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ABSTRACT

The wireless world we live in has been made possible dietdesigrand development

of antema systems. These play a critical role in the transmissnoh raception of
electromagnetic signalgver large distances. For efficient signal transmission, multiple
antennas are arranged in a spedificor a 2D system called @&ntenna ArrayOne of the
key applications of @ennaarraysis to focus the energy dhe entire antenna array at a
user defined point in spacthis gives the user the ability thhange thdocusing of the
energy to move from orgpecific pointo anotherThis has been conventionally achieved
using phase shifters in front of each antesleaent thus ensuring there is a path difference
in the signalg1] [2] emanating from each antenfdese signalsombine in the far field
giving rise to a specific antenna pattern.

The goal of tis dissertation is to present an alternative system that uses amplitude as the
main variable instehof phase in order to achieve beasesing.With the work of Costas

[3] [4] as a starting poing fully functional beam steering system using amplitude has been
designed and built and the design of each block in the functional system is elucidated in
this thesis.

The amplitude beam steering system consists of interleaved arrays that are fed with
alternating phases of @nd 90 (with a further option to flip the sign if needeah)d with

proper weights in order to steer the bedhre design of the antenna arrays is outlined with
specific focus on the unit element which is the microstrip dipole anaptiraization of its
parameters. Thaeimulatedresults of the individual dipole are then compared to the
fabricated dipole antenna. Following this, a detailed discussion on the ground plane with
slots is presented that makes the patterns unidirectionadul&ions showing the
performance of the arrays are presented which confirm the idea of the amplitude based
beam steering systerhe designed ground plane is fabricated and the behavior of the

antennas in the ground plane is characterized and is vetgrsimihe simulation results

XVili



This is then followed by the design of the feed networks that are used to power the
amplitude based array@lilkinson Power dividers usedasthe main fundamental splitter

to equally split the powers. The proper weights #ratcalculated are implemented using
attenuators and the design of the attenuardealt with in detail as well. For the
comparison of performance, a normal array along with its feed networks using meandered

lines is designed and fabricated.

Simulatiors show the performance behavior of the normal and amplitude arrays and the
overall testing of both of the arrays is performed in the antenna chamber and the results are
outlined. The normalized radiation patterns of the measured amplitude array vakdate th
idea of amplitude based steering. Performance metrics in terms of gain and input power
ratios are discussed in detail. This is followed by an analysis of mutual coupling and design
of decouplng circuit and its optimization.

The final chapter in this dgsertation deals with th@nclusion and the future work which

is extension of this idea to 2D beam scanning
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CHAPTER 1

INTRODUCTION

Antennas have long been considered the magic black box of Electromagdivétictheir
ability to transfer and receive signals iweeless fashion, they are a modern day wonder
and an illustration of the ingenuity of the human miAdtennas which were limited to
very specific applicationssuch asdefenseand communicationhave now become
ubiquitous- from usage in dephones to awtmobiles and to airplane¥he main reason

for such widespread usage is the ability of antennas to work togiethgite operating at
different frequencies and working efficiently as an antenna array at the same frequency.

Antennascomein a variety of shpes and the operation of the individual antennas
are analyzed in the standard textbooks on antennas (Balanis, Stutzman and Thiele, Jordan
etc) and will not be discussed here except for the microstrip dipole which is used as the
building block of the anteranarray. The concepts of radiation pattern gain, polarization
and effective area, near and far field signals will not be discussed here. The behavior of the
dipole will be assumed to be known. This thesis is an investigation of the method of

achieving beansteering by amplitude instead of phase.

An antenna &ay isa periodicarrangement of individual antennas elementa in
one dimensionallD) or two dimensional(2D) fashion separated by a specified distance
and which are individually excitedtpending o the application, as sketchedHig 1.1 and
1.2. Fig. 1.1 shows aD arrayof dipoles. The arms of the dipoles argented in thez-
axis direction andare arranged in a line along theaXis The dipoles are uniformly
separated by a distance designaiedhe inteelement spacing. Fid..2 indicates a 2D

patch antenna array with the rectangles indicatingptiteh antennas (as an example)

20



aligned in the 2D grid in the-X plane The interelement spacing along X and Y axis is
given by d and d respectively.

£

ﬂ

Figurel. 2 Two dimensional (2Dpatchantenna array

The antenna array is generally characterized bipws parameters which are the
number of elements in the arrdy)( the spacing between the antenna elements in the array
Q1) where 6dd6 is the spaci nlgsthe avelemgthnat t h e
the designated frequency of operation and the overall length of the ljr&afanis[1]

and Stutzman and ThieJ2] provide excellent references for the description of the arrays.

Antenna arrays enhance the overall gain of the antenna system. Further, antenna
arrays provide the ability to focus the entire energy of the array towards a Siaegéin
spaceand allow the direction of focusing to be varied electronically. Thaslgeved by
ensuring propesignals are supplied to the antenna elements in the diais theidea

of Beam Steeringvhich is discussed idetail in the next chapter

21
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1.1.1 Radiation Pattern

When multiple antennas asxcited together, the radiated signals or waves from each
antenna combin@ the far fietl in a spacen a specific pattern called tHeadiation
Pattern [1] [2]. A typical radiation patterfrom a dipole array is showim Fig. 13. A
direction of 90° is defined &roadside The two extemes 0° and 180° are definedzsl

Fire directions. This is the convention that weill be using here. fere are other
conventions as well and hence for the sake of cldhieydescription of broadside and end

fire isbeing elaborated here.

As observedrom Fig. 1.3, the combined energy from the antennas show that the
major portion of the energy is along the broadside direction as indicatedMgith8eam
or the Major Lobe In addition to the required direction, there are some other directions in
which the array radiates as well and these are indicated ksidbdobesThe principle
goal is to ensure that much of the energy is directed towards the required direction and very
little in the unwanted directions. There is always a fine balance that ttebdsachieved

between these two goals.

Main lobe
Broadside
direction

8o = 90°

Side lobes

<3
s @ =

-

End fire 1 End fire
direction ¢ direction

8o = 180° B0=0°

<A

Back lobes

Figure 1.3 Radiation pattern
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Costad3] [4] elaboratess method of achieving beam steering using ampliasdbe maai
variablethat uses interleaved arrays. The two arrays are supplied with signals that are 90°
out of phasd3] [4] [5].By proper weighting of the required elements,rbesteering is
achievedThis is dealt in detail in the next chapter as well.

1.1.2 Horizontal dipoles over a ground plane

The unit antenna element that is used in the array is the dipole whose behavior is well
characterizedl] [2]. The unit dipole elemens placed horizontally over a finite ground
plane that ensures the radiation is unidirectional. A simple illustration igdpobtelow.

The dipoles element @aced such that the arms are along tfi@Xs and the ground plane

is in the XZ plane. Thus the dipole will have a unidirectional radigiatternin the YZ

plane which is the pattern of interesThe dimensions of the ground plaf@ thus

illustrationare24 cm x24cnwith a thickness of 5.6m.

DIPOLE

GROUND PLANE

5.6 mm thick ground plane

(a) Structure of the horizontal dipole over a finite ground plane

23



(b) YZ plane

Figure 1.4 Dipole with the inclusion of a ground plane and its effects

The mechanism of beam steering using phase has wekrresearched and
documented. This thesis deals with providing an alternate method of beam steering for the
designer that can be deployed when necessary. It uses amplitude as the main variable that
would be used for beam steering. Insights into the desig working of the system along
with the results and the comparison of the conventional system to the amplitude based
system are provided. Further, the method of decoupling which is of critical importance in
any antenna design is discussed in detailofthe above mentioned topics are elaborated

upon in the remainder of the thesis.

24



CHAPTER 2

ARRAY BEAM STEERING

This chapter discusses the beam steering system using am8itfdeand provides th
necessary overview of the entire system. Further, a discussion on the conventional method
of beam steering using phase is also elaborated. This is followed by an analysis into the
characterization of the overall system and comparison of the systenm&ithriventional

system of steering. Challenges that are encountered in the design of the amplitude based

steering system are also discussed in detail.

2.1 ldea of amplitude based beam steering

The main idea in thisectionis to introduce beam steering using@itude. Costas
[3] [4] proposedhe idea of beam steering whéeam steeringould be achieved by using
amplitude instead of phas@he amplitude based beam steering system uses two
interleaved amys one fed with currents of 0° atite other witfB0° phaseBy providing
the necessary weighting to the currents that are provided to the antennas, one can achieve

beam steeringlhis idea is discussed in detail here.

