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Abstract

This work presents a design and simulated results for 4x4 butler matrix with 4 inset fed
patch antennas for anti-collision radar at 24GHz. The Butler matrix is used as a beam-
forming network that allows producing orthogonal beams that can be steered in
different directions. The butler matrix consists of 4 couplers, 2 phase shifters, and 2
crossover couplers.

ADS 2011 simulation software has been used in the design of the whole system.
Parameters sweep and optimization techniques have been utilized to obtain the best
performance.

Best results were picked for overall system at 24 GHz, and the results were as follows:
the return loss was below -33 dB, the realized antennas gain was 9.6 dBi, and the
power radiated was -29.4 dB (1.14 mw),with bandwidth more than 3 GHz.

The four azimuth was 86° coverage, the directivity was 11.6194 dBi, the max Power
intensity was -27.1 dB, the optimized design size was 16.7 mm x 20.7 mm, the phase
shift between all output ports was +45°, +135° with 6° error, and the overall insertion
loss was -6.7 dB.

www.manaraa.com



gdlall
S bl ga = i 4 ae L Adghian (0 4 X 4 d Sl &l aranal (a jag Jead) 138
gLl oSl 4SS aadind B 48 diae | 3 Lo 24 23 58 e aaliaill abiadl) &l plal il (8 aadis
4 e oS8T L 4d hias Adlide Slalad) 8 4 g o) (S Sl Baalatie Cleladl o S and Al
luSleall 2 5 shall il yara 2 5 U yia

el 4fia¥) (5 hall ol ol aladind &5 LS g 5 il 138 ZUEYADS 2011 5lSkaall zali s aladind o5 i)
A slhaall geitial) Jumdl e guanll ol ppacial) wil G sl 5 5 50l uxilSADS

Al ) il o culS il s 3m laas 24 235 e JSS allaill il il jlas) a3 ) )
s 29.4- 3 Gl s Aagiall 508 Qi 9.6 3 deay il gell S Junny 332 (e JB) Aaal )
Jcliay daga sl 5 s 3 ge Sl a0l Gl Gimse As 3 86 e s daaadl) Ll A0
20 20.7 X ~16.7 & g5 pdall Sl aaal) Juws 27.1- 3 cilea g 3080 a8US ST Juns 11,6194
8zl DAY Al 5 e skl (& 5 Al

,d..:;u:u 6.7- d dmj 4alizaall Aﬂ_&\]\ CJ‘ LS .C'_ﬁ..;)J 6 a4 AT i450, i1350

www.manharaa.com




Dedication

To my parents,
My wife and my sweet kids,

Aseel, Abdul Rahman and Hala

www.manharaa.com




Acknowledgements

I would like to thank my supervisor Dr. Talal F. Skaik for his cooperation and
support. His ideas and help have been a significant factor for success in my thesis. In
addition, 1 would like to express my respects to the electrical engineering department at
the Islamic university. Finally, I am highly indebted to my family and friends for their
encouragements.

Vi

www.manharaa.com




Table of Contents

Chapter 1
Introduction
I 11 0o 11 Tod [0 o [ 1
1.2 The History of general Radar Technology.........cccoeeviiiiiiniiiiniiiniiinnnns 1
1.3 Radar system Principle.......cccooviiiiiiiiniiiiiiiiiiiiiiiiiiiiiiiiiiiiicinnnenns 2
1.4 Automotive Radar Evolution ........ccccciiiviiiiiiiiiiiiiiiiiiiiiiiiiiiiinieinnn 2
1.5 Automotive Radar Applications .........cceevveiiiniiiiniiiniiiiiiiieiiinecinnenns 3
1.6 The characteristic of automotive applications .........c.cccceeviiniiinninnnen. 4
1.6.1-Adaptive Cruise Control (ACC) ..cuieiveruininecnrinecasseesasnsneens 4
1.6.2-Parking Ald «ieeeiieiieieiiiiniiereeetseseesessnssnsessmessnsssssssnssnsons 4
1.6.3 Blind Spot Surveillance/ Lane Change Assistant .........cceeeue.... 5
1.6.4 Pre-Crash Warning «ceceeeeeeereereeceecssenssesmmmensonsssssonssnssssnses 5
1.6.5 Collision Avoidance/ Warning c.ceeeeeeereeseceseesesnsessasnsessasnses 6
1.6.6 STOP & GO SYSIEIM tuuviiniiniiiiiiiiiiiiiiiieiiiiiieiiiiieeintineenecnneens 6
1.7 THESIS ODJECHIVE ...uiieiieiiiiniiiiatieentinieasiessontsnssssosenssnssnssssessnssnsonss 6
1.8 Statement of the problem.........cccovvviiiniiiiniiiiiiiiiiiiiiiiiiiieieciniens 7
1.9 THESIS OVENVIEW «eueruiniierninrierntnesasnrsesasnsscsssassssasnssssssassssasnssssnsnsns 7
1.10 Thesis methodology......cccccvveiiiiniieiiiiiiiiiieiiiiiiiiiiiiieiieiieceieeenn. 8
1,11 ConcluSion. . .ccviiiiniiiiiiniiiiineiiiisetiosssstcssssscosasccssssscssssssssnsssses 8
L ) Q) 1 1 9
Chapter 2 10
Antenna theory
P20 R 1§ oo [0 Tox £ o] IS 10
2.2 ANtennas t0 RAdiO WAVES ....ciuiiiieiuiiieinniieiariiiesnrisesasssesasessesnses 10
2.3 Near-Field and Far-Fields ....cccoiviieiiieieiiiiiiininiiiiineiesninesecineees 11
P = To [T U (0] 0 I o 1 =] o o N 11

Vii

www.manaraa.com



2.4.1 Radiation Pattern LODES vieeiveeeeeeeeeiiiiineeeeeeeeeenneeeeeeennns 13

PRSI =TT 10 0111V T 11 o TR 14
2.6 Radiation POWEr DENSITY .uiuiueiriniiiiuiiiiieiiiieieiiiniieiieeiasiinesacnineees 15
2.7 Radiation INTENSITY tiviereiierieieeennreeresarenrenecensensesssansonscsnsansonssnnses 15
2.8 DIFECHIVITY tuveineennieneeinreneeentensenecensensesasansensssnsansenssansonessnsennsansons 16
2.8.1 Beam Solid ANQGIe .euviuiniiiiniiiiiiiiiiiiiineiinnen e e 16
2.9 ANtENNA EFFICIENCY «iuviuiiieiniiiieiniiiierniniieimnnieesasisesasessssasessssnsasss 16
2.10 ANTENNA GAIN uiriniininiiinininiuieiruierettetasttetastsesasessssasssssasessssnses 17
2.11 The RETUIN 0SS tutueiurniieininineiarineiurntneumeeesasessssammmssssassssasnsnsnss 17
2.12 Polarization.....ccceeeieiineiiiiieiieiinniesiarcosssstosessscssesssssesssscssssscssnas 18
2.13 TYPES OFf ANTENNAS weuireieinieiuernteerernsersesnsessasassssssnssssasessssssassssns 18
2.13. 1 WIire ANTENNAS «..eeviiniererenientenressessnsmecessnssssessnssnsonssssnss 18
2.13.2 APErture ANTENNAS c..eiveiiniiiiiiniiiiieiinieieiieiiieeistenecnssancnns 19
2.13.3 MICrOStrip ANTENNAS. ceeuiuiieiurnterierarrsesnsssesnsssssassssssnsases 19
2.14 Microstrip PatCh ANTENNA ...ivevuiiieiniiiierniiiiernreesesnsessasnsessasnssnes 20
2.14.1 Feeding Methods ..uiceeeiieiieiieeniinientmnnessesesensonsssnsonsnes 20
2.14.1.1 The microstrip-line feed ....cccceveiniieiiinneecniiarieceennns 21
2.14.1.2 Coaxial-Probe feed ...cccviveiniiiieiiienininiiniiecnininecnnnns 21
2.14.1.3 The Proximity-coupled feed .....cceeeviieininiierninenennnns 21
2.14.1.4 The Aperture-coupled feed ...cvveieiiiierniniienninenennnes 22
2.15 Methods Of DESIGN «iueieiiniieiierereniincseciereesessnsammenssnsonsssssssnssnssssnses 22
2.15.1 Transmission-Line Method ......cccceveviiiiiiniieininiieinienennnen. 23
A LSRN 01 (=T a1 E T 1 3 ) £ N 24
2.16.1 Phased array.....ccccoeeeiieiieiieriieiieciaeiieciecieciesieccnesenmnscnce 25
2.16.2 TWO elements array......ccceeeeeeeieinriiinieinreieceenrcnnscssscnnsns 25
2.16.3 LiN@AY AT TAY...ueiiiineriiiinereiisreosenstossssssossssscsssssscssssssssssee 26
2.17 Microstrip Discontinuity COmpensation ....c.ceeeereeerecereeceeccecscnsancens 27
2.17.1 The bend allowance (BA) «.cceirereieiieiiiiiiimneererenecenreneceasnss 27

viii

www.manaraa.com



2.18 DeSIgN ProCedUIE STEPS tueeerereerusnreesesasessasessssassssssssnssssassssssnsases 28

PZ0 RS I 111 1 6 11 £ T1) 1 TRt 29

L ) Q1) 1 [ 30

Chapter 3 31

Microwave Couplers and phase shifters

1 T8 I 1 4 oL [0 Tox £ o] o I N 31

3.2 Scattering Parameters ..ueuieieiererererererrniniienenenenenesesesesesesssasasssasnss 31

3.2.1 L0SSIESS NETWOIKS tuvuvruiniieiniiieinineiernineiesnreesecarnesesassesacanes 31

3.2.2 LOSSY NETWOIKS «evvuinriernieeieenreesesnssssasassssasnssssssnssssasnssssssnssssnses 31

3.2.3 TWO-POrts S-Parameters ....cceeeiieiiniiiiiiiiiiiiiiiiiiinieiieiiniiieeeneens 31

3.2.3.1 Scalar 1ogarithmic gain ...cceeiverieeierienrenienseessensencnnnes 32

3.2.3.2 INSErtioN 0SS cueuvinineiuiniieinriieininiinnnerasnisesasncnecasncnes. 32

3.2.3.3 INPUL retUIN 0SS «iuvireeniiniiaieernrenreeseesnrentsesscnsensnsens 32

3.2.3.4 OULPUL FetUrN 0SS tuveuiniieinreeernrneiarnreesesnsnesesnsssnsnnes 33

3.2.3.5 Reverse gain and Reverse isolation .....cceeveeiniiecncenennns 33

3.2.3.6 Voltage standing Wave ratio ...c.ceeeeeeerenreeceensenseecscnna 33

3.3 ABCD matric of two ports networK.......cccceeeeiieiieiieenrerenrennen 33

3.4 Directional cCOUPIEers OVENVIEW ...cceieeeeiiniieiiecnrentsnsessnssnsensonnes 34

3.5 HyDrid COUPIErS OVENVIEW ..uvivieiieiuiniierniniiernrnremmsesesossesasssssassnscnss 37

3.5.1 90° hybrid couplers functional description ........cccceeveenees 38

3.5.2 Conventional branch-line hybrid coupler ......cccceeeeiiuinannen. 38

3.6 Design of a branch-line hybrid COUpIer ..ccceeiiiieiiiiiiiiiiiiiiiieniieinaennes 39

3.7 Analysis of a branch-line hybrid COUpPIEr c..cciveiiiiiieiieiiiiiineciieeiannnes 39

3.8 Crossover (0 dB COUPIEN) wivvieiniieiuiniieieeiieenrneeesnssessassesasnssssnsnsssnns 41

RN i 1 B: Y] 111 ) 43

B I8 K0 0] o] 1151 o] o TN 44

ey =] (=7 00 45

Chapter 4 46
Design of 4x4 Butler Matrix with 4 patch antennas

72 I 1 14 oo 0T 1 o] o N 46

www.manaraa.com



4.2 Butler matrix with antenna-array ....oeeeeeeeeieeneeieiiesrnesesnieesecnseesanans 46

4.3 Literature REVIEW. . ccvuiuiieieiiierarniiesasnreesesnsessasassssssnsossssnssssssnsssns 48
U] 1] = 1= 49
4.5 Computational Electromagnetic AIgorithms .....cccvvvcerniieveiieieiinenecnnns 50
4.5.1 Method of MoOmeNts (MOM) ...uiieiierineeierenreecceecncancens 50
4.5.2 Advanced Design System 2011 (ADS) software.................. 52
4.6 Design of single inset fed patch antenna.......cceeveiieieiiiiieiiinierecnenenans 52

4.6.1 Design of inset fed patch antenna by ADS 2011 simulator.. 53

4.7 Design of hybrid 3dB COUPIEr...cuiiiiiiiniieiieiiiiniietieeniretiessscssnsensennns 54
4.7.1 Design of hybrid 3dB coupler by ADS 2011....cccceuvevueenenes 55
4.8 Design of 0 dB COUPIEr (CrOSSOVEN) weuieeieeeernrenransessnssnsessnsonssnsassesons 57
4.8.1 Design of 0 dB coupler (crossover) by ADS 2011 ............ 57
4.9 Design of phase shifter with ADS 2011 ......coceiuiiiiiiiiiiiiiiiiiieiiiiennne. 59
4.10 Design of microstrip path connecting butler matrix to antennas ........... 60

4.11 Design of butler matrix without antenna array by ADS 2011 ........c....... 61

4.12 Design of butler matrix with antenna array by ADS 2011 .................. 66
VA0S @70 11 | o101 1 o] o 1N 69
ST =T =T 0 70
Chapter 5 72

Conclusion and Future Work

LT A O01) 1 10 11 1) (1) | TN 72

5.2 FULUFE WWOTK . tttiietenieereneeereueeesenesesssesessssssssssssssssssssssssssssssssesons 72

www.manaraa.com



Table 4.1
Table 4.2
Table 4.3
Table 4.4
Table 4.5
Table 4.6
Table 4.7
Table 4.8
Table 4.9
Table 4.10

Table 4.11

List of Tables

Mathematical calculation for inset fed patch antenna parameters.

ADS simulated parameters for inset fed patch antenna.
Mathematical calculation for 3dB coupler.

ADS optimized parameters for 3dB coupler.
Mathematical calculation for 0 dB coupler (crossover).
ADS optimized parameters for 0 dB coupler.

ADS optimized parameters for -45° phase shifter.
ADS optimized path to antenna dimensions.

