Compact and Broadband Microstrip Antennas. Kin-Lu Wong
Copyright © 2002 John Wiley & Sons, Inc.
ISBNs: 0-471-41717-3 (Hardback); 0-471-22111-2 (Electronic)

Compact and
Broadband
Microstrip Antennas



Compact and
Broadband
Microstrip Antennas

KIN-LU WONG

A WILEY-INTERSCIENCE PUBLICATION
JOHN WILEY & SONS, INC.



Designations used by companies to distinguish their products are often claimed as trademarks. In all
instances where John Wiley & Sons, Inc., is aware of a claim, the product names appear in initial
capital or ALL CAPITAL LETTERS. Readers, however, should contact the appropriate companies for more
complete information regarding trademarks and registration.

Copyright © 2002 by John Wiley & Sons, Inc., New York. All rights reserved.

No part of this publication may be reproduced, stored in a retrieval system or transmitted in any form or
by any means, electronic or mechanical, including uploading, downloading, printing, decompiling,
recording or otherwise, except as permitted under Sections 107 or 108 of the 1976 United States
Copyright Act, without the prior written permission of the Publisher. Requests to the Publisher for
permission should be addressed to the Permissions Department, John Wiley & Sons, Inc., 605 Third
Avenue, New York, NY 10158-0012, (212) 850-6011, fax (212) 850-6008, E-Mail:
PERMREQ@WILEY.COM.

This publication is designed to provide accurate and authoritative information in regard to the subject
matter covered. It is sold with the understanding that the publisher is not engaged in rendering
professional services. If professional advice or other expert assistance is required, the services of a
competent professional person should be sought.

ISBN 0-471-22111-2

This title is also available in print as ISBN 0-471-41717-3.

For more information about Wiley products, visit our web site at www.Wiley.com.



Contents

Preface

1 Introduction and Overview

1.1 Introduction

1.2 Compact Microstrip Antennas

1.3 Compact Broadband Microstrip Antennas

1.4 Compact Dual-Frequency Microstrip Antennas

1.5 Compact Dual-Polarized Microstrip Antennas

1.6 Compact Circularly Polarized Microstrip Antennas

1.7 Compact Microstrip Antennas with Enhanced Gain

1.8 Broadband Microstrip Antennas

1.9 Broadband Dual-Frequency and Dual-Polarized
Microstrip Antennas

1.10 Broadband and Dual-Band Circularly Polarized
Microstrip Antennas

2 Compact Microstrip Antennas

2.1 Introduction

2.2 Use of a Shorted Patch with a Thin Dielectric Substrate
2.3 Use of a Meandered Patch

2.4 Use of a Meandered Ground Plane

2.5 Use of a Planar Inverted-L Patch

2.6 Use of an Inverted U-Shaped or Folded Patch

3 Compact Broadband Microstrip Antennas

3.1 Introduction

15

22

22
23
26
28
33
39

45
45



vi

CONTENTS

3.2 Use of a Shorted Patch with a Thick Air Substrate
3.2.1 Probe-Fed Shorted Patch or Planar Inverted-F
Antenna (PIFA)
3.2.2  Aperture-Coupled Shorted Patch
3.2.3 Microstrip-Line-Fed Shorted Patch
3.2.4 Capacitively Coupled or L-Probe-Fed Shorted Patch
3.3 Use of Stacked Shorted Patches
3.4 Use of Chip-Resistor and Chip-Capacitor Loading Technique
3.4.1 Design with a Rectangular Patch
3.4.2 Design with a Circular Patch
3.4.3 Design with a Triangular Patch
3.4.4 Design with a Meandered PIFA
3.5 Use of a Slot-Loading Technique
3.6 Use of a Slotted Ground Plane

Compact Dual-Frequency and Dual-Polarized
Microstrip Antennas

4.1 Introduction
4.2 Some Recent Advances in Regular-Size Dual-Frequency
Designs
4.2.1 Dual-Frequency Operation with Same
Polarization Planes
4.2.2 Dual-Frequency Operation with Orthogonal
Polarization Planes
4.2.3 Dual-Frequency Feed Network Designs
4.3 Compact Dual-Frequency Operation with Same
Polarization Planes
4.3.1 Design with a Pair of Narrow Slots
4.3.2 Design with a Shorted Microstrip Antenna
4.3.3 Design with a Triangular Microstrip Antenna
4.4 Compact Dual-Frequency Operation
4.4.1 Design with a Rectangular Microstrip Antenna
4.4.2 Design with a Circular Microstrip Antenna
4.4.3 Design with a Triangular Microstrip Antenna
4.5 Dual-Band or Triple-Band PIFA
4.6 Compact Dual-Polarized Designs
4.6.1 Design with a Slotted Square Patch
4.6.2 Design with a Slotted Ground Plane
4.6.3 Design with a Triangular Patch

Compact Circularly Polarized Microstrip Antennas

5.1 Introduction
5.2 Designs with a Cross-Slot of Unequal Arm Lengths
5.3 Designs with a Y-Shaped Slot of Unequal Arm Lengths

46

46
48
50
53
54
55
55
59
70
76
78
79

87
87

88

88

104
108

111
112
115
121
129
129
140
146
149
149
149
154
156

162

162
162
168



54

5.5
5.6

5.7
5.8

59

CONTENTS

Designs with Slits

5.4.1 With a Slit

5.4.2 With a Pair of Slits

5.4.3 With Four Inserted Slits
Designs with Spur Lines

Designs with Truncated Corners
5.6.1 With a Triangular Patch
5.6.2 With a Square-Ring Patch
5.6.3 With a Triangular-Ring Patch
5.6.4 With a Slotted Square Patch
Designs with Peripheral Cuts
Designs with a Tuning Stub

5.8.1 With a Circular Patch

5.8.2  With a Square-Ring Patch
5.8.3 With a Triangular Patch
Designs with a Bent Tuning Stub

5.10 Compact CP Designs with an Inset

Microstrip-Line Feed

Compact Microstrip Antennas with Enhanced Gain

6.1
6.2

6.3

Introduction

Compact Microstrip Antennas with High-Permittivity

Superstrate

6.2.1 Gain-Enhanced Compact Broadband
Microstrip Antenna

6.2.2 Gain-Enhanced Compact Circularly Polarized
Microstrip Antenna

Compact Microstrip Antennas with Active Circuitry

Broadband Microstrip Antennas

7.1

7.2

7.3

7.4

7.5

Introduction

Use of Additional Microstrip Resonators
Microstrip Antennas with an Air Substrate

7.3.1 Design with a Modified Probe Feed

7.3.2 Design with a U-Slotted Patch

7.3.3 Design with an E-Shaped Patch

7.3.4 Design with a Three-Dimensional V-Shaped Patch
Broadband Slot-Loaded Microstrip Antennas

7.4.1 Design with a Rectangular Patch

7.4.2 Design with a Circular Patch

Broadband Microstrip Antennas with an Integrated
Reactive Loading

7.5.1 Design with a Rectangular Patch

7.5.2 Design with a Circular Patch

vii

172
172
177
181
192
193
194
194
198
201
203
205
205
209
211
213

215

221
221

221

221

223
225

232

232
233
236
236
237
241
249
251
251
260

261
261
263



viii CONTENTS

7.5.3 Design with a Bow-Tie Patch
7.5.4 Design with a Triangular Patch

7.6 Broadband Microstrip Antennas with Reduced
Cross-Polarization Radiation

8 Broadband Dual-Frequency and Dual-Polarized
Microstrip Antennas

8.1 Introduction
8.2 Broadband Dual-Frequency Microstrip Antennas
8.2.1 A Two-Element Microstrip Antenna
8.2.2 A Three-Dimensional V-Shaped Microstrip Antenna
8.3 Broadband Dual-Polarized Microstrip Antennas
8.3.1 Use of Two Aperture-Coupled Feeds
8.3.2 Use of a Gap-Coupled Probe Feed and an H-Slot
Coupled Feed
8.3.3 Use of an L-Strip Coupled Feed and an H-Slot
Coupled Feed

9 Broadband and Dual-Band Circularly Polarized
Microstrip Antennas

9.1 Introduction
9.2 Broadband Single-Feed Circularly Polarized
Microstrip Antennas
9.3 Broadband Two-Feed Circularly Polarized Microstrip Antennas
9.3.1 Use of Two Gap-Coupled Probe Feeds with a Wilkinson
Power Divider
9.3.2 Use of Two Capacitively Coupled Feeds with a Wilkinson
Power Divider
9.3.3 Use of Two Capacitively Coupled Feeds with
a Branch-Line Coupler
9.4 Broadband Four-Feed Circularly Polarized
Microstrip Antennas
9.5 Dual-Band Circularly Polarized Microstrip Antennas
9.5.1 A Probe-Fed Circular Patch with Two Pairs
of Arc-Shaped Slots
9.5.2 A Probe-Fed Square Patch with a Center Slot
and Inserted Slits
9.5.3 A Probe-Fed Stacked Elliptic Patch

Index

267
270

273

279

279
279
279
280
282
282
287

288

294
294

295
298

298

299

305

307
309

309

312
321

325



Preface

In order to meet the miniaturization requirements of portable communication equip-
ment, researchers have given much attention recently to compact microstrip anten-
nas. Many related compact designs with broadband dual-frequency operation, dual-
polarized radiation, circularly polarized radiation, and enhanced antenna gain have
been reported. Many significant advances in improving the inherent narrow operating
bandwidth of microstrip antennas have been published in the open literature since
1997. By using presently available techniques, one can easily achieve an impedance
bandwidth (1:2 voltage standing wave ratio) of larger than 25% for a probe-fed single-
patch microstrip antenna. Other feeding methods such as the use of an aperture-
coupled feed, a capacitively coupled feed, or a three-dimensional microstrip tran-
sition feed can yield impedance bandwidths greater than 40% with good radiation
characteristics for a single-patch microstrip antenna. In addition, various designs for
achieving broadband circularly polarized radiation, broadband dual-frequency opera-
tion, and broadband dual-polarized radiation have been demonstrated. Taking broad-
band circularly polarized radiation as an example, some recently reported designs
exhibit a 3-dB axial-ratio bandwidth greater than 40% for a single-patch microstrip
antenna.

Since 1997, the author and his graduate students at National Sun Yat-Sen
University, Kaohsiung, Taiwan, have published more than 100 refereed journal papers
on the subject of compact and broadband microstrip antennas. These results along
with many other advanced designs reported recently by antenna researchers are scat-
tered in many technical journals, and it is the intention of this book to organize these
advanced designs in the areas of compact and broadband microstrip antennas.

The microstrip antenna designs covered in this book are divided into two groups:
compact microstrip antennas and broadband microstrip antennas. The book is
organized into nine chapters. Chapter 1 presents an introduction and overview of
recent advances in the design of both compact and broadband microstrip antennas.
Chapters 2—6 describe in detail advanced designs for compact microstrip antennas,
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compact broadband microstrip antennas, compact dual-frequency and dual-polarized
microstrip antennas, compact circularly polarized microstrip antennas, and compact
microstrip antennas with enhanced gain, respectively. Chapters 7-9 are devoted re-
spectively to advanced designs for broadband microstrip antennas, broadband dual-
frequency and dual-polarized microstrip antennas, and broadband and dual-band cir-
cularly polarized microstrip antennas.

Chapter 2 introduces recent advances in compact microstrip antennas. Based on
recent compact design techniques, such as using a shorted patch, a meandered patch,
a meandered ground plane, an inverted U-shaped patch, a planar inverted-L patch,
among others, microstrip antenna designs are discussed in the different sections of
this chapter. Details of antenna designs and experimental results are presented.

Chapter 3 discusses compact broadband microstrip antenna designs. Design tech-
niques for achieving broadband operation with a reduced antenna size are described.
Related techniques include the use of a shorted patch with a thick air substrate, stacked
shorted patches, chip-resistor loading, chip-resistor and chip-capacitor loading, and
slot loading in the radiating patch or ground plane. Chapter 4 presents designs for
compact dual-frequency and dual-polarized microstrip antennas. Recent advances in
regular-size dual-frequency designs are first discussed, and then designs for achieving
compact dual-frequency operation with same-polarization and orthogonal polariza-
tion planes are described in detail. Both regular-size and compact dual-frequency
designs are discussed, which should give the reader a more complete view of recent
developments in dual-frequency design. Advances in compact dual-polarized design
are also reviewed, and design examples are given.

Advances in compact circularly polarized (CP) microstrip antennas are considered
in Chapter 5. Examples of compact CP designs, including those using a probe feed, an
edge-fed microstrip-line feed, or an inset-microstrip-line feed, are presented. Designs
for achieving gain-enhanced compact microstrip antennas are included in Chapter 6.
Some design examples for active compact microstrip antennas and gain-enhanced
compact circularly polarized microstrip antennas are given.

Chapter 7 is devoted to recent advances in broadband microstrip antennas.
Advances in broadband microstrip antennas with, for example, additional microstrip
resonators, an air or a foam substrate, slot loading, or integrated reactive loading are
presented and discussed in detail. Broadband designs with reduced cross-polarization
radiation are presented. Chapter 8 presents broadband dual-frequency and dual-
polarized microstrip antennas. Various design examples are presented, and design
considerations for achieving high isolation and low cross-polarization for broadband
dual-polarized radiation are addressed.

Finally, in Chapter 9, advances in broadband and dual-band circularly polarized
microstrip antennas are discussed. Related broadband designs with single-feed ex-
citation, two-feed excitation with a 90° phase shift, and four-feed excitation with
0°-90°-180°-270° phase shifts are studied. In addition to obtaining a wide axial-ratio
bandwidth, it is shown how to improve CP quality in the entire radiation pattern to
achieve wide-angle CP coverage, and related designs are presented. Recent advances
in dual-band CP radiation are included in this chapter.
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This book is intended to organize new advanced designs of compact and broadband
microstrip antennas, mainly those reported since 1997. Over 100 advanced microstrip
antenna designs and their detailed experimental results are included. It is believed that
this book can be a very useful design reference on compact and broadband microstrip
antennas for antenna scientists and engineers.

KIN-LU WONG
Kaohsiung, Taiwan
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CHAPTER ONE
|

Introduction and Overview

1.1 INTRODUCTION

Conventional microstrip antennas in general have a conducting patch printed on a
grounded microwave substrate, and have the attractive features of low profile, light
weight, easy fabrication, and conformability to mounting hosts [1]. However, mi-
crostrip antennas inherently have a narrow bandwidth, and bandwidth enhancement
is usually demanded for practical applications. In addition, applications in present-day
mobile communication systems usually require smaller antenna size in order to meet
the miniaturization requirements of mobile units. Thus, size reduction and bandwidth
enhancement are becoming major design considerations for practical applications
of microstrip antennas. For this reason, studies to achieve compact and broadband
operations of microstrip antennas have greatly increased. Much significant progress
in the design of compact microstrip antennas with broadband, dual-frequency, dual-
polarized, circularly polarized, and gain-enhanced operations have been reported over
the past several years. In addition, various novel broadband microstrip antenna de-
signs with dual-frequency, dual-polarized, and circularly polarized operations have
been published in the open literature. This book organizes and presents these recently
reported novel designs for compact and broadband microstrip antennas.

1.2 COMPACT MICROSTRIP ANTENNAS

Many techniques have been reported to reduce the size of microstrip antennas at
a fixed operating frequency. In general, microstrip antennas are half-wavelength
structures and are operated at the fundamental resonant mode TMy; or TM;o, with
a resonant frequency given by (valid for a rectangular microstrip antenna with a thin
microwave substrate)

c

2L

12

f (1.1)



2 INTRODUCTION AND OVERVIEW

f[—— 544 mm —

(a) (b)
FIGURE 1.1 Circularly polarized corner-truncated square microstrip antennas for GPS ap-
plication at 1575 MHz. (a) Design with a microwave substrate (¢, = 3.0, & = 1.524 mm);
(b) design with a ceramic substrate (¢, = 28.2, h = 4.75 mm). Dimensions are in millimeters
and not to scale.

where c is the speed of light, L is the patch length of the rectangular microstrip
antenna, and &; is the relative permittivity of the grounded microwave substrate.
From (1.1), it is found that the radiating patch of the microstrip antenna has a
resonant length approximately proportional to 1/,/e;, and the use of a microwave
substrate with a larger permittivity thus can result in a smaller physical antenna
length at a fixed operating frequency. Figure 1.1 shows a comparison of the required
dimensions for two circularly polarized corner-truncated square microstrip antennas
with different substrates for global positioning system (GPS) application. The first
design uses a microwave substrate with relative permittivity &, = 3.0 and thickness
h = 1.524 mm; the second design uses a high-permittivity or ceramic substrate with
& = 28.2 and h = 4.75 mm. The relatively larger substrate thickness for the second
design is needed to obtain the required circular polarization (CP) bandwidth for
GPS application. From the patch areas of the two designs, it can be seen that the
second design has a patch size about 10% of that of the first design. This reduction
in antenna size can be expected from (1.1), from which the antenna’s fundamental
resonant frequency of the design with ¢, = 28.2 is expected to be only about 0.326
times that of the design with ¢, = 3.0 for a fixed patch size. This result suggests that
an antenna size reduction as large as about 90% can be obtained if the design with
& = 28.2 is used instead of the case with &, = 3.0 for a fixed operating frequency.
The use of an edge-shorted patch for size reduction is also well known [see
the geometry in Figure 1.2(a)], and makes a microstrip antenna act as a quarter-
wavelength structure and thus can reduce the antenna’s physical length by half at a
fixed operating frequency. When a shorting plate (also called a partial shorting wall)
[see Figure 1.2(b)] or a shorting pin [Figure 1.2(c)] is used instead of a shorting wall,
the antenna’s fundamental resonant frequency can be further lowered and further size
reduction can be obtained. In this case, the diameter of a shorting-pin-loaded circular
microstrip patch [2] or the linear dimension of a shorting-pin-loaded rectangular mi-
crostrip patch [3] can be as small as one-third of that of the corresponding microstrip
patch without a shorting pin at the same operating frequency. This suggests that an
antenna size reduction of about 89% can be obtained. Moreover, by applying the
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FIGURE 1.2 Geometries of a rectangular patch antenna with (a) a shorting wall, (b) a shorting
plate or partial shorting wall, and (c) a shorting pin. The feeds are not shown.

shorting-pin loading technique to an equilateral-triangular microstrip antenna, the
size reduction can be made even greater, reaching as large as 94% [4]. This is largely
because an equilateral-triangular microstrip antenna operates at its fundamental reso-
nant mode, whose null-voltage point is at two-thirds of the distance from the triangle
tip to the bottom side of the triangle; when a shorting pin is loaded at the triangle
tip, a larger shifting of the null-voltage point compared to the cases of shorted rec-
tangular and circular microstrip antennas occurs, leading to a greatly lowered antenna
fundamental resonant frequency.

Meandering the excited patch surface current paths in the antenna’s radiating patch
is also an effective method for achieving a lowered fundamental resonant frequency
for the microstrip antenna [3, 5-8]. For the case of a rectangular radiating patch, the
meandering can be achieved by inserting several narrow slits at the patch’s nonradiat-
ing edges. It can be seen in Figure 1.3(a) that the excited patch’s surface currents are
effectively meandered, leading to a greatly lengthened current path for a fixed patch
linear dimension. This behavior results in a greatly lowered antenna fundamental
resonant frequency, and thus a large antenna size reduction at a fixed operating fre-
quency can be obtained. Figure 1.3(b) shows similar design, cutting a pair of triangular
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FIGURE 1.3 Surface current distributions for meandered rectangular microstrip patches with
(a) meandering slits and (b) a pair of triangular notches cut at the patch’s nonradiating edges.

notches at the patch’s nonradiating edges to lengthen the excited patch surface cur-
rent path [8]. The resulting geometry is referred to as a bow-tie patch. Compared to a
rectangular patch with the same linear dimension, a bow-tie patch will have a lower
resonant frequency, and thus a size reduction can be obtained for bow-tie microstrip
antennas at a given operating frequency.

The technique for lengthening the excited patch surface current path mentioned
above is based on a coplanar or single-layer microstrip structure. Surface current
lengthening for a fixed patch projection area can also be obtained by using an inverted
U-shaped patch [Figure 1.4(a)], a folded patch [Figure 1.4(b)], or a double-folded
patch [Figure 1.4(c)]. With these microstrip patches, the resonant frequency can be
greatly lowered [9, 10] compared to a regular single-layer microstrip antenna with the
same projection area. Note that the resonant frequency is greatly lowered due to the
bending of the patch surface current paths along the antenna’s resonant or excitation
direction, and that no lateral current components are generated, in contrast to the case
of the meandering technique shown in Figure 1.3. Probably for this reason, it has been
observed that compact microstrip antennas using the bending technique described here
have good cross-polarization levels for frequencies within the operating bandwidth.

By embedding suitable slots in the radiating patch, compact operation of microstrip
antennas can be obtained. Figure 1.5 shows some slotted patches suitable for the
design of compact microstrip antennas. In Figure 1.5(a), the embedded slot is a cross
slot, whose two orthogonal arms can be of unequal [11] or equal [12-14] lengths.
This kind of slotted patch causes meandering of the patch surface current path in
two orthogonal directions and is suitable for achieving compact circularly polarized
radiation [11, 12] or compact dual-frequency operation with orthogonal polarizations
[13, 14]. Similarly, designs with a pair of bent slots [15] [Figure 1.5(b)], a group
of four bent slots [16, 17] [Figure 1.5(c)], four 90°-spaced inserted slits [18] [Figure
1.5(d)], a perforated square patch or a square-ring patch with a cross strip [19] [Figure
1.5(e)], a circular slot [20] [Figure 1.5(f)], a square slot [21] [Figure 1.5(g)], an offset
circular slot [22] [Figure 1.5(h)], and a perforated tip-truncated triangular patch [23]
[Figure 1.5(i)] have been successfully applied to achieve compact circularly polarized
or compact dual-frequency microstrip antennas.
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FIGURE 1.4 Compact microstrip antennas with (a) an inverted U-shaped patch, (b) a folded
patch, and (c) a double-folded patch for achieving lengthening of the excited patch surface
current path at a fixed patch projection area. The feeds are not shown.
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FIGURE 1.5 Some reported slotted patches suitable for the design of compact microstrip
antennas.
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FIGURE 1.6 Geometry of a microstrip-line-fed planar inverted-L patch antenna for compact
operation.

The microstrip-line-fed planar inverted-L (PIL) patch antenna is a good candidate
for compact operation. The antenna geometry is shown in Figure 1.6. When the an-
tenna height is less than 0.1 (A¢ is the free-space wavelength of the center operating
frequency), a PIL patch antenna can be used for broadside radiation with a resonant
length of about 0.25X( [24]; that is, the PIL patch antenna is a quarter-wavelength
structure, and has the same broadside radiation characteristics as conventional half-
wavelength microstrip antennas. This suggests that at a fixed operating frequency,
the PIL patch antenna can have much reduced physical dimensions (by about 50%)
compared to the conventional microstrip antenna.

Figure 1.7 shows another interesting compact design for a microstrip antenna.
The antenna’s ground plane is meandered by inserting several meandering slits at
its edges. It has been experimentally observed [25] that similar meandering effects
to those with the design with a meandering patch shown in Figure 1.3(a) can be
obtained. Moreover, probably because the meandering slits in the antenna’s ground
plane can effectively reduce the quality factor of the microstrip structure, the obtained
impedance bandwidth for a compact design with a meandered ground plane can be
greater than that of the corresponding conventional microstrip antenna.

[ ] - substrate
radiating patch of— Substrate
in front
~ I-\-'i.u iw-lc- 1T 11
4—'_01(. L .. |
I —
— 1L
(L T 1L Ly
meandering slit \ /
radiating patch

N /‘I_

ground

FIGURE 1.7 Geometry of a probe-fed compact microstrip antenna with a meandered ground
plane. (From Ref. 25, © 2001 John Wiley & Sons, Inc.)
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FIGURE 1.8 Geometry of a probe-fed compact microstrip antenna with a slotted ground
plane suitable for dual-polarized radiation.

1.3 COMPACT BROADBAND MICROSTRIP ANTENNAS

With a size reduction at a fixed operating frequency, the impedance bandwidth of a
microstrip antenna is usually decreased. To obtain an enhanced impedance bandwidth,
one can simply increase the antenna’s substrate thickness to compensate for the de-
creased electrical thickness of the substrate due to the lowered operating frequency,
or one can use a meandering ground plane (Figure 1.7) or a slotted ground plane
(Figure 1.8). These design methods lower the quality factor of compact microstrip
antennas and result in an enhanced impedance bandwidth.

By embedding suitable slots in a radiating patch, compact operation with an en-
hanced impedance bandwidth can be obtained. A typical design is shown in Figure 1.9.
However, the obtained impedance bandwidth for such a design is usually about equal
to or less than 2.0 times that of the corresponding conventional microstrip antenna. To
achieve a much greater impedance bandwidth with a reduction in antenna size, one

e substrate

embedded slots

FIGURE 1.9 Geometry of a probe-fed slotted triangular microstrip antenna for compact
broadband operation.
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FIGURE 1.10 Geometry of a compact broadband microstrip antenna with chip-resistor
loading.

can use compact designs with chip-resistor loading [26, 27] (Figure 1.10) or stacked
shorted patches [28-31] (Figure 1.11). The former design is achieved by replacing
the shorting pin in a shorted patch antenna with a chip resistor of low resistance (gen-
erally 1 2). In this case, with the same antenna parameters, the obtained antenna size
reduction can be greater than for the design using chip-resistor loading. Moreover,
the obtained impedance bandwidth can be increased by a factor of six compared to
a design using shorting-pin loading. For an FR4 substrate of thickness 1.6 mm and
relative permittivity 4.4, the impedance bandwidth can reach 10% in L-band opera-
tion [26]. However, due to the introduced ohmic loss of the chip-resistor loading, the
antenna gain is decreased, and is estimated to be about 2 dBi, compared to a shorted
patch antenna with a shorting pin. For the latter design with stacked shorted patches,
an impedance bandwidth of greater than 10% can be obtained. For this design, of
course, the total antenna volume or height is increased.

1.4 COMPACT DUAL-FREQUENCY MICROSTRIP ANTENNAS

Compact microstrip antennas with dual-frequency operation [32] have attracted much
attention. The two operating frequencies can have the same polarization planes [7]
or orthogonal polarization planes [33]. One of the reported compact dual-frequency
designs with the same polarization planes uses the first two operating frequencies of
shorted microstrip antennas with a shorting pin [34-36], and the obtained frequency
ratios between the two operating frequencies have been reported to be about 2.0-3.2

parasitic patch shorting plate or pin
driven patch

air
[ substrate

114
probe fﬂ"% ~ around

FIGURE1.11 Geometry of a stacked shorted patch antenna for compact broadband operation.
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FIGURE 1.12 Geometries of a shorted rectangular patch antenna with an L-shaped or a
folded slit for dual-frequency operation.

[34], 2.55-3.83 [35], and 2.5-4.9 [36] for shorted rectangular, circular, and triangular
patches, respectively.

Dual-frequency operation can be obtained using the compact design of a shorted
rectangular patch antenna with an L-shaped or a folded slit (see Figure 1.12) [37,
38]. This antenna can be considered to consist of two connected resonators of dif-
ferent sizes. The smaller resonator is encircled by the slit and resonates at a higher
resonant frequency; the larger resonator encircles the smaller one and resonates at a
lower resonant frequency. This kind of compact dual-frequency design is very suitable
for applications in handset antennas of mobile communication units. By loading a
pair of narrow slots parallel and close to the radiating edges of a meandered rect-
angular or bow-tie patch (see Figure 1.13), dual-frequency operation with tunable

embedded slot

——— = | C—
—
—
— meandering slits
1:/
——
I | 1

embedded slot

{a) (b}

FIGURE 1.13 Geometries of slot-loaded meandered (a) rectangular and (b) bow-tie mi-
crostrip patches for compact dual-frequency operation.
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frequency-ratio ranges of about 1.8-2.4 [7] and 2.0-3.0 [39], respectively, have been
reported. Many designs have been reported for compact dual-frequency operation
with orthogonal polarization [13—-15, 20-22]. These design methods mainly use the
loading of suitable slots, such as a cross slot, a pair of bent slots, four inserted slits, a
circular slot, a square slot, an offset circular slot, and so on in a rectangular or circular
patch [see Figures 1.5(a), (b), (d), (f)—(g)].

1.5 COMPACT DUAL-POLARIZED MICROSTRIP ANTENNAS

Dual-polarized operation has been an important subject in microstrip antenna design
and finds application in wireless communication systems that require frequency reuse
or polarization diversity. Microstrip antennas capable of performing dual-polarized
operation can combat multipath effects in wireless communications and enhance
system performance. Designs of compact microstrip antennas for dual-polarized op-
eration have been reported. Figure 1.14 shows a typical compact dual-polarized mi-
crostrip antenna fed by two probe feeds [17]. Antenna size reduction is achieved by
having four bent slots embedded in a square patch. Results [17] show that, with the
use of an FR4 substrate (thickness 1.6 mm and relative permittivity 4.4), good port
decoupling (S, less than —35 dB) is obtained for the compact dual-polarized mi-
crostrip antenna shown in Figure 1.14 which is better than that of the corresponding
conventional square microstrip antenna without embedded slots.

1.6 COMPACT CIRCULARLY POLARIZED MICROSTRIP ANTENNAS

Various novel designs have been reported recently to achieve compact circularly po-
larized radiation with microstrip antennas. In addition to the well-known technique of

bent slot S

—— square patch

I
I
I
T
I

port 2

port 1}
1
L 1l |

substrate

FIGURE 1.14 Geometry of a probe-fed compact microstrip antenna with four bent slots for
generating +45° slanted dual linear polarizations.
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using a high-permittivity substrate as described in Figure 1.1, compact CP designs can
be achieved by embedding suitable slots or slits in the radiating patch [11, 12, 16, 18,
40-47] or the antenna’s ground plane. These designs mainly use a single probe feed or
an edge-fed microstrip-line feed. By using a single inset microstrip-line feed, it is pos-
sible for microstrip antennas with a slotted patch to achieve compact CP radiation [48].

For a compact CP design using a tuning stub [12, 47] (Figure 1.15), the required
length of the tuning stub increases as the CP center operating frequency is lowered.
The increase in allowable tuning-stub length accompanying the reduction in antenna
size for such compact CP designs allows a greatly relaxed manufacturing tolerance
compared to the corresponding conventional circularly polarized microstrip antenna
at the same operating frequency. This is a great advantage for practical applications,

cross-slot of egual arm lengths

impedance transformer

—_—

I

tuning stub 5003 microstrip

s/ feed line

substrate

(a)

bent tuning stub

- coupling slot

11 embedded

50-L2 microstrip wrT)y - EYMIOSIGS Slol
feed line L
[
exploded view top view
(b)

FIGURE1.15 Geometries of (a) a microstrip-line-fed compact circularly polarized microstrip
antenna with a tuning stub and (b) an aperture-coupled compact circularly polarized microstrip
antenna with a bent tuning stub.
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FIGURE 1.16 Geometry of a probe-fed corner-truncated square microstrip antenna with four
inserted slits for compact CP radiation.

especially when a large reduction in antenna size is required for circularly polarized
microstrip antennas. The design for a probe-fed corner-truncated square microstrip
antenna with four inserted slits for compact CP radiation (see Figure 1.16) shows
similar behavior [43]. When the length of the inserted slits increases, leading to a
lowering in the antenna’s fundamental resonant frequency and thus a reduction in the
antenna size at a fixed operating frequency, the required size of the truncated corners
increases. Thus, there is a greatly relaxed manufacturing tolerance for a large antenna
size reduction for this kind of circularly polarized microstrip antenna.

1.7 COMPACT MICROSTRIP ANTENNAS WITH ENHANCED GAIN

It is generally observed that when the antenna size is reduced at a fixed operating
frequency, the antenna gain is also decreased. To obtain an enhanced antenna gain,
methods involving the loading a high-permittivity dielectric superstrate [40, 49] or
an amplifier-type active circuitry [50, 51] to a compact microstrip antenna have been
demonstrated. For the former case, with the antenna’s projection area unchanged or
even smaller, the antenna gain can be enhanced by about 10 dBi [49]. For the latter
case, the radiating patch is modified to incorporate active circuitry to provide an
enhanced antenna gain, and an extra antenna gain of 8 dBi in L-band operation has
been reported [50].

1.8 BROADBAND MICROSTRIP ANTENNAS

A narrow bandwidth is a major disadvantage of microstrip antennas in practical ap-
plications. For present-day wireless communication systems, the required operating
bandwidths for antennas are about 7.6% for a global system for mobile communication
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FIGURE 1.17 Geometry of a broadband microstrip antenna with a directly coupled patch
and two gap-coupled patches.

(GSM; 890-960 MHz), 9.5% for a digital communication system (DCS; 1710—-1880
MHz), 7.5% for a personal communication system (PCS; 1850-1990 MHz), and
12.2% for a universal mobile telecommunication system (UMTS; 1920-2170 MHz).
To meet these bandwidth requirements, many bandwidth-enhancement or broadband
techniques for microstrip antennas have been reported recently. One bandwidth-
enhancement technique uses coplanar directly coupled and gap-coupled parasitic
patches [52]. A typical design is shown in Figure 1.17, which shows a rectangular
microstrip antenna with a directly coupled patch and two gap-coupled patches. This
antenna has a compact configuration such that the required realty space for imple-
menting the antenna is minimized. Experimental results show that, with the use of an
inexpensive FR4 substrate of thickness 1.6 mm and relative permittivity 4.4, such an
antenna can have an impedance bandwidth of about 12.7% [52], which is about 6.35
times that of the antenna with a driven patch only (about 2%). The parasitic patches
can be stacked on top of the microstrip antenna [53, 54] and significant bandwidth
enhancement can be achieved.

Decreasing the quality factor of the microstrip antenna is also an effective way of
increasing the antenna’s impedance bandwidth. This kind of bandwidth-enhancement
technique includes the use of a thick air or foam substrate [55—65] and the loading of
a chip resistor on a microstrip antenna with a thin dielectric substrate [26, 66]. In the
former case, for feeding using a probe feed, a large reactance owing to the long probe
pin in the thick substrate layer is usually a problem in achieving good impedance
matching over a wide frequency range. To overcome this problem associated with
probe-fed microstrip antennas, designs have been reported that embed a U-shaped
slot in the patch (U-slotted patch) [55, 56], use a three-dimensional (3D) microstrip
transition feed [57], cut a pair of wide slits at one of the patch’s radiating edges
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(E-patch) [58], bend the patch into a 3D V-shaped patch [59] or the ground plane into
an inverted V-shaped ground [60], and use modified probe configurations such as an
L-strip feed [61], an L-probe feed [62], a gap-coupled probe feed [63], or a capac-
itively coupled feed [64, 65], among others. With the above-mentioned designs, the
impedance bandwidth of a probe-fed microstrip antenna with a thick air substrate can
easily be enhanced to greater than 25%. It has also been demonstrated that the use of a
larger coupling slot for the case with an aperture-coupled feed can effectively lower the
quality factor of a microstrip antenna, and impedance matching can be enhanced [67].

Another effective bandwidth-enhancement technique is to excite two or more reso-
nant modes of similar radiating characteristics at adjacent frequencies to form a wide
operating bandwidth. Such bandwidth-enhancement techniques include the loading
of suitable slots in a radiating patch [68—75] or the integration of cascaded microstrip-
line sections (microstrip reactive loading) into a radiating patch [76—80]. For both slot
loading and integrated microstrip reactive loading, the low-profile advantage of the
microstrip antenna is retained, and the impedance bandwidth can be about 2.0-3.5
times that of the corresponding conventional microstrip antenna. Through the design
of an external optimal matching network for a microstrip antenna, bandwidth en-
hancement can also be obtained [81, 82]. This design technique increases the realty
space of the microstrip antenna due to the external matching network, and it has been
reported that the impedance matching can be increased by a factor of three if an
optimal matching network is achieved [81].

Some novel designs for broadband microstrip antennas with reduced cross-
polarization radiation have also been demonstrated. An effective method is to add
an additional feed of equal amplitude and a 180° phase shift to the microstrip an-
tenna; significant cross-polarization reduction of about 5-10 and 12—15 dB in the
E-plane and H-plane patterns, respectively, has been achieved [83]. Details of the
related antenna designs and experimental results are given in Chapter 7.

1.9 BROADBAND DUAL-FREQUENCY AND
DUAL-POLARIZED MICROSTRIP ANTENNAS

Designs of dual-frequency microstrip antennas with impedance bandwidths of both
their two operating frequencies greater than 10% have been reported [59, 84]. By using
an L-probe feed for a two-element patch antenna [84], dual-frequency operation for
a GSM/PCS dual-band base-station antenna has been demonstrated. It has also been
shown that broadband dual-frequency operation can be obtained by using a three-
dimensional V-shaped patch [59]. This design can be fed by an aperture-coupled feed
or a probe feed (see Figure 1.18). For the case with an aperture-coupled feed, two
separate operating bands with a 10-dB return-loss bandwidth greater than 10% can be
obtained, and the frequency ratios between the two operating frequencies are about
1.28-1.31 [59].

Various broadband dual-polarized microstrip antennas have been reported recently
[85-90]. High isolation between two feeding ports and low cross-polarization for
two linear polarizations over a wide impedance bandwidth are the major design
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FIGURE 1.18 Exploded views of a three-dimensional V-shaped patch with (a) an aperture-
coupled feed and (b) a probe feed.

considerations. Very good port decoupling (S2; < —40 dB) between two feeding
ports for an aperture-coupled microstrip antenna across a wide impedance bandwidth
has been obtained by carefully aligning the two coupling slots in the antenna’s ground
plane [86]. The use of hybrid feeds of a gap-coupled probe feed and an H-slot coupled
feed has also been found to be a promising dual-polarized design for achieving high
port decoupling [85]. Details of typical design examples are included in Chapter 8.

1.10 BROADBAND AND DUAL-BAND CIRCULARLY
POLARIZED MICROSTRIP ANTENNAS

To achieve broadband, single-feed, circularly polarized microstrip antennas, a design
with chip-resistor loading has been shown to be promising [91, 92]; the CP band-
width can be enhanced by a factor of two. By using an aperture-coupled feed with a
Y-Y-shaped coupling slot for a rectangular microstrip antenna [67], the CP band-
width can also be enhanced to about 2.1 times that obtained using a simple inclined
slot for CP operation. The obtained CP bandwidths for these broadband single-feed
microstrip antennas with a thin dielectric substrate are generally less than 3%. As for
the case of a single-feed microstrip antenna with a thick air substrate, it is not an easy
task to achieve a CP bandwidth larger than 6%.

To achieve a much larger CP bandwidth, one should use a two-feed design
incorporating a thick air substrate and an external phase shifter or power divider. It
has been reported that, by using two gap-coupled or capacitively coupled feeds with
a Wilkinson power divider to provide good equal-power splitting for the two feeds,
the obtained 3-dB axial-ratio bandwidths can be as large as about 46% [93] and 34%
[94], respectively. One can also use a branch-line coupler as the external phase shifter,
and the obtained 3-dB axial-ratio bandwidth can reach 60% referenced to a center
frequency at 2.2 GHz. A four-feed design with 0°-90°-180°-270° phase shifts for a
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FIGURE 1.19 Geometry of a dual-band circularly polarized microstrip antenna.

single-patch microstrip antenna has also been implemented, and very good CP quality
has been obtained. The 2-dB axial-ratio bandwidth is 38%, and the 3-dB axial-ratio
beamwidth for frequencies within the obtained CP bandwidth can be greater than
100°. Relatively very slow degradation of the axial ratio from the antenna’s broadside
direction to large angles can be obtained compared to a corresponding broadband
circularly polarized microstrip antenna with two-feed design.

Several dual-band CP designs have been reported [95-98]. A typical design is
shown in Figure 1.19. Dual-band CP operation is obtained by embedding two pairs
of arc-shaped slots of proper lengths close to the boundary of a circular patch and
protruding one of the arc-shaped slots with a narrow slot. The two separate CP bands
are centered at 1561 and 2335 MHz, with CP bandwidths of about 1.3% and 1.1%,
respectively [95]. Other methods include the use of a probe-fed square microstrip an-
tenna with a center slot and inserted slits [96], a probe-fed stacked elliptic microstrip
antenna [97], and an aperture-coupled stacked microstrip antenna [98]. Typical con-
structed prototypes are described in detail in Chapter 9.
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CHAPTER TWO
|

Compact Microstrip Antennas

2.1 INTRODUCTION

Compact microstrip antennas have recently received much attention due to the in-
creasing demand of small antennas for personal communications equipment. For
achieving microstrip antennas with a reduced size at a fixed operating frequency, the
use of a high-permittivity substrate is an effective method; an example is described in
Figure 1.1 in Chapter 1. Recently, it has been demonstrated that loading the microstrip
patch with a shorting pin can also effectively reduce the required patch size for a
fixed operating frequency [1-8]. Typical designs of this kind of compact microstrip
antenna with a thin dielectric substrate are presented in this chapter, and compact
designs combining a shorting-pin loading with the patch-meandering method [1, 6]
are also described.

By applying the meandering method to the ground plane of a microstrip antenna,
a similar significant lowering of the antenna’s fundamental resonant frequency to
the patch-meandering method can be achieved [9]. In addition, the impedance band-
width and antenna gain can be enhanced, which is a great advantage of this kind
of ground-meandering method over the patch-meandering one. Experimental results
for a constructed prototype will be presented and discussed. A compact design us-
ing a planar inverted-L. (PIL) patch has also been addressed [10, 11]. This kind
of PIL patch antenna can be operated as a quarter-wavelength antenna, but with
similar broadside radiation characteristics to the conventional half-wavelength mi-
crostrip antenna. Antenna size can be reduced by using a PIL patch antenna in
place of the conventional microstrip antenna at a fixed operating frequency. Two
design examples of a PIL patch antenna are given in this chapter. Finally, the use
of an inverted U-shaped or folded patch to achieve a compact microstrip antenna is
demonstrated. By using an inverted U-shaped patch, the excited patch surface current
path of a microstrip antenna with a fixed projection area can be effectively length-
ened, and thus the antenna’s fundamental resonant frequency can be greatly lowered
[12]. This behavior leads to a large antenna size reduction for a fixed operating
frequency.

22
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2.2 USE OF A SHORTED PATCH WITH A THIN DIELECTRIC SUBSTRATE

Figure 2.1 shows the configurations of shorted rectangular, circular, and triangular
microstrip antennas with a shorting pin. For the case of a rectangular patch with a
shorting pin absent, the rectangular microstrip antenna is usually operated as a half-
wavelength antenna. Based on the cavity-model approximation, the fundamental or
first resonant frequency of the rectangular patch in Figure 2.1(a) without a shorting
pin is determined from

C
2L /&

where f}( denotes the resonant frequency of the TM ;o mode. When there is a shorting
pin placed at x = —L/2, y = O (center of the patch edge) and the feed position
is chosen on the centerline (x axis), the first resonant frequency occurs at about
0.38 fo1 [2] (When there is more than one shorting pin at the edge or a shorting
wall is used, the first resonant frequency occurs close to or at about 0.5 fy;. In this
case, the shorted microstrip antenna is operated as a quarter-wavelength antenna.).

Sfio= 2.1

- o-------- e
:

——=—

L

chip resistor ' probe

l l% substrate

chip resistor

©

FIGURE 2.1 Geometries of compact (a) rectangular, (b) circular, and (c) triangular microstrip
antennas with shorting-pin loading.
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This behavior suggests that the shorting-pin-loaded rectangular microstrip antenna
is operated with a resonant length less than one quarter-wavelength, and a greater
reduced antenna size than for the case with a shorting wall can be obtained.

With the shorting-pin-loading technique, the antenna size reduction is mainly due
to the shifting of the null-voltage point at the center of the rectangular patch (excited
at the TMy; mode) and the circular patch (operated at the TM;; mode) to their
respective patch edges, which makes the shorted patches resonate at a much lower
frequency. Thus, at a given operating frequency, the required patch dimensions can
be significantly reduced, and the reduction in the patch size is limited by the distance
between the null-voltage point in the patch and the patch edge. For this reason,
compared to the case of shorting-pin-loaded rectangular and circular patches, it is
expected that an equilateral-triangular microstrip patch excited at its fundamental
mode (TM 9 mode), where the null-voltage point is at two-thirds of the distance from
the triangle tip to the bottom edge of the triangle, will have a much larger reduction
in the resonant frequency when applying the shorting-pin loading technique.

An example of a shorting-pin-loaded equilateral-triangular microstrip antenna for
compact operation is described in Figures 2.2-2.4. Consider the geometry shown in
Figure 2.1(c) for TMp mode excitation; the feed and shorting-pin positions are on
the x axis at distances d,, and d; away from the patch’s bottom edge, respectively.
Prototypes of shorting-pin-loaded triangular microstrip patches with various values
of ds were constructed. The radius r, of the shorting pin was selected to be 0.13 mm,
and the feed radius r, was 0.3 mm. The measured lowest resonant frequency of the
microstrip patch against the shorting-pin position is shown in Figure 2.2. It should be
noted that, without shorting-pin loading, the triangular microstrip patch resonates at

800
700
600

500 ‘

Resonant Frequency (MHz)

400 : ' ' ' }
0 0.2 0.4 0.6 0.8 1

dy/dy

FIGURE 2.2 Measured resonant frequency against shorting-pin position for the shorting-
pin-loaded equilateral-triangular microstrip antenna shown in Figure 2.1(c); &, = 3.0, h =
0.762 mm, and d = 59.9 mm. (From Ref. 7, © 1997 IEE, reprinted with permission.)
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FIGURE 2.3 Measured return loss of shorted and conventional triangular microstrip antennas.
The solid line is for a shorted antenna with d = 15.3 mm, and d; = 13.25 mm, and 4, =
12.75 mm; the dashed line is for a conventional antenna with d = 59.9 mm and d, = 24.1 mm.
(From Ref. 7, © 1997 IEE, reprinted with permission.)

about 1.9 GHz, its lowest resonant frequency. It is clearly seen that, with shorting-pin
loading, the resonant frequency of the triangular patch is significantly reduced and
is much lower than 1.9 GHz. A significant dependence of the resonant frequency on
the shorting-pin position is also observed. The resonant frequency has a maximum
value at dg/dn =0.33, where the null voltage occurs for TM( mode excitation. At
ds/dy=1.0 (the triangle tip), the resonant frequency has a minimum value. This
agrees with our expectation because the shorting pin at the triangle tip results in a
shifting of the null-voltage point from dg/d, = 0.33 to 1.0, the largest shifting in this
case. The measured resonant frequency is 410 MHz, which is about 22% of that of a
conventional triangular microstrip patch without a shorting pin.

90°

——E-plane
—— H-plane
(@) (b)

FIGURE 2.4 Measured E- and H-plane radiation patterns at resonance of (a) shorted and
(b) conventional triangular microstrip antennas with parameters given in Figure 2.3. (From
Ref. 7, © 1997 IEE, reprinted with permission.)
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Based on the results, a compact triangular microstrip antenna with a shorting pin
loaded at the triangle tip was constructed. The center frequency is at about 1930 MHz,
and the measured return loss is shown in Figure 2.3. The results for a conventional
triangular microstrip antenna without a shorting pin operated at about the same
frequency are presented for comparison. The side lengths of the compact (shorted)
and conventional triangular microstrip antennas are 15.3 and 59.9 mm, respectively.
This means a reduction of about 74% of the linear dimension of the antenna,
or the size of the compact antenna is only about 7% of that of the conventional
microstrip antenna. This reduction in the antenna size is greater than those reported
for compact rectangular and circular microstrip antennas using the same technique. It
is also noted that the 10-dB return-loss bandwidth is only slightly decreased compared
to that of the conventional microstrip antenna. The measured radiation patterns
for the compact and conventional microstrip antennas are plotted in Figure 2.4.
It is observed that the component of cross-polarization radiation is increased due to
the shorting-pin loading, especially for H-plane (y—z plane) radiation. However, for
E-plane (x—z plane) radiation, the cross-polarization radiation is still below —20 dB.
Note that, due to the antenna size reduction, a decrease in the antenna gain is expected.

2.3 USE OF A MEANDERED PATCH

Compact operation of microstrip antennas can be obtained by meandering the radi-
ating patch [1, 6]. This kind of patch-meandering technique is achieved mainly by
loading several meandering slits at the nonradiating edges of a rectangular patch [1] or
at the boundary of a circular patch [6]. In the following, a compact design combining
the techniques of patch meandering and shorting-pin loading for a circular microstrip
antenna is demonstrated. Figure 2.5 shows the geometry of a short-circuited, mean-
dered circular microstrip antenna. The circular patch is short-circuited at the edge
with a shorting pin, and three narrow slots of the same length £ and width w are cut

shorting pin

feed position WS I \‘_
——————————————————————————————— fr— m]
h
|«
*
w
T &

W
substrate =T ground

FIGURE 2.5 Geometry of a meandered circular microstrip antenna with a shorting pin. (From
Ref. 6, © 1997 John Wiley & Sons, Inc.)
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FIGURE 2.6 Measured resonant frequency against slot length £ in the circular patch in
Figure 2.5; R =7.5 mm, d; = 6.5 mm. (From Ref. 6, © 1997 John Wiley & Sons, Inc.)

in the patch. The shorting pin makes the circular patch resonate at a much lower fre-
quency compared with a conventional circular patch of the same size, and the narrow
slots meander the patch, which increases the effective electrical length of the patch.
These two factors effectively reduce the required disk size for an antenna operated at
a given frequency.

Based on the above design concept, short-circuited circular microstrip antennas
with different slot lengths were constructed. The circular patch has a radius R of
7.5 mm, and a shorting pin of radius rs =0.4 mm is placed near the patch edge at
dy=6.5 mm. The patch substrate has a relative permittivity &, = 4.4 and thickness
h = 1.6 mm. Figure 2.6 shows the measured resonant frequency against the slot length
in the short-circuited circular patch. Results clearly indicate that, with increasing slot
length, the resonant frequency of the meandered patch decreases. It is also found that
the slot width has relatively little effect on the resonant frequency. From the results
for the case of £ = R, a circular patch of radius 7.5 mm has a resonant frequency of
1652 MHz. For a conventional circular patch antenna (without a shorting pin and slots
in the patch) to be operated at 1652 MHz, the radius of the circular patch needs to be
about 25.2 mm (with the same substrate material). That is, the patch size is reduced
to about 9% compared with the conventional circular patch of the same operating
frequency. When the slot length increases, the resonant frequency of the patch can
be reduced further, which can make the patch size reduction even greater at a given
frequency.

The measured return loss for the case of £ = R is presented in Figure 2.7. In order to
obtain a good matching condition, the feed position is placed close to the shorting pin.
When the feed position is away from the shorting pin, the resonant input resistance
quickly increases. For good impedance matching, the feed position is chosen at d, =
5.2 mm, with the probe having a radius r, of 0.65 mm. The impedance bandwidth
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FIGURE 2.7 Measured return loss against frequency for an antenna with ¢ = R. Other an-
tenna parameters are given in Figure 2.6. (From Ref. 6, © 1997 John Wiley & Sons, Inc.)

determined from a 10-dB return loss is found to be about 1.6%, which is less than that
(1.9%) of a conventional circular microstrip antenna at the same operating frequency.
This reduction in the antenna bandwidth is expected due to the reduced antenna size.
However, it is interesting to find that, with slots in the patch, the reduction in the
impedance bandwidth is smaller than for the case of the short-circuited circular patch
without slots, where the impedance bandwidth is reduced by about 33% compared
with the conventional microstrip antenna. This is probably because the slots in the
patch introduce an additional capacitive reactance that compensates the inductive
reactance contributed by the shorting pin and the probe, and thus a wider impedance
bandwidth can be achieved.

Measured radiation patterns for a compact antenna with £ = R are plotted in
Figure 2.8. It is seen that the radiation patterns remain broadside. Figure 2.9 shows
the case for an antenna without slots (¢ =0), where the patch resonates at about
1923 MHz. Similar broadside radiation is observed. However, probably owing to the
increasing of the patch surface current component perpendicular to the main excita-
tion direction, the cross-polarization radiation in the H plane is increased (compare
Figures 2.8 and 2.9). The cross-polarization level in the E plane is seen to be about
the same.

2.4 USE OF A MEANDERED GROUND PLANE

The meandering technique for lengthening the excited patch surface current path
to lower the antenna’s fundamental resonant frequency can also be applied to
the antenna’s ground plane [9]. Figure 2.10 shows the geometry of a compact
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FIGURE 2.8 Measured E- and H-plane radiation patterns at resonance for an antenna with
¢ = R. Other antenna parameters are given in Figure 2.6. (From Ref. 6, © 1997 John Wiley &
Sons, Inc.)

microstrip antenna with a meandered ground plane. The rectangular radiating patch
has dimensions L x W and is printed on a microwave substrate of thickness 4 and
relative permittivity ¢,. Three identical slots are embedded in the antenna’s ground
plane and aligned with an equal spacing of L /4 and parallel to the patch’s radiating
edges, or the y axis. The embedded slots are narrow (1 mm in this design) and have
a length of ¢, + ¢;, where £, and ¢; are, respectively, the slot lengths outside and
inside the projection image of the radiating patch in the ground plane. A probe feed
is placed along the patch’s centerline (x axis) at a position dj, from the patch center.
Prototypes (antennas 1-4) were constructed and experimentally studied. Figure 2.11
shows the measured return loss of the constructed prototypes. The corresponding
measured data are given in Table 2.1 for comparison. In the study, inexpensive FR4
substrates (¢, = 4.4, h = 1.6 mm) were used. The dimensions of the rectangular radi-
ating patch were chosen to be 30 mm x 20 mm (L x W). The slot length ¢, for the
prototypes was fixed to be 10 mm and the slot length ¢; was varied from 8 to 14 mm.
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FIGURE 2.9 Measured E- and H-plane radiation patterns at resonance for an antenna without
slots (¢ = 0). Other antenna parameters are given in Figure 2.6. (From Ref. 6, © 1997 John

Wiley & Sons, Inc.)
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FIGURE 2.10 Geometry of a compact microstrip antenna with a meandered ground plane

(From Ref. 9, © 2001 John Wiley & Sons, Inc.)
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FIGURE 2.11 Measured return loss against frequency; antenna parameters are given in
Table 2.1. (From Ref. 9, © 2001 John Wiley & Sons, Inc.)

Results for a reference antenna (¢, =¢; =0) are shown for comparison. Note that
the embedded slots in the ground plane have very small effects on the feed position
d,, for achieving good impedance matching of the prototypes; d, was chosen to be
5 mm.

For the reference antenna, the fundamental resonant mode is excited at 2387 MHz
with a 10-dB return-loss bandwidth of 2.0%. For increasing slot length ¢;, it is seen that
the fundamental resonant frequency is quickly lowered. For antenna 4 (¢; = 14 mm),
the resonant frequency f; is 1587 MHz, which is about 0.66 times that of the reference
antenna. This suggests that an antenna size reduction as large as about 56% can be
achieved for the proposed antenna operated at a fixed frequency. Moreover, it is clearly
seen that the impedance bandwidths of the prototypes (antennas 1-4) are all greater
than that of the reference antenna. This behavior is largely owing to the meandering
slots embedded in the antenna’s ground plane, which effectively lower the quality
factor of the proposed antenna.

TABLE 2.1 Performance of the Compact Microstrip Antenna with a Meandered
Ground Plane Shown in Figure 2.10 [9]?

Ly, b; d, i Bandwidth Gain at f; F/B

(mm) (mm) (MHz) (MHz, %) (dBi) (dB)
Antenna 1 10, 8 5 2043 64, 3.1 4.1 3.1
Antenna 2 10, 10 5 1907 67,3.5 4.1 2.8
Antenna 3 10, 12 5 1723 64,3.7 4.6 2.2
Antenna 4 10, 14 5 1587 50, 3.2 3.9 2.0
Reference 0,0 5 2387 48,2.0 3.0 9.3

“h=1.6 mm, & =44, L=30 mm, W =20 mm, ¢; =10 mm, and ground-plane size =50 x 50 mm?2.
F/B is the measured front-to-back ratio of the radiation intensity.
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FIGURE 2.12 Measured E-plane (x—z plane) and H-plane (y—z plane) radiation patterns for
the compact microstrip antenna studied in Figure 2.11. (a) Antenna 3 (¢; = 12 mm) at 1723 MHz,
(b) antenna 4 (¢; = 14 mm) at 1587 MHz. (From Ref. 9, © 2001 John Wiley & Sons, Inc.)

Figure 2.12 plots the measured E- and H-plane radiation patterns for antennas
3 and 4. Good broadside radiation patterns are observed. The measured antenna
gain (see Table 2.1) is seen to be greater than that of the reference antenna. From
IE3D™ simulation results, the radiation efficiency of the proposed antenna with an
FR4 substrate is greater than 50%, which is much greater than that (about 30%) of
the reference antenna with the same FR4 substrate. The increase in the radiation
efficiency is probably associated with the embedded slots in the ground plane, which
lower the quality factor of the proposed antenna, and may account for the observed
antenna gain enhancement for the proposed antenna. The results also suggest that,
for obtaining optimal bandwidth and gain enhancement, the slot length ¢; should
be slightly greater than half the patch width (W/2=10 mm in this study) in the
proposed design (see antenna 3 in Table 2.1). The front-to-back ratio (F/B) was
also measured. From the measured results, the backward radiation of antenna 3 is
increased by about 7 dBi compared to the reference antenna. This increase in the
backward radiation is contributed to by the embedded slots in the ground plane and
the decreased ground-plane size in wavelength. In summary, for the case using an FR4
substrate studied here, the impedance bandwidth of the constructed prototype is about
1.85 times that (3.7% vs. 2%) of a corresponding conventional microstrip antenna
without embedded slots in the antenna’s ground plane, and a gain enhancement of
1.6 dBi (4.6 vs. 3.0 dBi) is obtained.
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2.5 USE OF A PLANAR INVERTED-L PATCH

The PIL patch is also a good candidate for achieving compact microstrip antennas.
Two design examples of the PIL patch antenna with a microstrip-line feed [10, 11]
are discussed here. Figure 2.13 shows the geometry of a microstrip-line-fed PIL patch
antenna. In addition to compact operation, this proposed design is also suitable for
dual-frequency operation. The PIL patch has a total length of L + &, and consists of a
horizontal portion (length L) and a vertical portion (Ilength /). The horizontal portion
is selected to be a square patch having dimensions of L x L, and is supported by
plastic posts with a height of & above a grounded substrate. The grounded substrate
has a thickness of /; and relative permittivity &;, on which a 50-Q microstrip feed
line is printed. The PIL patch is centered above the microstrip feed line, with the edge
of the patch’s vertical portion directly connected to the feed line. The portion of the
feed line below the patch’s horizontal portion has a length of d, which is used as a
tuning stub for achieving good impedance matching for the PIL patch antenna. The
optimal length d is found to be about 40% of the total length of the PIL patch [i.e.,
d ~0.4(L+h)].

With the proposed design, the antenna’s first two resonant frequencies, which
are, respectively, associated with resonant modes with the length of the PIL patch
being about one quarter-wavelength and one half-wavelength, can be excited with
good impedance matching, and single-feed dual-frequency operation can thus be
obtained. In order to obtain various frequency ratios of the two resonant frequencies,
two identical slits having dimensions of £ x w are inserted at the nonradiating edges
of the PIL patch’s vertical portion. The two inserted slits cause different meandering
effects on the excited patch surface current paths of the two resonant frequencies,
and thus various frequency ratios can be obtained with the selection of various slit
dimensions. Prototypes of the present design have been constructed and studied.
Figure 2.14 shows the measured return loss of the constructed prototypes, and Figure
2.15 presents the measured first two resonant frequencies f| and f, and their frequency

50-Q microstrip
feed line

& substrate I

ground

FIGURE 2.13 Geometry of a planar inverted-L patch antenna for compact operation. (From
Ref. 10, © 2000 John Wiley & Sons, Inc.)
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FIGURE 2.14 Measured return loss against frequency for the PIL patch antenna shown in
Figure 2.13; ¢, =4.4, L=35 mm, h=10 mm, $=4.5 mm, w=1.6 mm, 4#; =0.8 mm,
d =18 mm, and ground-plane size = 110 x 130 mm?. (From Ref. 10, © 2000 John Wiley &
Sons, Inc.)

ratio f,/f1. The corresponding measured data are listed in Table 2.2. The PIL patch
has a total length of 45 mm (L =35 mm, # = 10 mm). Note that, with the selection of
the length & of about 30% of the length L, good broadside radiation characteristics for
the antenna’s first two resonant frequencies are obtained. Inexpensive FR4 substrates
(¢, =4.4, hy =0.8 mm) with a ground plane size of 110 x 130 mm? were used in the
study.
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FIGURE 2.15 Measured first two resonant frequencies f; and f, and their frequency ratio,
f>/f1, for the PIL patch antenna studied in Figure 2.14. (From Ref. 10, © 2000 John Wiley &
Sons, Inc.)
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TABLE 2.2 Dual-Frequency Performance of the PIL Patch Antenna Shown
in Figure 2.13 [10]?