The goal of the amplitude arraytsobtain a pattern that is very similar to what one
would obtain using a conventional (or normal array). Consider a normal arrily of
elementss epar at ed HWHoas shown in Bid. 2 hThiwis désigned to steer the
beam to a s pa@&dgandeithe dirdction ef steering s fixeéd, the phase shift
parameter is given bgg aavhich is dependent on the spacing between the antenna elements,

the frequency of operation and the required direak@nd is given by2]

1 *> 1A Ak Q - EO OEA DPEAOA OBMEAEO Ai
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Figure 2.1 A conventional Antenna array with elements along Z Eis

The same can be achieved by thgphtude array designed as follo\d [4] [5]

1) Begin with a similar antenrearay of N elementse. antenna aay |. Starting from the
centerelement of the arrayet the initid excitation of the elements Ibeal values W and
W5 « for theelements on the right and left the center respectively. (Thesan be taken
to be uniformcurrents of 1 A for exampleA second antenna array Il is interleaved with
array | asshown in thd=ig. 2.2which shows the right half of theverallarray.
2)Once6 is calculated, the coeffi wilormhes of
elements on the right and the left of the center element.
3) The goal is to find ouheexcitation currents of thaterleaved arrayl which areggx and
Os k for the elements on the rigand left of the center rpsctively

The interleavedrray s designed to generate thart of the radiation patn which
the imaginary part ahe phae wouldhavecontributed to [4].
4) Thus two interleaved arrays with excitatiohs ( fed with 0° phase ) andigfed with
90° phasg are used to steéne beam and these are given by [4]
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Wk = WkAT B 8 (2

g =Bh-a [ We+si rk+1h) 4 MWsin & K)¥l] ®3)

where arf{4] are the coefficients of interpolation which atgained using Singular Value
Decomposition method (SVD%]. An introduction to the Singular Value Decomposition
method is provided in Appendixiith a detailed diagssion in6]. A block diagram of the

mathematical equations described elaborately j4].

e ——— e o e

W, w, W w,

e~y

&

* ) "‘}\ m .‘1 4 A
e 03y G ey L ey ey Y ey L
g1 gz g3 g4 ds

Figure 2.2 Amplitude Array mode[5]

Basing on the above, it can be seen that the two antenna arrays work together with the
elements of one array being fed with currents of 0° phase (shown in violet) and the other
array fed with currents of being 90° pha3éis is the key idea of beam stegriwith
amplitude.Thus the amplitude array utilizes twice the number of radiating elements spaced
at half the distance of a conventional array that uses phase shfiezghat the elements

fed with 0° phase have even symmetry and those fed with 90°clclaveymmetry about

the center of the arrgdy] . Costaqd3] has considered an unused element at the beginning

of the array in order to keep the number of elements Witn@ 90 excitations the sae.

This approach has been followed here as well even though it is not necessary as verified

from the simulationsAn overview of system is shown Fig. 2.3
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Feed network

O Array 1 element

. Array 2 element

Figure 2.3 : Block diagram of the implementation of thkgorithm

2.1.1 Idea of conventional beam steering using phase

Fig. 2.1shows a\ elementormalantenna array with each antenna shdwyrhe
circles in solid blueThese are stacked along thdé Axis[1]. These ee separated by a
d stance 6do. Thi s a Dueaoythe armangenterd efrthe dntemna i n g
elements in the array , the signals radiated from the antennas have a path length difference
that is given by ¥ W dL- Py wherei is theelement number shown in Fig.1 and

these signals combine in the far field giving rise to the required pattern.

The signals radiated from each antenna combine and give rise to an array radiation
pattern. This occurs @uto the difference in the path lengiraongsthe radiated signal
from each antennia thefar field. By controlling the amplitude and phase of the signals
from the antennas, the signals can be made to combine in a desired fashion and hence focus
the erergy to a different point in space, which is the idea of beam steering. This difference
in phase between the signals fed to the antennas is achieved by multiple metbiogs

phase shifters or using transmission lines of the specific lengths

When multipe ant ennas are stacked toget2h¢he wi t h
combination of all these antennas would contributertay Factorwhich is a combination
of all the signals that are radiated from the antennas.
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If "O—r , Q- and"Q—n are respectively the total radiation pattern, the individual
element pattern and the array factor respectively in a specific [@ariken the following

relation holds true for the overall array pattern calculation indimaension
O Q-h Q-h 8 (4)

In the event that the individual antenna element has a very broad pattern, then array factor
will be the dominant term while calculating the radiation patsech can be written as

o 0 as Q-  p8 (5)

The above two equations describe the concept of pattern multiplication where the pattern
of an array can be easily obtained. However, this abquat®n gives very good results

when the mutual coupling or the interaction between the antennas in an array is low.

From[2], theArray Factor,ff or an array with ONO6 2alist enna
given by
A= B Imel '8 (6)

¢ 1A Kiro» r A Ai8O (7
Thus, by modifying the phase shift paramegeree the antenna engineer can endted
the main beam of the pattern moves in space. This is the key idea of beam steering. It is
up to the designer to determine how this phase shift is provided to the antenna elements.
Phase shifters are generally used in order to provide the necelsaaeyghifts or in some
cases, transmission lines can be used as well. In using transmissiofi7]inese is

restricted for they provide fixed shifts to a main beam that is moved only to a specific

direction and this method ds not have the flexibility of using phase shifters.

One of the key points to note is that when the spacing between the antenna elements
increases, the onset gfating lobeg2] occurs. Due to these, the array starts radjatin

undesired directions and this leads to a drop in the efficiency. This onset of grating lobes

in a linear array is dependent on the inte
(I n) and is given by2]

A=, frige Ki O ®
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The designer must take this into consideration and ensure that these do not arise. A detailed
analysis of this is giveim [1] and[2] and the interested reader is referred to thEse next

section discusses the overall design of the amplitude based system.

2.2 Overall design of the amplitude based system

The amplitudébased system has been described in section 2.1. It has twice the number of
antenna elements that are spaced at half the distance of a conventiontl @aralge seen
that the realizatio of the amplitude based syst@mmes with its own set of challerge

which arediscussed here.
Higher Mutual Coupling:

One of the key issues in the design of the amplitude array system is the closer spacing of
the antenna elements due to interleaving. Due to tiger mutual couplingand its
associated effectsetweenthe antenna elements likely and this would playa role in
changing the behavior of the antenna elemfgjtsThis will be discusskin detail in the

next section
Design of the 90° and 0° phase

In order to excite the anmtea elements, the antenna engineer should be able to provide
alternate phases of 0° and 90°. This can be achieved with a hybrid or with the inclusion of
meandered lines at each output port of the feed network or by any other method which the

antenna engire¥ deems appropriate
Design of thefeed-network

In order to ensuréhat the signals are properly generated, the feed network is of critical
importanceas it should be able to provide alternate phases of 0° and 90° and in some cases
180° phase shifts (tolip the sign when necessary). Further, it should also include
attenuation mechanisms and anticipated mutual coupling reduction techniques to ensure

that appropriately weighted signals are supplied to the antennas.
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2.3 Mutual coupling and its effects

In any antenna system, the signals radiated from one antenna element interact with the
signals from other antenna elements that are radiaflog.to this interactiothe behavior

of the antenna elements chaifige Consider the sittion elaborated down below.

Y

d
— X Z

l
©000000000800060606

W

Figure 2.4 Mutual coupling in an antenna array

Il n an array that has oaNdwitleterminabvoltagesiMi ©d wi t
1, 2 )éthe¢equatiorfor theterminalimpedance od n t e ncanabe Writted as follows in

the absence of mutual coupling
= w .63 (9

But in the presence of a second antenna which is radiating aswvedhts will be induced
in the first antenna and this plays a part in changing the wtathe antenna impedance

Considering this for the two antenna case with1 and 2)

W O O+d ™8 (10
w w O+w ™X@ (11

Dividing both sides ofX0) by I, the following relation is obtained

O W +w -8 (12
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Thus the impedance of antenna 1 is no longebit also dependent onzand the ratio
of the currets as well. Extending this, the input impedance for any antenna eléniit
be written a$2]

O W +® — é88 —8 (13

From the above, it can be sabat due to mutual coupling, the impedance of the antenna
will be changedvhich givesrise to a change in the pattern and a change in the efficiency.
The feed networkmay not be abldo properly excite the element when the element
impedance is changed due to mutual coupling. very critical for thedesigneto ensure

that there is proper decoupling mechanism in the antenna array to ensure that the array

works as expected.

