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CHAPTER 1

Introduction

1.1 Motivation

Antenna enables wireless signal transmission and reception through radiative coupling.

In conjunction with advances in high-speed integrated circuits, packaging, power man-

agement etc., antenna has been the catalyst in the growth of wireless communication. In

applications ranging from wireless handheld devices to satellite communication systems,

an antenna can never be omitted. These antennas can generally be classified into two types

based on their functional mechanism - resonant antenna (i.e. standing wave antenna) and

non-resonant antenna (i.e. traveling wave antenna). The resonant antenna is the most fun-

damental type of an antenna. Electromagnetic resonance occurs when a sinusoidal current

distribution is created across the aperture of a resonant antenna [1]. To satisfy the the

electromagnetic resonance condition, dimension of a resonant antenna must be a fraction

of its wavelength at resonance. Thus, as the operational frequency of a resonant antenna

increases, the dimension decreases accordingly. A number of resonant antennas can be

interconnected to form a non-resonant antenna which is typically multiple wavelengths in

dimension. Naturally, the two antenna types exhibit very different behavior from one an-

other. The selection criteria between the two is based on the application of the wireless

communication system is to operate. This dissertation focuses on the study of resonant
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antennas for a series of application scenarios. Therefore resonant antenna will henceforth

be addressed as antenna.

Since the ”Birth of Radio” in the late nineteenth century, wireless communication fre-

quency spectrum has rapidly expanded. In the beginning, the majority of application sce-

narios were concentrated in the LF, MF, and HF bands. Consequently, antennas have his-

torically appeared to be the largest component in a wireless communication device. Such

tendency continues to remain intact even in present day, where sophisticated wireless com-

munication devices are extensively used in much higher frequency bands ranging up to

microwave frequencies and beyond. This can be largely attributed to increasingly minia-

turized and integrated wireless communication components, leaving the reduced antenna

dimension still relatively bulky and large in comparison. An antenna protruding from a sur-

face of a wireless communication device or a system platform remains a common sight as

shown in Figure 1.1. Accepting such protrusion of the antenna has been widely regarded as

a bothersome necessity. The significant profile of these antennas adversely effects impor-

tant factors of the device such as usability, packaging, ergonomics and design. Therefore,

antenna miniaturization is imperative in the present day Information Era where wireless

communication devices are omnipresent.

1.2 Approach

Studies regarding antenna miniaturization can generally be categorized into two meth-

ods: 1) Miniaturizing the antenna topology using space filling compression technique and

2) Antenna miniaturization using magneto-dielectric materials. The two methods are vi-

sualized in Figure 1.2. The first method involves reducing the physical dimension of the

antenna by modifying the antenna topology. For instance, a variety of space filling com-

pression techniques have been studied to reduce the vertical profile of monopole antennas

[2, 3, 4]. The dimension of a wire monopole antenna is greatly reduced by folding the
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Figure 1.1: Commonly used antennas for wireless communication scenarios.

monopole antenna geometry through several iterations. However, the height reduction us-

ing these techniques are limited to λ/5 or larger. In [5, 6] various fractal antennas are

further investigated and the resonant properties, bandwidth, and the impedance matching

of compressed omnidirectional antennas are reported.

The second approach involves achieving antenna miniaturization through loading the

antenna with relatively high permittivity and/or high permeability materials [7, 8]. Tra-

ditionally, high permittivity materials have been used to decrease the dimension of the

antenna. In [9], a planar inverted F antenna is loaded with high permittivity material for

size reduction purposes. Externally perforated high dielectric constant substrates are im-

plemented to miniaturize the dimensions of patch antennas in [10]. In addition, artificial

high-permeability materials have been proposed to further decrease the antenna dimension

while realizing enhanced bandwidth. Such materials are usually designed by introducing

a resonant type circuit in a dielectric material. As a result, the artificial material tends to

behave as a magnetic material over a certain frequency band. For instance, in [11], electro-

magnetic band-gap (EBG) structures utilizing magneto-dielectrics have the dual benefit of
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improving band-gap rejection levels while achieving size reduction.

Figure 1.2: Traditional antenna miniaturization methods. (a) Space filling compression
technique. (b) Magneto-dielectric materials.

The reduced real estate of antenna geometries have eased the integration task of anten-

nas on wireless communication devices and platforms. However, significant changes in an-

tenna behavior is typical when an antenna is placed in close proximity to nearby structures.

For instance, a drastic deterioration of input impedance matching is observed in Figure 1.3.

Such phenomenon has resulted in the emergence of platform-level embedded antennas in

recent years. A variety of system-level embedded antenna designs have been reported for

various application scenarios ranging from health care to Radio Frequency Identification

(RFID) [12, 13]. In [14] a folded dipole is design to feature sufficient radiation efficiency

despite operating very close to a conductive platform. A slotted waveguide planar antenna

is embedded into the vehicle roof for receiving satellite TV while the vehicle is in motion

in [15]. For consumer electronics, an embedded quad-band Wireless Local Area Network

(WLAN) antenna for laptop antenna has been reported [16]. It is anticipated that the de-

mand for full-level integration of miniaturized antennas will continue to grow as wireless

communication continues to mature.
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Figure 1.3: Effect of conductive surface on the input impedance of a commercial RFID
antenna

1.3 Dissertation Overview

This dissertation introduces a variety of antenna miniaturization methods for platform-

level integration scenarios. Like any other ’solution’, antenna miniaturization and inte-

gration are intrinsically dependant on the ’problem’. In this instance, the problem can be

defined as an application scenario for a wireless communication system. An application

scenario specifies the required performance parameters, shown below for miniaturized an-

tennas.

• Polarization: To ensure reliable signal transmission and reception, antenna polariza-

tion is specified for a majority applications, ranging from terrestrial communications,

ad-hoc networks to polarimetric synthetic aperture radar (SAR). When communicat-

ing with an unknown transceiver such as RFID, linear polarizations are typically

used.

• Bandwidth: The theoretical relationship between bandwidth and dimension of a res-

onant antenna has been established by Chu [17]. Depending on the application sce-

nario, a miniaturized antenna with a narrow or wide bandwidth is required. For exam-

ple, for Unattended Ground Sensor (UGS) networks used for perimeter security and

area surveillance, a relatively low data rate is sufficient. Thus a narrow-band minia-
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turized antenna is preferred. In contrast, transmission and reception of multimedia

signals such as voice, video and Global Position Systems (GPS), require higher data

rates and therefore demanding increased antenna bandwidths.

• Pattern: For an a priori located wireless communication device, it is beneficial to

design an antenna with a pattern that is directive in the known direction. However

for application scenarios where the wireless communication device is to operate in

an unknown environment, an omnidirectional antenna is advantageous.

Once the required performance parameters are established, an approach to miniaturize

and integrate the antenna with the wireless communication platform is devised. The details

of the approaches that are used in this dissertation is outlined in the following sub-sections.

1.3.1 Chapter 2: The Miniaturized Cavity-backed Slot Antenna

A technique for reducing the dimensions of the cavity of a cavity-backed slot antenna

is presented. This method facilitates proper fabrication and integration of miniaturized

slot antennas on multi-layer substrates. This is accomplished by replacing the solid metal

around the traditional slot antennas with a specific metallic pattern that can be viewed as

a series of parallel strip lines placed around the slot antenna. This metallic pattern is then

modified by designing the parallel strips in a compact fashion to reduce the overall antenna

dimensions and obtain a reduced-size cavity-backed slot antenna. It is shown that, for a

simple straight slot antenna, the overall occupied volume of the modified cavity backing

the slot antenna can be reduced by more than 65% without effecting the high radiation

efficiency of the antenna. A number of traditional cavity backed slot antennas and the

proposed modified cavity backed slot antennas are designed, fabricated, and measured.

The reduced-size cavity-backed slot antennas show a very low input VSWR, low cross

polarized radiation levels, and high radiation efficiency. Despite their small ground plane,

the proposed cavity backed slot antennas have front-to-back ratio (FTBR) values in the
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range of 6-7 dB.

1.3.2 Chapter 3: Platform Embedded Slot Antenna backed by Shielded

Parallel Plate Resonator

The objective of devising an electrically small cavity-backed slot antenna in Chapter 2

is further investigated. A new cavity architecture for applications in design of resonator-

backed slot antennas with a height less than λ/15 profile is presented. This architecture

renders cavity heights as low as λ/130 and small lateral dimensions. Miniaturization of the

supporting cavity resonator is achieved by meandering the passage from the bottom of the

cavity resonator to the slot aperture. Unlike conventional cavity resonators, the proposed

design operates in a TEM mode which allows for wider bandwidth operation and miniatur-

ization of lateral dimensions. Ultrasonic consolidation technique is employed to fabricate

the complicated cavity structure monolithically. Measurements verify the proposed antenna

exhibits excellent gain and FTBR. Wide-band mode of the antenna is achieved by using a

carefully designed microstrip feed across the slot aperture which facilitates a fictitious short

along the slot aperture. The antenna is then flush-mounted onto an arbitrarily built metal-

lic platform and is shown to feature consistent impedance matching. The FTBR is found

to improve when the antenna is embedded into the platform. The same antenna architec-

ture is redesigned for VHF band operation using standard multi-layer PCB technology and

consistent functionality is verified.

1.3.3 Chapter 4: The Cavity-backed Composite Slot Loop Antenna

(CBCSLA)

For near-ground wave propagation applications where both the transmit and receive

antennas are placed near the surface of the earth, it is shown that propagation path loss

for vertically oriented antennas is by many orders of magnitude lower than any other an-
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tenna orientation configuration. For air or ground vehicle applications it is beneficial to use

low-profile antennas that can produce vertical polarization with omni-directional radiation

pattern. Also for applications such as network of Unattended Ground Sensors, low-profile

antennas are highly desired. As wireless communication devices continue to evolve, the

large dimension of the antenna is frequently problematic.

In Chapter 4, a novel miniaturized cavity-backed composite slot loop antenna with low

profile and omnidirectional radiation similar to a short dipole is presented. The antenna

displays vertical polarization while having less than λ/100 dimension in height. The ge-

ometry of the antenna is inspired by a small magnetic loop which is realized using a slot

configuration on metallic ground. Since a small slot loop antenna cannot be impedance

matched, a composite geometry is devised that acts like as a small slot loop and can easily

be impedance matched in this configuration. The diameter of the CBCSLA can be made as

smaller than λ/10. The feeding mechanism is designed such to create a circumferentially-

constant current distribution around the composite loop while effectively matching to a 50Ω

coaxial feed from the antenna center. Additional methods are discussed to further enhance

the bandwidth and achieve a dual-band response. The antennas are designed, fabricated,

and measured. It is shown that despite their small lateral dimension and extremely small

height, the miniaturized cavity-backed slot loop features extremely good input impedance

match, uniform radiation pattern, low cross-polarization levels and expected gain.

