. Figure 4.12 to Figure
4.15 show the radiation patterns in the azimutheladation planes of the antenna. As can
be seen the measured results generally agree \telltke simulated results. The sum
pattern in the azimuth plane is the only patterrereha measured side lobe 6at18°
exceeds the simulated side lobe by 1.7 dB.

Sum pattern [dB] ¢=90°

0dB

— Measured
90°
——Simulated

Figure 4.12.Sum pattern in the elevation plane.

The null depth for the elevation difference pattisrbetter than 30 dB, and the direction is
better than 1° off boresight. Although the direstiovas very difficult to measure

accurately, since the antenna itself is not vefiyatd generally warped to some extent.
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Elevation difference pattern [dB] #=90°
Oﬂ

o Measured
%0 = —Simulated
Figure 4.13.Elevation difference pattern.
Sum pattern [dB] ¢=0°
OO
—— Measured |
= =Simulated |
Figure 4.14.Sum pattern in the azimuth plane.
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Azimuth difference pattern [dB] ¢=0°
0()

-0 O(l

90° —— Measured
= —Simulated

Figure 4.15.AZiI::EI'[h difference pattern.
The null depth for the azimuth difference patterbetter than 40 dB, and its direction is
also less than 1° off boresight. To better meatheeull directions for the difference
patterns in future, a better jig needs to be desiga secure the antenna in a very flat
position. The measured sum channel gain vs. fraxyusrshown in Figure 4.16. The
measured gain is roughly 2 dB lower than the sitedlgain. This can be attributed to the
cable used for the measurement. Since the antdiizasiGPPO connectors, the SMA to
GPPO cable was not included in the calibration. ddt@le employed was a Huber-Suhner
Minibend cable with SMA-SMA interfaces of 250 mnmdgh. The cable has a specified
loss of 4 dB/m at 18 GHz. This cable has beenspactively measured to have a loss of 1
dB using a vector network analyser. What couldb®measured was the loss of the SMA-
GPPO adapter and GPPO-GPPO snap-in interface smteana circuit board. Therefore,

the difference between measured gain and simuggtiedis less than 1 dB.
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The 3dB gain bandwidth extends from 17.7 GHz t® I81z. Combining this with the
impedance bandwidth makes the antenna useablelffohGHz to 18.3 GHz.

Antenna gain vs. frequency

Gain [dBi]

| 1 1 1 1 I I 1 1 I ]
%7 17.2 174 17.6 17.8 18 18.2 18.4 18.6 18.8 19
Frequency [GHz]

Figure 4.16.Measured sum-channel gain vs. frequency.

4.4 CHAPTER CONCLUSION

This chapter outlined the results of the final mauiee microstrip wire grid antenna. It
shows that it is quite a challenge to synthesizcexgide lobe levels in all three patterns
simultaneously and realise the design using theasiigp wire grid array. The GPPO
connectors presented difficulties especially with measurement of the S-parameters. The
manufactured antenna exhibited very good impedaacelwidth of 780 MHz for -15 dB
input match. The gain bandwidth is also very resgi@e at 1.2 GHz and the combined
bandwidth of 600 MHz is 3.33%. It is highly reconmded to use screw-in connectors in
future to eliminate changes in S-parameters whenféed connectors and cables are
moved. There is generally good agreement betwesmt#masured and simulated radiation
patterns in the principal planes. Although an eguakcited antenna was not physically
manufactured, the full wave results shows thattéipered antenna did achieve better side

lobe levels than the equally excited antenna.
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The design of a monopulse wire grid antenna withuieaneous synthesized sum, azimuth
and elevation difference patterns is presentedtl¥iran analytical model was developed
to calculate the radiation pattern of a monopulserana of arbitrary arrangement. Next,
the design procedure based on the work done byePdBhwas used to design an equally
excited monopulse array. The work by Palmer wasedpd somewhat by noting that the
dipole lengths for two-port modules can easily twend by looking at the magnitude of the
s-parameters first. Examining the magnitude of 821he two-port modules reveals the
resonance frequency of the dipole. Therefore theldilengths can be set first, before the
feed arm lengths are adjusted for optimal modulasply. This procedure eliminates
ambiguity when optimizing a single phase paramitewo variables (dipole length and
feed arm length) are available for tuning. The giesivas implemented in CST Studio
Suite which is a commercial finite difference tirdemain solver. The 3D full wave
simulation was then compared to the analytical mdaaring this step it became clear that
effects such as mutual coupling, feed point ragimind surface waves contribute to the
degradation of side lobe levels, which would mdike synthesis of exact side lobe levels
for all three radiation patterns of the monopulsteana difficult. Large differences were
noted, especially where low side lobes in the oodleR2 dB and lower were predicted by
the analytical model. The method as proposed by &nehia [7] to find simultaneously
optimally low side lobes for the sum and differemagterns of an equally spaced linear
array was adapted for monopulse antennas of arpizr@angement, and having azimuth
and elevation difference patterns. This code was tised to find mask constraints for the
sum and two difference patterns. In order for thisvork, the integral equations needed to
evaluate the directivity are kept numerical. Irew fspecial cases, exact solutions to these
integrals may be found, but generally, no closenfexpressions for these integrals exist.
A simple genetic algorithm was developed to chéekvalidity of the sequential quadratic
programme. The cost function of the genetic alparitvas optimized somewhat to allow
many differences to the mask constraint, but thferdinces should be small. This was