Compared to a conventional array that yslegseshifters, the amplitude array has twice

the number of antenna elements that are spaced at half the distance which results in
enhanced mutual coupling. Further, it is well known that the antenna elemirtsanter

of the array are surrounded by two antennas on eitheraidesperience higher coupling

than the antennas at the end of the array which are surrounded only {ij §leThis

need to be considered as well while designing proper decoupling mechanism.

2.4 Amplitude Array: Characterization without Mutual Coupling

Any antenna array is characterized by its behavior with respect to the variation of
parameters that include array length€sit the array or the number of the elements of the
arrayN) , t he variati on w)andhihe sphceng betweeh the aoténnas t e e
elements ‘Q 1 ratio. The performance of the amplitude array with regards to each of these

parameters will be discussed below.

In order to compare the performanceld amplitude array, a conventional array designed
using phase shifteréNormal Array) with 37 elements and with spacin@) 1 T® IS

used as a reference. The currents supplied to each of these elements is 1A. Basing on the
algorithm mentioned above gleurrents of the amplitude array with 76 elements (including

the unused element) are calculated for various steering angles. The values for the right half
of the overall amplitude array is shown in Table 1.
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Tablel Currents forhe amplitude array elements

Antenna | Currents for 60° Currents for 90°| Currents for 120°
38| 1.0000 + 0.0000i 1 1.0000 + 0.0000i
39| 0.0000-0.3665i 0.0000 + 0.3665i
40| 0.5878 + 0.0000i 0.5878 + 0.0000i
41| 0.0000-1.0318i 0.0000 + 1.0318i
42| -0.3090 + 0.0000i -0.3090 + 0.0000i
43| 0.0000- 0.6795i 0.0000 + 0.6795i
44| -0.9511 + 0.0000i -0.9511 + 0.0000i
45| 0.0000 + 0.1378i 0.0000- 0.1378i
46| -0.8090 + 0.0000i -0.8090 + 0.0000i
47| 0.0000 + 0.9038i 0.0000- 0.9038i
48| -0.0000 + 0.0000i -0.0000 + 0.0000i
49| 0.0000 + 0.8826i 0.0000- 0.8826i
50| 0.8090 + 0.0000i 0.8090 + 0.0000i
51| 0.0000 + 0.1610i 0.0000- 0.1610i
52| 0.9511 + 0.0000i 0.9511+ 0.0000i
53| 0.0000-0.7083i 0.0000 + 0.7083i
54| 0.3090 + 0.0000i 0.3090 + 0.0000i

55

0.0000- 0.9900i

0.0000 + 0.9900i

el el Jllell el el llell llell el llell Jlell Jlell dlell dlell el dlell Jlell el el i)

56| -0.5878 + 0.0000i -0.5878 + 0.0000i
57| 0.0000- 0.4481i 0.0000 + 0.4481.i
58| -1.0000 +0.0000i -1.0000 + 0.0000i
59| 0.0000 + 0.4442i 0.0000- 0.4442i

60| -0.5878 + 0.0000i -0.5878 + 0.0000i
61| 0.0000 + 1.0021i 0.0000- 1.0021i

62| 0.3090 + 0.0000i 0.3090 + 0.0000i
63| 0.0000 + 0.6872i 0.0000- 0.6872i

64| 0.9511 + 0.0000i 0.9511 + 0.0000i
65| 0.0000- 0.1295i 0.0000 + 0.1295i
66| 0.8090 + 0.0000i 0.8090 + 0.0000i
67| 0.0000-0.9277i 0.0000 + 0.9277i
68| 0.0000 + 0.0000i 0.0000 + 0.0000i
69| 0.0000-0.8395 0.0000 + 0.8395i
70| -0.8090 + 0.0000i -0.8090 + 0.0000i
71| 0.0000-0.2342i 0.0000 + 0.2342i
72| -0.9511 + 0.0000i -0.9511 + 0.0000i
73| 0.0000 + 0.8472i 0.0000- 0.8472i

74| -0.3090 + 0.0000i -0.3090 + 0.0000i
75| 0.0000 + 0.5184i 0.0000- 0.5184i

w
w




Using these currents and the required spacing values, the radiation pattern of the amplitude
array is obtainedn MATLAB and this does not include any mutual coupling effects.
Variation in each of the paramedatescribed aboya&oduces theesultswhich are shown

in Fig.2.5. As shown in Fig2.4, the elements of themplitudearray arehalf wave length

dipoles with the arms of the dipole along theaXis and which arstacked along the Z

axis. h all the simiations that will be shown in this dissertation, the antenna pattern is
mainly observed in the YZ plangith d = beidghhe end fire direction and = th@ 0 A
broadsiddlirection.This is the pattern where the onthrectional pattern of the individual

dipole is observed and the overall radiation pattern is given by the arrayitaetf[5].

Steering angle variation Fig. 2.5a) shows the behavior of the amplitude arrdngmwthe

main beam is steered 5@° and 120° with 7@&lements and'Q) } T v Basing on the
algorithm described beforghe weights are calculated in order to steer the beam to the
required directionlt can be readily seen that the antenna array is steered to the required

direction which validates the idea.

Spacing \ariation: Variation of the interelement spacing between the antenna array
elements is considered herdelspacing between the elementsonsidered for '(j 1
0.15and 0.225 with the array steered to 60hwi6 elements is shown in Fig. ZiH. As

the spacing between the elements increases, the directivity increases|érgth of the

array increases and hence the main beam becomes narrower.

Number of elementsVariation of the number of elements or the array length is considered
here.With an inter-element spacing of Q1 = 0.2anda steering angle set to 60°, the
performancef the array witiN= 60 andl16 elements is shown in Fig. 2ch. As thearray

lengthincreases, the directivity increasssd hence the main beam becomes narrower.

The above show that the alitpde array works as expected in terms of variation in the
parameters. The results show that the beam steers as expected and the amplitude array

performance is very close the conventional array
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Figure 2.5: (a) Steeringangle variation (b) Spacing variation @&lray sizevariation[5]
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In order to see the performance of the amplitude array in comparison to the conventional
array, the radiation patterns from the two arrays (Normal arraywithe i ng of 0. 3
37 elemenfsand an amplitude ar r ay elementwithstpeaci ng
currents given in Tablg hre comparedlhe patterns obtained are very similar.

120

150 30

m— Normal Array
Amplitude Array

210 330

240 300
270

60

150 30

Mormal Array
Amplitude Array

180

210 330

240 300
270

(b)

Figure 2.6 Comparison otonventional and amplitude array&@)do= 6 0 A 0=120b ) d
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2.5 Amplitude Array: Characterization with Mutual Coupling

In order to see the performance of the amplitude array in a real world environment,
simulations were performed in ANSYS HFSS. The arraywas used in HFSS had fewer
elements compared to the one in MATLAB for the ease of simulaiah a simple
illustration is shown in Fig. 2.7The arms of the dipoles in the array are along the X axis
and the antenna elements are stacked along the Zsasisown in Fig. 2.7. This ensures
that in the YZ plane, each antenna element has an omnidirectional pattern and hence the

total radiation pattern in this plane is given by #teay Factoritself [2].

An amplitude array oR0 elements(including the unused elemeénvhich is not
shown in Fig. 2.8withi d e a | di pol asdoftphehthegdesyrate® o a
frequencyof 3 GHzwas used For the sake of comparison, a conventional antenna array
with 9 elements and withspaocn g o f 0. 5 a |ll. The swvo anterinadrraydarea s we

steered to various angles ahe effect ofmutual coupling is presented below.

Figure 2.7 Dipole antennaraay structuresimulated in HFSS

This simulationwas performed in HFSS with each antenna element being excited with
lumped portsThis is done in order to characterize the behavior of the antennas in the
presence of mutuabapling. An overview of the two antenna structures is shown in Fig
2.8 with theinteractionbetween thelementglearly shown. Only a couple of interactions

are shownn Fig. 2.8 for illustrating mutual coupling.
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Figure 2.8 Array strictures with interactionga) Normal Array(b) Amplitude Array

From the simulations performed in MATLAR, can be clearly seen that the amplitude
array works very similar to the conventional antenna arrays in terms of the radiation pattern
and in its ability to steer the beamAs the number of antenna elements inseedhe

radiation pattern of the amplitude array tracksrtbemalarray even more closely.

