A NEW TRANSMISSION LINE MODEL
FOR THE PERFORMANCE ANALYSIS OF
RECTANGULAR MICROSTRIP PATCH ANTENNA
ELEMENT AND ARRAY

P 165,

Eng. MAMDOUH SHAKER YACOUB
A Thesis Submitted to tﬁe
Faculty of Engineering at Cairo University
in Partial Fuffillment of the
Requirements for the Degree of
DOCTOR OF PHILOSOPHY

i

Electronics & Communications Engineering

Under the Supervision of

A. Prof. Dr. ADEL ZAKY BOTROS

FACULTY OF ENGINEERING
CAIRQ UNIVERSITY
GIZA, EGYPT

- 2000






A NEW TRANSMISSION LINE MODEL
FOR THE PERFORMANCE ANALYSIS OF
RECTANGULAR MICROSTRIP PATCH ANTENNA
ELEMENT AND ARRAY

By

Eng. MAMDOUH SHAKER YACOUB

A Thesis Submitted to the
Faculty of Engineering, Cairo University
In Partial Fulfilment of the

Requirements for the Degree of g &
DOCTOR OF PHILOSOPHY )\ | R
In

Electronics & Communications Engineering

Approved by the Examining Committee:

A. Prof. Dr. ADEL ZAKY BOTROS ==l %:A‘ratj
Thesis supervisor

Iy
A

Proi. Dr. Mostafa El Said Mostafa _
Professor, Electronics and Comm. Eng. Dept.,

Faculty Of Engineering, Cairo University

Prof. Dr. Esmat Ahd E] Fattah Abdallah A bM-—E
Professor, Electronics-ReSearch Institute,
Dokki, Giza

FACULTY OF ENGINEERING
CAIRO UNIVERSITY
GIZA, EGYPT
2000



[ — %)

-



-

CONTENTS

[tem

LIST OF FIGURES

LIST OF SYMBOLS & NOTATIONS
ACKNOLEDGEMENT

ABSTRACT

Chapter 1 Introduction

Chapter 2 Theoretical Analysis of Rectangular Microstrip
Patch Antenna Element And Array
2.1 Methods of Analysis of the Rectangular Microstrip Patch
Antenna Element
2.1.1 The Vector Potential Approach
2.1.2 The Dyadic Green’s Funckon Technique
2.1.3 The Wire Gnd Moedel
2.1.4 The Radiating Apertore Method
2.1.5 The Cavity Model
2.1.6 The Modal Expansion Model
2.1.7 The Transmission Ling Model
2.1.8 The Improved Transmission Line Modek

2.2 Methods of Coupling the Rectangular Microstrip Patch Antenna

2.2.1 Co-Planar ¢coupling to A Single Rectangular Patch Antenna
2.2.1.1 Gap-Coupled Patch
2.2.1.2 Direct-Coupled Patch

2.2.2 Probe Coupling

2.2.3 Aperture Coupling

2.2 .4 Electromapnetic Coupling

Page

t B8

- - Y

12
14
16
18
21
21
21
22
22
23
24



2.3 Microstriyp Antenna Arrays
2.3.1 Characteristics of fixed beam linear antenna array
2.3.2 Characteristics of fixed beam planar antenna arTay |
2.3.3 The antenna element active irapedance inside a planar
miCrostrip antenna array

2.3.4 Microstrip phase scanning array antennas

Chapter 3 The New Model & Performance Analysis of
Rectangular Microstrip Patch Antenna Element and Array
3.1 The New Modified Trausmission Line Model Of Rectangular
Microstrip Patch Antenna

3.1.1 Cosine current basis fanctions

3.1.2 Uniform- cosine current basis functions
3.2 Performance Analysis of a Rectangular Microstrip
Patch Antenna

3.2.1 General Radiation Fields

3.2.1.1 Cosine current basis functions radiation fields

3.2.1.2 Uniform- cosine current basis functions radiation felds

'3.2.1.3 Effect of feed position

3.2.2 Input impedancc of the rectangular microstrip patch antenna

3.2.2.1 [nput Impedance for probe coupled Antenna
3.2.2.2 Input impedance for aperture coupled antenna