ADS optimized Butler Matrix simulated results

ADS simulated antenna parameters

Results Comparison

Xi

53

54

54

56

57

58

60

61

65

67

70

www.manaraa.com



Figure 1.1
Figure 1.2
Figure 1.3
Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8
Figure 2.9
Figure 2.10
Figure 2.11
Figure 2.12
Figure 2.13
Figure 2.14
Figure 2.15
Figure 2.16
Figure 2.17
Figure 2.18
Figure 2.19
Figure 2.20
Figure 2.21
Figure 2.22
Figure 2.23

List of Figures

Simple Radar configurations

Automotive applications for a combined near- and far-distance sensor network
4x4 Butler matrix with four antennas

Radio waves generated by a time varying source
Antenna field regions

Antenna radiation pattern analysis

Radiation pattern lobes 3D

2D radiation pattern lobes

3D and 2D power patterns

Geometrical arrangements for defining a steradian
Reference terminals and losses of an antenna
Polarization

Wire antenna shapes

Aperture antenna shapes

Common shapes of patch antennas

Microstrip Patch antenna

(a) Quarter wavelength feed (b) Inset feed
Coaxial-Prop feed

Proximity-coupled feed

Aperture-coupled feed

Microstrip line

Physical and effective length of microstrip patch
Electric field lines

Wire, Aperture, and Microstrip array shapes
Phased arrays

Two elements array

xii

www.manaraa.com

11

12

13

13

14

14

16

16

18

18

19

19

20

21

21

22

22

23

23

23

24

25

26



Figure 2.24
Figure 2.25
Figure 2.26
Figure 2.27
Figure 3.1
Figure 3.2
Figure 3.3

Figure 3.4

Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure.3.10
Figure.3.11
Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9
Figure 4.10
Figure 4.11
Figure 4.12
Figure 4.13

Linear array of n elements

Several shapes of right-angled bends
Bend allowance

Inset fed patch antenna

Two ports network

ABCD matric of a two ports network

(@) An arbitrary power division and (b) power combining

(a) Symbol for directional couplers and (b) symbol for a directional coupler with

port 4 terminated with a matched load

Symbol of a 90° hybrid coupler

Geometry of a branch-line hybrid coupler

Schematic circuit of the normalized branch-line coupler
(a) Even-mode excitation and (b) Odd-mode excitation
Geometry of crossover

Practical crossover

Ideal phase shifter

4x4 Butler matrix block diagram

4x4 Butler matrix with antenna array

Inset fed patch antenna

ADS inset fed patch antenna layout.

ADS simulated return loss Si1 at 24 GHz.

Hybrid 3dB coupler.

ADS 3dB coupler schematic draw.

ADS 3dB optimized coupler layout

ADS simulated S-parameters for 3dB coupler at 24 GHz.
0 dB coupler (crossover).

ADS 0 dB coupler schematic draw.

ADS 0 dB (crossover) optimized coupler layout.

ADS simulated S-parameters at 24 GHz for 0 dB coupler

Xiii

26

27

27

28

31

34

34

35

38

38

39

40

42

43

43

47

47

52

53

54

55

55

56

56

57

57

58

58

www.manaraa.com



Figure 4.14
Figure 4.15
Figure 4.16
Figure 4.17
Figure 4.18
Figure 4.19
Figure 4.20
Figure 4.21
Figure 4.22
Figure 4.23
Figure 4.24
Figure 4.25
Figure 4.26
Figure 4.27
Figure 4.28
Figure 4.29
Figure 4.30
Figure 4.31

ADS -45° phase shifter schematic draw.

ADS optimized -45°phase shifter layout.

ADS phase (S12) for -45° phase shifter at 24 GHz.
ADS optimized path to antenna layout.

ADS Butler Matrix schematic draw.

ADS optimized Butler Matrix layout.

ADS first optimized goal the return loss (S11) < -30 dB at 24 GHz.
ADS second optimized goal outputs phase shifts (135°) at 24 GHz.

ADS third optimized goal outputs phase shifts (-45°) at 24 GHz.
ADS fourth optimized goal outputs phase shifts (45°) at 24 GHz.
ADS fifth optimized goal outputs phase shifts (-135°) at 24 GHz.
ADS sixth optimized goal insertion loss at 24 GHz.

ADS Final optimized design layout.

Radiation pattern when port 1 is fed.

Radiation pattern when port 2is fed.

Radiation pattern when port 3 is fed.

Radiation pattern when port 4 is fed.

Overall beam steering for the Butler matrix.

Xiv

59

59

60

61

62

62

63

63

63

64

64

64

66

66

67

67

68

68

www.manaraa.com



List of Abbreviations and Constants

HPBW Half Power Beamwidth

AICC Autonomous Intelligent Cruise Control
ACC Adaptive Cruise Control

ICC Intelligent Cruise Control

ABS Antilock Braking System

EBD Electronic Brake Distribution

ESP Electronic Stability Program

SRS Supplemental Restraint System
VSWR Voltage Standing Wave Ratio

RL Return Loss

IL Insertion Loss

BA Bend Allowance

WLAN Wireless Local Area Network
HTS High Temperature Superconductors
CEM Computational Electromagnetic
SBR Shooting and Bouncing Rays
MoM Method Of Moment

ADS Advance Design System software
™ Transverse Electric

TEM Transverse Electromagnetic

™ Transverse Magnetic

FDTD Finite Difference Time Domain
GTD Geometrical Theory of Diffraction
PTD Physical Theory of Diffraction
FEM Finite Element Method

FNBW First Null Beamwidth

XV

www.manaraa.com



FFT

Ereff

O ™ U I 9 « X

Eop, Eo
fo

Pr

tan o
Zin

Zo

&r

dB

&o

Ho

Fast Fourier Transform

Effective Dielectric Constant
Electric Charge

Current Density

Curl

Magnetic Field

Electric Flux Density

Magnetic Flux Density

Largest dimension of the antenna
Directivity

Electric Fields in the two planes
Resonance Frequency

Radiated Power

Loss Tangent

Input Impedance

Characteristics Impedance
Dielectric Constant

Wavelength in dielectric

Azimuthal angle

Elevation angle

Angular frequency

Reflection coefficient

Decibel = 10 log (Value )
Permittivity of free space =8.85419 X 1072 F/m

Permeability of free space=4m X 107 H/m
Impedance of free space =377 Q

Velocity of light of free space =2.997 X 102 m/s

XVi

www.manaraa.com



Chapter 1

Introduction
1.1 Introduction

In this chapter, we will talk about the history of general radar technology, then
we will present the radar principle, and the automotive Radar evolution. After that, we
will give an overview of some automotive radar applications, and their characteristics.

1.2 The History of general Radar Technology

The word radar belongs to the phrase Radio Detection And Ranging and applies
to electronic equipment designed for detecting and tracking targets at considerable
distances [1].The scientist, Heinrich Hertz explained in 1886 that radio waves could be
reflected from metallic objects [2].

In 1903, a German engineer, Christian Hilsmeyer acquired a patent in many
countries for a radio wave device capable of detecting ships by reflection effect. In
1922, Marconi drew attention to the work of Hertz and submitted in marine radar, he
gave a fiery speech before the Institute of Radio Engineers (IRE) in London [2].

In the1930s, there was independent development of radar techniques such as
Radar Navigation, especially at sea in USA, Germany, Britain, and France. By 1939,
Radar in warships were enhanced and improved [2].

In1944, marine radar had made an appearance on trader ships and from about
the end of the war the development of civil marine radar began. Gradually ,it was
refined to meet the needs of peacetime navigation and collision avoidance. Nowadays
the civil marine radars are different, in size, and in appearance than from their forebears
of the 1940s, the basic data that they offer, namely firmness, and target range are
determined by exploiting the same fundamental principles unveiled so long ago[2].

In 1950, Radar technology also saw rising fabrication in the component and
signal processing sectors. Despite these improvements, the technological improvement
of Radar technology was slower than in the consumer goods industry until the
70’s.Only after the 70’s did the Radar technology experience comparably rapid phase of
development through the opening of new fields of usage, as in the fields of sensors and
remote sensing[3]. Nowadays, several radar applications are used in military, remote
sensing, air traffic control, road traffic control, ships, and space [4].

www.manaraa.com



1.3 Radar system Principle

Radar systems consist of a transmitter and a receiver. The transmitter radiates
electromagnetic waves of a particular waveform, and the receiver detects the echo
returned from the target [1]. Only short signals of the transmitted energy were re-
radiated back to the radar, after that it will be amplified, down-converted and processed.
The range to the target is estimated from the travelling time of the wave. The arrival
angle of the echoed wave assigns to the target direction. The Doppler shift determines
the relative velocity of the target of the returned signal [5].

Generally, when transmitter and receiver share with a common antenna, the
system is called a monostatic radar system. For automotive radar applications, splitting
between the transmitter and receiver is measly matched to the distance to a target.
Therefore, we can say that these systems are monostatic in a classical sense.
Nevertheless, when two separate antennas are used for transmit and receive signals, the
automotive radar systems are usually indicated to as bistatic, see Figure. 1.1. The
duplexer component is required to provide isolation between transmitter and receiver

[5].

Transmitter Transmitter

TX Antenna

: S
] [ \Duple Antenn Target \ N Target
@ D uplexer Antenna J rget, G \ J get,

IS0 iy -
a a — enna /
@*Q Wz 5 ‘L ___a—<‘/

r

Receiver
(a) Monostatic radar (b) Bistatic md.xr

Figure 1.1 Simple Radar configurations [5].

1.4 Automotive Radar Evolution

In 1950, Radar devices were used at the first time in vehicles, since they were
able to determine the distance and the velocity of other objects, regardless of weather.
Since 1959, General motors’ produced simple vehicle radar in Cadillac Cyclone. The
Radar was built with tube technology and with very simple target extraction. The
distance to the approaching vehicle and the braking distance were indicated on the
instrument panel [3].

In 1970, microprocessors and digital signal processing gave a huge development
of Radar instrumentation in size reduction of instruments for microwave technology, the
radar was operating at 35 GHz, was implemented with transistors [3].

At the mid of 1990’s with accessibility MMIC’s (Monolithic Microwave
Integrated Circuits) allowed for higher level of integration. As a main application, the

2
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automatic distance control appeared in the sense of an intelligent cruise control system
(AICC Autonomous Intelligent Cruise Control; ACC Adaptive Cruise Control; and ICC
Intelligent Cruise Control)[3].

At the same time frequency range from 76 GHz to 77GHz has been licensed in
Europe, USA, and Japan (Technical Standard EN301091 V1.1.1, ETSI) for the use in
ACC [6].

Pulse Radar, FM-CW, Pseudo Noise and Multi-frequency CW procedures were
used for range determination, whereby the FM-CW was the most frequently used
procedure with quasi-optically antennas that the antennas direction were switched
electronically [3], and [6].

By 2010, a transportation model was built with several Radar sensors working at
24 GHz. The Radar sensors were used apart from the distance and obstacle controls in
the range up to 250 m. They were used additionally for close-range sensing to
approximately 5 m such as city traffic, airbag sensors, and used as impact sensors such
as airbags, seatbelt control, and for complete angle sensing [3], and [6].

Several additional automotive applications, such as Stop & Go, Pre-Crash, Lane
Change Assistant, and Parking Aid, consider a completely different observation area.
For these applications, 24 GHz radar sensors are used. Besides the range and velocity
parameters, additional information concerning the target type are of great benefit, as one
of the main goals of future safety systems will be the increased protection of pedestrians
and other road vehicles [7].

1.5 Automotive Radar Applications

Several automotive radar applications such as airbags, ABS (Antilock Braking
System) with EBD (Electronic Brake Distribution), brake assistant, ESP (Electronic
Stability Program), and SRS (Supplemental Restraint System) became a major topic for
automotive companies in recent years, and have been optimized to protect the road
users [8].

In automotive radar applications, various sensors such as ultrasonic, infrared,
and lidar (light detection and ranging) were used depending on targeted application,
each sensor have its own manufacture criteria. Sensors were grouped into three main
categories, namely sensor performance, sensor size/visibility, and cost [5], [8].

For automotive applications, the measurements of today’s sensors involve range,
azimuth angle, velocity, and object size. The sensor performance can be evaluated by its
accuracy, resolution, and the maximum unambiguous range [8], [9].

Accuracy is defined as the standard deviation of the measurement relative to its
expectation value. The resolution of a sensor is defined as the least necessary condition
that leads to a separate detection of two neighboring objects of equal size with equal
reflection properties [8].

There are three categories referring to the maximum detectable range of an
object. So-called far-distance sensor can achieve a maximum range that lies within 150
and 200 m withra'small azimuth angular coverage of about 10°.Near and medium

3
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distance sensors cover a range area up to 20-50 m and have a wider azimuth angular
antenna coverage that of about 60°- 120-[8],[9].

ACC@Ol ]

Parking Aid [ G001 [6] |

Lane Change Assistant (O IE)

Pre-Crash Warning [ FICTENEL |

Collision Avoidance Q] 1L |
Stop & Go @«

Figure 1.2 Automotive applications for a combined near- and far-distance sensor network [8].

Figure 1.2 shows a variety multi-sensor radar network covering the scan areas of
different automotive applications, and summarize the sensor conjunction that are at least
demanded by the different automotive applications.

1.6 The characteristic of automotive applications

1.6.1 ACC (Adaptive Cruise Control)

An ACC system is an enhancement of the standard cruise control. It is able to
decelerate if the own vehicle is approaching another slower moving car situated in the
same lane and to accelerate again if such a slower moving car is changing lanes in order
to give way [8].

The required detection area of an ACC system is mainly the own lane as well as
the two neighboring lanes at a greater distance in front of the own car [8].

Most of these systems operate with a 77 GHz far-distance radar sensor that can
detect targets up to a maximum distance of at least 150m ahead of the own car [8]. The
far-distance sensor is mounted in the front bumper, so that the scan area visualized in
figure 1.2 is achieved.

1.6.2 Parking Aid

The main idea of a parking aid system is to support the driver in a parking
maneuver by moving a vehicle from an area where the traffic flows to an area close to
the traffic flow where the vehicle can be left stationary. The sensor checks the size of
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the parking lot in comparison to the size of the own car and the own driving capability
[8], and [9].

As seen in figure 1.2 ,the required scan area for parking aid system is ideally the
whole near-distance area around the car or at least the near-distance area in front and
behind the front and rear bumper, respectively [8].

The side-looking sensors measure the size of the parking lot while the car is
driving past it. Then, the car informs the driver if a parking maneuver is possible. The
driver assistance system is automatically steering the car while the driver is only
controlling the speed of the maneuver [8].

1.6.3 Blind Spot Surveillance/ Lane Change Assistant

The aim here is to avoid a classical reason for accidents, a driver has overseen
an obstacle being in the blind spot of his car or one that is approaching with high speed
on a neighbored lane while the driver is maneuvering in the appropriate direction [8],
and [9].

The blind spot surveillance system requires a small detection area with a
maximum range of 5 m at the location of the car’s blind spot [9].

The lane change assistant system can be considered as the logical extension of
the blind spot surveillance system. At this, the driver is informed whether an obstacle
will be situated on the right or left lane next to his car in the next moments. If he wants
to change lanes in such a situation, a warning signal will appear [8], [9].

Since this application is preferred for highway-driving where high relative
velocities may be measured, precise velocity measurements are necessary, see figure
1.2, and the detection area of the side- and back-looking sensors must cover up to 150 m
behind the own vehicle for a lane change assistant with full functionality [8].

1.6.4 Pre-Crash Warning

The main idea for pre-crash warning is to react very fast with a pre-crash sensor
network and activate all necessary active components such as brakes, airbag, or even
steering in the car to avoid an accident or at least minimize consequences of an impact
with reduction of the vehicle’s kinetic energy. Early activation of airbags is very
important [8], and [9].

Since a crash can occur from every direction, the pre-crash warning system
requires the whole near-distance area around the car for detection, see figure 1.2.