1.3.4 Chapter 5: The Multi-element Monopole Antenna

In continuation of Chapter 4, a low-profile, electrically small antenna with omnidirec-

tional vertically polarized radiation similar to a short monopole antenna is presented. The

antenna exhibits less than λ/40 dimension in height and λ/10 or smaller in lateral dimen-

sion. The antenna is matched to a 50Ω coaxial line without the need for external matching.

The geometry of the antenna is derived from a quarter-wave transmission line resonator fed

at an appropriate location to maximize current through the short-circuited end. To improve
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radiation from the vertical short-circuited pin, the geometry is further modified through

superposition of additional resonators placed in a parallel arrangement. The lateral dimen-

sion of the antenna is miniaturized by meandering and turning the microstrip lines into the

shape of a multi-arm spiral. The meandering between the short-circuited end and the feed

point also aids in the impedance matching. Through this technique, spurious horizontally

polarized radiation is also minimized and a radiation pattern similar to a short dipole is

achieved. The antenna is designed, fabricated and measured. Parametric studies are per-

formed to explore further size reduction and performance improvements. Based on these

studies, a dual-band antenna with enhanced gain is realized. The measurements verify

that the proposed fabricated antennas feature excellent impedance match, omnidirectional

radiation in the horizontal plane and low levels of cross-polarization.

1.3.5 Chapter 6: Applications of the Multi-element Monopole An-

tenna

In Chapter 6, the Multi-element monopole antenna introduced in Chapter 5 is inte-

grated with a wireless communication platform for two separate application scenarios. In

the first application, the multi-element monopole antennas are redesigned at 2.45 GHz to

realize a Small radio repeater. Two identical antennas are fabricated to form receiving and

transmitting antennas. The Small radio repeater consists of two electrically small, verti-

cally polarized antennas and an amplifier. The signal received from the receiving antenna

is amplified before retransmitting the signal via the transmitting antenna. The Small ra-

dio repeater is fabricated monolithically and features a compact and sturdy geometry. The

measured gain indicates the design antenna meets the required wireless link budget.

In the second application, the multi-element monopole is redesigned and fully inte-

grated onto a 2.45 GHz RF front-end transmitter circuitry. The integration of the multi-

element monopole antenna greatly reduces the overall volume of the RF transmitter, de-

signed for in-door image transmission. The effects of the Printed circuit board (PCB)
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layout of the RF front-end circuitry is considered during the antenna design process. Mea-

surement confirms good agreement with computer simulations of the designed antenna.

1.3.6 Chapter 7: Frequency Reconfigurable Miniaturized Antenna

In Chapter 7, a compact multi-band antenna with electronic frequency tuning capability

is designed and measured. Due to its operational frequency and miniaturized dimension,

the antenna can be used as an active RFID antenna. The geometry of the antenna is confined

within a 50 mm × 50 mm platform, several orders smaller compared to conventional active

RFID antennas. The presented antenna operates at 430 MHz, 900 MHz, and 2.45 GHz band

and displays a wide operational bandwidth utilizing both capacitive loading and fictitious

short circuit technique. Frequency tuning capability is achieved through the implementa-

tion of varactor diodes on the antenna topology. Operating frequency of the antenna can be

controlled by controlling the DC bias voltage of the varactor diode. The antenna consists

of three sub-level antennas with separate connectors allowing for ease of frequency band

selection via a switching network. The measured tri-band reconfigurable antenna has very

low input VSWR, high levels of port-to-port isolation and sufficient gain.
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CHAPTER 2

The Miniaturized Cavity-backed Slot Antenna

2.1 Introduction

The electric field distribution of slot antennas can be derived from complementary

wire antennas as established by Booker’s extension of Babinet’s principle [1]. In sce-

narios where the slot is cut in an electrically large metallic surface, the average electric

current density for slot antennas is generally lower than that of its counterparts, wire anten-

nas. This translates to slot antennas featuring higher bandwidth and efficiency compared to

wire antennas. This comparison remains fairly consistent as the dimension of the antennas

becomes smaller, as shown in a recent study that miniaturized slot antennas have higher

bandwidth and efficiency compared to electrically small wire type antennas [18]. A num-

ber of different techniques for designing highly efficient miniaturized slot antennas have

been reported [18, 19, 20, 21].

One drawback of slot antennas, is their inherent bi-directional radiation. In many ap-

plications, the antenna needs to be located in close proximity to earth or conductive bodies,

be mounted on a platform, or be integrated with the rest of the transceiver in a multi-layer

structure. Traditionally to alleviate the adverse effect of the interactions between a slot

antenna and the structures behind it, a shallow cavity is placed behind the slot antenna as

depicted in Figure 2.1.
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Figure 2.1: Cavity-backed slot antenna.

Cavity-backed slot antennas (CBSA) are among the most basic types of aperture anten-

nas and have been extensively studied both analytically and experimentally [22]. The ad-

mittance of a rectangular slot antenna, backed by a rectangular cavity has analytically been

derived in [23] and experimentally verified in [24]. In [25], the admittance of a cavity-

backed slot antenna (CBSA) is mathematically related to the admittance of an ordinary

slot antenna, the results are later experimentally verified in [26]. Aperture field and cir-

cuit parameters of CBSA have also been investigated [27]. Size reduction of the CBSA is

achieved through dielectric and ferrite loading in the cavity. Experimental results are com-

pared to theoretical values for such loading techniques in [28]. In addition to its basic form,

variations of the ordinary CBSAs have been used for a number of different applications.

In particular, active and circularly polarized CBSA designs have been studied [29, 30]. In

[31], wider slot geometry backed by a cavity is used to increase the bandwidth. In another

attempt to increase the bandwidth and directivity of the naturally narrow-band CBSAs, a

log-periodic arrangement is considered in [32] to achieve a wideband end-fire CBSA that

has a fractional impedance bandwidth greater than 64%. Feed modification is performed in

[33] by using a T-bar shape feed to enhance the bandwidth and improve the relative gain.

In this chapter, we present a method for reducing the cavity dimensions of a CBSA

and examine the performance of such antennas. The technique is based on substituting the

cavity structure with a series of miniaturized transmission line type resonators. Basically,

the slot antenna is initially designed using a finite width metallic strip connected to a num-
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ber of closely spaced parallel short-circuited microstrip lines with the same physical and

electrical length as the width of the ground plane. These parallel lines are then meandered

to reduce their physical length, while maintaining their electrical length, resulting in an

overall reduction in the physical dimensions of the cavity-backed slot antenna. In what

follows, first the method for modifying the structure of an ordinary CBSA is presented

in Section 2.2. The cavity miniaturization technique is presented in Section 2.3. In both

sections, simulation and measurement results of the antennas are presented and discussed.

2.2 Cavity-Backed Slot Antennas with Modified ground

Planes

In this chapter, we use an off-centered open-circuited microstrip line, with a line impedance

of 50Ω to feed the cavity backed slot antenna. The slot and the microstrip line are printed

on the two different sides of a thin dielectric substrate with relative dielectric constant of

εra. This substrate is then placed on the cavity such that the slot is sandwiched between

the bottom of the cavity and the microstrip line. The cavity itself is filled with a dielectric

material with relative dielectric constant of εrc. The length of the open-circuited microstrip

line, Lm, and its location, L f , can be tuned to match the antenna’s input impedance to that of

the microstrip feed. In order to have an efficient radiator, the cavity width must be chosen

close to λc/2 at the frequency of operation, where λc = λ0/
√

εrc is the wavelength inside

the cavity and λ0 is the wavelength in free space. At this frequency, the slot antenna has an

approximate length of λg/2, where λg is the guided wavelength along the slot, which is in

generally different from λc. Such a cavity-backed slot antenna is designed and simulated

using a Method of Moments (MoM) based commercial simulation tool [34]. The rectan-

gular slot has dimensions of Ls = 50 mm and Ws = 2 mm and is fabricated on a 0.5 mm

thick RO4003 substrate from Rogers Corp. The substrate has a relative dielectric constant

of εra = 3.4, loss tangent of tanδa = 0.0027, and overall dimensions of Lg = 53 mm and
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Wg = 46 mm. The cavity is fabricated by machining a piece of 6.35 mm thick TMM3

substrate and metallizing its sides. The material inside the cavity, TMM3, has a dielectric

constant of εrc = 3.3 and loss tangent of tanδc = 0.0020. The antenna is fed using an off-

centered open-circuited microstrip line, with an impedance of 50Ω, and it is matched to

50Ω by optimizing the length of the open-circuited stub, Lm, and the feed location, L f , us-

ing full wave simulations. The complete geometrical dimensions and physical parameters

of this antenna are listed in Table 2.1.

Parameter Ls Ws Lg Wg Lc Wc
Value 50 2 53 46 53 46

Parameter Lm L f hc ha εrc εra
Value 18 2.4 6.35 0.5 3.3 3.4

Table 2.1: Physical dimensions of cavity backed slot antennas of Section 2.2. All dimen-
sions are in mm.

The fabricated ordinary cavity backed slot antenna operates at 2.25 GHz and there is

a good agreement between the measured and simulated results. The radiation patterns of

the antenna are measured in the E-plane (y-z plane) and H-plane (z-x plane) inside the

anechoic chamber of the University of Michigan. It is observed that the antenna has low

levels of cross polarized radiation in both E- and H-planes and it has a front-to-back ratio

of about 8.6 dB. The front-to-back ratio, for fixed cavity dimensions, can be increased by

increasing the dimensions of the antenna’s ground plane. This, however, will increase the

overall dimensions of the antenna, which may not be desirable in certain applications.

In order to evaluate the the miniaturization potential of this cavity backed slot antenna,

it is important to first study the flow of electric current in the ground plane around the

slot antenna. As observed in Figure 2.2, the electric current can be decomposed into two

components: one that circulates around the slot, which is mainly responsible for creating a

resonant condition and one that flows perpendicular to the slot. It is this latter component

that is mainly responsible for radiation from the slot antenna. The electric current flowing

parallel to the slot, along its length on one side and has the same magnitude as the current
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Figure 2.2: The electric current distribution in the ground plane around a slot antenna.

that is flowing parallel to the slot on the other side but these two components are 180◦ out

of phase and hence, they do not contribute to far field radiation. As a first step towards

reducing the dimensions of this antenna,the uniform metallic plane around the slot antenna

is replaced with a loop defining the slot and a number of strips perpendicular to the slot as

shown in Figure 2.3.