3.2.2.3 Input impedance of electromagnetically co upled antenna

3.2 3 Excitation of the rectangular micIostrip patch antenna
3.2.3.1Width edge excitation
3232 .Lengﬂl edge excitation
3.2.3.3 Dual edge excitations
3.2.3.4 General excitation

25
25
28

30
31

34

34
36
37

38
38
a1
44
46
43
52
53
54
55
55
58
58
60



3.2.3.5 Discussion of different modes
3.2 4 Dhiscussion of polarization
3.2.4.1 Cosine current basis functions
3.2.4.2 Uniform- cosine current basis functions
3.2.4.3 Dual uniform- cosine current basis functions
3.3 Performance Analysis of A Rectangular Microstrip Patch
Antenna Array
3.3.1 Linear reclangular microstnp patch antenna amay
3.3.2 Planar rcctangular microstrip patcﬂ antenna array
332 Active.impedance of array elements
34 On The Design of the Rectangular Microstrip Patch Antenna
3.4.1 Patch dimensions
3.4.1.1 Patch length
3.4.1.2 Patch width
3.4.2 Patch performance calculations
3.4.2.1 Patch radiation field pattern
3.4.2.2 Patch input impedance
3.4.2.3 Patch radiation resistance, QQ factors and Losses
3.4.2.4 Patch efficiency
3.4.2.3 Patch bandwidth
3.4.2.6 Patch directivity and gain
3.4.2.7 Patch half- power beamwidth
3.5 On The Design of the Linear Rectangular Microstrip Patch
Antenna Array
3.5.1 Array dimensions
3.5.1.1 Armray element length
3.5.1.2 Array element width and array elements spacing

3.5.2 Asray performance calculations

jii

61
67
68
70
£}

72
72
75
78
87
87
87
87
89

89
39

89

9

%4

20
91

o1
21
A a |
22
03



3.5.2.1 Array ratiation field pattern

3.5.2.2 Amray radiation resistance, Q factors and losses
3.5.2.3 Armay efficiency

3.5.2.4 Array bandwidth

3.5.2.5 Array directivity and gain

3.5.2.6 Array half- power beamwidth

Chapter 4 Computations And Results
4_1 Verifications
4.1.1 Single patch of different width
4.1.2 Single patch input impedance
413 Lincar Amay
4.1.3.1 Linear broadside Array
4.1.3.2 Linear phase scanning Armray
4.1.4 Planar antenna array of dual polarization
4.2 Perfotmance Characteristics of Rectangular Microstrip Patch
Antenna Element
4.2.1 Radiation field polanzation
4.2.2 Effect of the patch width on radiation field patterns
4.2 3 Effect of the patch different excitations on radiation field
patterns |
4 2 4 Effect of feed position on radiation field patterns
4.2.5 Effect of feed position on input impedance
4.3 Performance Characteristics of Rectanpgular Microstrip Patch
Autenna Arrays
4.3.1 Linear arzays
4‘.3+1. 1 Linear broadside array

4.3.1.2 Linear phase scanning array

iv

93
93

95
95
95

96
97
97
101
103
103
104
106

109
109
113

- 116

128
128

134
134
134
137

-



4.3.2 Planar arrays; dual polarization array
4.4 On The Design of The Rectangnlar Microstrip Patch Antenna
4.5 On The Design' of The linear Rectangular Microsirip Patch
Antenna Array