Fig. 2.8a) indicates the elemeat the normal array and Fig. Zi indicates the elements
of the amplitude array with the elements fed by 0° and 90° phase blydtva circles with
the red checkered pattern and solid blue circles respectiigly2.9 indicates the actual
values of coupling that are calculated from HFSS for both of the aCaymling values
considered here are for the elements at the centlee affray as well as for the elements at
the end of the array for theteraction would be differenScattering parameters are used

to denote the behavior of the antenna elements in the array.

Table2 Coupling comparison for therrays

Normal Array Amplitude Array
S12=-15.09 dB S =-7.74dB
S13=-20.25dB Si3 =-13.93dB
S7e=-16.52dB Si1312 = -6.65dB
Srg=-16.02dB Si314 =-6.65 dB
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Coupling comparisons
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Figure 2.9 Coupling comparison with ideal dipoles

In the case of the normal array, the parameters@irtsl Szare considered for the elenmen

at the ends of the array aB@dandSrs for the elements at the center of theagiwhere the
antenna is impacteddm both sides. In a similar fashifor the amplitude arrgys:» and

Sz for the elements at the end a8d 12and Si3 14are considered for the elements at the
center of the arrayfhe elements 13 and 14 are chosen so that the position of the antennas
in both the arrays line up as seen in.F8 These results are tabulatedTable2.

It can be clearly seen that higher coupling exists in the case of the amplitude array,
especially in the cases of the antennas that are at the middle of the arragyfareh
impacted by antennas on either sideshould be noted that these antenna arrays are fed
with lumped ports and the gain does not include the feed netWworther, in extreme
cases, mutual coupling can introduce scan blindness due to which tbe fugwlied is
reflected rather than radiaté2] which is undesirabléViutual coupling isakey issue that
needs to be addressed along with the design of the proper feed network thairaadiel

the required excitations. Tee will be elaborated in the next chapters.
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CHAPTER 3

DESIGN OF THE DIPOLE

This chapter deals with the design of the actual dipole that will be fabricated and used as
the antenna element. The effect of various parameters that need to be optimized in the
design ofthe dipole to achieve an efficient antenna at 3 GHz is discussed. The simulated

results are presented along with the design of the slot in the aluminum ground plane. The
chapter concludes with the measured results of the individual dipole that are obtained

testing the antenna in the antenna chamber.

3.1 Design of the Dipole

A microstrip version of the dipole based[8h[9] is utilized which involves the use of an

integrated balun. An illustratios shown in Fig. 3.1.

(@)
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(b)

Balun I:>

Figure 3.1 Microstrip dipole design (a): Dipole on the back layer of the substrate
(b): Zoomed in view of the dipole on the back layer
(c): Balun Feed line on the top layer

A brief introduction to the microstrip dipole with an integrated balun is presented here with
an elaborate discussion presented8in[9] . The dipole antennais etched on the back
copper layer othe microstrip line shown in Fig 3.1(a). The angle of the two arms of the
dipole are optimized to obtain the best pattern possible and the zoomed in view of the
dipole is shown in Fig 3.1(b). This dipole has an integrated balun that is fed with a feed

line which is present on the top layer (in orange) as shown in Fig 3.1(c).
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The feed line consists of an invertddor L) shaped balun which is a combination
of a microstrip line and an open circuited stub with impedances given &ydZs. The
load impedaoe is given by Z The two arms of the dipole on the back layer have the
impedance & The equivalent circuit for the structure is given in Fig. 3.2. Adepth
detail is provided in [B This microstrip dipole lends itself to easy fabrication and

integration and will be used as the fundamental element in the design of the antenna array.

>
N

7.

i

Figure 3.2 Equivalent structure of the designed dip@E

The design of the dipolevhich is fabricated ofFR-4 s u b s t r=adt4and ( U
substate height of 0.508mm (20 milfomes with its own set of parameters that need to
be characterized. The main ones includdehgth of the diple arms, the width of the feed
andthe angle of the arm#n order to make the garn unidirectional, the antenna is placed
in a slot made in aluminum which hold the anterirtee dipole is held up away from and
is placedparallel to the ground plaraswill be shown inthe ground plane discussidrhis
also provides a method to holdet antennas upright when the entire array is built and
mounted on the turn table. The dimensions of the slot need to be properly characterized.
Further, the effect of these parameters on the -alinectional pattern (as described before)
that is to be gemated by the antenna in the ground plane needs to be investigated as well.

These are dealt with in this section.
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3.1.1 Simulated resultswithout the ground plane

Fig. 3.3 indicates the main dimensions of the antenna structure that are to be optimized in
orderto have the § at the designated frequency of 3 Gkithout the ground plan& hese

are the bottom plane length and the width of the slotdicated. The dipole antenstzould

have an omnidirectional pattern in the plane perpendicular to the arne diptie(YZ

plane here in this desigrfigs. 3.4 and Fig. 3.mdicate the effect of bottom plane length

and the slot width on themnidirectionalpatterns Simulations which show the effect of

ground plane are presented next.

Slot_width

-

\ Bottom plane length

Figure 3.3 Dipole antenna structureparameters to be optimized

Phi - 80 : Battom plane length vadation
0

=,

-60 / s \ 0 X Y

(Fager )

-120 ™, ’ 120

-90

=150 150
180

Figure 3.4 Effect of the bottom plane lerfgtOmnidirectional pattern
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slot spacing : variation
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Figure 3.5 Effect of the slot width on #hpattern Omnidirectional pattern

From the above figures, it can be clearly seen that an omnidirectional pattern is obtained
which confirms the working of the dipole in simulation. Further, there does not seem to be
a huge effect of the two parametefsstint spacing and the length of the bottom plane.
Simulationsof the antenna ithe aluminumground plane and given next and the final

optimized parameters are presented at the end of the discussion.

3.1.2 Ground plane

The antenna that @esigned iplaced in the slot in a sheet of aluminum which acts as a
ground plane. This provides unidirectional radiation of the antenna in the plane of interest

and also gives a mechanism by which the entire array can be held.

Fig 3.6a) describes the slot that is deain the aluminum to house the antenna. In order
for the entire array to be placed in this sheet of aluminum, multiple similar slots which are
separated by a distance of &/ 4 (at the des

ensure that the sangeound plane can be used for testing the normal array which has five
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elements as well as the amplitude array which has twelve elements with the first one not
excited as discussed in the previous chaptee.side view is shown in Fig 3.

A completedescription of the overall aluminum ground plane with multiple slots is

&

provided in Chapter 5.

2c—-z-2Ccrb»

@ [eliilelly
ANTENNA
l SLOT

(@)

ANTENNA 1 in slot 1 ﬁx

z

(b)

Figure 3.6 Aluminum ground plane with the slot: (a) Top View

(b) Side View
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3.1.2.1 Simulated results with the ground plane

The antenna is placed in the slot in the aluminum plane. An illustration of the dipole placed
in the slot is shen in Fig. 3.7 A closer look at the individual parameters that are optimized
with the antennan the slot is shown in Fig. 3.&nother important parameter that needs

to be optimized is the angle of the arms of the dipole and characterize their effleet on

radiation pattern especially in broadening the beam width for this design.

Figure 3.7 Antenna placed in the slot

Dipole
columns

Slot_width

Figure 3.8 Parameters of optimization
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Figure 3.10 Effect of the width of the dipole columns

Fig. 3.9 and Fig 3.1Dhdicate the effect of the width of the slot in aluminum and the effect
of the width of the dipole columns on the m@ibhn pattern in the azimuthal plane. Due to

the presence of the ground plane, it can be clearly seen that the actual patterns which have
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been circular till now transform into the radiation being concentrated in one direction only
with back lobes at the loér end.The width of the dipole columns has a significant effect

on the pattern obtained while the slot width has very minimal efldat. goal of the
optimization is to ensure that the antenna is resonant at 3 GHz with gpaddSstill
possesa broacdbeam width along with a good signal strength that does not deteriorate even
at around 30° off broadside (or 900Qnce the proper values are chosen for these
parameters, the next step is to optimize the arm angle on the pattern. This is optimized in a
paranetric sweep in HFSS to obtain the best pattern ancetudts of the optimization of

the armangle is shown in Fig 3.11

Armm bend variation

-30

-60

90

-120

-150 150

Figure 3.11 Optimization of the angle of the arms of the dipole

Theoptimized antenna is placed imetslotin the gound plane and is shown in Fig. 3.12.