Here, the metallic loop around the slot supports the circulating component of the elec-

tric current and the parallel metallic strips support the normal component of the electric

current. Since the parallel strips carry the radiating component of the electric current, their

total number plays an important role in the radiation efficiency of the antenna. If the num-

ber of these strips is high enough, the response of the antenna will not be significantly

different from the ordinary ground plane CBSA. However, decreasing the number of strips

decreases the number of available paths for the normal component of the electric current
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and consequently, decreases the density of the radiating current and reducing the radiation

efficiency of the antenna. In this chapter, we take an experimental approach to validate

this hypothesis by designing and fabricating three CBSAs with modified geometry each

having one, five, and thirty strips of equal widths. The differences between these three

antennas are the number of strips, the length of the open circuited microstrip feed, Lm, and

the feed location, L f . The geometrical values of these parameters and antenna dimensions

are presented in Table 2.2 and in Figure 2.3.

Antenna Type Lm L f
CBSA with 1 Strip 6.4 mm 1.2 mm
CBSA with 5 Strips 21.7 mm 2.9 mm
CBSA with 30 Strips 20 mm 2.9 mm

Ordinary CBSA 18 mm 2.4 mm

Table 2.2: Feed network parameters of CBSA with different ground plane configurations
as discussed in Section 2.2.
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Figure 2.3: Topology of the modified ground plane of the microstrip-fed CBSA. The con-
tinuous ground plane is replaced with metallic strips normal to the slot antenna.
(a) Modified CBSA with one strip, (b) Modified CBSA with five strips, (c)
Modified CBSA with thirty strips.
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The input reflection coefficients of these antennas are measured using a calibrated

HP8720D vector network analyzer and the results are presented in Figure 2.4. It is shown

that all three antennas can easily be matched to 50Ω by tuning the location (Lm) and length

(L f ) of the open-circuited microstrip line. The difference in the resonant frequencies can

be explained by the variations of Lm and L f and deviations caused during the fabrication

process.

Figure 2.4: Measured S11 response of the ordinary CBSA and cavity-backed slot antennas
with modified ground plane (Section 2.2). The topology of the antenna is shown
in Figure 2.3.

The far field co-polarized and cross-polarized radiation patterns of these antennas are

measured in the E- and H-planes (y-z and z-x planes) inside the anechoic chamber of the

University of Michigan. Figure 2.5 (a)-(c), show the measured patterns of the cavity backed

slot antennas with one strip, five strips, and thirty strips respectively. It is seen that the

antenna patterns are similar to each other and to that of the ordinary CBSA. Furthermore, in

all the measured results, low levels of cross-polarized radiation at bore-sight, are observed.

The cross-polarized radiation is mostly caused by the close proximity of the coaxial cable

that feeds the antenna to the antenna iteself. The front-to-back ratio (FTBR) of the antennas
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are extracted from the measured radiation patterns and are presented in Table 2.3. It is

seen that the FTBR of the antennas are not significantly affected by the number of strips.

The gain of the antennas are also measured inside the anechoic chamber using a standard

double-ridged horn antenna as the reference, the results are also presented in Table 2.3

along with the calculated directivity values obtained from full-wave simulations. Using the

measured gain and calculated directivity values, the antenna efficiency is computed and

the results are also presented in Table 2.3. As expected, the antenna gain, efficiency, and

bandwidth are considerably affected by the number of strips. As the number of strips is

increased both the antenna gain and bandwidth increase and approach the maximum values

provided by the ordinary CBSA. As mentioned previously, increasing the number of paths

of normal for the component of the electric current causes the antenna to radiate more

efficiently and hence, for fixed physical dimensions, increases its gain. Furthermore, since

a greater portion of the power delivered to the antenna is radiated, the ratio of stored energy

to that of the radiated power (antenna Q) decreases or equivalently its bandwidth (BW)

increases [17]. This explains why the ordinary CBSA and the CBSA with one strip have

respectively the maximum and minimum bandwidth values.

Antenna Type BW (%) Gain (dBi) Directivity (dBi) ηrad FTBR (dB)
1 Strip CBS 1.2 3.4 5.8 58% 8.0
5 Strips CBS 2.9 4.1 5.8 68% 9.0

30 Strips CBS 3.4 5.5 5.8 93% 7.9
Ordinary CBS 4.0 5.5 5.8 93% 8.6

Table 2.3: Radiation parameters of cavity backed slot antennas of Section 2.2.
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Figure 2.5: Measured radiation patterns of the cavity-backed slot antennas with modified
ground plane studied in Section 2.2. (a) CBSA with one strip, (b) CBSA with
five strips and (c) CBSA with thirty strips. Solid line: E-Plane Co-Pol, Dash-
dotted line: E-Plane Cross-Pol, Dash-dashed line: H-Plane Co-Pol, and Dotted
line: H-Plane Cross-Pol.
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2.3 Reduced-Size Cavity-backed Slot Antenna

In this section, the CBSAs of the previous section will further be modified to reduce

cavity dimensions and hence, significantly reduce overall size. The basic idea is to design

the strips of the modified CBSA presented in the previous section in a compact fashion

while maintaining their electrical length.
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Figure 2.6: Topology of the reduced-size-cavity backed slot antenna. The antenna shown
is a obtained from the CBSA with one strip in Section 2.2 by meandering the
strip such that it maintains its electrical length. The microstrip feed is also
meandered to conserve space.

Figure 2.6 shows the reduced-size version of the modified CBS antenna with one strip.

Here, the strip is turned into a meander line to reduce the cavity width. The antenna is fed

with a 50Ω microstrip line connected to a 75Ω open-circuited microstrip line that is mean-

dered to conserve space, but has an overall length of Lm. The location of the microstrip feed,

L f , and the length of the open circuited stub, Lm, are tuned to match the input impedance

of the antenna to that of the line impedance. A total of five different reduced-size cavity-
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backed slot antennas (RS-CBSA) with different parameters are designed, fabricated, and

measured. In all of the antennas, the slot antenna and the microstrip feed line are etched

on two different sides of a 0.5 mm thick RO4003 substrate with a dielectric constant of

εra = 3.4, loss tangent of tanδa = 0.0027, and ground plane size of 53 mm×18 mm. Four

of the antennas have cavity depth of 6.35 mm and one of them has cavity depth of 3.18 mm.

Similar to the previous section, the cavities are machined out of 6.35 mm or 3.18 mm thick

pieces of TMM3 substrate and the sidewalls are metallized. The geometrical parameters of

the antennas are given in Table 2.4 and Figure 2.6.

Antenna Type Lm (mm) L f (mm) Lc×Wc×hc(mm3)
1 Meander 43.0 5.3 53 × 18 × 3.18
1 Meander 43.0 5.4 53 × 18 × 6.35
2 Meanders 52.0 6.9 53 × 18 × 6.35
3 Meanders 52.0 6.9 53 × 18 × 6.35
4 Meanders 52.0 6.9 53 × 18 × 6.35

Table 2.4: Feed network and physical dimensions of miniaturized-cavity backed slot anten-
nas of Section 2.3.

The input reflection coefficients of the RS-CBSAs are measured using a calibrated

HP8720D vector network analyzer and the measurement results are presented in Figure 2.7.

It is observed that the antennas are very well matched to 50Ω independent of the number

of meander lines.

The co- and cross-polarized radiation patterns of the antennas are measured in the E-

and H- planes (y-z and z-x planes respectively). As an example, the normalized radiation

patterns of the antenna with two meandered lines and cavity depth of 6.35 mm are shown

in Figure 2.8. As is observed from this figure, the cross-polarized radiation levels are small

at bore-sight. As in the previous case, the major contributor to the cross-polarized radiation

is the close proximity of the coaxial cable feeding the antenna to the antenna itself.

The maximum gain of the RS-CBSAs are measured in the anechoic chamber using a

standard double-ridged horn antenna as a reference and the results are presented Table 2.5.

The directivity of the antennas are calculated using full-wave simulations in IE3D [34].
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Figure 2.7: Measured return loss of the RS-CBSA of Section 2.3. The antenna topology is
shown in Figure 2.6; feed network parameters are given in Table 2.4.

Using the measured gain and computed directivity values, the efficiency of the antennas

are calculated and the results are presented in Table 2.5. It is observed that, as the number

of meander lines and the cavity depth increase, the gain and efficiency of the antennas

increase as well. This agrees with the previous observations in this chapter. The FTBR of

the antennas are extracted from the measured radiation patterns and the results are presented

in Table 2.5. The FTBRs of the RS-CBSAs are slightly smaller than the CBSAs studied

in Section 2.2. This is caused by the significant decrease in the width of the antennas

compared to the CBSAs of Section 2.2. Specifically, the total occupied volume of the

miniaturized CBSAs has been reduced by 65% compared to the CBSAs presented in the

previous section.
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(a) (b)

Figure 2.8: Measured radiation patterns of the reduced-size-cavity backed slot antenna that
has a ground plane with two meander lines in the (a) E-Plane and (b) H-Plane.
Solid Line: E-Plane, Co-Pol, Dash-dotted line: E-Plane, Cross-Pol, Dash-
dashed line: H-Plane, Co-Pol, and Dotted line: H-Plane, Cross-Pol.

Antenna Type (hc) BW (%) Gain (dBi) Directivity (dBi) ηrad FTBR (dB)
1 Meander, (3.18 mm) 0.4 -2.3 4.0 23% 6.1
1 Meander, (6.35 mm) 0.5 -0.7 3.7 36% 6.0
2 Meander, (6.35 mm) 1.0 1.2 3.7 56% 7.5
3 Meander, (6.35 mm) 1.2 2.85 3.7 82% 7.4
4 Meander, (6.35 mm) 1.6 3.5 3.7 95% 7.0

Table 2.5: Radiation parameters of the miniaturized-cavity backed slot antennas of Sec-
tion 2.3.

2.4 Summary

This chapter introduces a technique for reducing the dimensions of a cavity-backed slot

antenna. The method is based on replacing the metallic ground plane around slot antennas

with a series of ground plane backed, parallel metallic strips and designing these strips in

a compact fashion. It is shown that using this technique, the overall occupied volume of

a modified cavity backed slot antenna can be reduced by more than 65%. Furthermore,

despite its reduced physical dimensions, the antenna can present a front-to-back ratio as

high as 7 dB with relatively low levels of cross-polarized radiation, excellent impedance
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matching, and high radiation efficiency.
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CHAPTER 3

Platform Embedded Slot Antenna backed by

Shielded Parallel Plate Resonator

The miniaturized CBSA features significant size reduction in conjunction with suffi-

cient radiation performance. However, the issue of narrowband bandwidth common to CB-

SAs is still present. The modified ground plane with numerous meandered lines employed

to reduce the width of the cavity greatly compresses the CBSA size. Thus, bandwidth en-

hancement through additional modification of the meandered microstrip feed and antenna

aperture is determined to be limited. Continuing the efforts of Chapter 2, a different ap-

proach to reduce the profile of a CBSA is explored. The antenna ground plane remains

largely unmodified while the cavity structure is extensively examined for a low-profile an-

tenna with wide-band behavior.