Chapter 5 Discussions & Conclusions
5.1 Veriftcations
5.1.1 Different patch widths
5.1.2 Input inpedance
5.1.3 Linear arrays
5.1.4 Planar antenna arrays of dual polarization
5.2 Performance Charactenstics of Single Reclangular
Microstnp Patch Antenna
5.2.1 Polarization of radiation fields
5.2.2 Effect of the patch width on the radiation field patterns
523 Effect of feed position on the radiation field patterns
5.2.4 Effect of the patch different excitations on the radiation
ficld pattems
5.2.5 Effect of feed position on the input impedance
5.3 Performance Characteristics of Rectangular Microstnip
Patch Antenna Arrays
5.3.1 Linear broadside arrays -
5.3.2 Linear phase scarming arrays

5.3.3 Dual pofarization planar arrays

54  On The Design of The Rectangular Microstrip Patch Antenna

53.4.1 Self slot radiation resistance

5.4.2 The rectangular microstrip patch antenna beamwidths

3.4.3 The rectangular microstrip patch antenna first side Iobe Level

v

138
143

148

157
157
157
158
159
15%

159
159
160
161

161
162

163
163
164
164
165
165
165
165



5.4.4 The rectangular microsirip patch antenna co- to cross- field
components ratio '

5.5 On The Desigu of the Linear Rectanpular Mmmstnp Patch
Antenna Arrays

5.5.1 Verification of the used mutual coupling techniques

3.5.2 The active impedance of the lincar square ntcrostrip patch
antenna array

3.3.3 The effect of the active impedances of the antenna array

elements on the radiation field patterns

REFERENCES

Appendices

Appendix A Radiation Fields of A Rectangular Microstrip
Patch Antenng

A 1 Flow Chart

A.2 Computer Program

A 2.1 Program Notations
A.2.2 Program Syntax

Appeadix B Modal Expansien Techniyue For The Edge
Excitation Of Rectangular Microstrip Patch Antenny
B.1 Flow Chart
B.2 Computer Program

B.2.1 Program Svyntax
Appendix C Input Impedance For The Rectangular
Microstrip Patch Antenna
C.1 Flow Chart
(.2 Computer Program

i

166

166
166

167

167

169

172
172
172

173
173

176
176
177
177

182
182
183



C.2.1 Program Syntax

Appendix D) Radiation Fields For The Linear Rectangufar

Microstrip Patch Antenna Array
D.1 Flow Chart
D.2 Computer Program

D.2.1 Program Syntax

Appendix E Dual Polarization Co- and Crass Polar
Radiation Field Components For A Planar Antenna
Array of Square Microstrip Patch Antenna Elements
E.1 Flow Chart

E 2 Computer Program

E.2.1 Program Syntax

Appendix F on the Design of the Rectangular Microstrp
Patch Antenna And Array

F.1 Flow Chart

F.2 Computer Program

F.2.1 Program Syntax

183

187
187
188

188

191
150
191

191

194
194
195

195



LIST OF FIGURES

Fig. 2.1 A rectangnlar microstrip patch antenna element

Fig. 2.2 A microstrip patch antenna with its equivalent horizontal dipole
Fig. 2.3 Wire grid model of micrestrip antenna

Fig. 2.4 Microstrip antenna with radiating aperture

Fig. 2.5 Rectangular microstrip antenna represented as two radiating slot

Fig. 2.6 The improved transmission line model represented as a three
port network

Fig. 2.7 Gap-coupled patch

Fig. 2.8 Direct- coupled patch

Fig. 2.9 Probe- coupling microstrip paich _

Fig. 2,10 Aperture- coupled patch antenna

Fig. 2.11 Electromagnetically coupled- patch

Fig. 2.12 Linear Microstrip Antenna Asray

Fig. 2.13 Planar microstrip antenna array

Fig. 2.14 A Linear phase scanned antenna array

Fig. 3.1 The rectangular microstrip patch antenna

Fig. 3.2 The radiation fields geometry

Fig. 3.3. H- plane and E- plane crientations

Fig, 3.4 The equivalent transmission line circuil in the x - direction
Fig. 3.5 The equivalent transmission ling circuit in the y- dircetion
Fig. 3.6 Probe- coupling microstrip patch