€(mm)  f, (MHz), BW (%)  f, (MHz), BW (%) falh

Antenna 1 0 1731,5.7 2883, 6.0 1.66
Antenna 2 5 1629, 6.4 2876,7.8 1.76
Antenna 3 10 1555,7.4 2838,7.4 1.83
Antenna 4 17 1404, 9.7 2721,5.4 1.94

“ Antenna parameters are given in Figure 2.14.

When there are no inserted slits (¢ = 0), the frequency f; approximately corre-
sponds to the length of the PIL patch being about one quarter-wavelength, that is,

C

f1:4(L+h)’

(2.2)

where c is the speed of light. On the other hand, the frequency f is associated with
the length of the PIL patch being about one half-wavelength. However, mainly owing
to the bending of the PIL patch, the null point of the excited patch surface current dis-
tributions is shifted from the patch center to the bent edge (see the simulated results in
Figure 2.16, which are obtained from the simulation software IE3D™). This charac-
teristic makes the excited patch surface current distribution on the patch’s horizontal
portion at the frequency f> a uniform distribution and about the same as that at the
frequency f;. Similar broadside radiation characteristics for both f| and f> can thus
be expected. Measured radiation patterns of f; and f, shown in Figure 2.17 confirm
this prediction. Figure 2.18 shows the measured antenna gain against frequency for
the two operating bands; about 6 dBi for f] and 8 dBi for f, are obtained.

When there are inserted slits, it is observed that, with increasing slit length, the
frequency f; is quickly decreased, whereas the frequency f is relatively insensitive

f, = 1731 MHz f, = 2883 MHz
(@) (b)

FIGURE 2.16 Simulated patch surface current distribution for the PIL patch antenna studied
in Figure 2.14 with £ =0. (a) fi = 1731 MHz, (b) f, =2883 MHz. (From Ref. 10, © 2000 John
Wiley & Sons, Inc.)
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FIGURE 2.17 Measured E-plane (x—z plane) and H-plane (y—z plane) radiation patterns for
the PIL patch antenna studied in Figure 2.14 with £ = 0. (a) f; = 1731 MHz, (b) f> = 2883 MHz.
(From Ref. 10, © 2000 John Wiley & Sons, Inc.)
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FIGURE 2.18 Measured antenna gain against frequency for the PIL patch antenna studied
in Figure 2.14 with £ = 0. (a) The lower band, (b) the upper band. (From Ref. 10, © 2000 John
Wiley & Sons, Inc.)
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FIGURE 2.19 Geometry of a planar inverted-L patch antenna with a tapered patch width for
compact operation. (From Ref. 11, © 2001 John Wiley & Sons, Inc.)

to the inserted slits. This behavior results in a tunable frequency ratio in a range of
about 1.66—1.94. The measured radiation characteristics are similar to those shown
in Figures 2.17 and 2.18. For the impedance bandwidths, 5.7-9.7% for the frequency
f1 and 5.4-7.8% for the frequency f> have been obtained.

Figure 2.19 shows the geometry of another design for a PIL patch antenna for
compact operation. This design is also suitable for dual-frequency operation. This
antenna’s vertical portion has a height of 2 and a width of W. The horizontal portion
has a length of L and a tapering angle of «. The antenna is directly fed by a 50-2
microstrip line, which has a tuning stub of length d and is printed on a microwave
substrate of thickness /; and relative permittivity ;. By varying the tapering angle o,
the first two resonant frequencies of the proposed antenna can have good impedance
matching simply by adjusting the tuning-stub length d. However, for o greater than
45°, it becomes difficult to obtain good impedance matching for the first two resonant
frequencies of the proposed antenna.

Prototypes of this design have been successfully implemented. Table 2.3 lists the
obtained dual-frequency performance for the constructed prototypes with « varying

TABLE 2.3 Dual-Frequency Performance of the PIL Patch Antenna Shown
in Figure 2.19 [11]°

o d fi,BW . BW

(deg) (mm) (MHz, %) (MHz, %) falfi

Antenna 1 0 17 1755,7.6 2926, 4.7 1.67
Antenna 2 8 17 1671, 6.8 2844, 5.4 1.70
Antenna 3 16 17 1625, 7.1 2820, 5.5 1.74
Antenna 4 24 18 1532, 7.1 2765, 5.8 1.80
Antenna 5 30 18 1482, 6.8 2710, 5.9 1.83
Antenna 6 35 20 1437, 6.1 2638, 5.7 1.84
Antenna 7 40 23 1364, 5.1 2814, 12.0 2.06
Antenna 8 45 26 1268, 3.7 2902, 10.2 2.29

¢ Antenna parameters are given in Figure 2.20.
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FIGURE 2.20 Measured return loss against frequency for the PIL patch antenna shown in
Figure 2.19; L =35 mm, W =35 mm, h =8 mm, & =4.4, h; =0.8 mm, and ground-plane
size =110 x 150 mm?. (From Ref. 11, © 2001 John Wiley & Sons, Inc.2

from 0° to 45°. Figure 2.20 shows the measured return loss for o = 0°,24°, 35°, and
45°, the measured first two resonant frequencies and their frequency ratio are presented
in Figure 2.21. The lengths of the vertical and horizontal portions were chosen to
be 8 mm (h) and 35 mm (L), respectively. The microstrip feed line was printed
on an FR4 substrate of thickness 0.8 mm and relative permittivity 4.4. The results
clearly show that the first resonant frequency f; decreases with increasing angle «.
For the case with « =0°, f can be approximately determined from Equation (2.2);
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FIGURE 2.21 Measured first two resonant frequencies f; and f, and their frequency ratio,
f>/f1, for the PIL patch antenna studied in Figure 2.20. (From Ref. 11, © 2001 John Wiley &
Sons, Inc.)
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FIGURE 2.22 Measured E-plane (x—z plane) and H-plane (y—z plane) radiation pat-

terns for the PIL patch antenna studied in Figure 2.20 with o =24°. (a) f; =1532 MHz;
(b) f» =2765 MHz. (From Ref. 11, © 2001 John Wiley & Sons, Inc.)

that is, the first resonant frequency is associated with the length of the PIL patch
antenna being about one quarter-wavelength. The second resonant frequency f, also
shows a decreasing trend when the angle of « increases up to 35°. When « is greater
than 35°, f, is seen to increase with increasing angle «. This characteristic makes
the frequency ratio f,/f; of the two operating frequencies increase, and a wider
frequency-ratio range (about 1.67-2.29) than that (about 1.66—1.94) obtained for the
PIL patch antenna shown in Figure 2.13 is achieved.

Typical measured radiation patterns at the two operating frequencies for the pro-
totype with o =24° are plotted in Figure 2.22. The two operating frequencies are
seen to have the same polarization planes, and good broadside radiation patterns are
observed, although relatively larger cross-polarization for H-plane radiation is seen.
Figure 2.23 shows the measured antenna gain for the lower and upper operating bands
of a prototype with o« = 24°. The two operating bands are seen to have about the same
antenna gain level of about 6.5 dBi.

2.6 USE OF AN INVERTED U-SHAPED OR FOLDED PATCH

The lengthening of the excited patch surface current path for antenna size reduction
can be achieved by using an inverted U-shaped or folded patch. Figure 2.24 shows a
typical design example with an inverted U-shaped patch, which is obtained by adding
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FIGURE 2.23 Measured antenna gain against frequency for the PIL patch antenna studied
in Figure 2.20 with o =24°. (a) The lower band, (b) the upper band. (From Ref. 11, © 2001
John Wiley & Sons, Inc.)

two downward rims at the two radiating edges of a planar rectangular or square patch.
[When the two downward rims are further bent toward the patch center, a folded
patch can be obtained (see the configurations shown in Figure 1.4).] With the added
rims, the effective resonant length of the inverted U-shaped patch will be greater
than that of a conventional planar patch. This compact design is especially suitable
for applications with air-substrate patch antennas, and although the maximum length
of the downward rim is limited by the air-substrate thickness, a significant lowering
of the resonant frequency of about 32% can be achieved for a patch antenna with

50-Q microstrip
feed line

feed substrate
(e:=4.4)

FIGURE 2.24 Geometry of a compact design with an inverted U-shaped radiating patch.
(From Ref. 12, © 2001 IEEE, reprinted with permission.)
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an air-substrate thickness of about 5% of the wavelength of the center operating
frequency. When the patch’s aspect ratio and desired operating frequency are fixed,
this lowering in resonant frequency corresponds to an antenna size reduction of about
54%. Since the lengthening of the effective patch’s surface current paths is due to
the additional downward paths in the added rims, which is different from that of the
meandered designs [1, 6], a relatively very small perturbation on the excited surface
current distribution in the radiating patch is expected. This implies that it is possible
for the radiation characteristics of this compact design to be as good as those of a
corresponding conventional patch antenna with a planar radiating patch.

Prototypes of this compact design have been successfully implemented [12]. The
planar or top portion of the inverted U-shaped radiating patch is square and has a side
length L. The two downward rims are identical and are added at the two radiating
edges of the top patch. The downward rims have a length of u, which is smaller
than the air-substrate thickness /. Centered below the inverted U-shaped patch is an
H-shaped coupling slot cut in the ground plane of a microwave substrate of thickness
0.8 mm and relative permittivity 4.4. On the other side of the ground plane, a 50-€2
microstrip feed line for feeding the inverted U-shaped patch through the H-shaped
coupling slot is printed. The H-shaped coupling slot has a central arm of dimensions
I mm x § and two side arms of dimensions 1 mm x 2S;,. Compared to a conventional
narrow rectangular coupling slot, the use of an H-shaped coupling slot can reduce
the antenna’s backward radiation. For the proposed design with various rim lengths,
good impedance matching can be obtained by selecting proper values of S, Sy, and
the tuning-stub length ¢ of the 50-$2 microstrip feed line.

Figure 2.25 shows the measured return loss for constructed prototypes (antennas
1-3) and a reference antenna (a design without downward rims). The top square
patch had a side length of 46 mm, and the air-substrate thickness was chosen to be
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FIGURE 2.25 Measured return loss for the reference antenna and the prototypes (antennas
1-3) of the compact design in Figure 2.24. Antenna parameters are given in Table 2.4. (From
Ref. 12, © 2001 IEEE, reprinted with permission.)
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TABLE 2.4 Parameters and Performance of the Antenna Design Shown
in Figure 2.24 [12]°

u S, Sp, t fe Bandwidth

(mm) (mm) (MHz) (MHz, %)

Reference 0 21,3,5 2375 400, 16.8
Antenna 1 4 21,5, 10 2150 388, 18.0
Antenna 2 6 21, 10, 10 1920 190, 9.9
Antenna 3 9 17,10,7 1615 150,9.3

L =46 mm, h =9.6 mm, and ground-plane size = 100 x 100 mm?.

9.6 mm. The length of the downward rim was varied from O (reference antenna) to
4 mm (antenna 1), 6 mm (antenna 2), and 9 mm (antenna 3). The corresponding
design parameters (S, Sy, ) and obtained center operating frequency and impedance
bandwidth are listed in Table 2.4. It is clearly seen that the center operating frequency
fc quickly decreases with increasing rim length. For antenna 3, the center frequency
is lowered to 1615 MHz, which is about 0.68 times that (2375 MHz) of the reference
antenna. The lowering ratio in the center operating frequency can also be approxi-
mately predicted from L /(L + 2u), which gives a value of about 0.72 for antenna 3.
This indicates that the lowering of the center operating frequency indeed results from
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FIGURE 2.26 Measured E-plane (x—z plane) and H-plane (y—z plane) radiation patterns for
the compact antenna studied in Figure 2.25. (a) Antenna 2 at 1920 MHz, (b) antenna 3 at
1615 MHz. (From Ref. 12, © 2001 IEEE, reprinted with permission.)
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FIGURE 2.27 Measured antenna gain in broadside direction against frequency for antennas
2 and 3 of the compact antenna studied in Figure 2.25. (From Ref. 12, © 2001 IEEE, reprinted
with permission.)

adding the downward rims. Notice that, when considering the fixed patch aspect ratio
and operating frequency, antenna 3 will have an antenna size about 46% of that of the
reference antenna; that is, a 54% antenna size reduction is achieved.

Also note that the obtained impedance bandwidth decreases from 16.8% for the
reference antenna to 9.3% for antenna 3. This is largely owing to the large decrease
of the electrical thickness of the air substrate for antenna 3, whose air-substrate
thickness corresponds to about 0.05A¢ (X is the free-space wavelength of the center
operating frequency), smaller than that of the reference antenna (about 0.0761).
Measured radiation patterns at the center operating frequency for antennas 2 and 3
are plotted in Figure 2.26 and measured antenna gain is shown in Figure 2.27. Very
good broadside radiation patterns are observed, and the cross-polarization radiation
in the principal planes is seen to be less than —20 dB. In the broadside direction of
antenna 3, the cross-polarization radiation is even lower than —40 dB. Peak antenna
gain for antennas 2 and 3 is about 6.4 dBi, with gain variations less than about 2.0 dBi
for operating frequencies within the impedance bandwidth. The results show that,
with the present compact design, the required lowering in the antenna’s fundamental
resonant frequency can easily be controlled by the length of the downward rim of the
inverted U-shaped patch. Although the antenna’s resonant frequency is significantly
lowered, very small perturbations on the surface current distribution in the planar
or top portion of the inverted U-shaped patch can be expected, and good broadside
radiation characteristics for this compact design can be obtained.
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CHAPTER THREE
|

Compact Broadband
Microstrip Antennas

3.1 INTRODUCTION

The problem of achieving a wide impedance bandwidth (e.g., greater than or about
10% suitable for present-day cellular communication systems) for a compact mi-
crostrip antenna is becoming an important topic in microstrip antenna design. Re-
cently, for a compact design using a shorted patch with a thick air substrate, the
obtained impedance bandwidth (10-dB return loss) has been reported to be 10% or
much greater. This kind of broadband shorted patch antenna is conventionally fed
by using a probe feed [1-4], and is usually referred to as a planar inverted-F an-
tenna (PIFA). Recently, various feed methods such as the use of an aperture-coupled
feed [5], a microstrip-line feed [6], or a capacitively coupled [7] or an L-probe [8]
feed for exciting shorted patch antennas for broadband operation have been demon-
strated. Some typical design examples of reported broadband shorted patch antennas
are given in this chapter.

Broadband operation has been achieved with the use of two stacked shorted
patches [9—-14]. It has been reported that, with a total thickness of 4 mm (0.0241,
at 1800 MHz), a stacked shorted patch antenna can have a 10-dB return-loss band-
width of 9.6%, meeting the requirement for GSM1800 [12]. Broadband techniques
suitable for applications for compact microstrip antennas with a thin dielectric sub-
strate are available in the open literature. One of these compact broadband techniques
uses a chip resistor of low resistance (usually on the order of 1 ) connected be-
tween the antenna’s radiating patch and ground plane [15-21]. In this case, with the
chip-resistor loading technique, similar antenna size reduction to the compact de-
sign using shorting-pin loading can be obtained. Moreover, owing to the introduced
small ohmic loss of the chip resistor, the quality factor of the microstrip antenna is
greatly lowered. When an inexpensive FR4 substrate of thickness 1.6 mm and relative
permittivity 4.4 is used, such a chip-resistor-loaded microstrip antenna can have an

45



46 COMPACT BROADBAND MICROSTRIP ANTENNAS

impedance bandwidth of about 10% or greater. Design examples of the chip-resistor
loading technique applied to rectangular, circular, and triangular microstrip anten-
nas with various feed methods such as a probe feed, a microstrip-line feed, and an
aperture-coupled feed are presented. The design of a meandered planar inverted-F
antenna with a chip resistor is also discussed. Other compact broadband microstrip
antenna designs such as embedding suitable slots in the antenna’s radiating patch [22]
or in the ground plane [23] are also described.

3.2 USE OF A SHORTED PATCH WITH A THICK AIR SUBSTRATE

3.2.1 Probe-Fed Shorted Patch or Planar Inverted-F Antenna (PIFA)

Figure 3.1 shows a typical design example for a probe-fed shorted patch antenna
operated at dual bands of 1.8 and 2.45 GHz. Between the rectangular radiating patch
and the ground plane is an air substrate of thickness 9.6 mm. The rectangular patch has
dimensions of 36 x 16 mm?2, an L-shaped slit of width 1 mm and total length 40 mm
is cut in the rectangular patch for achieving an additional operating band at 2.45 GHz
(the industrial, scientific, medical [ISM] band); the lower operating band at 1.8 GHz
is mainly controlled by the dimensions of the rectangular patch. A shorting strip of
width 2.5 mm is used for short-circuiting the rectangular patch to the ground plane.
Measured return loss for this probe-fed shorted patch antenna is shown in Figure 3.2.
The IE3D™ simulation results are shown in the figure for comparison. Reasonable
agreement between the simulation results and measured data is seen. For the lower
operating band, a wide impedance bandwidth of 302 MHz (1588-1890 MHz), or about
17.4% referenced to the center frequency (1739 MHz), is obtained, which covers
the DCS band (1710-1880 MHz). For the higher operating band, the impedance

probe feed at edge

< 16 »

air I
291 36

30

L2 il.O
e—10—T2 5
) ___ ¥ v_

>
\— shorting strip 25

I\ground plane

FIGURE 3.1 Geometry of a probe-fed shorted patch antenna for broadband and dual-
frequency operations. The dimensions given in the figure are in millimeters.
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FIGURE 3.2 Measured and simulated return loss of the probe-fed shorted patch antenna
shown in Figure 3.1 with a ground-plane size of 18 x 80 mm?.

bandwidth obtained is 74 MHz (2426-2500 MHz), or about 3.0% referenced to the
center frequency at 2463 MHz. The obtained impedance bandwidth of the higher
operating band is close to the bandwidth requirement of the ISM band at 2.45 GHz.
Radiation patterns at the center frequency of the lower and upper operating bands
were also measured. Results are presented in Figure 3.3. Large cross-polarization is

o

1.9 i :
E-plane 0 -20dB H-plane
f=1739 MHz, Gain = 1.5 dBi
(a)

-90°

0 -20dB E-plane

co-pol
cross-pol

f=2463 MHz, Gain = 2.6 dBi
(b)

FIGURE 3.3 Measured radiation patterns of the probe-fed shorted patch antenna shown in
Figure 3.1. (a) f = 1739 MHz, (b) f = 2463 MHz.
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observed for both operating frequencies. It should be noted that this characteristic can
be an advantage for indoor wireless communication applications.

3.2.2 Aperture-Coupled Shorted Patch

A shorted patch antenna fed by an aperture-coupled feed is a promising design
for achieving broadband operation. Figure 3.4 shows the geometry of a broadband
aperture-coupled shorted patch antenna with an H-shaped coupling slot. A rectangu-
lar patch of length L and width W is short-circuited to the ground plane of a grounded
FR4 substrate (thickness 0.8 mm and relative permittivity 4.4) by a conducting wall
of dimensions W x h. In this case, the shorted patch is considered to have an air
substrate of thickness .. An H-shaped coupling slot is cut in the ground plane and
centered below the shorted patch. The center arm of the H-shaped slot has a width of
2 mm and a length of W;. The upper (closer to the shorting wall) and lower sections of
the two side arms of the H-shaped slots have lengths S| and S5, respectively, and have
the same width of 1 mm. Through the H-shaped coupling slot, the electromagnetic
energy from the 50-2 microstrip feed line printed on the other side of the grounded
substrate can be efficiently coupled to the shorted patch. By tuning Wy, S, S,, and
the tuning-stub length ¢ of the microstrip feed line, good impedance matching over
a wide frequency range can be achieved for this antenna. To achieve proper values
of the above parameters, the simulation software IE3D™ is helpful in the design
process, and with the use of an H-shaped coupling slot, the backward radiation of the
aperture-coupled patch antenna can be reduced [24] compared to the design with a
conventional narrow coupling slot.

Figure 3.5 shows the measured return loss of a constructed prototype. The thickness
h of the air substrate was chosen to be 12 mm, which corresponds to about 0.07 times
that of the free-space wavelength of the center operating frequency. The dimensions of
the shorted patch were chosen to be 30 x 40 mm?. Measured results show that two res-
onant modes are excited with good impedance matching. This characteristic is similar
to that observed for broadband patch antennas with a thick air substrate [25-27].
In this case, the impedance bandwidth, defined by the 10-dB return loss, is 450 MHz,

ground plane

50-€2 microstrip line

[ $0.8 mm

feed substrate
(e,=44)

FIGURE 3.4 Geometry of a broadband aperture-coupled shorted patch antenna with an
H-shaped coupling slot. (From Ref. 5, © 2001 John Wiley & Sons, Inc.)
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FIGURE 3.5 Measured return loss for the aperture-coupled shorted patch antenna shown in
Figure 3.4; L =30 mm, W =40 mm, 2 = 12 mm, Wy = 18 mm, §; = 11 mm, S, = 13 mm,
and ground-plane size = 100 x 100 mm?2. (From Ref. 5, © 2001 John Wiley & Sons, Inc.)

or about 26.2% referenced to the center frequency at 1715 MHz. The impedance
bandwidth obtained is also comparable to that of a conventional broadband probe-fed
patch antenna with a U-slotted or E-shaped patch [25-27], although the patch size
for the antenna studied is significantly smaller for a fixed operating frequency.
Radiation characteristics of the operating frequencies within the impedance
bandwidth were also studied. Figure 3.6 plots the measured E-plane (x—z plane) and

0

-20dB
co-pol
cross-pol

)

FIGURE 3.6 Measured E- and H-plane radiation patterns for the antenna studied in
Figure 3.5. (a) f=1590 MHz, (b) f =1840 MHz. (From Ref. 5, © 2001 John Wiley &

Sons, Inc.)
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FIGURE 3.7 Measured antenna gain in broadside direction for the antenna studied in
Figure 3.5. (From Ref. 5, © 2001 John Wiley & Sons, Inc.)

H-plane (y—z plane) radiation patterns at the resonant frequencies of the two excited
resonant modes. Good broadside radiation patterns are observed; however, relatively
larger cross-polarization radiation is seen in the H-plane patterns, which is similar
to what is observed for conventional probe-fed patch antennas with a thick air
substrate [25-27]. The measured antenna gain for operating frequencies across the
obtained wide impedance bandwidth is presented in Figure 3.7. The peak antenna
gain measured is 4.9 dBi, and the gain variations within the bandwidth are less than
2.4 dBi.

3.2.3 Microstrip-Line-Fed Shorted Patch

A low-cost microstrip-line-fed shorted patch antenna suitable for base-station ap-
plications in DCS cellular communication systems has been studied. The geometry
of the antenna is described in Figure 3.8. Both the shorted patch and the 50-2 mi-
crostrip feed line have an air substrate, and the material cost is thus reduced to a

radiating patch
shorting plate  \e—L—» /

50-Q microstrip .. ek
feed line 8

shorting plate

ground 7

FIGURE 3.8 Geometry of a broadband microstrip-line-fed shorted patch antenna. (From
Ref. 6, © 2001 John Wiley & Sons, Inc.)
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minimum. By using a pair of shorting plates of proper widths for short-circuiting the
radiating patch to the antenna’s ground plane, this antenna can be directly fed by the
50-€2 microstrip feed line, which greatly simplifies the antenna’s impedance matching
design.

The radiating patch has a length L and a width W, and is supported by plastic
posts (not shown in the figure) above a ground plane. The distance of the radiating
patch to the ground plane is %, and the radiating patch is short-circuited to the ground
plane by using two identical shorting plates of width d placed at two ends of one of
the patch’s radiating edges. At the center of the patch edge with shorting plates, a
50-2 microstrip feed line is used to directly feed the radiating patch. The signal strip
of the microstrip feed line has a width w; and is connected to the radiating patch,
at the patch’s shorted edge, by using a conducting strip of the same width w¢. Note
that both the microstrip feed line and the shorted patch have an air substrate and have
different heights of ¢ and &, respectively, which provides more freedom in the antenna
design. By selecting a suitable value of 4, a wide impedance bandwidth suitable for
applications in a DCS base station can be obtained, and good impedance matching of
the proposed antenna is easily achieved by adjusting the width d of the two shorting
plates.

For DCS base-station application, design parameters of this antenna were chosen
tobe L =235 mm, W =58 mm, A = 12.8 mm, t = 3.2 mm, d = 5.5 mm, and
wg = 16 mm. Figure 3.9 shows the measured return loss against frequency. Itis clearly
seen that an impedance bandwidth (1:1.5 voltage standing wave ratio [VSWR]) of
larger than 10% covering the bandwidth requirement of the 1800-MHz band (1710-
1880 MHz) is obtained. Typical measured radiation patterns at 1710, 1789, and
1880 MHz are presented in Figure 3.10. Good broadside radiation patterns are
obtained. Again, relatively greater cross-polarization radiation is observed in the

0
—
m
T 10
2 1:1.5 VSWR
T R N
= 1695 MHz 1892 MHz
220
a7
™ 1789 MHz
30 " " " " | " " " " | " " " "
1000 1500 2000 2500
Frequency (MHz)

FIGURE 3.9 Measured return loss for the microstrip-line-fed shorted patch antenna shown in
Figure3.8; L = 23.5mm, W = 58 mm, 4 = 12.8 mm, = 3.2 mm, wy = 16 mm,d = 5.5 mm,
and ground-plane size =100 x 100 mm?”. (From Ref. 6, © 2001 John Wiley & Sons, Inc.)
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FIGURE 3.10 Measured E- and H-plane radiation patterns for the antenna studied in
Figure 3.9. (a) f = 1710 MHz, (b) f = 1789 MHz, (c) f = 1880 MHz. (From Ref. 6,
© 2001 John Wiley & Sons, Inc.)

H-plane patterns, which is similar to what is observed for conventional patch antennas
with a thick air substrate. Itis also possible that this greater cross-polarization radiation
can be greatly reduced in practical base-station design witha 1 x N (N =2,4,6,...)
array configuration in which two adjacent patches are fed out of phase using a
simple microstrip T network having a half guided-wavelength difference in length
between its two output feed lines. In this case, the cross-polarization radiation owing
to the higher order modes of two adjacent antennas can be canceled [28, 29], and
reduced cross-polarization radiation can be expected. Measured antenna gain against
frequency is shown in Figure 3.11. A peak antenna gain of about 6.8 dBi is obtained,
with a small gain variation of less than 0.6 dBi. The results show that the antenna
studied has a low cost of construction and is suitable for applications in DCS base
stations.
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FIGURE 3.11 Measured antenna gain in broadside direction for the antenna studied in
Figure 3.9. (From Ref. 6, © 2001 John Wiley & Sons, Inc.)

3.2.4 Capacitively Coupled or L-Probe-Fed Shorted Patch

Broadband shorted patch antennas fed by using a capacitively coupled feed [7] or an
L-probe feed [8] have been reported. Figure 3.12 shows typical geometries of this
kind of shorted patch antenna. For the design shown in Figure 3.12(a), the capacitive
feed can have a circular or a rectangular conducting plate to capacitively couple the
electromagnetic energy from the source to the shorted radiating patch. By further

shorted patch

C itive

feed

via hole

ground plane

shorting wall

T
'%‘ <«— 50-Q SMA connector
(a)

shorted patch

ground plane

via hole

]
% <«— 50-Q SMA connector
(b)

shorting wall

FIGURE 3.12 Geometries of (a) a capacitively coupled shorted patch antenna and (b) an
L-probe-fed or L-strip-fed shorted patch antenna for broadband operation.
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incorporating a capacitive load to this shorted patch, it has been demonstrated that the
overall length of a shorted patch antenna with an air substrate can be reduced from
one-quarter wavelength to less than one-eighth wavelength [7]. Such a design with a
volume of 20 x 8 x 4 mm? has been constructed, and an impedance bandwidth of
178 MHz centered at 1.8 GHz has been obtained, which meets the bandwidth require-
ment of a DCS cellular communication system.

For the geometry shown in Figure 3.12(b), the capacitive coupling of the electro-
magnetic energy from the source to the shorted patch is achieved by using an L-probe
[8] or an L-strip [29]. It has been reported that, with the use of a foam substrate of
thickness about 0.1A4g (¢ is the free-space wavelength of the center operating fre-
quency), an impedance bandwidth of 39% can be obtained for an L-probe-fed shorted
patch antenna [8]. In this design, the L-probe incorporated with the shorted patch in-
troduces a capacitance compensating some of the large inductance introduced by the
long probe pin in the thick foam substrate, which makes it possible to achieve good
impedance matching over a wide frequency range. However, a beam squint of about
15-60° in the obtained H- and E-plane radiation patterns has been observed, which
can probably be attributed to the asymmetric current distribution of the shorted patch
due to the presence of the shorting wall and the L-probe [8].

3.3 USE OF STACKED SHORTED PATCHES

The impedance bandwidth of a patch antenna is in general proportional to the antenna
volume measured in wavelengths. However, by using two stacked shorted patches and
making both patches radiate as equally as possible and having a radiation quality factor
as low as possible, one can obtain enhanced impedance bandwidth for a fixed antenna
volume [12]. Figure 3.13 shows two typical geometries of stacked shorted patch
antennas for broadband operation. In Figure 3.13(a), the two stacked shorted patches
have different shorting walls. By selecting the proper distance between the two offset
shorting walls, one can achieve a wide impedance bandwidth for the antenna. For the
geometry shown in Figure 3.13(b), acommon shorting wall is used for the two stacked
shorted patches. In this case, impedance matching is achieved mainly by selecting the
proper feed position and proper distance between the two shorted patches. It should
also be noted that, for the two geometries in Figure 3.13, the upper shorted patch
can be considered to be a parasitic element coupled to the lower shorted patch, the
driven element. In the design, the two shorted patches are usually selected to have
approximately the same, but unequal dimensions. The substrates between the two
shorted patches and between the lower shorted patch and the ground plane can be air,
foam, or dielectric materials. Also, a partial shorting wall or a shorting pin can be used
in place of the offset shorting walls or the common shorting wall shown in Figure 3.13.

A design based on the geometry of Figure 3.13(b) has been constructed for DCS
operation. With a total thickness of only 4 mm, which corresponds to about 0.0241,
at 1800 MHz, an impedance bandwidth of 9.6% centered at 1798 MHz has been
obtained by using a stacked shorted patch antenna [12]. The impedance bandwidth
obtained is almost double that for a conventional short-circuited single-patch antenna
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FIGURE 3.13 Geometries of stacked shorted patch antennas with (a) offset shorting walls
and (b) a common shorting wall.

with the same total thickness of 4 mm. It is also reported that, probably because the
driven lower patch is shielded by the parasitic upper patch, the stacked shorted patch
antenna is less sensitive to the hand of a cellular telephone user than the conventional
short-circuited single patch antenna for handset antenna applications.

3.4 USE OF CHIP-RESISTOR AND CHIP-CAPACITOR
LOADING TECHNIQUE

3.4.1 Design with a Rectangular Patch

Microstrip antennas loaded with a shorting pin for compact operation are well known.
Recently, it has been proposed that, by replacing the shorting pin with a chip resistor
of low resistance, the required antenna size can be significantly reduced for operating
at a fixed frequency; moreover, the antenna bandwidth can be greatly enhanced. To
demonstrate the capability of such a chip-resistor loading technique, related designs
for arectangular microstrip antenna have been studied. Two different feed mechanisms
using a probe feed and an inset microstrip-line feed (see Figure 3.14) have been
implemented and analyzed.

The geometry of a probe-fed rectangular microstrip antenna with chip-resistor
loading given in Figure 3.14(a) is studied first. The rectangular patch had dimensions
L x W, and the substrate had a relative permittivity &, and a thickness #. A 1.0-Q2



56 COMPACT BROADBAND MICROSTRIP ANTENNAS

y
Wfﬂp--%----f ------------ — x
dcf’ 547 : i
! L :
chip resistor !! ; probe
[ ™% 4~ €. substrate  $h |
(@

- <

b g
I — b
Wie------s % ] —x
il =
d T 50-Q microstrip
L > feed line
chip resistor 1
>3 € substrate_$h |
(b)

FIGURE 3.14 Geometries of a chip-resistor-loaded rectangular microstrip antenna with
(a) a probe feed and (b) an inset microstrip-line feed.

chip resistor was selected and placed at about the edge of the patch (d. =1.65 mm
or d./L = 0.044) for maximum resonant frequency reduction. Variation of the mea-
sured resonant input resistance with the feed position is shown in Figure 3.15. The
input resistance is seen to increase monotonically when the feed position is moved
away from the loading position, and at d,/L = 0.36 or d, = 13.5 mm, the patch
can be excited with a 50-€2 input resistance. The measured return loss is shown in
Figure 3.16. The resonant frequency is 710 MHz, which is much lower than that
(1900 MHz) of a regular patch and is also lower than that (722 MHz) of the patch
with a shorting-pin loading; moreover, the 10-dB return-loss impedance bandwidth
15 9.3%, about 4.9 times that (1.9%) of a conventional patch and 6.6 times that (1.4%)
of the short-circuited patch.

A feed structure using a 50-€2 inset transmission line [see Figure 3.14(b)] has also
been studied. Two different spacings g between the patch and the inset transmission
line were studied. With an inset length £ of 29.5 mm, a good matching condition
was obtained and a wide impedance bandwidth was achieved. It can be seen from
Figure 3.17 that, for g = 1 mm, the patch resonates at 739 MHz and has a bandwidth of
9.3%, while for g = 2 mm, the resonant frequency is 742 MHz and the bandwidth is
9.8%. Both cases have a higher resonant frequency than that (710 MHz) in Figure 3.16
for the probe-fed case. This is largely due to the notch cut in the rectangular patch
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FIGURE 3.15 Measured input resistance at resonance against the feed position of the antenna
shown in Figure 3.14(a); &, = 4.4, h = 1.6 mm, L = 37.3 mm, W = 24.87 mm, and d. =
1.65 mm. (From Ref. 15, © 1997 IEE, reprinted with permission.)

for the inset microstrip-line feed, which decreases the effective length of the excited
patch surface current, and the effect is larger for a larger notch.

Figure 3.18 shows another case for operating in the 1500-MHz band. The patch
size was selected to be 21 x 14 mm? and the inset length of the 50-§2 transmission
line was 16.9 mm (¢/L = 0.80). Again, a good matching condition was achieved and
a large operating bandwidth of 7.8% was obtained. Note that, with a large notch cut
in the patch for inset microstrip-line feed, the radiation pattern is still broadside. The
results are shown in Figure 3.19. The cross-polarization radiation is seen to be higher
in the H plane than in the E plane, similar to what is observed for a short-circuited
rectangular patch [30]. In this case, the antenna gain reduction due to the ohmic loss

Return Loss (dB)

50 : : :
500 600 700 800 900
Frequency (MHz)

FIGURE 3.16 Measured return loss against frequency for the antenna studied in Figure 3.15
with d, = 13.5 mm (d,/L = 0.36). (From Ref. 15, © 1997 IEE, reprinted with permission.)
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FIGURE 3.17 Measured return loss against frequency for the antenna shown in Fig-
ure 3.14(b); e, =4.4, h=1.6 mm, L =37.3 mm, W =24.87 mm, d. = 1.65 mm, w; = 3.0 mm,
and ¢ =29.5 mm. (From Ref. 15, © 1997 IEE, reprinted with permission.)
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FIGURE 3.18 Measured return loss against frequency for the antenna shown in Fig-
ure 3.14(b); &, =3.0, h =0.762 mm, L =21 mm, W = 14 mm, d, = 1.65 mm, w;=1.9 mm,
£=16.9 mm, and g =1 mm. (From Ref. 15, © 1997 IEE, reprinted with permission.)
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FIGURE 3.19 Measured radiation patterns at resonance for the antenna studied in Figure 3.18.
(From Ref. 15, © 1997 IEE, reprinted with permission.)
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of the loaded 1-2 chip resistor is estimated to be about 2 dBi, which needs to be
considered in practical applications.

3.4.2 Design with a Circular Patch

3.4.2.1 With a Microstrip-Line Feed With chip-resistor loading, direct match-
ing of the antenna using a 50-Q microstrip-line feed has been described [16].
Figure 3.20 shows the geometry of a chip-resistor-loaded circular microstrip an-
tenna with a 50-Q microstrip-line feed. This design is achieved simply by loading
a 1-Q chip resistor near the edge of the circular patch, which significantly reduces
the resonant frequency of the microstrip patch, broadens the operating bandwidth,
and causes a wide variation in the input impedance along the patch edge. The
last behavior makes direct matching of the antenna with a 50-Q microstrip line
possible.

As shown in Figure 3.20, the circular patch has a radius d, and the chip resistor is
placed a distance r. from the patch center. The angle between the feed line and the
chip resistor is denoted ¢.. The width w¢ of the feed line is selected to have a 50-Q2
characteristic impedance. A typical result showing the measured input resistance at
resonance against the angle ¢. is presented in Figure 3.21, where the circular patch
has a radius of 21.97 mm and the chip resistor, having a rectangular cross section of
2.07 x 1.27 mm?, is placed at 7. =20 mm. An FR4 substrate of thickness # = 1.6 mm
and relative permittivity &, = 4.4 is used, and the resonant frequency occurs at
about 553 MHz. From the results, it is seen that the resonant input resistance in-
creases with increasing ¢, and reaches a maximum when ¢, is 180°. The optimal
value of ¢. for a 50-2 input impedance is 110°. With this optimal angle, the mea-
sured return loss against frequency is shown in Figure 3.22. The impedance band-
width, determined from the 10-dB return loss, is 10.9%, which is much greater than

50-€2 microstrip
feed line

chip resistor

€ h

4

e

FIGURE 3.20 Geometry of a chip-resistor-loaded circular microstrip antenna with a
microstrip-line feed. (From Ref. 16, © 1998 John Wiley & Sons, Inc.)

ground plane
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FIGURE 3.21 Measured input resistance at resonance as a function of ¢., the angle between
the microstrip line and the chip resistor, for the antenna shown in Figure 3.20; &, = 4.4, h =
1.6 mm, d = 21.97 mm, and r. = 20 mm. (From Ref. 16, © 1998 John Wiley & Sons, Inc.)

that (about 1.8%) of a conventional circular patch (radius about 74 mm) without
chip-resistor loading operating at the same frequency of 553 MHz. In this case,
the antenna size reduction is more than 91%. Note that the conventional circular
patch is fed through a coax with the feed position selected within the patch be-
cause the input impedance along the circumference of the circular patch is usu-
ally much larger than 50 2 and the direct use of a 50-2 microstrip line is thus not
feasible.

Two other typical results have been presented [16]. Figure 3.23(a) shows the
measured return loss for a microstrip patch printed on a Duroid substrate (e, = 3.0,
h = 1.524 mm). The patch parameters are the same as in Figure 3.21. In this case the
optimal ¢, for a 50-Q2 input resistance is about 60°. The resonant frequency is seen
to be at 646 MHz, and the impedance bandwidth is about 9.3%, also much greater

Return Loss (dB)

60 ——+———+———————+——

400 500 600 700
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FIGURE 3.22 Measured return loss against frequency for the antenna studied in Figure 3.21
with ¢. = 110°. (From Ref. 16, © 1998 John Wiley & Sons, Inc.)
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FIGURE 3.23 Measured return loss against frequency for the antenna shown in Figure 3.20.
(a) & =3.0, h =1.524 mm, d =21.97 mm, r. =20 mm, w¢ = 3.8 mm, and ¢. = 60°;
(b) e, =44, h=1.6 mm, d =7.5 mm, r, = 6.5 mm, wy = 3.0 mm, and ¢. = 0°. (From
Ref. 16, © 1998 John Wiley & Sons, Inc.)

than that (about 1.7%) of a conventional circular microstrip antenna (radius about
77.7 mm) operated at 646 MHz.

Figure 3.23(b) shows the results for operation at higher frequencies. A smaller cir-
cular patch of radius 7.5 mm is printed on an FR4 substrate with the same parameters
given in Figure 3.21. The resonant frequency is about 1738 MHz. In this case, the
optimal ¢, is about 0°. Note that, since the minimum resonant input resistance along
the circumference of the circular patch occurs at ¢. = 0°, there exists a limitation
for the direct matching of such a compact microstrip antenna with a 50-Q microstrip
line. It is found that when the patch size in Figure 3.23(b) becomes smaller, the
minimum attainable resonant input resistance along the circumference of the circular
patch is greater than 50 €2. This suggests that, in such a case, direct matching with
a 50-2 microstrip line becomes impractical. From the results in Figure 3.23(b), the
impedance bandwidth is 6.4%, which is again much greater than that (about 2.1%)
of a conventional circular microstrip antenna (radius 24 mm) operated at 1738 MHz.
The measured radiation patterns have also been studied. The results are shown in
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FIGURE 3.24 Measured radiation patterns at 1738 MHz for the antenna studied in Figure
3.23(b). (From Ref. 16, © 1998 John Wiley & Sons, Inc.)

Figure 3.24. The cross-polarization component is seen to be higher in the H-plane
case than in the E-plane case, and some asymmetry is also observed in the E-plane
pattern. This behavior is due to the loading in the patch, which results in a high sur-
face current density around the loading position and makes the excited patch surface
currents asymmetric in the E-plane direction. Note that due to the significant antenna
size reduction and the ohmic loss of the loaded 1-2 chip resistor, the antenna gain
is reduced. Compared to the shorting-pin loading case, which has a similar antenna
size reduction to the chip-resistor loading case, the antenna gain is about 2 dBi lower
for the antenna parameters given in Figure 3.23(b) at 1738 MHz.

3.4.2.2 With a Probe Feed The characteristics of loading a circular microstrip
antenna with chip resistors and chip capacitors have also been studied [17]. The
geometry is shown in Figure 3.25. Results show that, by incorporating the loading of
a chip capacitor to a chip-resistor-loaded microstrip antenna, a much greater decrease
in the antenna’s fundamental resonant frequency can be obtained, which corresponds
to an even larger antenna size reduction at a given operating frequency. In the following
study, effects of the chip capacitor and chip resistor loadings on the probe-fed circular
microstrip antenna are analyzed experimentally.

y chip resistor
T (XR’ yR)
x
|
I
I

chip capacitor |
(Xc» yo)

probe feed (xp, yp) &

FIGURE 3.25 Geometry of a probe-fed circular microstrip antenna with a chip resistor and
a chip capacitor.
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Consider the geometry in Figure 3.25; the circular patch has a radius 4 and
is printed on a microwave substrate (thickness & and relative permittivity &;). The
chip resistor has a cross section of 2.07 x 1.27 mm? and is soldered to the ground
plane at (xg, Yr), where there is a circular hole drilled through the substrate large
enough for the insertion of the chip resistor. The chip capacitor has a cross section of
2.0 x 1.28 mm? and is loaded at (x., y.). The probe feed is at (xp, ¥p) and has a
circular cross section of radius 0.63 mm. The spacing angle between the chip resistor
and the chip capacitor is denoted ¢;. Since the excited electric field under the circular
patch at the fundamental TM;; mode has a maximum value around the patch edge,
both the chip resistor and chip capacitor are placed at the patch edge for maximum
effects on the resonant-frequency lowering of the circular microstrip antenna.

The case with chip-capacitor loading only is first discussed. Figure 3.26(a) shows
the measured return loss of the antenna loaded with various chip capacitors. Simulated
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FIGURE 3.26 (a) Measured and (b) simulated return loss against frequency for the antenna
shown in Figure 3.25 with chip-capacitor loading only; ¢, = 4.4, h = 1.6 mm, d = 21.97 mm,
(xc> o) = (0, 21 mm), and (x,, y,) = (0, 8.5 mm).
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FIGURE 3.27 Variations of the measured return loss with the spacing angle ¢, between
the loaded chip resistor and chip capacitor; &, = 4.4, h = 1.6 mm,d = 21.97 mm, R =1 Q,
C =10 pF, (xr, yr) = (0, 21 mm), (x., y.) = (0, —21 mm), and (x;, y,) = (0, —18 mm).

results obtained with IE3D™ are shown in Figure 3.26(b) for comparison. Measured
and simulated results are observed to have similar decreasing resonant frequency with
increasing capacitance of the loading chip capacitor. Also note that the feed position
in Figure 3.26 was fixed for various loading capacitances and selected such that good
impedance matching was achieved for the case with a 1-pF chip-capacitor loading, in
which an impedance bandwidth of about 1.7% is observed. The bandwidth is lower
than that (about 1.9%) of a corresponding regular circular microstrip antenna with
a center frequency at about 1.9 GHz. This suggests that, although chip-capacitor
loading can result in a reduction in the antenna’s fundamental resonant frequency, the
impedance bandwidth is reduced, which is similar to the case of using the shorting-pin
loading technique and also agrees with observations [7] for the case with a parallel-
plate-capacitor load.

To investigate the combined effect of loading both a chip resistor and a chip
capacitor, we first study the optimal loading positions for the two lumped loads.
Figure 3.27 presents the measured return loss for various spacing angles between the
two loading positions. The case shown in the figure is for R = 1 Q2 and C = 10 pF.
Notice that, for maximum resonant frequency reduction, the two loads are placed
around the edge of the circular patch. The corresponding resonant frequency f; and
impedance bandwidth BW for different spacing angles are listed in Table 3.1. Again,
the feed position is selected for optimal impedance matching for the case of ¢, = 180°;
that is, the chip resistor and chip capacitor are placed on opposite sides of the circular
patch. However, it is noted that, by varying the spacing angle of ¢, good impedance
matching is slightly affected and the impedance bandwidth is about the same. As for
the resonant frequency, it is found that the case with ¢, = 180° has the lowest resonant
frequency, 446 MHz, which is lowered by about 17.7% compared to that (542 MHz)
for the case with chip-resistor loading only and is about 23.5% times that (1.9 GHz) of a
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TABLE 3.1 Measured Resonant Frequency and Impedance
Bandwidth as a Function of Angle ¢ between

the Loading Chip Resistor and Chip Capacitor

for the Case in Figure 3.27 [17]

@5 (deg) 180 150 120 90 60 30
fr (MHz) 446 451 455 461 470 485
BW (%) 10.9 10.9 10.6 10.4 10.6 10.9

regular circular microstrip antenna. A significant lowering of the resonant frequency of
a microstrip patch is thus obtained by using chip-resistor and chip-capacitor loadings.

Results for a fixed loading resistance and various loading capacitances with
¢s = 180° are presented in Figure. 3.28. The corresponding resonant frequency and
impedance bandwidth are listed in Table 3.2. Again, the feed position was selected
for achieving good impedance matching for the case with chip-resistor loading only
and remained unchanged when the loading capacitance varied. From the results, it
is seen that the resonant frequency decreases with increasing loading capacitance,
similar to what is observed in Figure 3.26. However, the measured return loss varies
slightly with increasing loading capacitance, which is in contrast to the results shown
in Figure 3.26. The impedance bandwidth is about 11%, which is much greater than
that observed in Figure 3.26 for the case with chip-capacitor loading only.

Another set of antenna parameters with a smaller disk radius has been studied. The
results are shown in Figure 3.29 and Table 3.3. In this study, the loading capacitance
is fixed to 1 pF and the loading resistance is varied. The resonant frequency in this
case is slightly shifted to lower frequencies with increasing loading resistance. The
optimal feed position also needs to be slightly moved farther from the probe feed when

Return Loss (dB)

300 400 500 600 700
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FIGURE 3.28 Measured return loss for the antenna shown in Figure 3.25 with chip-resistor
and chip-capacitor loading; ¢, = 4.4, h = 1.6 mm, d =21.97 mm, R =1, (xg, yr) =
(0, 21 mm), (x., yc) = (0, =21 mm), (xp, yp) = (0, —11.5 mm), and ¢, = 180°.
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TABLE 3.2 Measured Resonant Frequency
and Impedance Bandwidth as a Function
of Loading Capacitance for the Case

in Figure 3.28 [17]

C(@F) O(Ronly 15 25 50
f. (MHz) 542 524 521 498
BW (%) 11.5 114 114 110

the loading resistance increases. For the impedance bandwidth, a significant increase
with increasing loading resistance is seen. This behavior is reasonable because the
quality factor of the microstrip patch is further decreased with the introduction of
larger loading resistance. By comparing the results in Figures 3.28 and 3.29, the
enhancement in the impedance bandwidth is seen to be more effective for the circular
patch with a larger radius [i.e., a smaller resonant (operating) frequency] studied
in Figure 3.28, where the loading of a 1-Q chip resistor results in an impedance
bandwidth larger than 11%.

Figure 3.30 plots the measured radiation patterns at resonance for the antenna
studied in Figure 3.29 with R = 1 Q and C = 1 pF. The cross-polarization radiation
in the E plane is less than about —20 dB, while in the H plane, the cross-polarization
radiation is greater. In summary, the antenna studied has an impedance bandwidth
of 11.5% with the loading of a 1-2 chip resistor and is much larger than that (about
1.5%) of a short-circuited microstrip antenna. Also, by combining chip-resistor and
chip-capacitor loadings, a significant effect in lowering the resonant frequency of the
microstrip antenna with broadband characteristic can be obtained with only a very
slight effect on the optimal feed position, which makes the present compact broadband
microstrip antenna design very easy to implement.

Return Loss (dB)
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FIGURE 3.29 Variation of the measured return loss with the loading resistance; &, = 4.4,
h =1.6mm,d = 6.0 mm, C = 1pF, (xg, yr) = (0, 5 mm), and (x, y.) = (0, —5 mm).
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TABLE 3.3 Dependence of the Feed Position, Resonant
Frequency, and Impedance Bandwidth on Loading
Resistance for the Case in Figure 3.29 [17]

R () 1.0 1.8 2.7 Regular patch
f: (MHz) 1920 1904 1887 6550
BW (%) 5.7 8.5 8.8 35

Feed (xp, yp) (mm)  (0,3.5) (0,3.0) (0,3.0) (0, 1.5)

3.4.2.3 With an Aperture-Coupled Feed An aperture-coupled circular mi-
crostrip antenna loaded with a chip resistor and a chip capacitor (see Figure 3.31) has
been investigated [ 18]. The aperture-coupled feed structure can provide the advantage
of no probe penetration through the substrate layer and is more flexible in input-
impedance matching through the control of coupling-slot size and tuning-stub length.
In this study, the chip capacitor was placed in the opposite direction to the chip resistor
at the boundary of the circular patch. The chip resistor and chip capacitor, respec-
tively, were soldered to the ground plane at distances of ds and d. from the patch

90°

0 -20dB

m—— C0-poOl

cross-pol

FIGURE 3.30 Measured radiation patterns at resonance for the antenna studied in Figure 3.29
withR=1Qand C =1 pF.
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FIGURE 3.31 Geometry of an aperture-coupled circular microstrip antenna loaded with a
chip resistor and a chip capacitor. (From Ref. 18, © 1998 John Wiley & Sons, Inc.)

boundary. The circular patch had a diameter of D. The relative permittivity and
thickness for the patch substrate were €, and h,, respectively, and the corresponding
parameters for the feed substrate were e¢ and h¢. The coupling slot had dimensions
Ly x Wi, and the feed line had a width w; and a tuning-stub length ¢. The cou-
pling slot was centered below the circular patch, and through the adjustment of the
coupling-slot size and tuning-stub length, input-impedance matching could easily be
achieved.

The chip-resistor loading case is studied first. In order to obtain maximum ef-
fects on the resonant-frequency lowering, the chip resistor was placed near the patch
boundary (d; was selected to be 1 mm). Typical results of the measured return loss
for a circular patch of 32.5 mm diameter are shown in Figure 3.32. To match the input
impedance to 50 €2, the optimal dimensions of the slot size and the tuning-stub length
were as listed in Table 3.4. The corresponding fundamental resonant frequency and
impedance bandwidth are given in Table 3.4. It is found that the fundamental resonant
frequency for the shorting-pin (R = 0 £2) loading case is 818 MHz, which is about
0.314 times that (2605 MHz, see Table 3.4) of a regular circular patch without the
loading. However, the impedance bandwidth is reduced from 4.8% at 2605 MHz to
1.7% at 818 MHz. For the cases with 0.3-€2 and 1.0-$2 chip resistors, the required slot
size for impedance matching is increased with increasing loading resistance. From
these results, it is observed that the resonant frequency decreases with increasing
loading resistance. This behavior is probably caused by the increased slot size in the
ground plane for impedance matching, which decreases the resonant frequency of the
structure [31]. For the case of a 1-€2 chip resistor, the resonant frequency is 0.275 times
that (2605 MHz) of the regular microstrip antenna. This corresponds to more than
90% antenna size reduction if such an antenna is used to replace a regular microstrip
antenna at the same operating frequency. Furthermore, the impedance bandwidth for
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FIGURE 3.32 Measured return loss for the antenna shown in Figure 3.31 with chip-resistor
loading only; antenna parameters are given in Table 3.4. (From Ref. 18, © 1998 John Wiley &
Sons, Inc.)

the case of a 1-Q2 chip resistor increases to 6.8%, which is 4.0 times that (1.7%) of the
shorting-pin case. Note that, when a chip resistor of larger resistance is used, a much
greater slot size for impedance matching is required. The coupling slot may start to
dominate the antenna radiation (that is, as a radiator rather than a coupling slot), and
therefore a chip resistor of larger resistance was not tested.

To investigate the effect of incorporating chip-capacitor loading on a chip-resistor-
loaded microstrip antenna, the characteristics of an antenna with various chip-
capacitor loadings were studied. Figure 3.33 shows the measured return loss for
an antenna with a 1-Q chip resistor and a chip capacitor of various capacitances.
The resonant frequency and impedance bandwidth for different loading capacitances
are listed in Table 3.5. Results show that the resonant frequency decreases when
the loading capacitance increases, and the required coupling-slot size for impedance
matching also increases. For the case with C = 15 pF, the resonant frequency is about
0.685 times that (536 MHz) of the case with C = 0 pF. It is also observed that the
impedance bandwidth is very slightly affected by the loading capacitance. The results

TABLE 3.4 Comparison of the Antennas in Figure 3.32 [18]*

Slot Size (mm?)  Tuning Stub (mm) £, (MHz) BW (%)

Regular patch 142 x 1.1 11.8 2605 4.8

Shorting-pin- 232 x 1.8 43.8 818 1.7
loaded patch

R=03Q 264 x 1.8 45.0 785 2.6

R=10Q 33.6 x 3.1 45.0 718 6.8

Yo =¢er=44,hy =hf=1.6 mm, D =325 mm, dg =1 mm, and C =0 pF (no chip
capacitor added).
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FIGURE 3.33 Measured return loss for the antenna shown in Figure 3.31 with a 1-Q
chip resistor and a chip capacitor of various capacitances; antenna parameters are given in
Table 3.5. (From Ref. 18, © 1998 John Wiley & Sons, Inc.)

indicate that significant antenna size reduction can be expected by using chip-resistor
and chip-capacitor loadings.

3.4.3 Design with a Triangular Patch

3.4.3.1 With an Inset Microstrip-Line Feed An inset microstrip-line-fed trian-
gular microstrip antenna with a chip resistor has been studied (Figure 3.34) [19]. The
triangular patch considered here is equilateral with a side length d. The 50-€2 inset
microstrip line has an inset length £ and a width w;. Measured return-loss results
for typical cases using 1.0-, 1.2-, and 1.5-€2 chip resistors are shown in Figure 3.35.
In this case, the patch’s side length was selected to be 40 mm, and the fundamental
resonant frequency of the regular patch (without a chip resistor) was about 2850
MHz. From the results obtained, it can be seen that the resonant frequency for a
chip-resistor-loaded patch decreases to around 700 MHz, about 24.5% times that
(2850 MHz) of a regular patch. This can result in a significant patch size reduction

TABLE 3.5 Comparison of the Antennas in Figure 3.33 [18]°
C (pF)  Slot Size (mm?)  Tuning Stub (mm)  f; (MHz) BW (%)

0 439 x 3.6 67.7 536 7.5

1 44.1 x 3.6 68.5 519 7.4

5 44.5 x 3.6 72.0 494 7.1

10 454 x 3.6 91.5 421 8.1

15 46.9 x 3.6 105.2 367 7.3
Yoo = =44, hy =hf=1.6 mm, D =42 mm, dg = 1 mm, d. = 1 mm, and

R=1Q.
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FIGURE 3.34 Geometry of an inset microstrip-line-fed triangular microstrip antenna loaded
with a chip resistor. (From Ref. 19, © 1998 John Wiley & Sons, Inc.)

ground plane

for such a design at a given operating frequency. The corresponding inset lengths
for impedance matching and the impedance bandwidths are given in Table 3.6 for
comparison. It is seen that the required inset length decreases with increasing loading
resistance. Also, the resonant frequency is decreased when the loading resistance
increases. This is probably because the decreasing inset length in the patch causes an
increased effective surface current path, which decreases the resonant frequency of
the antenna. Furthermore, the impedance bandwidth is significantly increased with
increasing loading resistance.

Return Loss (dB)
W (3 _
o o o

ey
o
T T

50'¢¢¢¢#¢¢¢¢'¢¢¢¢¢¢¢¢¢¢
600 650 700 750 800

Frequency (MHz)

FIGURE 3.35 Measured return loss against frequency for the antenna shown in Figure 3.34;
& =3.0,h =0.762 mm, d = 40 mm, g = 1 mm, and wy = 1.9 mm. (From Ref. 19, © 1998
John Wiley & Sons, Inc.)
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TABLE 3.6 Comparison of the Triangular Microstrip Antennas
in Figures 3.35 and 3.36 [19]°

Resistance  Side Lengthd  Inset Length £ e Bandwidth

(€2) (mm) (mm) (MHz) (%)
1.0 40 233 705 7.8
1.2 40 18.8 700 9.6
1.5 40 12.1 695 12.1
39 20 8.9 1593 19.0

e, =3.0,h =0.762 mm, g = 1 mm, and wy = 1.9 mm.

A design for operating at a higher frequency band has been investigated in which
the patch’s side length was selected to be 20 mm and a large loading resistance
of 3.9 Q was used. The measured return loss is presented in Figure 3.36 and the
corresponding results are given in Table 3.6. The resonant frequency for the loaded
patchis 1593 MHz. Since the required side length of aregular triangular patch operated
at 1593 MHz is about 71.3 mm, the size of the loaded patch corresponds to about 7.9%
times that of a regular patch. The impedance bandwidth of the loaded patch is about
19%, which is more than 10 times that (about 1.8%) of a regular patch. The measured
E- and H-plane radiation patterns are plotted in Figure 3.37. An asymmetric pattern
in the E plane is observed, which may be due to the high current density excited
around the chip-resistor loading position. The H-plane pattern shows a greater cross-
polarization radiation than the E-plane case.

3.4.3.2 With an Aperture-Coupled Feed Figure 3.38 shows the geometry of an
aperture-coupled compact triangular microstrip antenna loaded with a shorting pin or
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FIGURE 3.36 Measured return loss against frequency for the antenna shown in Figure 3.34
with a 3.9-€Q chip resistor; &, = 3.0, 7 = 0.762 mm, d = 20 mm, g = 1 mm, and w¢ = 1.9 m.
(From Ref. 19, © 1998 John Wiley & Sons, Inc.)
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FIGURE 3.37 Measured radiation patterns for the antenna studied in Figure 3.36 at
1593 MHz. (From Ref. 19, © 1998 John Wiley & Sons, Inc.)

chip resistor [20]. A coupling slot of dimensions Lg x W is cut in the ground plane,
and the slot center is fixed at the position where the excited field of the fundamental
TM o mode is null. This null-field point is at two-thirds of the distance from the tip to
the bottom edge of the triangle. The triangular patch is assumed to be equilateral with
a side length of d. The tuning-stub length is denoted 7. In this study, a shorting pin of
radius 0.63 mm and a chip resistor of cross section 2.07 x 1.27 mm? were loaded at

the tip of the triangular patch.

L - - — &

shorting pin !
or chip resistor

: 4
g by
&p T N
1 T

coupling slot ground plane

50-Q microstrip line

FIGURE 3.38 Geometry of an aperture-coupled triangular microstrip antenna loaded with a
shorting pin or chip resistor. (From Ref. 20, © 1997 John Wiley & Sons, Inc.)
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FIGURE 3.39 Measured (a) input impedance and (b) return loss for a triangular microstrip
antenna with a shorting-pin loading or a chip-resistor loading. Antenna parameters are given
in Table 3.7. (From Ref. 20, © 1997 John Wiley & Sons, Inc.)