3.1 Introduction

Historically, radiation performance of an antenna has been considered one of the high-

est priorities in determining antenna type and placement on a wireless communication sys-

tem platform. At low RF frequencies such as HF- UHF bands, the size of antennas is

relatively large. This has motivated significant research on antenna miniaturization. The
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literature concerning antenna miniaturization can be categorized into the following two,

different general approaches: 1) techniques based on antenna topology [21, 19, 3, 6, 35]

and 2) methods based on use of materials [36, 37, 38, 9, 10]. In this chapter the focus is

on miniaturizing the effect of the platform on antenna performance and reducing antenna

effect on the platform aesthetic or other physical characteristics, such as aerodynamic drag.

Significant interactions exist between the antenna and the platform where the antenna is

placed. Such interactions can result in significant pattern, impedance matching, and gain

degradation of the antenna once the antenna is integrated with the rest of the wireless com-

munication system including the platform. Various studies have been done to characterize

the effect of the platform for a variety of scenarios. Investigations regarding the effect of

the mounting location for a whip antenna on an automobile vehicle are reported [39, 40].

In [41], it is postulated that the performance level of the HF antenna is highly dependent on

the structure of the ship that the antenna is mounted on; this investigation includes scaling

the entire ship to facilitate the design of the HF antenna.

Practical problems are encountered when antennas are integrated with circuit boards.

These problems are carefully considered in [42, 43]. In [44] it is shown that the elec-

trical performance of an antenna in a mobile handset terminal is primarily affected by

non-electrical aspects of the handset design. These studies collectively indicate strong

likelihood of radiation performance differences between an antenna in an open-space en-

vironment and the antenna being integrated with the rest of the wireless communication

system across a broad spectrum of scenarios. In addition to radiation performance of the

antenna, the overall mechanical complexity, ergonomics, aerodynamic drag etc. are con-

sidered during the antenna design process. For instance, whip antennas for vehicles are

becoming increasingly scarce due to its negative impact on overall aesthetics despite their

sufficient functional performance. Another scenario where antenna performance is often

prioritized at the expense of other key parameters is low frequency synthetic aperture radar

(SAR). For aviation applications, low frequency SAR antennas are typically mounted onto
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the fuselage or the aircraft wings. It is also very difficult to attain vertical polarizations

without significantly protruding the fuselage which adversely affects aerodynamic drag of

the entire aircraft. An embedded antenna for commercial electronic devises are discussed

in [16, 45, 46]. A series of possible solutions in designing an integrated paste-on antenna

in a least intrusive and mechanically viable way for the E-2C Hawkeye aircraft is investi-

gated in [47]. Therefore as wireless communication systems become increasingly diverse,

versatile, and integrated, system level approach in antenna design is becoming increasingly

demanding. For integration scenarios, slot antennas tend to be more advantageous over wire

antennas since the wireless communication platform where the slot antenna is integrated

into can be utilized for improved performance. As a result, slot antennas tend to exhibit

greater efficiency compared to conventional wire antennas. For complex platform, system

level approach in antenna design can require significant processing power often beyond

the capacity of commercial EM solvers. This problem is exacerbated for scenarios where

the wireless communication platform is electrically large. Slot antennas with high level of

isolation which do not require system level design and the associated computational costs

are favorable. Designing a shield (cavity) with dimensions comparable to wavelength to

suppress backward radiation of a slot antenna is a common solution [1]. While this yields

high isolation level, the design is intrusive because of it’s extensive height of the antenna

platform. Height reduction of the cavity is achieved by operating a cavity-backed slot an-

tenna above its second resonance in [48]. In [49], it is demonstrated that the profile of a

conventional cavity can be further reduced through modification of the cavity topology. In

Chapter 2 of this dissertation, the dimension of the cavity-backed slot antenna is miniatur-

ized by replacing the metal ground plane around the slot aperture with specially designed

metallic patterns.

This paper presents an antenna that features a low-profile dimension suitable for platform-

embedded scenarios. The antenna consists of a slot aperture backed by a Shielded parallel

plate resonator. Integrated with the slot aperture, the proposed antenna functions similar to
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a conventional cavity-backed slot antenna while having small lateral dimensions as well as

vertical height less than λ/15. To fabricate the structure of the shielded parallel plate res-

onator without material support, the structure is designed and fabricated using Ultrasonic

consolidation technology. The details of the proposed antenna is presented in Section 3.2.

The measured antenna features high levels of gain, low levels of cross polarizations, and

FTBR. The bandwidth of the antenna is enhanced by creation of an additional fictitious

resonance close to the principle resonance and exhibits a wide-band mode. An arbitrary

metallic platform is built and the Shielded parallel plate resonator-backed slot antenna is

flush-mounted on the platform and the isolation levels are evaluated in Section 3.3. The

proposed antenna is also redesigned and demonstrated for VHF applications using low-

cost standard Printed circuit board (PCB) technology.

3.2 The Shielded Parallel Plate Resonator-backed Slot An-

tenna

Slot antennas are highly useful for applications where antennas must be mounted on a

platform which requires minimum height profile. In addition slot antennas have inherently

higher radiation efficiency than their counterpart wire antennas. However, the difficulties of

implementing a slot antenna on a platform represent two challenges. Firstly, slot antennas at

resonance will direct half of the radiated power in the undesired direction into the platform.

Secondly, the backward radiation significantly increases the sensitivity of slot antenna to

its environment. The input impedance, radiation pattern and gain of the slot antenna tends

to significantly alter as a function of the platform. As a result, conventional slot antennas

are generally designed to function in conjunction with a predefined platform. To mitigate

these difficulties, unidirectional λs/2 resonant slot antennas are usually designed over a

cavity resonator operating at a proper mode coherent with the field distribution over the

slot. Consider a conventional cavity resonator-backed slot antenna as shown in Figure 3.1.
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Figure 3.1: Topology of the cavity resonator-backed slot antenna. (a) 3-D View. (b) Topol-
ogy in the y-z plane.

If we assume hg > a > b for the cavity resonator dimension in Figure 3.1, the propagating

conditions within the cavity resonator can be expressed as

kz =
√

k2− k2
x − k2

y . (3.1)

where

kx =
mπ
a

, ky =
nπ
b

, kz =
pπ
hg

(3.2)
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If we assume the cavity resonator-backed slot antenna operates in the lowest-order

(dominant) T E101 mode then, m = 1, n = 0, p = 1. Classical studies by Cockrell [24] and

Long [25] have shown theoretically and experimentally that the susceptance of the cavity

resonator backed- λs/2 slot antenna becomes negligible when hg becomes λg/4 where λg

is the guided wavelength. This can be explained by modeling the cavity resonator as a

short-circuited transmission line of electrical length λg/4 in parallel with the open slot an-

tenna. However as previously shown, this can only be achieved for specific cavity resonator

modes. As a result, conventional cavity resonator backed-slot antennas feature narrow an-

tenna bandwidth. In addition, the λg/4 height of the cavity resonator may be considered

physically large especially at low frequencies when placed on a platform. Excavation of a

λg/4 trench may also be difficult in many situations. The physical height of the cavity res-

onator can be further reduced using magneto-dielectric loading, but this leads to additional

material loss and degradation of antenna gain.

3.2.1 Design of the Shielded Parallel Plate Resonator

We are looking for an alternative topology for a cavity resonator backed-slot antenna

having small lateral dimensions and low vertical profile. For conventional cavity resonator-

backed slot antennas shown in Figure 3.1, the height hg of the cavity resonator is equal to

the distance (dg) from the slot aperture to the cavity resonator ground. These two parame-

ters can be differentiated as shown in Figure 3.2 by devising a cavity resonator consisting

of metallic parallel plates with fixed spacing (g) within the structure. By enclosing the

parallel plate resonator in the z-x plane, the Shielded parallel plate resonator operates in

the TEM mode. Hence, proper operation is achieved by adjusting the distance from the

slot aperture to the resonator ground (d) to be λ/4 where λ is free space wavelength. As a

result, the height (h) of the cavity resonator is significantly reduced through folding the par-

allel resonator multiple times. In addition, performance is independent of the longitudinal

dimension since cutoff frequency is nonexistent for the Shielded parallel plate resonator.
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The top ground plane supports electric currents moving perpendicular to the slot which

are responsible for far-field radiation. The size of the slot ground plane and its symmetry

around the slot determines the bandwidth and radiation efficiency [18]. The bandwidth is

also determined by the volume occupied by the back resonator.

Figure 3.2: The rudimentary concept of the slot antenna backed by Shielded parallel plate
resonator. (a) 3-D View. (b) Topology in the y-z plane.

To fully utilize the overall surface and increase the volume of the Shielded parallel

plate resonator without increasing the height profile, dual resonator architecture with a

metallic center pillar that separates the resonators is conceived as shown in Figure 3.3. The

parallel plates combined with the center pillar forms two sub-resonators that are identical

in dimension and each behave as a λ/4 resonator. The dimensions d and h are further

optimized by considering the effect of the spacing g using Ansoft HFSS. The optimized

Shielded parallel plate resonator is presented in Figure 3.4. The Shielded parallel plate
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resonator is fabricated by Solidica of Ann Arbor, MI employing Ultrasonic consolidation

technique. The technique involves merging layers of metal from conventional aluminium

foil sheets using an ultrasound welding method [50]. The process produces metallurgical

bonds and is capable of fabricating complex 3-D metallic topologies monolithically. The

height of the completed Shielded parallel plate resonator (h) is less than λ/15, and less than

λ/8 in width. The complete geometrical dimensions and physical parameters are listed in

Table 3.1.

Figure 3.3: Topology of the slot antenna backed by Shielded parallel plate resonator. (a)
3-D View. (b) Topology in the y-z plane.
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Figure 3.4: The optimized Shielded parallel plate resonator-backed slot antenna. (a) 3-D
View. (b) Side view (y-z plane). (c) Top view (x-y plane).

h W Wa Wb Wc
9.8 19.5 5.5 2.5 3.75
L Ls Ws ga gb
73 60 4 1.2 0.9

Table 3.1: Design parameters of the optimized Shielded parallel plate resonator-backed slot
antenna (mm ).