It is very important, that the pre-crash warning system detect an unavoidable
crash as early as possible with an extreme low false alarm rate, so that the system can
react properly [8].
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1.6.5 Collision Avoidance/ Warning

The main idea for a collision avoidance is to give the driver information that is
indicating the need for urgent action to avoid a collision. The warning has to be
provided in the advanced phases of a dangerous situation in order to draw the driver’s
attention to the need of performing an emergency braking, lane changing, or other
collision avoidance maneuvers [8], and [9].

Since collisions can occur from every direction, the scan area of the sensors
must cover the whole near-distance area around the car, and the update rate of such a
safety system must be very high in order to detect possible collisions as early as
possible [9]. As seen in figure 1.2, a collision warning/avoidance system requires a far-
distance sensor in the front bumper.

1.6.6 Stop & Go system

The stop & go system is a new generation of the adaptive cruise control enabling
it to be utilized in more traffic scenarios than a simple ACC system. The main purpose
of Stop & Go system is to be able to bring the vehicle to a complete stop and also to
accelerate it again. In very dense traffic situations, this application can surely reduce a
large amount of accidents [8]. Due to the demands of a close target detection and an
early reaction in cut-in situations, the stop & go system requires additional near-distance
sensors with a wide azimuthal scan area.

These sensors are mounted in the front bumper as shown in figure 1.2. The
update rate must be slightly higher than the one of an ACC system, because the stop &
go system should work in dense traffic scenarios, where obstacles can suddenly appear
in the driving path from different directions [8].

1.7 Thesis objectives

As mentioned in previous section, Pre-crash vehicle system is a strategic control
of an accident being vehicles. The system is designed to prevent the driver and
passengers inside the vehicle gets an accident with detect the object in front of them in
the safety distance and speed. The pre-crash vehicle Security System is developed by
using radar system with application of motor speed control.

In this Research, we will focus on the radar system, so we will design a
conformal 4x4 Butler matrix with switched four beam patch antenna array operating at
24 GHz for vehicle anti-crash radar systems, see figure 1.3. The four rectangular inset
fed patches will be connected to the outputs of the Butler matrix. The system is based
on the microstrip technology.

The Butler matrix is used as a beam forming network that allows producing
orthogonal beams that can be steered in different directions. As seen in figure 1.3,
conventional components of the Butler matrix like hybrid couplers and crossovers will
be studied and designed. ADS 2011 simulation software will be used to design each
component of the system.
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Antenna arra

Input ports

Figure 1.3 4 x 4 Butler matrix with four antennas [10].

1.8 Statement of the problem

Butler matrix consist of several components, as seen in figure 1.3, each
component has its own properties and specification to design. When all components are
combined, fabrication and optimization are needed. Optimization process will be on
overall size reduction, the output ports phase shits, the return loss, the insertion loss ,
antenna beam steering, and the distance between all output ports.

1.9 Thesis overview

The main purpose of the proposed work here is the analysis and the design of
butler matrix with four-patch antenna array working at 24 GHz for vehicle anti-crash
radar systems. Mathematical studies will be carried out firstly then ADS 2011 will be
utilized to design the butler matrix.

In chapter two, main antenna parameters with important concepts will be
mentioned, the microstrip line, the microstrip patch antennas types, and their main
design equations will be explained in the second part of the chapter.

In chapter three, the scattering parameters, microwave couplers, crossovers, and
the phase shifters with their mathematical analysis will be reviewed.

In chapter four, the butler matrix will be reviewed, equations explained in
previous chapters we will be used for designing the system, the simulation results will
be presented at the end of the chapter.

The final chapter will provide summary and conclusions drawn from this work.
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1.10 Thesis methodology
Our work will be based on the following design steps:

e Mathematical equations will be used to design each part in the butler matrix.
e ADS 2011 simulator will be used to design each part.

e ADS 2011 schematic draw will be used to get initial results.

e ADS 2011 goals will be defined to start optimization.

e ADS 2011 schematic to layout tool will be used.

e ADS 2011 optimization methods will be used to achieve our goals.

e Beam steering functionality will be tested by ADS 2011.

1.11 Conclusion

We explained in this chapter the history of general radar technology, the radar
principle, and automotive radar evolution. Moreover, we gave an overview of some
automotive radar applications, and some of their characteristics.
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Chapter 2

Antenna theory
2.1 Introduction

In this chapter, we will review the main antenna parameters, so as we know an
antenna is a transformer between a transmission line and free space. To describe an
antenna, we must characterize its properties as a transmission line load (input
impedance) and the distribution of the electromagnetic energy that it radiates into space
(radiation pattern) [1]. There are important parameters and concepts that can be used to
describe antenna properties.

An antenna is a device that transmits or receives electromagnetic waves, it has
the function of converting one type of wave into another. The basic role of the antenna
is to provide a transducer between the free-space propagation and the guided-wave
propagation of electromagnetic waves. Most antennas are resonant devices, which
operate efficiently over a relatively narrow frequency band [2], and [5].

The transmitting and the receiving antenna can therefore be looked at in the
same way (reciprocity principle), and the parameters described below are equally valid
for transmission and reception [2].

In the second part of the chapter we will talk about the microstrip line, the
microstrip patch antennas types, and their main design equations. Moreover, we will list
the design procedure steps.

2.2 Antennas to Radio Waves

At the half of the nineteenth century (1831-1879), James Clerk Maxwell
presented a set of equations named as Maxwell’s equations that describe the
interrelationship between electric fields E, magnetic fields H, electric charge p ,and
current density J [5]. Here we toke one case as a single frequency source case (an
arbitrary case can be considered the combination of many single-frequency sources),
thus Maxwell’s equations can be written as [5]:

VXE = —jopH (2.1)
VXH= ]+ jw€E (2.2)
V-E =§ (2.3)
V-H=0 (2.4)

p is the charge density, w is the angular frequency, u is a scalar quantity,
€ electric permittivity.

.9 . @ a .
V=i—+ P + kZ is a vector operator.
From equations listed a new equation can be derived [5]:
V2E + w?peE = jop] + V (P/e) (2.5)
This is an equation, which links the radiated electric field (no magnetic field)
directly to the source [5]. To solve this equation, boundary conditions are required for

an open boundary, so the field disappears when the distance from the source V to the
field point becomes infinite, see figure 2.1.
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Figure 2.1 Radio waves generated by a time varying source [5].

e-iBIr—1l

4m|r—r|

e-iBIr—i|

4m|r—r|

E(r) = —jou [, J(£) AV +--V(V- [, I dv)  (26)

Equation (2.6) is the solution of Equation (2.5) in a uniformed medium p and ¢,
where r is the distance vector from the origin to the observation point and 7 is from the
origin to the source point [5].

This equation is the most institution of antenna theory, because it shows how the
antenna is related to radio waves, and it gives the radiated electric field from a time
varying current J (the time factor e/t is omitted here). Only vibrating (time-varying)
current charges as shown in Figure 2.1. It can generate a radio wave (not DC current or
static charges) [5]. Antenna design is all about how to control the current distribution J
and hence to obtain the desired radiated field E. Antenna theory could be summarized
by this single complicated equation, which consists of vector partial differentiation and
integration [5].

2.3 Near-Field and Far-Fields

Now we want to define three antenna regions as seen in figure 2.2. First region
is called the Reactive Near-Field Region and can be defined as the portion of the near-
field region immediately surrounding the antenna wherein the reactive field (non-
radiating field) predominates [5]. For most antennas, the outer boundary of this region is
commonly taken to exist at a distance (R < 0.62,/d3/A) from the antenna surface,
where A is the wavelength, and d is the largest dimension of the antenna [3].

The second region is called radiating Near-Field (Fresnel) and can be defined as
the region of the field of an antenna between the reactive near-field region and the far-
field region wherein radiation fields predominate and wherein the angular field
distribution is dependent upon the distance from the antenna. If the antenna has a
maximum dimension that is not large compared to the wavelength, this region may not
exist [5].The inner boundary is taken to be the distance (R >0.62,/d3/4) and the outer
boundary the distance (R < 2d? /1) where d is the largest dimension of the antenna [3].

11
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The third region is called Far-Field (Fraunhofer) and can be defined as the
region of the field of an antenna where the angular field distribution is essentially
independent of the distance from the antenna [5].The far-field regions commonly taken
to exist at distances (R > 2d?/2) from the antenna, A being the wavelength [3].And,

;. = 0.62,/d3/A ;r, = 2d?/A , d =Largest dimension of the antenna, see figure 2.2.

F.eactive
near-field region

11

N3

Figure 2.2 Antenna field regions [5].

2.4 Radiation Pattern

The radiation pattern is defined as a graphical representation of the radiation
properties of the antenna as a function of space coordinates, and can be drawn with
three-dimensions (3D) [3].As seen in figure 2.3,the 3D pattern is a good way for the
radiated field distribution as a function of angle 6 and ¢ in space. The radiation patterns
in the two main planes are the E-plane, and the H-plane. The E-plane belongs to the
electric field E plane, and the H-plane belongs to the magnetic field H plane.

In ideal current element case, the electric field is Ey and the magnetic field is
H,, so the E-plane pattern is the field E» measured as a function of & when the angle ¢
and the distance are fixed [5]. The H-plane pattern is the field, Ey measured as a
function of ¢ when the angle 6 and the distance are fixed. It should be pointed out that
the radiation patterns in figure 2.3 are plotted on a logarithmic scale (dB plot) that helps
us to see details of the field or power over a large dynamic range, especially some minor
side lobes [5].

12
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Elevation plane

X

Figure 2.3 Antenna radiation pattern analysis [3].

2.4.1 Radiation Pattern Lobes

A radiation lobe is a portion of the radiation pattern bounded by regions of
relatively weak radiation intensity [4], and [5]. As seen in figure 2.3, and 2.4, radiation
pattern can be divided to main lobe, minor lobes, side lobes and back lobes.

b4

Major lobe
First null beamwidth ! ¢

(FNBW)

Half-power beamwidth
(HPBW)

__—Side lobe

Minor Jobes \\

\

Back lobe

Minor lobes

Figure 2.4 radiation pattern lobes 3D [3].

Minor lobes usually represent radiation in undesired directions, and they should
be minimized. The Side lobes are the biggest of the minor lobes. The level of minor
lobes is defined as a ratio of the power density, often termed the side lobe level [5]. In
several radar systems, low side lobe ratios are very important to minimize false target

ol Lalu Zyl_ﬂbl )
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indications through the side lobes [3]. Figure 2.5 describes the radiation pattern lobes
with two-dimensions (2D) plot. The most common resolution criterion states that the
resolution capability of an antenna to distinguish between two sources is equal to half
the first-null beamwidth (FNBW/2), which is usually used to approximate the HPBW
[4], see figure 2.3.

A
Radiation
intensity
Half-power beamwidth(HPBW)
First null beamwidthi FNBW)

_Major lobe

+

+

Minor labes HPBW

FNBW

Side lobe Back lobe
y ’

T /2 0 a2 T 0

Figure 2.5 2D radiation pattern lobes [3].
2.5 Beamwidth

The beamwidth of an antenna is a very important figure and often is used as a
trade-off between it and the side lobe level. As seen in figure 2.6 it is also used to
describe the resolution capabilities of the antenna to distinguish between two adjacent
radiating sources or radar targets [3], and [5].

There are two types of beamwidth, the first type is called Half-Power Beam
Width (HPBW), and it can be defined as the angle between the two directions in which
the radiation intensity is one-half value of the beam, or the angular width of the main
beam at the half-power points [3]. The second type is called First-Null Beam width
(FNBW) and it can be defined as an Angular separation between the first nulls of the
pattern [3], and [5], see figure 2.6.

HPBW = 28.65°

/" ENBW = 60°

\ =
T
St \ /3 ,.
S\

Rl

RIS

(a) Three dimensional (b) Two-dimensional

Figure 2.6 3D and 2D power patterns [3].
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2.6 Radiation Power Density

First, the radiation density can defined as the power density of an antenna in its

far field region. The instantaneous Poynting Vector W is defined as the quantity used to
describe the power associated with an electromagnetic wave [3]:

W=EXH (2.7)
W: instantaneous Poynting vector (W/m?)

—_

E : instantaneous electric field intensity (V/m)

—_—

H : instantaneous magnetic field intensity (A/m)

Since the Poynting vector is a power density, then the total power crossing a closed
surface can be obtained by integrating the normal component of the Poynting vector
over the entire surface, and be written as [3], and [5]:
P= ¢ W.nda (2.8)

Where

P = instantaneous total power crossing a closed surface (W).

7 = unit vector normal to the surface.

W=instantaneous Poynting vector (W/m?)

da = infinitesimal area of the closed surface (m?).

The average power density (time average Poynting vector) can written as [3], and [5]:
W,y (x,y,2) = [W(X: Y.z t)]av = [EXH"]/2 (W/mz) (2.9)

The real average power density is represented by the real part of [EX ﬁ*] /2, and the

reactive power density is represented by the imaginary part of [EX ﬁ*] /2 .From (2.9)
the average power radiated can be written as[3]:

Prag = Pay = §, Wiaq.d§ = §f, W.da =26 Re[EXH'|.d§ (210)
2.7 Radiation Intensity

Radiation Intensity is defined as radiated power from any antenna per solid
angle (radiated power normalized to a unit sphere) [2], and [3].the radiation intensity is
afar field parameter, so it can be obtained by multiplying the radiation density by the
square of the distance.

U=1>Wyaq (2.11)

Where

U=radiation intensity (W/solid angle)

W, ,q=radiation density (W/m?)

From (2.11) the power pattern is also a mesure of the radiation intensity, so the

total power is obtained by integrating the radiation intensity over the entire solid angle
of 4m.
2T

Praa = [f}0 " U8, ¢)sin8d6d¢ = [|.2 " U(8, $)d0 (2.12)
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and dQ = sin 8d6d¢is defined as the differential solid angle. The radiation intensity of
isotropic source is found by dividing the radiation intensity by the area of the unit
sphere (4m) which gives [3]:

— ffozgnU(G,qb)dQ — Praq

U
0 41 41T

(2.13)
2.8 Directivity

It can be defined as the ratio of the radiation intensity in a given direction from
the antenna to the radiation intensity averaged over all directions [3], and [5].

D = D(6,¢) = L&P _ UCP) (2.14)

Uo Prad

2.8.1 Beam Solid Angle

The beam solid angle (steradian) Qa is define as the solid angle with its vertex
at the center of sphere radius r that subtended by a spherical surface area r?, or can be
defined as the solid angle through which all the power of the antenna would flow if its
radiation intensity were constant and equal to the maximum value of U for all angles
within Qa [3], and [5]. A steradian is a solid angle measurement unit, see figure 2.7.
Thus, the directivity can be written as:

R 24 Equivalent AR (215)
n area

and solid angle Q, = r2sin8dfd¢

-

Area=r-

Figure 2.7 Geometrical arrangements for defining a steradian [3].

2.9 Antenna Efficiency

The total antenna efficiency eo is used to take into account losses at the input
terminals and within the structure of the antenna, and eo is due to the combination of
number of efficiencies [3], see figure 2.8

|
|
|
}ZL
1
|

|
Figure 2.8 Reference terminals and losses of an antenna [3].
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The overall efficiency can expressed as:
e, = ere.ey (2.16)
where
e, = total efficiency.
e, = reflection (mismatched with input), e:= (1 — |T'|?).
e.= conduction efficiency.
eq= dielectric efficiency.