The simulations performed here do not show the connector specifically but a provision
needs to be made in the fixture so that a cable can be connected to the antenna. The final
goal is to manufactureeseral slots in the ground plane for the other elements in the array
and design the working models of thmplitude arrayandNormal arrayand compare the
performance of these arrays. This will be discussetktail in Chapter 5. Fig. 3. EBows

the Si of the dipole element in the GND plane and it works well at the designated

frequency of 3 GHz.

48



5.00

Figure 3.12 Final optimized design of the dipole antenna
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Figure 3.13 S;1 of the dipole antenna thhe GND plane




The overall dimensions of the manufactured antenna are shown in Table 3. The individual

parameters are shown in Fig. 3.14.

(b)
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(€)

Figure 3.14 Dimensions of the optimized dipole antenna

Table3 Dimensions of the overall antenna

Dimension Value (mm)
sl 0.3608
s2 29.8608
s3 12.6858
s4 4.0358
s5 66.2751
s6 20
s7 30
s8 17.4251
s9 7.4498

s10 0.1
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Once this model design is finalized, it is fabricated on a4 ERbstree of height 0.508mm
(20 mil) and with copper thickness of 35um. The front and back portion of faloricate

designs are shown in Fig. 3.15 and Fig. 3.16

Figure 3.15 Front side of the fabricated antenna showing the feed

Figure3. 16 Back surface of the dipole antenna

3.1.3 Measured Results

The antenna that is designed in HFSS has been manufactured onr4lm&iR of
thickness 0.508mm (20 mil). Since this is a structure with the balun on the topeand th
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dipole at the bottom, a double sided mill is performed on the substrate,Gfi¢h® circuit
designed above @lacal in the ground plane arntdsted and theesult is provided in Fig.
3.17

The block diagram shown in Fig. 3.18dicates the testingfahe antenna in the
chamber.The antenna testing system that is used is the DIAMOND ANTENNA
MEASURING SYSTEM (DAMS) which has the transmitter horn mounted at one end of
the chamber and the receiver antefor antenna array once the array is pmlbunte on
a rotating platform. The received signal from this array is fed into a network analyzer from
which it is accessed using GPIB into the DAMS software which plots the radiation pattern
- received signal vs angle as the platform rotates. The platform cbweplete 360°
rotations and the step size of rotation can be set by the user. Once the data is collected, this
software enables it to be saved as a .txt file which can be read into MATLAB and processed
and plotted. This is the functionality of the DAMSstsm whether an individual antenna

is measured or an entire array is measured

A horn antenna is used for testing and the designed antenna is placed on a turn table
and the received signal is plottethe pyramidal akorbers shown in blue absoany
electronagnetic waves that are incident upon them thus ensuring that no reflected waves
interfere with the measuremenithe received signal is processed and the results of the

radiationpatterns are shown in Fig. 3.19

The antenna is initially testesithout the aluminum ground plane in the antenna

chamber anthen with the ground plane to obtain the characteristics.
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Figure 3.17 Measured & of the dipole
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Figure 3.18 Antenna chmber block diagram
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Figure 3.19 Antenna chamber results ( no GND plane )

The antenna is tested without the ground plane to ensure that the dipole is working as
expected. From the above figure, it can be clearly degnain omniirectional pattern
similar to the one from simulation is obtained. Once this is obtained, the next step is to
verify the functionality of the dipole antenna in the ground plane. The antenna is placed in
the slot made in aluminum ground plamaat is fixed with the help of a screw at the
bottomas shown in Fig. 3.20t is then properly mounted in the antenna chamber and the

radiation pattern is ohined which is shown in Fig 3.21

Figure 3.20 Testing @ Dipole in the GND plane
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Figure 3.21 Antenna chamber results ( with GND plane ) : Omnidirectional pattern

From the above figure, it can be clearly seen that the dipole in the grlzumedvworks as
expected. The pattern is present in the upper half of the plane which is similar to
simulations and it is resonant and has a good frequency response at 3 GHz. Thus, it has

been shown the fundamental element of the array is working as expected

Once the design of the antenna has been completed, the next steps are to design the
feed networks and the antenna arrays which will be the topic of discussion of successive

chapters.
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CHAPTER 4

FEED NETWORK AND INTERCONNECTION

This chapter focuses on thesdgn of the feedhetwork and the interconnection of various
blocks that complete the antenna system. The design of thendééedrk for a Normal
array as well as al\mplitude aray and their associated results are discussed in detail. A
couple ofdesigns mcludingthe widely used Wilkinsongwer splitterare considered for
the feed networkThis is followed by a in-depth insight into the interconnection of various
blocks with their own $arameters and the design of the resultana8ix.

4.1 Feed Network Design

In order to excite the antenna elements in the array, a feed network that provides the
appropriatesignalstrengths is essential. The main components in this network include the
power splitter, attenuators/phasigifters for the Amplitude and the Normal array
respectively Two main designs are considered for the Power Splitbere based o[10]

and the other is the widely used Wilkinson Dedigh]; both of them will be discussed

here.

4.1.1 Design t Power splitter for a 1xN array

This design based 0] offers a flexible method of creating a power splitter that could
be used to power the antenna elements in any array. A brief overview is presented here

with an elaborag explanation irf10].

Basing on the number of output ports (N), the design of the splitter is initiated which results
in the calculation of the resistor valutbait are to be used in the various output arms. The
resistors invarious branches ensure that the signal level is uniformly split and the same
signal level is obtained across all output branches. In order to match the input impedance
of the splitter to 5, a Quarter wave transformer is generally used. The desigmsof th

splitter for a 3 element antea array is shown below in Fig.1.
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From Fig 4.1, it can be seethat the resistors employed are different in each branch and
these are dependent on the number of output portsT{iése resistors ensure that the
outputsignals from each branch are of the same streBgih to the usage of transmission
lines shown irsolid blue, the signals at the output branches are different in phase for the
electrical length traversed by the signals is different in each branch. Hemsmission
lines to equalize the phases are used at the end of each branch (sbloeckared red.

T- lines for phase
equalizing

Z,=50/2Q
E I,

Port1-

Matching Qrtr wave
‘Z_Qrtr-O

Port 4
50Q/E |,

Figure 4.1 Desgn of a power splitter (using.0])

This is the main building block for tHeed array for th@ormal array. A normal antenna
of 5 elements is to be excited using teitter with N =5 for illustration. The results of
this splitterare shown in Figd.2 at 3 GHz. It can be clearly seen that the signal strengths

have uniform arplitudes and the phases are all lined up
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Figure 4.2 Results of (a) Mg (Sq) in dB (b) Phase of ¢9 in degrees

The above splitter can be easily transformed to workHemmplitude arraycase. 90°
hybrids (with isolated port matched in §0shown in green in Fig. 4.3) are added at the
outputin order to generate the 0° and 90° phase shifts estjfor the alternating signals.

Zyl V2
Th h
P =

Isolated
( terminated
in50Q) =
= T- lines for phase
equalizing

L1z Coupled

Z,=50/2Q
El,

1 —
Port 1

Matching Qrir wave
Z_onQ

Figure 4.3 Design of a power splitter for the Amplitude array (ugib@j)

This is the main building block for the feed array for &meplitudearray. An amplitude

antenna ofL1 elements is to be excited using this spliftér= 11) for illustrationand the

59



results of this splitterra shown in Figd.4 at 3 GH. It can be seen that the signal strengths

have uniform amplitudes and the phasesof the even and the odd paate all lined up.
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__ 200

m3
freq=3.000GHz
phase(S(3,1))=-108.540

Figure 4.4 Results of (a) Mag @) in dB
(b) Phase of evefbn1) in degrees
(c) Phase of odd (9 in degrees

Basing on the above, this is a gazhoicefor generating the proper signal strengths that
are needed to power the antenna arfdye widely used Wilkinson splitter is dealt with

next in brief.