3.2.2 Design of a Wideband slot aperture on the Shielded Parallel

Plate Resonator

The slot aperture is designed and fabricated on the top surface of the Shielded par-

allel plate resonator. An off-centered 50Ω microstrip feed connected to a open-circuited

110Ω microstrip is designed to excite the slot aperture. It has been reported in [51] that

the bandwidth of a slot antenna in open-space can be enhanced to feature wide-band or

dual-band behavior with consistent radiation behavior. Similarly, the microstrip feed can

be adjusted so the Shielded parallel plate resonator-backed slot antenna features a second
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fictitious resonant frequency slightly above the first resonant frequency. Values for l f and

lp shown in Figure 3.4 are chosen to merge the two resonances to achieve a wide-band

mode. The simulated input reflection coefficients of the antenna as a function of parame-

ters l f and lp are presented in Figure 3.5 and Figure 3.6. The optimized values of l f and lp

are 33 mm and 12.5 mm respectively. The microstrip feed is fabricated on a 0.8 mm thick

RO4003 from Rogers Corp. substrate with dielectric constant of ε f = 3.4, and loss tangent

of tanδ f = 0.0027. The substrate is then placed on the Shielded parallel plate resonator

such that the slot aperture is sandwiched between the bottom of the proposed resonator and

the microstrip feed susbtrate. The slot aperture excited by the microstrip feed is presented

in Figure 3.4 (c).

Figure 3.5: Simulated input reflection coefficients of the Shielded parallel plate resonator-
backed slot antenna as a function of L f with Lp = 12.5 mm.
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Figure 3.6: Simulated input reflection coefficients of the Shielded parallel plate resonator-
backed slot antenna as a function of Lp with L f = 33 mm.

3.2.3 Measurements and Discussion

An SMA connector is connected to the microstrip feed of the Shielded parallel plate

resonator-backed slot antenna. The measured input reflection coefficient is measured using

a calibrated HP8729D vector network analyzer and the measured and simulated results are

presented in Figure 3.7. The difference in the overall shape of the input reflection coef-

ficient curve can be mostly attributed to deviations caused during the fabrication process,

the effect of the SMA connector, and material tolerance levels. Nonetheless simulated and

measured results both display more than 14% 2:1 VSWR indicating that the measured re-

sult is a product of the merge of the two resonances that can be clearly observed in the

simulated result. The far field co-polarized and cross-polarized radiation patterns of the

antenna are measured in the E- and H-planes inside the anechoic chamber of the University

of Michigan and the results are presented in Figure 3.8. It is observed that the Shielded

parallel plate resonator-backed slot antenna has low levels of cross polarizations and fea-
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tures more than 7.0 dB front-to-back ratio (FTBR). The gain of the antenna is measured

in the anechoic chamber using a standard double-ridged horn antenna as a reference and

the results are presented in Table 3.2. The measurement indicates the proposed geometry

of the Shielded parallel plate resonator behaves similarly as an effective cavity resonator

while featuring very low profile.

Frequency (GHz) Measured Gain (dBi) FTBR (dB)
3.2 3.9 7.0

3.32 4.5 7.2
3.45 3.8 6.7

Table 3.2: Measured gain and FTBR of the Shielded parallel plate resonator-backed slot
antenna studied in Section 3.2.

Figure 3.7: The measured and simulated input reflection coefficients of the Shielded paral-
lel plate resonator-backed slot antenna.

As discussed earlier, since the Shielded parallel plate resonator operates in the TEM

mode, the longitudinal length (L) of the structure can be further reduced without altering
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Figure 3.8: Measured radiation patterns of the Shielded parallel plate resonator-backed slot
antenna studied in Section 3.2. E-Plane (Left). H-Plane (Right).

Figure 3.9: Miniaturized slot antenna backed by Shielded parallel plate resonator. (a) 3-D
View. (b) Simulated radiation pattern (H-Plane).

the functionality. Studies in [21] and [19] have devised methods of miniaturizing the longi-

tudinal length of a slot antenna while preserving the radiation patterns. A similar miniatur-

ized slot antenna topology is adapted and backed by a Shield parallel plate resonator with

half of the original longitudinal length (L/2). The rest of the design parameters for the
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structure are unmodified. The miniaturized slot antenna backed by Shielded parallel plate

resonator is designed and the radiation patterns are simulated as shown in Figure 3.9. The

simulated patterns remain similar to that before miniaturization. The simulated bandwidth

is found to decrease, which is in accordance with previous studies [21], [19].

3.3 Applications of the Shielded Parallel Plate Resonator-

backed Slot Antenna

3.3.1 Demonstration of the Proposed Antenna Functioning as a Platform-

Embedded Antenna.

The validity of the Shielded parallel plate resonator-backed slot antenna was confirmed

in the previous section. Now we return to the original objective of successfully mounting

the proposed antenna on a platform. First, a metallic platform of arbitrary dimensions is

built. A trench with identical volume as that of the Shielded parallel plate resonator-backed

slot antenna is then created on the top surface of the metallic platform. A small hole is

drilled through the metallic platform for the placement of the semi-rigid feeding cable for

the antenna structure. The antenna topology remains unmodified. The feeding network is

redesigned using identical RO4003 substrate discussed in Section 3.2. The width (Wm) of

the microstrip feed substrate is increased to accommodate for the semi-rigid coaxial cable

which replaces the SMA connector. The modified feeding network is shown in Figure 3.10.

Parameters l f m and lpm are slightly adjusted to achieve wide-band mode and the optimized

values are 32.1 mm and 12.4 mm respectively.

The input reflection coefficient, radiation patterns in the E- and H-planes, and the gain

are measured for the modified Shielded parallel plate resonator-backed slot antenna in

open-space. The measurement process is repeated when the modified antenna is completely

embedded into the metallic platform in a flush-mount fashion. Photographs of the metal-
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Figure 3.10: The Topology of the Shielded parallel plate resonator-backed slot antenna
with modified microstrip feed network discussed in Section 3.3.

lic platform is presented in Figure 3.11 (a). The Shielded parallel plate resonator-backed

slot antenna is first flush-mounted into the trench of the metallic platform as shown in Fig-

ure 3.11 (b). Then the modified feed network substrate is placed above the slot aperture and

secured. A small through hole is drilled at the edge of the microstrip feed substrate to ensure

connection to the center conductor of the semi-rigid coaxial cable. Lastly, the semi-rigid

coaxial cable is inserted through the small hole in the metallic platform from the bottom and

the tip of the center conductor is soldered to the microstrip feed. The measured input reflec-

tion coefficients of the proposed antenna in open-space case and platform-embedded case

are presented in Figure 3.12. The measurement indicates that the resonant frequency and

polarization of the antenna when embedded in the metallic platform are preserved. This

confirms the proposed antenna features low levels of sensitivity to its platform while re-

quiring minimum surface intrusion. When embedded, the modified Shielded parallel plate

resonator-backed slot antenna is observed to have more 10% 2:1 VSWR bandwidth. The
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difference in the magnitude of the input impedance matching can be mostly attributed to the

deviations during the assembly process as the microstrip feed substrate and the semi-rigid

coaxial cable must be separated from the antenna to be embedded in the metallic platform

and then reinstalled afterwards. The measured E- and H- Plane far-field radiation patterns

(normalized) for both cases are presented in Figure 3.13. As expected, it is observed that

the metallic platform has significant effect on both planes of the far-field patterns. The

metallic platform behaves as an electrically large ground plane that further suppresses the

backward radiation of the Shielded parallel plate resonator-backed slot antenna. This is

supported by the increase in directivity in the patterns when the antenna is embedded in

the platform compared to antenna in open-space. The FTBR is measured to be 8.2 dB in

open-space. Measurements indicate the FTBR is enhanced to 22 dB for the embedded case.

The cross polarizations are also affected by the presence of the metallic platform, resulting

in a slight increase in the direction of boresight. The measured gain and FTBR for both

cases are summarized in Table 3.3.

Open-space Platform-Embedded
Frequency (GHz) Gain (dBi) FTBR (dB) Frequency (GHz) Gain (dBi) FTBR (dB)

3.3 4.4 8.2 3.3 5.3 22.5
3.4 3.9 7.8 3.3 5.1 22.1
3.5 4.0 7.8 3.5 5.1 22.1

Table 3.3: Measured gain and FTBR of the Shielded parallel plate resonator-backed slot
antenna in the presence of a metallic platform.
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Figure 3.11: Photographs of the arbitrary metallic platform and the Shielded parallel plate
resonator-backed slot antenna. (a) The antenna and the trench in the metallic
platform can be observed. (b) The antenna is flush-mounted (embedded) into
the metallic platform. The feeding network is not shown.
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Figure 3.12: The measured input reflection coefficients of the Shielded parallel plate
resonator-backed slot antenna in the presence of the metallic platform.

Figure 3.13: Measured radiation patterns of the Shielded parallel plate resonator-backed
slot antenna in the presence of the metallic platform. E-Plane (Left). H-Plane
(Right).
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3.3.2 Designing The Shielded Parallel Plate Resonator-backed Slot An-

tenna using Printed Circuit Board (PCB) Technology.

The physical dimension of a conventional cavity resonator becomes increasingly prob-

lematic as the frequency of operation decreases. The Ultrasonic consolidation process

employed in the previous section to fabricate the Shielded parallel plate resonator-backed

slot antenna proves to be precise and reliable. However the current fabrication time and

cost necessitate to further examine whether the FWRA can be designed using conventional

multi-layer Printed circuit board (PCB) technology. The proposed antenna is scaled to op-

erate in the VHF band using the original topology. The parallel plates are printed on 1.6 mm

thick FR4 substrates with dielectric constant of εa = 4.4, and loss tangent of tanδa = 0.02.

The center pillar and the side walls are constructed using Plated Vias with outer radius of

2.5 mm. To avoid the usage of Blind Vias, the Shielded parallel plate resonator is con-

structed by first fabricating two separate blocks, one representing the upper portion of the

resonator, and the other representing the lower portion of the resonator that contains the

center pillars. The fabrication process of the Shielded parallel plate resonator using PCB

technology is visualized in Figure 3.14. Photograph of the fabricated Shielded parallel

plate resonator-backed slot antenna using PCB technology is presented in Figure 3.15. The

microstrip feed network is redesigned in a similar way as discussed in Section 3.3 using a

0.5 mm thick RO4003 from Rogers Corp. substrate with dielectric constant of ε f = 3.4, and

loss tangent of tanδ f = 0.0027. Considering the physical dimensions of a 50Ω microstrip

feed at VHF band, the slot aperture is matched to the 110Ω portion of the microstrip feed.