Zin—Zo — Z1—Zg

= Zin+Zo  Z1+ Z, (2.17)
1+
VSWR = - (2.18)

and I' = voltage reflection coefficient at the input terminals of the antenna, Zi, = antenna
input impedance, Zo = characteristic impedance of the transmission line. VSWR =
voltage standing wave ratio, usually ec and eq are very difficult to compute, but they can
be determined experimentally [3].

2.10 Antenna Gain

Antenna Gain is the ratio of the radiation intensity in a given direction to the
radiation intensity that would be obtained if the power accepted by the antenna were
radiated isotropically [3], and [5]. In addition, the gain of the antenna is related to the
directivity.

. radiation intensit u(e,
Gain = 4n : AL,
total input accepted power Pin

(dimensionless) (2.19)
The antenna gain can be expressed as the ohmic losses (e.4)in the antenna multiplied by
the antenna directivity D(8, ¢).

G(6,9) = eqD(0,9) (2.20)
2.11 The Return Loss

The return loss (RL) can be defined by the ratio of the incident power of the
antenna Pinc to the power reflected back from the antenna of the source Prer [5]. Return
loss tells us how much of the input signal is reflected. The Return Loss (RL) may also
be explained as the difference between the power of a transmitted signal and the power
of the signal reflections caused by variations in link and channel impedance [9], and
[10].

Return loss is the negative of the reflection coefficient expressed in decibels. In
terms of the voltage standing wave ratio (VSWR). High return loss values mean a close
impedance match, which results in greater differentiation between the powers of
transmitted and reflected signals, can be expressed as[5],[9], and [10]:

VSWR+1
VSWR-1

RL = 10log4, ;i"” =201log,, |
ref

| = —201logy,Il'l (dB) (2.21)
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2.12 Polarization

Polarization of an antenna in a given direction could be defined as the
polarization of the wave transmitted (radiated) by the antenna or the property of an
electromagnetic wave describing the time varying direction and relative magnitude of
the electric-field vector [3]. Polarization is the curve traced by the end of the arrow
representing the instantaneous electric field [3], and [5], see figure 2.9.

n\ A

Linear \]\Dircular + Elliptical

Figure 2.9 Electromagnetic wave Polarization classification [2].

Electromagnetic wave Polarization can be classified as [3]:

Elliptical polarization if the figure that electric field traces is an ellipse, see figure 2.9.
Linear polarized if the vector that describes the electric field at a point in space as a
function of time is always directed along a line. Circular polarized if the figure of the
electric field is traced as a circle, and can be Clockwise (CW), or Counterclockwise
(CCW).

2.13 Types of Antennas

Different types of antennas are available named such as wire, aperture,
microstrip, and array. Each type has its own forms in order to achieve the desired
radiation characteristics for the particular applications [3], [7], and [17].

2.13.1 Wire Antennas

It is the simples type of antennas, there are various shapes of wire antennas such
as a straight wire (dipole), circular or square loop, and helix [3], and [7], which are
shown in figure 2.10.

(a) Dipole (b) Circular (square) loop

ic) Helix

Figure 2.10 Wire antenna shapes [3].
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2.13.2 Aperture Antennas
This type of antennas is used in high frequencies, and is very useful for aircraft

and spacecraft applications. There are several shapes of aperture antennas such as
Pyramidal, Conical horns, and waveguides [3], see figure 2.11.

TN e

(a) Pyramidal horn {b) Coaical hom

(c) Rectangular waveguide

Figure 2.11 Aperture antenna shapes [3].

2.13.3 Microstrip Antennas

Microstrip antennas are the most popular antennas in these days, because they
are used in different commercial applications. There are several shapes of microstrip
patch antennas, and the shape changes depending on the design application. Some of the
common shapes are shown in figure 2.12, for millimeter wave frequencies. The most
common types are rectangular, square, and circular patches [3], [10], and [17].

(a] Square ﬂJ) Rem:angu]a.r (C] D'ip0|ﬂ (d] Circular {C] Elliplica]
(f) Triangular {g) Disc sector (h) Circular ring (i) Ring sector

Figure 2.12 Common shapes of patch antennas [3].
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2.14 Microstrip Patch Antennas

A Microstrip patch antenna is famed as a rectangular microstrip antenna. It is a
type of radio antenna with a low profile that can be mounted on a flat surface. The
Microstrip Patch Antenna is a single-layer design that consists generally of four parts:
the patch, a ground plane, the substrate, and the feeding point [8], and [10], see figure
2.13.

Patch antennas are simple to fabricate and easy to modify and customize. They
are the original type of microstrip antenna described by Howell in 1972 [4], and
[11]. The two metal sheets together form a resonant piece of microstrip transmission
line with a length of approximately one-half wavelength of the radio waves [10].

/ L ’ _
ff \ _ff
Y, A ¥
/ o \
f«"' Radiating Radiating
d slot #1 slot #2

| Ep Substrate

Ground plane
Figure 2.13 Microstrip Patch antenna [3].

The radiation at the edges causes the antenna to work slightly larger electrically
than its physical dimensions, so in order for the antenna to be resonant, a length of
microstrip transmission line slightly shorter than one-half a wavelength at the frequency
is used. A patch antenna is usually erected on a dielectric substrate, using the same
materials and lithography processes used to make printed circuit [10].

As seen in figure 2.13. The thickness of the substrate h has a big effect on the
resonant frequency fr and bandwidth BW of the antenna. Bandwidth of the microstrip
antenna will increase with increasing of substrate thickness h but with limits, otherwise
the antenna will stop resonating [12].

There are several advantages of the microstrip antennas such as small size, low
profile, lightweight, and conformable to planar and non-planar surfaces. They are
simple and cheap to manufacture using modern printed circuit technology.
Nevertheless, the main disadvantages of the microstrip antennas are low efficiency, and
low RF power due to the small separation between the radiation patch and the ground
plane [8], and [12].

2.14.1 Feeding Methods
There are many methods of feeding a microstrip antenna [7]. The most popular
methods are:
1. Microstrip-Line feed.
2. Coaxial Probe feed.
3. Proximity-coupled feed.
4. Aperture-coupled feed.
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2.14.1.1 The microstrip-line feed

This is simplest feeding method, and it is widely used to design and fabricate.
There are two types of microstrip line feed; one is called Fed with a Quarter
Wavelength Transmission line and the other is called inset feed [3], and [7], see figure
2.14.

500 500

eyoﬁ

(a) (b)
Figure 2.14 (a) Quarter wavelength feed (b) Inset feed [3].

2.14.1.2 Coaxial-Probe feed

As seen in figure 2.15, the inner conductor of the coax is attached to the
radiation patch while the outer conductor is connected to the ground plane. The coaxial
probe feed is also easy to fabricate and match, and it has low spurious radiation. In
addition, the probe will also radiate, which can lead to radiate in undesirable directions
[3], and [7].

= S,
Dielectric /

Circular microstrip

zsubstrate patch
EJ"

Coaxial connector Ground plane

Figure 2.15 Coaxial-Prop feed [3].

2.14.1.3 The Proximity-coupled feed

The proximity coupling has the largest bandwidth as seen in figure 2.16. The
patch is located on the top, the ground plane is in the bottom and a microstrip line is
connected to the power source and laying between the two substrates. It is little easy to
model. Moreover, it has low spurious radiation. However, its fabrication is somewhat
more difficult [3], [7], and [13]. The power from the feed network is coupled to the
patch electromagnetically, as opposed to a direct contact. This form of microstrip patch
is sometimes referred to as an electromagnetically coupled patch antenna [3].
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A key attribute of the proximity coupled patch is that its coupling mechanism is
capacitive in nature. This is in contrast to the direct contact methods, which are
predominantly inductive. The difference in coupling significantly affects the obtainable
impedance bandwidth, because the inductive coupling of the edge and probe-fed
geometries limits the thickness of the material useable. Thus, bandwidth of a proximity
coupled patch is inherently greater than the direct contact feed patches [3], and [7].

|
Figure 2.16 Proximity-coupled feed [3], and [13].

2.14.1.4 The Aperture-coupled feed

In this technique, the feed circuitry (transmission line) is shielded from the
antenna by a conducting plane with a hole (aperture) to transmit energy to the antenna
[3], as shown in figure 2.17.

The upper substrate can be made with a lower permittivity to produce loosely
bound fringing fields, vyielding better radiation. The lower substrate can be
independently made with a high value of permittivity for tightly coupled fields that do
not produce spurious radiation. The disadvantage of this method is the difficulty in
fabrication [7], [13], and [16].

patch

Antenna Substrate

Ground plane

~—coupling aperture

Feed substrate

/
1Y ; /
/7 Microstrip / /
77 b
7/ line //
rl 7

R

[ : e “r:
7’/
27 En 4 é /
Microstrip line

Figure 2.17 Aperture-coupled feed [3], [13].

2.15 Methods of Design

There are variety methods to design the microstrip antennas; the most popular
models are transmission line, cavity and full wave. The transmission-line model is the
simplest one, due to best physical insight, but is less accurate and it is more difficult to
model coupling [3],[14], and [16]. In our work, we will constrain on the transmission
line method.
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2.15.1 Transmission-Line Method

In this method the transmission line model represents the microstrip patch
antenna by two slots, Separated by a low-impedance transmission line of length L [3],
[7], and [16].

To study the theory of microstrip transmission line we have two different cases:
Case (1): W/h < 1 suitable for narrow strip line.
Case (2) W/h >> 1 and &r > 1 wider transmission line, see figure 2.18.

Figure 2.18 Microstrip line [3].

Assuming that the thickness of the conductor t has no effect in our design
because it is very thin compared with the substrate height h.

Now some parameters must be determined such as the width W/, the length L, the height
h, and the dielectric constant & of the substrate [3], and [16], see figures 2.18, and 2.19.

e AL > L >l AL >

— -

A

o

I
I
I
{ | W
I
I
I
I
|

1

3

Figure 2.19 Physical and Effective length of a microstrip patch [3].

Patch

\IEI\I "I‘-wm__sr_..-.—# FT'T#I"

Figure 2.20 Electric field lines [3].

The characteristic impedance of the microstrip line can be written as [2], [3], and [8]

1201
 Jereff(1.393+5 +2In(5 +1.444)
and, &, ¢ is the effective dielectric constant.

(2.22)

Zo
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The width of the microstrip line is given by [2],[3], [8]

1 2 [ 2
W= rfmm ot = oo (2.23)

and, c is free space velocity of light, f, is resonant frequency.

The microstrip patch antenna in figure 2.19 looks longer than its physical
dimensions because of the effect of fringing. The effective length therefore is differing
from the physical length by AL. A very popular approximation to calculate the extension
of the length of the patch is given by [2], [3], and [8].

Bless _ 0.412 (ereff+o.3oo)(%+o.ze4)
h ' (Ereff—0.258)(+0.8)

Equation (2.24) shows that the extension of the length AL is a function of the

ratio W/h,

and &,.¢¢.To calculate the effective length, we add the length L to the extension of the

length AL [3].

For patch antennas air is above the substrate, this will lead to [3], and [10]:

1< greff < Er.

From equation (2.26), the effective dielectric constant is also a function of frequency, f,

is the resonant frequency for the TM100 mode that equals [2], [3], and [8]:

(2.24)

— Yo
fr= 2 [Erefr(L+2ALefy) (2.26)

The effective dielectric constant &, can be calculated from the formula [2], [3], and

8]:
[ ] _ &t1l &r—1
Ereff i +—12h (2.27)

2 1+W

2.16 Antenna arrays

This type can be defined as a set of two or more antennas. As seen in figure
2.21, the signals from the antennas are combined or processed in order to improve
performance of the single antenna. The performance could be increasing the overall
gain or reducing the interference or to steer the array [3], [7], and [17].

Reflectors
—" Directors

IPRER R
!

-~
~

T . T~ e
o~ ~ o~ ~ o~ -~
~ ~ .
\\I \l \\I \J ~

Feed
element

(a) Yagi-Uda array (b)) Aperture array

Lo R —

NS 2SN 2N

Er Substrate

Ground plane

() Microstrip patch array d) Slotted-waveguide array
Figure 2:21 Wire, Aperture, and Microstrip array shapes [3].
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Antennas with a given radiation pattern may be arranged in a pattern such as a
line or a circle or a plane to yield a different radiation pattern. Linear array antenna
elements arranged along a straight line. Circular array antenna elements arranged
around a circular ring [3]. Planar array antenna elements arranged over some planar
surface such as a rectangular array. Conformal array antenna elements arranged to
conform to some non-planar surface such as an aircraft skin. There are several array
design variables which can be changed to achieve the overall array pattern design [23],
such as: general array shape (linear, circular, planar, etc.), element spacing, element
excitation amplitude, element excitation phase, and patterns of array elements [3], and
[23].

2.16.1 Phased array (Multibeam antenna)

Phased array or multibeam antenna, which consists of either a number of fixed
beams with one beam turned on towards the desired signal or a single beam (formed by
phase adjustment only) that is steered toward the desired signal[6],[23].See figure 2.22.
Phased arrays can be used to steer the main beam of the antenna without physically
moving the antenna. Given an antenna array of identical elements, the radiation pattern
of the antenna array may be found according to the pattern multiplication theorem [23].
The Pattern multiplication theorem can be expressed as [3], [16], and [23]:

Array pattern = Array element pattern X Array factor (AF) (2.28)

and, array element pattern: is the pattern of the individual array element, array factor: is
a function dependent only on the geometry of the array and the excitation (amplitude,

phase) of the elements.
DESIRED SIGMNAL

SIGNAL OUTPUT

EBEAM
SELECT

=3

Figure 2.22 Phased array [23].

2.16.2 Two Elements Array
Suppose that two antenna elements occurred to make an array as in figure 2.23,
the two elements are fed with current I;and I,, which are equal in magnitude but out of
phase. IfI; = I;2a. The point of observation is in the far field, the path length
difference is [ cos a, where [ is the distance between the two elements. The radiation of
element 1 at P will lead the radiation of element 2 with angle y where [16], and [23]:
Y=pLlcos¢p +a (2.29)
B: Phase constant of the transmitted wave.
The total electric field at P is:
E = E{[1+ exp(jY)] (2.30)
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E;: is the field at P due to element 1.
The magnitude of the electric field at P is:

|E¢| = 2E; COS(%I[}) = 2E; cos(%l cos ¢ + g) (2.31)
From (2.31), we found that for a given phase difference and distance we can change the
radiation pattern by changing(%).

ol
Figure 2.23 two- element array [16].

2.16.3 Linear Array
Previous section we explained a simple array that consist of two antenna elements, now

if we put more elements in the line of our two elements array, we will build a linear
array, see figure 2.24.

lcosgh
} } ¥ + }
1 2 3 4 n
1 lra Ire, I£a,

Figure 2.24 linear array of n elements [16].

Consider a simple linear array with equal separation between elements | and equal
current in magnitude and equal difference in phase I, see figure 2.24, the currents are:
LIza,lzaq,12ay, ..., 1L«y,.