A regular triangular patch without a shorting pin or a chip resistor was first im-
plemented. The measured center frequency is 1866 MHz and the impedance band-
width is about 4.0%. Figure 3.39 shows the results for a shorted triangular patch
and a chip-resistor-loaded triangular patch. Both cases show a significant resonant
frequency reduction, especially for the chip-resistor-loading case. It is also noted that
the impedance bandwidth is 7.6% for the chip-resistor loading, which is 4.7 times that
of the shorted patch and is also greater than that of the regular patch. A comparison
of the regular, shorted, and chip-resistor-loaded patches is given in Table 3.7. The
case using a 0.3-€2 chip resistor is also shown. It is clearly seen that the required
slot size increases with increasing loading resistance (the shorting pin can be con-
sidered as a 0-€2 chip resistor), and the resulting fundamental resonant frequency is
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TABLE 3.7 Results for the Antenna in Figure 3.38 [20]*

Slot Size (mm?)  Tuning Stub (mm) £, (MHz) BW (%)

Regular patch 17.4 x 1.0 18.4 1866 4.0

Shorting-pin- 32.8 x 2.8 75.3 501 1.6
loaded patch

R=03Q 33.1x33 85.9 473 22

R=10Q 45.0 x 3.6 87.4 435 7.6

Ad =50mm, g, = g =4.4,and h, = hy = 1.6 mm.

decreased with increasing loading resistance. It is also observed that the bandwidth
enhancement using a 0.3-$2 chip resistor is much smaller than that using a 1-2 chip
resistor. For the case using a chip resistor of larger resistance (>1 €2), the ohmic loss
of the antenna quickly increases and the required slot length is much greater than
the patch’s linear dimension, which makes the antenna design impractical. Using a
large-resistance chip resistor is therefore not recommended.

To estimate the antenna size reduction, different antenna parameters for operat-
ing in the 1.8-GHz band have been considered. The measured return loss for the
shorted patch and the chip-resistor-loaded patch in the 1.8-GHz band are presen-
ted in Figure 3.40, and a comparison of two reduced-size microstrip antennas with
aregular microstrip antenna is given in Table 3.8. The shorting pin and the chip resis-
tor are loaded at the tip of the triangular patch, and the sizes of both the shorted
patch and the chip-resistor-loaded patch are reduced to about 9% of that of the
regular patch. The impedance bandwidth for the chip-resistor-loaded patch is much
greater than those of the regular and shorted patches. The radiation patterns for
these three different antennas have been measured. The results [20] show slightly
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FIGURE 3.40 Measured return loss for a shorted triangular patch with d = 15.2 mm,
Ly =11.2, Wy = 1.0 mm, and ¢t = 18.6 mm and for a chip-resistor-loaded triangular patch
withd = 15.0 mm, Ly = 14.7 mm, Wy = 1.3 mm, and r = 18.7 mm. Other parameters are in
Table 3.8. (From Ref. 20, © 1997 John Wiley & Sons, Inc.)
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TABLE 3.8 Results for the Antenna in Figure 3.38 Operating in the 1.8-GHz
Band [20]°

Side Length Slot Size Tuning Stub

(mm) (mm?) (mm) f; (MHz) BW (%)
Regular patch 50 17.4 x 1.0 18.4 1866 4.0
Shorting-pin- 15.2 112 x 1.0 18.6 1822 2.0
loaded patch
R=10Q 15.0 14.7 x 1.3 18.7 1818 6.0

Yeq = ef =4.4and hy = hf = 1.6 mm.

asymmetric E-plane patterns for the shorted and chip-resistor-loaded patches, largely
owing to the excited high current density around the shorting pin/chip resistor in
the microstrip patch. The cross-polarization radiation in the H-plane patterns of the
shorted and chip-resistor-loaded patches is increased, as reported for related studies.

3.4.4 Design with a Meandered PIFA

The design of a meandered planar inverted-F antenna (PIFA) with a more compact
size (antenna length less than 1(/8 and antenna height less than 0.014) and a much
wider impedance bandwidth (greater than 10 times that of a corresponding regular
PIFA) has been demonstrated [21]. A reduction in antenna length is achieved by
meandering the radiating patch, while an enhanced bandwidth with a low antenna
height is obtained by using a chip-resistor load in place of the shorting pin. A typical
design of a modified PIFA in the 800-MHz band has been implemented. The geometry
is shown in Figure 3.41. The modified PIFA has a meandered rectangular patch of
dimensions L x W and a chip-resistor loaded at point A (center of the radiating edge).
The PIFA has an air-filled substrate of thickness %, and three narrow slots of length £
and width w (£ > w) are cut in the rectangular patch. This modified PIFA can be
directly fed using a 50-€2 coax with the feed position selected from within the line
segment A B, with point B at a position about (W — £)/2 from the patch edge. The

« L "\d‘
{ Bé. . ¥
T """ b
W 3 A\Kb/: -
0 T
W/2
w
v . : T - probe
L/4 ~ L/A4 | ﬁ chip resistor
‘ round
th air [ m ra ¢

FIGURE 3.41 Geometry of a meandered PIFA with a chip resistor. (From Ref. 21, © 1998
IEE, reprinted with permission.)
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FIGURE 3.42 Measured return loss for the antenna shown in Figure 3.38; 7 = 3.2 mm,
L =40 mm, W = 25 mm, ¢ = 20 mm, and w = 2 mm. (From Ref. 21, © 1998 IEE, reprinted
with permission.)

distance d between point A and the feed position increases with increasing loading
resistance.

In this experiment, the slot length was selected such that the required antenna length
L for operating in the 800-MHz band was less than Ao /8. The antenna height was cho-
sen to be less than 0.01) for low profile. In this case, modified PIFA parameters were
selected as L = 40 mm (about 0.115 Ag; 1o = 34.88 cm at 860 MHz), W = 25 mm,
£ =20 mm, w =2 mm, and & = 3.2 mm (about 0.0092 X;). Figure 3.42 shows
the measured return loss for the modified PIFA with various loading chip resistors.
The case denoted R = 0 Q2 is for the modified PIFA with a shorting pin. Table 3.9 lists
the resonant frequency and impedance bandwidth for a modified PIFA with various
loading resistances. The results for a regular PIFA (no slot in the patch and R = 0 2)
are shown for comparison. Itis clearly seen that, by meandering the patch, the resonant
frequency of the PIFA is reduced to 872 MHz, about 0.67 times that (1298 MHz) of a
regular PIFA. However, due to the antenna size reduction, the impedance bandwidth
is decreased from 0.9% to be 0.6% for the modified PIFA with R = 0 Q2. This smaller
impedance bandwidth is due to the thin air-substrate thickness here. It is also observed
that, with increasing loading resistance, the impedance bandwidth is significantly en-
hanced. For the case with R = 6.8 €2, the impedance bandwidth is 11.2%, about 12.4
times that (0.9%) of a regular PIFA. It is also seen that the feed position for impedance

TABLE 3.9 Characteristics of Modified PIFA with Various
Loading Resistors [21]?

R (Q2) 0 2.2 3.3 47 5.6 6.8 Regular Patch
D/AB 006 025 035 05 06 07 0.06
f,(MHz) 872 871 861 860 857 857 1298
BW (%) 06 34 47 68 86 112 0.9

@AB = 14.1 mm. Other parameters are given in Figure 3.42.



78 COMPACT BROADBAND MICROSTRIP ANTENNAS

FIGURE 3.43 Measured radiation patterns for (a) a simple PIFA at resonance
(f =1298 MHz), (b) a meandered PIFA with a shorting pin (R = 0€) at resonance
(f =872 MHz), and (c) a meandered PIFA with a 5.6-€2 chip resistor at resonance (f = 857
MHz); other parameters are given in Figure 3.42. (From Ref. 21, © 1998 IEE, reprinted with
permission.)

matching moves away from point A (i.e., the distance d increases) for the case with
larger loading resistance. The resonant frequency is found to be slightly shifted to
lower frequencies when the loading resistance increases.

The radiation patterns were also studied. Typical results for a regular PIFA and
modified PIFAs with R = 0 €2 and 5.6 Q2 are presented in Figure 3.43. All the patterns
show broadside radiation, but the variation in the E-plane pattern is smoother than
that in the H-plane pattern. The H-plane pattern is lobed near # = +90° (the plane
with the finite ground plane) for modified PIFAs, especially for the case with larger
loading resistance. Finally, it should be noted that an enhanced impedance bandwidth
for the modified PIFA occurs at some expense of antenna gain due to the ohmic loss of
the loading resistance. It is estimated that the loss in antenna gain is about 6 dBi due
to the ohmic loss of a 5.6-2 chip-resistor loading, based on comparing the maximum
receiving power of the modified PIFAs in Figures 3.43(b) and 3.43(c).

3.5 USE OF A SLOT-LOADING TECHNIQUE

By embedding suitable slots in the radiating patch of a microstrip antenna, enhanced
bandwidth with a reduced antenna size can be obtained. A typical design with a trian-
gular patch is shown in Figure 3.44. It is found that, by embedding a pair of branchlike
slots of proper dimensions, the first two broadside-radiation modes TM ¢ and TMy of
the triangular microstrip antenna can be perturbed such that their resonant frequencies
are lowered and close to each other to form a wide impedance bandwidth [22].
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FIGURE 3.44 Geometry of an equilateral-triangular microstrip patch with a pair of
branchlike slots.

Three typical designs (antennas 1-3) have been implemented, and the measured
return loss is shown in Figure 3.45. Two resonant modes are excited, and enhanced
impedance bandwidth is obtained. For the three antennas, the obtained impedance
bandwidths are 96 MHz (or about 5.2%) for antenna 1, 92 MHz (or about 5.2%)
for antenna 2, and 90 MHz (or about 5.3%) for antenna 3. The three impedance
bandwidths obtained are all about 3.0 times that of the corresponding regular triangular
microstrip antenna. Also notice that the two resonant modes occur at decreasing
resonant frequencies, which suggests that an antenna size reduction for the antenna
studied can be obtained for a fixed operating frequency. The corresponding antenna
size reduction for antenna 3 is about 25%. It should be noted that the optimal feed
positions for antennas 1-3 are all along the centerline of the triangular patch at a
distance of about 0.46d from the bottom edge of the patch, which suggests that
easy impedance matching can be obtained for the antenna studied. The radiation
characteristics were also studied. Figure 3.46 shows the measured E- and H-plane
radiation patterns for antenna 1 at resonance (1808 and 1868 MHz) of the two excited
modes. Similar broadside radiation characteristics and the same polarization planes
for the two resonant modes are observed, and good cross-polarization radiation is seen.

3.6 USE OF A SLOTTED GROUND PLANE

When the proper slots are embedded in the ground plane of a microstrip antenna,
a lowering of the antenna’s fundamental resonant frequency can be obtained [23].
Also, increased impedance bandwidth can be achieved by increasing the length of
the embedded slots. A related design with a meandered ground plane was described
in Section 2.4. In this section, another promising design is studied (Figure 3.47). In
this design, a pair of narrow slots (length ¢ and width 1 mm) are embedded in a
finite ground plane (dimensions G x G) of a square microstrip antenna with a side
length L. The two narrow slots are placed along the centerline of the ground plane
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FIGURE 3.45 Measured return loss against frequency for the antenna shown in Figure 3.41;
& =44, h =16 mm, d =50 mm, d, =23 mm, and ground-plane size = 75 x 75 mm?.
(a) Antenna 1, (b) antenna 2, (c) antenna 3.

perpendicular to the antenna’s resonant direction (x axis in this study) to effectively
meander the excited surface current paths in the ground plane. The distance of the
narrow slots to the edge of the ground plane is S, which is fixed to be 2 mm in the
study. A 50-£2 probe feed placed along the x axis and at a position dj, from the patch
center is used to excite the antenna.

Several prototypes were constructed. The side lengths of the radiating patch and
ground plane were chosen to be 30 and 50 mm, respectively. An inexpensive FR4
substrate (h = 1.6 mm, &, = 4.4, loss tangent = 0.0245) was used. Figure 3.48 shows
the measured return loss against frequency for the cases with £ = 0, 18, and 20 mm;
the case with £ = 0 represents the corresponding regular microstrip antenna. The
corresponding measured data are listed in Table 3.10 for comparison. The feed
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FIGURE 3.46 Measured radiation patterns for antenna 1 studied in Figure 3.45. (a) f =
1808 MHz, (b) f = 1868 MHz.

positions for the three cases were all fixed at d, = 7 mm, and the antenna was excited
at the fundamental mode (TMy mode). It is clearly seen that the resonant frequency
fr1s decreased with increasing slot length. For the case with £ = 20 mm, the resonant
frequency is about 78% of that of the corresponding regular microstrip antenna
(1835 vs. 2345 MHz). This corresponds to an antenna size reduction of about 39%
for the antenna studied compared to the corresponding regular microstrip antenna
at a fixed operating frequency. The impedance bandwidth (BW) for the case with
¢ = 20 mm is measured to be 3.1%, which is greater than that (2.7%) of the corre-
sponding regular microstrip antenna. This behavior is largely owing to the embedded
slots in the ground plane, which effectively lower the quality factor of the microstrip
antenna.

Radiation characteristics of the constructed prototypes were also studied. Note that,
owing to the limitation of the planar near-field antenna measurement system used,
the measured data near the endfire direction have limited accuracy, and thus are not
shown in the patterns. Figure 3.49 plots the radiation patterns of the antennas studied;
the measured antenna gain is given in Table 3.10. Good broadside radiation character-
istics are observed, and it is found that the antenna gain for the case with £ = 20 mm
is 1.5 dBi greater than that of the corresponding regular microstrip antenna (4.5 vs.
3.0 dBi). By using the simulation software IE3D™, simulated surface current distri-
butions in the ground plane and radiating patch for the cases with £ = 0 and 20 mm
were obtained and shown in Figure 3.50. It is clearly seen that the excited surface cur-
rents in the ground plane are strongly meandered by the two embedded slots, which
in turn causes meandering of the surface currents on the radiating patch and results
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FIGURE 3.48 Measured return loss against frequency for the antenna shown in Figure 3.46;
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FIGURE 3.49 Measured radiation patterns for the antenna studied in Figure 3.48. (a) £ = 0,
f =12345 MHz; (b) £ = 18 mm, f = 1980 MHz; (c) £ =20 mm, f = 1835 MHz. (From
Ref. 23, © 2001 IEEE, reprinted with permission.)

in the lengthening of the equivalent surface current path. The antenna’s fundamental
resonant frequency is thus decreased, which agrees with the measured results.
Moreover, it is observed that the total excited patch surface currents are increased,
and the excited surface current distribution in the central portion of the radiating
patch is also greatly enhanced for the proposed design. The simulation radiation
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TABLE 3.10 Performance of the Antenna
in Figure 3.48 [23]*

¢(mm) f,(MHz) BW (%) Gain(dBi) F/B (dB)

0 2345 2.7 3.0 6.9
18 1980 2.8 3.7 4.3
20 1835 3.1 4.5 1.2

“F/B is the ratio of the front-to-back radiation intensity.

efficiency, obtained from IE3D™ of the proposed antenna is about 60%, which is
much greater than that of a regular microstrip antenna with an FR4 substrate (usually
about 30—40%). These characteristics may be the reason for the enhanced antenna gain
obtained. Also note that, due to the embedded slots in the ground plane, backward radi-
ation of the microstrip antenna could be increased. From experiments, the backward
radiation for the case with ¢ = 20 mm studied here is increased by about 5.7 dBi
compared to the case with £ = 0 (see Table 3.10). However, it should be noted that
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FIGURE 3.50 Simulated surface current distributions in the ground plane and radiating patch
of the antennas studied in Figure 3.48. (a) Design with an unslotted ground plane (¢ = 0) at
2345 MHz; (b) design with a slotted ground plane (¢ = 20 mm) at 1835 MHz. (From Ref. 23,
© 2001 IEEE, reprinted with permission.)
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the increase in the backward radiation arises from both the embedded slots in the
ground plane and the decreased ground-plane size in wavelength units. In summary,
in addition to the lowered resonant frequency, which leads to a possible antenna size re-
duction, the antenna studied also has widened impedance bandwidth and enhanced an-
tenna gain, which are advantages over compact designs with a slotted radiating patch.
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CHAPTER FOUR
|

Compact Dual-Frequency
and Dual-Polarized
Microstrip Antennas

4.1 INTRODUCTION

Dual-frequency operation is an important subject in microstrip antenna design [1],
and many such designs are known. These dual-frequency microstrip antennas in-
clude the use of multilayer stacked patches [2, 3], a rectangular patch with a pair
of narrow slots placed close to the patch’s radiating edges [4], a square patch with
a rectangular notch [5], a rectangular patch loaded with shorting pins and slots [6],
a rectangular patch fed by an inclined coupling slot [7], among others. Recently,
many single-feed, single-layer, dual-frequency microstrip antenna designs have been
demonstrated [8—15], and a new design for a dual-frequency feed network for feeding
a microstrip array with dual-frequency radiating elements has been achieved [16].
These designs, however, are mainly applicable for regular-size microstrip antennas.
To achieve dual-frequency operation in reduced-size or compact microstrip antennas,
many promising designs have been reported [17-36]. Details of these compact dual-
frequency designs and some recent advances in regular-size dual-frequency designs
are presented in this chapter. Designs with a planar inverted-F antenna (PIFA) for
dual-band or triple-band operation [37-39] are also addressed. Finally, recent ad-
vances in compact dual-polarized designs [40] are reviewed, and design examples
of some promising compact dual-polarized microstrip antennas are given. Compact
microstrip antennas capable of dual-polarized radiation are very suitable for applica-
tions in wireless communication systems that demand frequency reuse or polarization
diversity.
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4.2 SOME RECENT ADVANCES IN REGULAR-SIZE
DUAL-FREQUENCY DESIGNS

In this section, design examples of some recent advances in regular-size microstrip an-
tennas, mainly with a single-feed, single-layer microstrip structure, are presented. The
dual-frequency designs presented are divided into two groups, depending on whether
the two operating frequencies have the same polarization plane [16-26] or ortho-
gonal polarization planes [27-36]. A simple method for obtaining a dual-frequency
microstrip-line feed network [16] suitable for applications in dual-frequency mi-
crostrip array design is also described.

4.2.1 Dual-Frequency Operation with Same Polarization Planes

4.2.1.1 Design with a Rectangular Patch It has been demonstrated that, by
loading a rectangular microstrip antenna with a pair of narrow slots placed close to
the patch’s radiating edges, dual-frequency operation can be obtained [1, 4]. In such
dual-frequency designs, the two operating frequencies are associated with the TM g
and TM3( modes of the unslotted rectangular patch. In addition, the two operating
frequencies have the same polarization planes and broadside radiation patterns, with
a frequency ratio generally within the range of 1.6-2.0 for the single-probe-feed case
[4]. Recently, it has been shown that, by placing the embedded slots close to the
patch’s nonradiating edges instead of the radiating edges as reported in Ref. 4, and
replacing the narrow slots with properly bent slots (see Figure 4.1), a novel dual-
frequency operation of the microstrip antenna can easily be achieved using a single
probe feed [8]. The two operating frequencies of the antenna are found to have the
same polarization planes and broadside radiation patterns; the frequency ratio of the
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FIGURE 4.1 Geometry of a dual-frequency rectangular microstrip antenna with a pair of
bent slots placed close to the patch’s nonradiating edges. (From Ref. 8, © 1998 IEE, reprinted
with permission.)



SOME RECENT ADVANCES IN REGULAR-SIZE DUAL-FREQUENCY DESIGNS 89

two operating frequencies is found to range from about 1.29 to 1.60, different from
that (1.6-2.0) of the conventional design [4].

Consider the geometry shown in Figure 4.1; the rectangular patch has dimen-
sions L x W and is printed on a substrate of thickness 4 and relative permittivity &,.
Embedded slots, with a bend angle «, are placed close to the patch’s nonradiating
edges and have a narrow width of 1 mm and a length of £ + €5, where £ is the
length of the straight section of the slot parallel to the patch edge and £ is the length
of the bent section, determined by (L — €5 — 2dy)/cos « in the present design. The
distances of the bent slots from the nonradiating and radiating patch edges are both
set to 1 mm. For each bend angle «, the distance between the bent-section ends of the
two slots is given by dy = W — 2(dL + £ps sina). Good impedance matching of the
two operating frequencies can be obtained by using a single probe feed placed along
the x axis at a distance d}, from the patch center.

It is found that, with the presence of the bent slots, the fundamental mode
(TMp mode) of the unslotted patch antenna is perturbed and its resonant frequency
decreases with increasing bend angle. In addition, a new resonance mode, denoted
here the TM;so mode with 1 < § < 2, is excited between the TMy and TM,o modes.
When the bend angle of the slot is small, the IE3D™ gsimulation results show that this
new mode has a null excited surface current density near the patch center, with the
surface current density slightly increased toward the two radiating edges. In this
condition, experimental results show that this new resonance mode has a low
radiation efficiency and is not suitable for radiation applications. However, when the
bend angle « is within the range 15°-30°, the null-current point of this new TMsq
mode moves close to the radiating edge at the slot’s bent-section side and the current
distribution in the central portion of the patch becomes uniformly distributed, which
makes the radiation efficiency of the TM;s9 mode almost as good as that of the TM ;¢
mode. Owing to their similar current distributions in the central portion of the patch,
the modes TM g and TM; are expected to have the same polarization planes and
similar radiation patterns, and both can be excited using a single probe feed with
good impedance matching.

Figure 4.2 shows the measured return loss for the antenna studied. The resonant
frequencies f} and f, of the two operating modes and their frequency ratio are plotted
against the bent-slot angle in Figure 4.3. The obtained dual-frequency performance
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FIGURE4.2 Measured returnloss for the antenna shown in Figure 4.1; ¢, = 4.4,h = 1.6 mm,
L =37.3 mm, W = 24.87 mm, and ¢; = 19 mm. (From Ref. 8, © 1998 IEE, reprinted with
permission.)
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FIGURE 4.3 (a) The two operating frequencies f; and f, and (b) the frequency ratio f>/f;
against the bend angle of embedded slots; antenna parameters are given in Figure 4.2. (From
Ref. 8, © 1998 IEE, reprinted with permission.)

is listed in Table 4.1 for comparison. It is clearly seen that, with decreasing
bent-slot angle, the two frequencies are shifted closer to each other, which results
in a lower frequency ratio. For the present study, the frequency ratio can be tuned
from 1.29 to 1.60 by varying the bend angle. The measured radiation patterns of
the antenna at the two operating frequencies are plotted in Figures 4.4 and 4.5 for
o = 15° and 30°, respectively. It is seen that both operating modes have the same
broadside radiation patterns and polarization planes, and cross-polarization radiation
less than about —20 dB is observed. The difference of the antenna gain in the broadside

TABLE 4.1 Dual-Frequency Performance of the Antenna

in Figure 4.1 [8]°
o dp .f17 BW f2, BW

(deg) (mm) (MHz, %) (MHz, %) flh
15 29 1780, 1.6 2304, 1.4 1.29
20 2.1 1716, 1.5 2340, 1.5 1.36
25 1.7 1646, 1.4 2403, 2.0 1.46
30 0.7 1528,1.3 2448,2.0 1.60

¢ Antenna parameters are given in Figure 4.2.
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FIGURE 4.4 Measured E-plane (x—z plane) and H-plane (y—z plane) radiation patterns for
the antenna studied in Figure 4.2 with @ = 15°. (a) f = 1780 MHz, (b) f = 2304 MHz. (From
Ref. 8, © 1998 IEE, reprinted with permission.)
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FIGURE 4.5 Measured E-plane (x—z plane) and H -plane (y—z plane) radiation patterns for
the antenna studied in Figure 4.2 with @ = 30°. (a) f = 1528 MHz, (b) f = 2448 MHz. (From
Ref. 8, © 1998 IEE, reprinted with permission.)
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FIGURE 4.6 Geometry of a dual-frequency rectangular microstrip antenna with a pair of step
slots. (From Ref. 9, © 1999 IEE, reprinted with permission.)

direction of the two frequencies is estimated to vary within 0-3 dBi, depending on
the bent-slot angle.

By using a pair of step slots in place of the bent slots used in Figure 4.1, dual-
frequency operation of a rectangular microstrip antenna can be obtained [9]. The
geometry is shown in Figure 4.6. The embedded step slots are placed close to the
patch’s nonradiating edges and have different widths w; and w,. The two sections of
different widths are designed to have the same length £,. The spacings of the step slots
away from the nonradiating and radiating patch edges are set to be 1 mm. By varying
the step ratio w, /w of the step slots, the frequency ratio between the two operating
frequencies can be varied, resulting in a tunable frequency ratio for the antenna. Typ-
ical measured return loss for the antenna is shown in Figure 4.7. In the experiments,

0=
10

20

Return Loss (dB)

1400 1 760 20b0 2360 2600
Frequency (MHz)
FIGURE4.7 Measured return loss for the antenna shown in Figure 4.6; &, = 4.4,h = 1.6 mm,

L =38mm, W =25 mm, w; = 1 mm, ¢; = 18 mm, and ground-plane size = 75 x 75 mm?.
(From Ref. 9, © 1999 IEE, reprinted with permission.)
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TABLE 4.2 Dual-Frequency Performance of the Antenna
in Figure 4.6 [9]°

Slot Widths d, fi1,BW 2, BW

wi, wy (mm)  (mm)  (MHz, %)  (MHz, %)  f2/fi
1,2 6.5 1878, 1.8 2320, 1.4 1.23
1,4 42 1834, 1.5 2278,1.2 1.24
1,6 3.5 1750, 1.5 2272, 1.5 1.30
1,8 3.1 1644, 1.7 2334, 1.4 1.42
1,10 22 1480, 1.4 2414,1.3 1.63

“ Antenna parameters are given in Figure 4.7.

the width of the narrower section w is fixed and the width of the wider section w, is
varied, which results in different step ratios for the step slots embedded in the patch.
The corresponding data for dual-frequency performance are listed in Table 4.2 for
comparison. It is clearly seen that, with increasing step ratio, the lower operating
frequency f; (or the fundamental resonant frequency fo) is significantly decreased.
On the other hand, the higher frequency f is slightly varied, which provides a tun-
able frequency ratio ranging from about 1.23 to 1.63, close to that of the antenna
shown in Figure 4.1.

A design for a dual-frequency microstrip antenna with embedded spur lines and
integrated reactive loading (see Figure 4.8) has been reported [10]. This antenna
has a ratio of the two operating frequencies of about 1.1, a value lower than that
of the designs shown in Figures 4.1 and 4.6. The embedded spur lines are at the
patch’s nonradiating edges, and the integrated reactive loading is formed by an inset
microstrip-line section and inserted at one of the patch’s radiating edges. In this

probe feed
—~

€ h

FIGURE 4.8 Geometry of a dual-frequency rectangular microstrip antenna with a pair of
spur lines and an integrated reactive loading. (From Ref. 10, © 1999 John Wiley & Sons, Inc.)
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FIGURE 4.9 Measured return loss for the antenna shown in Figure 4.8 with various spur-line
lengths; &, = 4.4, h = 1.6 mm, L =385 mm, W =28 mm, ¢, = 2 mm, Lg = 11.5 mm, and
Wr = 3 mm. (From Ref. 10, © 1999 John Wiley & Sons, Inc.)

design, a new resonant mode with its resonant frequency lower than that of the TM
mode can be excited. This characteristic is different from that observed for the designs
with a pair of bent slots (Figure 4.1) or step slots (Figure 4.6), where the resonant
frequency of the new excited mode is higher than that of the TM o mode. This new
resonant mode is denoted the TMgy mode (0 < B8 < 1); it has the same polarization
plane as the TM o mode. The resonant frequency of the TMgy mode is found to be
strongly dependent on the spur-line length. On the other hand, since the embedded
spur lines are oriented mainly parallel to the patch edges, a very small effect on the
performance of the TM;( mode is expected; that is, the resonant frequency fjo will
be very slightly affected by the spur-line perturbation. The different effects of the
embedded spur lines on the TMg, and TM ;o modes make the frequency ratio of the
two operating frequencies tunable and result in an even lower frequency ratio than
that obtained in Refs. 8 and 9. However, without the inset microstrip-line section as
an integrated reactive loading in this design, good impedance matching of the TMpg
and TMy modes using a single probe feed is difficult to obtain.

Prototypes of the antenna shown in Figure 4.8 have been implemented. Figure 4.9
shows the measured return loss for the two operating frequencies f; (= fgo) and
f> (= fi0), which are the first two resonant frequencies of the antenna. Note that
the dimensions of the inset 50-2 microstrip-line section for providing proper reactive
impedance to improve good impedance matching are fixed at Lg = 11.5 mm (or about
0.3L) and Wr = 3 mm for the various spur-line lengths. Also note that the antenna pa-
rameters studied here give a fundamental resonant frequency at about 1900 MHz for
the case of a simple rectangular microstrip antenna. The corresponding dual-frequency
performance is listed in Table 4.3. The results clearly show that, upon increasing the
spur-line length, the lower frequency f; is decreased and is lower than 1900 MHz.
On the other hand, the higher frequency f; is very slightly affected by the variation
in the spur-line length and is about the same as the frequency fjo of a simple rectan-
gular microstrip antenna. By varying the spur-line length, this design has a tunable
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TABLE 4.3 Dual-Frequency Performance of the Antenna
in Figure 4.8 [10]?

Spur-line Length d, fi,BW f>, BW
£ (mm) (mm) (MHz, %) (MHz, %) f,/fi
21 9.0 1670,2.4  1908,2.9 1.14
24 9.0 1545,2.4  1900.2.8 1.23
27 8.8 1483, 1.8 1895, 1.4 1.28
30 8.8 1333,1.9 1888, 1.8 1.42
33 8.8 1260,2.0 1885, 1.4 1.50
35 8.8 1205,2.0  1883,1.3 1.56

¢ Antenna parameters are given in Figure 4.9.

frequency-ratio range of about 1.1-1.6. Also, from the results in Table 4.3, it is found
that the optimal feed positions for the present design are almost about the same, which
indicates that the feed position is insensitive to the variation in the spur-line length.
Radiation patterns at the two operating frequencies for the cases with £ = 24 and
33 mm were also measured. The two operating frequencies have the same polariza-
tion planes and similar broadside radiation characteristics.

4.2.1.2 Design with a Circular Patch Single-feed dual-frequency circular mi-
crostrip antennas with a pair of arc-shaped slots [11], a single arc-shaped slot [12],
or an open-ring slot [13] have been reported. We first discuss the case with a pair of
arc-shaped slots. In the geometry shown in Figure 4.10, two arc-shaped slots, hav-
ing a narrow width of 1 mm and subtended by an angle 6, are placed close to the
boundary of the circular patch at a distance of 1 mm. The two arc-shaped slots are
centered with respect to the x axis. A single probe feed for dual-frequency operation

FIGURE 4.10 Geometry of a dual-frequency circular microstrip antenna with a pair of arc-
shaped slots. (From Ref. 11, © 1998 John Wiley & Sons, Inc.)
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FIGURE 4.11 Measured return loss for the antenna shown in Figure 4.10; &, = 4.4, h =
1.6 mm, and D = 50 mm. (From Ref. 11, © 1998 John Wiley & Sons, Inc.)

is placed along the x axis at a distance d from the patch center. With the presence of
the slots, the fundamental mode TM;; of the circular microstrip antenna is slightly
perturbed because the slots are located close to the patch boundary, where the excited
patch surface current for the TM;; mode has a minimum value; that is, the resonant
frequency fj; will be slightly varied by the introduced slots in the circular patch.
The second resonant mode excited in the present design is the TM;, mode. Since
the excited patch surface current for the TM |, mode is maximum close to the patch
boundary, it is expected that the TM |, mode will be significantly perturbed due to
the presence of the slots. From the simulated results using IE3D™, it is found that
the patch surface current path of the TM;, mode is lengthened and strongly modified
such that the excited patch surface currents circulate around the two arc-shaped slots,
and a resonant condition with nulls close to the edges of the two slots is obtained.
This suggests that the resonant frequency f1, will be significantly decreased, and the
current distribution of the perturbed TM |, mode will become similar to that of the
TM;; mode; that is, the radiation pattern of the perturbed TM;, mode will become
similar to that of the TM;; mode. Thus, from the results obtained, it is expected
that dual-frequency operation of the same polarization planes and similar radiation
characteristics for the present antenna can be obtained.

Experiments have been conducted on this design. Figure 4.11 shows the measured
return loss for the cases with & = 80°, 90°, and 100°. The corresponding resonant
frequencies and impedance bandwidths, determined from the 10-dB return loss, are
listed in Table 4.4. The diameter of the circular patch was selected to be 50 mm and
the microwave substrate used had a thickness # = 1.6 mm and a relative permittivity
& = 4.4. From the results obtained, it is found that there exists a range of subtend-
ing angles for the present design to have a single probe feed for achieving 50-2
impedance matching of the two operating frequencies. In this case, the subtending
angles are within the range of about 80°-100°. The resonant frequencies fi; and
J12 of the present design without slots are 1.65 and 4.77 GHz, respectively. From
the results in Figure 4.11, it is seen that the first resonant frequency f; is about
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TABLE 4.4 Dual-Frequency Performance of the Antenna
in Figure 4.10 [11]°

Subtending d, fi,BW f>, BW
Angle 0 (deg) (mm) (MHz, %) (MHz, %) 2/ fi
80 12 1616, 2.2 2554,1.3 1.58
84 12 1606, 2.2 2470, 1.3 1.54
90 12 1593, 2.0 2326, 1.5 1.46
96 12 1586, 2.0 2236, 1.5 1.41
100 12 1570, 1.8 2167, 1.6 1.38

“ Antenna parameters are given in Figure 4.11.

1.6 GHz, very slightly affected by the variation in the subtending angle of various
arc-shaped slots and also about the same as the resonant frequency of the TM;;
mode of the case without slots. On the other hand, the second resonant frequency
f> is significantly decreased with increasing 6, and is much lower than the resonant
frequency of the unperturbed TM |, mode of the case without slots. The feed positions
are insensitive to various arc-shaped slots introduced in the present design and fixed
at d, = 12 mm from the patch center. The frequency ratio f5/f; of the two operating
frequencies is within the range 1.38—1.58. Figure 4.12 plots the measured radiation
patterns for the two operating frequencies for the case with 6 = 100°. These two op-
erating frequencies have the same polarization planes and similar radiation patterns.
Good cross-polarization radiation is observed for the two operating frequencies.
Dual-frequency operation can be obtained with a single arc-shaped slot embed-
ded in a circular patch [12]. In Figure 4.13, the dual-frequency design of an inset-
microstrip-line-fed circular microstrip antenna with a single arc-shaped slot is pre-
sented. The arc-shaped slot is also centered with respect to the x axis and subtended
by an angle 6. The inset-microstrip line has a characteristic impedance of 50 €2, and
the length of the microstrip line inset into the circular patch is £. This design is very
suitable for integration with coplanar microwave circuitry. The application of this
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(@ (b)
FIGURE 4.12 Measured E-plane (x—z plane) and H-plane (y—z plane) radiation patterns for

the antenna studied in Figure 4.11 with 6 = 100°. (a) f = 1570 MHz, (b) f = 2167 MHz.
(From Ref. 11, © 1998 John Wiley & Sons, Inc.)
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50-Q inset microstrip line

FIGURE 4.13 Geometry of an inset microstrip-line-fed circular microstrip antenna with
an arc-shaped slot for dual-frequency operation. (From Ref. 12, © 1999 IEE, reprinted with
permission.)

design to a two-element dual-frequency microstrip array has been demonstrated. The
two-element microstrip array can find applications in base-station antenna designs for
wireless communications since it can have a narrower beamwidth radiation pattern
in the elevation direction and a broadside radiation pattern with a wide beamwidth in
the azimuthal direction.

Prototypes have been constructed based on the geometry shown in Figure 4.13.
Figure 4.14 shows the measured return loss for the cases with 8 = 87°, 93°, and
100°. The corresponding dual-frequency performance is listed in Table 4.5. In the
experiments, the circular patch was selected to have a diameter of 50 mm. The required
inset length of the microstrip feed line is fixed at £ =37 mm (about 0.74D) away
from the patch boundary and is insensitive to various arc-shaped slots embedded in
the circular patch. This optimal inset microstrip-line length is derived from numerous

Return Loss (dB)

2‘.4 2.8
Frequency (GHz)

FIGURE 4.14 Measured return loss for the antenna shown in Figure 4.13; ¢, = 4.4, h =
1.6 mm, D = 50 mm, and ¢ = 37 mm. (From Ref. 12, © 1999 IEE, reprinted with permission.)
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TABLE 4.5 Dual-Frequency Performance for the Antenna shown
in Figure 4.13 [12]*

Subtending Inset Length fi,BW /2, BW
Angle 0 (deg) £ (mm) (MHz, %) (MHz, %) 2/ fi
87 37 1605, 1.9 2292, 1.5 1.43
90 37 1603, 1.9 2244, 1.5 1.40
93 37 1600, 1.8 2171, 1.5 1.36
96 37 1592, 1.8 2107, 1.6 1.32
100 37 1584, 1.7 2051, 1.6 1.29

¢ Antenna parameters are given in Figure 4.14.

experiments. In order to achieve good impedance matching and similar broadside
radiation patterns for the two operating frequencies, there exists a limited range of
subtending angles for the present design. In this study, the subtending angles can be
varied from 87° to 100°. When the angle 6 is greater than about 100°, it is difficult
to obtain good impedance matching for the two operating frequencies. On the other
hand, when the angle 6 is smaller than about 87°, the radiation pattern of the second
resonant frequency will become asymmetric with respect to the broadside direction.
It is also noted that the first resonant frequency fj, about 1.6 GHz, is very slightly
affected by the variation in the subtending angle of the arc-shaped slot and is also
about the same as the resonant frequency (about 1.65 GHz) of the TM;; mode of the
simple unslotted circular patch. On the other hand, the second resonant frequency f,
decreases rapidly with increasing 6. The different effects of the arc-shaped slot on
the first two resonant frequencies result in a tunable frequency ratio f,/f; between
the two operating frequencies in the range of about 1.29-1.43 (see Table 4.5).

By using the simulation software IE3D™, the excited patch surface currents for
the two operating frequencies of the antennna have been simulated and analyzed. The
simulated current distributions of the two operating frequencies f; and f, for 6 = 100°
are plotted in Figure 4.15. For the case of f; shown in Figure 4.15(a), the resonant
mode is the perturbed TM;; mode. It is seen that the excited current distribution is
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FIGURE 4.15 Simulated current distributions for the antenna studied in Figure 4.14 with
6 =100°. (a) f; = 1584 MHz, (b) f> = 2051 MHz. (From Ref. 12, © 1999 IEE, reprinted
with permission.)
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FIGURE 4.16 Measured E-plane (x—z plane) and H -plane (y—z plane) radiation patterns for

the antenna studied in Figure 4.14 with 6 = 100°. (a) fi = 1584 MHz, (b) f> = 2051 MHz.
(From Ref. 12, © 1999 IEE, reprinted with permission.)

very similar to that of the TM;; mode of the case without the slot, especially in the
central portion of the circular patch. This is largely because the slot is embedded
close to the patch boundary, where the excited patch surface current for the TM;;
mode has a minimum value. This makes the resonant frequency of the perturbed
TM|; mode slightly lower than that of the TM;; mode of the case without the slot.
For the case of f, shown in Figure 4.15(b), the resonant mode is the perturbed TM;
mode, in contrast to that (the perturbed TM;, mode) in the design with a pair of two
arc-shaped slots [11]. Owing to the arc-shaped slot loading, the null of the current
distribution, usually located in the center of the circular patch for the unperturbed
TMj; mode of the case without a slot, is pulled close to the edge of the slot, such
that the central portion of the current distribution becomes similar to that of the TM;
mode. Thus, for the present design, the two operating frequencies are expected to have
the same polarization planes and similar radiation characteristics. The experimental
results for the radiation patterns shown in Figure 4.16 agree with this hypothesis.
Good cross-polarization radiation for the two operating frequencies is observed.
The on-axis antenna gain for f; and f, was also measured and found to be about
4.7 and 1.4 dBi, respectively. The smaller antenna gain for f, is probably because
the radiation efficiency of the TMy; mode is not as good as that of the TM;; mode. It
should also be noted that, owing to the stronger perturbation effect of the arc-shaped
slot on the TMy; mode, the frequency f, (about 2.0-2.3 GHz) in the present design
is much lower than that (about 3.33 GHz) of the unperturbed TM,; mode of the
case without a slot. The excitation of different resonant modes (TM;; and TMy)
for dual-frequency operation also makes the obtained tunable frequency-ratio range
(1.29-1.43) different from that (1.38-1.58) of the design with a pair of arc-shaped
slots in which the TM;; and TM, modes are excited for dual-frequency radiation.
The present design has been applied to a two-element dual-frequency microstrip
array. The geometry is shown in Figure 4.17. The two circular patches have the same
structure as shown in Figure 4.13. The patch parameters are the same as given in
Figure 4.14 for the case with 6 =100°. The feed network consists of one 50-2
microstrip feed line and two 100-€2 inset-microstrip feed lines. By considering that
the optimal array gain can be obtained when the spacing S between the centers of
the patches is about (0.7-0.9)1¢ [41], one chooses the spacing between the two patch
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FIGURE 4.17 Geometry of a two-element dual-frequency microstrip array using dual-
frequency antenna elements shown in Figure 4.13. (From Ref. 12, © 1999 IEE, reprinted
with permission.)

centers to be 132.5 mm, which is equivalent to about 0.7 at the lower frequency
of 1.59 GHz and is about 0.9 at the higher frequency of 2.03 GHz. Measured
return loss for the dual-frequency array is shown in Figure 4.18. The impedance
bandwidths are about 34 MHz (2.1%) and 33 MHz (1.6%) for the 1.59- and
2.03-GHz bands, respectively. For the lower frequency band, the obtained bandwidth
(2.1%) is also greater than that (1.7%) of the single-patch case largely owing to the
effect of the feed network used in the present array design. Figure 4.19 plots the
measured radiation patterns at 1.59 GHz. Good cross-polarization radiation (below
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FIGURE 4.18 Measured return loss of the two-element dual-frequency microstrip array
shown in Figure 4.17; &, = 4.4, h = 1.6 mm, D = 50 mm, £ = 42 mm, S = 132.5 mm, and
6 = 100°. (From Ref. 12, © 1999 IEE, reprinted with permission.)
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FIGURE 4.19 Measured E-plane (x—z plane) and H-plane (y—z plane) radiation patterns for
the dual-frequency microstrip array studied in Figure 4.18; f = 1.59 GHz. (From Ref. 12,
© 1999 IEE, reprinted with permission.)

—20 dB) is observed. Note that the H-plane pattern becomes narrower, owing to
the array effect, while the E-plane pattern remains similar to that of a single-patch
antenna, having a broadside radiation pattern with a wide beamwidth. The results
for 2.03 GHz are presented in Figure 4.20. Similar results to those in Figure 4.19
are observed. Note that the on-axis antenna gain for the two operating frequencies
increases by about 3.0 dBi compared to that of the single-patch, dual-frequency
design shown in Figure 4.13.

A design with an open-ring slot embedded in a circular patch (see Figure 4.21)
has been demonstrated [13]. In this case, the two operating frequencies are associated
with the fundamental resonant mode TM; of the circular microstrip antenna. For this
reason, the two operating frequencies are expected to have about the same excited
patch surface current distribution, leading to a dual-frequency operation with the two
frequencies having very similar radiation characteristics. In the geometry shown in
Figure 4.21, a circular patch having a radius R; is printed on a microwave substrate
of thickness 4 and relative permittivity ¢;. An open-ring slot of width W is embedded
close to the boundary of the circular patch at a small distance 1 mm from the patch
boundary. The gap spacing S between the two open ends of the open-ring slot is se-
lected to be small (2 mm in this study). For the present design, the portion of the patch
enclosed by the open-ring slot can be considered as a circular patch with a radius R;,
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FIGURE 4.20 Measured E-plane (x—z plane) and H-plane (y—z plane) radiation patterns for
the dual-frequency microstrip array studied in Figure 4.18; f = 2.03 GHz. (From Ref. 12,
© 1999 IEE, reprinted with permission.)
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FIGURE 4.21 Geometry of a dual-frequency circular microstrip antenna with an open-ring
slot. (From Ref. 13, © 1999 John Wiley & Sons, Inc.)

and we have the relation of R; + W 4 1 mm = R,. That is, in the present design, there
exist two circular patches of different radii R; and R,. It is then expected that, with a
suitably chosen feed position (see Figure 4.21, at a distance d,, from the disk center),
two resonant frequencies associated with the TM|; mode of a circular microstrip an-
tenna can be excited; thus, dual-frequency operation with the two frequencies having
very similar radiation characteristics is possible.

The antenna described in Figure 4.21 has been experimentally studied [13].
Figure 4.22 shows measured return loss for constructed prototypes with various slot
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FIGURE 4.22 Measured return loss against frequency for the antenna shown in Figure 4.21;
& =44,h=16mm, R, =21.86 mm, R, =22.86 mm + W, § = 2 mm, and ground-plane
size = 75 x 75 mm?. (From Ref. 13, © 1999 John Wiley & Sons, Inc.)
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TABLE 4.6 Dual-Frequency Performance of the Antenna
in Figure 4.21 [13]*

Slot Width dy fi,BW . BW

W (mm) (mm) (MHz, %) (MHz, %) Afi
0.5 11.6 1660, 2.0 2041, 1.7 1.23
1.0 112 1601, 1.6 2033, 1.8 1.27
1.5 11.0 1549, 1.5 2006, 1.8 1.30
2.0 11.0 1503, 1.5 1990, 1.8 1.32

“ Antenna parameters are given in Figure 4.22.

widths. The corresponding dual-frequency performance is listed in Table 4.6. In this
study, the radius R is fixed to 21.86 mm and the radius R, (= 22.86 mm + W) is var-
ied with various slot widths. It is first noted that, for a conventional unslotted circular
microstrip antenna with a radius of 21.86 mm, the fundamental resonant frequency
J11 is about 1.9 GHz. For the present design, in the vicinity of 1.9 GHz, two resonant
modes instead of a single TM;; mode for a conventional circular microstrip antenna
are excited. The lower mode has a resonant frequency f less than 1.9 GHz, while the
higher mode has a resonant frequency f, greater than 1.9 GHz. These two resonant
modes are associated with the TM;; mode of a conventional circular microstrip
antenna according to IE3D™ simulation results for their corresponding excited patch
surface current distributions. It is seen that, with increasing slot width, the lower
frequency f; is decreased faster than the higher frequency f,. This is because the
lower frequency f) is mainly dependent on the radius R;, which increases as the slot
width increases, and the higher frequency f; is largely a function of R, which is fixed
to 21.86 mm and is independent of the slot width. Thus, owing to the different effects
of the open-ring slot on the lower and higher frequencies, the present design has dual-
frequency operation with the tunable frequency ratio in the range of about 1.23-1.32
(see Table 4.6). Only the results for the slot width up to 2.0 mm are shown; when
the slot width is greater than 2.0 mm, the single feed position for good impedance
matching of the two resonant modes becomes difficult to locate in this particular case.

Measured radiation patterns at the two operating frequencies for the case with
W = 0.5 mm are plotted in Figure 4.23. It is observed that the operating frequencies
have the same polarization planes and similar broadside radiation characteristics.
Good cross-polarized radiation, below —20 dB, in the H and E planes is also observed.
The antenna gain for the frequencies within the two operating bandwidths has also
been measured, and results indicate that the two operating frequencies have about the
same antenna gain level.

4.2.2 Dual-Frequency Operation with Orthogonal Polarization Planes

4.2.2.1 Design with a Simple Rectangular Patch In this section, we present a
simple design for a single-layer, single-feed rectangular microstrip antenna to achieve
dual-frequency operation with orthogonal polarization [14]. In this design, the two
operating frequencies are mainly determined from the rectangular patch dimensions
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FIGURE 4.23 Measured E-plane (y—z plane) and H-plane (x—z plane) radiation patterns
for the antenna studied in Figure 4.22 with W = 0.5 mm. (a) f; = 1660 MHz, (b) f> =
2041 MHz. (From Ref. 13, © 1999 John Wiley & Sons, Inc.)

and the substrate permittivity, and the feed position is selected such that the TMy; and
TM;p modes are excited, respectively, at the first and second resonant frequencies.
Figure 4.24 shows the geometry of a rectangular microstrip antenna. The rectangular
patch has length L and width W. The substrate has thickness /# and relative permittivity
&;. Based on the cavity-model approximation, we can express the resonant frequencies

for the TM,,,, mode as
c m\> n\?
o = — — 1, 4.1
=5y (1) + () @

where c is the speed of light in air. The resonant frequencies fj; and f1o depend on W
and L, respectively. By choosing the feed position (point A) along the y axis, we can
excite the patch in the TMy; mode only. In this case, the excitation of the TM,,,o mode,
m=1,3,5,...,is eliminated. On the other hand, when we select the feed position
(point B) along the x axis, the TM;yp mode can be excited without the excitation of
the TMy, mode, n = 1, 3, 5, . ... By first adjusting so that the input impedances seen
by the probe at feed positions A (0, y4) for the TMy; mode and B (xg, 0) for the
TM o mode are 50 €2, dual-frequency operation ( fy; and fjp) can be obtained when
the patch is excited at (xg, y4) (point C).

An antenna with dual-frequency operation at about 1.42 and 1.54 GHz was de-
signed and constructed. The antenna was fabricated using a copper-clad microwave
substrate of thickness 0.762 mm and relative permittivity 3.0. For operating at 1.42
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FIGURE 4.24 Selection of the feed position for dual-frequency operation: point A at (0, y,)

for TMy; mode excitation only, point B at (xg, 0) for TM ;o mode excitation only, and point C
at (xp, y4) for dual-frequency operation. (From Ref. 14, © 1996 John Wiley & Sons, Inc.)

and 1.54 GHz, the patch dimensions were chosen to be 60.6 x 55.5 mm?. By mov-
ing the feed position along the x axis, one can find a 50-2 input impedance at
(9.6 mm, 0) (point B) for the excitation of the TM;y mode; by selecting a feed
position at (0, 9.5 mm) (point A), a 50-Q2 input impedance is obtained for the
TMp; mode. Measured return loss is shown in Figure 4.25. It is clear that only
one resonant mode is excited in the frequency band of interest for both feed po-
sitions. By changing the feed position to (9.6 mm, 9.5 mm) (point C), two resonant
modes are excited at about 1.42 and 1.54 GHz with a good matching condition (see
Figure 4.26). Theoretical results calculated using a cavity-model analysis [42] are
also shown in the figure, and good agreement between the theory and measurement is
obtained. For the radiation pattern of the antenna at the two operating frequencies, no
significant variations are to be expected because no modifications of the patch shape
are made in this design.

4.2.2.2 Design with a Notched Square Patch By using a notched square patch,
dual-frequency operations with orthogonal polarization planes have been shown
[5, 15]. Figure 4.27 shows the geometries of two dual-frequency square microstrip
patches with a (a) single rectangular notch and (b) double notches. For the case with
a single notch, the excitation of the antenna’s first two resonant frequencies using
a probe feed placed along the patch’s diagonal line has been achieved [5]. It has
been observed that, with increasing notch depth [d in Figure 4.27(a)], a larger fre-
quency ratio (about 1.4) between the two operating frequencies can be obtained.
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FIGURE 4.25 Measured return loss for the feed positions at (0, y4) (point A) and (x, 0)
(point B); &, = 3.0, h = 0.762 mm, L = 60.6 mm, W = 55.5 mm, y4, = 9.5 mm, and x3 =
9.6 mm. (From Ref. 14, © 1996 John Wiley & Sons, Inc.)

The polarization planes of the two frequencies are found to be perpendicular to
each other. For the case with double notches, dual-frequency operation using an
aperture-coupled feed with a coupling cross-slot has been achieved [15]. The an-
tenna’s first two resonant frequencies fjp and fj; have been successfully excited, and
dual operating frequencies with orthogonal polarization planes have been obtained.

FIGURE 4.26
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Measured and calculated return loss for the feed position at (xg, y4) (point C);

antenna parameters are the same as in Figure 4.25. (From Ref. 14, © 1996 John Wiley & Sons,

Inc.)
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(b)

FIGURE 4.27 Geometries of dual-frequency square microstrip patches with (a) a rectangular
notch and (b) double notches.

4.2.3 Dual-Frequency Feed Network Designs

Dual-frequency designs that have been reported focus mainly on the geometry of
the radiating elements. Relatively very few studies on the dual-frequency feed net-
work have been reported. This is probably because the required feed network can
be relatively complicated when good impedance matching at two separate operating
frequencies is required, especially for applications in dual-frequency array design.
Some related studies use two individual feed networks in different layers to excite
separate radiating elements [43—45]. These designs require a multilayer structure
for implementing dual-frequency arrays and are very well suited for dual-frequency
operation with a large frequency ratio.

In this section, a simple dual-frequency network design suitable for applications in
dual-frequency microstrip arrays with dual-frequency radiating patches is presented.
This dual-frequency feed network (see Figure 4.28 for the 2 x 2 subarray case) is a cor-
porate H-shaped microstrip-line network and consists of several quarter-wavelength
impedance transformers and 50-€2/100-€2 microstrip-line segments. It is found that,
by first designing the H-shape feed network to obtain impedance matching for either of
the two desired operating frequencies and then selecting an optimal length of the 50-2
microstrip-line segments (cf and jk; see Figure 4.28) in the H-shaped network, good
impedance matching for the other desired operating frequencies can be achieved using
the same feed network; that is, with the use of a single feed network, impedance match-
ing at two separate operating frequencies can be obtained. By further incorporating
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FIGURE 4.28 Geometry of a 2 x 2 dual-frequency microstrip subarray with dual-frequency
feed network and slotted circular patches. The slotted circular patches have the same geometry
as given in Figure 4.13.

dual-frequency radiating patches that have been reported in the literature, one can
obtain dual-frequency microstrip arrays fed by using the proposed dual-frequency
feed network. The proposed dual-frequency feed network has no constraints on the
frequency ratio between the two desired operating frequencies if the frequency de-
pendence of the linewidths of the microstrip-line segments in the feed network is
very slight and can be ignored. However, since the two operating frequencies use
the same radiating patch and good array gain can be obtained when the interelement
spacing between the patches in the array is within 0.6-0.9 free-space wavelengths
[41], the proposed feed network is limited to applications of feeding a dual-frequency
microstrip array with a frequency ratio between its two operating frequencies less
than 1.5.

Given the geometry in Figure 4.28, the radiating elements used are circular patches
with an arc-shaped slot (see Section 4.2.1). The radius of the circular patch is D and
the arc-shaped slot is subtended by an angle 6. By varying the length of the arc-
shaped slot in the circular patch, dual-frequency operation with a tunable frequency
ratio of about 1.29-1.43 between the two frequencies can be obtained. The spacings
between the slotted circular patches in both x and y directions are denoted S, and all
the patches are uniformly excited. The slotted circular patches can be excited with
good impedance matching at two desired frequencies using 50-Q2 inset-microstrip
lines with an inset length ¢;. The problem is that, at the array’s feed position (point /
in the figure), the subarray should also be excited with good impedance matching at
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the two desired frequencies. This can be accomplished by the present dual-frequency
feed network, which is a corporate H-shaped microstrip-line network consisting of
70.7-2 microstrip-line sections as quarter-wavelength impedance transformers and
50-€2/100-2 microstrip-line segments.

For the design of the dual-frequency feed network, we first consider the lower op-
erating frequency f] of the desired dual-frequency operation. The impedance trans-
former segments bc, cd, kI, and kn are designed to transform the 50-$2 microstrip-
line segments of ab, de, Im, and 770 into 100 2 at the frequency f;. In this case, the
impedance looking into the patches at points ¢ and k is 50 2. By again designing
additional 70.7-2 impedance transformer segments fg and i j, the impedance looking
into the patches at point 2 will be 50 €2, and good impedance matching for the subar-
ray studied can be obtained at the frequency f;. Then it is found that the impedance
looking into patches at point % at the higher frequency f; is a strong function of the
length ¢ of the 50-Q microstrip-line segments cf and jk in the H-shaped network.
We use the expressions (considering all microstrip-line segments to be lossless)

1 Z, + j(100 Q) tan Bol
Zi = & x (100Q) x 271008 tan fgn by, 4.2)
2 (100 R2) + jZ, tan By Ly,
with
Z; 4 j(70.7Q) tan B/,
Zy = (107Q) x L IT0TL) @nrelye, (4.3)
(70.7Q) + j Z; tan Bl s
Ze + (50 Q) tan B,
7, = (50Q) x et JC0R) tanfesley (4.4)
: (509) + jZ. tan fos ey
1 Zy + j(70.7 Q) tan Byl
7. = L w7076y x 22007 tan ey (4.5)
2 (710.7Q) + j Zy tan Byelye

to calculate the impedance seen at point /. In the above expressions, Ziy, Zg, Z ¢, Z,,
and Z, are, respectively, the impedance looking into patches at points #, g, f, ¢, and
b. The parameters £z, and B, are, respectively, the length and propagation constant
of the microstrip-line segment g_h; Lig, bep (=€), Ly, Brg» Ber» and By, have similar
meanings. Then, by ignoring the inductance of the probe feed in the substrate layer,
one can calculate the return loss (RL) seen by the 50-$2 probe from

Zin —50Q

RL = —20 log| 22—
Zin+509Q

‘ (dB). (4.6)

From the results calculated from (4.6), it is found that an optimal return loss, usually
larger than 20 dB, for the frequency f> can be obtained using an optimal length £. At the
same time the return loss seen at point / for the frequency f; is not affected by varying
the length £. Thus, by following the design procedure described above (denoted design
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TABLE 4.7 Dual-Frequency Performance of the 2 x 2
Subarray in Figure 4.28?

0 S L fi.BW f2, BW
(deg)  (mm) (mm) (MHz, %) (MHz, %) f2/fi

88 122 8.0 1582, 1.8 2223,2.0 1.405
92 123 28.0 1585, 2.1 2190, 2.3 1.382
100 134 30.6 1567, 1.9 2010, 2.3 1.283

“Substrate thickness 1.6 mm and relative permittivity 4.4 [16]; D =
50 mm, ¢; = 37 mm.

procedure 1), the present feed network can have good impedance matching for both
frequencies f; and f>; that is, a dual-frequency feed network is obtained.

We can also consider the higher frequency f; of the desired dual-frequency oper-
ation and design the impedance transformer for the frequency f,. Then, by applying
(4.2)—(4.6) to obtain an optimal length £ of the 50-$2 microstrip-line segments cf and
Jjk for the frequency f;, we can also obtain a dual-frequency feed network for both
f1 and f;. This design procedure is denoted design procedure 2; the obtained param-
eters for the proposed dual-frequency feed network using design procedures 1 and 2
are different. However, both solutions are good for implementing a dual-frequency
feed network.

Based on the above theoretical analysis, the dual-frequency microstrip array
shown in Figure 4.28 has been studied experimentally. The measured results for the
design using design procedure 1 are shown in Table 4.7. Cases using dual-frequency
circular patches (geometry given in Figure 4.13) with D = 50 mm and 6 = 88°,
92°, and 100° were studied. Good dual-frequency performance is obtained, and the
optimal length ¢ in the dual-frequency feed network is 8 mm for 8 = 88°, 28 mm
for & = 92°, and 30.6 mm for 6 = 100°. By using the 2 x 2 dual-frequency subarray
shown in Figure 4.28 as a basic building block, larger dual-frequency arrays can
easily be implemented.

4.3 COMPACT DUAL-FREQUENCY OPERATION WITH SAME
POLARIZATION PLANES

Some novel dual-frequency designs of compact microstrip antennas are presented in
this section. In these designs, the two operating frequencies have the same polarization
planes. In Section 4.3.1, the technique of embedding a pair of narrow slots to a
meandered rectangular patch [17] and a bow-tie patch [18] is described. Results
show that with increasing slit length in the rectangular patch or flare angle of the
bow-tie patch, the antenna’s first two resonant frequencies are both quickly lowered.
This behavior suggests that an antenna size reduction can be achieved for this kind
of antenna in fixed dual-frequency operation. Recently, it has been demonstrated
that compact dual-frequency operation for short-circuited microstrip antennas can be
achieved. Experimental results for designs with a rectangular patch [19], a circular
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patch [20], a triangular patch [21], and a bow-tie patch [22] are discussed in Section
4.3.2. Finally, in Section 4.3.3, some novel dual-frequency designs applicable to
triangular microstrip antennas [23-26] are shown. Triangular microstrip antennas
are a good substitute for regular rectangular microstrip antenna due to their similar
radiation properties and smaller patch dimensions.