4.1.2 Design 2: Wilkinson Power splitter for a 1xN array

A very commonly used power splitter is thelllihson Power splitter which has been
studied in great detail. PoZdrl] discusseshe design of the equal and unequal Wilkinson
power splitter and provides thikesign steps for the splittaare must be taken to ensure
thatin the case of unequal Wilkinson power splitters, appropriate line lengths must be
added to ensure that the phases of all the output ports are akgmiebr,the impedance

of the ine has an effect on the widththe higherthe impedance, the thinnére line
becomesand the more difficult it is to fabricat@.desgn of an unequal Wilkinson divider

[11] has been provided foeference in Fig. 4.5. These values are used as a starting point
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in the simulatiortool ADS to gengate the line widths and lengths and the performance is
verified in ADS.

. P
K“’:—?’
P,

Z[J:.’. = Zr;'\,f K{l + Kz)

& 8 F 8 & 8 B F B B B F B W

1
R=Z(K+—)
K

Figure 4.5 Design of dJnequalWilkinson power splittef11]

The two designs above work as expected. However, due toafje akequalization lines
that have to be provided and the number of resistors that need to be soldered in the first

design, the Wilkinson divider is preferred for the design of the arrays.

4.1.3 Feed Network for a Normal Array

Fig. 4.6 shavs the design of a &l networkhat utilizes unequal Wilkinson powers to feed

a five elementantenna arrayAll the elements are uniformly excitgéhave the same
amplitude)in this array.As seen from the figure, the first power splitter is an unequal
Wilkinson Power splittethat is designed to split the incoming signal in the ratio of 2:1 into
the upper and lower arms respectively. After that the signal is further split with the help of
equal split dividers thus ensuring that all the output ports have the same magnmwcs. It

be noted that for the lower half of the circuit, an extra length of line has been added to
ensure the phase is matched for all the output ports asRigel¥4.7 shows the layout of

the feed network that will be used and will be discussed in dethikinpcoming sections.

The normal array in this work has 5 antenna elements and the amplitude array has 11
elements as discussed in the previous chapters. This is done keeping in mind the
dimensions of the turn table as well as the ability to demonsjpateciable beam steering.
Since thefeed network is used to power a 5 element array, the bottom most arm is

terminated in a matched load.
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. Matched

Figure 4.6 Design of the feed network with unequal Wilkinson power splifté}

Figure 4.7 Feed network diagrafor a normal eray

From the previous chapters on beam steering, it can be easily seen that in the case of the
Normal aray, the phaseshifters have to provide intem mul tiples of the
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(discussed itChapter 2and[2]) in order to ensure that the beam is steered to the direction
I

1 2 1A A8O
The power splitters followed by ablock of phaseshiftersor using meandered lines to
supply theintegral multiple of therequired phase shift parametdihe signals thus

generated arngrovidedto the antenna elementaithcompleting the entire system as shown
in Fig. 4.8.

Phase Shifter1 Port 2
Phase Shifter 2

Port 3

Port 1

Phase Shifter N |— Port N+1

Figure 4.8 Overall model of the Feed network for the Normal array

4.1.4 Feed Network for the Amplitude Array

Designi |

Fig. 4.9 indicates the feetetwork schematic for an amplitude array. The blocks shown in
green indicate the 3 port hybrid whiis a four port hybrid with the isolated port terminated

in a matched load as shown in the inset. The design of the hybrid network is discussed in
detail in Pozaf11]. A point to note is thaCostaq3] has considered an unexcited antenna
element in the beginning of the array. This is done to ensure that the number of elements
fed with 0° and 90are the same and to ensure that tifeeB8ments have an odd symmetry

around the center of the anteraraay[3] [4].
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Figure 4.9 Feed Network diagram of an amplitude arirayesign |

Due to this, the first output arm is terminated as shdwe.attenuators whichewused in

the path provide the required weights that have been calculated in order to steer the beam
to the specified direction. The design of the attenuators is dealt in detail in Cha&pter

of the key things to keep in mind is that the hybrid provide equal split betwedhe
antenna arms and provide®@° phase shift between the signals in the output arms. The
actual phases of the signals need not be 0° and 90°. Extra lines might have to be added to
accomplish this in this desigRurther, since @gative coefficients are allowed in the design
algorithm by Costapt], a provision for a 180° also needs to be provided in the cases that
require it.

Designi 1l

Fig. 4.10indicates another feemetwork schematic for an amplde array. This design

uses Wilkinson Power dividers instead of the hybrids as indicated above. The twin goals
of realizing an equal split at the last stage and proper 90° phases (with meandered lines)

are satisfied easilin this caseAttenuators are udeto assign the appropriate weights to

the signals befe they are fed to the antennas and this is dealt in detail in chapter 5.
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divider

replacing

hybrids

Figure 4.10 Feed Network diagram of an amplitude arrdyesign Il

4.2 Interconnection of variousblocks

When multiple components with their own Scattering parameter matrices are
interconnected, the overalhlues ofa; and bi in the final circuit is obtained using the
method of interconnection. Arief overview is presented here with a comprehensive
discussion presented in Gupta,Garg and Chalidtja

Two methods are mainly discussed[12] for interconnectedheworks which are the
connected scattering method and the multiport interconnectiethoch. The second
method is discussed in detail for it is much better suitédet@resent situatiomsthefirst
method does not allow for external ports to be conndttd

Multiport interconnection method

A Consider a n/vwith multiport components/i tphd G xt er n al ports a
ports The overall scattering matrix for the network is denote8 agd the general

equation is
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+ A+ (14)

where b, S and a are all matrices.
A The matrix is reordered so that the variables can be separated into twoigmups

andc and hence the above equation can now be written as

T AR A - 11 (¢ With-H-% :=|=4F (15)

where] is the connectiomatrix

= s (16
L (AT ST (an
Using: 1 g ey
) D Z3AA Al (18)
Thus 4 e e ZBA p b (19)
Thus,itcan be seenthgts {—  {—u: Z3aa Hu_. (20)

The above concept can be illustrated with the help of an example which would make it

very clear. This is also referred frdd®].

Consider three componerit#\, B and C with their own individual S matric&8, S® and
Strespectively as shown in Fig.11 A is a two port network and B is a three port network
and C is a one port network and their S parameter matrices are of similar sizes as well with
SA, S and $being a 2x2, 3x3 and a 1x1 matrespectivly. These arénterconnected as
shown in Fig4.12 As it can be clearly seen that the final network has 2 external ports and

four internal ports.
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Figure 4.11 Individual components with their S matrices

Figure 4.12 Interconnected model

The equations for the components are writtenvd basing on their S matricéd8asedon

their interconnection, the equations are properly arranged. It must be noted in this case,
ports 1 and 4 are the externalrisathrough which the user can send and receive signals
while the rest of the ports are internglhus p = 2 which indicate the external ports and c

= 4 which indicate the internal ports. Thus, the ove®athatrix will be a 6x6 matriin

terms of 4 submatesSpp, Soc, Sp and Sc. The interconnection matrix | between the
internal portcan be shown as
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b5 - 01 0 0] [ag
Jbg_ 1 0 0 0] Lag
E
From the above, it can be seen 1 Z3a& 1L and from thisb, can be

calculated as described aboVéis gives the overall signals present in the interconnected
system. Thee can be used to calculate the ratip@#fers or the currents that are present

in the system once the valueaafwhich is the input signatrength) is decidedipon.

With this background, the interconnection of the feetvork and the entire array of
antennas is discussed for tRermaland Amplitude ArraysThe genericfeednetwak is
described by &x6 (one I/P andive O/P portsmatrix in the casef the Normal Array and

by al12x12(one I/P anclevenO/P ports)matrix in the case of the Amplitudaray. The
antenna arrays in the cases of the Normal and the Amplitude Arrays are described

respectively bya5x5and al2x12scatteing matrices
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4.2.1 Interconnection of the Feed and the Normal Array

For the case of the normatay of5 antenna elements aitd corresponding feedetwork,

the interconnection diagram is as shown belbiws is just a block diagram indicating the
various blocks in the system with the actual elaborate description of the feed and the results
deferred to the next chapté&ig. 4.13shows the overall system level block diagram for the

conventional antenna array.