The total electric field at P is [16]:

E=E[1+e¥ +e/2¥ +e3¥ + ... e/W] (2.26)
The magnitude of E is [16]:
Y
E =E, cos (Sl_n—j,) ,W=Plcosp +a (2.27)
sin—
2
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: Array factor (AF) that determines the shape of the radiation pattern.

sinﬂ
‘( siné)
Equation (2.27) reached the maximum value when ¥ = 0 then Blcos ¢ = — a, SO we
can reach the maximum as we wish by choosing a correctly. The phase of each element

in this array can be controlled by phase shifter, and the amplitude of each element is
adjusted by an amplifier or attenuator [16].

2.17 Microstrip Discontinuity Compensation

The inescapable discontinuities at bends, step changes in widths, and junctions
can cause regression in microstrip circuit performance [3]. In general, compensated
discontinuities enhance the circuit behavior and the bandwidth. Usually chamfered
bends or rounded corners are used in microstrip circuits. Several shapes of bends such
as right-angled bends were designed to enhance the microstrip circuits' performance
[10],[14], and [22], see figure 2.25.

I v -5 -
— —_— = — E—— _'=
L R —— ol }, — e, e g -
j .
| | I
L) (b} i
W A
T, n.aa\fu 3
= F : - e i _w
| i
L s B I [

(d) (e} L)

Figure 2.25 Several shapes of right-angled bends [14], [22].

2.17.1 The bend allowance (BA)

Bend allowance comes from the fact that when sheet metal is bent, the inside
surface of the bend is compressed and the outer surface of the bend is stretched, see
figure 2.26, and can be calculated from the formula [19]:

(BA) Length = Bend Angle * (r/ 180) * (Inside Radius + K-factor * Thickness) (2.28)
and K-factor = (0 to 0.5) depend on metal .
or from the approximated formula [20]:

(BA) Length =[(0.01743* Inside Radius) + (0.0078 * Thickness)] * (Bend Angle) (2.29)
Cutside Setbhack

ol
-

-
=

Cutsidle Setback

|— Thickness

Figure 2.26 Bend allowance [19].
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2.18 Design procedure steps

In our project, we will design an inset fed antenna as seen in figure 2.27, and
additional parameters should be calculated.

< L >|
N
< Xo—>
N2 !
W, g w
—
N

Figure 2.27 Inset fed patch antenna [3], and [5].

The procedure assumes that the specified information includes the dielectric
constant of the substrate (&,-), the resonant frequency (f;-), and the height of the substrate
h, so the design procedure could be as follows [3]:

1. Calculate the patch width (W): use (2.23)

W= c 2
C2f e+ 1

¢ = free space velocity of light. 3X108 m/s.

2. Calculate the effective dielectric constant of the patch antenna (g,.f) use (2.27)

&rt+1 Er—1 1
Ereff = rz + rz ( )

12h
142

w
3. Calculate the actual length of the patch (L): use (2.25)
L = Loss — 2AL

and, effective length (L)

c
Lojr = ——r
eff Zﬁ- lgeff

4. Calculate the length extension AL use (2.24):

(gerr +0-3)( + 0.264)
(eerr — 0258) (5 + 0.8)

Ak _ 0.412
h - "
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5. Calculate the patch feeder width (Wo) [3], and [10]:

As we know, the feeder is a simple transmission line, so we can use the transmission
line equations to find the feeder width.

(2.30)

g1

ge
W_{m fOTW/h<2

2 2lB-1-m@B-1)+ (ln(B ~1)4039— O;il)]for w/h> 2

26,

_Zo |ert+l | -1 0.11 377
where A = " /—2 + —e (0.23 + - ), and B = Zve

6. Calculate the feeder length (L) [3], and [5]:

The feeder electrical length must be Ly = %
_ @)(/150)(3x10°)
Lo = @nf)eerf (2:31)

7. Calculate the cut depth (y,) [3], and [5]:

Rin(y = y0) = Rin(y = 0)cos(7 yo) (2.32)
Where

Rin(y = 0) = i and G, = %(%)2 for W « 1, we have R;,(y = yo) = 50Q.

8. Calculate the cut width (gap) (9):

Several approaches for g = % where N takes (10, 15, 20, 25, 30, 35, 40...) [18].

2.19 Conclusion

In this chapter, several antenna parameters were reviewed. Microstrip line and
patch antennas with their feeding techniques were explained. Microstrip patch antenna
equations were written. Design steps were listed that will be used in chapter 4.
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Chapter 3

Microwave Couplers and phase shifters

3.1 Introduction

In this chapter, we will talk about the scattering parameters, and then we will
talk about couplers, their analysis, crossovers, and the phase shifters.

3.2 Scattering Matrix Parameters

The first published description of S-matrix parameters was in the thesis of
Vitold Belevitch in 1945[1]. The name used by Belevitch was repartition matrix and
limited consideration to lumped-element networks. The term scattering matrix was used
by physicist and engineer Robert Henry Dicke in 1947 who independently developed
the idea during war time work on radar S-parameters or scattering parameters (the
elements of a scattering matrix or S-matrix) describe the electrical attitude of linear
electrical networks when undergoing various steady state motivation by electrical
signals. The parameters are useful for electrical engineering, electronics,
communication systems design, and especially for microwave engineering [1], and [2].

Consider that we have n-ports network, and a,, is the amplitude of the voltage wave
incident on port n and b,, is the amplitude of the voltage wave reflected from port n. The
scattering matrix, or [S] matrix, can be derived in relation to these incident and reflected
voltage waves as [2],[18]:

[bn] =[S] [an] (3.1)

3.2.1 Lossless networks

A lossless network is one that does not dissipate any power, or ¥.|a,,|? = Y|b,,|?
the sum of the incident powers at all ports is equal to the sum of the reflected powers at
all ports. This implies that the S-parameter matrix is unitary, that is($)?(S) = (1)
where (S)fthe conjugate transpose of (S) is and (1) is the identity matrix [1], [2], and
[4].
3.2.2 Lossy networks

A lossy passive network is one in which the sum of the incident powers at all
ports is greater than the sum of the reflected powers at all ports. It therefore dissipates
power, or: Y|a,|? # X|b,|%. In this case).|a,|? > X|b,|?, and (I) — (S)H(S)is positive
definite [1], and [2].

3.2.3 Two-Ports S-Pgrameters

/ =<‘L o« L
i), —= - (i,
l V, Two-port V, )
b | network il b,
& o
I

Figure 3.1 Two ports network [1], and [18].
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The S-parameters of a two ports network shown in figure 3.1 are as follow,
which give relationship between the reflected and incident power waves [1], [3], and
[18]:

[o2) = [521 s2allz2 32)
Where:

bl = sq1a; + 51243 (3.3)
b2 = s,1a; + s55a, (3.4)

S11: is the input port voltage reflection coefficient (Port 1 reflection coefficient= bi/ai).
S12: is the reverse voltage gain (Port 2 to Port 1 transmission coefficient/gain = bi/ay).

S21: is the forward voltage gain (Port 1 to Port 2 transmission coefficient/gain = by/as).

S22: is the output port voltage reflection coefficient (Port 2 reflection coefficient = ba/ay).

We will assume that the input and output connections are to ports 1 and 2
respectively which is the most common convention. The nominal system impedance,
frequency and any other factors, which may influence the device, such as temperature,
must also be specified [1], and [8].

3.2.3.1 Scalar logarithmic gain
The scalar logarithmic (decibel or dB) expression for gain (g) is:
9 = 20logy|S>1] dB. (3.5)
This is used more than scalar linear gain and a positive quantity is normally
understood as simply a 'gain’. A negative quantity is expressed as a 'negative gain' or

more usually as a 'loss' equivalent to its magnitude in dB [1], [3].

3.2.3.2 Insertion loss

When the two measurement ports use the same reference impedance, the
insertion loss (IL) is the dB expression of the transmission coefficient |S,;| [1]. It can
be expressed as:

3.2.3.3 Input return loss

Input return loss RLin is a scalar measure of how close the actual input
impedance of the network to the nominal system impedance value, and is expressed in
logarithmic scale as [1]:

RL;, = |20logy,lS:41| dB (3.7)
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3.2.3.4 Output return loss

The output return loss (RL,,; ) has a similar definition to the input return loss
but applies to the output port (port 2) instead of the input port [1]. It is given by:

RLoyt = |2010g10|322|| dB (3.8)

3.2.3.5 Reverse gain and Reverse isolation

The scalar logarithmic (decibel) expression for reverse gain g, IS written as [1]:

Jrev = 20l0g14[S12| dB (3.9

3.2.3.6 Voltage standing wave ratio

The voltage standing wave ratio (VSWR) at a port, represented by the lower
case 's', is a similar measure of port match to return loss but is a scalar linear quantity,
the ratio of the standing wave maximum voltage to the standing wave minimum
voltage. It therefore relates to the magnitude of the voltage reflection coefficient and
hence to the magnitude of either for S;; the input port or S,, for the output port [2], and

[3].

At the input port, the VSWR ( S;;,) is given by
_ 1+[544]

At the output port, the VSWR (S,,;) is given by
_ 14(S22| (3.11)

OUL ™ 1|8y,
3.3 ABCD matrix of two-port network

There are sundry benefits of using the ABCD matrix representation when
designing microwave components [21]. They allow simulating entire structures made of
a cascade of lumped elements, such as capacitors, inductors, and transformers. In
addition, S parameters can be converted to ABCD parameters, and vice versa. When
analyzing a microwave structure element, it is easier to model the element as a
combination of lumped elements rather than interpreting the S parameters directly. The
ABCD matrix of a two-port is defined by using voltages and currents as shown in figure
3.2. The ACBD matrix is defined by [2], and [21]:

V, = AV, + B(-1,) (3.12)
I, = CVy, + D(—1I) (3.13)

Equations (3.12),and (3.13) explain the relation between voltages and currents ,
thus given Vi, I, V2 and I can be found if the ABCD matrix is known, previous
relations can be written in matrix form as [2],and[21]:

=12 212 (3.14)

In practice, many microwave circuits consist of a cascade connection of two or
more than two-port network. The ABCD matrix of the cascade connection can be easily
found by multiplying the ABCD matrices of the individual two-ports networks [2], and
[21].
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Figure 3.2 ABCD matrix of a two-port system.

For conversion from ABCD to S parameters, equation (3.15) can be used [2], and [21]:

Sis 512] 1 Z,A+ B+ Z2C — Z,D 2Z,(AD — BC)

= 3.15
Sa1 S22l ZoA+B+zEC+ZoD 27, —Z,A+ B+ Z2C+ Z,D (3.15)

where, Z, is the characteristic impedance of the transmission lines connected to the
ABCD network, usually equals 50 Q.

For conversion from S to ABCD parameters, equation (3.16) can be used [2], and [21]:

(1+S11)A—=53) + 51251 Zo[(1 +S511)(1 + S32) — 512521

4 0=2s ] (3.16)
Z [(1 —S10)(A = S22) — 512521] (1 =511) (1 + S33) + 812524 '

c pl~

28,

3.4 Directional couplers overview

Directional couplers are passive microwave devices used for power division or
power combining, figure 3.3 (a) shows an arbitrary power division, where an input
signal is divided by the coupler into two signals of lesser power. When it is also used as
a combiner, the coupler takes two signals to provide only one output [2], and [6],as seen
in figure 3.3 (b). The coupler may be a three-port component as illustrated in figure 3.4,
or maybe a four-port component.

— P=aP, — P

P, —  Coupler P=P;+P; *+——  Coupler

——* P={1-0)Py [— P

a) (b

Figure 3.3 (a) An arbitrary power division and (b) power combining [2].

With reference to figure 3.4 (a), which is a commonly used symbol for
directional couplers, the ideal directional coupler has the property that a wave incident
in port 1 couples power into ports 2 and 3 but not into port 4. For the wave incident in
port 4, the power is coupled into ports 2 and 3 but not into port 1. Thus, ports 1 and 4
are uncoupled. Similarly, ports 2 and 3 are also uncoupled. However, port 4 is usually
terminated with a matched load and not accessible to the user [2], and [6]. This results
in a three-port component as shown in figure 3.4 (b).
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Tsolated 3 C‘ouplerd
(a)

Input - 2 Through

3
Coupled

(b)
W

Figure 3.4 (a) Symbol for directional couplers and (b) symbol for a directional coupler

with port 4 terminated with a matched load [2].

The performance of a directional coupler is characterized by two parameters: the
coupling and the directivity. The coupling factor indicates the fraction of the input
power that is coupled to the output port, and the directivity is a measure of how well the
power is coupled in the desired direction. Let P1 be the power supplied to port 1, Pz be
the coupled power in the forward direction in port 3 and P4 be the power coupled in the
backward direction in port 4 [2], and [6].The coupling in decibels is then given by:

¢ =10log
3

The directivity can be defined as

D =10log
4

(3.17)

(3.18)

Ideally, the power P4 coupled in port 4 should be zero, and therefore the directivity of

the coupler would be infinite.
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The ideal directional coupler, as illustrated in figure 3.4 (), is a lossless reciprocal four-
port network matched at all ports with Sia= Szs= 0. Thus, the scattering matrix [1], and
[2] has the form:

0 S12 S13 0
S12 0 0 S24
S13 0 0 S34
0 S24 S34 0

[s] = (3.19)

Several properties of the ideal directional coupler can be deduced from the
symmetry and unitary properties of its scattering matrix [1], and [2]. If we take the
product of row 1 with the conjugate of row 4 in (3.19), and similarly row 2 with the
conjugate of row 3, we obtain:

S12824 + 513534, = 0 (3.20)

S12813 + 52453, =0 (3.21)

If we note that |S;,554] = 1S1211S24] , (3.14) and (3.21) are seen to give:

|512||524| = |513||534| (3-22)
|512||513| = |524||534| (3-23)
Now if we divide (3.22) by (3.23) we obtain:

[S24] _ 1S13l
[S13l [S24]

(3.24)

which implies that
1S13] = 1524l (3.25)

So that the coupling between ports 1 and 3 equals that between ports 2 and 4 [1],

and [2].
Use of (3.25) in (3.22) gives

S12] = |S34] (3.26)

So that the coupling between ports 1 and 2 is the same as that between ports 3 and 4.

Then the product of the first row with its conjugate in (3.19) yields:

1S1217 + 1S3> =1 (3.27)

Similarly,

1S121% + 124> = 1 (3.28)
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By properly choosing the terminal planes on ports 1 and 3, we can adjust the phase
angle of scattering parameters [2], so that:

S12 = S34 = C1 (3.29)
513 = Cze]a (330)
524 = Czejﬁ (331)

where Cy and Czare real and o and 3 are phase constants to be determined.
Use of (3.29) and (3.30) in (3.28) gives:

CZ+C2=1 (3.32)

Substituting (3.29) to (3.31) into (3.32) yields a relation between the two-phase
constants as:
a+f =n+2nn (3.33)

In practice [2], and [6], there are two particular choices:

1. The 90° coupler: The phase constants are chosen equal, @ = 8 = /2 . Then the
scattering matrix has the form

0 ¢ jC, 0

¢, 0 0 jG,

jc, 0 0 ¢
0 jC; ¢ 0

[S]= (3.34)

2. The 180° coupler: The phase constants are chosen to be 180° apart, «=0, f=n.
Then the scattering matrix has the form

0 ¢ €, 0

_a 0 0 -G,
IS1= C, 0o 0 ¢
0 _Cz C1 0

(3.35)

3.5 Hybrid couplers overview

Directional couplers can be designed for arbitrary power division. However, hybrid
couplers [2] are special cases of directional couplers with equal power division (3dB),
which implies:

Cl=C2=1/\2 (3.36)

Hybrid couplers have either a 90° or a 180° phase shift between the output ports.
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3.5.1 90° hybrid couplers functional description

The 90° hybrid coupler, also known as the quadrature hybrid coupler, is a 3 dB
directional coupler with 90° phase difference in the two output ports [2]. With reference
to a 90° hybrid symbol shown in figure 3.5, a signal applied to port 1 will be evenly
split into two components with a 90° phase difference at ports 2 and 3, and port 4 will
be isolated.