4.3.1 Design with a Pair of Narrow Slots

4.3.1.1 With a Meandered Rectangular Patch Figure 4.29 shows the geom-
etry of a dual-frequency meandered rectangular microstrip antenna loaded with a
pair of narrow slots close to the patch’s radiating edges. In this design, the radia-
tion characteristics of the antenna operated in the TMy; and TM3y modes are sim-
ilar and have the same polarization planes. These two modes can be excited with
good impedance matching using a single probe feed, and owing to the meander-
ing of the rectangular patch with slits inserted at the patch’s nonradiating edges,
the resonant frequencies fio and f3p of the two operating modes can be signifi-
cantly lowered, with the radiation characteristics only slightly affected. This indicates
that a large antenna size reduction can be obtained by using the present design
compared to the slot-loaded patch without slits for fixed dual-frequency operation.
Prototypes of the present design have been constructed and measured [17]. The ob-
tained dual-frequency performance is given in Table 4.8, in which the impedance
bandwidth is determined from the 10-dB return loss, and d, is the distance between
the optimal feed position and the patch center. It can be seen that the optimal feed point
is within a variation of 2 mm and thus is not sensitive to the slit length. However,
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FIGURE 4.29 Geometry of a slot-loaded, meandered rectangular microstrip antenna with
compact dual-frequency operation. (From Ref. 17, © 1998 IEE, reprinted with permission.)
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TABLE 4.8 Dual-Frequency Performance of the Antenna
in Figure 4.29 [17]°

Slit Length d, fi.BW f.BW
¢ (mm) (mm)  (MHz, %) (MHz %)  f/fi
0 6.7 1915, 1.8 3620, 1.2 1.89

4 6.3 1811, 1.6 3620, 1.2 2.00

6 5.9 1698, 1.5 3531, 1.1 2.08

8 5.0 1553, 1.5 3318, 1.1 2.14

10 5.0 1389, 1.4 3062, 1.1 221

12 5.0 1196, 1.3 2730, 1.2 2.28

13 5.0 1096, 1.5 2590, 1.2 2.36

Yep =44, h = 1.6 mm, L =36 mm, W = 24 mm, and {5 = 22 mm.

when the slit length is greater than 13 mm (about 0.54W) in this design, the feed
point for exciting the two frequencies with good matching conditions becomes dif-
ficult to locate. This suggests that there exists a limit for the present dual-frequency
design using a single probe feed. Radiation patterns at two operating frequencies were
also measured, and results indicate that the two operating frequencies have the same
polarization planes and similar broadside radiation characteristics.

4.3.1.2 With a Bow-Tie Patch Based on its compact antenna size for a fixed
operating frequency and its similar radiation characteristics to those of a regular
rectangular microstrip antenna, the bow-tie microstrip antenna has been proposed and
studied [18]. In this section, a dual-frequency design of bow-tie microstrip antennas
in which a pair of narrow slots is embedded close to the radiating edges of the bow-
tie patch is presented. Figure 4.30 shows the geometry. The bow-tie patch has a flare
angle « and a patch width W. The linear dimension of the bow-tie patch in the resonant

—— probe feed

|

l € hi substrate

]
? X ground

FIGURE4.30 Geometry of a dual-frequency bow-tie microstrip antenna with a pair of narrow
slots. (From Ref. 18, © 1998 IEE, reprinted with permission.)
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FIGURE 4.31 Measured return loss for the antenna shown in Figure 4.30; ¢, = 4.4, h =
1.6 mm, L =37.5 mm, W =25.2 mm, £ = 20.7 mm, and d, = 2.7 mm. (From Ref. 18,
© 1998 IEE, reprinted with permission.)

direction is fixed to be L. A pair of narrow slots having dimensions 1 mm x £ are
embedded in the bow-tie patch and placed close to the radiating edges at a distance
of 1 mm. A single probe feed is located along the centerline of the bow-tie patch
at a distance of d;, from the patch center. It is found that both the TM;o and TM3,
modes are strongly perturbed, with their respective resonant frequencies decreased
with increasing flare angle of the bow-tie patch. In addition, there exists a feed position
for good impedance matching of the two operating frequencies.

Many prototypes of the proposed antenna with various flare angles have been
constructed and investigated. Figure 4.31 shows measured return loss for the cases
with ¢ = 0°, 20°, and 30°. The perturbed TM;o and TM3y modes are excited with
good impedance matching, and the small dips between these two modes are the TM;
mode. Measured resonant frequencies f; (= fio) and f> (= f30) and the frequency
ratio f,/fi are listed in Table 4.9. It is seen that f; is more sensitive to the flare-angle
variation than is f>; the obtained frequency ratio for the present design varies in the

TABLE 4.9 Dual-Frequency Performance of the Antenna
in Figure 4.30 [18]°

Flare Angle d, f1, BW f>, BW

o (deg) (mm)  (MHz, %)  (MHz, %)  fo/fi

0 7.3 1865, 2.1 3785, 1.2 2.02

5 6.3 1825, 1.7 3770, 1.2 2.07

10 6.1 1775, 1.8 3765, 1.2 2.12

15 5.8 1700, 1.8 3730, 1.2 2.19

20 4.8 1625, 1.6 3720, 1.1 2.29

30 3.0 1360, 1.3 3615, 1.2 2.66

35 2.7 1215, 1.2 3560, 1.1 2.93

¢ Antenna parameters are given in Figure 4.31.
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FIGURE 4.32 Measured E-plane (x—z plane) and H-plane (y—z plane) radiation patterns for
the antenna studied in Figure 4.31 with « = 30°. (a) f = 1360 MHz, (b) f = 3615 MHz.
(From Ref. 18, © 1998 IEE, reprinted with permission.)

range 2.0-3.0 and increases monotonically with increasing flare angle. The radiation
patterns were also measured. Figure 4.32 plots the typical patterns at the two operating
frequencies for the case with & = 30°. It is seen that the two operating frequencies
have the same polarization planes, and good cross-polarization radiation is observed,
especially for the E-plane radiation.

4.3.2 Design with a Shorted Microstrip Antenna

4.3.2.1 With a Rectangular Patch By incorporating a shorting pin in the cen-
terline of a rectangular microstrip patch and exciting the patch through a suitable
feed position chosen from the centerline, a good matching condition for the first two
resonant frequencies of the microstrip antenna can be obtained, which makes possible
the dual-frequency operation of such a compact microstrip antenna through a single
coax feed. To demonstrate the results, an experimental study of the single-feed dual-
frequency compact microstrip antenna has been presented [19]. Figure 4.33 shows
the antenna geometry. The rectangular patch, printed on a substrate of thickness / and
relative permittivity &, has alength L and a width W. When the shorting pin is absent,
the rectangular patch antenna is usually operated as a half-wavelength antenna. When
there is a shorting pin placed at x = —L /2, y = 0 (center of the patch edge) and the
feed position is chosen from the centerline, a condition for eliminating the excitation of
the TMy, mode, m = 1,3, 5, .. ., the first two resonant frequencies of the rectangular
patch are dominated by the patch length (i.e., with the same polarization plane, the x—z
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FIGURE 4.33 Geometry of a shorted rectangular microstrip antenna for compact dual-
frequency operation. (From Ref. 19, © 1997 IEE, reprinted with permission.)

plane) and can be approximately expressed as p; x 0.5 fip and p, x 1.5 f19, where p;
and p, are constants of about 0.7-0.9, depending on the microstrip patch parameters.

Typical measured results can be seen in Figure 4.34, where the resonant frequen-
cies are shown as a function of the shorting-pin position. The fundamental resonant
frequency of the conventional patch (without a shorting pin) is designed at 1.9 GHz
(f10)- It can be seen that, when the shorting pin is placed almost at the patch edge
(dy = 1 mm in this case), the first resonant frequency f; occurs at about 722 MHz
(p1 = 0.76) and the second resonant frequency (f>) is about 2310 MHz (p, = 0.81).
In this case, the frequency ratio f,/f] is about 3.2. However, when the shorting pin
moves toward the patch center, f; increases and f, decreases, which decreases the
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FIGURE 4.34 Dependence of the first two resonant frequencies on the shorting-pin position
for the antenna shown in Figure 4.33; ¢, = 4.4, h = 1.6 mm, L = 37.3 mm, W = 24.87 mm,
rs = 0.32 mm, and r, = 0.63 mm. (From Ref. 19, © 1997 IEE, reprinted with permission.)
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frequency ratio. At dg/L = 0.5 (the patch center), the frequency ratio is 2.0, with f;
and f, about 950 and 1900 MHz, respectively. The results suggest that the frequency
ratio of the present antenna is tunable from 2.0 to about 3.2. It should also be noted
that, in the case of shorting the patch at the center (x = 0, y = 0), the resonant fre-
quency of the TM ;o mode is not affected (f, = f19) and a new resonant frequency at
0.5 f10 (= f1) occurs. In this case, the modified microstrip patch can be operated as
either a half-wavelength or a quarter-wavelength antenna.

From many experiments, it is found that there exists a feed position at the centerline
for the shorting-pin-loaded microstrip antenna to operate at two resonant frequencies
with a good matching condition. This optimal feed position is usually close to the
shorting-pin position within about 1 mm to several millimeters. Based on this char-
acteristic, one can easily design a dual-frequency operation with a tunable frequency
ratio between 2.0 and 3.2. With proper selection of the microstrip patch parameters
and the shorting-pin position, f} and f, can be controlled. Then, a feed position is se-
lected near the shorting pin to obtain a good matching condition for operation at f} and
f>. Figure 4.35 shows a typical result of dual-frequency operation. The shorting pin
is placed near the patch edge (d; = 1 mm), and in this case, two resonant frequencies
at about 722 and 2310 MHz are excited with a good matching condition. The ratio of
these two frequencies is about 3.2. The impedance bandwidths determined from the
10-dB return loss are about 1.4% for the 722-MHz band and 1.8% for the 2310-MHz
band. By comparing with the results (about 1.9% and 2.4% for the first two resonant
frequencies) for a conventional rectangular microstrip antenna using the same sub-
strate material, it can be seen that the impedance bandwidth of the present compact
dual-frequency microstrip antenna is reduced. From the results shown in Section 2.2,
the radiation patterns of the present compact antenna at the fundamental resonant fre-
quency remain broadside radiation. However, the cross-polarization radiation, owing
to the presence of the shorting pin, increases. Figure 4.36 shows the measured results
for operation at the second resonant frequency (2310 MHz). Broadside radiation is
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FIGURE 4.35 Measured return loss against frequency for the antenna studied in Figure 4.34
with dg = 1 mm and d, = 2.72 mm. (From Ref. 19, © 1997 IEE, reprinted with permission.)
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FIGURE 4.36 Measured E-plane (x—z plane) and H-plane (y—z plane) radiation patterns at
2310 MHz for the antenna studied in Figure 4.34 with d; = 1 mm and d;, = 2.72 mm. (From
Ref. 19, © 1997 IEE, reprinted with permission.)

also observed, and the cross-polarization radiation is greater in the H plane than in
the E plane.

4.3.2.2 With a Circular Patch By applying the shorting-pin loading technique
to a circular microstrip antenna, dual-frequency operation has been obtained [20]. In
addition to a much reduced antenna size, it is reported that a tunable frequency ratio
of about 2.55-3.83 for the two operating frequencies can be obtained. This frequency-
ratio range is different from that of the shorted rectangular microstrip antenna. This
is largely because, when loaded with a shorting pin, the resonance behavior of the
microstrip antenna against the shorting-pin position will not be the same for different
patch shapes.

Figure 4.37 shows the geometry of a shorted circular microstrip antenna for dual-
frequency operation. For comparison with the dual-frequency compact rectangular
microstrip antenna studied in Section 4.3.2.1, the same substrate material (&, = 4.4,

shorting pin ! probe

o — =& 1% |

FIGURE 4.37 Geometry of a shorted circular microstrip antenna for compact dual-frequency
operation. (From Ref. 20, © 1997 IEE, reprinted with permission.)
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FIGURE 4.38 Dependence of the resonant frequencies on the shorting-pin position for the
antenna shown in Figure 4.37; ¢, = 4.4,h = 1.6 mm, R = 21.86 cm, and r;, = 0.32 mm. (From
Ref. 20, © 1997 IEE, reprinted with permission.)

h = 1.6 mm) is used and the resonant frequency of the conventional disk (without a
shorting pin) at the fundamental mode (TM;; mode) is designed as 1.9 GHz, which
requires a disk radius of 21.86 mm. By placing a shorting pin of radius 7, = 0.32 mm
along the disk radius from the patch center to any point at the patch edge, it is
observed that the fundamental resonant frequency of the circular patch is strongly de-
pendent on the shorting-pin position and decreases monotonically when the shorting
pin is moved close to the patch edge. The results are presented in Figure 4.38. With
the shorting pin placed at about the edge, the circular patch has a lowest resonant
frequency of about 568 MHz, which is smaller than the result for the correspond-
ing case (722 MHz) of a shorted rectangular patch. This is probably because, in the
edge-shorting case, both the rectangular and circular microstrip patches act as nearly
quarter-wavelength antennas and the circular patch has a larger linear dimension
(2R = 43.72 mm) than that (37.3 mm) of the rectangular one. For this reason, the
second resonant frequency of the circular patch is smaller than that of the rectangular
patch, and in this case both patches can roughly be treated as three-quarter-wavelength
antennas. The second resonant frequency in general decreases when the shorting pin is
moved from the patch edge to the patch center, except near the patch edge, where there
is a slightly resonant peak value. From these two resonant frequencies, it suggests that
the tunable frequency ratio of the dual-frequency operation of a shorted circular patch
is about 2.55-3.83. This range is different from that (2.0-3.2) of a shorted rectangular
patch and has a higher tunable frequency ratio. Radiation patterns at the two operat-
ing frequencies have been measured. The two frequencies are observed to have the
same polarization planes and similar broadside radiation characteristics. However,
the cross-polarization radiation is much higher in the H plane than in the E plane.

4.3.2.3 With a Triangular Patch A shorted triangular microstrip antenna with
dual-frequency operation has been studied [21]. This design provides a large frequency
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FIGURE 4.39 Geometry of a shorted triangular microstrip antenna for compact dual-
frequency operation. (From Ref. 21, © 1997 IEEE, reprinted with permission.)

ratio of about 2.5-4.9 for the two operating frequencies. The antenna geometry is
shown in Figure 4.39. The triangular patch was designed to resonate at 1.9 GHz,
which gives a side length of 50 mm. A shorting pin of radius ry (= 0.32 mm) and a
probe feed of radius r, (= 0.63 mm) are placed along the line segment between the
triangle tip and the bottom side of the patch, as shown in Figure 4.39. By varying the
shorting-pin position ds, a strong dependence of the first two resonant frequencies on d
is observed. The results are shown in Figure 4.40. It can be seen that, at ds/d, = 0.33
(the null-voltage point for the TM;y mode), the first resonant frequency f; has a
maximum value and the second resonant frequency f> has a minimum value. In this
case, the frequency ratio f,/f; has a minimum value of about 2.5. Away from this
point, the frequency ratio increases. At the triangle tip, there is a maximum frequency
ratio of about 4.9. The results suggest that, by properly selecting the shorting-pin
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FIGURE 4.40 The first two resonant frequencies against shorting-pin position for the antenna
shown in Figure 4.39; ¢, = 4.4, h = 1.6 mm, L = 50 mm, and r; = 0.32 mm. (From Ref. 21,
© 1997 IEEE, reprinted with permission.)
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FIGURE 4.41 Measured return loss for the antenna studied in Figure 4.40. (From Ref. 21,
© 1997 IEEE, reprinted with permission.)

position, dual-frequency operation with a frequency ratio in the range 2.5-4.9 can be
achieved.

Another important factor to be considered is the impedance matching of both
operating frequencies. The optimal feed position for impedance matching is usually
close to the shorting-pin position, within several millimeters. For the case of d;/d, =
1.0, the optimal feed position is about 2.5 mm from the shorting pin. (This distance
between the feed position and shorting pin also approximately holds for other values
of dy/dy; i.e., the two other operating frequencies. By slightly adjusting this distance,
a good matching condition for the two operating frequencies for a specific value of
ds/dy can be obtained.) Figure 4.41 shows the measured return loss for this case.
Two frequencies at 464 and 2276 MHz are excited. The impedance bandwidths are
about 1.4% and 1.8% for the 464- and 2276-MHz bands, respectively. It should also
be noted that these two operating bands have the same polarization plane and similar
radiation characteristics as described for shorted rectangular and circular microstrip
antennas in Sections 4.3.2.1 and 4.3.2.2.

4.3.2.4 With a Bow-Tie Patch The case of a shorted bow-tie microstrip an-
tenna for compact dual-frequency operation has been studied [22]. In this design (see
Figure 4.42), with proper selection of the feed position along the patch’s centerline,
the antenna’s first two resonant frequencies are found to have the same polarization
planes and can both be excited with good impedance matching. By varying the patch’s
aspectratio (L/ W in the figure) or the flare angle «, it is possible to obtain a frequency
ratio of about 5.0.

4.3.3 Design with a Triangular Microstrip Antenna

4.3.3.1 With a Pair of Narrow Slots Dual-frequency operation can be obtained
by embedding a pair of narrow slots in a triangular microstrip antenna [23]. The
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FIGURE 4.42 Geometry of a short-circuited bow-tie microstrip antenna for compact dual-
frequency operation.

antenna geometry is shown in Figure 4.43. The triangular patch is equilateral and has
asidelength L. Two narrow slots of length £ and width 1 mm are placed symmetrically
with respect to the centerline (x axis) of the triangular patch. The two slots are also
a distance 1 mm from the bottom edge of the triangular patch and have a spacing S.
With the present design, the first two broadside-radiation modes, TM o and TM, of
the triangular microstrip antenna are perturbed and their corresponding patch surface
current paths are both lengthened. However, since the two slots are placed parallel to

1 mm

1 mm
probe feed

FIGURE 4.43 Geometry of a dual-frequency equilateral-triangular microstrip antenna with
a pair of narrow slots. (From Ref. 23, © 1999 John Wiley & Sons, Inc.)
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FIGURE 4.44 Measured return loss for various spacings between two embedded slots for
the antenna shown in Figure 4.43; ¢, =4.4, h = 1.6 mm, L = 50 mm, and ground-plane size =
75 x 75 mm?. (From Ref. 23, © 1999 John Wiley & Sons, Inc.)

the centerline of the patch, the perturbation effects on the TM o mode are relatively
much smaller than those on the TMy mode, which leads to a slight lowering in the
resonant frequency fjo of the TM;y, mode and a significant lowering in the resonant
frequency f>¢ of the TM;y mode. This behavior makes possible a lower frequency
ratio for the present dual-frequency design.

The present antenna with various parameters of the two slots has been implemented
and studied. Figure 4.44 shows the measured return loss for various spacings between
the two slots. In this case, the side length of the patch is selected to be 50 mm, and the
length £ of the two slots is fixed to be 23 mm. Note that, from the excited patch surface
current densities obtained from IE3D™ simulation, the first two resonant modes are
identified as associated with the TM;y and TM;y modes of the simple triangular
microstrip antenna without slots; that is, the two operating modes in the present
design can be treated as perturbed TM ¢ and TM;( modes. The resonant frequencies
of these two modes are here denoted f; and f,. The corresponding dual-frequency
performance of the antenna is given in Table 4.10. It is seen that f; is slightly lowered
than fjo (about 1870 MHz) of the simple triangular microstrip antenna. Conversely, f>
is significantly decreased compared to f>y (about 3730 MHz) of the simple triangular
microstrip antenna. This behavior agrees with the prediction mentioned earlier, and a
low frequency ratio f,/f; of about 1.4 is obtained for the case shown in Figure 4.44.

Figure 4.45 shows the measured return loss for various slot lengths with a fixed
spacing between the two slots (S = 18 mm). The corresponding results are listed in
Table 4.10. In this case, the frequency ratio is varied from about 1.4 to 1.45, and
this implies that the frequency ratio is more sensitive to the variation in the spacing
between the two slots than to the variation in the slot length. In addition to the cases
studied in Figures 4.44 and 4.45, other cases with different slot lengths and spacings
have also been constructed and measured. The results are shown in Table 4.10. In
general, by controlling the length of the slots and the spacing between the two slots, the
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TABLE 4.10 Dual-Frequency Performance of the Antenna
in Figure 4.43 [23]*

¢ S dy fi,BW £, BW

(mm) (mm) (mm) (MHz, %) (MHz, %) flh
17 22 20.4 1838, 1.4  2743,13  1.492
19 18 19.6 1836,1.5  2674,13  1.456
21 18 18.7 1800, 1.6 2572,1.4  1.429
23 18 18.0 1754,1.7  2486,15 1417
23 16 19.0 1802,1.8  2552,1.7 1416
23 14 19.8 1844,1.8  2580,1.7  1.399
30 10 212 1740,19  2365,1.7  1.359

“ Antenna parameters are given in Figure 4.44.

present antenna can have a tunable frequency-ratio range of about 1.35—1.5. Radiation
patterns of the antenna were also measured. Similar broadside radiation characteristics
and same-polarization planes for the two operating frequencies are observed.

4.3.3.2 With a Pair of Spur Lines Dual-frequency operation of a single-feed
equilateral-triangular microstrip antenna with a pair of spur lines has been demon-
strated [25]. The two operating frequencies have the same polarization planes and, by
varying the spur-line length, the frequency ratio of the two operating frequencies is
tunable in the range of about 1.2-2.1. Figure 4.46 depicts the antenna geometry. The
equilateral-triangular patch has a side length of L. Two spur lines of narrow width 1
mm and length ¢ are embedded in the patch at a small distance 1 mm from the patch
edge and the bottom side of the triangular patch. It is found that, when the spur-line
length is greater than about one-half of the patch’s side length, this antenna can have
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FIGURE 4.45 Measured return loss for various lengths of the embedded slots for the antenna
shown in Figure 4.43; &, = 4.4,h = 1.6 mm, L = 50 mm, and ground-plane size = 75 x 75 mm?>.
(From Ref. 23, © 1999 John Wiley & Sons, Inc.)
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FIGURE 4.46 Geometry of a dual-frequency equilateral-triangular microstrip antenna with
a pair of spur lines. (From Ref. 25, © 1998 IEE, reprinted with permission.)

a new resonant mode at a frequency less than the fundamental resonant frequency fj
of the simple triangular microstrip antenna. Furthermore, this new resonant mode and
the TM o mode can both be excited with good impedance matching using a single
probe feed located along the centerline (x axis) at a distance d, from the bottom of
the triangular patch.

Based on the above-described antenna design, prototypes of the antenna with var-
ious spur-line lengths were constructed and measured. The obtained dual-frequency
performance is listed in Table 4.11. It is first noted that the antenna parameters studied
here give a fundamental resonant frequency at about 1900 MHz for the case without
spur lines. The results clearly show that, by increasing the spur-line length, the lower

TABLE 4.11 Dual-Frequency Performance of the Antenna
in Figure 4.46 [25]°

Spur-Line Length d, fi,BW f2, BW
¢ (mm) (mm)  (MHz, %) (MHz, %)  f2/fi
24 2.7 1624, 2.0 1883, 1.3 1.16
28 2.7 1428, 1.7 1878, 1.7 1.32
32 2.7 1242, 1.6 1878, 1.7 1.51
36 2.8 1037, 1.7 1878, 1.7 1.81
40 2.8 949, 1.5 1878, 1.7 1.98
42 2.8 890, 1.7 1878, 1.7 2.11

Yer =44, h = 1.6 mm, L =50 mm.
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frequency f) is decreased and is lower than 1900 MHz. On the other hand, the higher
frequency f; is very slightly affected by the variation in the spur-line length and is
about the same as the frequency fjo of the simple triangular microstrip antenna. This
is because the embedded spur lines are parallel to the excited patch surface current
path of the TM;p mode, and thus a very small perturbation in the TM;y mode can be
expected. Such different effects of the spur-line length on f; and f; provide the present
design with a tunable frequency-ratio range of about 1.2-2.1. It can be seen that the
optimal feed positions in this design are almost about the same, which indicates that
the feed position is insensitive to the variation in the spur-line length. Radiation pat-
terns at the two operating frequencies were also measured. It is observed that the
two operating frequencies have the same polarization planes (x—z plane) and similar
broadside radiation characteristics. In addition, probably owing to the spur-line per-
turbation, the radiation pattern of the lower operating frequency has a relatively larger
cross-polarization component than that of the higher operating frequency.

4.3.3.3 With a V-Shaped Slot Dual-frequency operation of a slotted triangular
microstrip antenna incorporating the use of a thick foam substrate has been presented
[26]. Figure 4.47 shows the proposed geometry with a V-shaped slot embedded in the
triangular patch. The triangular patch is equilateral with side length L. The V-shaped
slot has dimensions ¢, £,, w1, and w,, where £; and ¢, are, respectively, the lengths
of the outer and inner edges of the V-shaped slot and w; and w, are, respectively,
the distances of the outer and inner edges of the V-shaped slot away from the patch
edge. The V-shaped slot is centered in the triangular patch, with the slot tip facing the

foam

FIGURE 4.47 Geometry of a dual-frequency triangular microstrip antenna with a V-shaped
slot. (From Ref. 26, © 1999 John Wiley & Sons, Inc.)
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FIGURE 4.48 Measured return loss for the antenna shown in Figure 4.47; h = 13.5 mm,
L =91 mm, d; =7 mm, d, =26.2 mm, £, =52.5 mm, ¢, =37 mm, w; = 13 mm, and
wy = 20 mm. (From Ref. 26, © 1999 John Wiley & Sons, Inc.)

triangle tip, and the upper edge of the V-shaped slot is ds from the patch edge. A probe
feed is placed at point C for the proposed dual-frequency operation, where point C
is the null-voltage point along the centerline A B for the fundamental TM,y mode of
the unslotted triangular microstrip antenna. The frequency ratio of the two operating
frequencies is controlled by the dimensions of the V-shaped slot and the position of
the slot relative to the edge of the triangular patch. The lower and higher operating
frequencies occur, respectively, at a frequency below and above the fundamental
resonant frequency fjo of the unslotted triangular microstrip antenna.

A number of prototypes have been constructed. Figure 4.48 shows the measured
return loss for a design in which the V-shaped slot was chosen to be of dimensions
1, €y, wy, wy) = (52.5, 36, 13, 20 mm) and placed away from the patch edge
at a distance d; = 7 mm. When there is no slot present, the fundamental resonant
frequency of the antenna parameters (L = 91 mm, 4 = 13.5 mm) studied here is about
1800 MHz. From the results obtained, it is seen that the two operating frequencies
at 1524 and 2342 MHz are excited with good matching conditions, which gives a
frequency ratio of about 1.537. The impedance bandwidths are found to be about 4.1%
and 5.6% for the two operating bands centered at 1524 and 2342 MHz, respectively.
Radiation patterns at the two operating frequencies were also measured, and the E-
plane (x—z plane) and H-plane (y—z plane) patterns are plotted in Figure 4.49. Similar
radiation characteristics for the two operating frequencies can be seen, both having the
same polarization planes (y—z plane) and showing relatively larger cross-polarization
radiation in the H plane than in the E plane. The antenna gain in the broadside
direction for the two operating frequencies is also about the same, and is measured
to be about 7.0 dBi.

By varying the dimensions of the V-shaped slot embedded in the triangular
patch, different dual-frequency operations can be obtained. Table 4.12 lists the
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FIGURE 4.49 Measured radiation patterns for the antenna studied in Figure 4.48. (a) f =
1524 MHz, (b) f = 2342 MHz. (From Ref. 26, © 1999 John Wiley & Sons, Inc.)

dual-frequency performance of the antenna with various slot dimensions. From the
results, it is observed that, although all the dimensions of the V-shaped slot can affect
the dual-frequency performance, the higher operating frequency f, is most sensitive
to a variation in the distance ds between the slot’s upper edge and the patch edge. On
the other hand, the lower resonant frequency f; is relatively insensitive to variations
in the slot dimensions. By varying dg from 5 to 16 mm in the present design, dual-
frequency operation with a frequency ratio in the range 1.488-1.834 is obtained. For
a fixed value of dj, one can fine tune the dual-frequency operation by adjusting the
dimensions (£, £, wi, w») of the V-shaped slot.

TABLE 4.12 Dual-Frequency Performance of the Antenna
in Figure 4.47 [26]*

ds Zl wi f],BW fz, BW
(mm)  (mm)  (mm) (MHz, %) (MHz, %)  f2/fi
5 49 15 1530, 3.1 2276, 5.1 1.488
5 54 13 1498, 3.7 2270,5.4 1.515
5 56 12 1484, 3.8 2262,5.6 1.524
7 48 15 1568, 3.1 2356,5.4 1.503
7 53 13 1524, 4.1 2342,5.5 1.537
7 54 12 1496, 3.5 2334,5.4 1.560
7 49 15 1560, 3.3 2312, 6.0 1.482
10 52 11 1538, 3.8 2452,5.8 1.594
16 54 8 1498, 2.8 2748,5.2 1.834

¢ Antenna parameters are given in Figure 4.48.
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4.4 COMPACT DUAL-FREQUENCY OPERATION WITH ORTHOGONAL
POLARIZATION PLANES

In this section, rectangular microstrip antennas with embedded slots or inserted slits
for achieving compact dual-frequency operation [27-33] are described. The embed-
ded slots or inserted slits that have been studied include a cross slot, a pair of bent
slots, four inserted slits, four T-shaped slots, a square slot, a circular slot, and me-
andering slits, among others. The first two resonant frequencies for these designs
are found to have orthogonal polarization planes, and are both greatly lowered with
increasing dimensions of the slots or slits. Dual-frequency operation of microstrip
antennas with a compact size is thus obtained. For circular and triangular microstrip
antennas, similar compact dual-frequency operations have been obtained [34-36].
Typical design examples, such as a circular patch with four inserted slits or an offset
slot and a triangular patch with a slit, are presented.

4.4.1 Design with a Rectangular Microstrip Antenna

4.4.1.1 With a Cross Slot Figure 4.50 shows the antenna geometry. The rectan-
gular patch has dimensions L x W, and the cross slot has equal slot lengths £ and is
centered at point B in the rectangular patch. Point A in the patch is the feed position
for dual-frequency operation for the case without a cross slot, which is determined
from the optimal feed positions of the TMy; and TM ¢ mode excitations. By choosing
an equal-length cross slot, the optimal feed position for dual-frequency operation can
easily be chosen between points A and B, as shown in the figure. Another reason for
choosing an equal-length cross slot instead of using an unequal-length cross slot is
that the frequency ratio of the two excited frequencies are mainly determined by the
aspect ratio of the rectangular patch, which makes the dual-frequency design much
simpler. In addition, by increasing the cross-slot length, both excited frequencies can
be lowered with the frequency ratio almost unchanged.
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FIGURE 4.50 Geometry of a compact dual-frequency rectangular microstrip antenna with a
cross slot. (From Ref. 27, © 1997 IEE, reprinted with permission.)
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FIGURE 4.51 The first two resonant frequencies against normalized cross-slot length for
the antenna shown in Figure 4.50; e, = 4.4, h = 1.6 mm, L = 37.7 mm, and W = 28.4 mm.
(From Ref. 27, © 1997 IEE, reprinted with permission.)

The present design concept has been implemented [27]. Typical results for the
first two resonant frequencies as a function of the cross-slot length are presented in
Figure 4.51. The corresponding characteristics of the two excited frequencies are listed
in Table 4.13. From these results, it is observed that the first two resonant frequencies
decrease with increasing slot length with almost the same frequency ratio (about 1.29).
This frequency ratio is slightly lower than the aspect ratio (1.327) of the rectangular
patch, probably due to substrate effects. The optimal feed position for the two different
frequency excitations is closer to the patch center (point B) when the cross-slot length
increases. For smaller slot length, however, the optimal feed position is about the same
as that (point A) for the simple patch case. When the cross-slot length is greater than
18 mm (0.634W), there exist no proper feed positions in the rectangular patch for the
two different frequency excitations. In this case, other feeding mechanisms such as
an aperture-coupled feed can be used, which will be described later. However, for the
case with £ = 18 mm, both resonant frequencies (1662 and 2144 MHz) are lowered by
about 12% compared to those (1900 and 2446 MHz) of the simple rectangular patch

TABLE 4.13 Dual-Frequency Performance of the Antenna
in Figure 4.50 [27]*

14 f1, BW f>. BW
(mm) d/AB (MHz, %) (MHz, %) Ja/fi
0 1.0 1900, 1.8 2446, 2.4 1.287

8 1.0 1848, 1.8 2376, 2.4 1.286
12 0.94 1795, 1.8 2306,2.3 1.285
14 0.87 1764, 1.7 2280,2.2 1.292
16 0.59 1703, 1.5 2187,2.0 1.284
18 0.20 1662, 1.4 2144,1.8 1.290

“ Antenna parameters are given in Figure 4.51.
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FIGURE 4.52 Measured return loss against frequency for the antenna studied in Figure 4.51
with a cross slot of 18 mm and for the case without a cross slot (¢ = 0). (From Ref. 27,
© 1997 IEE, reprinted with permission.)

without a cross slot. The results for the measured return loss for these two cases are
shown in Figure 4.52. This reduction in the two excited frequencies results in a patch
size reduction of about 23% for a given dual-frequency design. For the impedance
bandwidth, determined from the 10-dB return loss, it is found that both bandwidths
for the two operating frequencies decrease with increasing cross-slot length, probably
due to the antenna-size reduction. The radiation characteristics for the two excited
frequencies have been studied. Good cross-polarization levels (better than 20 dB)
for both operating frequencies are obtained for the E- and H-plane radiation, and no
special distinction compared to those of the dual-frequency rectangular microstrip
antenna without a cross slot is observed.

A design with an aperture-coupled feed has been investigated [28]. The antenna
geometry is shown in Figure 4.53. The rectangular patch has dimensions L x W, and
the aspect ratio L/ W controls the frequency ratio of the two operating frequencies;
the cross slot is of equal length £ in both directions, which effectively lowers the
two excited frequencies with the frequency ratio very slightly affected and remaining
mainly controlled by the aspect ratio of the rectangular patch. Typical results for
cross-slot effects on the occurrence of the first two resonant frequencies are presented
in Figure 4.54. It is noted that, to effectively excite the two frequencies, the coupling
slot in the ground plane of the microstrip line is centered below the patch with an
inclination angle given by (with respect to the microstrip line)

o = tan ' (W/L). 4.7

For good impedance matching, the coupling-slot length is increased with increasing
cross-slot length. The tuning-stub length ¢, is first chosen to be about the average of
the guided wavelength in the microstrip line for the two frequencies and then fine
tuned to achieve a good matching condition for the two frequencies. Details of the
experimental results are listed in Table 4.14. The results for the return loss for the
patch with a large cross slot [£ =26 cm (= 0.915W)] and a simple patch without
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FIGURE4.53 (a) Exploded view and (b) top view of an inclined-aperture-coupled rectangular
microstrip antenna with a cross slot for compact dual-frequency operation. (From Ref. 28,
© 1998 IEE, reprinted with permission.)

a cross slot (£ = 0) are shown in Figure 4.55 for comparison. From the results, it
is seen that the frequency ratio is nearly independent of the cross-slot length and is
slightly less than the aspect ratio (1.327) of the rectangular patch. This difference
is mainly due to substrate effects. For the case ¢ = 26 cm, both frequencies are
lowered to about 78% times those of the simple patch case, which implies that the
antenna size can be reduced to about 60% that of the design using a simple patch.
Note that this antenna size reduction is 40%, which is nearly twice the attainable
antenna size reduction (about 23%) using the coax feed shown in Figure 4.50. This

2.5

Frequency (GHz)

0 0.2 0.4 0.6 0.8 1.0
Normalized Slot Length (¢/W)
FIGURE 4.54 The first two resonant frequencies f; and f, against normalized cross-slot

length for the antenna shown in Figure 4.53; h =t = 1.6 mm, ¢, = ¢ = 4.4, L = 37.7 mm,
W =28.4 mm, w¢ =3.0 mm, « = 37°. (From Ref. 28, © 1998 IEE, reprinted with permission.)
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TABLE 4.14 Dual-Frequency Performance of the Antenna in Figure 4.53 [28]°

14 Coupling-Slot Tuning-Stub fi1, BW f>, BW
(mm) Size (mm?) Length (mm) (MHz, %) (MHz, %) /i

0 1.2 x 18.5 18.3 1799, 2.1 23006, 2.4 1.282

8 1.2 x19.0 18.3 1773,2.0 2271,2.3 1.281
12 1.2 x 20.0 20.8 1741, 1.8 2224,2.3 1.277
16 1.2 x 21.0 21.9 1676, 1.9 2135,2.2 1.274
20 1.2 x22.0 23.2 1596, 1.6 2062, 1.8 1.292
22 1.2 x23.5 24.1 1529, 1.6 1963, 1.7 1.284
24 1.2 x 24.5 25.3 1471, 1.6 1900, 1.6 1.292
26 1.2 x25.5 26.2 1389, 1.5 1804, 1.6 1.299

¢ Antenna parameters are given in Figure 4.54.

is mainly because the aperture-coupled feed method has more freedom to control
the input impedance for impedance matching than does the probe-feed case. Results
show that the impedance bandwidth decreases with decreasing resonant frequency
(see Table 4.14). This is largely owing to the decrease in the electrical thickness of the
substrate when the resonant frequency decreases. The radiation patterns of the dual-
frequency patch antenna with a cross slot have been measured, and good broadside
radiation characteristics for both operating frequencies have been observed.

4.4.1.2 With a Pair of Bent Slots  With the loading of a pair of bent slots, compact
dual-frequency operation for a rectangular microstrip antenna has been reported [29].
Figure 4.56 shows the antenna geometry studied. A pair of bent slots of length £ and
width 1 mm is cut in the patch center, with a small spacing S between the two bent
slots. The feed position for the excitation of the two operating frequencies for various
bent-slot sizes is obtained between points A and B (see Figure 4.56), which is quite
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FIGURE 4.55 Measured return loss against frequency for a simple patch antenna (¢ = 0)
and a patch antenna with a cross slot of 26 mm; antenna parameters are given in Figure 4.54.
(From Ref. 28, © 1998 IEE, reprinted with permission.)
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FIGURE 4.56 Geometry of a compact dual-frequency rectangular microstrip antenna with a
pair of bent slots. (From Ref. 29, © 1998 IEE, reprinted with permission.)

different from that obtained for the case with a cross slot (see Section 4.4.1.1). The
difference in the feed positions is due to the different surface current paths of the
first two dominant modes for the patch with different slot cuts. Point A is the optimal
(50-2) feed position for impedance matching of two operating frequencies for the
case without bent slots, while point B is at the boundary of the bent slots. The location
of point A can be determined from the optimal feed positions of the TMy; and TM
mode excitations.

Prototypes of designs with various sizes of bent slots were constructed and mea-
sured. Figure 4.57 shows the first two operating resonant frequencies as a function of
the bent-slot length. The corresponding impedance bandwidth, optimal feed position,
and frequency ratio are listed in Table 4.15. Measured return loss for £ = 0, 22, and

Frequency (GHz)

0 0.2 0.4 0.6 0.8 1.0
Normalized Slot Length (¢/W)
FIGURE4.57 Thefirsttworesonant frequencies f) and f, against normalized bent-slot length

for the antenna shown in Figure 4.56; ¢, = 4.4, h = 1.6 mm, L = 37.7 mm, W = 28.4 mm,
and S = 1.4 mm. (From Ref. 29, © 1998 IEE, reprinted with permission.)
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TABLE 4.15 Dual-Frequency Performance of the Antenna
in Figure 4.56 [29]°

£ d fi.BW f. BW
(mm) (mm) (MHz, %) (MHz, %) flh
0 6.5 1878, 1.9 2427,2.8 1.292
8 7.0 1859, 1.8 2406, 2.6 1.294
12 6.5 1818, 1.9 2355,2.4 1.295
16 55 1773, 1.7 2303,2.2 1.298
18 5.0 1727, 1.7 2259,2.0 1.308
20 35 1683, 1.6 2226, 2.0 1.322
22 3.0 1629, 1.5 2165,1.9 1.329
24 2.5 1575, 1.5 2128,2.1 1.351
26 2.0 1503, 1.5 2072, 1.8 1.378

“ Antenna parameters are given in Figure 4.57.

26 mm is presented in Figure 4.58. It can be seen that, for £ = 26 mm (= 0.915W), the
two operating frequencies are lowered by about 20% and 15%, respectively, compared
to those of the simple patch case (¢ = 0). This implies that, for fixed dual-frequency
operation, the required antenna size is only about 68% that of the design using a
simple patch without bent slots. This corresponds to a 32% antenna size reduction.
The results in Table 4.15 show that the lowering of the first resonant frequency is
more significant than that in the second resonant frequency, which leads to a small
increase in the ratio of the two frequencies with increasing bent-slot size. In general,
the frequency ratio is still mainly controlled by the aspect ratio of the rectangular
patch. The measured radiation patterns of the two operating frequencies were also
measured. Although the excited patch surface current paths are significantly altered to
lower the desired resonant frequencies, no special distortion of the radiation patterns
is observed and the cross-polarization radiation is at an acceptable level.

—
(=]

Return Loss (dB)
(3]
(=}

30
40 £=26mm 0 mm
1.4 1.6 1.8 2.0 22 2.4 2.6
Frequency (GHz)

FIGURE 4.58 Measured return loss against frequency for £ = 0 (a simple patch) and £ = 22,
26 mm; antenna parameters are given in Figure 4.57. (From Ref. 29, © 1998 IEE, reprinted
with permission.)
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4.4.1.3 With Four Inserted Slits The use of four inserted slits at the patch edges
of arectangular patch [30] has been shown to be a promising compact dual-frequency
design. The antenna design is shown in Figure 4.59. The four inserted slits are of
equal length £ and narrow width 1 mm. When the slit length increases, the resonant
frequencies of the first two resonant modes are lowered, similar to the cases with a
cross slot or a pair of bent slots. Point A in the patch is again the feed position for dual-
frequency operation for a simple rectangular patch without slots, which is determined
from the optimal feed positions of the TMy; and TM 9 mode excitations. With the
presence of slits, it is found that the optimal feed position for the excitation of the first
two resonant modes can be approximately obtained by moving horizontally toward
point B (see Figure 4.59). When the slot length increases, the 50-2 feed position for
the two modes moves closer to point B.

Several prototypes have been constructed. Figure 4.60 shows measured results for
the first two resonant frequencies as a function of the normalized slit length. It is
clearly seen that the two resonant frequencies decrease with increasing slit length,
with the frequency ratio of the two frequencies very slightly affected by the slit-length
variation and mainly controlled by the aspect ratio of the rectangular patch. The dual-
frequency performance for various slit lengths is given in Table 4.16. The measured
return loss for £ =0, 11, and 12 mm is shown in Figure 4.61. The results give a
frequency ratio of about 1.30, which is slightly less than the aspect ratio (1.327) of
the rectangular patch. This difference is mainly due to the substrate effect. It should
also be noted that, for slit length greater than 12 mm, a single probe feed for obtaining
a good 50-Q2 matching condition of the two modes becomes difficult to locate. From
the results for £ = 12 mm (= 0.423W), both frequencies are lowered by about 25%
as compared to those of a simple patch without slots. This suggests that, for fixed
dual-frequency operation, the antenna size of the present design can be reduced to

1 mm
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FIGURE 4.59 Geometry of a compact dual-frequency rectangular microstrip antenna with
four narrow inserted slits.
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FIGURE4.60 The first two resonant frequencies against normalized slit length for the antenna
shown in Figure 4.59; ¢, = 4.4, h = 1.6 mm, L = 37.7 mm, and W = 28.4 mm.

56% of that using the regular-size dual-frequency design studied in Section 4.4.2.
Figure 4.62 presents the measured E- and H-plane radiation patterns for the two
operating frequencies of the design with £ = 11 and 12 mm. The results show good
broadside radiation and acceptable cross-polarization levels for the two operating
frequencies in the present design.

4.4.1.4 With Four T-Shaped Slots The case with four T-shaped slots has been
studied, and the design is shown in Figure 4.63. In this design, four T-shaped slots are
aligned to face the four edges of the rectangular patch, leaving a spacing of 1.4 mm in
the patch center. The length ¢ of the T-shaped slot is fixed to 12 mm (= 0.423W) and
the width ¢ of the T-shaped slot is varied from 0 to 24 mm. Other antenna parameters
are the same as used in Sections 4.4.1.1-4.4.1.3. Figure 4.64 presents the measured
return loss against frequency for the present design with different slot sizes. The cor-
responding design parameters and antenna performance are listed in Table 4.17. It

TABLE 4.16 Dual-Frequency Performance of the Antenna
in Figure 4.59 [30]°

Slit Length Xp fi1, BW f2, BW
£ (mm) (mm) (MHz, %) (MHz, %) 2/ fi
0 6.5 1878, 1.9 2427,2.4 1.292
4 6.5 1830, 1.9 2364, 2.1 1.291
6 6.0 1758, 1.8 2271,2.0 1.292
8 5.5 1664, 1.7 2142, 1.9 1.287
9 4.7 1601, 1.6 2072, 1.7 1.294
10 4.0 1538, 1.6 1995, 1.7 1.297
11 3.5 1466, 1.6 1906, 1.6 1.300
12 2.0 1386, 1.4 1822, 1.5 1.315

¢ Antenna parameters are given in Figure 4.60.
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FIGURE 4.61 Measured return loss against frequency for the simple patch case (¢ = 0) and
the cases with £ = 11 and 12 mm; antenna parameters are given in Figure 4.60.

is observed that the first two resonant frequencies decrease with increasing slot size.
The loci of the 50-€2 feed position for various slot sizes are found to be roughly on
the diagonal of the rectangular patch, which is similar to the feed-position loci of the
designs with a cross slot (Section 4.4.1.1) and a square slot (Section 4.4.1.5), but quite
different from the feed-position loci of the design with a pair of bent slots (Section
4.4.1.2) or four inserted slits (Section 4.4.1.3). This is largely owing to the differ-
ent excited patch surface current paths for the rectangular patch with different slot

f, =1386 MHz f, = 1822 MHz

—— E-plane
—— H-plane
(b)

FIGURE 4.62 Maeasured radiation patterns at the two operating frequencies for the antenna
studied in Figure 4.60. (a) £ = 11 mm; (b) £ = 12 mm.
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FIGURE 4.63 Geometry of a compact dual-frequency rectangular microstrip antenna with
four T-shaped slits.

perturbations. The results show that, for the case with a T-shaped slot of dimensions
12mm x 24 mm (€ x t), the first two resonant frequencies are lowered by about 24%
and 19%, respectively, compared to the case without a slot. This lowering of the res-
onant frequencies corresponds to an antenna size reduction of about 38% using the
present design. The measured radiation patterns were measured, and good radiation
characteristics were observed.

4.4.1.5 With a Square or Circular Slot Figure 4.65 shows a compact dual-
frequency design with a square slot [31] or a circular slot [32]. The dual-frequency
performance is shown in Table 4.18 for the design with a square slot. The two operat-
ing frequencies decrease with increasing square-slot dimensions, and dual-frequency

—_
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Return Loss (dB)
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FIGURE 4.64 Measured return loss against frequency for the antenna shown in Figure 4.63;
e =44, h=16mm, L =37.7mm, W =284 mm, £ = 12 mm.
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TABLE 4.17 Dual-Frequency Performance of the Antenna
in Figure 4.63 [30]°

T-Slot Size Xp> ¥p fi,BW f>, BW
£, t (mm) (mm) (MHz, %) (MHz, %) 2/
0,0 6.5,6.0 1878, 1.9 2427,2.4 1.292
12,0 5.0,5.0 1720, 1.8 2238,2.2 1.301
12,5 4.0,4.0 1636, 1.8 2148,2.2 1.313
12,12 4.0,4.0 1562, 1.7 2070, 2.2 1.325
12,18 4.0,4.5 1496, 1.9 2014,2.3 1.346
12,24 5.0,3.0 1438, 1.6 1978,2.1 1.375

¢ Antenna parameters are given in Figure 4.64.

operation with a reduced antenna size can be obtained. For the design with a cir-
cular slot, similar results have been observed, and a 20% antenna size reduction has
been demonstrated [32] by comparing the design with the regular-size dual-frequency
rectangular microstrip antenna without a slot.

4.4.1.6 With Meandering Slits By using a meandered patch and an aperture-
coupled feed, compact dual-frequency operation of microstrip antennas has been
achieved [33]. In this design (see the geometry shown in Figure 4.66), the two oper-
ating frequencies are mainly controlled by the patch dimensions and the length of the
meandering slits. Experiments have been conducted, and the obtained dual-frequency
performance is given in Table 4.19. The patch and coupling-slot dimensions are, re-
spectively, 27 x 18 mm? (L x W) and 10 x 2 mm? (L x W;), and the rectangular
patch is arranged such that the direction of the patch length is inclined to the mi-
crostrip feed line with an inclination angle of «. The coupling slot center is placed
right below point C in the rectangular patch; point C is positioned a distance L /8 from
the patch center (or at the center between the first and second slits) along the patch’s
centerline. Such an arrangement incorporating the selection of a suitable tuning-stub
length ¢ is found to be most effective in achieving impedance matching for the two
different operating frequencies in the present design. A large frequency ratio (>2.5)
of the two operating frequencies can be obtained. For fixed dual-frequency operation,
an antenna size reduction of about 50% has been obtained using the present design
compared to the case using a regular rectangular patch without slits.

4.4.2 Design with a Circular Microstrip Antenna

4.4.2.1 With Four Inserted Slits  Figure 4.67 shows a circular microstrip antenna
with four inserted slits for compact dual-frequency operation [34]. The patch-size
reduction is achieved by cutting four equally spaced slits at the boundary of the circular
patch. The circular patch has a radius of R. The two slits on the x axis have the same
length £,, and the two slits on the y axis have an equal length £,. When £, = £,,
dual-frequency excitation cannot be obtained. In this design, we select £, to be fixed
at a length slightly less than the disk radius, which can significantly lengthen the
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FIGURE 4.65 Geometries of a compact dual-frequency rectangular microstrip antenna with
(a) a square slot and (b) a circular slot.

equivalent surface current path in the x direction and lower the fundamental resonant
frequency of the circular patch. Then, by varying £, (0 < £, < £,), itis expected that
the equivalent surface current path in the y direction can be lengthened compared to
that of the TM|; mode of a simple circular patch; however, this lengthening is less
than that in the x-direction excitation. This behavior results in two different resonant

TABLE 4.18 Dual-Frequency Performance of the Antenna

in Figure 4.65(a) [31]°

¢ dy fi.BW f2.BW

(mm) (mm) (MHz, %) (MHz, %) f2/h
0 6 2115, 1.9 2698, 2.2 1.276
2.5 5 2094, 1.9 2675, 2.1 1.277
75 2 2034, 1.8 2587,2.1 1.272
9.0 0 1932, 1.8 2475,2.0 1.281

ey =44, h=1.6mm, L =255 mm, and W = 33.2 mm.
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FIGURE 4.66 (a) Top view and (b) cross-sectional view of a slot-coupled, meandered rec-
tangular microstrip antenna for compact dual-frequency operation. (From Ref. 33, © 1998 IEE,
reprinted with permission.)

lengths in orthogonal directions; that is, dual-frequency operation with orthogonal
polarization planes is obtained. It is also found that, owing to the unequal lengths of
the slits in the x and y directions, the optimal feed position for the excitation of the
two different frequencies with a good matching condition is along the edge of the
longer slit as shown in Figure 4.67.

Figure 4.68(a) presents typical measured results for the first two resonant frequen-
cies as a function of the slit ratio £, /£,. It is seen that the lowest resonant frequency
/1 is independent of the slit ratio and occurs at about 1643 MHz, which is about
0.63 times that (2586 MHz) for a simple patch without slits. This corresponds to an
antenna size reduction of about 60%. On the other hand, the second resonant fre-
quency f> decreases with increasing £,. The frequency ratio of f; and f> is shown in

TABLE 4.19 Dual-Frequency Performance of the Antenna
in Figure 4.66 [33]°

V4 o Tuning-Stub fi1, BW f2, BW
(mm) (deg) Length(mm) (MHz, %) (MHz, %) f/fi
0 43 11.5 2592,1.7  3728,2.7 1438
6 31 30.3 1968,1.5 3790.2.7 1.926
11 38 30.3 1400,1.5  3667,2.0 2.619
6 34 28.3 1991,1.5 3763,2.8 1.890
11 53 28.3 1394,1.6  3616,2.1 2.594

dea =6 =44, hy=hf=1.6 mm, L x W =27 x 18 mm?, and L, x
W, = 10 x 2 mm?2.
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FIGURE 4.67 Geometry of a circular microstrip antenna with four inserted slits for compact

dual-frequency operation. (From Ref. 34, © 1998 John Wiley & Sons, Inc.)

Figure 4.68(b). From the experimental results, an approximate equation for determin-
ing f>/f1 is derived as follows (applicable for £, /¢, ~ 0.28-0.85):

dfratio ~ (d + Z))/(d + OSZX)

4.8)

The calculated results from (4.8) are shown in the figure for comparison. From
this approximate equation, the frequency ratio of the dual-frequency operation can

approximate equation
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FIGURE 4.68 (a) The first two resonant frequencies f; and f, and (b) frequency ratio f»/f;
against the slitratio £, /¢,; &, = 4.4, h = 1.6 mm, R = 16 mm, and ¢, = 14 mm (= 0.875R).

(From Ref. 34, © 1998 John Wiley & Sons, Inc.)



144 COMPACT DUAL-FREQUENCY AND DUAL-POLARIZED MICROSTRIP ANTENNAS

TABLE 4.20 Dual-Frequency Performance of the Antenna
in Figure 4.67 [34]°

A dy fi,BW £, BW

(mm) (mm) (MHz, %) (MHz, %) falfi
4,14 52 1643, 1.2 2473,2.2 1.505
8, 14 4.5 1644, 1.4 2246, 1.8 1.366
10, 14 4.1 1642, 1.5 2092, 1.6 1.274

12, 14 3.7 1644, 1.3 1892, 1.6 1.151

“ Antenna parameters are given in Figure 4.68.

be controlled. Also, from the results shown in Figure 4.68(b), the tunable range
of the frequency ratio is about 1.15-1.5. When £, is small or about the same as
£, (in this case, the frequency ratio can be larger than 1.5 or less than 1.15), a
single feed for exciting the two frequencies with a good matching condition can-
not be obtained in the present design. The corresponding resonant frequency and
impedance bandwidth for the cases studied are listed in Table 4.20, and typical
measured return loss for £, = 12 and 10 mm is presented in Figure 4.69. It is ob-
served that the difference in the impedance bandwidth for the two frequencies in-
creases with increasing frequency ratio. This is largely because the impedance band-
width strongly depends on the electrical thickness of the substrate and is larger for
an electrically thicker substrate. For the radiation patterns measured, good broad-
side radiation with cross-polarization less than —20 dB is observed for the present
design.

4.4.2.2 With an Offset Circular Slot Compact dual-frequency operation has
been obtained by embedding an offset circular slot close to the boundary of a circular
patch [35]. The antenna geometry is shown in Figure 4.70. It is found that, when
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FIGURE 4.69 Measured return loss for dual-frequency operation; antenna parameters are
given in Figure 4.68. (From Ref. 34, © 1998 John Wiley & Sons, Inc.)
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FIGURE 4.70 Geometry of a circular microstrip antenna with an offset circular slot for
compact dual-frequency operation. (From Ref. 35, © 1999 John Wiley & Sons, Inc.)

the radius of the offset slots is about 0.38—0.62 times the radius of the circular patch,
the antenna’s first two resonant frequencies can be easily excited using a single probe
feed. The two resonant frequencies have orthogonal polarization planes and have
a low frequency ratio of about 1.15-1.18. The two frequencies can also be much
lower than the fundamental resonant frequency of the corresponding simple circular
microstrip antenna without an offset slot. Compact dual-frequency operation can thus
be obtained for the present design.

An experimental study has been conducted in which the circular slot is offset close
to the patch boundary, with a small distance of 1 mm between the slot edge and the
patch boundary. It is found that, for a specific range of the slot radius, a single probe
feed (point A in the figure at a distance d,, from the patch center) placed 45° from
the centerline (x axis or y axis) of the circular patch can excite two resonant modes
with good impedance matching. Measured results for the obtained dual-frequency
performance are listed in Table 4.21. Note that, when the slot radius is less than 8 mm
(about 0.38 D), no good excitation of two separate resonant modes in the vicinity of the
fundamental resonant mode (TM) of the corresponding unslotted circular microstrip
antenna can be observed; that is, no dual-frequency operation can be achieved. On the
other hand, when the slot radius is within the range 8-13 mm (about 0.62D), good
excitation of two separate resonant modes can easily be achieved by using a single
probe feed. Depending on the slot radius, the obtained frequency ratio is within the
range of about 1.15-1.18. The optimal feed position is shifted toward the patch center
as the slot radius increases. This behavior leads to the fact that, when the slot radius is
greater than 13 mm, there are no proper feed positions in the circular patch for good
impedance matching of the two operating frequencies. This suggests that single-feed,
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TABLE 4.21 Dual-Frequency Performance of the Antenna
in Figure 4.70 [35]°

Slot Radius d, fi,BW f>, BW

r (mm) (mm) (MHz, %) (MHz, %) /fi

8 12.9 1742, 1.8 2009, 1.9 1.153

9 12.5 1733, 1.9 2003, 2.2 1.156

10 11.9 1619, 1.7 1919, 2.0 1.185

11 11.8 1564, 1.7 1860, 2.0 1.182

12 11.4 1533, 1.6 1802, 1.8 1.175

13 10.5 1490, 1.6 1733, 1.8 1.163

“ Antenna parameters are given in Figure 4.71.

dual-frequency operation of the proposed antenna can only be obtained when the slot
radius is within a specific range of about 0.38—0.62 times the disk radius.

The results for the measured return loss for designs with various slot radii are
shown in Figure 4.71. It can be seen that, for the case with a slot radius » = 13 mm,
the resonant frequencies (1490 and 1733 MHz) are lowered by about 25% and 13%,
respectively, compared to the fundamental resonant frequency fi; (about 2.0 GHz)
of the corresponding simple circular microstrip antenna without a circular slot. This
suggests that the proposed antenna can have a size about 44% or 25% lower than that
of a simple circular patch antenna operated at the lower or higher frequency of the
dual-frequency operation. For the measured radiation patterns for the present design,
good broadside radiation characteristics have been observed.

4.4.3 Design with a Triangular Microstrip Antenna

The design of a triangular microstrip antenna with an inserted slit (see the geometry
shown in Figure 4.72) for dual-frequency operation has been reported [36]. This
antenna design with a frequency ratio of the two operating frequencies ranging from
1.201 to 1.563 has been implemented and analyzed. It is found that, for a fixed

Return Loss (dB)
S =

(98]
o

40 + + + +
1400 1540 1680 1820 1960 2100

Frequency (MHz)

FIGURE 4.71 Measured return loss for the antenna shown in Figure 4.70; ¢, = 4.4, h =
1.6 mm, and R = 21 mm. (From Ref. 35, © 1999 John Wiley & Sons, Inc.)
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feed position

FIGURE 4.72 Geometry of a dual-frequency equilateral-triangular microstrip antenna with
a slit. (From Ref. 36, © 1998 John Wiley & Sons, Inc.)

dual-frequency operation, this antenna can have a much smaller patch size (less than
50%) than that required by the design using a regular rectangular microstrip antenna.
In this design, a narrow slit of length £ and width 1 mm is inserted at the edge of
the patch and aligned parallel to the centerline (AB) of the triangular patch. In this
case, the perturbation effect of the slit on the excited patch surface current path of
the TM ;¢ mode (the fundamental mode) in the y direction is very small; that is, the
resonant frequency fjo remains almost unchanged. However, the inserted slit length-
ens the equivalent current path in the x direction of the patch; a resonant mode with
resonant frequency less than fjo can be created. By selecting the proper feed position,
these two orthogonal modes can both be excited with good impedance matching. The
experiments show that the optimal feed position for dual-frequency operation is ap-
proximately located on the line segment C D parallel to the bottom side of the patch,
where point C is on the y axis and is the 50-2 feed position of the TM ;o mode for
the patch without a slit, and point D is at the edge of the slit. When the slit length
increases, the feed position should move away from point C toward point D. By vary-
ing the slit position d and slit length ¢, the frequency ratio of the two excited resonant
frequencies can be controlled. In the experiments, a frequency ratio of up to about 1.56
has been obtained, with a good impedance matching condition for the two operating
modes. Figure 4.73 presents the measured return loss for a design with various slit
lengths. The corresponding dual-frequency performance is listed in Table 4.22. Two
cases of the slit position, d = 18 and 16 mm, are shown. Note that, to obtain the dual-
frequency operation at 1258 and 1966 MHz ( f>/f1 = 1.563) shown in Table 4.22, the
present design requires a patch size of about 998 mm?, which is about 49% times that
(about 2024 mm?) for a regular rectangular microstrip patch (see Section 4.2.2.1).
The results show that the higher frequency f; is almost unchanged for various
slit positions and slit lengths, whereas the lower frequency f; significantly decreases
with increasing slit length. There exists a limiting slit length for each slit in order
to have a 50-Q2 feed position for the excitation of both operating modes. For d = 18
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FIGURE 4.73 Measured return loss against frequency for the antenna shown in Figure 4.72;
& =44,h=1.6mm,L =48 mm,and BC = 2.6 mm. (a)d = 18 mm, (b)d = 16 mm. (From
Ref. 36, © 1998 John Wiley & Sons, Inc.)