done by modifying the cost function in such a whgtta single large difference to the
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mask is penalised more severely than a large anmafusinall differences. This is easily
achieved by raising the cost function to some egpanAlthough not much effort was
spent on optimizing the genetic algorithm cost fiow; adequate performance was
achieved, and after 50 runs of the genetic algworitiaving 250 generations, the results of
the genetic algorithm came extremely close to thaktained by the sequential quadratic
programme. This gave great confidence that the es#@l quadratic programme does
indeed yield lowest possible simultaneous sidedobé&e calculated excitation taper was
then implemented in the design of a monopulse rsidpwire grid antenna. The dipole
widths were changed in accordance with the exoitataper as proposed by Palmer [3],
where the dipole widths are almost directly projooil to the excitation weight. During
this design, the phases of the vertical currentshatcentre of each dipole were all
distributed within 15° from an average of 167°, epicfor the feed dipole which was off by
around 23° from the average dipole current phake. main reason for the poor phase
performance is the asymmetric probe feed employéis feed makes it impossible to
satisfy all the port phasing relationships requifedthe feed module. Since the phasing
relationships at the feed cannot be satisfied,dteates problems throughout the wire grid
array. Palmer [3] also noted that the feed modéhésmost important module, and will
have serious ramifications for the rest of theyaifgproblems arise at this module. Since
the currents are not all exactly in phase, it ipeeted to degrade the side lobe levels in
addition to effects such as mutual coupling. N#hadess, the tapered antenna did improve
the simultaneous side lobe level in all three radalapatterns by an average of 2 dB over
the equally excited antenna at key coordinatesorAparator network was designed to feed
the four quadrants of the monopulse antenna. Thgawator network has four channels,
where each channel generates phasing relationbleipgeen the antenna quadrants that
will result in sum, elevation difference, azimutiffetence and double difference patterns.
The double difference pattern channel was not aseldsimply terminated.

Full wave simulations have shown that feeding ahthe input ports of the comparator,
resulted in an average power to each antenna quadia6.5 dB lower than the input

power at the port. The power spread between thenaatquadrants is less than 0.16 dB
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between all feed ports, while the phase error betwmtee quadrants is generally less than
1.8° for all feed ports. Isolation between channglmore than 30 dB over a 500 MHZ
span around 18 GHz.

The antenna was manufactured according to theesig measured. The connectors used
was Corning GPPO snap-in connectors, and theseectote made measurements of the S-
parameters difficult, as small movement of the feallles and connectors resulted in large
variations in the observed S-parameters. Nevedhglewas possible to determine the S-
parameters after making lots of cable movementsoésdrving the resulting S-parameters
on the vector network analyser. As a result ofcixenectors, and not being able to include
the connector effects effectively in the 3D fullweasimulation, the S-parameters did not
agree very well with the simulated results, altHougvas clear that the antenna is resonant
at 18 GHz. The measured radiation patterns in #i@ sntenna axes agreed very well with
the simulated results, but the overall gain wasrdbw about 2 dB. The feed cable having
the SMA-GPPO interface could not be included in ¢jaén calibration of the anechoic
chamber. The feed cable have an expected lospoharl dB at 18 GHz, while the SMA-
GPPO interface, and the GPPO-GPPO snap in conneaéive a further unknown loss.

Therefore differences between simulated and medgaia is less than 1 dB.

The main contributions of this work can therefoeesommarized as follows:

1.) Expansion of the design method proposed by Palg&jdryl removing ambiguities
in the design process for all two-port modulestiv@nmore, this design process is
outlined in detail using a tapered excitation desig

2.) The sequential quadratic programme using simultameonstraints proposed by
McNamara7] has been expanded to allow for the design of 2Dapolse
antennas of arbitrary arrangement, and having ahiemd elevation difference
patterns.

3.) This work found that it is not trivial to desigretmicrostrip monopulse wire grid
array for exact side lobe level requirements. itiportant to control the phase of

the vertical currents, which is very difficult dteethe asymmetrical nature of the
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feed module. This together with mutual couplingNesn dipoles causes

degradation in the radiation pattern response.
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