DC

Input @ —_— — @ Output
00° -3dB
hybrid 00°

Isolated @ — — @ Output
-3dB

Figure 3.5 Symbol of a 90° hybrid coupler [2].

The branch-line hybrid coupler [2], and [6] has a 90° phase difference between
ports 2 and 3 when fed at port 1, and is an example of the 90° hybrid coupler. Its
scattering matrix has the form [2]:

(3.37)

0 1
_1f1 0
[S]_sz

0 Jj

=X =
O R~ O

3.5.2 Conventional branch-line hybrid coupler

The branch-line hybrid coupler [2], and [5] shown in figure 3.6 can easily be
constructed in planar (microstrip or stripline) form. As illustrated in Figure 3.5, the
branch-line hybrid has four ports with the terminal impedance Z,. It consists of two
quarter-wavelength transmission line sections of characteristic impedance Zoi. Two
transmission line sections are connected by two shunt branches, which are both quarter-
wavelength transmission line sections of characteristic impedance Zoz, at both ends [2].
With reference to figure 3.6. A signal applied to port 1 will be evenly split into two
components with a 90° phase difference at ports 2 and 3, and port 4 will be isolated [5].
Observe that the branch-line hybrid is symmetrical, so any port can be used as the input

port. Z Zon Zy
R — I
Toyput EI:' ] 'féj Output
e — e 4
-------- Ly -p——---- held Lo ———-———-
Isolated C} [ 'f:,u Qutput
 — LN —
Z z
0 Zor 0

Figure 3.6 Geometry ofI a branch-line hybrid coupler [2].
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3.6 Design of a branch-line hybrid coupler

At the center frequency, scattering parameters of the branch-line hybrid are

given by [5], and [6]:

_ 401
Sy1 = _]Z
Z
531 — 201
Zo2
$511=5841 =0

(3.38)

(3.39)
(3.40)

Thus, the complete scattering matrix can be expressed as [5], and [6]:

0 —JZo1 —Zo1
—j@ Zy Zo2
Zy 0 0
[ST=| ZZo 0 0
Zo2
_Zo1 —JjZo1
i 0 Zo2 Zy
From (3.41) and (3.34), we have:
Zor = Zo(y
Z
Zyy = CL;

Then using (3.36) in (3.42) and (3.43) gives:

1

Zoy = N
Zoy = Zy

Zy

3.7 Analysis of a branch-line hybrid coupler

(3.41)

(3.42)

(3.43)

(3.44)
(3.45)

The analysis of the branch-line hybrid can be carried out using the even- and
odd-mode approach [2], [5], and [8]. As shown in figure 3.7, we first draw the
schematic circuit of branch-line coupler in normalized form, where each line represents
a transmission line with the characteristic impedance normalized to Zo. We then assume
that a wave of unit amplitude A:=1 is incident at port 1.

A]:l

- 1 1 ©
U — 1/42 .
B, B; 1
1 1
B B,
° 1 2 o1 °
1% @ ) % 1

Figure 3.7 Schematic circuit of the normalized branch-line coupler [2].
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The circuit of figure 3.7 can be decomposed into the superposition of an even-mode
Excitation and an odd-mode excitation, as shown in figure 3.8.

112 +11

— @ o — @ D

" 142 T 1 12 1
2%1 T. ]E 1 L <L-’1
_________]_____? __________ S | = : 1

N (]

° 2 1 A A v
 ® / @ o @ | @ él
Line of symmetry Crpen-circuited l

=0 stubs
V=max - @) =
+112 +12

|
1)
¢ i
|
=

I

I

I

1

1

i

I

|~

1

I

1

£ 7]

I

|

I

I

I

1

1
"

Ly

-—|‘| .

-

—

=i

(| —

Shont-circuited

Line of antisymmetry
stabs

I=max
V=0 )

A0
ﬂ—'.\."\'."\n.'_

Figure 3.8 (a) Even-mode excitation and (b) Odd-mode excitation [2].

Because the circuit is linear, the actual response of figure 3.7 can be obtained
from the sum of the responses to the even-mode and odd-mode excitations. The
amplitude of the emerging wave at each port of the branch-line hybrid coupler
(B4, B,, B3, B,) can be expressed [5], [6], and [8] as:

By =T, +-T, (3.46)
1 1

By =T, +T, (3.47)
1 1

B3 = ETe - ETO (348)
1 1

B4 == El—‘e - EFO (349)

where Teo and T'eo are the even- and odd- mode transmission and reflection
coefficients for the two port networks of figure 3.8. For the even-mode two-port circuit
shown in figure 3.8 (a), Te and I'e can be calculated from multiplying the ABCD
matrices of each cascade component in the circuit [2], and [7]. Assume the branch-line
hybrid coupler has a center frequency of fo, which implies that each branch has the
length

| = o _ /o _ T (3.50)
4 4 2o
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where Ao and o are the wavelength and radian frequency corresponding to the
center Frequency fo, respectively. With reference to [2], [7], and [21], the ABCD matrix
of a transmission line section of length | and characteristic impedance Z,. can be
expressed as:

By _[ cosBl  jZ.sinpl
]_[jYCsinBl cosﬁl] (3.51)

where £ =m £ is the phase constant. Substituting the impedance of figure 3.8
into (3.51) gives the ABCD matrix of the main branch as [21]:

cos—=  j—=sin—-=
[ = 2 e (3.52)
c D j\/fsin—— cosS——
wo 2 wWo 2

However, for the open-circuited stub, the impedance is given as:
Zoe = —JZ, cotBl (3.53)
where the length of each stub is [ = % = g%

The ABCD matrix of the shunt open-circuited stub can be obtained as [21]:

1 0
A B =1. w T l 3.54
[C D] [] tanw—oz 1 (3.54)
Thus for the two-port even-mode excitation, the ABCD matrix is found [2], [7],
and [21] as:

1 0 cos—— —sm——
A B _| .. l 0o 2 [ 356
¢ Dl l}tan—woz 1 NZsin2Z o S__ Ltan__ (3.55)

The transmission and reflection coefficients can be converted from the ABCD
matrix [2], [7], and [21] as:
2

(3.56)

€ T A+B+C+D

[, — A*B=C-D (3.57)
e

A+B+C+D

Similarly, for the odd-mode excitation, we obtain the ABCD matrix for the two
port network [2], [7], and [21]:

w T
1 0 COS—-— sm——
[A 7] = [—'cotif l o n l— cot—— l (3.58)
J wo 4 jV2 sinw—; cos—— J
which gives the transmission and reflection coefﬂments as[2], and [7]:
T — 2 3.59
S o
Fo = A+B+C+D (3.60)
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So, the scattering parameters of the branch-line hybrid coupler are obtained as [2], [7],

and [21]:

Spy = j—l =By =5 (T, +T,) (3.61)
S = =By =5 (T +T,) (3.62)
Sy = j— =B, = %(Te ~T,) (3.63)
Sy = j— =B, = %(re ~T,) (3.64)

3.8 Crossover (0 dB coupler)

The crossover can be built by cascading two 90° hybrid couplers network with 2
inputs and 2 outputs [2], [10], and [11], see figure 3.9. This type of coupler is also
called 0 dB coupler. The perfect design of crossover is accomplished if every adjacent
ports are isolated such that if port 1 is fed, the output of ports 2 and 4 should be equal to
0 and if port 4 is fed, the output of ports 1 and 3 should be 0, and (Zo= Zos= Zo0,Zy; =

%) [10]. The S-matrix for the crossover can be obtained by extending the even-odd

Mode analysis for the quadrature hybrid [2], [8], and [11]. The (S) matrix will have the
following form [10]:

0 0 j O
_10 0 0 j
[S] = i 00 0 (3.65)
0 j 0 o
7 o Zo Z
~ — T + b—_—
Input -\D (2)  Output
~t— 4 A4 .
-------- 799 NN SRR 7/ SRS W2 N /g —
Isolated C:D KB 5 Q@ OQutput
Z Z
0 Zm Zﬂl ¢

Figure 3.9 Geometry of crossover [6].
Note: Crossover can be implemented by microstrip transmission line equations,
and in practical cascading of two 90° hybrids to implement a crossover did not give the

required performance [10-13] of its scattering matrix parameters, so the geometry will
be modified to implement the practical crossover as shown in figure 3.10.
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Figure.3.10 Practical crossover [12-13].

3.9 Phase shifter

The phase shifter is implemented using microstrip transmission line. As seen in
figure 3.11, the length of the line corresponding to -45° phase shift is given by the
formula [9-12]:

p=2L (3.66)

where L is the length in meters, ¢ is in radians, Ais the wavelength in the
microstrip line, and the wavelength in the microstrip transmission line is given by:

A= Ao/wfgreff (367)

where 4, is the free space wavelength, and &,.¢¢ is the effective dielectric
constant of the microstrip line. Since the phase shift is implemented using simple
transmission line, therefore it is linearly frequency dependent [9-11].

- L

Lrata..! — ":ﬁ’ +— AL

y AL = 2mn. (n =1,2,3,4,......) |

Figure 3.11 Ideal phase shifter [13].
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Note: In practice [10-13] we can design the phase -45° shifter by equation
(3.68), and add another an extra line length AL without changing the desired phase.

A
Leotar = 3 + AL (3.68)

where AL = 2mn, (n =1,2,34,......)

3.10 Conclusion

In this chapter, the scattering parameters and their meanings were explained.
The chapter introduced couplers types and the derivation of the S-matrix. Moreover, the
crossover coupler was reviewed. Finally, microstrip phase shifter was presented. All of
these components will be used in chapter 4.
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Chapter 4
Design of 4x4 Butler Matrix with 4 patch antennas

4.1 Introduction

In this chapter, we will explain the butler matrix, and how to design it, and then
we will use equations explained in previous chapters to design the overall system.
Finally, we will use the ADS 2011 simulator to design and optimize the desired goals.

4.2 Butler matrix with antenna-array

In several applications, antennas are designed with very directive characteristics
to meet demands for long distance communication. This can only be done by increasing
the electrical size of the antenna. Another way is to form an assembly of radiating
elements in a geometrical and electrical configuration, without necessarily increasing
the size of the individual elements. Such a multi-element radiation device is defined as
an antenna array [1].

Antenna arrays can be one, two, and three-dimensional. By using basic array
geometries, the analysis and synthesis of their radiation characteristics can be
simplified. In an array of identical elements, we can find at least multi individual
controls (degrees of freedom) that can be used to shape the overall pattern of the
antenna [1].

Smart antenna is one of the most favorable technologies that will enable a higher
capacity in wireless networks by effectively reducing interference. This is accomplished
by focusing the radiation only in the desired direction. A switched beam technique is the
simplest one in smart antenna systems. It is similar to an antenna-array system that
forms multiple-fixed beams with enhanced sensitivity in a specific area. This antenna
system detects signal strength pick out one of the predetermined fixed beams, and
switches from one beam to another as the user moves [2].

The supply system of the switched beam is named as the Butler matrix. Feeding
an N-element antenna array performs a spatial Fast Fourier Transform (FFT) using an

NxN Butler matrix, N orthogonal beams can be generated where N should be an integer
power of 2 (i.e. N = 2", n €Z"), and each beam has a gain of the whole array [2-4].
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Phase shifter 457= Phase shifter

90° 20°
hybrid hybrid

‘ I Crossover

1L 2R 2L 1R

Figure 4.1 4 x 4 Butler matrix block diagram [20].

The Butler matrix was first qualified by Jesse Butler and Ralph Lowe [4].As
seen in figure 4.1, the Butler matrix divides the input power into 4 outputs with same
amplitude but with linear phase taper. The phase taper is different for each input port.
The outputs are linearly combinations of the inputs and can expressed as [4], and [22]:

1L = 7 (A1£225° + A;2270° + A;£315° + A4,£0°) (4.1)
2R = =(A12270° + A, 245° + A;2180° + A,£315°) (4.2)
2L = 5 (A1£315° + A;2180° + A;245° + 4,£270°) (4.3)
1R = (A;20° + A;2315° + A3 £270° + A4£225°) (4.4)

Butler matrix works the same when it transmits energy as when it receives
energy because it is a passive reciprocal network. Each beam can be used by a dedicated
transmitter or receiver. We can see it in figure 4.2, a 4x4 Butler matrix used as a feed
circuit for an antenna array [20], and [22].

Phase shifter

Phase shifter

: Antenna switched-beam
1 Butler matrix 1| Array | radiation pattern

Figure 4.2 4x4 Butler matrix with antenna array [11].
The block diagram of a 4 x 4 butler matrix as shown in Figure 4.2 consists of four -3dB
(90°) hybrids couplers , two crossovers , two 45° phase shifters and four antennas [4],
and [11].
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4.3 Literature Review

There have been several researches in butler matrix with antenna arrays in
different applications and various frequency bands.
Here is a list of some previous researches interested in butler matrix design:

1. In [7], for vehicle anti-crash systems an 8-port wide-band Butler matrix with
antenna arrays at 24 GHz for front-end radars has been successfully built using micro
machined techniques. Best simulation results were written.

2. In [8], a four-beam antenna array operating within 24 GHz frequency range was
developed with low cost design. The designed matrix was integrated and
manufactured with the four-element linear antenna array confirming the usability of
the utilized Butler matrix in beam-scanning applications.

3. In [9], a 4x4 Butler matrix was studied, designed and simulated successfully.
The simulated results show that the 4x4 butler matrix produces four orthogonal
beams in the required directions. Taken into account the 3dB beam width, the four
beams effectively cover the required 120-azimuth angle.

4. In [10], a four-element microstrip antenna array fed by a Butler matrix over
spiral EBG structure has been designed and simulated using Ansoft Designer. The
antenna array was manufactured and measured showing good results and confirming
antenna array’s usability.

5. In [11], a 60-GHz switched-beam antenna with Butler matrix network is
developed for 60-GHz wireless communication applications. The Butler matrix is
integrated with the antenna elements on the same substrate. It provides a cost-
effective approach to implement adaptive antennas for the 60-GHz wireless
communications.

6. In [12], an optimum design of a 4x4 planar Butler matrix array for WLAN
applications is presented. Initially all the necessary formulae for dimensions of
hybrid coupler, crossover, phase shifter and radiating elements are evaluated using
MATLAB. Then all the components are designed and simulated using commercial
software SONNET.

7. In [13], a laboratory project on 4x4 Butler Matrix was presented. It was
designed, implemented, and measured at the Microwave Lab of Indian Institute of
Science, Bangalore. Cutting the ground techniques are used to reduce the resonance
frequency, and the size of antenna. The use of crossover by cutting the ground plane
made the Butler matrix compact.