The corresponding values for l f (length) and lp (position) defined in Section 3.2 for the

microstrip feed are 102 mm and 52 mm respectively. The antenna is completed by stacking

the microstrip feed substrate on the resonator. The completed dimension of the antenna

using PCB technology is 365 mm × 150 mm × 8.5 mm. This corresponds to a cavity

height of λ/130. The measured and simulated input reflection coefficients can be observed

in Figure 3.16. The measurement confirms the mechanism and functionality of the pro-
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posed antenna remain consistent after adapting a PCB technology approach. The operating

frequency range of the redesigned Shielded parallel plate resonator-backed slot antenna is

below the operating range of the anechoic chamber and therefore the measured patterns

are omitted. Nevertheless, simulations show far-field radiation patterns similar to those

previously presented.

3.4 Summary

A new class of low-profile resonator-backed slot antenna is presented and discussed.

The proposed antenna is derived from a conventional cavity resonator-backed slot antenna.

However, the proposed cavity resonator operates in the TEM mode. The proposed cavity

resonator is modified to feature excellent gain and FTBR whilst having the height reduced

to value as low as λ/130. The antenna bandwidth is further enhanced by the additional cre-

ation of a fictitious resonance that is merged with the principle resonance of the antenna.

The electrically small dimensions of the antenna is advantageous for scenarios where the

antenna must be integrated with the rest of the wireless communication platform with mini-

mum intrusion. The Shielded parallel plate resonator-backed slot antenna is fully embedded

into an arbitrary metallic platform. Measurements show consistency in input impedance

matching of the proposed antenna for platform-embedded scenario indicating high levels

of isolation. Significant increase in FTBR is observed. The antenna is redesigned for VHF

applications and fabricated using conventional Printed circuited board (PCB) technology.

Measurements support the possibility of using the Shielded parallel plate resonator-backed

slot antenna using PCB technology for relatively low-cost application scenarios.
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Figure 3.14: Side view of the Shielded parallel plate resonator-backed slot antenna using
PCB technology.

Figure 3.15: The fabricated Shielded parallel plate resonator-backed slot antenna using
PCB technology.
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Figure 3.16: The measured and simulated input reflection coefficients of the Shielded par-
allel plate resonator-backed slot antenna using PCB technology.

47



CHAPTER 4

The Cavity-backed Composite Slot Loop Antenna

4.1 Introduction

Active and passive sensor technology is becoming increasingly pervasive. Unprece-

dented advances in smart packaging, power management and digital signal processing has

enabled compact, robust sensors with identifying, tracking, and monitoring capabilities.

Recently, such sensors have been shown to be potentially applicable in areas of agriculture,

home automation, building monitoring and military surveillance. For military purposes,

Unattended Ground Sensors (UGS) have proven to be worthy in various missions in the

past [52, 53]. Deployment of UGS is ideal for monitoring troop encampments, supply

routes, depots and hostile targets. Oftentimes, hand-emplaced or air-delivered sensor com-

munication hardware requires to be implemented in environments where evading detection

becomes of utmost importance. In addition, presently each soldier is packing over 15 lbs of

sensor modules for hand-emplaced deployment in support of an operational strategy [52].

Future UGS hardware must be further miniaturized to reduce its weight and improve mo-

bility and rigidity. For majority of UHF communication devices, the antenna is the largest

component. Antenna miniaturization becomes a crucial task in many situations in achiev-

ing a low-profile, compact UGS module. An antenna with omnidirectional radiation pattern

is required for situations where the modules are deployed swiftly and randomly through a
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variety of methods such as air-delivered deployments. It has been shown that vertical po-

larization is less susceptible to path loss for both free space condition and non-line-of-sight

conditions. The comparison of excess path loss as a function of distance for near-ground

propagation is presented in Figure 4.1. Therefore vertical wire antenna is preferred for

near-ground terrestrial communication scenarios. However, the large vertical profile of the

antenna especially at relatively low frequency bands must be greatly reduced for practical

usage. In addition, deployment of vertical antennas on a small transceiver requires proper

mechanical support and packaging. Such antennas cannot be fabricated monolithically and

have to be mounted on the transceiver package manually.

Figure 4.1: Excess path loss as a function of distance for vertical and horizontal polariza-
tions. (Courtesy of Dr. DaHan Liao.)

Studies regarding planar antennas for wireless communications have been carried out

extensively in the past [54, 55, 56, 57]. However, these antennas similar to a slot dipole

have uniform radiation patterns in the plane perpendicular to the ground plane of the an-

tennas. For finite size ground plane there are radiation nulls in the plane of the antenna

ground. Therefore, these planar antennas [54, 55, 56, 57] are not suitable for omnidirec-

tional antennas with low-vertical profiles for near-ground communications. Furthermore,
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the performance of the antennas remain a function of the ground plane, indicating possible

occurrence of ripples and edge diffraction when using relatively small ground planes.

To circumvent the limitations caused by ground planes, various semi-omnidirectional

and omnidirectional 3D antenna structures with less dependence on the ground plane have

been studied and proposed. A magnetic loop was emulated by implementing metallic

patches on the exteriors of vertically-orientated dielectric rods [58, 59, 60, 61]. However,

achieving low-profile remains an issue. To preserve the low-profile characteristics of pla-

nar antennas while mitigating the effects of the ground plane, implementation of metallic

cavities or ground planes behind such antennas have been found to be effective.

Different types of cavity-backed slot antennas (CBSA) have been extensively studied

both analytically and experimentally [62, 63, 64, 65]. The input impedance of a rectangu-

lar slot antenna, backed by a cylindrical cavity has been derived analytically using mode

matching and complex Poynting theorem and verified experimentally in [64]. In addition

to the conventional advantages of placing a cavity such as shielding, an air cavity is shown

to reduce the phase noise of an active slot loop antenna in [65].

In this chapter, a miniaturized cavity-backed composite slot loop antenna (CBCSLA)

with omnidirectional radiation in the horizontal plane with vertical polarization and ex-

tremely small height is proposed and presented. The concept is based on emulating a mag-

netic loop with close to uniform current distribution. The loop is further modified using

geometrical symmetry to reduce the dimension of the loop to a fraction of the wavelength.

For near-ground installation, a cavity is placed behind the loop to prevent cancellation of

radiation in the horizontal plane. For this antenna, radiation is caused by strong electric cur-

rents flowing on the walls of the metallic cavity, radiating similar to a dipole antenna. Thus,

a small omnidirectional antenna with high isolation levels to its surrounding environment

is achieved. The method for modifying an ordinary slot loop antenna into the proposed

antenna is presented in Section 4.2. Additional studies to improve the performance of the

antenna is discussed. The simulation and measurement results of the antenna is presented
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and discussed in Section 4.3. In Section 4.4, the topology of the antenna is further modified

to realize dual-band operation.

4.2 Cavity Backed Slot Antennas with Modified Ground

Planes

4.2.1 Antenna Design

The symmetry of Maxwell’s equation can be used to replace a short vertical dipole

antenna with a horizontal magnetic loop, which can be realized with a slot loop antenna.

However the equivalence relation between a vertical dipole and a slot loop is only valid

when the perfectly conducting ground plane is infinitely large. Using field equivalence

principle, the slot can be covered with a perfect electric conductor with a magnetic current

loop above and below. To satisfy the continuity of tangential magnetic field across the

slot, the equivalent magnetic currents above and below the PEC have same magnitude

but opposite directions. In case of finite size ground plane, cancellation occurs between

the radiation of the magnetic loop currents on top of the ground plane and radiation of the

magnetic loop current below the ground plane along this plane. That is, unlike the radiation

pattern of a vertical dipole there is radiation null along the horizontal plane. Therefore, the

ground effect must be shielded in order to alleviate the image cancellation phenomenon

and preserve the characteristic behavior of the circular slot antenna. It has been found that

by implementing a circular slot on the top surface of a metallic cavity, the omnidirectional

radiation pattern can be preserved assuming constant current distribution around the slot

[66] can no longer radiate. In addition to achieving omnidirectional behavior, placement of

the cavity also preserves the input impedance of the slot antenna, therefore minimizing the

sensitivity of the antenna to its surrounding environment.

Despite the implementation of the cavity, there are additional issues that must be ad-
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Figure 4.2: Topology of cavity-backed slot loop antennas. (a) Original slot loop. (b) Mod-
ified slot loop for size reduction. (c) Sectionized slot loop for input impedance
matching.

dressed to effectively realize the magnetic dipole antenna. First, a constant current dis-

tribution around the circular slot must be assured to achieve omnidirectional radiation in

the horizontal plane. Figure 4.2 (a) shows the geometry of a slot loop antenna. However

there is much difficulty to match a small cavity backed slot loop antenna to a transmission

line. The small slot loop has an open-circuit characteristic and low radiation resistance. To

ensure effective radiation off a small loop, significant magnetic current has to be induced

in the loop. Without an external matching network, this can only be accomplished if the

structure is at an electromagnetic resonance condition. But we are looking for antennas

with small electrical dimensions. By modifying the loop in a compact fashion as shown

in Figure 4.2 (b) the dimension can be greatly reduced. However, omnidirectionality and

feeding remains problematic. Therefore, to accomplish resonance and achieve sufficient

input impedance matching, the magnetic loop can be sectionized into a number of λ/2 slot

antennas around a circle. Figure 4.2 (c) shows the conceptual geometry of the proposed

composite slot loop antenna. Of course this geometry is electrically large and has to be

modified, but is shown here to show the feed mechanism. As shown, each slot antenna is

capacitively fed with a stub. Such structure eases the difficulty of matching the composite

slot loop antenna.
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Figure 4.3: Topology of the reduced-size-cavity-backed composite slot loop antenna. The
corrugated capacitive stub is shown in the top right corner.

The next step is to miniaturize the geometry of the antenna. It has been shown that

the physical dimension of a resonant slot antenna can be reduced significantly by load-

ing a short slot section by inductive loads on the edges [21]. The spiral-like geometry of

the inductive slotlines are designed for miniaturization purposes. In this chapter, a simi-

lar technique is applied to design a compact, omnidirectional antenna. The dimension of

the proposed six-element composite slot loop antenna is reduced significantly. Figure 4.3

shows the modified geometry of the proposed miniaturized slot loop antenna. In addition

to miniaturization, by folding the edges of each slot antenna in a spiral-shape fashion in

close proximity to one another, an omnidirectional behavior can be achieved. Basically,

the magnetic currents flowing on the folded edges are negated with the magnetic currents

flowing on the edges of the adjacent slot antenna. Therefore the outer rings of the folded

slots are left to display a circular current distribution, similar to a slot loop antenna. How-

ever, each segment of the antenna is at its fundamental electromagnetic resonance ensuring
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significant current flow that give rise to high radiation resistance and negligible reactance

near the resonance. The antenna is then placed on the top surface of a cylindrical-shaped

cavity. The sidewalls and the bottom of the cavity is metallized. This implementation al-

lows the electric currents on the surface of the circular slot antenna to flow along the very

short sidewalls of the cavity (¿ 0.01 λ), creating a radiation behavior similar to that of a

vertical wire. This is another physical explanation of how a cavity-backed small magnetic

loop antenna radiates vertical polarization in the plane of the antenna.