TABLE 4.22 Dual-Frequency Performance of the Antenna
in Figure 4.72 [36]*

d, ¢ dy fi,BW . BW

(mm) (mm) (MHz, %) (MHz, %) 2/ fi
18, 12 6.8 1634, 1.7 1962, 2.3 1.201
18, 14 43 1538, 1.7 1964, 2.2 1.277
18, 16 1.1 1438, 1.7 1962, 2.1 1.364
16, 16 6.0 1450, 1.4 1962, 2.1 1.353
16, 18 2.7 1350, 1.6 1962, 2.0 1.456
16, 20 1.3 1258, 1.6 1962, 1.9 1.563

“ Antenna parameters are given in Figure 4.73.
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and 16 mm, the limiting slit lengths are about 16 and 20 mm, respectively, where
the 50-2 feed position is almost at point D. When the slit length increases further, it
becomes difficult for the present design to achieve a good matching condition for the
two operating frequencies using a single probe feed.

4.5 DUAL-BAND OR TRIPLE-BAND PIFA

Owing to their compactness and possible wide bandwidth, planar inverted-F anten-
nas (PIFAs) have been employed as internal dual-band antennas for cellular telephone
handsets for GSM900/1800 systems. The basic design concept and an example for
achieving dual-band operation are described in Section 3.2.1. Other interesting PIFA
designs for dual-band operation have been discussed [37, 38]. Recently, a meandered
planar inverted-F antenna with a single probe feed for achieving triple-frequency op-
eration has been reported [39]. This triple-band planar inverted-F antenna is achieved
by inserting two linear slits of different dimensions at opposite edges of the radiat-
ing patch and using two shorting strips for short-circuiting the radiating patch. By
controlling the dimensions of the two inserted slits and using an antenna volume of
40 x 38 x 9 mm? (air-filled substrate), it is reported that three operating frequen-
cies at 900, 1900, and 2450 MHz can be obtained, although the obtained impedance
bandwidth (10-dB return loss) is only about 4% for the three frequencies [39].

4.6 COMPACT DUAL-POLARIZED DESIGNS

This section describes the dual linearly polarized operation of a compact square
microstrip antenna with a slotted radiating patch. It is demonstrated that such a slotted
microstrip antenna with a group of four symmetrical bent slots can give excellent dual-
polarized radiation [40], while the antenna size is significantly reduced for operating at
a fixed frequency. Obtaining compact dual-polarized radiation by embedding suitable
slots in the ground plane of a microstrip antenna is also discussed, and experimental
results for a constructed prototype are presented. Finally, dual-polarized radiation for
a triangular microstrip antenna excited by two probe feeds is shown. Experimental
results obtained from a constructed prototype with an inexpensive FR4 substrate show
that high isolation between the two feeding ports (less than —30 dB) can be obtained,
and good dual linear polarization is achieved.

4.6.1 Design with a Slotted Square Patch

Geometries of compact dual-polarized square microstrip antennas with four bent
slots parallel to the patch’s central lines (denoted design A) and the patch’s diagonals
(design B) are shown, respectively, in Figures 4.74(a) and 4.74(b). The square patch
has a side length L, and the four bent slots are of the same dimensions and have
a narrow width of 1 mm. The two arms of each bent slot have the same length ¢
and are perpendicular to each other. The spacing between two adjacent bent slots is
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(b)

FIGURE 4.74 Geometries of compact dual-polarized square microstrip antennas. (a) Design
with bent slots in parallel with the patch’s central line (design A), (b) design with bent slots in
parallel with the patch’s diagonals (design B). (From Ref. 40, © 2000 John Wiley & Sons, Inc.)

denoted S. The two probe feeds for the two feeding ports are located a distance of d;,
from the patch center; the feed arrangement in design A excites 0° (%-directed) and
90° (y-directed) linearly polarized waves, whereas the feed arrangement in design B
radiates +45° slanted linearly polarized waves.

For design A, three prototypes, antennas A1-A3, and a corresponding antenna
without bent slots (reference A) were constructed and experimentally studied.
Figure 4.75 presents the measured S;; and S,; against frequency. The side length of
the square radiating patch was chosen to be 28.5 mm, and inexpensive FR4 microwave
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FIGURE 4.75 Measured S;; and S,; against frequency for prototypes of design A shown
in Figure 4.74; &, = 4.4, h = 1.6 mm, L = 28.5 mm, d, = 5.8 mm, and ground-plane size =
60 x60 mm?. (a) Antenna Al: £ = 7.5mm, S = 5mm; (b) antenna A2: £ = 10mm, S = 5 mm;
(c) antenna A3: £ = 7.5 mm, S = 3 mm; (d) reference A: £ = 0. (From Ref. 40, © 2000 John
Wiley & Sons, Inc.)

substrates of thickness 1.6 mm and relative permittivity 4.4 were used. The parame-
ters of the bent slots and obtained dual-polarized performance are given in Table 4.23.
Note that the feed positions of antennas A1-A3 are all the same as that of reference A,
and the obtained return loss S;; at the resonant frequency f;, defined as the frequency
with minimum S;; in the impedance bandwidth, is below —20 dB. This suggests that
the optimal feed position for achieving good impedance matching for the proposed
compact dual-polarized microstrip antenna is insensitive to the bent slots introduced
in the square patch. By comparing the resonant frequencies of antennas Al and A2
to that of reference A, it is clearly seen that the obtained resonant frequencies are

TABLE 4.23 Dual-Frequency Performance of the Antenna
in Figure 4.74(a) [40]°

V4 dp S fr BW SZl,max
(mm) (mm) (mm) (MHz) (%) (dB)

Antenna Al 7.5 5.8 5.0 2140 1.9 —-32.3
Antenna A2 10 5.8 5.0 1870 1.4 —39.2
Antenna A3 7.5 5.8 3.0 2130 1.9 —29.5
Reference A 0 5.8 — 2480 2.4 —-31.9

“ Antenna parameters are given in Figure 4.75.
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greatly lowered with increasing length of the bent slots. For antenna A2, the reso-
nant frequency (1870 MHz) is lowered by about 25% compared to that (2480 MHz)
of reference A. This lowering in the resonant frequency corresponds to an antenna
size reduction of about 44%. Furthermore, antenna A2 has an input isolation S,
less than —39.2 dB across the obtained impedance bandwidth, which is better than
that (—31.9 dB) of reference A. This behavior suggests that improved input isolation
can be obtained while resonant frequencies are significantly lowered for achieving
compact operation.

Figure 4.76 shows the measured radiation patterns of antenna A2 and ref-
erence A for port 1 excitation at their corresponding resonant frequencies. The
cross-polarization levels (XPLs) of antenna A2 in the £ and H planes are both better
than 20 dB, and the XPL in the broadside direction is about 23 dB, which is roughly
as good as that of reference A. Comparison of antenna A3 to antenna A1 shows that
the variation in the spacing between two adjacent bent slots has a small effect on the
lowering of the resonant frequency; however, the obtained input isolation within the
impedance bandwidth for antenna A3 is not as good as that of antenna A1 (maximum
S0 —29.5 vs. —32.3 dB).

Prototypes (antennas B1-B3) of design B were also constructed and studied. In this
study, effects of small variations of the feed position on the obtained dual-polarized
performance were investigated. The side lengths of the square radiating patch and

0 -90° . 4
0 -20dB E-plane 0 -20dB H-plane

Antenna A2
(a)

- ‘ -90° -
0 -20dB E-plane 0 H-plane
Reference A
co-pol
cross-pol

(b)

FIGURE 4.76 Measured radiation patterns for port 1 excitation of antenna A2 and reference
A studied in Figure 4.75. (a) Antenna A2 at 1870 MHz, (b) reference A at 2480 MHz. (From
Ref. 40, © 2000 John Wiley & Sons, Inc.)
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TABLE 4.24 Dual-Frequency Performance of the Antenna
in Figure 4.74(b) [40]°

¢ dp S f;' BW SZl,max

(mm) (mm) (mm) (MHz) (%) (dB)
Antenna B1 10 5.6 7.0 2060 1.8 —26.7
Antenna B2 10 5.8 7.0 2075 1.8 —-36.0
Antenna B3 10 6.0 7.0 2090 1.9 —25.7
Reference B 0 5.8 — 2480 2.5 —-27.5

¢ Antenna parameters are given in Figure 4.77.

microwave substrate used were the same as those in the study of design A. The lengths
of the bent slots and their spacings were fixed to be 10 and 7.0 mm, respectively.
The experimental results are given in Table 4.24, and the measured S;; and Sy
against frequency are presented in Figure 4.77. Results for the case without bent slots
(reference B) are shown for comparison. It is observed that the variations of S;; are not
sensitive to the movement of the feed position from d, = 5.6 mm (antenna B1) to 6.0
mm (antenna B3), and the resonant frequencies of antennas B1-B3 are about the same
and are greatly reduced by about 16% compared to that (2480 MHz) of reference B.
This lowering in the resonant frequency corresponds to about 30% reduction in
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FIGURE 4.77 Measured S;; and S,; against frequency for prototypes of design B shown
in Figure 4.74; ¢, = 4.4, h = 1.6 mm, L = 28.5 mm, and ground-plane size = 60 x 60 mm?.
(a) AntennaB1: £ = 10mm, S = 7mm, d, = 5.6 mm; (b) AntennaB2: £ = 10mm, S = 7mm,
d, = 5.8 mm; (c) antenna B3: £ = 10 mm, § = 7 mm, d, = 6.0 mm; (d) reference B: £ =0,
d, = 5.8 mm. (From Ref. 40, © 2000 John Wiley & Sons, Inc.)
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FIGURE 4.78 Measured radiation patterns for port 1 excitation of antenna B2 and reference

B studied in Figure 4.77. (a) Antenna B2 at 2075 MHz, (b) reference B at 2480 MHz. (From
Ref. 40, © 2000 John Wiley & Sons, Inc.)

antenna size for the proposed antenna compared to the design with a correspond-
ing unslotted antenna for fixed dual-polarized operation.

The trace of input isolation against frequency changes greatly with a small vari-
ation in the feed position. An improvement of 8.5 dB in the maximum S;; is seen
for antenna B2 compared to that of reference B (—36.0 vs. —27.5 dB). This input
isolation improvement is similar to that observed for the study of design A. This
suggests that accurate determination of the feed position is important in achiev-
ing optimal input isolation for the proposed compact dual-polarized microstrip an-
tenna. Figure 4.78 presents the radiation patterns of antenna B2 and reference B for
port 1 excitation at their corresponding resonant frequencies. The results are similar
to those observed for design A. Owing to the antenna size reduction, the antenna
gain of the present compact dual-polarized antenna will be decreased compared to
that of the corresponding unslotted microstrip antenna (references A and B). Com-
paring antenna Al to reference A shows a lowering of antenna gain level by about
1.5 dBi.

4.6.2 Design with a Slotted Ground Plane

The design shown in Figure 4.79 has been studied for achieving dual-polarized ra-
diation for a microstrip antenna with a slotted ground plane [46]. In the design, two
pairs of narrow slots of equal lengths are embedded in the ground plane of a regular
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FIGURE4.79 Geometry of acompact dual-polarized microstrip antenna with a slotted ground
plane. (From Ref. 46, © 2001 IEEE, reprinted with permission.)

microstrip antenna. The two pairs of narrow slots are placed along two centerlines
(x axis and y axis in the figure) of the ground plane. Two probe feeds (ports 1 and 2)
are placed along the diagonals of the radiating patch and are at a position d, from
the patch center. The present antenna radiates +45° slanted polarizations. A pro-
totype of the antenna shown in Figure 4.79 with £ = 20 mm was constructed. The
feed position was at d, = 5.7 mm. Measured Si; and S, against frequency are pre-
sented in Figure 4.80. Note that the obtained impedance bandwidth is 70 MHz, or
about 3.8% referenced to the resonant frequency at 1838 MHz. The resonant fre-
quency is about the same as that obtained for the antenna with £ = 20 mm studied
in Section 3.6 (1838 vs. 1835 MHz). This suggests that an antenna size reduction of
about 39% for the present compact dual polarized microstrip antenna can be obtained
compared to the regular dual-polarized microstrip antenna (no embedded slots in
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FIGURE 4.80 Measured S|, and S,, against frequency for the antenna shown in Figure 4.79;
&=44,h=16mm, L =30mm, G =50mm, § =2mm, £ =20 mm, and d, = 5.7 mm.
(From Ref. 46, © 2001 IEEE, reprinted with permission.)
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the antenna’s ground plane) at a fixed operating frequency. The obtained impedance
bandwidth is greater than that studied in Section 3.6 (3.8% vs. 3.1%). This is prob-
ably because more slots are embedded in the ground plane, which results in a lower
quality factor of the microstrip antenna. For the isolation (S,) between the two feed-
ing ports, the measured isolation across the entire impedance bandwidth is less than
—27 dB, with the isolation at the resonant frequency only about —50 dB. Good ra-
diation characteristics for the present design have been observed, and the measured
antenna gain is about 4.5 dBi, the same as for the antenna with £ = 20 mm studied in
Section 3.6.

4.6.3 Design with a Triangular Patch

To achieve dual-polarized radiation of a triangular microstrip antenna with highly
decoupled feeding ports and low cross-polarization, the two feed positions for the
dual linear polarizations need to be carefully determined. The selection of proper feed
positions is described here. Figure 4.81 shows the antenna geometry. The triangular
patch is equilateral and has a side length L. The feed position (x;, y;) = (0, y;) of
port 1 is placed along the centerline (y axis) of the patch for the excitation of the
fundamental mode of TM o, which has a polarization plane along the y—z plane in
the figure. In order to excite a linearly polarized wave with its polarization plane
orthogonal to the y—z plane and have good port decoupling, the possible feed position
(x2, ¥2) of port 2 is between points A and B along the null-voltage locus for port 1
excitation. Points A and B are, respectively, the intersections of the null-voltage locus
with the loci £; and £, which represent the loci with 50-2 input impedance for the
excitation of a linearly polarized wave with its polarization plane —30° and £30°
slanted to the x—z plane, respectively. Note that, when high port decoupling is not
considered, the optimal feed position should be at point C, the intersection of loci £,

null-voltage locus
port 1 i p——-------------

port2 M gF—F ----------- 3 —— ————————— —X
¢ =-30°plane

FIGURE 4.81 Geometry of a dual-polarized equilateral-triangular microstrip antenna.
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FIGURE 4.82 Measured S parameters for the antenna shown in Figure 4.81; ¢, = 4.4, h =
1.6 mm, L = 60 mm, (x;, y;) = (0, 8.7 mm), (x2, y2) = (—20.0, 1.5 mm), and ground-plane
size = 75 x 75 mm?>.

and ¢,. In this case, good excitation of the resulting linearly polarized wave with its
polarization plane along the x—z plane can be obtained. However, in dual-polarized
radiation, high port decoupling is of major concern. For this consideration, the feed
position for port 2 excitation is selected from the null-voltage locus between points
A and B. It is experimentally found that, by moving the feed position along the null-
voltage locus between points A and B, high port decoupling is obtained and there
also exists a feed position with good impedance matching and capable of exciting a
linearly polarized wave with its polarization plane along the x—z plane. In this case,
two orthogonal linearly polarized waves with good radiation characteristics can be
excited for the proposed antenna, and, moreover, highly decoupled feeding ports can
be obtained.

Several prototypes of the dual-polarized design have been constructed. Figures 4.82
and 4.83 present, respectively, the measured S parameters and radiation patterns
for the constructed prototype with L = 60 mm. It is seen that both feeding ports
have about the same impedance bandwidth (determined from 10-dB return loss),
about 27 MHz, or 1.7% referenced to the resonant frequency at 1590 MHz. Also,
across the impedance bandwidth, the measured isolation (S;;) is below —32 dB,
with the isolation at the resonant frequency only about —43.5 dB. Good radiation
characteristics of the two orthogonal linearly polarized waves are obtained. The cross-
polarization radiation in the principal planes of the two linear polarizations is less
than —20 dB. The antenna gain at the resonant frequency, 1590 MHz, is measured
to be about 3.0 and 3.2 dBi, respectively, for the two linear polarizations; the gain
variations across the respective impedance bandwidth are all less than 0.3 dBi. Results
for prototype with L = 50 mm are presented in Figure 4.84. The resonant frequency
is about 1900 MHz, and the impedance bandwidths are about 37 MHz, or 1.9%,
for both port 1 and port 2 excitation. The isolation across the respective impedance
bandwidths of ports 1 and 2 is measured to be better than —31 dB and the isolation
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FIGURE 4.83 Measured radiation patterns for the antenna studied in Figure 4.82; f =

1590 MHz. (a) Port 1 excitation, (b) port 2 excitation.

at 1900 MHz is about —43 dB. The cross-polarization radiation in the principal
planes of the two linear polarizations is less than —20 dB. The antenna gain for port
1 and port 2 excitation is measured to be about 3.0 dBi, and has small variations,
less than about 0.3 dBi, for operating frequencies within the respective impedance

bandwidth.
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FIGURE 4.84 Measured S parameters for the antenna shown in Figure 4.81; ¢, = 4.4, h =
1.6 mm, L = 50 mm, (x;, y;) = (0, 7.2 mm), (x2, y2) = (—16.7, 1.2 mm), and ground-plane

size = 75 x 75 mm?>.
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CHAPTER FIVE
|

Compact Circularly Polarized
Microstrip Antennas

5.1 INTRODUCTION

The major advantage of single-feed, circularly polarized microstrip antennas is their
simple structure, which does not require an external polarizer. They can, therefore,
be realized more compactly by using less board space than do dual-feed, circularly
polarized microstrip antennas. Many designs of single-feed, circularly polarized mi-
crostrip antennas with square or circular patches are known [1]. Recently, various CP
designs with a compact patch size at a fixed operating frequency have been reported.
In these designs, the compact CP techniques used include embedding a cross-slot of
unequal arm lengths [2, 3], embedding a Y-shaped slot of unequal arm lengths [4],
inserting slits or spur lines at the patch boundary [5—13], truncating patch corners
or tips [14-17], introducing small peripheral cuts at the boundary of a circular patch
[18], adding a tuning stub [19-21] or a bent tuning stub [22], among others. For
feeding these compact CP designs, a probe feed or an edge-fed microstrip-line feed
can be used. Prototypes of these designs are presented and discussed in this chapter.
A compact CP design using a 50-2 inset microstrip-line feed is also discussed. In
this case, the main problem to be solved arises from the perturbation effects caused
by the inset microstrip line on the excited patch surface currents, which makes it
difficult for the excitation of two orthogonal near-degenerate resonant modes for CP
radiation. Several possible designs for solving this problem have been reported [23],
and details of the designs applied to a corner-truncated square microstrip antenna are
presented.

5.2 DESIGNS WITH A CROSS-SLOT OF UNEQUAL ARM LENGTHS

Figure 5.1 shows the geometry of a compact circularly polarized microstrip antenna
with a cross-slot of unequal arm lengths. By incorporating a probe feed at 45° to

162
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cross-slot of unequal arm lengths

radiating patch

feed point

substrate I

FIGURE 5.1 Geometry of a compact circularly polarized circular microstrip antenna with a
cross-slot of unequal arm lengths.

the two arms of the cross-slot as shown in the figure or using a proximity coupled
feed [2], it has been found that CP radiation can be obtained at frequencies much
lower than the fundamental resonant frequency of the antenna without a cross-slot.
That is, for a fixed operating frequency, the antenna shown in Figure 5.1 can be used
for CP radiation with a smaller antenna size than a regular microstrip antenna without
a cross-slot.

This compact CP design technique has been successfully applied to triangular
microstrip antennas [3]. Since the triangular microstrip antenna has the advantage
of being smaller at a fixed operating frequency than square or circular microstrip
antennas [24], the present study using a triangular patch is of interest for achieving a
more compact circularly polarized microstrip antenna. For comparison, both regular-
size and compact CP operations of triangular microstrip antennas are studied in this
section. Compact CP operation is defined here as the circularly polarized radiation of
areduced-size or compact triangular microstrip antenna. Conversely, regular-size CP
operation refers to the circularly polarized radiation of triangular microstrip antennas
without a reduction of antenna size at a fixed operating frequency. Figure 5.2(a)
shows a promising regular-size CP design for a triangular microstrip antenna with
an embedded narrow horizontal slot. By using a cross-slot of unequal arm lengths
[see Figure 5.2(b)] in place of the embedded horizontal slot, the circularly polarized
radiation of the slotted triangular microstrip antenna occurs at a lower operating
frequency. This implies that an even smaller antenna size for a fixed CP operation can
be achieved if one uses the present compact circularly polarized triangular microstrip
antenna with a cross-slot in place of conventional CP designs of square or circular
microstrip antennas [1].

For the regular-size CP designs in Figure 5.2(a), a narrow slot of dimensions
£ x 1 mm is embedded in the patch, with the slot oriented parallel to the bottom of the
triangular patch and the slot center at the null-voltage point of the fundamental TM
mode of the simple triangular microstrip antenna without a slot. It is then expected that,
due to the slot perturbation, the equivalent excited patch surface current path of the
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FIGURE 5.2 Geometries of circularly polarized triangular microstrip antennas with (a) a
horizontal narrow slot and (b) a cross-slot of unequal arm lengths. (From Ref. 3, © 1999 IEEE,
reprinted with permission.)

TM |y mode along the direction perpendicular to the narrow slot is lengthened while
the one parallel to the slot orientation is only slightly affected. This behavior results in
the splitting of the TM ¢ mode into two near-degenerate orthogonal resonant modes.
By further selecting the proper slot length and feeding the patch at a suitable position,
the two near-degenerate orthogonal resonant modes can have equal amplitudes and a
90° phase difference, and CP operation can thus be obtained. Referring to the geometry
in Figure 5.2(b), the feed position can be determined from the 50-2 feed-location
loci L and L of the two orthogonal modes, which are determined experimentally in
this study. For the feed position at point A, which is the intersection of loci L; and L,
and is usually located in the left half of the triangular patch, right-hand CP operation
with a good matching condition is obtained. Left-hand CP operation is obtained by
feeding the patch at point B (the mirror image of point A with respect to the centerline
of the triangular patch).

The antenna shown in Figure 5.2(b) is designed for compact CP operation. A cross-
slot of unequal arm lengths is embedded in the triangular patch and centered at the
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null-voltage position for the TM;y mode of the simple triangular microstrip antenna.
It is found that, due to the additional slot perturbation for the horizontal patch surface
current path compared to the design in Figure 5.2(a), the surface current paths of
the two orthogonal resonant modes are lengthened, which lowers their corresponding
resonant frequencies. By adjusting the cross-slot to have unequal arm lengths £, and £,
and feeding the patch at a position along the lines inclined to the y axis with an angle
of o = tan™! (¢, /£y) [see Figure 5.2(b)], the two orthogonal resonant modes have
equal amplitudes and a 90° phase difference, and compact CP operation is achieved.
The feed position at point C shown in the figure (with £, > £,) is for right-hand CP
operation and point D is for left-hand CP operation. The distance between the feed
position and the slot center is denoted dp.

Several prototypes of the CP designs shown in Figure 5.2 have been implemented.
Experimental results for a typical case with right-hand CP operation are presented
in Figure 5.3, where the measured input impedance is shown. Note that, without the
presence of a slot, the fundamental resonant frequency fo of the triangular microstrip
antenna studied here is about 1.9 GHz. The results show a dip in the impedance
locus near 1.9 GHz, which indicates that two resonant modes are excited at very
close frequencies (if the two modes are excited at frequencies far apart, a loop in-
stead of a dip will be observed in the impedance locus; and if only one resonant
mode is excited, there will be no dip in the impedance locus). This suggests that
the fundamental TMy mode in the present design is split into two near-degenerate
resonant modes. It is also found that, when the slot length is adjusted to be about
0.25 times the side length of the triangular patch (11.9 mm for the antenna with
a side length of 48 mm studied here), these two resonant modes can be excited

>
jas'
X

Ao
X

FIGURE 5.3 Measured input impedance for the antenna shown in Figure 5.2(a) with feed at
point A; & = 4.4, h = 1.6 mm, L =48 mm, £ = 11.9 mm, and (x,, y,) = (—=6.0, —8.5 mm).
(From Ref. 3, © 1999 IEEE, reprinted with permission.)
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FIGURE 5.4 Measured axial ratio in the broadside direction for the antenna studied in Figure
5.3. (From Ref. 3, © 1999 IEEE, reprinted with permission.)

with equal amplitudes and a 90° phase difference, resulting in CP radiation. The
measured axial ratio in the broadside direction is presented in Figure 5.4. It is ob-
served that the CP bandwidth, determined from the 3-dB axial ratio, is 18 MHz,
or about 0.93% with respect to the center frequency (1938 MHz), defined here
to be the frequency with minimum axial ratio in the impedance bandwidth. The
measured radiation patterns of the present design in two orthogonal planes at the
center frequency are plotted in Figure 5.5, and good right-hand CP radiation is
observed.

A compact CP design with a cross-slot of various slot lengths was implemented and
studied. The feed position is selected at point C for achieving right-hand CP operation.
Figure 5.6 shows the measured input impedance of an antenna with different cross-
slot sizes. The antenna parameters are the same as used in Figure 5.3, and antennas
1-3 shown denote designs with different cross-slot sizes. It is found that, by properly
adjusting the slot lengths, two near-degenerate orthogonal resonant modes with equal
amplitudes and a 90° phase difference for CP operation are excited. The measured

90°

0 -20dB x-z plane

—— RHCP
—— LHCP

FIGURE 5.5 Measured radiation patterns at 1938 MHz for the antenna studied in Figure 5.3.
(From Ref. 3, © 1999 IEEE, reprinted with permission.)
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FIGURE 5.6 Measured input impedance for the antenna shown in Figure 5.2(b) with different
cross-slot sizes; &, = 4.4, h = 1.6 mm, L = 48 mm, and feed at point C. (a) Antenna 1:
£y, £y) = (6.5, 10.4 mm), d, = 9 mm; (b) antenna 2: (£, £,) = (11, 14 mm), d, = 7.5 mm;
(c) antenna 3: (€4, £,) = (17.8, 18 mm), d, = 1.5 mm. (From Ref. 3, © 1999 IEEE, reprinted
with permission.)

axial ratio in the broadside direction is presented in Figure 5.7, and the corresponding
CP performance is listed in Table 5.1. The results show that the center frequency
for CP operation decreases with increasing cross-slot size, which is as expected. For
antenna 3, the center frequency f, is decreased to 1768 MHz, which is about 0.91
times that (1938 MHz) of the regular-size CP design. This lowering of the center
operating frequency corresponds to an antenna size reduction of about 17%. Note
that, with increasing cross-slot size, the feed position needs to be moved closer to
the slot center. This limits the use of a larger cross slot for achieving an even greater
antenna size reduction using a probe feed.

The CP bandwidth of antenna 3 is about the same as that obtained for the regular-
size CP design in Figure 5.4, although the electrical thickness of the substrate of
antenna 3 is smaller, due to the lowering of the center operating frequency. For
antennas 1 and 2, the CP bandwidths are even greater than that of the regular-size CP
design. This is probably because in this particular case, the use of a cross slot more
easily generates two orthogonal polarizations than the case with a single narrow slot;
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FIGURE 5.7 Measured axial ratio in the broadside direction for the antennas studied in
Figure 5.6. (From Ref. 3, © 1999 IEEE, reprinted with permission.)

thus, wider CP bandwidths for antennas 1 and 2 result. Figure 5.8 shows measured
radiation patterns of compact CP designs in two orthogonal planes; good right-hand
CP operation is seen.

5.3 DESIGNS WITH A Y-SHAPED SLOT OF UNEQUAL ARM LENGTHS

A new design for compact triangular microstrip antennas with a Y-shaped slot for CP
radiation has been reported [4]. The Y-shaped slot is centered in the triangular patch,
with its upper two arms facing either the triangle tip or the bottom of the triangular
patch [see Figures 5.9(a) and 5.9(b)]. It is expected that, due to the presence of
the Y-shaped slot in the patch, the excited patch surface current path is lengthened
and thus the resonant frequency of the microstrip patch is reduced. Furthermore, it
is found that, by selecting a proper size of the Y-shaped slot, two near-degenerate
orthogonal modes with equal amplitudes and a 90° phase difference for CP operation
can be excited using a single probe feed; that is, compact CP operation of triangular
microstrip antennas can be obtained.

TABLE 5.1 CP Performance of the Compact Circularly
Polarized Equilateral-Triangular Microstrip Antenna
in Figure 5.2(b) [3]°

Ly, by, d, fe 3-dB Axial-Ratio

(mm) (mm) (MHz) CP Bandwidth (MHz, %)
Antennal 6.5, 10.4 9.0 1916 22, 1.2
Antenna 2 11, 14 7.5 1880 19, 1.0
Antenna3 17.8, 18 1.5 1768 16,0.9

“ Antenna parameters are given in Figure 5.6.
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FIGURE 5.8 Measured radiation patterns for the antennas studied in Figure 5.6. (a) Antenna 1

at 1916 MHz, (b) antenna 2 at 1880 MHz, (c) antenna 3 at 1768 MHz. (From Ref. 3, © 1999
IEEE, reprinted with permission.)

As shown in Figure 5.9, the upper two arms of the Y-shaped slot are of equal length
v, and its lower arm has a smaller length y,, (v, > y;). By choosing proper arm lengths
(ya» ¥p) of the Y-shaped slot and placing a single probe feed at the edge of its lower
arm, compact CP operation of the triangular microstrip antenna can be obtained. The
feed positions at points A and B in the figure, both a distance y, from the patch
center, are for right-hand and left-hand CP operations, respectively. The case with
right-hand CP operation is studied here; that is, the probe feed is placed at point A.
Figures 5.10(a) and 5.10(b) show, respectively, the measured input impedance for the
designs of Figure 5.9(a) (antenna 1) and Figure 5.9(b) (antenna 2); the measured axial
ratio is presented in Figures 5.11(a) and 5.11(b). The corresponding results are listed
in Table 5.2. For the design of antenna 1 with y, = 8.4 mm and y, = 7.6 mm, a single
probe feed with y, =4.3 mm along the edge of the lower arm of the Y-shaped slot splits
the fundamental resonant mode of the slotted triangular patch into two near-degenerate
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FIGURE 5.9 Geometries of compact circularly polarized quilateral-triangular microstrip an-
tennas. (a) The Y-shaped slot facing the triangle tip (antenna 1), (b) the Y-shaped slot facing
the bottom side of the triangular patch (antenna 2). (From Ref. 4, © 1999 John Wiley & Sons,
Inc.)

orthogonal modes for CP operation at a center frequency f. of 2108 MHz, which is
about 10% lower than that (2347 MHz) of the design using a regular-size circularly
polarized triangular microstrip antenna [6]. This suggests that the present design can
have an antenna size reduction of about 19% compared to that of the regular-size CP
design at a fixed operating frequency. The 3-dB axial-ratio CP bandwidth is also seen
to decrease from 1.1% to 0.9% due to the antenna size reduction.

For the design of antenna 2, the center frequency is lowered to 2174 MHz (about
92.7% times that of the regular-size CP design [6]). In this case, an antenna size

FIGURE 5.10 Measured input impedance for the antennas shown in Figure 5.9; ¢, = 4.4,
h = 1.6 mm, L = 40 mm, and feed at point A. (a) Antenna 1: y, = 8.4 mm, y, = 7.6 mm,
¥p = 4.3 mm; (b) antenna 2: y, = 9.4 mm, y, = 7.6 mm, y, = 4.0 mm. (From Ref. 4, © 1999
John Wiley & Sons, Inc.)
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FIGURE 5.11 Measured axial ratio in the broadside direction for the antennas studied

in Figure 5.10. (a) Antenna 1, (b) antenna 2. (From Ref. 4, © 1999 John Wiley & Sons,
Inc.)

reduction of about 14% for the present design at a fixed operating frequency is ob-
tained. The CP bandwidth is also smaller (0.8% vs. 1.1%) due to the antenna size
reduction. Typical measured radiation patterns in two orthogonal planes for antennas
1 and 2 are plotted in Figures 5.12(a) and 5.12(b), respectively. It can be seen that
good right-hand CP radiation is obtained.

TABLE 5.2 CP Performance of the Antennas in Figures 5.9(a)
and 5.9(b) [4]

Slot Size Yp fe 3-dB Axial-Ratio
Yo, ¥p (mm)  (mm) (MHz)  CP Bandwidth (%)

Antenna 1 8.4,7.6 4.3 2108 0.9
Antenna 2 9.4,7.6 4.0 2174 0.8
Reference — — 2347 1.1

“ Antenna parameters are given in Figure 5.10. The reference antenna is con-
structed based on the regular-size CP design of a triangular microstrip antenna
with a slit (see Section 5.4.1.2).
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FIGURE 5.12 Measured radiation patterns for the antennas studied in Figure 5.10. (a) An-
tenna 1 at 2108 MHz, (b) antenna 2 at 2174 MHz. (From Ref. 4, © 1999 John Wiley & Sons, Inc.)

5.4 DESIGNS WITH SLITS

By inserting a single slit to the boundary of a microstrip patch and placing a single feed
along an axis 45° to the one containing the slit, CP radiation of microstrip antennas
can be achieved [5, 6]. Applications of this CP design technique to square and circular
microstrip antennas are discussed in Section 5.4.1. This CP design technique has also
been successfully applied to a triangular microstrip antenna [6], and details of the
results are also described here. Related CP design techniques using a pair of slits [7]
or four inserted slits [8—11] for compact CP radiation are discussed in Sections 5.4.2
and 5.4.3, respectively. For the case of a pair of slits, CP radiation of an annular-ring
microstrip antenna operated at the TM;; mode has been achieved. Good CP perfor-
mance is obtained and the required antenna size at a fixed operating frequency is much
less than that of a regular circularly polarized circular microstrip antenna operated
in the TM;; mode. In the case of four inserted slits, design examples of microstrip
antennas with a square patch [8], a circular patch [9], a corner-truncated square patch
[10], and a chip-resistor-loaded square patch [11] have been demonstrated.

5.4.1 With a Slit

5.4.1.1 With a Square or Circular Patch Figure 5.13 shows the geometries of
square and circular microstrip antennas with a slit for CP radiation. A narrow slit of
length ¢ and width 1 mm is inserted at the boundary of the microstrip patch. The
square patch has a side length L and the diameter of the circular patch is d. For both
the square and circular patches, the feed at point C along the diagonal/diameter AB
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FIGURE 5.13 Geometries of microstrip antennas with a slit for CP radiation; the feed at
point C is for right-hand CP and the feed at point D is for left-hand CP. (a) Square patch case,
(b) circular patch case. (From Ref. 5, © 1998 John Wiley & Sons, Inc.)

is for right-hand CP operation, while point D is for left-hand CP operation. Due to
the slit perturbation, the excited x-directed (orthogonal to the slit orientation) patch
surface current path is lengthened, with the one in the y direction (parallel to the
slit orientation) slightly affected, which splits the dominant resonant mode of the
microstrip patch into two orthogonal near-degenerate modes. Then, given a proper
slit length (about 0.15 times the side length L of the square patch or about 0.18 times
the diameter d of the circular patch for the experiments conducted here), these two
orthogonal modes can have a 90° phase difference, resulting in CP radiation.
Several prototypes have been constructed. Figure 5.14 shows the measured in-
put impedance for a square microstrip antenna with a slit. The case with right-hand

A1t
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FIGURE 5.14 Measured input impedance for a square microstrip antenna with a slit [Figure
5.713(a)] for right-handLP operation; &, = 4.4, h = 1.6 mm, L = 39.7 mm, { = 6 mm, and
AC =17 mm (£ 0.30AB). (From Ref. 5, © 1998 John Wiley & Sons, Inc.)
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FIGURE 5.15 Measured axial ratio for the square microstrip antenna studied in Figure 5.14.
(From Ref. 5, © 1998 John Wiley & Sons, Inc.)

CP operation (i.e., the feed at point C) is shown. To achieve CP radiation, the slit
length is adjusted to be 6 mm (about 0.15L) and the feed (point C) is at a posi-
tion about 0.3AB from the patch corner. The measured axial ratio is presented in
Figure 5.15. The results give the CP bandwidth, determined from the 3-dB axial ratio,
as 25 MHz (or about 1.4% with respect to the center frequency, the frequency with
a minimum axial ratio). The measured radiation patterns in the x—z and y—z planes
at the center frequency (1747 MHz) are plotted in Figure 5.16. Good right-hand CP
radiation is observed. The results for a circular microstrip antenna with a slit are
shown in Figures 5.17 and 5.18. For right-hand CP radiation, by adjusting the slit
length to be 7.7 mm (about 0.184) and the feed at about 0.25A B from the bound-
ary of the circular patch, CP radiation with good impedance matching is obtained.
From the measured axial ratio shown in Figure 5.17, a 32 MHz (about 1.7%) CP
bandwidth is obtained. The measured radiation patterns in two orthogonal planes
plotted in Figure 5.18 at the center frequency (1875 MHz) show good right-hand CP
radiation.

5.4.1.2 With a Triangular Patch The present CP design has been applied to a
triangular microstrip antenna [6]. The antenna geometry is shown in Figure 5.19. In

; -90°
0 -20dB x-z plane 0 -20dB y-z plane

—— RHCP
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FIGURE 5.16 Measured radiation patterns for the antenna studied in Figure 5.14 at 1747
MHz. (From Ref. 5, © 1998 John Wiley & Sons, Inc.)
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FIGURE 5.17 Measured axial ratio for a circular microstrip antenna with a slit [Figure
5._13(b)] for right-hand CP_operation; & =44, h=16mm,d =43 mm, £ =7.75 mm, and
AC = 10.64 mm (Z0.25AB). (From Ref. 5, © 1998 John Wiley & Sons, Inc.)

-90°

0 -20dB x-z plane
—— RHCP
—— LHCP

FIGURE 5.18 Measured radiation patterns for the antenna studied in Figure 5.17 at 1875
MHz. (From Ref. 5, © 1998 John Wiley & Sons, Inc.)

o0

feed for LHCP

FIGURE 5.19 Geometry of a single-feed triangular microstrip antenna with a single slit for
CP radiation. (From Ref. 6, © 1998 IEE, reprinted with permission.)
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FIGURE 5.20 Measured input impedance for the antenna shown in Figure 5.19; ¢, = 4.4,
h = 1.6 mm, and feed at point C. (a) Antenna 1: L = 48.2 mm, £ = 4.5 mm; (b) antenna 2:
L = 38.5 mm, £ = 3.8 mm. (From Ref. 6, © 1998 IEE, reprinted with permission.)

the figure, L; and L, represent, respectively, the 50-€2 feed-location loci of the two
orthogonal modes, which are determined experimentally in the study. For the probe
feed at point A, which is the intersection of loci L and L, and is usually located in
the upper half of the triangular patch, right-hand CP radiation with a good matching
condition can be obtained. Conversely, left-hand CP radiation can be obtained by
feeding the patch at point B (the mirror image of point A with respect to the inserted
slit). Figure 5.20 shows the measured input impedance of constructed prototypes. Two
designs of different triangular patch sizes operated at 1931 and 2423 MHz have been
studied, and the case for right-hand CP radiation is shown. The measured axial ratio is
presented in Figure 5.21. The corresponding CP performance is given in Table 5.3. It
is found that, by increasing the slit length, the effective excited patch surface current
path in the y direction is slightly lengthened with respect to that in the x direction,

4
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=

» 1t
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0 + t t t 0 + + ' :
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Frequency (MHz) Frequency (MHz)
(a) (b)

FIGURE 5.21 Measured axial ratio for (a) antenna 1 and (b) antenna 2 studied in Figure 5.20.
(From Ref. 6, © 1998 IEE, reprinted with permission.)
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TABLE 5.3 CP Performance of the Antennas in Figure 5.19 [6]?

Side Length ~ Slit Length fe 3-dB Axial-Ratio
L (mm) £ (mm) (MHz) CP Bandwidth (MHz, %)
Antenna 1 48.2 4.5 1931 19, 1.0
Antenna 2 38.5 3.8 2423 25,1.0

“ Antenna parameters are given in Figure 5.20.

which means that the j-directed resonant mode has a resonant frequency slightly
lower than that of the x-directed resonant mode. When the slit length is adjusted to
be about 0.1 times the side length of the triangular patch (4.5 mm for antenna 1 and
3.8 mm for antenna 2), these two resonant modes can be excited with equal amplitudes
and a 90° phase difference, resulting in CP radiation. The measured radiation patterns
at the center frequency of antennas 1 and 2 were measured, and good right-hand CP
operation was observed.

5.4.2 With a Pair of Slits

CP operation of an annular-ring microstrip antenna with a pair of inserted slits at
its fundamental TM;; mode has been studied [7]. Two examples of the antenna fed
using a microstrip line at the inner and outer patch boundaries were studied with
the geometries shown in Figures 5.22 and 5.23. Results show that such an antenna
can have good CP performance, and, moreover, the required antenna size at fixed
CP operation can be much less than that of a regular circularly polarized circular
microstrip antenna operated in the TM;; mode. For the two designs shown, a pair of
narrow slits of length ¢, and width 1 mm is inserted at the annular ring’s inner boundary

My

impedance
transformer

v
e—>|/‘

50-Q microstrip line

e\ ground

FIGURE 5.22 Geometry of a circularly polarized annular-ring microstrip antenna with a pair
of inserted slits (design A). The microstrip feed line is at the outer boundary of the patch. (From
Ref. 7, © 1999 IEEE, reprinted with permission.)
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| {h 1 2 |
g \ ground

FIGURE 5.23 Geometry of a circularly polarized annular-ring microstrip antenna with a pair
of inserted slits (design B). The microstrip feed line is at the inner boundary of the patch. (From
Ref. 7, © 1999 IEEE, reprinted with permission.)

in the x direction. In such an arrangement, the fundamental TM;; mode can be split
into two near-degenerate resonant modes, and the resonant mode in the x direction can
have a slightly larger resonant frequency than the resonant mode in the y direction.
Also, upon increasing the inner radius, the two orthogonal modes will both have larger
excited patch surface current paths, which causes the resulting CP operation to occur
at a lower frequency. This corresponds to a smaller antenna size when the present
antenna is used in place of the regular-size circular microstrip antenna.

For both feed arrangements in Figures 5.22 and 5.23, right-hand CP operation
can be obtained when the microstrip feed line is placed in the ¢ = 45° plane. When
the microstrip line is placed in the ¢ = 135° plane, left-hand CP operation can be
achieved. The transmission-line section of length ¢ and width w between the 50-2
microstrip feed line and the outer/inner patch boundary for impedance transformation
is determined by

50 =Zr[(Za+ jZrtan BO)/(Zr + jZatan O] (S2), (.1

where Z, is the impedance at the outer or inner patch boundary and Zt and B
are, respectively, the characteristic impedance and wavenumber of the transmission-
line section. By directly solving (5.1), we can select a proper transmission-line sec-
tion to transform Z,, usually a complex impedance, to 50 2. The determination
of the impedance transformer based on (5.1), instead of using a quarter-wavelength
impedance transformer, gives the present design a much better impedance matching.
In the design shown in Figure 5.23 for the inner-boundary-fed case, the impedance
transformer is connected through a via hole to a 50-2 probe feed. This design is
especially suited for a compact active microstrip antenna in which the associated
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FIGURE 5.24 Measured input impedance of the antenna shown in Figure 5.22; ¢, = 4.4,
h=16mm,a =10mm, b = 20 mm, £, = 2.34 mm, ¢ = 45°, ¢ = 32 mm, and w = 0.8 mm.
(From Ref. 7, © 1999 IEEE, reprinted with permission.)

active circuitry can be integrated inside the annular-ring patch and placed between
the impedance transformer and the via hole.

Consider the geometry shown in Figure 5.22 (denoted as design A); the case with
right-hand CP operation is studied. The annular-ring patch is selected to have an outer
radius of 20 mm and an inner radius of 10 mm. By adjusting the inserted slit length
to be 2.34 mm, CP operation can be obtained. For good impedance matching, the
impedance transformer is selected to have a width of 0.8 mm and a length of 32 mm.
Figure 5.24 shows the measured input impedance on a Smith chart. It is clearly
seen that two near-degenerate resonant modes are excited with good impedance
matching. The measured axial ratio versus frequency in the broadside direction is
presented in Figure 5.25. The center frequency, defined as the frequency with a min-
imum axial ratio, is 1658 MHz, and the CP bandwidth is about 14 MHz or 0.8%.
For comparison, the results are listed in Table 5.4 along with those for a reference
antenna having the same size as the proposed antenna (design A) and constructed
using a regular-size circular microstrip antenna with a tuning stub [19]. We can see
that the center frequency (1658 MHz) of design A is about 0.83 times that (2008
MHz) of the reference antenna. This indicates that design A can have a 32% an-
tenna size reduction compared to the reference antenna at a fixed CP operation. The
radiation patterns in two orthogonal planes were also measured. Figure 5.26 plots
the radiation patterns of design A at 1658 MHz; good right-hand CP operation is
observed.

In the CP design shown in Figure 5.23 (denoted design B), the outer radius of the
circular patch and the substrate parameters are the same as for design A shown in
Figure 5.24, but the inner radius is chosen to be 13 mm, larger than that of design A. The
impedance transformer has a length of 31 mm and a width of 0.68 mm, and the inserted
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FIGURE 5.25 Measured axial ratio in the broadside direction of the antenna studied in
Figure 5.24. (From Ref. 7, © 1999 IEEE, reprinted with permission.)

slit has a length of 2.0 mm and a width of 1.0 mm. Right-hand CP operation has been
demonstrated; that is, the transmission-line section for the impedance transformer is
placed in the ¢ = 45° plane. The measured input impedance of design B is shown
in Figure 5.27, and the measured axial ratio in the broadside direction is presented
in Figure 5.28. The results show that the center operating frequency is significantly
lowered from 2008 MHz (the reference antenna) to 1526 MHz, a 24% reduction in
the center frequency, corresponding to a 42% antenna size reduction compared to the
design of a regular-size circular patch antenna. The results are listed in Table 5.4.
The CP bandwidth is 12 MHz, or about 0.8%, about the same as that of design A,
and is smaller than that of the reference antenna due to the antenna size reduction.
Finally, the measured radiation patterns in two orthogonal planes of design B at
the center frequency are plotted in Figure 5.29. Good right-hand CP radiation is
observed.

TABLE 5.4 CP Performance [7] of the Antennas in Figures 5.22?
and Figure 5.23” and a Reference Antenna®

Impedance 3-dB Axial-Ratio Maximum
fe Bandwidth CP Bandwidth Received Power
(MHz) (MHz, %) (MHz, %) (dBm)
Design A 1658 58, 3.5 14, 0.8 —49.0
Design B 1526 49,32 12,0.8 —49.2
Reference 2008 98,4.9 24,1.2 —48.8

“Design A with parameters given in Figure 5.24.

’Design B with parameters given in Figure 5.27.

¢Constructed based on the regular-size CP design of a triangular microstrip antenna with a tuning stub (see
Section 5.8.1).
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FIGURE 5.26 Measured radiation patterns of the antenna studied in Figure 5.24; f =
1658 MHz. (From Ref. 7, © 1999 IEEE, reprinted with permission.)

5.4.3 With Four Inserted Slits

5.4.3.1 With a Square Patch Figure 5.30 shows a square microstrip antenna
with four inserted slits for compact CP operation. Two pairs of slits are cut in the x
and y directions in the square patch. Each pair of slits has equal lengths, but the total
lengths of the two pairs of slits £, and £, are unequal, which splits the resonant mode of

FIGURE 5.27 Measured input impedance of the antenna shown in Figure 5.23; ¢, = 4.4,
h=16mm,a =13mm,b =20 mm, £, = 2.0 mm, ¢ = 45°,¢ = 31 mm, and w = 0.68 mm.
(From Ref. 7, © 1999 IEEE, reprinted with permission.)
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FIGURE 5.28 Measured axial ratio in the broadside direction of the antenna studied in
Figure 5.27. (From Ref. 7, © 1999 IEEE, reprinted with permission.)

interest into two orthogonal near-degenerate modes for CP radiation. When £, > £,
the feed position at point C along the diagonal AB excites right-hand CP radiation,
whereas point D is for left-hand CP operation. Results for right-hand CP operation
are presented here. Figure 5.31 shows the measured input impedance for several
constructed prototypes. The square patch has a side length L = 30 mm and is printed
on a substrate of thickness # = 1.6 mm and relative permittivity &, = 4.4. When there
are no slits, the square patch has a fundamental resonant frequency at 2318 MHz. It

0 -20dB y-z plane

—— RHCP
—— LHCP

FIGURE 5.29 Measured radiation patterns of the antenna studied in Figure 5.27; f =
1526 MHz. (From Ref. 7, © 1999 IEEE, reprinted with permission.)
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FIGURE 5.30 Geometry of a compact square microstrip antenna with four inserted slits for
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FIGURE5.32 Measured axial ratio for an antenna with £, = 20 mm and £, = 18.4 mm; other
parameters are given in Figure 5.31. (From Ref. 8, © 1997 IEE, reprinted with permission.)

can be seen that, with four narrow slits cut in the patch, the fundamental resonant
frequency is split into two near-degenerate resonant frequencies, which decrease
with increasing slit length. For the case of £, = 20 mm and ¢, = 18.4 mm, the CP
center frequency (see Figure 5.32) decreases to about 1849 MHz [about 0.8 times that
(2318 MHz) of the case without slits]. This corresponds to a patch size reduction of
about 36% compared to the case using the conventional single-feed CP design [1].
The measured radiation patterns in two orthogonal planes are plotted in Figure 5.33.
No special distinction compared to the results obtained for conventional CP designs
[1] is observed. Data for the cases in Figure 5.31 are listed in Table 5.5. It is seen that,
for the case with a smaller slit length, the CP bandwidth is larger and the slit ratio
is 1.553 for the case of £, = 10 mm and ¢, = 6.4 mm. This relaxes the fabrication
tolerances compared to the case using conventional CP designs [1], where the aspect
ratio of a design with a nearly square patch or with a patch with truncated corners is
usually about or less than 1.05. Also note that the feed position d;, (= AC /AB) for the

-20dB

—— RHCP
—— LHCP

FIGURE 5.33 Measured radiation patterns for an antenna with ¢, = 20 mm and ¢, =
18.4 mm; f = 1849 MHz. Other parameters are given in Figure 5.31. (From Ref. 8, © 1997
IEE, reprinted with permission.)
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TABLE 5.5 CP Performance of the Antenna in Figure 5.30 [8]?

Slit Lengths ~ Slit Ratio  Feed Position fe 3-dB Axial-Ratio

£,, €, (mm) 0,8, d,=AC/AB (MHz) CP Bandwidth (%)
0,0 — 0.36 2318 —

10, 6.4 1.563 0.32 2227 1.6

15, 13.1 1.145 0.32 2055 L5

20, 18.4 1.087 0.34 1849 1.3

¢ Antenna parameters are given in Figure 5.31.

present design is insensitive to the slit-length variation and is about (0.32-0.34) AB
from the patch corner.

5.4.3.2 With a Circular Patch Figure 5.34 shows the geometry of a compact
circularly polarized circular microstrip antenna. The circular patch has a radius D,
and four narrow slits equally spaced and inserted at the boundary of the circular patch
lower the resonant frequency of the dominant TM;; mode. Several designs have
been implemented. Figure 5.35 shows the measured input impedance for a right-hand
circularly polarized circular microstrip antenna using the present compact CP design.
Four designs (antennas 1—4 with parameters given in Table 5.6) with different slit ratio
£,/€, are shown. The corresponding measured results are presented in Figure 5.36.
Detailed results of the CP performance for the four designs are listed in Table 5.6.
From the results obtained, the optimal feed positions for various slit lengths are seen
to be at about one-third the diameter away from the boundary of the circular patch and
are closer to the patch center for the case with a larger slit length. With increasing slit
length, the CP center frequency decreases with increasing slit length. For antenna 4, the

FIGURE 5.34 Geometry of a compact circular microstrip antenna with slits for CP radiation.
(From Ref. 9, © 1998 John Wiley & Sons, Inc.)
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FIGURE 5.35 Measured input impedance for the antenna shown in Figure 5.34; parameters

of antennas 1-4 are given in Table 5.6. (From Ref. 9

, Inc.)

© 1998 John Wiley & Sons
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center frequency decreases to only about 71% times that (2576 MHz) of the dominant
resonant frequency for the simple circular patch without slits. This suggests that the

present compact CP design can achieve a 50% antenna size reduction compared to

conventional regular-

size CP designs at a fixed operating frequency. Note that, to
the slit ratio quickly decreases with increasing slit length, and

]

achieve CP radiation

the CP bandwidth also decreases with increasing slit length. Radiation patterns in

two orthogonal planes for antenna 4 were also measured

radiation was observed.

and good right-hand CP
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TABLE 5.6 CP Performance of the Antenna

3-dB Axial-Ratio
CP Bandwidth (%)

Je
(MHz)
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2340
2119
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FIGURE 5.36 Measured axial ratio for the antenna shown in Figure 5.34; parameters of
antennas 1-4 are given in Table 5.6. (From Ref. 9, © 1998 John Wiley & Sons, Inc.)

5.4.3.3 With a Corner-Truncated Square Patch The method of producing
single-feed CP operation of a square microstrip antenna by truncating a pair of patch
corners has been widely used. Here we demonstrate that such a method can also be
applied to a modified square microstrip patch with four inserted slits of equal lengths
to achieve compact CP operation with relaxed manufacturing tolerances. The com-
pactness of the proposed CP design is achieved due to the inserted slits at the patch
corners of the square patch. These inserted slits result in meandering of the excited
fundamental-mode patch surface current path, which effectively lowers the resonant
frequency of the modified square patch, similar to the design using four inserted slits
of different lengths at the boundary of a square patch (see Section 5.4.3.1). Instead
of using different slit lengths for CP excitation, which usually requires a very small
slit-length difference for a large reduction in antenna size, the present design uses
the perturbation of truncating a pair of patch corners, with the inserted slits of equal
lengths. Experimental results show that the required size of the truncated corners
for CP operation increases with increasing reduction in antenna size. This behavior
gives the present design a relaxed manufacturing tolerance for achieving a compact
circularly polarized microstrip antenna.

The proposed antenna geometry is shown in Figure 5.37. The square microstrip
patch has a side length of L. The four slits have an equal length of £ and a width of
1 mm and are inserted at the four patch corners along the directions of ¢ = £45°.
The truncated corners are of equal side length AL. The single probe feed is placed
at point A on the y axis to achieve right-hand CP radiation. When the feed position
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FIGURE 5.37 Geometry of a compact circularly polarized square microstrip antenna
with four slits and a pair of truncated corners. (From Ref. 10, © 2001 IEEE, reprinted with
permission.)

is on the x axis, left-hand CP radiation is obtained. Figure 5.38 shows the measured
return loss of constructed prototypes with £ = 16 mm (denoted antenna 1), 14 mm
(antenna 2), and 12 mm (antenna 3), with the side length of the square patch fixed to
28 mm. The measured axial ratio in the broadside direction is shown in Figure 5.39.
The corresponding CP performance is listed in Table 5.7. The CP center frequency
fe is 1970 MHz for antenna 1, 2101 MHz for antenna 2, 2262 MHz for antenna 3,
and 2480 MHz for the reference antenna. In comparison to the reference antenna, the
center frequency of antenna 1 is lowered by about 20%. The lowering in the center
frequency corresponds to an antenna size reduction of about 36% by using the present
design in place of the conventional CP design (reference antenna) at a fixed operating
frequency. The required perturbation size of the truncated corners also increases

—
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FIGURE 5.38 Measured return loss for the antenna shown in Figure 5.37 with various slit
lengths; ¢, = 4.4, h = 1.6 mm, L = 28 mm, and feed at point A. Antenna 1: £ = 16 mm,
AL = 6.3 mm;antenna2: £ = 14 mm, AL = 4.5 mm; antenna 3: £ = 12 mm, AL = 2.9 mm.
(From Ref. 10, © 2001 IEEE, reprinted with permission.)
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FIGURE 5.39 Measured axial ratio in the broadside direction for the antennas studied in
Figure 5.38. (From Ref. 10, © 2001 IEEE, reprinted with permission.)

with lowered center frequency. For the case of antenna 1 (¢ = 16 mm), the required
area of the truncated corners is about four times that of the reference antenna. This
suggests that, compared to the design using a square patch with slits of unequal lengths
(Section 5.4.3.1) or a simple corner-truncated square patch [1], the present compact
CP design has a very relaxed manufacturing tolerance for CP operation. Measured
radiation patterns of the present design are plotted in Figure 5.40. Good right-hand
CP radiation is observed for the present study with the feed position at point A.

5.4.3.4 With a Chip-Resistor-Loaded Square Patch Figure 5.41 shows the an-
tenna geometry studied here. The square patch has a side length of L. A single probe
feed at point C gives right-hand CP radiation, and point D gives left-hand CP radiation.
A narrow slit of length £/2 and width 1 mm is inserted at the center of each patch edge.
Note that the four inserted slits have equal lengths, and the total slit lengths in the x
and y directions are the same, £. A chip resistor of resistance R is loaded along the
positive y axis a distance S from the patch center. In this case, the resonant frequency
of the y-directed mode will be slightly larger than that of the X-directed mode. By
adjusting the distance S, these two orthogonal resonant modes can be excited with
equal amplitudes, but with a 90° phase difference. With the present arrangement,
compact CP operation with enhanced bandwidth can be obtained.

TABLE 5.7 CP Performance of the Antenna in Figure 5.37 [10]*

£ AL d, fe 3-dB Axial-Ratio Antenna Gain
(mm) (mm) (mm) (MHz) CP Bandwidth (%) (dBi)
Antenna 1 16 6.3 4.4 1970 0.80 1.4
Antenna 2 14 4.1 5.5 2101 0.81 2.0
Antenna 3 12 33 6.7 2262 0.84 2.8
Reference 0 3.2 7.8 2480 1.45 3.5

¢ Antenna parameters are given in Figure 5.38. The reference antenna is constructed based on the design
using a regular corner-truncated square patch [1].
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FIGURE 5.40 Measured radiation patterns for the antennas studied in Figure 5.38; antenna 1
at 1970 MHz, antenna 2 at 2101 MHz, and antenna 3 at 2262 MHz. (From Ref. 10, © 2001
IEEE, reprinted with permission.)

Figure 5.42 shows the measured return loss for a constructed prototype of the
present design with R = 4.7 Q2 and £ = 19 mm. Two near-degenerate resonant modes
are clearly seen to be excited. When there is no chip resistor present, only the lower
resonant mode, at about 1855 MHz, is excited. The higher resonant mode, at about
1880 MHz, is excited owing to the loading of the 4.7-Q chip resistor. Figure 5.43
presents the axial ratio measurements. The corresponding CP performance is listed
in Table 5.8. The results for the CP design using four slits of unequal lengths (Ref. 8
or Section 5.4.3.1) are shown in Table 5.8 as a reference. Note that a corresponding
simple square patch antenna without chip-resistor loading and inserted slits has a
fundamental resonant frequency of 2355 MHz. Since the antenna studied has a center
frequency of 1867 MHz, a 20.7% lowering in the operating frequency compared to the
conventional CP design using a simple square patch is thus obtained. This lowering
in the center frequency is similar to the CP design with four inserted slits of unequal
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FIGURE 5.41 Geometry of a compact circularly polarized square microstrip antenna with
slits and a chip resistor. (From Ref. 11, © 1999 John Wiley & Sons, Inc.)
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FIGURE 5.42 Measured return loss for the antenna shown in Figure 5.41 with right-hand
CP operation (feed at point C); &, = 4.4, h = 1.6 mm, L = 30 mm, £ = 19 mm, S = 4 mm,
d =14 mm, and R = 4.7 Q. (From Ref. 11, © 1999 John Wiley & Sons, Inc.)

lengths and corresponds to an antenna size reduction of about 37% by using the present
antenna in place of the conventional regular-size CP design [1] for a fixed operating
frequency. Also note that the CP operation of the reference antenna is very sensitive
to the length difference between the inserted slits, and a small length difference of
1.6 mm (see Table 5.8) for the inserted slits is required for the reference antenna
to achieve compact CP operation. An even smaller length difference is required if a
much larger reduction in antenna size is desired. This may cause strict manufacturing
tolerances for the reference antenna. However, this problem is avoided in the present
antenna, which uses inserted slits of equal lengths.