8. In [14], a 4x4 Butler matrix has been designed in Ku-band with a central
frequency of 12.5 GHz. Based on Substrate Integrated Waveguide (SIW) technology.
SIW technology based on planar dielectric substrates with top and bottom metal
layers perforated with metalized holes, the proposed system has the advantages of
low cost, light weight and ease of fabrication and integration.SIW structures offer a
compact, low loss, flexible, and cost-effective solution for integrating active circuits,
passive components and radiating elements on the same substrate.
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9. In [15], a branch-line coupler using two-step stub impedance operating at 2.45
GHz was designed based on size reduction, which gives the same performance in
terms of reflection coefficient and S-parameter analysis as compared to the normal
branch-line coupler.

10. In [16], a high temperature superconductors (HTS) Butler matrix beam-forming
network was described. Reasonably good agreement between the simulated results.
The Butler matrix demonstrates the possibility of making HTS Butler matrices
without having crossovers, which is a benefit to reduce overall size.

11. In [17], a 4 x 4 X-Band Butler Matrices for antenna beam forming were
designed, where theoretical basis, design specifications, tolerance analysis, and
simulation building were included.

12. In [27], a 24 GHz 4-ways Butler Matrix Monolithic Microwave Integrated
Circuit (MMIC) in CMOS technology was presented for smart antenna systems. The
multi-layer structure of CMOS process was utilized to reduce the size and the overall
return loss. The output relative phases were less than 6° deviation from the desired
+135°, +45°, four orthogonal beams were pointing to +49°, +15°.

13. In [28], a steerable antenna array at 24 GHz Using Butler matrices with Micro
Electro Mechanical Systems was presented, the designed 4 x 4 Butler matrix provided
four different possible phase shifts at the output £45°, and +135° with 2° error. The
steering angles of approximately were + 13°, and +43°.

14. In [29], a low loss 24-26 GHz 4x4 Butler Matrix for Beam Forming Antenna
Systems Based on integrated passive device (IPD) was presented. The proposed Butler
matrix occupied a chip area 2.2 x 1.9 mm?, the outputs phase difference were +43°,
+137°.

4.4 Substrate

RO4000 Series High Frequency Circuit Materials are glass-reinforced
hydrocarbon/ceramic laminates designed for performance sensitive, high volume
commercial applications. RO4000 laminates are designed to offer superior high
frequency performance and low cost circuit fabrication. The result is a low loss
material, which can be fabricated using standard epoxy/glass (FR4) processes offered at
competitive prices [18].

Features [18]:

Excellent high frequency performance due to low dielectric tolerance and loss.
Stable electrical properties versus frequency.

Low thermal coefficient of dielectric constant.

Low Z-Axis expansion.

Low in-plane expansion coefficient.

Excellent dimensional stability.

Volume manufacturing process.

In our deS|gn we took one standard model (RO4003C) from Roger standards substrates:

NogakrwnpE
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RO4003C -substrate properties [18]:
e Dielectric Constant ¢, = 3.38
e Standard thickness = 0.203 mm
e Standard Copper Cladding =35z m
e Dissipation Factor tan 6 = 0.0021
e Volume Resistivity = 1.7 X 1010M Q «cm
e Surface Resistivity =4.2 X 109 M Q
e Thermal Coefficient of &, = +40
e Thermal Conductivity = 0.64 W/m/°K at 100°C

4.5 Computational Electromagnetic Algorithms

As the power of the computer continues to grow, computational electromagnetic
(CEM) were used to tackle electromagnetic problems that could not be solved
analytically. CEM also helps to provide fundamental insights into electromagnetic
problems through the power of computation and computer visualization, making it one
of the most important areas of engineering today [23], and [24].

Today, Several CEM algorithms are used, and are typically classified as so-
called “exact” or “low-frequency” and “approximate” or “high-frequency” methods and
further sub-classified into time- or frequency-domain methods [24].

Finite Difference Time Domain Method (FDTD), Finite Element Method
(FEM), Method of Moments (MoM), Geometrical Theory of Diffraction (GTD),
Physical Theory of Diffraction (PTD), and Shooting and Bouncing Rays (SBR) are
common examples for the computational electromagnetic algorithms [24], and [25].

4.5.1 Method of Moments (MoM)

This technique is used to solve Maxwell's electromagnetic equations for planar
structures embedded in a multilayered dielectric substrate by transforming them into
integral equations [25]. The basic idea is to transform an integral or differential equation
into a set of simultaneous linear algebraic equations (or matrix equation) which may
then be solved by numerical techniques [23].

Equation (4.5) is a linear equation that explained the general case of the Method of
Moments.

L(F) =g (4.5)
where L is a known linear operator, g is a known excitation function ,and F is the
unknown function to be determined. In physics, L means the system transfer function
and g represents the source. The objective is to determine F once L and g are specified.
First, the function F is expanded using a series of known basis functions (or expansion

Functions) f1, f2, f3,,..... In the domain of operator L, we have [23]:
F= annfn (4.6)
where I, are unknown complex coefficients to be determined and n= 1,2, ... N. N

should be infinite in theory but is a limited number in practice. We can replace F in
Equation (4.5) by Equation (4.6) and use the linearity of L to give [23]:
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Yl L(f) =9 (4.7)
The problem becomes how to determine these unknown coefficients In.

Secondly, a set of weighting functions (or testing functions) W1,W>,Ws, . . . in the
domain of L is chosen and then the inner product is formed as[23]:

Lon I (Wi, LED)=(Win, 9) (4.8)

wherem =1, 2, ... M. Again, M should be infinite in theory but is a finite number in
practice and a typical, but not unique, inner product is defined as [23]:

(x(2),y(2)) = (y(2),x(2)) = [, x(2)y(2)dz (4.9)

Thirdly, the inner product is performed on Equation (4.8) form= 1to M to give
the matrix equation [23]:

[(W1,L(f1)) (Wi L(f2)) - <W1,L(f1v)>] I [(Wl,g)]
|<W2,L.(f1)) (Wz,L.(fz)) (Wz,l:(fN)H {2 :|(W?,g)| (4.10)

W LFDY o oen o W LGN L LW 9

or, in other form[23]:

[Zimn 1] = [Vl (4.11)
where

Zmn = (W, L(fn)) (4.12)
and

Vin = Wy 9) (4.13)

Now the unknown coefficients can be yielded as [23]:

(1] = [Zinn] ™ V] (4.15)

The unknown function F can therefore be obtained approximately using Equations (4.6)
and (4.15).

The election of the basis functions and weighting functions is a key to obtaining
accurate solutions efficiently and successfully. In general, the basis functions should
have a capability to accurately represent and resemble the anticipated unknown
function. There are several possible basis/weighting function sets, but only a limited
number are used in practice. The N equations in Equation (4.10) must be linearly
independent and give a unique solution [23].

In addition, they should be chosen to minimize the computations required to
evaluate the inner product. If both the basis functions and weighting functions are the
same, then this special procedure is known as Galerkin’s method [23].
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4.5.2 Advanced Design System 2011 (ADS) software

Advanced Design System is the world’s leading electronic design automation

software for RF, microwave, and high speed digital applications. In a powerful and
easy-to-use interface, ADS pioneers the most innovative and commercially successful
technologies, such as S-parameters and 3D EM simulators, used by leading companies
in the wireless communication & networking and aerospace & defense industries
[5],and [25].

ADS 2011 features made it easier for engineers to design multiple RF and

microwave integrated circuits (implemented with a variety of technologies), assemble
them in a package or on a multilayer laminate, and simulate electrical and 3D
electromagnetic performance, all within a single platform [5]. Simulation models
(microwave and RF) included in ADS 2011 are both based on MoM technique. Using
different variations of the same technology are good ways to achieve best results [25].

4.6 Design of single inset fed patch antenna.

Refer to chapter two, the inset fed patch antenna equations were used to calculate the
initial design parameters as seen in figure 4.3. The parameters were listed in table 4.1.

[« L >|

M~

N

Yo

N
“1
Yo |
W, | g w

b

-

W

Figure 4.3 Inset fed patch antenna [23].

As we mentioned at previous section, the substrate will be Roger RO4003C.

Operating frequency, f,,=24 GHz.
Substrate thickness, h = 0.203 mm.
Dielectric constant , &, = 3.38.

The characteristic impedance, Zo = 50 Q.
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Table 4.1 Mathematical calculation for inset fed patch antenna parameters.

Parameters Calculated Dimension Units
Dielectric (&,) 3.38

Effective (&,¢55) 3.1376

Loss tangent (tan?) 0.0021

Thickness (h) 0.203 mm
Operating frequency 24 GHz
Wavelength (4) 125 mm
Effective wavelength (4.5f) 6.79 mm
Length (L) 3.33 mm
Effective length(L.sf) 3.5311 mm
Width (W) 4.223 mm
Feeder width (Wo) 0.469 mm
Feeder Length (Lo) 3.807 mm
Cut depth (yo) 1.105 mm
Gap (9) 0.22 mm

4.6.1 Design of inset fed patch antenna by ADS 2011 simulator

Single inset fed patch antenna was drawn with parameters listed in table 4.1 in
the ADS 2011 layout. A single port with TLM calibration (50Q), and adaptive
frequency plan from [23-25] GHz with 100 points were configured. Then simulation
options with mesh frequency 24 GHz, and mesh density 30 cells/wavelength were
added. Roger 4003C substrate (e, = 3.38), and sheet cupper conductor thickness
0.035mm were selected. The layout of the patch antenna is shown in figure 4.4.

PATCH ANTEMNNA

=4 .

Crm
Innanl

Figure 4.4 ADS inset fed patch antenna layout.
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A goal of S11< -25 dB was defined in simulation and the following parameters are
obtained as shown in table 4.2,

Table 4.2 ADS simulated parameters for inset fed patch antenna.

Dimension mm
Length (L) 3.35
Width (W) 4.23
Feeder width (Wo) 0.49
Feeder Length (Lo) 3.3
Cut depth (yo) 1.09
Gap (9) 0.22

The simulation results show that the return loss: (S11) =-30.139 dB at center frequency
24 GHz as depicted in figure 4.5.

ma3
freq=24 00GHz

S("I .1 ) dB(calculated)=20.139

dB(fitted)=-30.139

Mag m3 [dB]
'] w

dBfitted)
dB{calculated)

Figure 4.5 ADS simulated return loss S11 at 24 GHz.
4.7 Design of hybrid 3dB coupler

As seen in figure 4.6 the hybrid coupler consists of eight transmission lines with
electrical length L =% with two different characteristic impedances Z,; = 35.35Q
and ZOZ = ZO = 5OQ
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|
Figure 4.6 Hybrid 3dB coupler.

Now referred to equations missioned in chapter two we got:

Table 4.3 Mathematical calculation for 3dB coupler.

Dimensions

Transmission line Z,,

Transmission lineZ,, , Z,

Length 1.875 mm 1.912mm
Width 0.7582 mm 0.47 mm
4.7.1 Design of hybrid 3dB coupler by ADS 2011

The Line-Calc- tool listed in ADS 2011 was used to draw the initial eight

transmission lines.

As seen in figure 4.7 the eight transmission lines were combined to get the 3dB

coupler.
..... . . . . . . . . . Zﬂ . 201 . . . . . . . . Z{) . . . . . . . .
Term | I | | I | | IS | Term
P1 Termi1 1IN 1N ILIN Tem2 P2
Num=1 Num=1. - TL1 TL? 10 NUm=2 - Num=2
| MSub o 7=50 Ohm. Subst="MSuB® . . . Subst="MSub2’ . . . Subst="MSubt” . Z=500hm . .
T .o =1 . . . . W=W1T mm Lo W=swW2mmoo . W=WA mm ol
1SUB L=L1 mm L=L2 mm L=L1mm
MSub2 = ILIN 1IN =
. H=203mm . . . L L T2, o T3 - .o o
Er=3.38 Z02| Subst="MSub1" Zo2 Subst="MSub1"
g o = T Suost- |$| S_PARAMETERS
o Mot e EVAR C[E]MAR - - - - - teomm - - - - L lwewimm | STOTAVEIERS
. - o MART T wWAR2Z L . . . L=L1mm s Pamm - - - - - - -
Hu=3.9e+34 mil S_Parar
- 11=2.3{0] W1=049
. T=35um . L2 S I 50 R SP1 . . . . ...
TanD=0.0021 ~EEE) i Start=22 GHz.
. Rough=0mil . . fep=Eresz
Bhase= Step=50 MHZ
Dpeaks= Zo Z Zo
- — — — -
..... 5 Term . . L—— 1 ° o Jj S N P SN I ° o lerm . . 5
P4 Term4 ALIN MLIN ILIN Tems,_P3
Num=4 Num=4  TL9 TL8 1 Num=3 Num=3
o C Z=50 Ohm~ Sibst="MSub1" subst="mAsub2* Supst="MSupt" Z=500hm
..... L T s e T | B | B
..... L = . .. L=ltmm - - L=L2mm - - - - - - - . L=LAmm . Lo

Figure 4.7 ADS 3dB coupler schematic draw.

The main goals to design 3dB coupler is to get excellent return loss (S11) at center
frequency 24 GHz, to get a phase difference between ports 2 and 3 of 90° ,and

magnitude of S1o=-3dB.

The design goals in ADS were defined such that (S11<-45) dB, phase(S (1, 2))-
phase(S (1, 3)) = 90°, and the simulation starts from 22 GHz to 26 GHz with 50 MHz

step.

The ADS optimizer was run to get excellent results, and then it was converted to
layout design by ADS layout generator, see figure 4.8. Four ports were configured with
TLEM calibration (50€2)."adaptive frequency plan was added from [23-25] GHz with 100
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points, simulation option with mesh frequency of 24 GHz, and mesh density 25
cells/wavelength were configured.
3

dB coupler

optimized

Figure 4.8 ADS 3dB optimized coupler layout.

The Optimized lengths and widths for the 3dB transmission lines by ADS layout
optimizer are shown in table 4.4.

Table 4.4 ADS optimized parameters for 3dB coupler.

Dimensions Transmission line Zo1 Transmission line Zo2,Zo
Length 2.2 mm 2.3 mm
Width 0.8 mm 0.49 mm

o

From simulated results we got Return Loss (S11) = -45.34dB, Insertion Loss (Si2) = - 2.8
dB as seen in figure 4.9.

Optimized 3dB coupler

m3
0— 2'
10—: =2
Sa= 203 e
= ] B
@D WD - e
OE@ 30 N s m3
ST ] 4| /4 |freq=23.99GHz
‘ ‘ ‘ i V] L -sdB(S(1,1))=-45.347
O W |/ 2 ->dB(S(1,2))=-2.843
321 B W 3-3dB(S(1,3))=-3.567
] 1l 4->dB(S(1,4))=-32.060
-50 T T T T T T T T T T T T T T T T T T T T T T T T T T T T
21 2'2 2I3 54 2I5 21‘5 2]7 28
freq, GHz

Figure 4.9 ADS simulated S-parameters for 3dB coupler at 24 GHz.
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4.8 Design of 0 dB coupler (crossover)

In figure 4.10 the 0 dB coupler consists of 11 transmission lines with electrical
length L = n and two different characteristic impedances Zy; = 35.35Q, Zy, = Zy3 =

ZO = SOQ o1 Zoy
Zo ZU
- — - +— L—
Input w\D (2)  Output
A E—— A4 -
———————— Zon4--+-----——- M4 Zgg-————— WA -t Lo -

Isolated Cl) KR v 1@ Output
Z Z
¢ Z[}] Z[}1 0

Figure 4.10 0 dB coupler (crossover).