4.2.2 Antenna Feed and Matching

Electrically small antennas often require large impedance transformation matching cir-

cuit due to their low resistance and high reactance. When using external matching net-

works, even those with relatively high Q components, significant loss due to resistance is

commonplace. Therefore it is desired to match an electrically small antenna with passive

elements while preserving its small dimension. For the miniaturized composite slot loop

antenna, a coax feed is used to feed the antenna from the center of the geometry. The coax

feed is connected to six co-planar wave guides (CPW) to feed each of the slots separately.

In order to match the six parallel CPW lines to the 50Ω coax feed, the CPW must be ad-

justed to 300Ω. Typically for low dielectric constants, the center conductor of the CPW

at high impedance is rather narrow for electrically small antennas, sometimes beyond the

fabrication capability. As a result, the width and the gap of the CPW lines were modified

to 200Ω CPW lines. At the edges of each CPW lines, stubs are attached to feed each of the

slots capacitively. Miniaturized slot antennas fed at the center near their resonance show

relatively high input impedance and therefore it is easier to match them to high impedance

transmission lines. As seen from Figure 4.3, the coupling stubs are corrugated in order to

control the capacitance and thus, improve impedance matching to the slot. The impedance

matching is adjusted by modifying parameters ca and cb in corrugation of the stubs.
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4.3 Antenna Simulation and Measurement

The proposed miniaturized cavity-backed slot loop antenna is designed and simulated

using method of moments (MoM) based commercial simulation tool [34]. The length of

the slot line, the width of the CPW lines, and the dimension of the corrugated matching

stubs were computed and optimized using full wave simulations. Impedance matching is

initially achieved by simulating the antenna structure using perfect conductor (PEC) ma-

terial settings in order to exclude ohmic loss and loss from dielectric. Infinite substrates

are used in the MoM solution to reduce the high memory requirement and simulation time.

After matching is optimized, loss parameters are introduced to estimate the efficiency of

the antenna with exact substrate dimension using Ansoft’s HFSS. To confirm the intended

current distribution and pattern behavior, the magnetic current distribution on the slot struc-

ture of the antenna is simulated and shown in Figure 4.4. It is clearly demonstrated that the

magnetic currents along the circular arc of individual elements are all traveling in the same

direction with uniform magnitude. Also, the magnetic current flowing along the spiral arms

of adjacent elements are in opposite directions. The simulation result using of the radiation

pattern in the far field using HFSS is shown in Figure 4.5. It has been proven in Chapter

2 that bandwidth and radiation efficiency of a cavity-backed antenna can be improved by

increasing the height of the cavity.

To study the effect of the height of the cavity on the slot loop geometry, an additional

antenna having pertinent dimension and topology with a cavity height (hc) twice as high is

designed and simulated. The slot length and corrugations on the matching stub are adjusted

to compensate the change of resonant frequency caused by the increase cavity height. The

physical properties of the antennas are presented in Table 4.1. Parameters ha and hc are

shown in Figure 4.3.

The designed antenna is then built and fabricated on a 0.5mm thick RO4003 substrate

(ha) from Rogers Corp. The substrate has a dielectric constant of εa = 3.4 and loss tangent

of tanδa = 0.0027. The fabricated miniaturized slot loop antenna has an overall diameter
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Figure 4.4: Simulated magnetic current distribution of the reduced-size-cavity-backed
composite slot loop antenna.

of 10cm , less then λ/7 in electrical dimension. Via holes are drilled along the edges of

the antenna platform and wires are soldered. The cylinder-shaped cavity is fabricated by

machining a piece of 6.35mm thick TMM3 substrate (Rogers Corp), which has a dielectric

constant of εc = 3.3 and loss tangent of tanδc = 0.0020. The bottom of the cylindrical

cavity is metallized to create an electrical ground. The fabricated antenna substrate is then

placed on top of the cylindrical cavity and the wires fastened through Via holes to the

antenna are soldered to the bottom surface of the cavity to electrically connect the antenna

to the cavity. Finally, a Via hole at the center of the cavity-backed antenna is drilled and a

coax feed is connected from the bottom of the cavity. The fabrication process is repeated

for the antenna with cavity height of 12.7mm . The photograph of the fabricated antenna is

shown in Figure 4.6.

56



Antenna Type ca cb ha a d
CBCSLA with hc = 6.35mm 1.2 0.7 0.5 18.3 100
CBCSLA with hc = 12.7mm 0.6 0.6 0.5 18.3 100

Table 4.1: Physical dimensions of cavity backed slot loop antennas. All dimensions are in
mm

Figure 4.5: Simulated radiation pattern of the reduced-size-cavity-backed composite slot
loop antenna.

The input reflection coefficients of the fabricated antennas are measured using a cali-

brated HP8720D vector network analyzer and the results are shown compared to simula-

tions in Figure 4.7 and Figure 4.8. The slight deviation between simulation and measured

results is caused by possible errors associated with the numeric simulations, fabrication er-

rors and material tolerances. Both antennas display more than -10 dB reflection coefficients

at resonance, indicating good impedance matching. The CBCSLA is designed assuming

the antenna will be placed on a large ground plane. However, it is important to mention

that impedance matching varies slightly as a function of the ground plane size when the

dimension of the ground plane is comparable to the dimension of the CBCSLA. In this

case the induced current on the small ground plane attached to the CBCSLA modifies the

radiation to some extent. In situations where only small area of ground plane is available on

the platform, in order to reduce the effect of the finite ground plane a thin layer of dielec-
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Figure 4.6: Photograph of the fabricated of the reduced-size-cavity-backed composite slot
loop antenna. The coaxial feed is not shown.

tric is placed between the CBCSLA and the finite ground plane. To demonstrate this, we

consider the CBCSLA designed in the previous example over a finite ground plane using a

teflon dielectric spacer of thickness of 2mm and diameter of 50mm . The setup is shown

in Figure 4.9. The input reflection coefficients of the antenna on a finite ground plane with

and without the dielectric spacer is simulated as a function of the radius of the ground plane

and the results are shown in Figure 4.10. The simulated results indicate the effect of the

finite ground plane can be minimized by placing an insulating layer between the CBCSLA

and the finite ground plane. The far-field co-polarized (|Eθ|2) and (|Eφ|2) radiation patterns

of the antennas are measured in the anechoic chamber at the University of Michigan. The

measured E- and H-planes of the antennas with cavity height of 6.35mm and 12.7mm are

presented in Figure 4.12 and Figure 4.13, respectively. For the E-planes, nulls can be seen

at Θ = 90◦, resembling that of a wire dipole antenna. Therefore if the antenna is placed on

a large ground plane, a greater null will be displayed.

As observed from Figure 4.13, the measured antennas display an omnidirectional radia-

tion behavior. Cross-polarization radiations are mostly caused by the close proximity of the

feed network cable. Relatively high levels of currents from the electrically small antenna
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Figure 4.7: Measured and simulated S11 response of the reduced-size-cavity-backed com-
posite slot loop antenna with hc = 6.35mm .

are induced on the nearby cable, causing the currents on the cable to reradiate. This can

be confirmed by the change of cross-polarization pattern in Figure 4.13 as the orientation

of the cable connected to the measured antennas are changed. Despite the effect of the

feeding network, the measured cross polarization radiations remains significantly lower in

the H-plane.

Antenna Type BW (%) Gain (dBi) Directivity (dBi)
CBCSLA with hc = 6.35mm (λ/120) 0.7 -3.7 1.6
CBCSLA with hc = 12.7mm (λ/60) 1.1 -1.5 1.6

Table 4.2: Radiation Parameters of the reduced-size CBCSLAs

The gain of the antennas are measured in the anechoic chamber using a dipole antenna

with known gain as a reference and the results are presented in Table 4.2. The directivity

of the measured antennas are computed using numerical simulations, and the efficiencies

of the antennas are calculated. It can be observed that by increasing the height of the

59



Figure 4.8: Measured and simulated S11 response of the reduced-size-cavity-backed com-
posite slot loop antenna with hc = 12.7mm .

cavity, the 2:1 VSWR bandwidth is improved and the gain of the antenna increases by

2.2 dB. The improved bandwidth and efficiency remains relatively lower than that of a

half wave wire dipole antenna. This can be explained due to the relatively large amount

of energy trapped inside the cavity (high Q). As ε increases, the fields generated by the

antenna tends to be stored within the dielectric material, causing less fields to radiate into

the far-field region. However, the measured antenna is several orders of magnitude smaller

compared to traditional dipole antennas. The bandwidth and efficiency of the cavity-backed

miniaturized composite slot loop antenna can be further improved through various methods

such as higher quality dielectric, increasing the height of the cavity, or introducing certain

boundary conditions such as perfect magnetic conductor (PMC) at the bottom of the cavity.
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Figure 4.9: Simulation setup of the CBCSLA on a metallic ground plane. A cylindrical
dielectric spacer is placed between the CBCSLA and the ground plane.

Figure 4.10: Simulated S11 responses of the CBCSLA on a metallic ground plane as func-
tion of the dimension of the ground plane. Responses with and without a
dielectric spacer between the CBCSLA and the ground plane are presented.
The radius of the CBCSLA is 50mm .
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Figure 4.11: Characterized E- and H-plane pattern measurement setup of the fabricated
antenna. Co- and cross-pol patterns are measured in these two planes.

Figure 4.12: Measured E-plane radiation patterns of the reduced-size-cavity backed com-
posite slot loop antennas (a) hc = 6.35mm . (b) hc = 12.7mm . Solid Line:
Co-Pol, Dash line: Cross-Pol.
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Figure 4.13: Measured H-plane radiation patterns of the reduced-size-cavity backed com-
posite slot loop antennas (a) hc = 6.35mm . (b) hc = 12.7mm . Solid Line:
Co-Pol, Dash line: Cross-Pol.

4.4 Dual-band Antenna Design

Antennas with multiple frequency operation capabilities are of great interest in numer-

ous wireless applications. Multi-band antennas can be used for transmitting and receiving

at different frequencies or used for multiple applications simultaneously, making such an-

tennas versatile and efficient. In this section, the geometry of the cavity-backed miniatur-

ized composite slot loop antenna is further investigated to achieve dual band capabilities

while retaining its characteristic behaviors and small physical dimension.