Axial Ratio (dB)
(3] w
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4

1840 1860 1880 1900
Frequency (MHz)

FIGURE 5.43 Measured axial ratio for the antenna studied in Figure 5.42. (From Ref. 11,
© 1999 John Wiley & Sons, Inc.)
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TABLE 5.8 CP Performance of the Antenna in Figure 5.41 [11]?

Slit Lengths on fe 3-dB Axial-Ratio Maximum
x,y Axes (mm) (MHz) CP Bandwidth (MHz, %) Received Power (dBm)

This study 19, 19 1867 35,19 —52.5
Ref. 8 20, 18.4 1849 24,13 —51.3

¢ Antenna parameters are given in Figure 5.42.

Results show that the CP bandwidth is about 50% larger than that of the reference
antenna shown in Table 5.8 (1.9% vs. 1.3%). This broadband characteristic is mainly
due to the 4.7-Q chip-resistor loading, and a much greater CP bandwidth can be
obtained if a chip resistor of larger resistance is used for the present design. However,
it should be noted that the increase in CP bandwidth is at some expense of the antenna
gain. The maximum relative received power of the proposed antenna is 1.2 dBm less
than that of the reference antenna. Finally, from the measured radiation patterns, good
right-hand CP radiation is observed for the present proposed antenna.

5.5 DESIGNS WITH SPUR LINES

Recently, it has been reported that, by embedding a pair of spur lines in the trian-
gular patch, a new resonant mode with a lower resonant frequency than that of the
fundamental TMp mode can be excited [25]. Based on such an interesting result, a
compact CP design for triangular microstrip antennas with three inserted spur lines
(see Figure 5.44) has been demonstrated. The spur lines are inserted at the center of
each patch edge. It is found that, by properly adjusting the three spur lines to be of
slightly different lengths, two near-degenerate orthogonal modes for CP operation
can be excited. Furthermore, due to the presence of the spur lines, the excited patch

FIGURE 5.44 Geometry of a compact circularly polarized triangular microstrip antenna with
spur lines. (From Ref. 12, © 1998 IEE, reprinted with permission.)
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TABLE 5.9 CP Performance of the Antenna in Figure 5.44 [12]*

Spur-Line Size  Length Ratio  Feed Position fe 3-dB Axial-Ratio

a, b (mm) b/a (xp, ¥p) (mm) (MHz) CP Bandwidth (%)
Antenna 1 12, 11.5 0.958 6.0, —17) 1664 0.9
Antenna 2 15.4,14.8 0.961 6.5, —17) 1605 0.9
Antenna 3 18.2,17.5 0.961 9.0, —17) 1504 0.7
Reference 0,0 — (5.5, —-17.5) 1931 1.0

“er =4.4, h = 1.6 mm, and L = 50 mm. Reference antenna is constructed based on the regular-size CP
design of a triangular microstrip antenna with a slit (Ref. 6 or Section 5.4.1.2).

surface current path is lengthened and thus the resonant frequency of the triangular
patch is lowered, and compact CP operation is be obtained.

As shown in the geometry of Figure 5.44, the longer arms of the inserted spur
lines are parallel to the patch edge and all are 2 mm from the patch edge. Two of the
spur lines have the same longer-arm length a, and the third one has a slightly smaller
longer-arm length b. The spur lines are also assumed to be narrow and have an equal
width of 1 mm. It is found that, by choosing the length ratio, defined as b/a here, of
the spur lines to be slightly less than one, two near-degenerate orthogonal modes with
equal amplitudes and a 90° phase difference can be excited, which results in compact
CP radiation. L and L, in the patch represent, respectively, the 50-2 feed-location
loci of the two orthogonal modes, which are determined experimentally in this study.
For the probe feed at point A, which is the intersection of loci L; and L, and is
usually located in the right-hand half of the triangular patch, right-hand CP radiation
with a good matching condition can be obtained. By feeding the patch at point B, a
mirror image of point C with respect to the centerline (y axis) of the triangular patch,
left-hand CP radiation can be obtained.

Several prototypes have been constructed. Three cases (denoted antennas 1-3)
of the proposed design with different spur-line sizes have been studied. The feed
position is chosen at point A for achieving right-hand CP radiation. The obtained CP
performance is given in Table 5.9. It is found that, when the length ratio of the spur
lines is about 0.96, CP operation of the present design is obtained. For the case of
antenna 3 (a = 18.2 mm, b = 17.5 mm), the CP center frequency is lowered to about
78% that of a regular-size circularly polarized triangular microstrip antenna with a slit
[6]. This lowering in center frequency suggests that, for a given operating frequency,
the present CP design can have an antenna size reduction of about 40% compared to
the case using a regular-size CP design.

5.6 DESIGNS WITH TRUNCATED CORNERS

The technique of truncating the patch corners of a simple square microstrip patch
to obtain single-feed CP operation of microstrip antennas has been widely used in
practical designs. In this section, we demonstrate that such a technique can also be
applied to single-feed microstrip antennas with a triangular patch [14], a square-ring



194 COMPACT CIRCULARLY POLARIZED MICROSTRIP ANTENNAS

patch [15], a triangular-ring patch [16], and a slotted square patch [17]. It is found
that the required antenna size of these designs is smaller than that of the conventional
design using a simple square patch at a fixed CP operation, and compact CP operation
can be obtained. Experimental results of constructed prototypes of the designs [14—17]
are described in the following.

5.6.1 With a Triangular Patch

Figure 5.45 shows the CP design of a single-feed, equilateral-triangular microstrip
antenna with a truncated corner or tip. Experimental results for constructed proto-
types of the present CP design are shown in Figures 5.46 and 5.47. Three different
triangular patch dimensions were studied, with the feed at point A for right-hand
CP radiation. The corresponding CP performance is given in Table 5.10. It is found
that, when the side length of the truncated tip is adjusted to be about 0.09 times that
of the triangular patch, the dominant mode of the triangular patch is split into two
near-degenerate orthogonal modes of equal amplitudes and a 90° phase difference,
which results in CP radiation. Results show that the obtained CP bandwidths are about
1.0-1.4%, which are largely dependent on the electrical thickness of the substrate, for
the antenna parameters studied here. Radiation patterns at resonance of the prototypes
were measured, and good right-hand CP radiation was observed.

5.6.2 With a Square-Ring Patch

Compact CP operation of a square-ring microstrip antenna with truncated corners
has been shown [15]. The antenna geometry studied is shown in Figure 5.48. The

X
probe feed (x;, yp)

N

FIGURE 5.45 Geometry of a single-feed equilateral-triangular microstrip antenna with a
truncated tip for CP operation. (From Ref. 14, © 1998 IEE, reprinted with permission.)
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FIGURE 5.46 Measured input impedance for the antenna shown in Figure 5.45; &, = 4.4,
h = 1.6 mm, and feed at point A. (a) Antenna 1, (b) antenna 2, (c) antenna 3; parameters are
given in Table 5.10. (From Ref. 14, © 1998 IEE, reprinted with permission.)

square-ring microstrip patch has an outer side length L, and an inner side length L,.
The truncated corners have equal side length AL. The feed position at point A along
the y axis shown in the figure is for right-hand CP operation, and the distance of the
probe feed from the patch center (point O) is denoted dj,. By moving the feed position
from point A to a point on the x axis, left-hand CP radiation can be obtained.
Experiments have been conducted, and Figure 5.49 shows the measured input
impedance for two cases, L, = 8 mm (antenna 1) and 10 mm (antenna 2), with the
outer side length L; of the square-ring patch being 28 mm. The results clearly show
that two near-degenerate resonant modes are excited. The measured axial ratio in the
broadside direction is shown in Figure 5.50. The corresponding CP performance is
listed in Table 5.11, where a reference antenna using a corner-truncated square patch is
shown for comparison. The CP center frequency f. is 2330 MHz for antenna 1, 2247
MHz for antenna 2, and 2480 MHz for the reference antenna. In comparison with the
reference antenna, the center frequency of antenna 2 is lowered by about 10%. The
lowering in the center frequency corresponds to an antenna size reduction of about
19% by using the present design in place of the conventional CP design (reference
antenna) for a fixed operating frequency. In the present design, the required size of the
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FIGURE 5.47 Measured axial ratio for the antennas studied in Figure 5.46. (From Ref. 14,
© 1998 IEE, reprinted with permission.)

truncated corners is larger, especially for the case with a larger value of L,, compared
to the conventional design using a square patch. This suggests that the present CP
design has a relaxed manufacturing tolerance.

Owing to the lowering of the resonant frequency, which results in a decrease of
the electrical thickness of the substrate, the CP bandwidth slightly decreases with
increasing L,. Since the feed position needs to be moved closer to the patch center
for achieving 50-2 impedance matching for the case with a larger inner side length,
there exists a limit in L, for the present design using a single probe-feed excitation;
for example, in the typical case studied here, when L, is larger than 10 mm, the

TABLE 5.10 CP Performance of the Antenna in Figure 5.45 [14]°

L AL Feed Position fe 3-dB Axial-Ratio
(mm) (mm) (xp, yp) (mm) (MHz) CP Bandwidth (MHz, %)
Antenna 1 56 5.0 (7.3, —16.8) 1707 17,1.0
Antenna 2 48 4.2 (7.2, —13.6) 1982 28,14
Antenna 3 40 3.6 (3.8, —12.2) 2380 30,1.3

%gr = 4.4, h = 1.6 mm, and feed at point A.



197

DESIGNS WITH TRUNCATED CORNERS

_
=]
o
=
= :
w
2
£
5,
<l o Q.
=
i 1 =
! 1 1 =z
1 I 1
| \ | =
1 1 1 w
X ! x } =
! 1 A 1 mL
[ ! 1
' | I e
1 1 1 ~
|T|v_ | ! | %
T J—
< M_\ i i —
1 ' 0
| 1 (=N
1 ) )
! : - —
et | o
> < o 9 T s
o |- ~ Gzt

2333y

4.4,

()

FIGURE 5.48 Geometry of a square-ring microstrip antenna with truncated corners for

compact CP operation. (From Ref. 15

FIGURE 5.49 Measured input impedance for the antenna shown in Figure 5.48; &,

h =1.6 mm, and L, = 28 mm. (a) Antenna 1: L, = 8§ mm, AL = 4.2 mm; (b) antenna 2:

10 mm, AL = 4.8 mm. (From Ref. 15, © 1998 IEE, reprinted with permission.)
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FIGURE 5.50 Measured axial ratio in the broadside direction for antennas 1 and 2 studied
in Figure 5.49. (From Ref. 15, © 1998 IEE, reprinted with permission.)

50-2 feed position can no longer be located in the square-ring patch. The measured
radiation patterns of the present design show that good right-hand CP radiation is
observed.

5.6.3 With a Triangular-Ring Patch

Figure 5.51 shows a CP design for a modified equilateral-triangular-ring (ETR) mi-
crostrip antenna with a truncated tip and a Y-shaped conducting strip. The present
antenna has a symmetric structure with respect to the centerline of the patch, and
the splitting of the antenna’s fundamental resonant mode into two near-degenerate
modes is mainly controlled by the truncated tip size. Inside the Y-shaped conducting
strip, there exists an optimal feed position for achieving right-hand or left-hand CP
radiation. Compared to regular-size CP designs for equilateral-triangular microstrip
antennas (see Sections 5.6.1 and Section 5.4.1.2), the ETR microstrip antenna can be
used for CP radiation with a reduced antenna size at fixed CP operation.

In this design, the ETR patch has a side length L and a ring width W. A triangle tip
of side length AL is truncated in the patch. A Y-shaped conducting strip (facing the
bottom edge of the ETR patch) of equal arm lengths is centered on the patch center
(point C in the figure) and connected to the three tips of the patch. The three arms of
the Y-shaped strip have an equal width W,. From experiments, when W, is chosen

TABLE 5.11  CP Performance of the Antenna in Figure 5.48 [15]°

L, AL d, fe 3-dB Axial-Ratio

(mm) (mm) (mm) (MHz) CP Bandwidth (%)
Antenna 1 8 4.2 5.3 2330 14
Antenna 2 10 4.8 5.0 2247 1.3
Reference 0 3.2 3.2 2480 1.5

Y =4.4,h =1.6mm, and L; = 48 mm.
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FIGURE 5.51 Geometry of a circularly polarized equilateral-triangular-ring microstrip an-
tenna with a truncated tip and a Y-shaped conducting strip. (From Ref. 16, © 1999 John Wiley &
Sons, Inc.)

to be about 0.13-0.15 times the patch’s side length L, an optimal feed position for
CP radiation is located at about the edge center of the arms of the Y-shaped strip (see
point A or B in the figure; point A is for right-hand CP radiation and point B is for left-
hand CP radiation). For the required truncated tip for the splitting of the fundamental
resonant mode of the ETR patch antenna into two near-degenerate orthogonal modes
for CP radiation, its optimal side length is about 0.1 times the patch’s side length (that
is, AL = 0.1L) and is smaller for increasing ring width. By following empirical rules
for the determination of the truncated tip’s side length, the width of the Y-shaped
strip, and the feed position, CP radiation of a modified ETR microstrip antenna with
various ring widths can easily be implemented.

Figure 5.52 shows the measured input impedance of an antenna with L = 48 mm.
Two different ring widths, 5.1 mm (antenna 1) and 1.4 mm (antenna 2), are presented,
and the width of the Y-shaped strip for both cases is fixed to be W, =7.2 mm
(Z 0.15L). The feed position is chosen at point A, and right-hand CP radiation is
studied. The obtained axial ratio of CP radiation in the broadside direction is presented
in Figure 5.53. The corresponding results are listed in Table 5.12. The results for a
reference antenna constructed using a tip-truncated equilateral-triangular microstrip
antenna (Section 5.6.1) with the same side length of 48 mm are shown for comparison.
It can be seen that the center frequency decreases with decreasing ring width of the
ETR patch, and is smaller than that of the reference antenna. This suggests that
the required patch size of the antenna studied is smaller than that of a regular-size
circularly polarized equilateral-triangular microstrip antenna. When antenna 2 is used
in place of the reference antenna for operating at a fixed frequency, its required patch
size of is about 24% less than that of the reference antenna.
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TABLE 5.12  CP Performance of the Antenna in Figure 5.51 [16]°

w AL fe 3-dB Axial-Ratio
(mm) (mm) (MHz) CP Bandwidth (%)
Antenna 1 5.1 4.7 1888 1.1
Antenna 2 14 5.0 1724 0.9
Reference — 4.2 1982 1.4

“ Antenna parameters are given in Figure 5.52.

5.6.4 With a Slotted Square Patch

By embedding a group of four bent slots in a corner-truncated square microstrip patch,
a single-feed, compact circularly polarized microstrip antenna can easily be obtained.
Results show that, for a given CP operation, the present antenna can have an antenna
size reduction of more than 50% compared to the conventional CP design using a
corner-truncated square patch without slots. Figure 5.54 shows the geometry of the
antenna studied. The square microstrip patch has a side length L, and the four bent
slots are of equal arm length ¢ and narrow width 1 mm. The two arms of each bent
slot are aligned parallel to the centerlines of the square patch. By increasing the arm
length of the bent slots, the fundamental resonant frequency of the slotted square patch
is significantly decreased. By further truncating a suitable size of the patch corners,
which are of equal side length A L, the present antenna can be used for CP operation. A
single probe feed placed at point A (see Figure 5.54) on the y axis achieves right-hand
CP radiation and when placed on the x axis gives left-hand CP radiation.

Several prototypes have been constructed and studied. Figure 5.55 shows the mea-
sured return loss for the cases of £ = 12 mm (antenna 1), 10 mm (antenna 2), and
8 mm (antenna 3), with the side length of the square patch being 28 mm. The measured
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FIGURE 5.54 Geometry of acompact circularly polarized corner-truncated square microstrip
antenna with four bent slots. (From Ref. 17, © 1998 IEE, reprinted with permission.)
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FIGURE 5.55 Measured return loss for the antenna shown in Figure 5.54; ¢, = 4.4, h =
1.6 mm, L =28 mm, § =2 mm, AL = 3.2 mm, and d, = 6.7 mm. Antenna 1: £ = 12 mm;
antenna 2: £ = 10 mm; antenna 3: £ = 8 mm. (From Ref. 17, © 1998 IEE, reprinted with
permission.)

axial ratio in the broadside direction is shown in Figure 5.56. The corresponding CP
performance is listed in Table 5.13. Note that the CP center frequency f.is 1711 MHz
for antenna 1, 1960 MHz for antenna 2, 2153 MHz for antenna 3, and 2480 MHz for
the reference antenna. In comparison with the reference antenna, the center frequency
of antenna 1 is lowered by 31%. This lowering of the center frequency corresponds
to an antenna size reduction of about 52% by using the present design in place of
the conventional CP design (reference antenna) for a fixed CP operation. The re-
sults show that the prototypes (antennas 1-3) and the reference antenna have the
same required perturbation area of the truncated corners for achieving CP opera-
tion. The 50-€2 feed positions for antennas 1-3 are the same and are slightly differ-
ent from that of the reference antenna. This suggests that the bent slots introduced
in the patch have very small or negligible effects on the required perturbation for
achieving CP operation. This behavior makes the present antenna easy to design and
construct.

w
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FIGURE 5.56 Measured axial ratio for the antennas studied in Figure 5.55. (From Ref. 17,
© 1998 IEE, reprinted with permission.)
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TABLE 5.13 CP Performance of the Antenna in Figure 5.54 [17]?

L AL d, fe 3-dB Axial-Ratio
(mm) (mm) (mm) (MHz) CP Bandwidth (%)

Antenna 1 12 32 6.7 1711 0.80
Antenna 2 10 3.2 6.7 1960 0.86
Antenna 3 8 32 6.7 2153 0.86
Reference 0 3.2 7.8 2480 1.4

“ Antenna parameters are given in Figure 5.55.

5.7 DESIGNS WITH PERIPHERAL CUTS

Compact CP operation of a circular microstrip antenna with a cross slot in the patch
center and a pair of peripheral cuts at opposite sides of the patch boundary has been
proposed and experimentally studied [18]. Figure 5.57 shows the antenna geometry.
The circular patch has a radius R, and the cross slot has equal arm lengths ¢ and
narrow width 1 mm and is embedded in the circular patch with its two arms in line
with the x and y axes, respectively. Peripheral cuts of depth AR are at opposite sides
of the patch boundary and centered with respect to the x axis as shown in the figure.
A single probe feed placed at point A on the ¢ = 45° line achieves right-hand CP
operation, while the feed at the mirror image of point A with respect to the x axis
results in left-hand CP operation. The distance of the feed position from the patch
center is denoted as dp.

Figure 5.58 shows the measured input impedance for the cases with £ = 0 and
8 mm, which are denoted the regular-size and compact antennas, respectively. The cir-
cular patch has a radius of 16.5 mm. The results show clearly that two near-degenerate
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FIGURE 5.57 Geometry of a circular microstrip antenna with a cross slot and peripheral cuts
for compact CP operation. (From Ref. 18, © 1998 IEE, reprinted with permission.)
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FIGURE 5.58 Measured input impedance for the antenna shown in Figure 5.57; ¢, = 4.4,
h =1.6 mm, and R = 16.5 mm. (a) Regular-size antenna: £ = 0 mm, AR = 1.2 mm; (b)
compact antenna: £ = 8 mm, AR = 0.9 mm. (From Ref. 18, © 1998 IEE, reprinted with
permission.)

modes are excited by incorporating a pair of small peripheral cuts of depth AR = 1.2
and 0.9 mm, respectively, for the regular-size and compact antennas. The measured
axial ratio in the broadside direction is shown in Figure 5.59. The corresponding CP
performance is listed in Table 5.14. The CP center frequency f. is 2560 and 2295
MHz for the regular-size and compact antennas, respectively. The compact antenna
thus has a center frequency about 10.4% lower than that of the regular-size antenna.
This lowering of the center frequency corresponds to an antenna size reduction of
about 20% by using the compact design in place of the regular-size design at a fixed
operating frequency. Also note that the feed position needs to be moved closer to
the patch center for the compact antenna. This behavior makes it difficult to locate
the 50-Q2 feed position inside the circular patch when a larger cross slot than that
studied here is introduced in the patch. In cases with a larger cross slot, other feed
methods such as those using an aperture-coupled feed or proximity-coupled feed can
be applied, and a much larger antenna size reduction than that obtained here can be
expected.
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FIGURE 5.59 Measured axial ratio for the antennas studied in Figure 5.58. (From Ref. 18,
© 1998 IEE, reprinted with permission.)

5.8 DESIGNS WITH A TUNING STUB

The use of a tuning stub has been shown to be effective for the resonant frequency
adjustment of microstrip antennas [26]. Due to the frequency tuning capability of the
tuning stub, it is expected that, with a proper stub length, the resonant mode in the
direction parallel to the stub can have a slightly lower resonant frequency than that in
the direction perpendicular to the stub orientation. In this case, two near-degenerate
orthogonal modes can be excited using a single probe feed, which makes CP operation
possible. This design concept has been successfully applied to a circular patch [19], a
square-ring patch [20], and a triangular patch [21]. Details of the experimental results
for these studies are presented in the following.

5.8.1 With a Circular Patch

Figure 5.60 shows a CP design with a tuning stub for a circularly polarized simple
circular microstrip antenna. A tuning stub of length £ and width 1 mm is placed at the
disk boundary in the x direction. In this case, the X-directed resonant mode will have
a slightly lower resonant frequency than the y-directed resonant mode. By choosing
the proper stub length and exciting the patch at point A or B, CP radiation can be
obtained. Figure 5.61 presents the measured input impedance and boresight-direction

TABLE 5.14 CP Performance of the Antenna in Figure 5.57 [18]?

£ AR d, fe 3-dB Axial-Ratio
(mm) (mm) (mm) (MHz) CP Bandwidth (%)

Regular-size 0 1.2 8.7 2560 1.6
Compact 8 0.9 1.6 2295 1.3

@ Antenna parameters are given in Figure 5.58.
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FIGURE 5.60 Geometry of a circularly polarized circular microstrip antenna with a tuning
stub. (From Ref. 19, © 1998 IEE, reprinted with permission.)
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FIGURE 5.61 Measured (a) input impedance and (b) axial ratio of the antenna shown in

Figure 5.60; & =4.4, h =1.6 mm, D =32 mm, {; = 6.9 mm, and d, = 8.6 mm. (From
Ref. 19, © 1998 IEE, reprinted with permission.)
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FIGURE 5.62 Measured radiation patterns for the antenna studied in Figure 5.61 with
f = 2504 MHz. (From Ref. 19, © 1998 IEE, reprinted with permission.)

axial ratio of a typical design with left-hand CP operation (feed at point A). The
center frequency is at 2504 MHz. The obtained CP bandwidth is 30 MHz, or 1.2%.
The measured radiation patterns in two orthogonal planes at 2504 MHz are plotted
in Figure 5.62, and good left-hand CP radiation is observed.

The present CP design has been applied to a circular microstrip patch with a cross
slot of equal slot lengths. The antenna geometry is depicted in Figure 5.63. The cross
slot has a length ¢, and the slot width is chosen to be 1 mm, the same as that of
the tuning stub. Also, unlike the feed method shown in Figure 5.60 using a coax
for a simple circular patch, a 50-€2 microstrip feed line with a quarter-wavelength
impedance transformer is used as the feed for CP excitation. This feed method is

Y
,
,

impedance transformer

50-Q microstrip
s 7 % feed line

fh 0 |
\ ground

FIGURE 5.63 Geometry of a compact circularly polarized circular microstrip antenna with a
tuning stub for left-hand CP operation. (From Ref. 19, © 1998 IEE, reprinted with permission.)
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a good alternative to the proximity-coupled method used in Ref. 2 and is useful
for integration applications with coplanar microwave integrated circuits. These feed
methods are used rather than a probe feed because, for such a design, no 50-Q2 feed
position exists in the microstrip patch when a large cross slot is introduced in the
patch, and thus the probe feed method is not feasible for achieving CP radiation
with a good impedance matching condition. Based on the design in Figure 5.63, a
typical case with £ = 30 mm (about 0.94 D) was implemented. The measured input
impedance and axial ratio are presented in Figure 5.64. It is seen that the CP center
frequency is decreased to 1587 MHz, which is about 63.4% that of the simple patch
case. This decrease in the operating frequency corresponds to a 60% antenna size
reduction. The 3-dB axial ratio bandwidth is found to be 14 MHz (or about 0.9%),
which is less than that (1.2%) of the simple patch case, largely due to the decrease in
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FIGURE 5.64 Measured (a) input impedance and (b) axial ratio of the antenna shown in
Figure 5.63; &, = 4.4, h = 1.6 mm, D = 32 mm, £ = 30 mm, ¢, = 8.5 mm, ¢, = 27 mm,
wy = 0.8 mm, and w¢ = 3.0 mm. (From Ref. 19, © 1998 IEE, reprinted with permission.)
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FIGURE 5.65 Measured radiation patterns for the antenna studied in Figure 5.64 with f =
1587 MHz. (From Ref. 19, © 1998 IEE, reprinted with permission.)

the electrical thickness of the substrate. The tuning stub in this design has a length of
8.5 mm (about 0.26 D), which is slightly larger than that (6.9 mm) in the simple patch
design, although the operating frequency is significantly decreased. Compared to the
very small slot-length difference (0.5 mm, or about 0.0075 times the disk diameter)
required in the design with a cross slot of unequal slot lengths [2], the present compact
CP design with a tuning stub can have much relaxed manufacturing tolerances. The
measured radiation patterns in two orthogonal planes at the center frequency are
plotted in Figure 5.65. Good left-hand CP radiation is observed.

5.8.2 With a Square-Ring Patch

Figure 5.66 shows two antenna geometries of CP design with a tuning stub applied
to a square-ring patch. The square-ring microstrip patch has an outer side length
L and an inner side length L,. The two arms of the cross strip are of equal width
we. A small, narrow tuning stub of length ¢ and width 1 mm is protruded at the
patch corner for the case with a centerline cross strip [see Figure 5.66(a)] or at the
center of the patch edge for the case with a diagonal cross strip [see Figure 5.67(b)].
With a tuning stub of proper length and a single probe feed at a position in the
two arms of the cross strip [see Figures 5.66(a) and 5.66(b); point A for right-hand
CP operation and point B for left-hand CP operation], the present design can be
used for CP radiation with a compact antenna size compared to conventional CP
designs [1].

Figure 5.67 shows the measured axial ratio of the constructed prototypes (antennas
1 and 2) of the design shown in Figure 5.66(a). The feed position is at point A for
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FIGURE 5.66 Geometries of square-ring microstrip antennas with a cross strip for compact
CP operation. (a) The case with a centerline cross strip, (b) the case with a diagonal cross strip.
(From Ref. 20, © 1999 IEEE, reprinted with permission.)

right-hand CP radiation. The corresponding CP performance is listed in Table 5.15.
The obtained CP center frequency is 1725 and 1695 MHz for antennas 1 and 2,
respectively. Compared to the reference antenna (see Table 5.15), the center frequency
of antenna 2 is lowered by about 18%. This lowering in center frequency corresponds
to an antenna size reduction of about 33% by using the present design in place of the
conventional CP design at a fixed frequency. From measured radiation patterns for
antennas 1 and 2 at their respective center frequency, good right-hand CP radiation
for both cases is observed.

The case with a diagonal cross strip has also been studied. The measured axial
ratio for two constructed prototypes (antennas 3 and 4) is presented in Figure 5.68.
Obtained CP performance is listed in Table 5.15. The center frequency is 1692 and
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FIGURE 5.67 Measured axial ratio for the case with a centerline cross strip shown in Figure
5.66(a); &, = 4.4, h = 1.6 mm, L, = 34 mm, w, = 2 mm, and feed at point A. Antenna 1:
L, =29 mm, £ = 5.5 mm, d, = 8§ mm; antenna 2: L, = 31.5 mm, £ =4 mm, d, = 7.0 mm.
(From Ref. 20, © 1999 IEEE, reprinted with permission.)

1614 MHz, respectively, for antennas 3 and 4. For antenna 4, the center frequency
is lowered by about 22% compared to that of the reference antenna. This suggests
that an antenna size reduction of about 40% can be obtained by using the present
design at a fixed frequency. Good radiation patterns of antennas 3 and 4 have been
observed.

5.8.3 With a Triangular Patch

Figure 5.69 shows three promising CP designs with a tuning stub for triangular
microstrip antennas. By simply loading a tuning stub of proper length at the triangular
tip or at the center of the bottom edge of the triangular patch [see Figures 5.69(a) and
5.69(b)], two orthogonal near-degenerate resonant modes can easily be excited for

TABLE 5.15 CP Performance of the Antennas in Figure 5.66 with a Centerline Cross
Strip (Antennas 1 and 2) and with a Diagonal Cross Strip (antennas 3 and 4) [20]

L, 4 dy fe 3-dB Axial-Ratio Maximum
(mm) (mm) (mm) (MHz) CP Bandwidth (%) Received Power (dBm)
Antenna 1 29.0 5.5 8.0 1725 0.9 —-51.8
Antenna 2 31.5 4.0 7.0 1695 0.9 -51.9
Antenna 3 29.0 8.3 7.5 1692 1.0 -51.9
Antenna 4 31.5 6.7 7.0 1614 1.8 —-52.3
Reference” — — — 2070 1.4 -50.0

“The reference antenna is based on a design using a conventional nearly square microstrip antenna of patch
dimensions 34 x 33.14 mm?.
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FIGURE 5.68 Measured axial ratio for the case with a diagonal cross strip shown in Figure
5.66(b); &, = 4.4, h = 1.6 mm, L, = 34 mm, w. = 2 mm, and feed at point A. Antenna 3:
L, =29mm,{ = 8.3mm,d, = 7.5mm;antenna4: L, = 31.5mm,{ = 6.7mm,d, = 7.0mm.
(From Ref. 20, © 1999 IEEE, reprinted with permission.)

CP operation. In addition, the present design can be applied to a compact triangular
microstrip antenna with a cross-slot of equal slot lengths [see Figure 5.69(c)]. In this
case, compact CP operation can be obtained.

5.8.3.1 Design with a Tuning Stub Loaded at the Triangle Tip [Figure 5.69(a)]
For this design, three different patch side lengths (denoted antennas A1-A3) were
studied; the CP performance is given in Table 5.16. Right-hand CP radiation is studied
(feed at point A in the figure). Measured results indicate that good CP radiation is
achieved, and the optimal tuning-stub length is about 0.09 times the side length of
the triangular patch.

5.8.3.2 Design with a Tuning Stub Loaded at the Bottom Edge [Figure 5.69(b)]
Three cases were studied (antennas B1-B3) and the results are listed in Table 5.17.
The feed position is chosen at point A for right-hand CP radiation. It is seen that,
when the tuning stub is at the bottom edge, the required tuning-stub length (about 0.3
times the patch’s side length) for CP radiation is much larger than that in the design
with the tuning stub at the triangle tip. This suggests that the effect of the tuning-stub
loading is more prominent at the triangle tip than at the bottom edge.

5.8.3.3 Design with a Tuning Stub and a Cross-Slot of Equal Slot Lengths
[Figure 5.69(c)] Compact CP design with three different cross-slot sizes (antennas
C1-C3) has been studied. The obtained CP performance is listed in Table 5.18. It is
observed that the CP center frequency decreases with increasing cross-slot length.
For antenna C3, the center frequency is lowered to 1708 MHz, which is about 88%
times that (1937 MHz) of the regular-size CP design (antenna A2). This lowering of
the center frequency corresponds to an antenna size reduction of about 22% using
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FIGURE 5.69 Geometries of single-feed circularly polarized equilateral-triangular mi-
crostrip antennas. (a) With a tuning stub at the triangle tip, (b) with a tuning stub at the
bottom edge of the triangular patch, and (c) with a tuning stub at the triangle tip and a cross
slot at the patch center. (From Ref. 21, © 2000 IEEE, reprinted with permission.)

the present compact CP design in place of the CP design of Figure 5.69(a). Good
measured right-hand CP radiation patterns have been obtained.
5.9 DESIGNS WITH A BENT TUNING STUB

A compact CP design with a symmetric cross-slot embedded in the patch center
is shown in Section 5.8.1, in which CP operation is achieved by using a straight
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TABLE 5.16 CP Performance of the Antenna in Figure 5.69(a) [21]°

L £ fe (Xps ¥p) 3-dB Axial-Ratio
(mm) (mm) (MHz) (mm) CP Bandwidth (%)

Antenna Al 60 5.6 1564  (-8.0,4.5) 1.15
Antenna A2 48 4.4 1937  (=5.2,5.5) 1.14
Antenna A3 40 35 2325  (=3.5,4.0) 1.16

%gr = 4.4, h = 1.6 mm, and feed at point A.

tuning stub loaded at the patch boundary, and the required tuning-stub length for CP
operation for large antenna size reduction is about 26% of the patch’s linear dimension;
this significantly eases the stringent fabrication tolerances required in Ref. 2. In this
section, another promising compact CP design with relaxed fabrication tolerances is
described. This design uses a new symmetric slot embedded in the patch, and the CP
operation is adjusted by using a bent tuning stub aligned along the patch boundary to
make the antenna more compact in total size. The proposed patch geometry is shown
in Figure 5.70. Excitation of the antenna is through a properly oriented coupling slot
in the ground plane of the microstrip feed line; the feed arrangement is shown in
Figure 1.15(b) in Chapter 1.

An experimental study has been conducted [22]. The required bent tuning stub has
a length of 16.2 mm (or about 0.65D). This lengthening of the tuning stub yields a
greatly relaxed fabrication tolerance for the proposed antenna, and the large tuning
stub is bent to be aligned along the patch boundary in order to retain the compactness
of the antenna. Since there exists no 50-€2 feed position inside the microstrip patch
due to the large cross slot cut in the patch, the aperture-coupled feed method is used.
It is found that, due to the bending of the tuning stub, the optimal relative position
of the coupling slot and the modified cross slot in the microstrip patch for achieving
good CP operation no longer has an angle « of 45°. In the present design, the optimal
angle is found to be 2°, which is significantly different from the case with a straight
tuning stub. In this case, good right-hand CP operation is obtained. Figures 5.71 and
5.72 show the measured return loss and axial ratio, respectively. Good CP operation
centered at 1470 MHz is obtained. Since this center frequency is about 0.44 times
that (3300 MHz) of the design using an unslotted circular microstrip patch, a large

TABLE 5.17 CP Performance of the Antenna in Figure 5.69(b) [21]?

L IR fe (Xp, ¥p) 3-dB Axial-Ratio

(mm) (mm) (MHz) (mm) CP Bandwidth (%)
Antenna B1 60 18.5 1559  (=7.7,4.7) 1.14
Antenna B2 48 14.7 1925  (—5.6,3.8) 1.09
Antenna B3 40 12.2 2300 (—4.5,3.2) 1.13

‘e = 4.4, h = 1.6 mm, and feed at point A.
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TABLE 5.18 CP Performance of the Antenna in Figure 5.69(c) [21]°

)2 I fe dy 3-dB Axial-Ratio
(mm) (mm) (MHz) (mm) CP Bandwidth (%)
Antenna C1 7.2 4.4 1915 8.8 1.09
Antenna C2 11.0 4.5 1860 7.0 1.02
Antenna C3 19.2 4.7 1708 2.5 0.88

g, =4.4,h = 1.6 mm, L = 48 mm, and feed at point C.

antenna size reduction of about 80% can be expected for fixed CP operation. By
choosing the angle « to be 178°, left-hand CP operation is obtained for the present

design.

5.10 COMPACT CP DESIGNS WITH AN INSET MICROSTRIP-LINE FEED

A CP design for exciting a circularly polarized microstrip antenna using a 50-€2
inset microstrip-line feed has been reported [23]. The proposed designs are shown
in Figure 5.73. Figure 5.73(a) shows the case with a narrow slit (denoted design A),
Figure 5.73(b) is for the case with two pairs of slits (design B), and the design in Figure
5.73(c) is with three pairs of inserted slits (design C). The 50-£2 inset microstrip line
has a width w. and an inset length ¢;. All the inserted slits are of length £ and width
1 mm, and the pairs of slits in Figures 5.73(b) and 5.73(c) are a distance d apart.
The square patch has a side length L and a pair of truncated corners of dimensions

l¢ D >

FIGURE 5.70 Geometry of a circular microstrip patch with a modified cross slot and a bent
tuning stub for compact CP operation. (From Ref. 22, © 1998 IEE, reprinted with permission.)
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FIGURE 5.71 Measured return loss for the antenna shown in Figure 5.70; & = &, = 4.4,
hi=h, =16 mm, D=25 mm, « =2° ¢, =162 mm, L x W =26 x 1.6 mm?, and
£y = 21 mm. (From Ref. 22, © 1998 IEE, reprinted with permission.)

AL x AL. Because of the combined effects of the inset microstrip line and the slits,
two orthogonal near-degenerate modes for CP radiation can easily be excited. Also,
the excited patch surface currents are meandered in the present designs, and the
obtained CP operating frequency is greatly lowered; thus, compact CP radiation can
be achieved for the present designs.

A conventional probe-fed, circularly polarized, corner-truncated square microstrip
antenna was first constructed as a reference antenna. The dimensions of truncated
corners, the CP bandwidth, and the CP center frequency f. are shown in Table 5.19.
Figure 5.74 presents the measured input impedance and axial ratio of design A; the

Axial Ratio (dB)
[\ w

—_
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Frequency (MHz)

0 L
1450 1460

FIGURE 5.72 Measured axial ratio for the antenna studied in Figure 5.71. (From Ref. 22,
© 1998 IEE, reprinted with permission.)
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(b)

(c)

substrate |

FIGURE 5.73 Geometries of inset microstrip-line-fed microstrip antennas for compact CP
operation. (a) Design A: corner-truncated square patch with a slit; (b) design B: corner-truncated
square patch with two pairs of slits; (c) design C: corner-truncated square patch with three
pairs of slits. Designs A—C are all with right-hand CP radiation. (From Ref. 23, © 1999 IEEE,
reprinted with permission.)

TABLE 5.19 CP Performance of the Antenna in Figure 5.73 [23]°

L d £, AL fe 3-dB Axial-Ratio

(mm) (mm) (mm) (mm) (MHz) CP Bandwidth (%)
Design A 9.7 — 7.4 33 2183 0.8
Design B 9.8 3.0 10.8 3.6 1775 0.8
Design C 10.8 3.0 10.8 39 1653 0.7
Reference — — — 3.2 2480 1.4

Y, =44, h = 1.6 mm, L = 28 mm, and w, = 3.0 mm. Reference antenna is based on
a simple corner-truncated square microstrip antenna with a probe feed.
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FIGURE 5.74 Measured (a) input impedance and (b) axial ratio of the antenna shown in
Figure 5.73(a) (design A); &, = 4.4, h = 1.6 mm, L = 28 mm, AL = 3.3 mm, {; = 9.7 mm,
£, = 7.4 mm, w, = 3.0 mm, and ground-plane size = 60 x 60 mm?. (From Ref. 23, © 1998
IEEE, reprinted with permission.)

corresponding results are given in Table 5.19. It is observed that two near-degenerate
resonant modes with good impedance matching are excited [see Figure 5.74(a)], and
the CP bandwidth [see Figure 5.74(b)] is 17 MHz, or about 0.8% with respect to the
center frequency at 2183 MHz. Note that the center frequency is lowered by about
12% compared to that (2480 MHz) of the reference antenna. This corresponds to an
antenna size reduction of about 23% for design A in place of the reference antenna at
a fixed frequency. Measured radiation patterns are plotted in Figure 5.75, and good
right-hand CP radiation is obtained. For designs B and C, parameters are given in
Table 5.19. The CP center frequencies of designs B and C occur, respectively, at
1775 and 1653 MHz, which are lowered by about 28% and 33% compared to that of
the reference antenna. That is, an antenna size reduction about 49% or 55% can be
expected at a fixed frequency by replacing the reference antenna with design B or C,
respectively. Measured radiation patterns of designs B and C indicate that good CP
radiation is observed.
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FIGURE 5.75 Measured radiation patterns for the antenna studied in Figure 5.74 with
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= 2183 MHz. (From Ref. 23, © 1998 IEEE, reprinted with permission.)
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CHAPTER SIX
L

Compact Microstrip Antennas
with Enhanced Gain

6.1 INTRODUCTION

Most compact microstrip antenna designs show decreased antenna gain owing to the
antenna size reduction. To overcome this disadvantage and obtain an enhanced antenna
gain, several designs for gain-enhanced compact microstrip antennas with the loading
of a high-permittivity dielectric superstrate [ 1-3] or the inclusion of an amplifier-type
active circuitry [4, 5] have been demonstrated. Use of a high-permittivity superstrate
loading technique [6—8] gives an increase in antenna gain of about 10 dBi [1] with a
smaller radiating patch. In Ref. 4, the radiating patch is modified to incorporate active
circuitry to provide an enhanced antenna gain; an extra antenna gain of 8 dBi in L-band
operation has been obtained. An amplifier-type active microstrip antenna as a transmit-
ting antenna with enhanced gain and bandwidth has also been implemented [5]. Some
design examples of these gain-enhanced compact microstrip antennas are presented.

6.2 COMPACT MICROSTRIP ANTENNAS
WITH HIGH-PERMITTIVITY SUPERSTRATE

6.2.1 Gain-Enhanced Compact Broadband Microstrip Antenna

Figure 6.1 shows the geometry of a gain-enhanced compact broadband rectangular
microstrip antenna. It has been demonstrated that, by adding a high-permittivity su-
perstrate layer, the antenna gain of a chip-resistor-loaded microstrip antenna can be
increased to about the same level as that a conventional microstrip antenna [1]. The
radiating patch has a 1-$2 chip resistor loaded at one of the patch edges. For operating
at 1.84 GHz, a microwave substrate of ¢, = 3.0 and 4| = 1.524 mm is covered with
a high-permittivity ceramic superstrate of &, = 79 and h, = 3.05 mm. The super-
strate thickness is determined by trying various thicknesses to optimize the enhanced

221
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FIGURE 6.1 Geometry of a gain-enhanced compact broadband rectangular microstrip an-
tenna. (From Ref. 1, © 1998 IEE, reprinted with permission.)

gain with acceptable radiation patterns. Conventional and chip-resistor-loaded rec-
tangular microstrip antennas were fabricated and measured for comparison. It was
found that, at the fixed frequency f = 1.84 GHz, the patch size of the resistor and
superstrate-loaded microstrip antenna can be reduced to 6.05% times that of a con-
ventional microstrip antenna. The dimensions of the three fabricated antennas are
listed in Table 6.1.

Figure 6.2 shows the measured return loss for the three antennas in Table 6.1. The
measured input impedance bandwidths (10-dB return-loss bandwidth) are 19.6 MHz
(1.07%) for the conventional antenna, 145.6 MHz (7.91%) for the resistor-loaded
antenna, and 120 MHz (6.52%) for the proposed resistor- and superstrate-loaded
antenna. Figure 6.3 shows the E-plane radiation patterns of the three antennas. The
maximum relative received power for the proposed antenna is —46.9 dBm; that is,
the proposed antenna has a net power increment of 10.4 dB compared with the
resistor-loaded antenna (—57.3 dBm) and about 1.3 dB lower than that of the conven-
tional antenna (—45.6 dBm). The measured H-plane radiation patterns are plotted
in Figure 6.4. The maximum relative received power for the proposed antenna is
—47.7 dBm, a net power increment of 10.8 dB compared with the resistor-loaded
antenna (—58.5 dBm) and about 1.9 dB lower than that of the conventional antenna
(—45.8 dBm). The performance of the proposed antenna constructed here can be
optimized by choosing different superstrate permittivities and thicknesses.

TABLE 6.1 Dimensions of Three Rectangular Microstrip Antennas in
Figure 6.2 Operated at 1.84 GHz [1]

L W hy hy d,
Antenna (mm) (mm) (mm) (mm) (mm)
Conventional 46.7 30.0 1.524 — 18.3
1-€2 resistor loading 11.5 8.0 1.524 — 1.0

Resistor and superstrate loading 10.6 8.0 1.524 3.05 0.8
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FIGURE 6.2 Measured return loss of three fabricated microstrip antennas; parameters are
given in Table 6.1. (From Ref. 1, © 1998 IEE, reprinted with permission.)

6.2.2 Gain-Enhanced Compact Circularly Polarized Microstrip Antenna

The design of a high-gain, compact microstrip antenna with CP radiation has been
reported [2]. The small size of the microstrip antenna results from both the high-
permittivity superstrate loading and slits cut in the patch. In addition, the antenna gain
is enhanced by choosing the superstrate thickness to be about one-quarter wavelength
in the superstrate layer. A typical design with 30% lower antenna size (projection
area) and 5.2 dB higher antenna gain compared to the conventional CP design has

.50 +
E Conventional
\Resistor and superstrate
’ loading
-60 4

AN

Resistor loading

Relative Received Power (dBm)
3

-80 + t t t t t t
80 -60 -40 -20 0 20 40 60 80

Observation Angle (degrees)

FIGURE 6.3 Measured E-plane radiation patterns of three fabricated microstrip antennas;
parameters are given in Table 6.1. (From Ref. 1, © 1998 IEE, reprinted with permission.)
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FIGURE 6.4 Measured H-plane radiation patterns of three fabricated microstrip antennas;
parameters are given in Table 6.1. (From Ref. 1, © 1998 IEE, reprinted with permission.)

been obtained. Figure 6.5 shows a proposed compact circularly polarized microstrip
antenna with an enhanced gain. Two pairs of unequal slit lengths £, and £, (£ > £,)
are cut in the patch to split the fundamental resonant mode into two orthogonal
near-degenerate modes for CP operation. The case with £, > £, and feed position
at point C is for right-hand CP operation. When superstrates of various thicknesses
are loaded onto the microstrip antenna, its resonant frequency is decreased, and the
required slit lengths and 50-2 feed position need to be adjusted to achieve good CP
operation.

High-permittivity (e, =79) ceramic superstrates of various thicknesses were
loaded onto a compact circularly polarized microstrip antenna. The antenna
parameters and performance are listed in Table 6.2. When no slits and superstrate

R
‘ \\\gy/zl: o
02 0 02 | NG
S |/;k:|-—————>x
J 4y/2 .
A, S Tmm
high-permittivity | L |
superstrate ‘ ‘
h, T[ ep=79 " 3 \

h [ e =44 | \

FIGURE 6.5 Geometry of a gain-enhanced compact microstrip antenna with right-hand CP
radiation. (From Ref. 2, © 1998 IEE, reprinted with permission.)
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TABLE 6.2 Comparison of Circularly Polarized Microstrip Antennas Covered
with High-Permittivity Superstrates of Various Thicknesses [2]*

Patch Size  Slit Length ~ Superstrate Feed Maximum

LxS £, by Thickness Position fe Received

(mm?) (mm) h, (mm) BC (mm) (MHz) Power (dBm)
Antenna 1 26.2 x 26.2 — — 13.3 2697 —55.58
Antenna2 26.2 x 262 10.0,9.0 2.18 (0.159A,) 12.7 2467 —52.56
Antenna3 26.2 x 26.2  10.5,9.0 2.59 (0.186A;) 13.0 2422 —52.43
Antenna4 26.2 x 26.2 9.8,9.0 3.20 (0.2261,) 12.8 2389 —51.70
Antenna 5 26.2 x 26.2 9.7,9.0 3.92 (0.2641,) 12.5 2272 —50.34
Antenna 6 26.2 x 26.2  10.2,9.0 4.34 (0.281A;) 12.1 2187 —52.22
Antenna7 31.1 x 31.8 — — 15.8 2272 —55.55
Yer) =44, 60 =179, hy = 1.6 mm, and Ay = wavelength in the superstrate.

are present, a square patch with dimensions 26.2 x 26.2 mm? has a fundamental
resonant frequency of 2697 MHz. For antennas with various superstrate loadings, the
slit length £, is fixed and £, is adjusted to achieve CP operation. For good impedance
matching, point C is slightly varied along the diagonal AB. For the cases studied
here, the optimal position for point C lies at about 12.1-13.3 mm [(0.326-0.354)A B]
from the patch corner. The results show that the microstrip antenna has a maximum
relative received power when the superstrate thickessness is about one-quarter of
the wavelength of the wave propagating in the superstrate layer (see antenna 5 in
Table 6.2). Compared to a conventional CP design (antenna 7 in Table 6.2) using a
nearly square patch without slits and superstrate loading at the same operating fre-
quency (2272 MHz), the proposed antenna (antenna 5) has a 30% smaller patch size
and a 5.21 dB greater antenna gain. This gives the proposed antenna a gain nearly
equivalent to that of a 2 x 2 array with the conventional design (antenna 7) for the
array elements. The measured input impedances for antennas 5 and 7 are shown in
Figure 6.6. The measured axial ratio for antenna 5 is presented in Figure 6.7. The CP
bandwidth determined from the 3-dB axial ratio is about 32 MHz, or 1.4%, which
is much larger than that obtained for antenna 7 (0.65%; not shown). Typical mea-
sured radiation patterns for the proposed and conventional antennas are plotted in
Figure 6.8. The proposed antenna is clearly seen to have a much higher antenna gain
than the conventional antenna.

6.3 COMPACT MICROSTRIP ANTENNAS WITH ACTIVE CIRCUITRY

An amplifier-type active microstrip antenna integrates a two-port amplifier circuitry
into a passive microstrip antenna and can work as a transmitting or receiving antenna
[4, 5, 9]. In this section, the configuration of an amplifier-type active microstrip
antenna for enhanced antenna gain and wider impedance bandwidth is presented. The
active microstrip antenna studied here consists of a passive microstrip antenna and
amplifier circuitry with a DC bias feedback resistor. With the selection of a possible
maximum feedback resistance in the active circuitry for biasing the amplifier into
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FIGURE 6.6 Measured input impedance for the antenna shown in Figure 6.5. Curve (i) is
for an antenna with a high-permittivity superstrate and slits in the patch, and curve (ii) is for
an antenna with a nearly square patch. Parameters and performance of antennas (i) and (ii) are
given, respectively, by antennas 5 and 7 in Table 6.2. (From Ref. 2, © 1998 IEE, reprinted with
permission.)

the active region of performance, the impedance bandwidth of the active microstrip
antenna can be greatly enhanced for a given extra output gain.

Figure 6.9 shows the antenna geometry studied. The antenna works as a trans-
mitting antenna, and an equilateral-triangular radiating patch was used to give a
smaller size compared to square or circular patches at a fixed operating frequency.
When ports 1 and 2 are interchanged, the resulting active microstrip antenna func-
tions as a receiving antenna. The passive microstrip antenna shown in the figure is an

w
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FIGURE 6.7 Measured axial ratio for antenna 5 shown in Table 6.2. (From Ref. 2, © 1998 IEE,
reprinted with permission.)
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FIGURE 6.8 Measured radiation patterns in the ¢ = 135° plane at 2272 MHz for the proposed
antenna (antenna 5 in Table 6.2) and for a conventional nearly square microstrip antenna
(antenna 7 in Table 6.2). (From Ref. 2, © 1998 IEE, reprinted with permission.)

inset-microstrip-line-fed equilateral-triangular microstrip antenna with a pair of bent
slots of bend angle 150° [10]. This passive microstrip antenna can have a wide
impedance bandwidth about 3.0 times that of a corresponding unslotted triangular
microstrip antenna. The use of such a broadband passive antenna gives the resulting
active antenna a wider impedance bandwidth than that obtained in Ref. 10 in addition
to the extra output gains achieved.

The active circuitry is shown in Figure 6.9(b). This active circuitry is directly con-
nected to the passive microstrip antenna through a 50-€2 inset microstrip feed line,
which eliminates the need for a quarter-wavelength transmission line for impedance
matching. The active antenna can thus be implemented in a more compact configura-
tion. In this study, a Hewlett Packard low-noise AT-41511 bipolar transistor is used,
which is biased through a collector resistor R¢ and a feedback resistor Rg. Here C
and C, are DC blocking capacitors and L¢ and C¢ are RF chokes, which prevent
the RF signal from feeding back to the DC source. The two L-network filters Lg, Cs
and Cr, Ly, function as impedance matching networks for both input and output ports
of the active circuitry. Owing to the presence of the feedback resistor Rp, which is
usually much larger than R, the quality factor of the resulting active antenna will be
lowered with an increase in Rg. This suggests that, by selecting a possible maximum
value of Rp to bias the transistor into the active region of performance, the impedance
bandwidth of the resulting active antenna can be greatly increased.

The active microstrip antenna is implemented using an inexpensive FR4 substrate
(relative permittivity 4.4, thickness 1.6 mm). Figure 6.10 shows the measured return
loss for three different values of Rg: 33.3, 42.7, and 50.7 k2. (Note that for the
transistor to be in the active region, the value of R in this study should be less than
about 60 k2 and greater than about 12 k€2.) The results show that the impedance
bandwidth increases with increasing Rg. It is also observed that two resonant modes
are excited owing to the broadband characteristics of the passive slotted triangular
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FIGURE 6.9 (a) Geometry of an active equilateral-triangular microstrip antenna with en-
hanced gain and bandwidth and (b) layout of the active circuitry. (From Ref. 5, © 1999 John
Wiley & Sons, Inc.)

microstrip antenna [10]. The impedance bandwidth, determined from the 10-dB return
loss, for the case with Rg=50.7 k2 is 164 MHz, or about 9.3% referenced to the
center frequency at 1760 MHz. This impedance bandwidth is about 2.0 times that
of the passive slotted antenna studied here (about 4.7% [10]) or 6.0 times that of
the passive simple triangular microstrip antenna without slots (about 1.6%). The
obtained impedance bandwidths for Rr =33.3 and 42.7 k2 are also larger than that
of the passive slotted antenna and are 125 MHz (about 7.1%) and 135 MHz (about
7.6%), respectively.

The radiation characteristics and antenna gain have been studied. Figure 6.11 shows
typical measured E-plane (y—z plane) and H-plane (x—z plane) radiation patterns at
the two resonant modes of the active antenna with Rp = 50.7 k2. The results show
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FIGURE 6.10 Measured return loss for the active antenna shown in Figure 6.9; 6, =4.4,h =
1.6 mm, L = 50 mm, ¢,, = 26.2 mm, ¢; = 26.0 mm, ¢, = 11.5 mm, ds = 2.3 mm, ground-
plane size = 100 x 100 mm?, Ls =4.44nH, Cs =24 pF, C; = 680 pF, C, = 6800 pF, C, =
47 pF, L, =8.86 nH, L =8.2 uH, Cc = 6800 pF, and Rc =808 . (From Ref. 5, © 1999
John Wiley & Sons, Inc.)
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FIGURE 6.11 Measured E-plane (y—z plane) and H-plane (x—z plane) radiation patterns
of the active antenna studied in Figure 6.10 with Rp=50.7 kQ. (a) f=1752 MHz,
(b) f =1808 MHz. (From Ref. 5, © 1999 John Wiley & Sons, Inc.)
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FIGURE 6.12 Measured antenna gain in the broadside direction for the antennas studied in
Figure 6.10. (From Ref. 5, © 1999 John Wiley & Sons, Inc.)

good radiation characteristics. Figure 6.12 presents the measured antenna gain in
the broadside direction for the active antennas studied in Figure 6.10. The results
clearly indicate that the antenna gain of active antennas with various bias feedback
resistances is about the same, and about 6 dBi greater than that of the passive slotted
triangular microstrip antenna. A relatively more uniform antenna gain as a function
of frequency is observed for the active antennas compared to the passive slotted
triangular microstrip antenna shown in the figure.
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CHAPTER SEVEN
|

Broadband Microstrip
Antennas

7.1 INTRODUCTION

In this chapter, some recently reported broadband or bandwidth-enhancement tech-
niques are presented. By applying the well-known method of using additional
microstrip resonators [1, 2], a broadband design using both directly coupled and
gap-coupled coplanar microstrip resonators for achieving an impedance bandwidth
larger than 10% (with a thin dielectric substrate) [3] is presented in Section 7.2. In
Section 7.3, some typical broadband designs with a thick air or foam substrate are
demonstrated. These designs include the use of modified probe feeds [4—11] or mod-
ified radiating patches [12—20] for overcoming the problem of large probe reactance
owing to the long probe pin in the thick substrate layer. The large probe reactance
usually makes impedance matching over a wide bandwidth difficult to achieve, and
the obtained impedance bandwidth is in general less than 10%. With the proposed
designs [4-20], achieving an impedance bandwidth larger than 25% becomes easy.
For modified probe feeds, designs with gap-coupled probe feed [4, 5], capacitively
coupled feed [6, 7], L-probe/L-strip coupled feed [8—10], and three-dimensional mi-
crostrip transition feed [11] have been reported. For modified radiating patches, it
has been shown that, by embedding a U-shaped slot in the radiating patch (U-slotted
patch) [12—-14], cutting a pair of wide slits (E-patch) at the boundary of the patch
[15-18], or using a three-dimensional V-shaped patch [19] or a wedge-shaped patch
[20], good impedance matching over a wide bandwidth can be obtained. Experimental
results for prototypes of these designs are presented and discussed.

Promising methods of embedding suitable slots [21-24] and integrating microstrip
reactive loading [25-28] in an antenna’s radiating patch are discussed in Sections
7.4 and 7.5, respectively. These two methods are mainly applicable for microstrip
antennas with thin substrates, and in this case, the low-profile advantage of microstrip
antennas is retained. Finally, a typical design for a broadband microstrip antenna with

232
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the use of two out-of-phase feeds to reduce the cross-polarization radiation [10] is
shown in Section 7.6.

7.2 USE OF ADDITIONAL MICROSTRIP RESONATORS

By using additional microstrip patches directly coupled to the radiating or nonradi-
ating edges of a rectangular microstrip antenna, a broadband microstrip antenna can
be achieved. For such a design, a rectangular microstrip antenna with two additional
patches directly coupled to its radiating edges, the impedance bandwidth can be
five times that of a single rectangular microstrip antenna. However, the resulting
broadband microstrip antenna also has a much increased antenna size compared to
a single rectangular microstrip antenna. In this section, a compact configuration for
a broadband rectangular microstrip antenna with a directly coupled patch and two
gap-coupled parasitic patches (see Figure 7.1) for achieving broadband operation is
demonstrated. The two parasitic patches are gap-coupled to the nonradiating edges of
the rectangular microstrip antenna, while the directly coupled patch is connected to
the radiating edge of the rectangular microstrip antenna through a narrow conducting
strip. The present antenna has a more compact configuration than a rectangular
microstrip antenna with two directly coupled patches [1]. In addition, by selecting the
four patches in the present antenna to have slightly different resonant lengths, four
resonant modes can be excited at frequencies close to each other; thus, an operating
bandwidth greater than that of the design with two directly coupled patches [1],
which usually shows three excited resonant modes in the operating bandwidth, can be
expected.

As shown in Figure 7.1, a rectangular microstrip antenna having dimensions
L x W (patch 1 in the figure) has additional resonators of a directly coupled patch of

y N
| h
I b
L, E patch 2
e “
=W
[ | B X

l Lf Ipatch 1 Ly probe feed
: J

«—>

W, patch 4

FIGURE 7.1 Geometry of a proposed broadband microstrip antenna with directly coupled
and parasitic patches. (From Ref. 3, © 1999 John Wiley & Sons, Inc.)
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FIGURE 7.2 Measured return loss against frequency for the antenna shown in Figure 7.1;
& =44,h=1.6mm, L, =26.6 mm, L, =24.4 mm, L; = 26.47 mm, Ly = 27 mm, W| =
16 mm, W, =40 mm, W3 = Wy =10 mm, S =2 mm, £ =2 mm, w = 0.2 mm, and d, =
1.2 mm. (From Ref. 3, © 1999 John Wiley & Sons, Inc.)

dimensions L, x W, (patch 2) and two gap-coupled parasitic patches of dimensions
L3 x W3 (patch 3) and L4 x Wy (patch 4), respectively. Patch 2 is connected to the
radiating edge of patch 1 through a narrow conducting strip of length ¢ and width w.
Patches 3 and 4 are gap-coupled, with a gap spacing of S, to the nonradiating edges
of patch 1. The lengths L, L3, and L4 of patches 2—4 in the excitation direction are
selected to be slightly different from that (L) of the excited patch (patch 1), which
can result in three additional resonant modes closely excited at frequencies near the
fundamental resonant frequency of the excited patch. A wide impedance bandwidth
can thus be obtained. Also, good impedance matching for the excited resonant modes
can be achieved by placing a probe feed at a position along the centerline (y axis) of
patch 1 a distance d;, from the connecting strip.