Fig. 3.7 Aperture- coupled patch antenna

Fig. 3.8 Electromagnetically coupled- patch

Fig. 3.9 Edge excitation of a rectangular microstrip patch antcnna
Fig. 3.10 Dual excitation and the equivalent four slots model

Fig. 3.11 TM |- mode ficlds distributions

Vi -

Page
5

5
10
11
16

18
22
22
23
24
25
26
28
32
35
40
40
49
49
52

33
54

56
39
62



ae

Fig. 3.12 TM 5, - mode fields distributions

Fig. 3.13 Modes existencs versus frequency for width edge excitation
Fig. 3.14 TM ¢ - mode fields distributions

Fig. 3.15 TMy; - mode fields distributions

Fig. 3.16 Modes existence versus frequency for length edge excitation
Fig. 3.17 TM;;-mode field distribution

Fig, 3.18 Modes existence versus frequency

Fig. 3.19 Variation of TM,p mode exciting potential
Fig. 3.20 Variation of TMy; mode exciting potential

Fig. 3.21 Variation of TM; mode exciting potential

Fig. 3.22 The co-polar and the cross-polar electric field polarization
components in the H- plane and E- planes

Fig. 3.23 The dual polarization patch antenna

Fig. 3.24 A linear rectangular microstrip patch antenna array along
the x axis

Fig. 3.25 A linear microstrip patch antenna array along the y axis

Fig. 3.26 A phase scanning linear microstrip antenna array

Fig. 3.27 A planar rectangular microstrip patch antenna array

Fig. 3.28 A planar array of mx n dual polarization Groups

Fig. 3.29 Four slots model for two coupled rectangular microstrip
patch antenna array

Fig. 3.30 The equivalent transmission line circuit in the y - direction

Fig. 3.31 The equivalent transmission line eircuit in the x — direction

Fig. 3.32 The general geometrical configuration of two arbitrary slots

iand j on a grounded substrate

Fig. 4.1 Comparison between the calcnlated radiation field patterns
for both types of current distribution basis functions and the
calculated data givenin [29](W=3cm,L=2.5cm,

h=0.7% mm, &= 2.2 and = 3.9 GHz)

63
63
64
64
65
66
66
66

a7
67

68
71

72
73
74
75
77

79
80

82

84

o8



Fig. 4.2 Comparison between the calculated radiation E-plane field
pattern for both types of current distribution basis functions
and the literature data [7] (W=0.47 ¢cm, L= 1.65cm, h =

[.58 mm, g~ 2.31 and f= 1.2 GHz)

Fip. 4.3 The radiation field pattamns of a single rectangutar
mictostrip patch antenna (W= 11.983 cm, L = 3.168 cm,

h=158 mm, £,=2.2, and f= 3 GHz)

Fig. 4.4 Input impedance Smith charl plot of the present technique
and the published calculated data [29] for a rectangntar
microstrip patch antenna of W=3cm,L=25cm,
h=0.79mm, g, =2.2 & (=3.0 GHz - 4.25.

Fig. 4.5 The E- plane radiation ficld pattern of a linear rectangular
microstrip antenna array with the calculated data [14]; W =
127¢m, L=094 cm, h=0.07% ¢m, g,=2.49, and f =
9.92GHz,d,=223 em

Fig. 4.6 The E- plane radiation field pattem of the phase scanning
linear rectangular microstrip patch antenna array with tha
measured data [14] (W = 7.62 em, L =0.94 om, h = 0.079 om

, &= 2.49, [=9.92 GHz, dy="0.55 cm, phase shift=270")

Fig. 4.7 Calculated H- and E- plane field patterns of single group [ 2x2
patchesof W=L=3.5cm h=0.079¢m, 5 =22, dyy = dy1 =
3.4 cm], and the total planar array of 8 x 4 groups
[dx = dy= 6.8 cm)].