Now refer to equations in chapter two we got the calculated dimensions as shown in

table 4.5:
Table 4.5 Mathematical calculation for O dB coupler (crossover).
Dimensions Transmission line Zo1 Transmission line Zo2,Z03,Zo
Length 1.875 mm 1.912 mm
Width 0.7582 mm 0.47 mm

4.8.1 Design of 0 dB coupler (crossover) by ADS 2011

As mentioned in chapter 3, cascading of two 90° hybrids to implement a

crossover did not give the required performance and we need to modify the geometry of
the 0 dB coupler, see figure 4.11.

The 11 transmission lines, and 4 Curved bends were combined to obtain the 0dB

schematic draw seen in figur

e4.11.
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The main goals here in the design is to get magnitude of (S11) , (S12), (S14) less
than -40 dB at the center frequency 24 GHz, and to get the magnitude of (S13)=0 dB at
the center frequency 24 GHz.

Four ports were defined, with same configurations mention in previous section
4.7.1, then ADS optimizer was run to get excellent results, and was converted to layout
design, see figure 4.12.

Figure 4.12 ADS 0 dB (crossover) optimized coupler layout.

The optimized lengths and widths for the 0 dB transmission lines by ADS layout
optimizer are presented in table 4.6.

Table 4.6 ADS optimized parameters for 0 dB coupler.

Dimensions Transmission line Zo1,Zo2, Zoz | Transmission line Z, | Curved bend
Length 2.2 mm 0.3 mm 0.55 mm
Width 0.49 mm 0.49 mm 0.49 mm

The simulation results show Return Loss (S11) = -30.706 dB, Insertion Loss (Si2) =
-52.7, (S13) = -0.209dB, (S14) = -33.136 as shown in figure 4.13.

Optimized O dB coupler
m3

freq=24.00_GHz 1
GB(S(123= 22 770> 2
4 dB§S$1,3R=—O.290 ->2

-50 LI N N B B B LB LA (jIB S 1|4 =_e’|3136 e
22.0 225 23.0 23.5 240 24.5 25.0 25.5 26.0
. ) freq, GHz
Figure 4.13 ADS simulated S-parameters at 24 GHz for 0dB coupler.
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4.9 Design of phase shifter with ADS 2011

In our project, we want to design -45° phase shift, so equations mentioned in
chapter three were used to find the initial electrical length for the phase shifter.

Note: To design the phase shifter first we have to build the whole system to
determine the distance between two-phase shifter terminals then design your own shape
phase shifter. In our design the initial distance between to phase shifter terminals was

2.8 mm, see figure 4.14. 2.8 mm

ALIN TLeg - - - -
TLaT- Subst="MSub1" .

Port 1. 114 Subs="MSYETYY3 mm
P1. W=W3 mm&?‘ﬁ mm
 L=L5 mm —

N —— Mum=2
e MSubt - - - [l Temm2
: Jerm1 - wvaR L0 L H=203mm . . . . |2 | Num=2- -
: Num=1" " wvart1, . Er=338 = |Y.|z=50 ohm.

Z=50 Ohm | 5=2 5o} Mur=1.0 -
=T W3=049700} Corid=4.1&7 Co T

Hu=3 %e+34 mil -
T=35um - .

Figure 4.14 ADS -45° phase shifter schematic draw.

The main goal here is to get phase (S12) = -45° at center frequency 24 GHz.

The ADS optimizer was run with two ports, and same configurations mention in
previous section 4.7.1, and then was converted to layout design, see figure 4.15.

4 —45

Figure 4.15 ADS optimized -45° phase shifter layout.
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The Optimized lengths and widths for the -45° transmission lines by ADS layout
optimizer are listed in table 4.7:

Table 4.7 ADS optimized parameters for -45 phase shifter.

Dimensions | Transmission line 1 Zo | Transmission line 2 Zo | Curved bend Overall
length

Length 2.8 mm 1.6 mm 0.55 mm 9.4 mm

Width 0.49 mm 0.49 mm 0.49 mm 0.49 mm

The simulated insertion loss phase shift (Si2) = -45%t center frequency 24 GHz is

presented in figure 4.16.

Optimized -45 degree

i phase shifter m

20—

-30—

40—

phase(S(1,2))

-50—

m 1
S0—freq=24.00GHz
1 phase(S(1,.2))=-45.010

'?U|||||||||||||||||||1|||||||||
220 225 230 2358 240 245 250

freq, GHz
Figure 4.16 ADS phase (S12) for -45° phase shifter at 24 GHz.

4.10 Design of microstrip path connecting butler matrix to antennas

The main two considerations to design the path between butler matrix and
antenna are the length of the path and the distance between the butler matrix output
ports, see figure 4.17.

We will use (4.16) to find the initial electrical length for the connecting butler matrix
path length that its (phase (S12) =0) [26], and [27].

L=nA (4.16)
Where n is integer and A is the effective wavelength.

We will use (4.17) to get the distance between butter matrix output ports [1], [26], and
[27].

D~

NS

(4.17)
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Now back to ADS 2011 transmission lines with curve bends were defined and
optimization goal that the phase (S12) =0 was added.

Figure 4.17 ADS optimized path to antenna layout.

The optimized path to antenna is presented in figure 4.17, and the overall length
and width are listed in table 4.8.

Table 4.8 ADS optimized path to antenna dimensions.

Dimensions Overall length
Length 13.18 mm
Width 0.49 mm

4.11 Design of butler matrix without antenna array by ADS2011

After each part was designed, the parts were combined together to get the butler
matrix layout without antennas.

The main design goals are as follows:

The Return Loss (S11) <-30 dB at center frequency 24 GHz.

If input at port 1 the phase shift between four output ports = 135°.

If input at port 2 the phase shift between four output ports = -45°.

If input at port 3 the phase shift between four output ports = 45°.

If input at port 4 the phase shift between four output ports = -135°.

The butler matrix insertion loss from input port to output port at most = -8 dB
(we have two cascaded — 3dB couplers with crossover).

7. The butler matrix size reduction.

8. The output ports spacing distance D = % .

Therefore, the schematic design in ADS 2011 with parametric lengths was drawn as
shown in figure 4.18, and then eight objective goals were defined.

ook wndE
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Figure 4.18 ADS Butler Matrix schematic draw.

The layout of the whole butler matrix is shown in figure 4.19 and the optimized
goals are shown in figure 4.20 to 4.25.

Figure 4.19 ADS optimized Butler Matrix layout.

62

www.manaraa.com



Magnitude [dB]

P I I |
o
il

Return Loss (S1y)

dB(fitted)
dB(calculated)
5
| [ |

30— | - ms
7 freq=24.01GHz
dB(fitted)=-34.775

i Y;? | Valley
-35\||||1|||||||i|

230 232 234 236 238 240 242 244 246 248 250

freq, GHz
Figure 4.20 ADS first optimized goal the return loss (S11) < -30 dB at 24 GHz.
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Figure 4.21 ADS second optimized goal outputs phase shifts (135°) at 24 GHz.
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Figure 4.22 ADS third optimized goal outputs phase shifts (-45°) at 24 GHz.
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Figure 4.23 ADS fourth optimized goal outputs phase shifts (45°) at 24 GHz.
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Figure 4.24 ADS fifth optimized goal outputs phase shifts (-135°) at 24 GHz.
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Figure 4.25 ADS sixth optimized goal insertion loss at 24 GHz.
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As seen in table 4.9 best results that achieved our desired goals were taken and listed.

Table 4.9 ADS optimized Butler Matrix simulated results
First Goal: ~ Return Loss (S11) at center Frequency 24 GHz

-34 dB

Second Goal: Phase Shift

Phase (S1s)-(S17)
Phase (S17)-(S1s)
Phase (S16)-(S15)

139.6°
134.4°
138.6°

Third Goal: Phase Shift

Phase (S2s)-(S27)
Phase (S27)-(S2s)
Phase (S26)-(S25)

-36.7°
-53.0°
-36.8°

Fourth Goal: Phase Shift

Phase (Sss)-(S37)
Phase (S37)-(S3s)
Phase (Sz6)-(S3s)

37.1°
54.3°
36.1°

Fifth Goal: Phase Shift

Phase (Sa8)-(S47)
Phase (S47)-(Sas)
Phase (S46)-(Sas)

-137.2°
-134.0°
-139.0°

Sixth Goal: Gain (Insertion Loss)

dB (Sw)
dB (S1s)
dB (S16)
dB (S17)

-1.3
-6.7
-1.7
-7.8

Seventh Goal: System Size

16.7 mm x 20.7 mm

Eighth Goal: Output Ports Distance

6.68 mm

Table 4.9 illustrated the final optimized simulated butler matrix results without
antennas, it can be seen that the overall return loss was below -30 dB, the outputs phase
shift was +45°, +135°with phase error 6°.Best insertion loss was -6.7 dB with 1dB

error. The distance between antennas was considered to be 226.68 mm, the overall

optimized size was 345 mm?.
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4.12 Design of butler matrix with antenna array by ADS 2011

Now after the Butler Matrix was designed, it was integrated with four inset fed
antennas. Some self-tuning was used in the design to achieve the main eight goals listed
in previous section. See the final design in figure 4.26.

+ + + + t + t ottt ot + o+t o+ 4+

+ o+

+
+
+

B
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2k B4
+ o+ 4+ 4
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ot + + + +
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Figure 4.26 ADS Final optimized design layout.

Now we want to draw the far field radiation pattern when individual input port is
fed to test the beam steering functionality. ADS momentum visualization tool was used
to observe the pattern with far field cut at theta =0°, and phi = 90°.

1. When port 1 is fed, the far field is shown in figure 4.27, the max power radiated for
main lobe was at -43°.

0.0014
0.0012

T 0.0010
\_ 0.0008
\'\9.0006

£ 07.'7[313704.

“o0003|

G.0000|

Mag. [W/sterad]

Theta (-20.000 to 90.000)

Figure 4.27 Radiation pattern when port 1 is fed.
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2. When port 2 is fed, the far field is shown in figure 4.28, the max power radiated for
main lobe was at +13°.
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o - 0.0015
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9

T80
Theta (-90.000 to 90.000)

Figure 4.28 Radiation pattern when port 2is fed.

3. When port 3 is fed, the far field is shown in figure 4.29, the max power radiated for
main lobe was at -13°.
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180°
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Figure 4.29 Radiation pattern when port 3 is fed.
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4. When port 4 is fed, the far field is shown in figure 4.30, the max power radiated for
main lobe was at +43°.

0.0015
0.0010

0.0005

0.0000 =
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Figure 4.30 Radiation pattern when port 4 is fed.

Figure 4.31 illustrated the far field radiation patterns when individual input port is fed,
and explains the butler matrix beam steering functionality.

Mag. [W/sterad]

Figure 4.31 Overall beam steering for the butler matrix.
Theta (-90.000 to 90.000)

From figure 4.27 to 4.31, it is clearly depicts that the four beams generated by the butler
matrix cover 86°.
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The simulated Antenna parameters were listed in Table 4.10, when port 1 is fed.

Table 4.10 ADS simulated antenna parameters

Antenna parameters Values
Power Radiated 1.14 mw
Directivity 11.6194 dBi
Antenna Gain 9.623 dBi
Max Intensity 1.63 mw/streadians
Effective angle (steradians) 0.8655
Antenna efficiency 62 %

From table 4.10, the simulated response of the butler matrix with four antennas
was listed assuming a signal is input at port 1, the maximum radiated power was -29
dB, the antenna efficiency was 62%, the maximum antenna gain reached 9.623 dBi, and
the directivity was 11.6 dBi.

4.13 Contribution

Our results were listed and compared with previous studies in table 4.11. The
return loss, size, steering angles, phase shifts and bandwidth are good compared with
other studies.

Table 4.11 Results Comparison

Parameters Designofa | A novel wide- A24-GHz four-beam antenna | Steerable Antenna Array | A Compact 24-
4x4 Butler | band Butler CMOS Butler array for 24 GHz at 24 GHz Using Butler |26 GHz
Matrix for | matrix for Matrix MMIC applications fed matrices & Micro integrated
Vehicle vehicle radars at | for Multi-Beam | by 4 x 4 butler Electro Mechanical passive device-
Radar Beam | 24GHz Smart matrix Systems-switches Based 4x4
forming Antenna Systems Butler Matrix
Antenna for Beam
systems at Forming
24 GHz Antenna
Systems
Date 2014 IEEE 2008 IEEE 2008 IEEE 2013 IEEE 2012 APMC 2012
Simulator ADS 2011 Sonnet v.10 EM
Range 22-25 Ghz 23-25 Ghz 0.8 Ghz 24-29 Ghz
Size 20x16mm’ [20x17 mm® 0.44 mm® 2.2x 1.9 mm’
Return Loss -34dB -13dB -19dB -20dB -20dB
Phase difference + 399137 | £47°£133° + 399129 + 44°£137° + 44°£132° =+ 43°£137°
Steering angles + 13%=43° + 147,249 + 129367 + 1472467
Max peak to null power | -19.4 dB i5dB
Over all insertion loss | -7.3dB -7dB -8.26 dB -1.5dB
Bandwidth 3 Ghz 2 Ghz
Draw — rs s -
- ooy
| . - = =g
1 1 -
.
Technology Microstrip | Micro Machined Microstri Monolithic Microwave Coplanar
Integrated Circuits Waveguide Chip
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Chapter 5
Conclusion and Future Work

5.1 Conclusion

The Butler matrix can works as a beam-forming network permitting volumetric
beams. In addition, each port will have the gain of the full array; it can be used for both
receiving and transmitting signals in an antenna array. The beams may be deployed
depending on the application functionality.

In this thesis Butler Matrix with patch antennas were designed as an application
to work at 24 GHz for anti-crash car radar systems. Our system consists of (four inset-
fed patch antennas, four 3 dB couplers, two-phase shifters, antennas path, and two 0 dB
couplers (crossover)).

At first, mathematical equations were used to design each part in our system
such as the patch antenna, 3dB coupler, 0dB crossover, antenna path and the phase
shifter.

Then, ADS 2011 software based on MoM was used to design and simulate our
system. ADS optimization methods were selected such as parameter sweep and
automatic tuning to obtain the desired results.

Finally, after eight optimization goals were defined, best results were picked for
overall system at 24 GHz, and the results were as follows: the return loss was below
-34 dB, the realized antennas gain was 9.6 dBi, and the power radiated was -29.4 dB
(1.14 mw).

Four azimuth coverage was 86° degree, the directivity was 11.6194 dBi, the max
Power intensity was -27 dB, the optimum size was 16.7 mm x 20.7 mm, the phase shift
between all output ports was + 39°, £137°, and the overall insertion loss was -6.7 dB.
With bandwidth more than 3 GHz.

5.2 Future Work

Our project can be developed to work in other frequencies for different
applications. The number of input and output ports can be increased to get better beam-
forming coverage area, and several types of antenna can be used in our system
depending on the application.

It has intended to get the Butler Matrix with patch antennas fabricated and tested
to validate the design method. The fabrication will be done in a place where fabrication
and measurement equipment are available.
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