Feed network Antenna set

Power Divider
(1x6)

Figure 4.13 Model of the interconnected Normal Array

4.2.2 Interconnection of the Feed and théAmplitude Array

For the case of the amplitude Ayrof 12 antenna elements and its corresponding feed
network, the interconnection diagram is as shown bdtiyv4.14describes the amplitude

array system
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Feed network

Antenna set

Power Divider
(1x12)

Figure 4.14 Model of the interconnected amplitude array

Basing onthe discussion above, the overall models have been designed and the
interconnection algorithm is written in MATLAB and this is used to calculate the signals

that go in and out of each component in both of the arrays.
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CHAPTER 5

FEED NETWORK AND ARR AY RESULTS

This chapter focuses on the description of the final-fesd/orks thatre simulated and
fabricated for theormal andamplitude arays Depending on the dimensions of the turn
table in the antenna chamber and keeping mind the requirement to shoviedybgeam
steering, a normal array &felements and an amplitude array of @Rmentq with the

first element not excitedi} finalized for the design and testing phase. The appropriate
weightsof the amplitude array to steer to the required beamisteangles of 45°, 60° and

90° are shown in Tablke

The feed netwdx s

the smulated as well as measuresults from these two networisspresenteébr the three

are simul ated

beamsteering angles of 45°, 60° and 90°

and

fabr i=22,20e d

mil thick-0.508mmand which has a copper thickness of 3. A detailed discussion on

Table4 Weights forthe varioudbeam steering angle

45° 60° 90°
Antenna 2 0.7658" -90 0.1974h -90 0.0000" 0
Antenna 3 0.2663" 180 1.0000" 180 1.0000" O
Antenna 4 0.1062" -90 0.6316" 90 0.0000M 0
Antenna 5 0.6057" 180 0.0000" O 1.0000" O
Antenna 6 0.6928" 90 0.6316" 90 0.0000" O
Antenna 7 1.0000" O 1.00007 O 1.0000" O
Antenna 8 0.6928" -90 0.6316" -90 0.0000" O
Antenna 9 0.6057h 180 0.0000" O 1.0000" O
Antenna 10 0.1062" 90 0.6316" -90 0.0000" O
Antenna 11 0.2663" 180 1.0000" 180 1.0000M O
Antenna 12 0.7658" 90 0.1974h 90 0.0000" O
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5.1 Feed network: Design and results

5.1.1 Designof the Normal Array feed networks

For the normal array, a 1x6 Wilkinson power divider with appropriate hengft line to

provide integral mul tipl es

of

t As desaribed ui r e d

before, the bottommost output port is terminated in a matched load, thereby obtaining a

feed network to power the 5 antennas forrtbemal aray. Three networks are designed in

order to steer the beams to the required angles of 45°, 60° arid 88Se of the 90° angle

(broadside steering), no eatlines need to be added. A key point to note is that the first

power splitter at the input is an unegsplit Wilkinson which splits the power in a ratio of

2:1. The design of an unequal Wilkinson is dealt with in detdil1h Further, in order to

ensure that the signals from the loveem of the unequal split Wilkinson areigihed in

phase with the signals from tbpper arman extra length of line that is carefully calculated

is placedas shownin Fig. 5.1. This ensures that the signals that come out of the feed

network are aligned in phase and have equal magnitude.

P
NI

f

—

Figure5. 1 Normal Array feeehetwork for broadside steerifigNormal Array

73



Figs 5.1, 5.2 and 5.3 show the designed models of therfeedorks in HFSS
which are fabricated. Depending on the value of the phase shift pargmeteandered
linesare designed to provide the required integral multiples of the phase shift parameter

keeping phase wrapping@onsideratiorso that the beam is steered to the desired direction.

Figure 5.2 Normal Array fee-network for 60° steeringg Normal Array

Figure 5.3 Normal Array feeehetwork for 45° steering Normal Array
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5.1.2 Results of theNormal Array feed networks

5.1.2.1 Simulated results

The results obtained from the siratibn of the abovehree feeeheworks are shown
below. Fig 5.4 (a) and (b) show the magnitude of the output signals and the pivatbes
broadside case. FBgh.5 and 56 show the outputs for th&°and 45° cases.
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Figure 5.4 Resultsfrom HFSS simulation for broadside case: (a) Magnitude

(b) Phase
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Figure 5.5 Results from HFSS simulation for 60° case: (a) Magnitude

(b) Phase

As clearly seen, the signal strengths entering into the antennas are very much alike in
magnitude and differ only in thater-elementphase shift that is provided at thguéeed

frequency of 3 GHZzA discussion on the phases that are obtained is presented below.

76



-7.50

— Curve Info
4 861 — dB(S(p1,p1))
J i Setup1 : Sweep
E 4 S| — B2
10007 < Setup1 : Sweep
] — dB(S(p3p1))
] Setup1 : Sweep
-12.50 —— dB(S{p4,p1))
1 Setupt : Sweep
1 —— dB(S(p5,p1))
P Setupt : Sweep
] —— dB(S(p6,p1))
Setup1 - Sweep
] —— dB(S(p7,p1))
4750 Setup : Sweep
20,00
2250 -
-25.00 - . I :
2 2bs 250 2bs 4.00
Freg
200.00 T Curve Info
i = angudeq(S(p2.p1
b Setupi -
15000 — ang) de(S(p3,p1))
i Setup1 : Jueey
] —— ang) deg(S(p4,p1))
100.00 - Setup1 - Sheep
| —— and] dea(S(p5.p1))
1 Setup1 : Sweep
50.00 - —— ang] deg(S(pE,p1))
3 Setupt - Sweep
7 1 —— ang) deg(S(p7,p1))
§ 000l SE‘"M. Neep
50.00 |
-100.00 - !
3 |
-150.00 -
200 F+———F [T T T[T
200 235 250 275 360 3ds alo 375 4.00
Freq [GHz]
3.00

Figure 5.6 Results from HFSS simulation for 45° case: (a) Magnitude

(b) Phase

The interelement phasef the signalérom the output ports of the feed network need to be

proper for the steering of the beam to occur. Keeping in thimefffect ofphase wraping

of signals the meadered lines have been carefully designed in order to meet the required
integr al mul ti pl e ot Table& shpws the theorstical Vale op ar a m
dJbfor the three beam steering angesl Table 6 shows the valuesm simulation.

Table5 Required interelement phase shib for the Normal array

Broadside 60° steering 45° steering
dio Needs to be same
phase for all ports -90° -127
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Table6 Results of the simulateddd networks foNormal Array

Output port Broadside case 60° case 45° case
parameter
Mag Phase Mag Phase | Mag Phase
(dB) ©) (dB) ) (dB) )
S (2,1) -8.24153| -92.6029 | -8.37791 | 0.844 |-8.6829 | 0.7853
S (3,1) -8.24503| -92.8946 | -8.54736 | -89.033 | -8.6052 | -126.555
S (4,1) -8.24871| -93.2275 | -8.3285 | -178.231| -8.5670 | 106.099
S (5,1) -8.23523| -93.3624 | -8.48348 | 80.768 | -8.7559 | -21.4006
S (6,1) -8.3727 |-93.8677 | -8.23353 | 0.500 |-8.0459 |-146.501
S (7,1) -8.38354| -94.1003 | -8.35158 | -90.031 | -8.089 |83.1778

From Table$ and 6the magnitudes of the signals from the output ports are very
similar. Furtherjt can be clearly seen that for the case of broadside steering, the phases of
the output signals are very similén. the case of thé0°, theinter-element phase shift is
close t0-90° and in the case of the 45t is close ta127° degrees which indicate the feed
network is working as designed. It must be kept in mind that due to phase wrapping, the
values of the phase are adjusted to be EtwiB80° to 180°.

5.1.2.2 Measured resultsof the normal array

The above designed networiksthe simulation software are used to generate the Gerber
files which are the layout files that are used for fabrication in the milling machimee.
substrate material th& used for the feedetworks isDuroid (0.508 mm (20 mil) thick
and w322ph Sifkce this is a single layer board, copper is etched only from one side
leaving the other side intact. Proper connectors are soldered to the inputs and outputs. The
fabrication of the feed network isftirent from the antennas that were fabricated where
copperhadto be removed from both sides of the substrate. The above designed feed boards
are tested with th&ector Network Analyzer\(NA) to give the magnitude and the phase
characteristicsThe mantactured boards are shown in Fi§s7-5.9 and results are shown

in Figs 5.105.12 for broadside, 60and 45 respectively.
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Figure 5.9 Normal Array feeehetwork board fod5° steering
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Figure 5.10 Measured results for broadside case: (a) Magnitude

(b) Phase
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Figure 5.12 Measured results for 45° case: (a) Magnitude

(b) Phase

Themeasuredestts of the magnitude and the phase for the three feed networks is

shown in Table 7.