Fig, 4.8 Caleulated four slots field components in the H- and E- plang
(W=3em, L=25cm h=0.7%mm, g, =22 {=3.9 GEz)

Fig. 4.9 Calculated two slois radiation fields in the H- and E- planes
(W=3cm,L=25cm, h=0.7% mm, &, =2.2, f = 3.9 GHz)

Fig. 4.10 Calculated co to cross field components tatio in the H- and E-
planes (W=0-53} 4, L=25cm, h=0.79 mm, ¢, =2.2,
f=3.9 GHz)

Fig. 4.11 Caleulated co- and cross- polar field components in the H-
and E- plane patterns for both the four and two slots concepts
of patch width > Q5A4 (W=3cm,L=2.5cm, h=0.79 mm,

g,=22, f= 3.9 GHz)

Fig. 4.12 The calculated radiation field patterns using the four and two
slots concepts for 4 rectangular microstrip patch antenna of

patch width slightly less than 2A4{ W=1198¢m, L =

99

101

102

104

105

109

111

112

113

114



an

_-_'_i.'l:

3.17cm, h=1.58 mm, & =22, f=3 GHz) . 116

Fig. 4,13 Dual linear excitations existing modes as well as the overall
response (W= 3 cm, L= 2.5 ¢m, h=0.79 mm,z,~ 2.2 and
=522 GHz) 122

Fig. 4.14 General excitation existing modes as well as the overall
response (W=3¢m,L=25cm, h=0.79 mmg, =272
and f=5.22 GHz) 127

Fig. 4.15a Four slots equivalent patch input impedance and two slots
equivalent patch input impedance of W=L=2.5em , h=
(.79 mm, & =2.2 & {=3.6 GHz - 4.25 GHz in 50 MHz steps
.80 atafeed point {0, 0) em 129

Fig. 4.15b Four slots equivalent patch input impedance, two W- slots
and two L- slots input impedances of a square microstrip
patch antenna of W=L=2.5cm , h=0.79 mm, £, =2.2 & =
3.6 GHz - 4.25 GHz in 30 MHz steps at a feed point (0, 0) cm 130

Fig. 4.16a Four slots equivalent patch input impedance and two slots
equivalent patch input impedance W=1L=2.5 ¢, h=0.79 mm
. & =2.2 & =3.6 GHz - 425 GHz in 50 MHz steps at a feed
point { 0,625, 1) cm 11

Fig. 4.16b Four slots equivalent patch input impedance, two W- slats
and two L- slots input impedances of a square microstip
patch antenna of W=L-2.5¢m , h=0.79 mm, g, =22 & =3.6
GHz - 4.25 GHz in 50 MHz stcps at a feed point { 0,625, 0} cm 132

Fig. 4.17 Input impedances for different feed excitations, the probe
excitation [22] (r; = 0.5 cm}, the aperture coupled excitation
[26] (zap = 0.5 mm, Wyr= 47 cm, hye= 1.6 mm and gr= 2.55)
and the electromagnetically excitation [27] (W = 0.48 cm,

heme= 0.632 mm and g, ¢ = 2.55) of 2 square microstrip patch
antenna of W=L=2.5 cm, h=0.79 mm, g, =2.2 & f=3.6 GHz -
4.25 GHz in 50 MHz steps at & feed point [ ( 0, 1) cm] 133

Fig. 4,18 The radiation ficld pattcrns of a single patch glement and
the linear broadside array using the four equivalent slot
concept {array of 4 patches; d, = 1.29 cm, W= 12.7 cm,

L=0.94 cm, i = 0.079 cm, €; = 2.49, and £= 9.92 (GHz) 136

Fig. 4.1% The calculated H- plane pattem for linear phase scanning
array (W =7.62 cm, L = 0.939 cm, h =0.0679 cm, &, = 2.49,
dy = 0.53 cim, phase shift = 270° at f =9.92 GHz) 138

A