A prototype of the proposed design has been constructed and studied [3]. Figure 7.2
shows the measured return loss. It is clearly seen that there are four resonances in the
measured return-loss curve. The impedance bandwidth, determined from the 10-dB
return loss, is 365 MHz, which is about 12.7% of the center frequency at 2879 MHz
[the center frequency is defined here to be (fL + fi)/2, where fi, and fy are respec-
tively the lower and higher frequencies with 10-dB return loss in the bandwidth].
Since the impedance bandwidth is 54 MHz, or about 2% with respect to the center
frequency at 2710 MHz, for the rectangular microstrip antenna (patch 1) without
directly coupled and parasitic patches, the impedance bandwidth for the constructed
prototype is about 6.35 times that of the antenna with patch 1 only (12.7% vs. 2%). The
radiation characteristics of the operating frequencies within the impedance bandwidth
were studied. Figure 7.3 shows the measured radiation patterns at the four resonances
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FIGURE 7.3 Measured E-plane (y—z plane) and H-plane (x—z plane) radiation patterns for

the antenna studied in Figure 7.2. (a) f = 2729 MHz, (b) f = 2790 MHz, (c¢) f = 2875 MHz,
(d) f = 3045 MHz. (From Ref. 3, © 1999 John Wiley & Sons, Inc.)

in the impedance bandwidth. Good H-plane patterns are observed. However, some
distortions in the E-plane patterns are seen. The measured maximum received power
in the broadside direction of the antenna for frequencies within the impedance band-
width is shown in Figure 7.4. The results suggest that the antenna gain variation for
the operating frequencies within the impedance bandwidth is less than 2.5 dBi.



236 BROADBAND MICROSTRIP ANTENNAS

g 52

M

) L

N—

5

g =54 +

(=W

"c -

o

2

8 56

Q

[ L

5

2 -58 1 1 1 1 1
2600 2800 3000 3200

Frequency (MHz)

FIGURE 7.4 Measured maximum received power in the broadside direction for the antenna
studied in Figure 7.2. (From Ref. 3, © 1999 John Wiley & Sons, Inc.)

7.3 MICROSTRIP ANTENNAS WITH AN AIR SUBSTRATE

7.3.1 Design with a Modified Probe Feed

For conventional probe-fed microstrip antennas with a thick substrate, the major
problem associated with impedance matching is the large probe reactance owing to
the required long probe pin in the thick substrate layer. To solve this problem, a variety
of designs with modified probe feeds have been reported. One design method is to cut
an annular ring slot [4] or a narrow rectangular ring slot [5] around the feed point in
the radiating patch. By choosing suitable dimensions of the ring slot, the large probe
reactance can be compensated, and good impedance matching over a wide bandwidth
can be obtained. By using a capacitively coupled feed [6, 7] or an L-probe/L-strip
coupled feed [8—10], similar probe reactance compensation can be obtained. Typical
design examples are shown in Section 8.3.

Another interesting design, using a three-dimensional microstrip transition feed,
has been reported [11]. The antenna geometry is shown in Figure 7.5. In this case,
although the antenna has a thick air substrate, a short probe pin can be used, which is
connected to a rectangular patch as a feed transition to the antenna’s radiating patch.

0 d feed position

3D-feed transition

| air substrate : |
ground 7 *~ probe feed

FIGURE 7.5 Geometry of a broadband microstrip antenna with a three-dimensional mi-
crostrip transition feed.
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FIGURE 7.6 Geometry of a broadband probe-fed rectangular microstrip antenna with a
U-shaped slot.

The radiating patch can be very high above the ground plane for this design and a
long probe pin is not required. This behavior makes good impedance matching over
a wide bandwidth easy to achieve, and it has been shown that the typical operating
bandwidth of this antenna is about 40% [11].

7.3.2 Design with a U-Slotted Patch

Embedding a suitable U-shaped slot in the antenna’s radiating patch [12] is a very
effective method for achieving a wide bandwidth for a probe-fed microstrip antenna
with a thick air substrate. Figure 7.6 shows the geometry of a broadband probe-fed
rectangular microstrip antenna with a U-shaped slot. A thick air substrate of 12 mm is
used and the radiating patch has dimensions 60 x 110 mm?. The measured return loss
is shown in Figure 7.7, and an impedance bandwidth (10-dB return loss) of 500 MHz,
or about 27.5% referenced to the center frequency at 1815 MHz, is obtained. Figure 7.8
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FIGURE 7.7 Measured return loss for the antenna shown in Figure 7.6.
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FIGURE 7.8 Measured radiation patterns for the antenna shown in Figure 7.6. (a) f =
1615 MHz; (b) f = 1955 MHz.

shows the measured radiation patterns for the antenna at two resonant frequencies in
the impedance bandwidth. Good broadside radiation patterns are observed. However,
relatively large cross-polarization radiation in the H-plane pattern is also seen, which
is a common characteristic of this kind of probe-fed microstrip antenna with a thick
air substrate. To reduce the cross-polarization radiation, two out-of-phase feeds can
be used, as discussed in Section 7.6. The antenna gain was also measured, and the
results are presented in Figure 7.9. The peak antenna gain is about 9.0 dBi, and the
gain variations within the bandwidth are less than about 1.0 dBi.
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FIGURE 7.9 Measured antenna gain for the antenna shown in Figure 7.6.
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foam

FIGURE 7.10 Geometry of a broadband probe-fed triangular microstrip antenna with a
U-shaped slot. (From Ref. 14, © 1997 IEE, reprinted with permission.)

The present design method has also been applied to a triangular microstrip an-
tenna with a thick air substrate [14]. Figure 7.10 shows the antenna geometry. The
U-shaped slot in the patch consists of a pair of parallel slots with dimensions £; x w
and a horizontal slot with dimensions £, x w, connecting the two parallel slots. This
U-shaped slot is oriented with its horizontal slot facing the triangle tip or the bot-
tom of the triangular patch. In the present study, the former arrangement is studied.
The case of an equilateral triangular patch antenna is first investigated. Figure 7.11
shows the measured return loss for a constructed prototype. The slotted triangular
patch is mounted on a foam substrate of thickness 14.3 mm (about 0.081(), and the
feed position is selected to be close to the null-voltage point for the TM;y mode
(the fundamental mode) of the patch without the slot. It is clearly seen that two
adjacent resonant modes at 1563 and 1746 MHz are excited, both in the vicinity

Return Loss (dB)

50 t t
1.4 1.6 1.8 2.0
Frequency (GHz)

FIGURE 7.11 Measured return loss for the antenna shown in Figure 7.10; 4 = 14.3 mm,
§=32mm,L; =L, =91 mm,a = 60°,dy, =26.2mm, {;, = 46.2mm, {, =24 mm, w, =
6 mm, and w, = 2.5 mm. (From Ref. 14, © 1997 IEE, reprinted with permission.)
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FIGURE 7.12 Measured E-plane (y—z plane) and H-plane (x—z plane) radiation patterns for
the antenna studied in Figure 7.11. (a) f = 1563 MHz; (b) f = 1746 MHz. (From Ref. 14, ©
1997 IEE, reprinted with permission.)

of the fundamental resonant frequency fjo (about 1800 MHz) of the triangular
patch without a slot. These two modes together give an impedance bandwidth of
308 MHz, or about 18.3% with respect to the center frequency at about 1677 MHz.
This bandwidth is much greater than that (about 10%) of a corresponding sim-
ple triangular patch antenna. It is also observed that, although all the dimensions
(€1, €2, wi, wp) of the U slot affect the broadband performance, the higher reso-
nant mode is most sensitive to the length (¢,) variation of the horizontal slot, while
the lower resonant mode strongly depends on the perimeter of the U-shaped slot.
Measured radiation patterns at resonance of the two resonant modes are plotted in
Figure 7.12. These two resonant modes have the same polarization planes, and
good cross-polarization radiation is observed for the E-plane patterns. However, the
H-plane patterns show relatively large cross-polarization radiation, similar to the
result shown in Figure 7.8.

A similar design using an isosceles triangular patch was constructed. Figure 7.13
shows the measured return loss. Owing to the smaller flare angle (¢ = 53.9°) com-
pared to the case (¢ = 60°) in Figure 7.11, the length ¢, of the horizontal slot needs
to be reduced, and the width w of the parallel slot is thus decreased to adjust for the
occurrence of the two adjacent resonant modes for broadband operation. The mea-
sured impedance bandwidth in this case is 304 MHz, or about 17.8% with respect to
the center frequency (about 1709 MHz) of the impedance bandwidth. The radiation
patterns for the two resonant modes in the impedance bandwidth were measured, and
similar radiation characteristics as observed in Figure 7.12 were seen.
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FIGURE 7.13 Measured return loss for the antenna shown in Figure 7.10; 4 = 14.3 mm,
§S=32mm,L; =88.7, L, =80.4mm, o =53.9°,d, = 26.2 mm, £; = 46.2mm, £, =20
mm, w; = 3.7 mm, and w, = 2.5 mm. (From Ref. 14, © 1997 IEE, reprinted with permission.)

7.3.3 Design with an E-Shaped Patch

By using an E-shaped patch instead of a U-slotted patch, similar broadband operation
as described in Section 7.3.2 can be obtained. The E-shaped patch is formed by
inserting a pair of wide slits at the boundary of a microstrip patch [13—15]. The
present design can be applied to the antennas with rectangular, circular, or triangular
patches.

7.3.3.1 With a Rectangular Patch Figure 7.14 shows a proposed design with a
rectangular patch. The rectangular patch has dimensions L x W and is supported by
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FIGURE 7.14 Geometry of a broadband E-shaped microstrip antenna. (From Ref. 15,
© 2001 IEEE, reprinted with permission.)
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FIGURE 7.15 Measured return loss for the antenna shown in Figure 7.14; L = 65 mm,
W = 105 mm, and ground-plane size = 150 x 150 mm?. Antenna A: & = 14.3mm, ¢ =47 mm,
wi; =63 mm,w; = 15.3mm, andd, = 10 mm. AntennaB: 4 = 15.7mm, £ = 53 mm, w, =
10 mm, w, = 8 mm, and d, = 13 mm. (From Ref. 15, ©2001 IEEE, reprinted with permission.)

nonconducting posts of height z (not shown in the figure) from the ground plane. The
two wide slits have the same length ¢ and the same width w; and are inserted at the
bottom edge of the patch. The separation of the two wide slits is w, and the two slits
are placed symmetrically with respect to the patch’s centerline (y axis). There are
thus only three parameters (£, wy, w,) for the wide slits used here. Along the patch’s
centerline, a probe feed at a distance d}, from the patch’s bottom edge can be located
for good excitation of the proposed antenna over a wide bandwidth.

Figure 7.15 shows the measured return loss for two constructed prototypes (an-
tennas A and B). Note that, for achieving good impedance matching over a wide
bandwidth, the slit length £ is about (0.7-0.85)L, and the spacing between outer
edges of the two slits (2w + w») is about 0.27W. From the results, it is seen that two
adjacent resonant modes are excited, which leads to a wide bandwidth. This charac-
teristic is similar to that obtained for the U-slotted patch antenna (Section 7.3.2). For
antenna A, the impedance bandwidth is 408 MHz, or about 24.8% with respect to the
center frequency at 1644 MHz. For antenna B, the obtained bandwidth is 376 MHz,
or about 23.6% referenced to the center frequency at 1592 MHz. Radiation charac-
teristics of the antenna were also studied. Figure 7.16 plots the measured radiation
patterns at three different operating frequencies for antenna A, which are all with the
same polarization planes and similar radiation patterns. The cross-polarization radia-
tion in the E-plane patterns is less than —20 dB. The H-plane patterns, however, show
relatively larger cross-polarization radiation. This behavior is similar to that reported
for the U-slotted patch, and is largely due to the thick substrate thickness (about
0.08 times the wavelength of the center frequency in this study) and long probe pin
in the substrate layer. Measured radiation patterns for antenna B show similar results.
Measured antenna gain for frequencies within the impedance bandwidth is presented
in Figure 7.17. For both antennas A and B, the antenna gain variation is less than
0.8 dBi, with the peak antenna gain at about 7.2 dBi.
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FIGURE 7.16 Measured E-plane (y—z plane) and H-plane (x—z plane) radiation patterns for
antenna A studied in Figure 7.15. (a) f = 1485 MHz, (b) f = 1644 MHz, (¢) f = 1740 MHz.
(From Ref. 15, © 2001 IEEE, reprinted with permission.)
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FIGURE7.17 Measured antenna gain in the broadside direction for antennas A and B studied
in Figure 7.15. (From Ref. 15, © 2001 IEEE, reprinted with permission.)
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FIGURE 7.18 Simulated current distributions on the E-shaped patch of antenna A studied
in Figure 7.15. (a) f = 1485 MHz, (b) f = 1644 MHz, (¢) f = 1740 MHz. (From Ref. 15,
© 2001 IEEE, reprinted with permission.)

The excited patch’s surface current distribution for the proposed antenna was
studied by using IE3D™ simulation. Figure 7.18 shows the simulated patch surface
current distribution for antenna A for three typical frequencies, 1485, 1644, and
1740 MHz. Itis seen that all three frequencies have similar surface current distributions
in the rectangular patch. This characteristic agrees with the result that similar radiation
patterns for the three frequencies are measured (see Figure 7.16).

7.3.3.2 With a Circular Patch Figure 7.19 shows the geometry of a broadband
probe-fed circular-E microstrip antenna. It has been shown that, with an air-substrate
thickness of about 0.071, the proposed antenna has an impedance bandwidth of about
26% [17]. The measured return loss of a design example is presented in Figure 7.20.
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FIGURE 7.19 Geometry of a broadband probe-fed circular-E microstrip antenna. (From Ref.
17, © 2000 John Wiley & Sons, Inc.)

The circular patch has a diameter of 76 mm and an air-substrate thickness of 12 mm
(about 0.07X¢). The optimal length L of the pair of slits is 47.8 mm (about 63%
of the patch’s diameter) and the optimal width of the slits is 5 mm (about 10% of
their length). The optimal feed position is at d,, = 16.8 mm. The obtained impedance
bandwidth is 460 MHz, or about 26% referenced to the center operating frequency
at 1768 MHz. Figure 7.21 plots the radiation patterns in the E plane (x—z plane) and
H plane (y—z plane) for two typical operating frequencies; measured results of the
antenna gain in the broadside direction are shown in Figure 7.22. Good broadside
radiation patterns are observed, and the cross-polarization radiation in the E plane is
seen to be less than —20 dB. The antenna gain shows a peak value of about 8.3 dBi,
with gain variations less than 1.5 dBi within the impedance bandwidth.

_
)
R (U et S
g
A 1998 MHz
=}
—
220
o)
7
1
30 ‘ 1875
1.2 1.6 2.0 2.4

Frequency (GHz)

FIGURE 7.20 Measured return loss for the antenna shown in Figure 7.19; & = 12 mm,
t =0.8mm, D =76 mm, L =47.8 mm,w = 5mm, d, = 16.8 mm, and ground-plane size =
150 x 150 mm?. (From Ref. 17, © 2000 John Wiley & Sons, Inc.)
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FIGURE 7.21 Measured E-plane (x—z plane) and H-plane (y—z plane) radiation patterns for
the antenna studied in Figure 7.20. (a) f = 1575 MHz, (b) f = 1875 MHz. (From Ref. 17,
© 2000 John Wiley & Sons, Inc.)

A design with a capacitively coupled feed has also been studied. Figure 7.23
shows the antenna geometry. The capacitive feed is placed below the circular-E patch
at a distance of g and along the patch’s centerline (x axis). It is experimentally
found that, to achieve good impedance matching over a wide bandwidth, the capa-
citive feed should be placed close to the opposite side of the patch’s boundary where

Antenna Gain (dBi)

5 !
1.5 1.75 2.0

Frequency (GHz)

FIGURE 7.22 Measured antenna gain in the broadside direction of the antenna studied in
Figure 7.20. (From Ref. 17, © 2000 John Wiley & Sons, Inc.)
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FIGURE7.23 Geometry of abroadband capacitively fed circular-E microstrip antenna. (From
Ref. 18, © 2000 John Wiley & Sons, Inc.)

wide slits are inserted. That is, the optimal feed position d. shown in Figure 7.23 is
usually less than 0.5 times the patch’s diameter. In this case, a group of three adja-
cent resonant modes for the proposed antenna can be excited with good impedance
matching, and a wide impedance bandwidth is formed by the three adjacent reso-
nant modes. A constructed prototype of the proposed antenna with designed center
frequency at about 1.8 GHz shows a wide operating bandwidth of 35.6% [18]. Ex-
perimental results for the constructed prototype are presented in Figures 7.24 and
7.25. The diameter of the circular-E patch was chosen to be 70 mm, and the dis-
tance between the patch and ground plane was 16.8 mm. The capacitive feed had
a small metallic disk of diameter 5 mm and was placed 2 mm below the circular-E
patch. The two inserted wide slits had a length of 25 mm, a width of 5.2 mm, and
a separation of 10 mm. From the measured return loss shown in Figure 7.24, it is
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FIGURE 7.24 Measured return loss for the antenna shown in Figure 7.23; 4 = 16.8 mm,
D=70mm, L =25mm, W =52mm, § =10mm, d. =17 mm, d =5 mm, g =2 mm,
and ground-plane size = 150 x 150 mm?. (From Ref. 18, © 2000 John Wiley & Sons, Inc.)
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FIGURE 7.25 Measured antenna gain in the broadside direction of the antenna studied in
Figure 7.24. (From Ref. 18, © 2000 John Wiley & Sons, Inc.)

clearly seen that three adjacent resonant modes are excited with good impedance
matching, and the impedance bandwidth is 642 MHz, or about 35.6% with respect
to the center frequency at 1803 MHz. Figure 7.25 shows a peak measured antenna
gain of about 7.9 dBi, with a gain variation within the bandwidth of less than
1.4 dBi.

7.3.3.3 With a Triangular Patch A probe-fed triangular-E (triangular patch with
a pair of wide slits) microstrip antenna has been studied. The geometry is shown in
Figure 7.26. Two wide slits are inserted at the bottom edge of the triangular patch.
A prototype with a patch side length of 79 mm and an air-substrate thickness of
16 mm (about 0.0931) has been constructed and studied. Experimental results on
the return loss and antenna gain are shown in Figure 7.27. An impedance bandwidth
of 350 MHz, or about 20% centered at 1737 MHz, is obtained. The peak antenna gain
is about 8.0 dBi, and the gain variations within the impedance bandwidth are less

! probe feed

o

| air substrate I I h |
'\
% ground plane

FIGURE 7.26 Geometry of a broadband probe-fed triangular-E microstrip antenna.
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FIGURE 7.27 (a) Measured return loss and (b) antenna gain for the antenna shown in
Figure 7.26; h = 16 mm, L =79 mm, w = 6 mm, d, = 15 mm, £ = 41 mm, and ground-
plane size = 150 x 150 mm?.

than 1.5 dBi. For the measured radiation patterns, similar characteristics as seen for
the U-slotted microstrip antennas are observed.

7.3.4 Design with a Three-Dimensional V-Shaped Patch

By using a three-dimensional V-shaped patch [19], a long probe pin for a thick air
substrate is no longer required. In this case, the large probe reactance associated with a
thick substrate layer is avoided, and good impedance matching over a wide frequency
range can be obtained. Figure 7.28 shows the geometry of a broadband probe-fed
microstrip antenna with a V-shaped patch. Experimental results for a constructed
prototype are presented in Figures 7.29 and 7.30. The V-shaped patch has dimensions
60 x 90 mm? (L x W), and the distance &, from the ground plane to the patch
is chosen to be 2 mm (about 0.015X(). With such a small length, the effect of the
inductive reactance of the probe pin in the air substrate on the impedance matching
is small. The distance %, is chosen to be 21 mm, and thus the effective thickness of
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FIGURE7.28 Geometry of abroadband probe-fed microstrip antenna with a V-shaped patch.
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FIGURE 7.29 Measured return loss for the antenna shown in Figure 7.28; L = 60 mm,
W =90 mm, &, = 2 mm, &, = 21 mm, and ground-plane size = 180 x 120 mm?.
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FIGURE 7.30 Measured radiation patterns at 2194 MHz for the antenna studied in
Figure 7.29.
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FIGURE 7.31 Geometry of a broadband probe-fed wedge-shaped microstrip antenna.

the substrate is increased, which makes possible broadband operation of the antenna.
Figure 7.29 gives the measured return loss. The obtained impedance bandwidth is
greater than 18% (1:1.5 VSWR or 14-dB return loss), with a peak antenna gain of
about 8.3 dBi. Figure 7.30 plots the measured radiation patterns at the center frequency
2194 MHz; good broadside radiation patterns are observed.

A similar design with a wedge-shaped patch has been demonstrated [20], with a
typical geometry as shown in Figure 7.3 1. In this case, a short probe pin can be used for
an antenna with a large effective air-substrate thickness. For a prototype constructed
to be operated at 10.5 GHz [20], it has been shown that the wedge-shaped air-substrate
microstrip antenna has double the bandwidth of a conventional microstrip antenna
with a uniform substrate layer.

7.4 BROADBAND SLOT-LOADED MICROSTRIP ANTENNAS

This section presents experimental results for recent broadband designs with the
loading of suitable slots such as a pair of toothbrush-shaped slots [21], a pair of double-
bend slots [22], and a pair of right-angle slots and a modified U-shaped slot [23] for
rectangular microstrip antennas and two open-ring slots [24] for circular microstrip
antennas. Such slot-loading techniques for broadband operation are mainly applicable
for microstrip antennas with thin dielectric substrates, and the obtained impedance
bandwidth is usually about 2.0-3.0 times that of a conventional microstrip antenna
without slots.

7.4.1 Design with a Rectangular Patch

7.4.1.1 With a Pair of Toothbrush-Shaped Slots Figure 7.32 shows the geom-
etry of a broadband rectangular microstrip antenna with a pair of toothbrush-shaped
slots. The rectangular patch has dimensions L x W, and the embedded slots consist
of a pair of bent slots with a bend angle & = 15° and two sets of three closely spaced
slots protruding from the straight sections of the bent slots. The design considerations
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FIGURE 7.32 Geometry of a broadband rectangular microstrip antenna with a pair of
toothbrush-shaped slots. (From Ref. 21, © 1998 IEE, reprinted with permission.)

of the bent slots are the same as given in Section 4.2.1.1; the parameters (€1, {5, @)
for the present design are shown in Figure 7.32. The three protruding slots are equally
spaced (S = 2 mm), with their respective lengths given by £3, £4, and 5. All sections
of the embedded slots have equal widths (selected to be 1 mm here). When protruding
slots are not present (i.e., £3 = £4 = £5 = 0), the two resonant modes of TM and
TMs cannot be excited at frequencies that are close enough to form a wide operating
bandwidth (see Section 4.2.1.1). However, when the lengths 3, £4, and £5 are properly
chosen, the excited patch surface current densities of the TM o and TMs, modes can
be suitably perturbed such that these two modes are excited at adjacent frequencies
with the ratio of the two resonant frequencies less than about 1.03, which results in a
wide operating bandwidth.

The proposed design has been successfully implemented. Figure 7.33 shows the
measured return loss of a typical design. In this case, the lengths ¢3, ¢4, and £5 are
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FIGURE 7.33 Measured return loss for the antenna shown in Figure 7.32; ¢, = 4.4, h =
1.6 mm, £3 = 9 mm, £4 = 9 mm, £5 = 7.5 mm, and ground-plane size = 60 x 50 mm?; other
parameters are given in Figure 7.32. (From Ref. 21, © 1998 IEE, reprinted with permission.)
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FIGURE 7.34 Measured E-plane (x—z plane) and H-plane (y—z plane) radiation patterns for

the antenna studied in Figure 7.33. (a) f = 1742 MHz, (b) f = 1798 MHz. (From Ref. 21,
© 1998 IEE, reprinted with permission.)

chosentobe 9,9, and 7.5 mm, respectively. Note that two adjacent resonant modes are
excited at frequencies slightly lower than the fundamental resonant frequency (about
1.9 GHz) of the unslotted rectangular microstrip antenna with the same parameters.
From simulation results using IE3D™, the two resonant modes are identified to be
the TM ;o and TM;y modes, the same as the two modes studied in Section 4.2.1.1.
This lowering of the two resonant frequencies is mainly due to the effect of meander-
ing of the embedded slots on the excited patch surface current densities of the TM g
and TM;y modes. An impedance bandwidth of 88 MHz or about 5.0% is obtained,
which is about 2.6 times that (about 1.9%) of the conventional unslotted rectangular
microstrip antenna with the same parameters in the TM ;o mode. The radiation char-
acteristics have also been studied. Figure 7.34 plots the measured radiation patterns
at the resonant frequencies of the two excited modes. Results show that the two fre-
quencies have the same polarization planes and similar broadside radiation patterns.
Good cross-polarization radiation is observed. The antenna gain in the broadside di-
rection of the frequencies within the impedance bandwidth is measured to be within
a variation of less than 2.5 dBi, and the antenna gain at the two resonant frequencies
is about the same as that of a conventional unslotted rectangular microstrip antenna
operated in the TM o mode.

A design with ¢3, £4, and ¢5 chosen to be 9, 8.5, and 8§ mm, respectively, was
studied. The measured return loss is shown in Figure 7.35. Again, a large impedance
bandwidth of 85 MHz (or about 4.7%) is obtained, which is about 2.5 times that
of the corresponding unslotted rectangular microstrip antenna. Measured radiation
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FIGURE 7.35 Measured return loss for the antenna shown in Figure 7.32; ¢, = 4.4, h =
1.6 mm, £3 = 9 mm, £4 = 8.5 mm, £5 = 8 mm, and ground-plane size = 60 x 50 mm?; other
parameters are given in Figure 7.32. (From Ref. [21], © 1998 IEE, reprinted with permission.)

patterns at the resonant frequencies of the two excited modes show similar radiation
characteristics to those observed in Figure 7.34.

7.4.1.2 With a Pair of Double-Bend Slots By using a pair of double-bend slots,
similar broadband operation as shown in Section 7.4.1.1 can be obtained [22]. The
antenna geometry is shown in Figure 7.36. The straight sections of the double-bend
slots are placed close to the nonradiating edges at a distance of 1 mm. One end of the
double-bend slots has a bend angle of 15°; this bent section has a length of 16.9 mm
and is a small distance (1 mm) from the radiating edge. The other end has a bend angle
of 75°; this bent section is 1.0 and 0.7 mm from the patch centerline (x axis) and the
radiating edge, respectively. With the double-bend slots of specific bend angles 15°
and 75° proposed here, the first two resonant modes TM;o and TM;, can be excited
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FIGURE 7.36 Geometry of a broadband slotted rectangular microstrip antenna. The dimen-
sions given in the figure are in millimeters and not to scale. (From Ref. 22, © 1999 John Wiley
& Sons, Inc.)
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FIGURE 7.37 Measured return loss for the antenna shown in Figure 7.36; ¢, = 4.4, h =
1.6 mm, and ground-plane size = 60 x 50 mm’. Antenna 1: £, = 4.6 mm, Xp = 2.3 mm;
antenna 2: £; = 5.0 mm, x, = —0.2 mm. Other parameters are given in Figure 7.36. (From
Ref. 22, © 1999 John Wiley & Sons, Inc.)

at frequencies with a frequency ratio fso/f10 of about 1.07, where fso and fjo are the
resonant frequencies of the TMyy and TM;o modes, respectively. It is further found
that, by incorporating an additional bent slot of bend angle 150° and arm length ¢;
as shown in Figure 7.36, the frequency ratio fsy/f1o can be decreased to about 1.03,
making it possible to obtain a wide operating bandwidth formed by the resonant
modes of TM o and TM;.

With the design parameters shown in Figure 7.36 and by tuning the arm length ¢;
of the bent slot at the patch’s centerline, broadband operations have been achieved.
Figure 7.37 shows the measured return loss for two different lengths ¢, 4.6 mm
(=0.123L) and 5.0 mm (=0.134L). It is clearly seen that two resonant modes have
been excited at close frequencies and with good impedance matching. From the results,
the impedance bandwidth for antenna 1 (¢, = 4.6 mm) is 100 MHz, or about 5.4%
with respect to the center frequency at 1864 MHz. For antenna 2 (¢{; = 5.0 mm), the
impedance bandwidth is 92 MHz, or about 5.0% referenced to the center frequency at
1844 MHz. The impedance bandwidths are about 2.6-2.8 times that (about 1.9%) of
the corresponding conventional unslotted rectangular microstrip antenna. From the
measured radiation patterns, the TM;y and TMgy modes have the same polarization
planes and similar radiation characteristics. The measured maximum received powers
in the broadside direction are presented in Figure 7.38. The results suggest that the
antenna gain for operating frequencies within the obtained wide bandwidth is within
a variation of less than 3 dBi.

7.4.1.3 With a Pair of Right-Angle Slots and a Modified U-Shaped Slot  Fig-
ure 7.39 shows promising slot-loading design for achieving bandwidth enhancement
of a rectangular microstrip antenna. As shown in the figure, the two right-angle slots
have a width of wg and are placed close to the nonradiating edges, 1 mm away. The
rectangular patch has dimensions of 37.3 x 24.87 mm? (L x W). In the design, the
longer arm of the right-angle slots is parallel to the nonradiating edges and its arm
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FIGURE 7.38 Measured maximum received power in the broadside direction for antennas
1 and 2 studied in Figure 7.37. (From Ref. 22, © 1999 John Wiley & Sons, Inc.)

length ¢, is about 90% of the patch length. The shorter arm is perpendicular to the
nonradiating edges and its arm length ¢, is greater than 40% of the patch width. The
dimensions £; and ¢, of the right-angle slots are obtained from experiments. When
only right-angle slots are present, the two modes TMj;y and TM( can be excited at
frequencies with a ratio f5o/f1¢ of about 1.07. Although this frequency ratio is much
lower than that (1.29) in Section 4.2.1.1, it is still not low enough to form a single wide
operating bandwidth. Also, good impedance matching of the two resonant modes
is difficult to achieve. However, it is found that, by further embedding a modified
U-shaped slot along the centerline of the patch in the resonant direction, the resonant
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FIGURE 7.39 Geometry of a broadband rectangular microstrip antenna with a pair of right-
angle slots and a modified U-shaped slot. The dimensions given in the figure are in millimeters.
(From Ref. 23, © 2000 IEEE, reprinted with permission.)
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FIGURE 7.40 Measured return loss for the antenna shown in Figure 7.39 with an FR4
substrate. Parameters for antennas 1-3 are given in Table 7.1. (From Ref. 23, © 2000 IEEE,
reprinted with permission.)

frequency fso can be lowered while the frequency f is only very slightly affected,
which leads to a lower frequency ratio of about 1.03 and makes a wide impedance
bandwidth possible. The modified U-shaped slot is of width wy, its lower section
is of length ¢4 and width £s, and its upper section is of length ¢35 and width 3 mm.
This modified U-shaped slot is designed to mainly perturb the excited patch surface
current path of the TMsy mode to further decrease the frequency ratio fs0/f10. Most
important, with the presence of a modified U-shaped slot, good impedance match-
ing of both the TM;y and TM ;¢ modes is obtained easily by using a probe feed at a
position x,, from the patch center.

Prototypes of the proposed design have been successfully implemented. The proper
dimensions of the modified U-shaped slot in the constructed prototypes are obtained
from experiment. Figure 7.40 shows the measured return loss for prototypes with
different parameters (denoted antennas 1-3). The corresponding results are given in
Table 7.1. From the IE3D™ simulation results, the lower and higher resonant modes
are, respectively, the TM;y and TM;, modes, the same as those studied in Section
4.2.1.1. Note that the fundamental resonant frequency of the unslotted rectangular
patch antenna is about 1.9 GHz, with an operating bandwidth of 1.9%. Since the
obtained impedance bandwidths are 4.3-4.6% referenced to the center frequency
fe, the prototypes show a much greater bandwidth, more than 2.2 times that of an

TABLE 7.1 Performance of Constructed Prototypes of the Antenna
in Figure 7.39 [23]°

£y %) Xp fio fe S50 Bandwidth
(mm) (mm) (mm) (MHz) (MHz) (MHz) (MHz, %)

Antenna 1 10.4 335 2.85 1844 1873 1900 86, 4.6
Antenna 2 10.4 339 2.85 1836 1864 1891 85,4.6
Antenna 3 10.4 335 3.05 1854 1882 1905 81,4.3

Yoy =44, h=1.6mm,¥¢3 = 11.5mm, ¢4 = 6.0 mm, £5 = 0.5 mm, wy = 1 mm, and patch size = 37.3 x
24.87 mm?.
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FIGURE 7.41 Measured x—z plane (E-plane) and y—z plane (H-plane) radiation patterns for

antenna 1 studied in Figure 7.40. (a) f = 1844 MHz, (b) f = 1900 MHz. (From Ref. 23,
© 2000 IEEE, reprinted with permission.)

unslotted rectangular patch antenna. Typical radiation patterns in two orthogonal
planes of antenna 1 are shown in Figure 7.41, in which the two resonant modes are
seen to have the same polarization planes and similar radiation patterns. Figure 7.42
presents the measured peak antenna gain for antennas 1-3. The results indicate that
the prototypes have gain variations less than 2.3 dBi (antenna 1) or 2.9 dBi (antennas
2 and 3) for frequencies within the impedance bandwidth, and the peak antenna gain
is about 2.2-2.7 dBi. The lower antenna gain is mainly due to the large loss tangent
(typically 0.025) associated with the FR4 substrates used. By comparing antenna 2
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FIGURE 7.42 Measured peak antenna gain for antennas 1-3 studied in Figure 7.40. (From
Ref. 23, © 2000 IEEE, reprinted with permission.)
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FIGURE 7.43 (a) Measured return loss and (b) peak antenna gain against frequency for the
antenna shown in Figure 7.39 with a Rogers RO3003™ substrate; &, = 3.0, h = 1.524 mm,
£3 = 11mm, ¢4 = 7mm, £5 = 8§ mm, w, = 0.5 mm, and x, = —9.4 mm. Other parameters are
the same as for antenna 2 in Table 7.1. (From Ref. 23, © 2000 IEEE, reprinted with permission.)

to antenna 1, it is also found that, when the length ¢, is increased by about 1% with
other parameters unchanged, good bandwidth-enhancement performance is observed
with the center frequency slightly decreased. By comparing antenna 3 to antenna 1,
it is seen that good bandwidth-enhancement characteristics are obtained for a small
variation of the feed position. These results suggest that a small manufacturing error
can be tolerated for the proposed design, which is important for practical applications.

A design with a Rogers RO3003™ microwave substrate (g; = 3.0, 7 = 1.524 mm)
has been studied with patch dimensions 37.3 x 24.87 mm? (L x W). The modified
U-shaped slot has a width wg of 0.5 mm and upper and lower sections of lengths
¢3 = 11 mmand £, = 7 mm, respectively; the width of the lower section is £5 =8 mm.
Note that, in contrast to antennas 1-3, the lower section in this case has a larger width
than that (3 mm) of the upper section of the modified U-shaped slot. The dimen-
sions of the right-angle slots are the same as those of antenna 2. Figures 7.43(a) and
7.43(b) show, respectively, the measured return loss and peak antenna gain. Similar
bandwidth-enhancement results as obtained for antennas 1-3 are observed, and the
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impedance bandwidth is 53 MHz (2197-2250 MHz), or about 2.4% referenced to the
center frequency at 2224 MHz, which is about 2.2 times that (about 1.1%) of the corre-
sponding unslotted microstrip antenna with the same substrate [see the dashed curve in
Figure 7.43(a)]. The peak antenna gain is about 5.3 dBi, which is greater than those of
antennas 1-3 and is mainly because the RO3003™ substrate has a lower loss tangent
(typically 0.0013). The lower loss tangent also results in a smaller bandwidth in com-
parison to those of antennas 1-3 with an FR4 substrate. The measured radiation pat-
terns over the obtained impedance bandwidth are similar to those shown in Figure 7.4 1.

7.4.2 Design with a Circular Patch

Bandwidth enhancement of circular microstrip antennas loaded with two open-ring
slots has been reported [24]. The proposed antenna is shown in Figure 7.44. The
circular patch in this study has a disk radius of 23.36 mm, and the outer open-ring
slot is a small distance, 1 mm, from the patch boundary. The two open-ring slots
have the same narrow width of 0.5 mm, and the distance between the two slots is
set to be 1 mm. The slots are placed symmetrically with respect to the y axis, on
which an optimal probe feed for good impedance matching is located. The distance
between the probe feed and disk center is denoted d,. The inner open-ring slot has a
small opening and is fixed to be 2 mm. The outer open-ring slot has a relatively large
opening and has an angle of ¢. In the present design, by choosing a suitable angle
¢, two resonant modes can be closely excited at frequencies in the vicinity of the
fundamental resonant frequency f}, of the corresponding simple circular microstrip
antenna without slots, leading to the enhancement of the impedance bandwidth of the
proposed antenna.

Figure 7.45 presents the measured return loss for a constructed prototype. The
angle ¢ is selected to be 32° and the feed position is at d, = 13 mm. Note that, when

FIGURE7.44 Geometry of a broadband circular microstrip antenna with two open-ring slots.
The dimensions shown in the figure are not to scale. (From Ref. 24, © 1999 John Wiley &
Sons, Inc.)
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FIGURE 7.45 Measured return loss for the antenna shown in Figure 7.44; ¢, = 4.4, h =
1.6 mm, d, = 13 mm, ¢ = 32°, and ground-plane size = 75 x 75 mm?. Other parameters are
given in Figure 7.44. (From Ref. 24, © 1999 John Wiley & Sons, Inc.)

there are no open-ring slots, the fundamental resonant frequency fi; of the circular
microstrip antenna with a radius of 23.36 mm is about 2 GHz. It is also clearly seen
that the prototype antenna has two adjacent resonant modes excited at frequencies
near 2 GHz: one at 2148 MHz and the other at 2200 MHz. The impedance bandwidth
is 90 MHz, or about 4.1% with respect to the center freqeuncy at 2175 MHz. This
impedance bandwidth is about 2.1 times that (about 2%) of the corresponding simple
circular microstrip antenna without slots.

The radiation characteristics of the antenna have also been studied. Figure 7.46
shows the measured radiation patterns at the two resonant frequencies of 2148 and
2200 MHz. Similar broadside radiation patterns have been observed for the two reso-
nant modes, and good cross-polarized radiation (less than —20 dB) is seen. Figure 7.47
shows the measured antenna gain in the broadside direction. The results show that the
gain variation within the impedance bandwidth of the antenna is within a variation
of less than 2.6 dB. It should also be noted that, mainly owing to the FR4 substrate
used in this study, which has a large loss tangent (about 0.04), the antenna gain level
is lower than about 3.5 dBi.

7.5 BROADBAND MICROSTRIP ANTENNAS WITH
AN INTEGRATED REACTIVE LOADING

7.5.1 Design with a Rectangular Patch

By inserting a microstrip-line section at one of the radiating edges of a rectangu-
lar patch, dual-frequency operation of microstrip antennas has been reported [29].
In such a design, the inserted microstrip-line section provides an integrated reac-
tive loading to the microstrip antenna. By varying the dimensions of the inserted
microstrip-line section, which can affect the resonance condition of the microstrip
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FIGURE 7.46 Measured y—z plane (E-plane) and x—z plane ( H-plane) radiation patterns for
the antenna studied in Figure 7.45. (a) f = 2148 MHz, (b) f = 2200 MHz. (From Ref. 24,
© 1999 John Wiley & Sons, Inc.)

antenna, two resonant modes near the fundamental mode of the original unloaded
microstrip antenna can be excited, making dual-frequency operation possible. Re-
cently, it has also been reported that, by applying this inserted-loading technique and
modifying the inserted microstrip-line section to be an inserted microstrip structure of
cascaded transmission-line sections [25], the two resonant modes can be designed to
be excited at frequencies very close to each other to form a wide operating bandwidth.
This enhancement in the impedance bandwidth greatly relieves the narrow-bandwidth

Antenna Gain (dBi)

2100 2150 2200 2250
Frequency (MHz)

FIGURE 7.47 Measured antenna gain in the broadside direction for the antenna studied in
Figure 7.45. (From Ref. 24, © 1999 John Wiley & Sons, Inc.)
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FIGURE 7.48 Geometry of a broadband rectangular microstrip antenna with an inserted
integrated reactive loading.

disadvantage of microstrip antennas. A typical geometry of such a design applied to
a probe-fed rectangular microstrip antenna is shown in Figure 7.48, in which an
integrated reactive loading is inserted at one of the patch’s radiating edges for band-
width enhancement. Results show that, with such a bandwidth-enhancement design,
the antenna’s impedance bandwidth can be almost three times larger than that of a
corresponding regular microstrip antenna [25].

7.5.2 Design with a Circular Patch

The integrated reactive loading technique is also applicable for circular microstrip an-
tennas. However, experimental studies show that broadband operation is very sensitive
to small variations in the dimensions of the inserted microstrip structure providing
the reactive loading, especially when applying the inserted-loading technique to a
circular microstrip antenna. In this section, we demonstrate that, by modifying the
inserted microstrip structure embedded within the circular microstrip patch (see Fig-
ure 7.49), a good impedance condition for broadband operation is easily achieved and
good antenna performance within the impedance bandwidth is obtained [26].

To provide the reactive loading, a microstrip structure consisting of a straight
microstrip-line section and a tab microstrip-line section is embedded inside a near-
rectangular slot cut in the circular patch. Both the microstrip structure and the near-
rectangular slot are symmetric to the y axis; their dimensions are given in Figure 7.49.
The straight microstrip-line section of the embedded microstrip structure is connected
to the circular patch at the bottom edge of the slot, which is at a position about 0.2
times the disk radius away from the disk center. For the present design with 7 = 1.6
mm, & = 4.4, and a ground-plane size of 75 x 75 mm?, a single probe feed located
at a position about 0.55 times the disk radius away from the disk center can excite
two resonant modes close to each other, in the vicinity of the fundamental resonant
mode (TM) of the unloaded patch, to achieve a wide operating bandwidth.
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FIGURE 7.49 Geometry of a broadband circular microstrip antenna with an embedded reac-
tive loading. The dimensions shown in the figure are not to scale. (From Ref. 26, © 1998 IEE,
reprinted with permission.)

Figure 7.50 shows the measured return loss for the proposed design. It is observed
that two resonant modes are excited at frequencies close to 1.9 GHz, which is the fun-
damental resonant frequency of the unloaded circular patch antenna. The occurrence
of the two resonant modes is mainly due to the embedded reactive loading, which
provides a capacitive load at the lower resonant frequency and an inductive load at the
higher resonant frequency. These two modes are also excited with a good impedance
condition, and the measured return loss at the two resonant frequencies is greater than
25 dB. The obtained bandwidth is 116 MHz, or about 6.05%, which is about 3.2 times
that (about 1.9%) of the corresponding unloaded circular microstrip antenna.

The radiation characteristics of the operating frequencies within the impedance
bandwidth have been investigated. Typical patterns in two orthogonal planes at the
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FIGURE 7.50 Measured return loss for the antenna shown in Figure 7.49; ¢, = 4.4, h =
1.6 mm, and ground-plane size = 75 x 75 mm?. Patch dimensions are given in Figure 7.49.
(From Ref. 26, © 1998 IEE, reprinted with permission.)
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FIGURE 7.51 Measured y—z plane (E-plane) and x—z plane (H-plane) radiation patterns for
the antenna studied in Figure 7.50. (a) f = 1885 MHz; (b) f = 1947 MHz. (From Ref. 26,

© 1998 IEE, reprinted with permission.)

two resonant frequencies are presented in Figure 7.51. It is seen that good broad-
side radiation characteristics with the same polarization planes are obtained, and the
cross-polarization radiation is well below —20 dB. The measured antenna gain in the
broadside direction is shown in Figure 7.52. In general, the operating frequencies in
the lower resonant mode have a relatively larger antenna gain than those within the
higher resonant mode, and the variations of the antenna gain in the entire impedance

bandwidth are within a range of less than 2.5 dBi.
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FIGURE 7.52 Measured antenna gain in the broadside direction for the antenna studied in

Figure 7.50. (From Ref. 26, © 1998 IEE, reprinted with permission.)
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FIGURE 7.53 Geometry of a microstrip-line-fed broadband circular microstrip antenna with
embedded reactive loading. The dimensions (in millimeters) in the figure are not to scale. (From
Ref. 27, © 1999 John Wiley & Sons, Inc.)

The present embedded integrated reactive loading technique can also be applied
to a circular microstrip antenna directly fed by a 50-2 microstrip line [27]. Figure
7.53 shows the geometry of a typical design. This design is made possible because
the symmetry of the proposed circular microstrip antenna no longer holds, which
causes a wide variation in the input impedance seen along the circumference of the
circular patch. By choosing a suitable angle between the microstrip feed line and the
embedded reactive loading, good impedance matching of the proposed broadband
circular patch antenna can be obtained.

Figure 7.54 shows the measured return loss for an antenna with various angles
¢.. The cases studied here all have a ground-plane size of 75 x 75 mm?. It is seen
that for a smaller angle of ¢. = 20°, only a single resonant mode is excited with
good impedance matching. For ¢. = 40° and 60°, however, two resonant modes are
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FIGURE 7.54 Measured return loss for the antenna shown in Figure 7.53 with various angles
Pc; & =4.4,h = 1.6 mm,d =21.9 mm, and ground-plane size =75 x 75 mm?. (From Ref. 27,
© 1999 John Wiley & Sons, Inc.)
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FIGURE 7.55 Measured E- and H-plane radiation patterns for the antenna studied in

Figure 7.54 with ¢. = 40°. (a) f = 1885 MHz, (b) f = 1945 MHz. (From Ref. 27, © 1999
John Wiley & Sons, Inc.)

excited. These two modes are seen to be excited at frequencies in the vicinity of
the fundamental resonant frequency (about 1.9 GHz) of the unloaded patch. For the
impedance bandwidth defined by 10-dB return loss, the case ¢ = 40° provides an
impedance bandwidth of 100 MHz, or about 5.2%, which is about 2.7 times that
(36 MHz, or about 1.9%) of the corresponding unloaded circular microstrip antenna
with a probe feed.

Figure 7.55 shows the measured radiation patterns at resonance of the two reso-
nant modes in the impedance bandwidth. Similar radiation characteristics have been
observed for the two resonant modes, and cross-polarized radiation is seen below
—20 dB. Figure 7.56 shows the measured antenna gain in the broadside direction.
The antenna-gain variation in the impedance bandwidth is within 3 dBi, and a lower
antenna gain is observed near the center frequency or at frequencies between the two
resonant modes. It is expected that, by exciting the two resonant modes at frequencies
closer to each other, the antenna gain near the center frequency can be enhanced, and
the antenna-gain variation within the impedance bandwidth can be further reduced.

7.5.3 Design with a Bow-Tie Patch

Figure 7.57 shows the geometry of a probe-fed bow-tie microstrip antenna with an
inserted integrated reactive loading for bandwidth enhancement [28]. The dimen-
sions of the bow-tie patch with integrated reactive loading are given in the figure.
The bow-tie patch has a flare angle « and a width 24.9 mm, and the length be-
tween its two radiating edges is fixed to be 37.3 mm. To integrate the cascaded
microstrip-line sections to provide reactive loading, a rectangular notch of dimensions
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FIGURE 7.56 Measured antenna gain in the broadside direction for the antenna studied in
Figure 7.54 with ¢. = 40°. (From Ref. 27, © 1999 John Wiley & Sons, Inc.)

16.2 x 7.8 mm? is cut at one of the patch’s radiating edges. The cascaded microstrip-
line sections consist of three sections of different dimensions. The innermost section
has a length of 7.3 mm and a width of 0.8 mm, and is connected to the notched
bow-tie patch. The middle section has dimensions 2.4 x 4.0 mm?, and the outermost
section has a width of 6.8 mm and a variable length d. For the proposed bow-tie
patch antenna with a specific flare angle, there exists an optimal value of d for the
integrated reactive loading to be resonant at the fundamental resonant frequency fig
of the bow-tie patch.In this case, the fundamental resonant modes can be split into
two near-degenerate resonant modes, which makes bandwidth enhancement of the
bow-tie patch antenna possible.

Experiments on the proposed antenna with various flare angles were conducted.
The results are shown in Table 7.2. Measured return loss for the cases of « = 0° and
30° is shown in Figure 7.58. It is seen that two near-degenerate resonant modes are

—— 373 mm§ —
L probe feed
[& hf  substrate 1 |
% N ground

FIGURE 7.57 Geometry of a broadband bow-tie microstrip antenna with integrated reactive
loading. The patch dimensions are in millimeters and not to scale; ¢, = 4.4, h = 1.6 mm, and
ground-plane size = 77 x 55 mm?. (From Ref. 28, © 1999 John Wiley & Sons, Inc.)
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TABLE 7.2 Performance of Constructed Prototypes of the Antenna
in Figure 7.57 [28]*

Flare Angle d, d fe Bandwidth
a(deg) (mm) (mm) dr/As (MHz) (MHz, %)

0 9.6 2.8 0.170 1952 90, 4.6

10 10.6 3.1 0.168 1880 82,44

20 10.4 39 0.173 1829 81,4.4

30 9.0 42 0.169 1744 73,42

40 8.7 4.9 0.168 1645 76,4.6

“As (= Ac/4/€r) is the wavelength of the center frequency fc in the substrate layer, and drr. (= 7.3 mm +
2.4 mm + d) is the total length of the integrated reactive loading.
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FIGURE 7.58 Measured return loss for the antenna shown in Figure 7.57. (a) o = 0°,
(b) @ = 30°. (From Ref. 28, © 1999 John Wiley & Sons, Inc.)
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FIGURE 7.59 Measured E-plane (x—z plane) and H-plane (y—z plane) radiation patterns for
the antenna shown in Figure 7.57 with o =30°. (a) f = 1725 MHz, (b) f = 1763 MHz. (From
Ref. 28, © 1999 John Wiley & Sons, Inc.)

excited at decreasing frequencies with increasing flare angles, and large impedance
bandwidths in the range of 4.2-4.6% (see Table 7.2) are obtained. For the case of
o = 40°, the center frequency is about 15% lower than that of @ = 0° (rectangular
patch case), which suggests that the present design has a patch dimension 15% smaller
than the case using a rectangular patch at a fixed operating frequency. Furthermore,
since the impedance bandwidth of a conventional rectangular microstrip antenna with
the same substrate parameters as used here is measured to be about 1.5% for operation
at 1645 MHz, the present design with ¢ = 40° shows an impedance bandwidth two
times larger.

It is found that the total length of the cascaded microstrip-line sections for reactive
loading is nearly independent of the flare angle and is about 17% of the operating
wavelength in the substrate layer (see Table 7.2), which makes the present design with
various flare angles easy to implement. Radiation characteristics were also studied,
and results for the case of « = 30° are plotted in Figure 7.59. The two resonant modes
in the impedance bandwidth are seen to have the same polarization planes and similar
radiation performance. From the measured maximum received power in the broadside
direction shown in Figure 7.60, the proposed design shows an antenna-gain variation
of less than 3 dBi for frequencies within the impedance bandwidth.

7.5.4 Design with a Triangular Patch

The integrated reactive loading technique has been applied to a probe-fed triangular
microstrip antenna [30]. The antenna geometry is shown in Figure 7.61, and the
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FIGURE 7.60 Measured maximum received power in the broadside direction for the antenna
shown in Figure 7.57 with & = 30°. (From Ref. 28, © 1999 John Wiley & Sons, Inc.)

reactive loading is with a narrow microstrip-line section of length £, terminated
with a second microstrip-line section of dimensions £; x wj. In order to integrate
the proposed microstrip structure for reactive loading into the triangular patch, a
rectangular slot of dimensions £, x wj is cut at the bottom edge of the triangular
patch. The length ¢, is selected to be greater than £; 4 £;,, and the width w, is greater
than w,. By using a probe feed at a position located about half-way from the tip to the
bottom of the triangular patch, it is found that two near-degenerate resonant modes
of similar radiation characteristics can be excited at frequencies near the fundamental
resonant frequency of the unloaded patch antenna. These two resonant modes are
utilized to form a wider impedance bandwidth for the proposed antenna.

The measured return loss of a constructed prototype is shown in Figure 7.62. Note
that the fundamental resonant frequency fjo of the triangular microstrip antenna
without reactive loading is about 1870 MHz, and it is clearly seen that two resonant
modes, one with a lower resonant frequency (1854 MHz) than f;y and the other with

FIGURE 7.61 Geometry of a broadband equilateral-triangular microstrip antenna with inte-
grated reactive loading.
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FIGURE 7.62 Measured return loss for the antenna shown in Figure 7.61; &, = 4.4, h
1.6 mm, L = 50 mm, d, = 22.3 mm, £, = 3.5 mm, £; = 9.2 mm, w; = 7.3 mm, {, =
14.1 mm, and w, = 9.3 mm.

a higher resonant frequency (1902 MHz) than f, are excited with good impedance
matching. The impedance bandwidth is 82 MHz, or about 4.4%, which is 2.4 times that
(34 MHz, or about 1.8%) of the corresponding triangular microstrip antenna without
reactive loading. In Figure 7.63, the measured on-axis (8 = 0°) maximum received
power for operating frequencies within the impedance bandwidth is presented, and
the results show that the antenna gain variation within the impedance bandwidth
is less than 3 dBi. Similar radiation patterns with the same polarization planes are
observed for the two resonant frequencies within the impedance bandwidth, and good
cross-polarization radiation is seen.
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FIGURE 7.63 Measured on-axis maximum received power for the antenna studied in
Figure 7.62.
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7.6  BROADBAND MICROSTRIP ANTENNAS WITH REDUCED
CROSS-POLARIZATION RADIATION

As shown in the designs of Section 7.3, operating frequencies over a wide impedance
bandwidth usually have relatively large cross-polarization radiation, especially in the
H-plane pattern. This characteristic is related to the problem that some of the unwanted
higher order modes that contribute to the polarization impurity are excited [31]. To
ease the problem, it has been suggested that, by adding an additional feed of equal
amplitude and a 180° phase shift, the microstrip antenna can be excited with some of
the unwanted modes suppressed, and improved polarization purity can be obtained.
Based on this technique, a dual capacitively fed broadband microstrip antenna with
reduced cross-polarization radiation has been demonstrated. Several prototypes of
the proposed antenna were constructed and studied. The experimental results show
that the cross-polarization levels in both the E- and H-plane patterns can greatly
be improved by, respectively, about 5-10 and 12—-15 dB compared to the single-
capacitive-feed design for operating frequencies over a bandwidth (1:1.5 VSWR) of
about 7-8% suitable for practical applications in wireless communications systems.

Figure 7.64 shows the geometry of a proposed dual, capacitively fed broadband
microstrip patch antenna. The radiating patch has a rectangular shape of dimensions
L x W. The radiating rectangular patch is supported by plastic supports (not shown
in the figure) above the ground plane of an inexpensive FR4 substrate (denoted the
feed substrate). The distance between the radiating patch and the ground plane is /.
The dual capacitive feeds have the same dimensions, and have a narrow conducting
strip of length £ and width w., which is oriented along the excitation direction of
the antenna and supported at one end by a conducting post above the ground plane.
The conducting strip has a spacing of g below the radiating patch, and the supporting
post is a distance d from the centerline (y axis) of the patch. Input powers with equal
amplitudes and a 180° phase shift for dual capacitive feeds are provided by a Wilkinson
power divider having a half-guided-wavelength difference in length between its two
output feed lines.

radiating patch

* feed substrate (g, = 4.4)
Wilkinson power divider . .
100-€ chip resistor

50— microstrip feed line

FIGURE 7.64 Geometry of a broadband dual capacitively fed microstrip antenna with
reduced cross-polarization radiation. (From Ref. 10, © 2000 John Wiley & Sons, Inc.)
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FIGURE 7.65 Measured return loss for the antenna shown in Figure 7.64; h = 15 mm, L =
60mm, W =90mm, ¢ =13.5mm, g =1.8mm,d = 16.8 mm, w. = 1.0 mm, and ground-plane
size = 150 x 150 mm?. (From Ref. 10, © 2000 John Wiley & Sons, Inc.)

Figure 7.65 shows the measured return loss of a prototype with designed cen-
ter frequency at 1.6 GHz. In this case, the patch dimensions were chosen to be
60 x 90 mm?, and the distance between the radiating patch and the ground plane or
the air-substrate thickness was chosen to be 15 mm, which corresponds to about 8% of
the free-space wavelength of the center frequency. With proper dimensions for the ca-
pacitive feeds, good impedance matching is obtained for both the proposed dual-feed
design and the single-feed design. The single-feed case corresponds to the antenna
design shown in Figure 7.64 with one capacitive feed only. The obtained impedance
bandwidth (1:1.5 VSWR) for the proposed design is 125 MHz, or about 7.8% with
respect to the designed center frequency at 1.6 GHz, which is about the same as that of
the single-feed design. Typical measured radiation patterns for frequencies across the
impedance bandwidths are shown in Figure 7.66. It can be seen that, for the proposed
antenna, the obtained cross-polarization levels (ratio of the maximum co-polarized
radiation to the maximum cross-polarized radiation) are about 28-34 dB for the
E-plane patterns and about 22-25 dB for the H-plane patterns. Compared to the
single-feed design, the proposed antenna has larger cross-polarization levels of about
5-10 dB in the E-plane patterns. For the H-plane patterns, the proposed antenna has
an even larger improvement, about 12—15 dB, in the cross-polarization level compared
to those of the single-feed design. Figure 7.67 plots the measured antenna gain in the
broadside direction. Probably due to the relatively more complicated feed network
associated with the two-feed design, its antenna gain is about 0.2-0.5 dBi less than
that of the single-feed design.

A prototype of the proposed antenna with a designed center frequency at 1.8 GHz
was constructed. The patch dimensions were selected to be 48 x 72 mm?. The air-
substrate thickness was 17.2 mm, which is about 10% of the free-space wavelength
of the center frequency. The measured return loss is presented in Figure 7.68. The
obtained impedance bandwidth is 132 MHz (1748—-1880 MHz), or about 7.3% refer-
enced to the designed center frequency. Measured radiation patterns for frequencies
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FIGURE 7.66 Measured E-plane (x—z plane) and H-plane (y—z plane) radiation patterns
for the antenna studied in Figure 7.65. (a) f = 1530 MHz, (b) f = 1600 MHz, (¢) f =
1655 MHz. (From Ref. 10, © 2000 John Wiley & Sons, Inc.)
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FIGURE 7.67 Measured on-axis antenna gain for the antenna studied in Figure 7.65. (From
Ref. 10, © 2000 John Wiley & Sons, Inc.)
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FIGURE 7.68 Measured return loss for the antenna shown in Figure 7.64; 4 = 17.2mm, L =
48 mm, W =72 mm, £ = 14.8 mm, g =3.2 mm, d = 19 mm, w, = 1.0 mm, and ground-plane
size = 150 x 150 mm?. (From Ref. 10, © 2000 John Wiley & Sons, Inc.)
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FIGURE 7.69 Measured E-plane (x—z plane) and H-plane (y—z plane) radiation patterns
for the antenna studied in Figure 7.68. (a) f = 1748 MHz, (b) f = 1800 MHz, (¢) f =
1880 MHz. (From Ref. 10, © 2000 John Wiley & Sons, Inc.)
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FIGURE 7.70 Measured on-axis antenna gain for the antenna studied in Figure 7.68. (From
Ref. 10, © 2000 John Wiley & Sons, Inc.)

across the impedance bandwidth are plotted in Figure 7.69, and the measured antenna
gain is given in Figure 7.70. Similar improvements in the cross-polarization level to
those observed in Figure 7.66 for the proposed two-feed design compared to the
single-feed design are obtained.
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CHAPTER EIGHT
|

Broadband Dual-Frequency
and Dual-Polarized
Microstrip Antennas

8.1 INTRODUCTION

Development of designs to achieve broadband operation at two separate frequencies
for microstrip patch antennas has received much attention in recent years. This kind
of broadband dual-frequency microstrip patch antenna can be implemented using
the planar inverted-F antenna (PIFA) structure (see Section 3.2.1), which is compact
and is suitable for handset antenna applications for cellular communications systems.
Typical designs have been reported in Refs. 1-3. In this chapter, two other interesting
designs for broadband dual-frequency operation are described: one with a two-element
radiating patch [4] and one using a three-dimensional V-shaped radiating patch [5].
These designs are suitable for base station antennas for wireless communications sys-
tems. Experimental results for design examples are shown in Section 8.2. Section 8.3
presents some recently reported broadband dual-polarized microstrip patch antennas.
Three designs based on the use of (a) two aperture-coupled feeds, (b) a gap-coupled
probe feed and an H-slot coupled feed [6], and (c) an L-strip coupled feed and an
H-slot coupled feed are demonstrated. These broadband dual-polarized microstrip
patch antennas can have high isolation (<—30 dB) between the two feeding ports for
a wide impedance bandwidth larger than 10%. Good cross-polarization levels for the
two polarizations are obtained.