Table7 Results of the fabricated feed networks for Normal Array

Output port Broadside case 60° case 45° case
parameter
Mag Phase | Mag Phase | Mag Phase
(dB) ) (dB) ) (dB) )
S (2,1) -9.1895 | -99.97 |-9.4391 | 171.4372 -9.6155 | 175.2328
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S (3,1) -9.2433 | -98.31 |-9.5686 | 87.4771 | -9.8403 | 52.6810
S (4,1) -9.1532 | -93.45 |-9.3460 | -13.7702]| -11.6632| -116.557
S (5,1) -9.4246 | -96.87 | -10.8669| -104.272| -11.0439| 121.9019
S (6,1) -9.5679 | -101.27 | -10.3274| 156.6712 -10.7884| 3.4327

From Table 7, it can be clearly seen that for the case of broadside steering, the
phases of the output signals are very similar. In the case of ththé&Qiterelement phase
shift is close t690° and in the case of the 45°, it is close187° degrees which indicate
the feed network is working as designed. It must be noted that the phase shift that is
required is only aelative phase shift compardd the phase of the first output port which
is port 2. The results that are obtained are very close to those obtained in Table 6 which
shows the simulated results. There is a slight change in the signal strength which can be
attributed to the fabricatiorf ¢the circuits.

5.1.3 Designof the Amplitude Array feed networks
As discussed in the previous chapters, the feed network in the case of the amplitude array
has to provide the correct weights to the signals along with the desired phases of 0° or 90°.

These weifts are calculated in MATLABand are shown in Table dnd theseare

accomplished in the actual feed network with the help -ohftenuators.
T-attenuator value calculations:

In order to assign weight$;attenuatos that havex system impedance of §0arechosen.
Depending on thattenuatiomrequired denoted by K _ a t theevalu@s of the resistors in

the series anthe shunt arms are calculated as shown in Fig 5.13.
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R_series R_series

M N__

‘ R_shunt ‘
V_in

V_out

Figure 5.13 T attenuator circuit
Depending on thattenuation and the system impedanegte resistor values afe3]

& + A0k
R_series = + AOO KT - (21

_chéz +AOOAT

R_shunt = +AOOKT - (22
Thus, basing on the weights that have to be proviidead Table 4 the required attenuators
are designe@nd these are shown in TableWsage of meandered lines just before the
signals entertteattenuators as shown in Bi¢.14-5.16 provide the required pbe which

has been calculated=rom Table 4, it can be seen that some signals need aspiffasé

Figure 5.14 Amplitude feed network for broadside array
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180 which is also provided with the help of meandered liresn Figs. 5.14.16, it can
be clearly seen that an extra set of Wilkinson dividers are required and phase equalization
with the help of meandered lines is performed before the signals entéharftoal stage
Wilkinson dividers.The signals then pass onto the attenuators which are designed thereby

obtaining the desired weights.

One important thing to keep in mind is that in the case of broadside steering, only 5
antennas are excited and hertoe signals pass on and these are indicatédrasin the
Table 8. The others are terminated in a matched loadgpfvtich is connected to the

ground with the help of a via.

Figure 5.15 Amplitude feed network for 60° array
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Figure 5.16 Amplitude feed network for 45° array

Table8 Resistor values used in the attenuators for steering angles

45° 60° 90°
R1 R3 R1 R3

Output port 3 6.63 | 185.17 | 33.51 20.54 via
Output port 4 28.96| 28.66 thru thru thru
Output port 5 40.39| 10.74 | 11.288 | 105.08 via
Output port 6 12.26| 95.67 via via thru
Output port 7 9.07 | 133.22 | 11.288 | 105.08 via
Output port 8 thru thru thru thru thru
Output port 9 9.07 | 133.22 | 11.288 | 105.08 via
Output port 10 12.26| 95.67 via via thru
Output port 11 40.39| 10.74 | 11.288 | 105.08 via
Output port 12 28.96| 28.66 thru thru thru
Output port 13 6.63 | 185.17 | 33.51 20.54 via

86




5.1.4 Results of the Amplitude Array feed networks
5.1.4.1 Simulated results

The results obtained from the simulation of the above threerfgearks are shown
below. Fig 5.17 (a) and (b) show the magnitude thie output signals and the phases
respectivelyfor the broadside case. Bigp.18 and 5.1%how the outputs for th@0°and
45° cases.
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Figure 5.18 Results from HFSS simulation for 60° case: (a) Magnitude
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Figure 5.19 Results from HFSS simulation for 45° case: (a) Magnitude
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Table9 Results of he simulatedeed networks for amplituderay

Output port Broadside case 60° case 45° case
parameter

Mag Phase | Mag Phase | Mag Phase

(dB) ) (dB) ) (dB) ()
S (3,1) dd dd -23.49 |156.47 |-13.71 |150.14
S (4,1) -11.3217| -111.926| -11.91 | 67.26 -22.48 | 66.01
S (5,1) 09 09 -15.57 | -23.64 |-26.4 154.67
S (6,1) -11.258 | -112.692| & 0 00 -15.86 | 62.96
S (7,1) 00 00 -15.34 | -23.821 | -14.49 |-25.86
S (8,1) -11.2788| -112.36 | -11.61 |-113.36 |-11.43 |-116.67
S (9,1) 00 00 -15.41 | 157.23 |-14.49 |150.93
S (10,1) -11.3557| -113.735] & 0 00 -15.92 | 60.72
S (11,1) 00 00 -15.49 | 155.03 |-26.03 |-21.05
S (12,1) -11.3963| -113.53 | -11.86 |67.64 -22.63 | 63.55
S (13,1) 09 09 -23.75 |-23.22 |-13.91 |-23.87

Table 4 gives an indication of the mamgwies and phases that need to be used in
order to steer the beam to the required directions for the antenyigs Adtenna 2 is

connected to port 3 of the feed network and antenna 3 to port 4 and so on. Port #2 is not

used in the convention in this design it is connected to the ground with a via.

All the magnitudes and phases are given relative to the output signal S (8,1) for it
is connected to the center antenna of the amplitude array. From9Jabdan be clearly
seen that for the case of bromigssteering, the phases of the output signals are very similar
and the signal strengths are very similar which is the desiredFaaseer, in the case of
broadside steering, only 5 antennas are supplied power while the rest are terminated in
matched lods.In the case of the 60°, the required phase shifts are also very sintiiar to
desired valuesf phase and the magnitudes are also close to the desired values. The same
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can be said for the case of 45° feed network as well which indicate the feedksedveor

working as designed.

5.1.4.2 Measured results

The above designed networks are fabricated and tested with the \HeAabrication of

the board is similar to the normal array feed network boards except for the additional step
of fabricating the attenuatobefore the output connectors. Chip resistors are used for the
attenuator design which was discussed earlier. These require proper spacing for the
soldering padsin order to ensure that theatenuators are fabricat&hich needa path

from the bottom rsistors to ground, vias are made which are copper plated on the inside.
Proper resistor sizes are used in order to ensure that the soldering pads of the resistor are
appropriate for obtaining the vias. A description of isistors and the soldering pasls
provided in Fig. 5.20.

1 02mm 1 02mm 1 02mm

Arm of the -
O/P connector
2.03mm ‘ . 2.03mm

1 02mm

Via goes to GND

Figure 5.20 Attenuator dsign with the soldering pad dimensions

The inset in the figure above shows the resistorfRRRIand R3 that are to lselderedor

the attenuator. R3 has a via that goeseaytiound Chip resistors of size 1206 are used for
the designBasing on the dimensions from the spec sheet of the chip reqstoided in
Appendix B the above figure has been designed for the attenuators.
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The manufactwed boards are shown in Figs21-5.23and measuredesults are shown in
Figs 5.245.26 for 45°, 60° and broadsideespectively.

Figure 5.21 Amplitude array feeghetwork board for 45° steering
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Figure 5.22 Amplitude array fed-network board for 60° steering

Figure 523 Amplitude array feeshetwork board for 90° steering
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