8.2 BROADBAND DUAL-FREQUENCY MICROSTRIP ANTENNAS

8.2.1 A Two-Element Microstrip Antenna

A broadband dual-frequency microstrip patch antenna consisting of two radiating
patches and two L-probes has been proposed [4]. A design example for a base station

279
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antenna for both GSM (890-960 MHz) and DCS (1710-1880 MHz) has been shown.
This dual-band antenna has two rectangular patches of different sizes, which are
excited at the fundamental mode TM;y. Two L-probes are connected to form a feed
structure for the antenna. The impedance bandwidth of the lower and upper bands
meet the bandwidth requirements of GSM and DCS mobile communications systems,
and the maximum gain in the upper band of the proposed antenna is 8.5 dBi.

8.2.2 A Three-Dimensional V-Shaped Microstrip Antenna

Broadband dual-frequency operation has been demonstrated with the use of a
V-shaped radiating patch [5]. Figure 8.1 shows the geometry of a broadband dual-
frequency V-shaped microstrip patch antenna. The V-shaped patch is supported by
nonconducting posts (not shown in the figure) and placed above the ground plane of
the microstrip feed line. The V-shaped patch has dimensions L x W, and the patch’s
centerline (AB) and nonradiating edges are, respectively, distances /| and /, from
the ground plane; & is usually selected to be small, about 0.021 in this study (1 is
the free-space operating wavelength), such that a smaller coupling slot can be used for
achieving efficient coupling of the electromagnetic energy from the microstrip line
to the radiating V-shaped patch. The distance %, is chosen to be much greater than
hy, which effectively increases the antenna’s average substrate thickness and makes
possible the excitation of broadband resonant modes. An H-shaped coupling slot is cut

E V-shaped patch

ground plane

feed substrate

FIGURE 8.1 Geometry of a broadband dual-frequency V-shaped microstrip patch antenna.
(From Ref. 5, © 2000 John Wiley & Sons, Inc.)
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FIGURE 8.2 Measured return loss for the antenna shown in Figure 8.1; &, = 4.4, h = 1.6 mm,
L =60 mm, W=105 mm, 7; =3 mm, H; =37 mm, H, =23 mm, t =25 mm, and ground-
plane size = 180 x 120 mm?. (From Ref. 5, © 2000 John Wiley & Sons, Inc.)

in the ground plane of the microstrip line and centered below the V-shaped patch. The
use of an H-shaped slot allows a smaller slot size for efficient electromagnetic energy
coupling and thus a reduction in the backradiation of the slot. The H-shaped slot is nar-
row, 1 mm wide. The lengths of the slot’s central arm and two side arms are H, and H,,
respectively; both are both much greater than 1 mm. The microstrip line has a width wy
and a tuning-stub length ¢, and is designed to have a 50-$2 characteristic impedance.

Figure 8.2 shows the measured return loss for constructed prototypes of the an-
tenna. The V-shaped patch has dimensions 60 x 105 mm? (L x W). The patch’s cen-
terline is fixed to 3 mm (k) above the ground plane of the 50-Q2 microstrip feed
line. Experiments show that when the patch’s two side edges are about 2540 mm
(h,) above the ground plane [i.e., about (0.15-0.25) XA, referenced to f; and about
(0.20-0.32) A referenced to f>], the first two resonant modes of the proposed antenna
can both be excited with good impedance matching over a wide range of frequen-
cies. The measured results of the dual-frequency operation are listed in Table 8.1. It
can be seen that, when %, is 40 mm, the 10-dB return-loss impedance bandwidths for
lower ( f1) and upper ( f>) operating frequencies are 20% and 15.6%, respectively. The
impedance bandwidths for f; and f, increase with increasing distance 4,. However,

TABLE 8.1 Characteristics of the Antenna in Figure 8.1 [5]°

hy fi,BW £, BW

(mm) (MHz, %) (MHz, %) Al
25 1860, 12.6 2436, 10.1 1.31
30 1854, 14.6 1406, 11.9 1.30
35 1830, 16.4 2358, 12.5 1.29
40 1830, 20.0 2346, 15.6 1.28

“ Antenna parameters are given in Figure 8.2.
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FIGURE 8.3 Measured E-plane (y—z plane) and H-plane (x—z plane) radiation patterns for
the antenna studied in Figure 8.2 with h, =35 mm. (a) f = 1830 MHz, (b) f =2358 MHz.
(From Ref. 5, © 2000 John Wiley & Sons, Inc.)

when £, is less than 25 mm or greater than 40 mm, good impedance matching for both
f1 and f> cannot be achieved. For the prototypes, it is also seen that the frequency
ratio between the two operating frequencies is slightly affected by the variation in 4,
and is within the small range 1.28—1.31. From many experimental studies, it is found
that dual-frequency operation with a frequency ratio up to about 1.45 can be obtained
by varying the dimensions of the V-shaped patch.

Figures 8.3 and 8.4 show the measured radiation patterns at f] and f; for prototypes
with s, = 35 and 40 mm, respectively. Both f; and f, are seen to have the same
polarization planes, and the cross-polarization radiation is less than —20 dB, except for
the H-plane (x—z plane) pattern at the upper frequency f,. Good broadside radiation
patterns for both f| and f; are observed, although there is a small dip in the direction
about 45° from the broadside direction in the E-plane (y—z plane) pattern of f;.
Figure 8.5 shows the measured antenna gain for the lower and upper operating bands
of the prototype with #, = 40 mm. The lower band shows a peak antenna gain of
about 8.1 dBi, while that for the upper band is about 6.4 dBi.

8.3 BROADBAND DUAL-POLARIZED MICROSTRIP ANTENNAS

8.3.1 Use of Two Aperture-Coupled Feeds

Aperture-coupled microstrip patch antennas have the advantage of easy fabrication,
especially in the array designs, and a variety of aperture-coupled microstrip patch
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FIGURE 8.4 Measured E-plane (y—z plane) and H-plane (x—z plane) radiation patterns for
the antenna studied in Figure 8.2 with 4, = 40 mm. (a) f = 1830 MHz, (b) f = 2346 MHz.
(From Ref. 5, © 2000 John Wiley & Sons, Inc.)

antennas for achieving dual-polarized radiation over a wide operating bandwidth
have been reported [6—12]. The coupling slots used in these designs are often a cross
slot or a pair of offset linear slots, among others. Since a thick air or foam substrate is
usually used for such designs to have a wide operating bandwidth, the coupling slot
size needs to be increased to obtain sufficient electromagnetic energy coupling from
the microstrip feed line to the radiating patch. This condition results in a significant
increase in the backward radiation of the patch antenna, which is a severe problem in
practical applications in which a reflecting plate is required to be added behind the
antenna’s ground plane [9, 11]. This is because the reflecting plate and the ground
plane form a waveguide where the backward radiation can propagate and decrease
the decoupling between the two feeding ports.

The problem of backward radiation can be alleviated when an H-shaped cou-
pling slot [13] is used. This is because the required length of the central arm
(the two side arms mainly affect the reactive part of the input impedance) of
the H-shaped slot for achieving sufficient electromagnetic energy coupling can be
much smaller than that of a linear slot, and the backward radiation can thus be
reduced. In this section, characteristics of a dual-polarized aperture-coupled mi-
crostrip patch antenna with H-shaped coupling slots are experimentally studied.
Figure 8.6 shows the antenna geometry and four promising arrangements of the
H-shaped coupling slots in the antenna’s ground plane (denoted antennas 1-4).
With these promising designs, high isolation between the two feeding ports can be
obtained.
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FIGURE 8.5 Measured antenna gain in the broadside direction for the antenna studied in

Figure 8.2 with #, = 40 mm. (a) The lower band, (b) the upper band. (From Ref. 5, © 2000
John Wiley & Sons, Inc.)

The design of antenna 1 shown in Figure 8.6 is studied first. Figures 8.7(a) and
8.7(b) show the measured return loss for port 1 and port 2 excitation of antenna 1,
respectively. The measured isolation S,; between ports 1 and 2 for antenna 1 is given
in Figure 8.7(c). Both linear polarizations are designed to operate in the 1800-MHz
band. The side length of the square patch is 60 mm, and the air-substrate thickness is
12.8 mm, which corresponds to about 7.7% of the free-space wavelength at 1800 MHz.
The H-shaped coupling slots for ports 1 and 2 are identical and have dimensions
H; =19 mm and H, = 21 mm. The tuning-stub lengths are fixed to be 4 mm for
ports 1 and 2. The impedance bandwidth for port 1 excitation of antenna 1 is found to
be 152 MHz, or 8.4% referenced to 1800 MHz. For port 2, the measured impedance
bandwidth is 300 MHz, or about 16.7%. The larger bandwidth is probably because
the H-shaped coupling slot for port 2 is placed at the patch center and thus has better
electromagnetic energy coupling, resulting in good impedance matching over a wider
frequency range.
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FIGURE 8.6 Geometry of a dual-polarized aperture-coupled microstrip patch antenna with
H-shaped coupling slot. (a) Side view of the antenna, (b) coupling slots in the ground plane for
four different designs (antennas 1-4).

From the measured isolation S,; in Figure 8.7(c), it is seen that, within the
impedance bandwidths of ports 1 and 2, the isolation between the two feeding
ports is better than —40 dB. This good isolation behavior is probably because
the central arm of one H-shaped slot is aligned in the direction of the microstrip
feed line of the other H-shaped slot, as shown in Figure 8.6. In this case, the
H-shaped slot does not couple energy from the microstrip feed line of the other
port, and thus good decoupling between the two feeding ports can be obtained. For
the experimental studies conducted for antennas 2—4 (see Figure 8.6) with a sim-
ilar slot arrangement as for antenna 1, good isolation (S;; <—35 dB) across the
wide impedance bandwidths has been observed. In addition to the high isolation,
low cross-polarization for the two orthogonal linear polarizations has been observed.
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FIGURE 8.7 Measured return loss for (a) port 1 excitation and (b) port 2 excitation of
antenna 1 shown in Figure 8.6; (c) measured isolation S,; between ports 1 and 2 for antenna 1;
L =60mm, &2 = 12.8 mm, H; = 19 mm, H, = 21 mm, ¢ = 4 mm, and ground-plane size =
100 x 100 mm?.

Figure 8.8 plots the measured radiation patterns at 1800 MHz for antenna 1. It is
seen that good broadside radiation patterns are obtained, and good cross-polarization
radiation (<—20 dB) for the two linear polarizations is seen. The measured antenna
gains in the broadside direction for port 1 and port 2 excitation of antenna 1 are both
about 7.5 dBi.
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FIGURE 8.8 Measured radiation patterns for antenna 1 shown in Figure 8.6; f = 1800 MHz.
(a) Port 1 excitation, (b) port 2 excitation.

8.3.2 Use of a Gap-Coupled Probe Feed and An H-Slot Coupled Feed

Hybrid feeds using a gap-coupled probe feed and an H-slot coupled feed (see
Figure 8.9) are very effective in obtaining high isolation (<—30 dB) between the two
feeding ports of the antenna over the entire impedance bandwidth. Since there
is no backward radiation for the gap-coupled probe feed, the coupling below the
ground plane between the gap-coupled probe feed and the H-slot coupled feed can

circular patch

L-

. . feed substrate (g, = 4.4)

50-Q microstrip line
FIGURE 8.9 Geometry of a broadband dual-polarized circular microstrip patch antenna fed
by a gap-coupled probe feed and an H-slot coupled feed. (From Ref. 6, © 2000 John Wiley &
Sons, Inc.)
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be ignored when a reflecting plate is added to the proposed antenna for practical
applications.

As shown in Figure 8.9, the circular patch has a radius R and is supported by
nonconducting posts (not shown) a distance /& above the ground plane of a grounded
substrate (feed substrate) of thickness 0.8 mm and relative permittivity 4.4. Port 1
is the aperture-coupled feed with an H-slot cut in the ground plane to couple the
electromagnetic energy from the 50-2 microstrip line printed on the feed substrate
to the circular patch. The H-slot is centered below the circular patch; the dimen-
sions of its central arm and two side arms are 0.5 mm x H; and 1 mm x H,, respec-
tively. Port 2 has a gap-coupled probe feed. One end of the feed is connected to a
50-2 microstrip line through a via hole in the ground plane, and the other end is
directly connected to the circular patch with a rectangular ring gap cut around the
feed point. The rectangular ring gap is used to compensate the large probe inductance
owing to the longer probe pin in the thick air substrate. The gap has dimensions
of 2 mm x £ (¢ > 2 mm) and a gap width of 0.5 mm and is a distance d from the
patch center. The longer side of the gap is placed parallel to the excitation direction
of port 2 in order to minimize possible perturbations on the excited patch surface
current.

A prototype was constructed with a designed center frequency at 1800 MHz. The
radius of the circular patch was 35 mm and the air-substrate thickness was 13.6 mm, or
about 8% of the wavelength of the center frequency. Figure 8.10 shows the measured
return loss for the port 1 (H-slot coupled feed) and port 2 (gap-coupled probe feed)
excitation. For port 1 excitation (polarization E-plane is the y—z plane), the 10-dB
impedance bandwidth is 183 MHz (1712-1895 MHz), or about 10.2% referenced
to 1800 MHz. For port 2 excitation (polarization E-plane is the x—z plane), the
impedance bandwidth is 332 MHz (1620-1952 MHz), or about 18.4% with respect
to 1800 MHz. Both impedance bandwidths for the two orthogonal polarizations are
greater than 10%. Figure 8.11 shows the isolation between the two feeding ports.
It is seen that the isolation for operating frequencies within the entire impedance
bandwidths of ports 1 and 2 is less than —32 dB, and the isolation at the center
frequency is about —40 dB. Figures 8.12 and 8.13 present the measured radiation
patterns in two orthogonal planes at 1800 MHz for the H-slot coupled feed and the
gap-coupled probe feed, respectively. In general, good cross-polarization levels are
obtained. The cross-polarization levels are all larger than or about 20 dB, except that
(about 14 dB) in the H-plane (y—z plane) pattern of the gap-coupled probe feed. The
antenna gain for the two polarizations was 7.0 and 8.2 dBi in the broadside direction
for port 1 and port 2 excitation, respectively. When a reflecting plate was added below
the ground plane, the measured isloation between the two feeding ports was almost
unchanged.

8.3.3 Use of an L-Strip Coupled Feed and an H-Slot Coupled Feed

The characteristics of a broadband dual-polarized microstrip patch antenna using the
hybrid feed of an L-strip coupled feed and an H-slot coupled feed have been studied.
Figure 8.14 shows the antenna geometry. Port 1 is the aperture-coupled feed with an
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FIGURE 8.10 Measured return loss for the antenna shown in Figure 8.9; R =35 mm, h =
13.6 mm,d = 6.5mm, { = 7mm, H, = 10 mm, H, = 30 mm, # = 3.5 mm, and ground-plane

size = 100 x 100 mm?. (a) H-slot coupled feed (port 1); (b) gap-coupled probe feed (port 2).
(From Ref. 6, © 2000 John Wiley & Sons, Inc.)
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FIGURE 8.11 Measured isolation Sy, for the antenna studied in Figure 8.10. (From Ref. 6,
© 2000 John Wiley & Sons, Inc.)
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FIGURE 8.12 Measured radiation patterns at 1800 MHz for port 1 excitation (H-slot cou-
pled feed) of the antenna studied in Figure 8.10. (From Ref. 6, © 2000 John Wiley & Sons,
Inc.)

H-shaped coupling slot, similar to those shown in Sections 8.3.1 and 8.3.2. Port 2 has
an L-strip coupled feed. A conducting strip of width 1 mm and length £ (£ > 1 mm)
is placed parallel to and below the radiating patch at a distance of g, and couples the
electromagnetic energy to the radiating patch from a 50-2 microstrip line through a
via hole in the ground plane. The conducting strip is supported by a conducting post
which is a distance d from the center axis of the patch and is connected to the 50-€2
microstrip line at port 2.

A prototype of the antenna shown in Figure 8.14 was constructed and measured.
The designed center frequency was 1800 MHz. The radius of the circular patch
was 35 mm, and the antenna height or the air-substrate thickness was 13.6 mm, or
about 8% of the wavelength of the center frequency. Figure 8.15 shows the measured
return loss and isolation. The measured E- and H-plane radiation patterns for the
two polarizations at 1800 MHz are plotted in Figure 8.16. For port 1 excitation,
the obtained 10-dB return-loss impedance bandwidth is 268 MHz, or about 14.9%,
while that for port-2 excitation is 14.2%. The isolation between ports 1 and 2 is
less than —30 dB for the entire impedance bandwidths of the two polarizations.
The results in Figure 8.16 show that good cross-polarization levels are in general
obtained, except that the cross-polarization in the H-plane (y—z plane) pattern of
port 2 excitation is only about 14.4 dB. Measured antenna gain in the broadside

-90°

9 L \

0 -20dB x-z plane
co-pol
cross-pol

FIGURE 8.13 Measured radiation patterns at 1800 MHz for port 2 excitation (gap-coupled
probe feed) of the antenna studied in Figure 8.10. (From Ref. 6, © 2000 John Wiley & Sons,
Inc.)
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FIGURE 8.14 Geometry of a broadband dual-polarized square microstrip patch antenna fed
by an L-strip coupled feed and an H-slot coupled feed.
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FIGURE 8.15 Measured return loss and isolation for the antenna shown in Figure 8.14;
L =57.5mm, h = 13.6 mm,d = 22 mm, £ = 20 mm, g = 3.2 mm, slot’s center-arm dimen-
sions = 1 x 20 mm?, slot’s side-arm dimensions = 1 x 19 mm?, tuning-stub length = 6 mm,
and ground-plane size = 100 x 100 mm?. (a) Return loss for H-slot coupled feed (port 1),
(b) return loss for L-strip coupled feed (port 2),
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FIGURE 8.15 (Continued.) (c) isolation between ports 1 and 2.

direction for ports 1 and 2 at 1800 MHz is also observed to be the same (about
7.4 dBi). It was observed that the measured isolation and return loss of ports 1 and
2 were almost unchanged when a reflecting conducting plate was added below the
ground plane for the proposed antenna to be usable for practical applications. This
also confirms the prediction that no coupling exists between the L-strip coupled feed

and the H-slot coupled feed in the region between the ground plane and the reflecting
plate.

| Il
0 -20dB x-z plane
co-pol
cross-pol

y-z plane

(b)

FIGURE 8.16 Measured radiation patterns at 1800 MHz for the antenna studied in Figure
8.15. (a) H-slot coupled feed (port 1), (b) L-strip coupled feed (port 2).
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CHAPTER NINE
|

Broadband and Dual-Band
Circularly Polarized
Microstrip Antennas

9.1 INTRODUCTION

The CP operation of microstrip antennas can be achieved by using either single-
feed or two-feed designs. The single-feed design has the advantage of a simple feed
structure, and in addition, no external phase shifter is required. Many single-feed
designs have been described in Chapter 5. However, single-feed designs usually have
a narrow CP bandwidth (3-dB axial ratio) of about 1% for a microstrip antenna
with a dielectric substrate. To enhance the CP bandwidth for a single-feed design,
an aperture-coupled microstrip antenna using an inclined nonlinear coupling slot has
been reported [1]. Details of the experimental results are given in Section 9.2. In
this study, the CP bandwidth is broadened to about 2.1 times that obtained using a
simple inclined coupling slot for CP operation. When a thick air or foam substrate
is used, the CP bandwidth of a microstrip antenna with a single-feed design can
be further enhanced. In this case, a single-feed aperture-coupled circular microstrip
antenna with a slit and two stubs and having a CP bandwidth of about 7.2% has been
reported [2].

For two-feed designs, single-layer, broadband CP microstrip antennas with a large
CP bandwidth greater than 20% have been reported [3-5]. These broadband CP de-
signs mainly have a thick foam or air substrate; to achieve good impedance matching,
feed methods using two three-dimensional microstrip transition feed lines [3] and
two aperture-coupled feeds [4, 5] have been used. Recently, two-feed designs us-
ing two gap-coupled probe feeds [6] and two capacitively coupled feeds [7] have
been presented. For the former design with a thick air substrate, experimental results
show that a 65% impedance bandwidth (1:2 VSWR) and a 46% 3-dB axial-ratio CP
bandwidth are achieved [6]. Within the CP bandwidth, the gain bandwidth, defined
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to be within 3 dB of the peak antenna gain (about 6.0 dBi), is 44.6%. For the latter
case, using two capacitively coupled feeds, an impedance bandwidth (1:2 VSWR) of
about 49% and a 3-dB axial-ratio bandwidth of about 35% have been achieved [7].
In this case, the 1-dB gain bandwidth is 28%, with the antenna gain level at about
7.0 dBi. The experimental results and design considerations are given in Section
9.3. For obtaining improved CP quality over a wide coverage angle for frequencies
within the CP bandwidth, a four-feed design using 0°, 90°, 180°, and 270° phase shifts
provided by a feed network consisting of Wilkinson power dividers is described in
Section 9.4.

In the last half of this chapter, dual-band CP operations of microstrip antennas are
discussed. Typical dual-band CP microstrip antennas that have been reported include
a design using an aperture-coupled stacked microstrip antenna [8] and one using a
spur-line filter technique [9]. In Section 9.5, some new and promising designs for
obtaining dual-band CP radiation of a single-feed microstrip antenna are presented.
These dual-band CP designs use a probe-fed circular patch with two pairs of arc-
shaped slots [10], a probe-fed square patch with a center slot and inserted slits [11],
and a probe-fed stacked elliptic patch [12]. Details of the dual-band CP performance
are presented and discussed.

9.2 BROADBAND SINGLE-FEED CIRCULARLY POLARIZED
MICROSTRIP ANTENNAS

Figure 9.1 shows the geometry of an aperture-coupled microstrip antenna with an
inclined nonlinear coupling slot for CP bandwidth enhancement. The nonlinear cou-
pling slot in the ground plane is centered below the patch and has a linear portion
of length S and two end-loading V slots of equal arm length Syy,. This nonlinear
coupling slot is selected to be narrow (1 mm) and is inclined with respect to the
microstrip line with an angle of 45°. The two arms of each of the end-loading V slots
are perpendicular to each other and are aligned parallel to both sides of the patch.
With the proposed nonlinear coupling slot, the fundamental resonant mode of a nearly
square patch with a relatively larger aspect ratio (greater than 1.1) can be split into
two near-degenerate resonant modes with equal amplitudes and a 90° phase differ-
ence, which results in broadband CP operation. For L > W, as shown in Figure 9.1,
the proposed antenna will radiate a right-hand circularly polarized wave; if L < W,
left-hand CP operation is obtained.

The proposed antenna was implemented. Measured input impedance on a
Smith chart is shown in Figure 9.2. The patch is selected to have dimensions of
33.5 x 30 mm? (L/W =1.117). The microstrip feed line has a 50-Q characteristic
impedance, and the tuning-stub length ¢ for impedance matching is adjusted to be
23 mm for the case studied here. The dimensions of the nonlinear coupling slot are
S =5 mm and S, = 6.2 mm. The results show that two near-degenerate orthog-
onal modes with good impedance matching are excited for the parameters selected.
The impedance bandwidth (1:2 VSWR) is 171 MHz, or about 7.7% with respect to
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FIGURE 9.1 Geometry of a slot-coupled microstrip antenna for broadband CP operation.
(From Ref. 1, © 1998 IEE, reprinted with permission.)
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FIGURE 9.2 Measured input impedance on a Smith chart for the antenna shown in Figure
91,61 =6 =44,h; =08mm, h, = 1.6 mm, w; =1.5mm, t =23 mm, S =5mm, S;;, =

6.2 mm, L = 33.5 mm, and W = 30 mm. (From Ref. 1, © 1998 IEE, reprinted with per-
mission.)
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FIGURE 9.3 Measured axial ratio for the antenna studied in Figure 9.2. (From Ref. 1, © 1998
IEE, reprinted with permission.)

the center frequency at 2232 MHz, at which the minimum axial ratio is observed
(see Figure 9.3 for the measured axial ratio of the CP radiation). From the measured
axial ratio, the CP bandwidth, determined from the 3-dB axial ratio, is 49 MHz,
or 2.2%. This CP bandwidth is 2.1 times that (1.05%) obtained for the case using
a simple inclined coupling slot (see Table 9.1). The reason the proposed coupling
slot is capable of achieving broadband CP operation is probably that the required
slot size of the present design for the excitation of two near-degenerate orthog-
onal modes for CP operation is larger [29.8 mm (= S + 4S,m) for the proposed
design compared to 14 mm (= S; S;;m = 0) for the case using a simple inclined
slot]. Owing to the larger slot cut in the ground plane, the electromagnetic energy
within the cavity between the microstrip patch and ground plane will be less con-
fined, which lowers the quality factor of the cavity and results in a larger impedance
bandwidth.

Moreover, the patch’s aspect ratio (about 1.117) in the present design is greater
than those using a simple inclined coupling slot (about 1.027). Such a larger aspect
ratio gives the proposed design a relaxed manufacturing tolerance. The measured

TABLE 9.1 CP Performance of Antennas with Coupling Slot (Antenna 1) and Simple
Inclined Coupling Slot without End-Loading Slots (Antenna 2) [1]*

Patch Size  Aspect Ratio fe 1:2 VSWR 3-dB Axial-Ratio

(mm?) LIW (MHz) Bandwidth (%) CP Bandwidth (%)
Antenna 1 33.5 x 30 1.117 2232 7.7 2.20
Antenna2  30.8 x 30 1.027 2340 3.8 1.05

“ Antenna parameters are given in Figure 9.2.
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FIGURE 9.4 Measured radiation patterns at 2232 MHz for the antenna studied in Figure 9.2.
(From Ref. 1, © 1998 IEE, reprinted with permission.)

radiation patterns in two orthogonal planes at 2232 MHz for the proposed design are
plotted in Figure 9.4; good right-hand CP radiation can be seen.

9.3 BROADBAND TWO-FEED CIRCULARLY POLARIZED
MICROSTRIP ANTENNAS

9.3.1 Use of Two Gap-Coupled Probe Feeds with a
Wilkinson Power Divider

Figure 9.5 shows a broadband CP design with a thick air layer between the radiat-
ing patch and the ground plane. Two gap-coupled probe feeds placed in orthogonal
directions are used for the excitation of the proposed antenna. The large probe in-
ductance, owing to the thick air substrate, for the two probe feeds is tuned out by
embedding a concentric annular-ring slot around each feed in the radiating patch. By
further incorporating a Wilkinson power divider with a 90° phase shift between its two
outputs to provide good equal input powers and a 90° phase shift for the two feeds,
the present CP design can have a 3-dB axial-ratio CP bandwidth greater than 40%.
Note that, in Figure 9.5, point A leads point B by 90°, and in this case, left-hand CP
radiation is obtained. When points A and B are interchanged, right-hand CP radiation
is obtained.

Measured input impedance on a Smith chart for a constructed prototype is shown
in Figure 9.6, and the measured axial ratio in the broadside direction is presented in
Figure 9.7. The impedance bandwidth (1:2 VSWR) is 1312 MHz (1544-2856 MHz)
and, within the impedance bandwidth, the 3-dB axial-ratio CP bandwidth is 930 MHz
(1550-2480 MHz). With respect to the center frequency at 2015 MHz, defined to be
the average of the measured lower and upper frequencies with 3-dB axial ratio, the
impedance and CP bandwidths are 65% and 46%, respectively. The measured antenna
gain within the CP bandwidth is shown in Figure 9.8. The peak antenna gain is about
6 dBi and the gain bandwidth, defined to be within 3 dB of the peak antenna gain, is
44.6%, which is almost the same as the CP bandwidth. Figure 9.9 plots the measured
radiation patterns at 1750 and 2100 MHz for the antenna studied; good left-hand CP
radiation is observed.
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FIGURE 9.5 (a) Geometry of a single-layer, broadband circularly polarized microstrip antenna
with two gap-coupled probe feeds; (b) the Wilkinson power divider with two outputs having a
90° phase shift for feeding the antenna. (From Ref. 6, © 2000 John Wiley & Sons, Inc.)

9.3.2 Use of Two Capacitively Coupled Feeds with a
Wilkinson Power Divider

Broadband CP operation with the use of two capacitively coupled feeds has been
shown [7]. The antenna geometry is shown in Figure 9.10. By using the present
capacitively coupled feeds, larger values of S; (i.e., the air-layer thickness) can be
chosen and a much wider CP bandwidth can be obtained. When the value of S; is
increased to about 0.084¢ (A is the free-space wavelength of the CP center frequency),
an optimal CP bandwidth is obtained. The impedance matching of the proposed
antenna can be achieved by selecting the proper capacitor-plate size for the two feeds
and adjusting the distance S, between the feeds and the patch substrate. From the
experiments, the optimal value of S, for good impedance matching is about 20% of
the air-layer thickness (i.e., $» = 0.25;). The Wilkinson power divider in Figure 9.10
has one arm of its outputs (point A) a quarter-wavelength longer than the other (point
B) to provide good equal input powers and a 90° phase shift for the two capacitively
coupled feeds. In this case, left-hand CP radiation is obtained.
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FIGURE 9.6 Measured input impedance on a Smith chart for the antenna shown in Figure
95, 66=44,h =128 mm, h =08 mm, R =2625mm,d = 11 mm, r; =4 mm, r, =
4.5 mm, and ground-plane size = 100 x 100 mm?. (From Ref. 6, © 2000 John Wiley & Sons,
Inc.)

The proposed antenna has been implemented. To demonstrate how to achieve CP
radiation of the proposed antenna, the measured input impedance on a Smith chart
for the case with a single capacitively coupled feed is presented in Figure 9.11. The
single-feed case corresponds to the proposed antenna shown in Figure 9.10 without
the Wilkinson power divider and with one feed only; that is, the excitation of the
antenna is provided by a simple microstrip feed line, through a via hole at point A
or B, connected to a capacitor-plate-loaded feed. For convenience, we used the same
inexpensive FR4 substrates (thickness 0.8 mm and relative permittivity 4.4) for the
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FIGURE 9.7 Measured axial ratio for the antenna studied in Figure 9.6. (From Ref. 6, © 2000
John Wiley & Sons, Inc.)
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FIGURE 9.8 Measured antenna gain for the antenna studied in Figure 9.6. (From Ref. 6, ©
2000 John Wiley & Sons, Inc.)

patch and feed substrates. The circular radiating patch has a radius of 28.75 mm and
the air-layer thickness is 12.8 mm. The total distance between the radiating patch and
the ground plane of the feed substrate is 13.6 mm. The capacitor plate has a radius
of 4.5 mm (about 0.16 times the patch radius) and is 2.4 and 22 mm from the patch
substrate and z axis, respectively. In this case, the impedance curve shows a simple
loop and the impedance bandwidth (1:2 VSWR) is 940 MHz, or 42.7% with respect
to the center frequency at 2200 MHz.

When an additional feed of the same size is added in the orthogonal direction to
the existing one and a Wilkinson power divider is used as shown in Figure 9.10, the

. -90° ;
0 -20dB x-z plane 0 -20dB y-z plane

f=1750 MHz

90 . -90°

0 -20dB x-z plane 0
LHCP £=2100 MHz
RHCP

FIGURE 9.9 Measured radiation patterns at 1750 and 2100 MHz for the antenna studied in
Figure 9.6. (From Ref. 6, © 2000 John Wiley & Sons, Inc.)
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FIGURE9.10 Geometry of abroadband, single-patch, circularly polarized microstrip antenna
with dual capacitively coupled feeds and a Wilkinson power divider. (From Ref. 7, © 2000

IEEE, reprinted with permission.)

FIGURE 9.11 Measured input impedance on a Smith chart for the antenna shown in Figure
9.10 with one feed only (either feed A or feed B) and without the Wilkinson power divider;
gr=8&=44,hy = h,=0.8mm, §; = 12.8 mm, S, =2.4 mm, R =28.75 mm, r = 4.5 mm,
d = 22 mm, and ground-plane size = 100 x 100 mm?. (From Ref. 7, © 2000 IEEE, reprinted

with permission.)
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FIGURE 9.12 Measured input impedance on a Smith chart for the antenna shown in Figure
9.10; e, =&, =44, hy = h, = 0.8 mm, S; = 12.8 mm, S, = 2.4 mm, R = 28.75 mm,
r =4.5mm, d =22 mm, and ground-plane size = 100 x 100 mm?. (From Ref. 7, © 2000 IEEE,
reprinted with permission.)

measured input impedance of the proposed antenna is as presented in Figure 9.12.
It is clearly seen that a very small loop occurs near the center of the Smith chart or
the center of the simple loop shown in Figure 9.11. The small loop indicates that two
resonant modes are excited at close frequencies, and this condition can be achieved
by fine adjusting the feed position d and the distance S, between the two feeds and the
patch substrate. Note that the size of the capacitor plates and other antenna parameters
are the same as used for the linear polarization (LP) design in Figure 9.11. Since the
two feeds have a 90° phase difference, this impedance curve suggests that good CP
radiation can be achieved. From the results shown in Figure 9.12, the impedance
bandwidth is 986 MHz, or 49% with respect to the center frequency at 2007 GHz.
The impedance bandwidth is even greater than that for the LP design in Figure 9.11,
largely owing to the condition that two resonant modes are excited for the CP design
shown in Figure 9.12. It is also observed that the obtained center frequency is lowered
by about 200 MHz or about 10% when the CP design is compared to the LP case.
This suggests that capacitively coupled feeds can affect the resonant frequency of the
proposed antenna.

Figure 9.13 shows the measured axial ratio for the proposed CP design. The 3-dB
axial-ratio bandwidth is 635 MHz, or about 35% referenced to the center frequency
at 1843 MHz. In this case, the distance (13.6 mm) between the radiating patch and
the ground plane is about 0.84 times the wavelength of the center operating frequency
at 1843 MHz. Also note that the CP bandwidth is within the impedance bandwidth
(1514-2500 MHz) shown in Figure 9.12. The phase difference between the two
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FIGURE 9.13 Measured axial ratio for the antenna studied in Figure 9.12. (From Ref. 7, ©
2000 IEEE, reprinted with permission.)

outputs (points A and B) of the Wilkinson power divider within the CP bandwidth
(1525-2160 MHz) was also measured and found to increase monotonically from 76°
to 100°. On the other hand, the difference in the magnitude of the output powers of
points A and B was less than 0.1 dB across the CP bandwidth. Thus, although the
90° phase difference between the two feeds of the proposed design is not quite good,
broadband CP radiation was still achieved owing to the very good equal input powers
obtained.

The antenna gain in the broadside direction within the CP bandwidth was measured
and is presented in Figure 9.14. The obtained antenna gain in the entire CP bandwidth
is within a range of less than 3 dBi, and the peak antenna gain is about 7.2 dBi. When

Antenna Gain (dBi)

1400 1600 1800 2000 2200
Frequency (MHz)

FIGURE 9.14 Maeasured antenna gain for the antenna studied in Figure 9.12. (From Ref. 7,
© 2000 IEEE, reprinted with permission.)
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FIGURE 9.15 Measured radiation patterns at 1650 and 2000 MHz for the antenna studied in
Figure 9.12. (From Ref. 7, © 2000 IEEE, reprinted with permission.)

considering the 1-dB gain variation, the proposed antenna has a gain bandwidth of
about 28% (1630-2160 MHz). The radiation patterns measured at 1650 and 2000
MHz are plotted in Figure 9.15; good left-hand CP radiation is seen.

9.3.3 Use of Two Capacitively Coupled Feeds
with a Branch-Line Coupler

By using two capacitively coupled feeds and a three-section branch-line coupler to
provide two equal input powers with a 90° phase difference, a broadband circularly
polarized patch antenna with good radiation characteristics has been obtained. Exper-
imental results show that, with the on-axis axial ratio less than 3 dB and gain variation
within 1 dBi, the obtained circular polarization (CP) bandwidth is greater than 40%.
Figure 9.16 shows the proposed antenna geometry with a circular patch. The two
capacitively coupled feeds used in the study are top-loaded with a small disk plate of
radius r (r is much smaller than R and is usually selected to be less than 0.2R). The
choice between a three-section branch-line coupler instead of a one-section or two-
section coupler was decided by experiments in which it was found that the design with
a three-section coupler has much improved CP radiation characteristics than the case
with a one-section or two-section coupler. This is largely because much better equal
powers with a 90° phase difference can be obtained from the two outputs of the three-
section branch-line coupler. Note that the characteristic impedance of each branch
in the coupler shown in Figure 9.16 is determined by following the design method
in Ref. 13, and the length of each branch is selected to be a quarter guided wave-
length of the wave propagating in the feed substrate at the designed center operating
frequency.
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FIGURE 9.16 Geometry of a broadband circularly polarized patch antenna with dual capac-
itively coupled feeds and a branch-line coupler.

For achieving broadband CP radiation, the air-substrate thickness S; is chosen
to be about 0.1 times the free-space wavelength of the center operating frequency.
For the feed arrangement shown in Figure 9.16, the proposed antenna radiates a left-
hand circularly polarized (LHCP) wave. Simply by interchanging the feed points A
and B in the figure, the proposed antenna will have a right-hand circularly polarized
(RHCP) wave. For achieving good impedance matching, the optimal feed positions
are usually found to be those for d greater than 0.7R and S, less than 0.3S;. The
measured input impedance on a Smith chart for a constructed prototype is shown in
Figure 9.17. The RHCP radiation was studied, and the center operating frequency is
designed at 2200 MHz. Thus, the radius of the circular radiating patch is selected to
be 28.75 mm and the thickness of the air substrate is chosen to be 13.6 mm, which
corresponds to about 0.1 times the free-space wavelength at 2200 MHz. Other design
parameters are given in Figure 9.17. From the input impedance results, the impedance
bandwidth (1:2 VSWR) is 1794 MHz (1484-3278 MHz), or about 81% referenced
to the designed center frequency at 2200 MHz. Figure 9.18 presents the measured
axial ratio in the broadside direction of the antenna; the obtained 3-dB axial-ratio
bandwidth is 1385 MHz (1700-3085 MHz), or about 63%. Figure 9.19 shows the
measured antenna gain against frequency. The peak antenna gain is about 6.7 dBi, and
the 1-dB gain bandwidth is 930 MHz (1700-2630 MHz), or about 42%. Measured
radiation patterns in two orthogonal planes at 2200 MHz are plotted in Figure 9.20,
which shows good left-hand CP radiation.
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FIGURE 9.17 Measured input impedance on a Smith chart for the antenna shown in Figure
9.16; &, = 4.4, h = 1.6 mm, S; = 13.6 mm, S, = 3.2 mm, R = 28.75 mm, d = 22 mm,
r = 4.5 mm, and ground-plane size = 200 x 100 mm?.

9.4 BROADBAND FOUR-FEED CIRCULARLY POLARIZED
MICROSTRIP ANTENNAS

A promising design with a large CP bandwidth (2-dB axial-ratio bandwidth >35%)
and improved CP quality over a wide coverage angle for frequencies within the

Axial Ratio (dB)

L " L " L " L " L

2000 2400 2800 3200
Frequency (MHz)

FIGURE 9.18 Measured axial ratio for the antenna studied in Figure 9.17.
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FIGURE 9.19 Measured antenna gain for the antenna studied in Figure 9.17.

CP bandwidth is presented in Figure 9.21. This design is achieved by using four
capacitively coupled feeds of equal input powers and 0°, 90°, 180°, and 270° phase
shifts, provided by a feed network consisting of Wilkinson power dividers, for the
excitation of a patch antenna with a thick air substrate. Experimental results show that
for a prototype with designed center frequency at 2200 MHz (the radius of the circular
patch was chosen to be 27.5 mm, and the air substrate thickness was 16 mm, about
11.7% of the free-space wavelength at 2200 MHz), the 10-dB return-loss impedance
bandwidth is 2340 MHz, or greater than 100% referenced to the center frequency,
and the CP bandwidth, determined by 2-dB axial ratio, is about 38% [14]. The peak
antenna gain of the constructed prototype is 7.6 dBi, with gain variations less than
2 dBi within the CP bandwidth. Good CP quality for frequencies within the CP
bandwidth has also been observed, which shows a slow degradation of the axial ratio
from the broadside direction (6 = 0°) to large angles.

90°

-20dB x-z plane
LHCP f=2200 MHz
RHCP

FIGURE 9.20 Measured radiation patterns at 2200 MHz for the antenna studied in
Figure 9.17.
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FIGURE 9.21 Geometry of a broadband circularly polarized patch antenna with improved
CP quality.

9.5 DUAL-BAND CIRCULARLY POLARIZED MICROSTRIP ANTENNAS

9.5.1 A Probe-Fed Circular Patch with Two Pairs of Arc-Shaped Slots

A novel technique for obtaining dual-band CP radiation with a single-feed circular
microstrip antenna has been proposed [10]. By embedding two pairs of arc-shaped
slots of appropriate lengths close to the boundary of a circular patch and protruding
one of the arc-shaped slots with a narrow slot, the circular microstrip antenna can be
used for dual-band CP radiation using a single probe feed. The proposed antenna ge-
ometry is shown in Figure 9.22. Two pairs of arc-shaped slots, having a narrow width
of 1 mm, are placed close to the boundary of the circular patch at a distance of 1 mm.

feed for
LHCP

feed for
RHCP

FIGURE 9.22 Geometry of a single-feed, slotted circular microstrip antenna for dual-band
CP operation. (From Ref. 10, © 1998 IEE, reprinted with permission.)
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These two pairs of slots are centered with respect to the centerlines (x and y axes)
of the circular patch. The pair of arc-shaped slots centered on the x axis is subtended
by an angle 6;, and its left-hand-side slot has a radial protruding slot of length £.
The other pair of arc-shaped slots centered on the y axis is subtended by an angle 6,
(62 # 61). It should first be noted that, for each pair of arc-shaped slots, dual-frequency
operation with the same polarization planes and broadside radiation patterns can be
obtained by feeding the patch using a single probe feed along the centerline be-
tween the two slots. This dual-frequency characteristic is similar to that reported
for a dual-frequency rectangular microstrip antenna with a pair of narrow slots [15]
in which the perturbed TM;y and TM3, modes are excited for dual-frequency op-
eration. For the present proposed structure, the two operating modes are associated
with the TM; and TM|, modes of the unslotted or simple circular microstrip an-
tenna. With the presence of two pairs of arc-shaped slots of slightly different sub-
tending angles in the proposed design, it is expected that the first two operating
modes can both consist of two near-degenerate orthogonal resonant modes if a sin-
gle probe feed is placed along the direction 45° to the centerlines of the circular
patch.

The experiments show that the resonance of the first (lower) operating mode (the
perturbed TM;; mode) is very slightly affected by the variation in the subtending
angle. On the other hand, the resonant frequency of the second (upper) operating mode
(the perturbed TM;, mode) is significantly decreased with increasing subtending
angle. Therefore, by adjusting the subtending angles, two near-degenerate orthogonal
modes with equal amplitudes and a 90° phase shift for CP operation can be excited
for the upper operating mode. To fine tune the two near-degenerate orthogonal modes
of the lower operating mode to have equal amplitudes and a 90° phase difference
for CP operation, a radial narrow slot is protruded from one of the arc-shaped slots
(see Figure 9.22). It is found that, with the perturbation of the protruding slot, the
desired CP operation for the lower operating mode can be achieved, while the CP
performance of the upper operating mode is very slightly affected by the protruding
slot. That is, by carefully selecting the subtending angles of the arc-shaped slots and
the length of the protruding slot, dual-band CP operation of microstrip antennas can
be obtained. For the single probe feed placed at point A, which is a distance d from the
patch center and along a direction 45° to the y axis, dual-band left-hand CP operation
is achieved. When the feed position is moved to point B (see Figure 9.22), dual-band
right-hand CP operation is obtained.

Figure 9.23 shows the measured input impedance for a proposed antenna with left-
hand CP operation (feed at point A). To achieve dual-band CP operation, the radial
protruding slot is adjusted to have a length of 10 mm (0.20D), and the subtending
angles 0, and 6, are adjusted to be 88° and 89°, respectively. The feed (point A)
is at a position about 0.32D from the patch center. The measured axial ratio in the
broadside direction is presented in Figure 9.24. The results show that two operating
bands with CP radiation are excited. The CP bandwidth of the lower operating band,
determined from the 3-dB axial ratio, is 20 MHz, or about 1.28% with respect to
the center frequency of 1561 MHz, the frequency with a minimum axial ratio, and
the CP bandwidth for the upper operating band is 25 MHz, or about 1.07% with



DUAL-BAND CIRCULARLY POLARIZED MICROSTRIP ANTENNAS 311

FIGURE 9.23 Measured input impedance for the antenna shown in Figure 9.22 with dual-
band left-hand CP operation (feed at point A); &, = 4.4, h = 1.6 mm, D = 50 mm, ¢ =
10 mm, d = 16 mm, 6; = 88°, and 6, = 89°. (From Ref. 10, © 1998 IEE, reprinted with
permission.)

respect to the center frequency of 2335 MHz. The radiation patterns in two orthogonal
planes are plotted in Figure 9.25 for the operating bands at 1561 and 2335 MHz. It
can be seen that good left-hand CP radiation for both bands is obtained. Finally,
the frequency ratio of the two operating bands obtained here is about 1.496. By
varying the subtending angles of the two arc-shaped slots and fine tuning associated
parameters, different frequency ratios for the proposed dual-band CP operation can be
obtained.

Axial Ratio (dB)

0 0 - -

1550 1560 1570 1580 2320 2330 2340 2350
Frequency (MHz)

(a) (b)

FIGURE 9.24 Measured axial ratio for the antenna studied in Figure 9.23. (a) The lower
band; (b) the upper band. (From Ref. 10, © 1998 IEE, reprinted with permission.)
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)

FIGURE 9.25 Measured radiation patterns for the antenna studied in Figure 9.23. (a) f =
1561 MHz; (b) f = 2335 MHz. (From Ref. 10, © 1998 IEE, reprinted with permission.)

9.5.2 A Probe-Fed Square Patch with a Center Slot and Inserted Slits

New designs for obtaining dual-band CP radiation with a single-feed square microstrip
antenna (Figure 9.26) have been proposed and experimentally studied [11]. The pro-
posed single-feed dual-band CP designs are achieved by inserting four T-shaped slits
at the patch edges or four Y-shaped slits at the patch corners of a square microstrip
antenna. In the experiments, a patch size reduction of 36% for the proposed design
compared to a conventional CP design without inserted slits [16] was obtained. The
two resonant modes TMy and TM3 are used for dual-band CP radiation. Due to the
inserted T-shaped or Y-shaped slits, the excited patch surface current path of the TM
mode is greatly lengthened, which effectively lowers its resonant frequency and gives
the proposed designs a reduced patch size for the fixed lower frequency of dual-band
CP radiation. For the TM3p mode, the inserted slits not only considerably lower its
resonant frequency, but also modity its three-lobe radiation pattern [15] to become
similar to that of the TM;y mode. By further embedding a narrow slot in the patch
center and using a single probe feed at the diagonals of the slit-loaded square patch,
the perturbed TM ¢ and TM3o modes can be split into two near-degenerate modes for
dual-band CP radiation.

9.5.2.1 Square Patch with Four T-Shaped Slits 1n the slit-loaded square patch
in Figure 9.26(a) (denoted design A), four T-shaped slits are inserted at the edge cen-
ters; their upper arms have the same dimensions, a narrow width S and a length ¢, and
their center arms have dimensions d x w, with the slit along the positive y axis having
a different arm width dy (#d). This arrangement is very effective for fine tuning the
perturbed TM3, mode (upper operating band in this design) into two near-degenerate
modes with equal amplitudes and a 90° phase shift for CP radiation. The splitting
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FIGURE 9.26 Geometries of slit-loaded dual-band circularly polarized microstrip antennas.
(a) Design A: a square patch with four T-shaped slits; (b) design B: a square patch with four
Y-shaped slits. (From Ref. 11, © 2001 IEEE, reprinted with permission.)

of the perturbed TM ;¢ mode (lower operating band) into two near-degenerate modes
for CP radiation is mainly achieved by selecting suitable dimensions ({5 X wg;
£s > wy) of the center slot. A single probe feed at (x,, y,) along the diagonals of the
patch can excite right-hand or left-hand CP radiation for the two CP operating bands.

Two different antennas (antennas A1 and A2) based on design A were constructed
using the same microwave substrates. Antenna Al was designed for left-hand CP
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FIGURE 9.27 Measured return loss for design A shown in Figure 9.26(a); &, =4.4,h = 1.6
mm, and ground-plane size = 75 x 75 mm?. (a) Antenna A1 with left-hand CP radiation: (xp,
yp) =(—9mm,9 mm), L =40 mm, ¢ =32mm,d = 13.5mm, dr =11 mm, w, =1 mm, {; =
12.5 mm, § = 1 mm, and w = 1 mm; (b) antenna A2 with right-hand CP radiation: (xp, yp) =
(7mm, 7mm), L =36 mm, £ =28.8 mm,d = 1.8 mm, dr = 3.5 mm, wy = 0.9 mm, £, = 13
mm, S = 0.9 mm, and w = 1.8 mm. (From Ref. 11, © 2001 IEEE, reprinted with permission.)

radiation and antenna A2 radiates a right-hand CP wave. Both antennas Al and A2
were designed to operate with dual-band CP operation. The side length of antenna A2
is chosen to be 90% of that of antenna Al; thus the patch size of antenna A2 is only
about 0.81 times that of antenna A 1. Results for the measured return loss are shown
in Figure 9.27. The measured axial ratios in the broadside direction for antennas Al
and A2 are presented in Figure 9.28. The corresponding CP performance is listed in
Table 9.2, in which the center frequencies f| and f, of the lower and upper CP bands
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FIGURE 9.28 Measured axial ratio of the lower and upper CP bands of (a) antenna Al and

(b) antenna A2 studied in Figure 9.27. (From Ref. 11, © 2001 IEEE, reprinted with permission.)

are defined to be the frequency at which the minimum axial ratio is observed. The
obtained CP bandwidths (3-dB axial ratio) for the lower and upper operating bands
are seen to be about the same. The frequency ratios for the two center frequencies for
antennas Al and A2 are almost the same, about 1.984. In comparison to the reference
antenna (see Table 9.2), which requires a patch size of 45 x 45 mm? for operation in
the 1.5-GHz band, the patch sizes of antennas A1 and A2 are, respectively, about 21%
and 36% smaller. This reduction in the required patch size suggests that the antenna

TABLE 9.2 CP Performance of the Antennas in Figures 9.26(a) and 9.26(b) [11]?

Patch Size f1, CP BW f>, CP BW Frequency Ratio
(mm?) (MHz, %) (MHz, %) L/W
Antenna A1l 40 x 40 1538, 1.2 3050, 1.1 1.983
Antenna A2 36 x 36 1531, 0.9 3038, 1.1 1.984
Antenna B 36 x 36 1632, 1.1 2882, 1.0 1.766
Reference 45 x 45 1550, 1.2 — —

“Parameters of antennas Al and A2 are given in Figure 9.27 and those of antenna B are shown in Figure
9.32. The reference antenna is constructed using a simple square patch with a diagonal slot [16].
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size (or the ground-plane size) of the proposed design can be reduced accordingly
[the ground plane sizes used in this study are all the same (75 x 75 mm?) for different
antennas]. It is found that, when the ground-plane size is reduced by 21% for antenna
Al and 36% for antenna A2, the obtained dual-band CP performance is very slightly
affected as compared to the results presented here.

The antenna gain in the broadside direction for the operating frequencies within
the lower and upper CP bands was measured and is presented in Figure 9.29. For
the lower operating band, it is clearly seen that the antenna gain for antenna A2 is in
general about 1.0-1.5 dBi lower than that for antenna A1, which is probably due to the
smaller patch size for antenna A2. On the other hand, a small gain difference between
antennas Al and A2 is observed for the upper operating band. It is observed that the
antenna gain for the upper operating band is smaller than that for the lower band,
which suggests that the perturbed TM |y mode has better radiation efficiency than the
perturbed TM3, mode. This behavior should be considered in practical applications.
The radiation patterns in two orthogonal planes for antennas Al and A2 have been
measured and are plotted in Figures 9.30 and 9.31, respectively. It can be seen that
similar radiation patterns and good CP radiation characteristics for both operating
bands are obtained.
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FIGURE9.29 Measured antenna gain for the lower and upper CP bands of (a) antenna A1 and
(b) antenna A2 studied in Figure 9.27. (From Ref. 11, © 2001 IEEE, reprinted with permission.)
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(b)

FIGURE 9.30 Measured radiation patterns for antenna Al studied in Figure 9.27. (a)
fi = 1538 MHz, (b) f> = 3050 MHz. (From Ref. 11, © 2001 IEEE, reprinted with per-
mission.)

-90°
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FIGURE 9.31 Measured radiation patterns for antenna A2 studied in Figure 9.27. (a)
fi = 1531 MHz, (b) f> = 3038 MHz. (From Ref. 11, © 2001 IEEE, reprinted with per-
mission.)
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FIGURE 9.32 Measured return loss for antenna B [design B in Figure 9.26(b) with right-
hand CP radiation]; &, = 4.4, h = 1.6 mm, ground-plane size = 75 x 75 mm?, § = 0.9 mm,
w = 1.8 mm, (xp, yp) = (7 mm, 7 mm), L = 36 mm, £ = 30.6 mm, d = 1.8 mm, wy = 0.9
mm, and ¢, = 12 mm. (From Ref. 11, © 2001 IEEE, reprinted with permission.)

9.5.2.2 Square Patch with Four Y-Shaped Slits The design shown in Figure
9.26(b) has four Y-shaped slits inserted at the patch corners (denoted design B). Note
that the four Y-shaped slits have the same dimensions, which is different from the case
with four T-shaped slits (design A). In this case, the splitting of both the perturbed
TM o and TM3(; modes into two near-degenerate modes for dual-band CP radiation
can be achieved simply by selecting proper dimensions for the center slot. Based
on design B, a dual-band CP antenna with right-hand CP radiation was constructed
(denoted antenna B). The patch size of antenna B was selected to be the same as that of
antenna A2 (36 x 36 mm?). Figures 9.32 and 9.33 present, respectively, the measured
return loss and axial ratio. The corresponding dual-band CP performance of antenna
B is listed in Table 9.2. The frequency ratio of the two center frequencies, 1632 and

1624 1642

Axial Ratio (dB)
[\

- 2882 MHz —»
1632 MHz
0
1620 1630 1640 2862 2877 2892
Frequency (MHz)
(a) (b)

FIGURE 9.33 Measured axial ratio for antenna B studied in Figure 9.32. (a) The lower band,
(b) the upper band. (From Ref. 11, © 2001 IEEE, reprinted with permission.)
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FIGURE 9.34 Measured antenna gain for antenna B studied in Figure 9.32. (a) The lower
band, (b) the upper band. (From Ref. 11, © 2001 IEEE, reprinted with permission.)

2883 MHz, is about 1.766, and the obtained CP bandwidths for lower and upper
operating bands are about the same as those obtained in Section 9.5.2.1 for design
A. It should be noted that for operating in the 1.6-GHz band, the required patch size
using the conventional CP design [16] is about 43 x 43 mm?, which is much larger
than that of antenna B here. This also suggests that, similar to design A in Section
9.5.2.1, design B has a reduced antenna size for fixed CP operation. Measured antenna
gain for frequencies in the lower and upper operating bands are presented in Figure
9.34. Similar behavior as observed for antennas Al and A2 in Section 9.5.2.1 is seen.
Measured radiation patterns in two orthogonal planes are plotted in Figure 9.35. Good
CP radiation characteristics for both operating bands are observed.

90° -90° [ .
0 -20dB y-z plane
(@
90° -90°
(b)

FIGURE 9.35 Measured radiation patterns for antenna B studied in Figure 9.32. (a) f; =
1632 MHz, (b) f> = 2882 MHz. (From Ref. 11, © 2001 IEEE, reprinted with permission.)
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FIGURE 9.36 Geometry of a dual-band, circularly polarized, stacked elliptic microstrip
antenna. (From Ref. 12, © 2000 John Wiley & Sons, Inc.)
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FIGURE 9.37 Measured input impedance for the antenna shown in Figure 9.36 with left-
hand CP operation; &; = &, = 4.4, h; = 1.6 mm, &, = 0.8 mm, r = 0.5 mm, ¢ = 21.86 mm,
bi/a = 0.95, by/a = 0.96, d = 12 mm, and ground-plane size = 75 x 75 mm?. (From
Ref. 12, © 2000 John Wiley & Sons, Inc.)
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9.5.3 A Probe-Fed Stacked Elliptic Patch

A probe-fed stacked elliptic microstrip antenna has been designed for obtaining dual-
band CP operation [12]. The proposed design is achieved by properly selecting two
elliptic patches of different axial ratios and introducing a small air-gap layer between
the two patches (see Figure 9.36). The two elliptic patches are printed on separate
substrates. The bottom and top elliptic patches have the same major-axis length a, but
different minor-axis lengths b; and b,, which results in different elliptic axial ratios
bi/a and b, /a, respectively, for the two patches. The bottom patch is centered below
the top patch, and the top patch is excited by a probe feed which is connected to the
top patch through a via hole in the bottom patch. The bottom patch then serves as
a parasitic patch to the top patch. For ease in achieving good impedance matching
of the stacked microstrip antenna and fine tuning of the operating frequencies of the
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FIGURE 9.38 Measured axial ratio for the antenna studied in Figure 9.37. (a) The lower
band, (b) the upper band. (From Ref. 12, © 2000 John Wiley & Sons, Inc.)
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CP modes, a small air gap of thickness ¢ is introduced between the two patches.
The feed position is placed along the 45° line from the major axis a distance d from
the top patch’s center. In this case, both operating bands of the proposed antenna have
left-hand CP (LHCP) radiation. When the feed position is placed along the 135° line
from the major axis, right-hand CP (RHCP) radiation is obtained.

In the present design, the two regions under the top and bottom patches can be
treated as two different, but coupled resonant cavities, which makes possible the suc-
cessful excitation of two separate operating bands for CP radiation. The first (lower)
CP operating band occurs in the vicinity of the fundamental resonant frequency of
the stacked microstrip antenna. From experimental results, it is found that the lower
operating band is very slightly affected by variations in the axial ratios of the two
patches and in the thickness of the air gap. On the other hand, the second (upper)
CP operating band is strongly affected, and its operating frequency is significantly
increased when the difference of the axial ratios of the two patches increases or a
larger air-gap thickness is used. This suggests that, by carefully selecting the axial
ratios of the two patches and the thickness of the air-gap layer, various frequency
ratios between the two CP operating bands can be obtained.

Measured input impedance on a Smith chart for a constructed prototype of the
proposed antenna with LHCP radiation is presented in Figure 9.37. Both the top and
bottom elliptic patches are printed on inexpensive FR4 microwave substrates with
relative permittivity 4.4, but different substrate thicknesses of 0.8 and 1.6 mm, re-
spectively. The major-axis lengths of the two patches are chosen to be 21.86 mm
(=a) and their minor-axis lengths are selected such that b,/a and b,/a are 0.95
and 0.96, respectively. An air-gap thickness of 0.5 mm is chosen. The feed position

(b)

FIGURE 9.39 Measured radiation patterns for the antenna studied in Figure 9.37. (a) f, =
1908 MHz, (b) f> = 2660 MHz. (From Ref. 12, © 2000 John Wiley & Sons, Inc.)
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is located at d = 12 mm. From the impedance results, it can be seen that there are
two very small loops at 1908 and 2660 MHz, which indicates that two operating
bands with CP radiation are achieved. The impedance bandwidths (1:2 VSWR) for
the 1908- and 2660-MHz bands are 106 MHz (or about 5.6%) and 102 MHz (or about
3.8%), respectively. For both operating bands, the measured axial ratio in the broad-
side direction is presented in Figure 9.38. The CP bandwidth of the lower operating
band, determined by the 3-dB axial ratio, is 40 MHz, or about 2.1% with respect to
the center frequency at 1908 MHz, where a minimum axial ratio is observed. The
CP bandwidth for the upper operating band is 30 MHz, or about 1.13% referenced
to the center frequency at 2660 MHz. The measured radiation patterns in two or-
thogonal planes are plotted in Figure 9.39 for the two CP operating bands at 1908
and 2660 MHz. Good left-hand CP radiation for both operating bands is observed.
The antenna gain measured for the two CP operating bands is plotted in Figure 9.40.

Antenna Gain (dBi)
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FIGURE 9.40 Measured antenna gain for the antenna studied in Figure 9.37. (a) The lower
band, (b) the upper band. (From Ref. 12, © 2000 John Wiley & Sons, Inc.)
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The antenna gain variations in the CP bandwidth are less than 1 dBi for both bands,
and the peak antenna gain for the lower and upper bands is about 3.7 and 1.5 dBi,
respectively.
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