As mentioned earlier, the six miniaturized slots determine the resonance of the proposed

antenna. Therefore, if the folded slot elements are of different length, multiple resonant

conditions can be achieved. Naturally, matching the antenna at different frequencies be-

come an important task. Parasitic coupling mechanism is a common technique that is used

to achieve broadband/multiband antennas due to its absence of transmission zeros. The

miniaturized CBCSLA is further modified by varying the lengths of three non-adjacent

slots to resonate at higher frequency. The three non-adjacent slots are parasitically coupled
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Figure 4.14: Topology of the fabricated dual-band CBCSLA and its S11 response.

to the original three slot elements which are fed through the identical feeding mechanism

as the single band CBCSLA. Matching at both frequencies is achieved identically as well,

by adjusting the dimension of the capacitive stubs. The overall physical dimension of the

antenna remains the same as before the modification. The dual band CBCSLA is designed

and fabricated, and the topology and measured and simulated input reflection coefficients

are shown in Figure 4.14. The measured radiation parameters are presented in Table 4.3.

Center Frequency BW (%) Gain (dBi) Directivity (dBi)
434 MHz 0.7 -3.4 1.8
562 MHz 0.5 -3.2 1.7

Table 4.3: Radiation Parameters of the dual band CBCSLA with hc = 6.35 mm

However, sectionizing the original six element spiral slots to different lengths to achieve

multiple resonances makes it difficult to achieve the desired omnidirectional radiation be-

havior. A semi-constant current distribution on the outer rings of the antenna is no longer

achieved at a particular resonant frequency due to different electrical behaviors of adja-

cent slot elements. Thus, pattern distortion and rise of cross-pol levels are expected. To

preserve the dipole-like pattern while achieving a dual-band operation, two different sets

of three-element folded slots are designed to interwind each other to reduce the physical

dimension while achieving the desired current distribution. One set of folded slot elements
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Figure 4.15: Topology of the modified dual-band CBCSLA. The matching stubs are shown
in the right.

are parasitically coupled to the other, which is fed through the CPW-coaxial connection as

before. Matching is achieved by controlling the dimensions of the capacitive stubs for both

frequencies. The topology of the modified dual-band CBCSLA is shown in Figure 4.15.

The antenna is simulated and its input reflection coefficients and magnetic current distri-

bution are shown in Figure 4.16. The antenna displays resonant behavior at 467 MHz

and 736 MHz with 0.6% and 0.5% 2:1 VSWR respectively. The simulated magnetic cur-

rent distribution presented in Figure 4.17 behaves similar to that of the single-band CBC-

SLA. Figure 4.18 indicates the simulated patterns of the dual-band CBCSLA also resemble

the measured patterns of the single-band CBCSLA. Therefore, by using similar geometry,

miniaturized cavity-backed composite slot loop antennas with multi-band capabilities can

be achieved while minimizing pattern distortions.
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Figure 4.16: Simulated S11 response of the modified dual-band CBCSLA.

4.5 Summary

A process for designing a new class of miniaturized low profile antennas with vertical

polarization is proposed and discussed in this chapter. Through this method, a composite

magnetic loop with close-to-constant current distribution is realized. The loop is easily

matched by adjusting the geometry of the feed. The antenna’s lateral dimension is sig-

nificantly reduced by modifying the geometry of constituent resonant slot sections. The

cavity-backed composite slot loop antenna displays omnidirectional radiation behavior in

the vertical polarization plane, emulating a dipole antenna with a vertical height less than

λ/100. Such radiation performance with very low profile enables the proposed antenna to

be applicable for automotive and Unattended Ground Sensor network modules. Despite

its small physical dimension, the antenna displays excellent matching, high directivity and

moderate efficiency. Furthermore, additional techniques are introduced and proposed to

improve the performance of the antenna and achieve dual-band operation capabilities.

66



Figure 4.17: Simulated magnetic current of the modified dual-band CBCSLA.

Figure 4.18: Simulated radiation patterns of the modified dual-band CBCSLA (a) H-Plane.
(b) E-Plane. Solid Line: 467 MHz, Dash line: 736 MHz.
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CHAPTER 5

The Multi-element Monopole Antenna

The cavity-backed composite slot loop antenna (CBCSLA) introduced in the previous

chapter involves modification of the slot aperture topology. Measurement confirms behav-

ior similar to that of an ordinary infinitesimally small dipole antenna. However, the CBC-

SLA requires a relatively complicated and multi-step fabrication process involving exten-

sive machining and lithography. In this chapter, we resort to the complementary equivalent

of a slot antenna - a half-wave dipole antenna to devise an antenna design that has similar

performance as that of a CBCSLA while simplifying the topology and fabrication process.

5.1 Introduction

The half-wave dipole antenna is perhaps one of the most fundamental and commonly

used antennas ever since the discovery of electromagnetic wave radiation. From the early

stages to present, the dipole antenna and its variations have been extensively used in the

field of wireless communication for its simple geometry and reliability. In addition when

the antenna is vertically mounted, the dipole antenna features an omnidirectional radiation

pattern, making it useful for terrestrial applications, non-line-of sight conditions, and sit-

uations where transceiver modules are often deployed randomly. Monopoles that emulate

virtually identical performance behaviors as that of a dipole antenna are often used at lower
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frequencies. Therefore it is imperative to further investigate methods of realizing extremely

short monopole antennas with very small lateral dimensions. This will allow integration of

such antennas with the wireless device package or platform.

A variety of space filling compression techniques have been studied to reduce the ver-

tical profile of monopole antennas [2, 3, 4]. The dimension of a wire monopole antenna

is greatly reduced by folding the monopole antenna geometry through several iterations.

In [35], metallic paths patterned after Peano and Hilbert curves are used to greatly reduce

the vertical profile of monopole antennas. The Peano-curve top-loaded monopole features

a vertical height of approximately λ/12 while featuring excellent monopole radiation pat-

tern. In addition, a meandered monopole antenna is further modified by extending a con-

ductor line for the end of a rectangular meander monopole to achieve a dual-band operation

[67]. In [5, 6], various fractal antennas are further investigated and the resonant properties,

bandwidth, and impedance matching of compressed omnidirectional antennas are reported.

The vertical height of a monopole antenna can also be reduced through antenna load-

ing techniques. In [68], the antenna is loaded with a dielectric cylinder and a dual-band

behavior is realized. A monopole antenna is inductively loaded and its electrical character-

istic is studied [69, 70]. In [71, 72, 73, 74, 75, 76], low-profile, omnidirectional antennas

are devised by capacitively loading monopole antennas with modified disks. The heights

of the proposed antennas are in the range of λ/10. In addition, these antennas feature

excellent operational bandwidth. However, the lateral dimension of the antennas are com-

parable to wavelength. Nonetheless, the impact of the Goubau antenna [76] is significant in

the antenna community due to the fact that it closely approaches Chu’s fundamental limit.

However, because of its complex geometry, the Goubau antenna is difficult to be analyzed

using conventional methods. In [77], the Goubau antenna is thoroughly analyzed using

full-wave simulations. Recently, artificial electromagnetic materials such as electromag-

netic band-gap (EBG) structures have been incorporated with conventional wire antennas

to feature a low-profile antenna that behave equivalent to a vertical monopole antenna [78].
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This chapter presents a low-profile antenna with omnidirectional vertically polarized

radiation similar to that of a traditional monopole antenna using a different approach. The

proposed antenna is realized by modifying the geometry of a quarter-wave microstrip type

resonator to emulate an electrically small antenna with a very small vertical profile. The

concept is based on superposition of multiple quarter-wave segments that are meandered

and spiraled around to virtually negate the radiation from horizontal currents above the

ground plane. As a result, the antenna features a vertically polarized radiation in the hor-

izontal plane. The design and miniaturization method for the antenna is presented in Sec-

tion 5.2. Simulation and measurement results are also shown and discussed. The antenna is

further modified and parametric studies are done in Section 5.3. In Section 5.4, a dual-band

multi-element monopole antenna is designed and its measurement results are presented and

discussed.

5.2 The Miniaturized Multi-Element Monopole Antenna

Figure 5.1: Design process of the miniaturized multi-element monopole antenna.

Radiation powers from short monopole antennas are proportional to the currents in-
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duced on them. In practice the level of induced current is limited by the impedance mis-

match between the transmission line and the very small radiation resistance of such radi-

ating structures. External matching networks based on lumped elements are lossy which

render a rather poor radiation efficiency. One approach to increase the induced electric cur-

rent on a short segment of a vertical wire above a ground plane is to use the vertical wire as

part of a resonant structure. The smallest resonant structure can be formed from a quarter-

wavelength segment of a transmission line short-circuited at one end and open-circuited at

the other end (i.e. monopole). Consider a microstrip line resonator formed by a strip above

the ground plane and short-circuited by a small vertical wire. This resonator can be fed

from the center as shown in Figure 5.1 (a). Impedance matching of this quarter-wavelength

resonator (monopole) is facilitated by adjusting the feed position along the resonator and

choosing parameters lopen, the open-circuited segment and lshort , the short-circuited seg-

ment. It is expected that the current flowing on the microstrip itself does not contribute to

the total radiated field due to cancelation of the far-field by its image in the ground plane.

The directions of the currents at the feed point and on the short-circuited vertical wire are

opposite of each other; however, the magnitude of current at the short-circuited wire can

be significantly higher from which the net radiation emanates. The electric current flowing

on the vertical element of the antenna is responsible for the vertically polarized radiation.

If the horizontal electric current can be effectively eliminated we can achieve a completely

vertically polarized radiation ignoring the lateral electrical dimension for the time being.

Cancellation can be done by adding another monopole element while sharing the same feed

as seen in Figure 5.1 (b). The cancellation of the horizontal electric current is achieved by

introducing another set of electric current that is in the opposite direction in the horizon-

tal plane of the antenna with the original electric current at electromagnetic resonance. In

contrast, the vertical electric currents flowing on the short-circuited pins of each elements

is in phase and as a result, behaves as the radiating elements of the antenna. Thus, the

two-element monopole antenna behaves as a small vertically polarized antenna. To achieve
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omnidirectional radiation patterns in the horizontal plane of the antenna while maintain-

ing low levels of cross-polarization levels, it is important for the antenna to be electrically

small and symmetric. Additional monopole elements are added in similar ways to negate

the horizontal currents. The increased number of short-circuited pins provides increased

number of radiators and improves the mechanical stability of the multi-element monopole

antenna. Parameters lopen and lshort must be modified to accommodate for the changes in

impedance caused by the additional monopole elements. The topology of the four-element

monopole antenna is presented in Figure 5.1 (c).

The proposed topology of the the multi-element monopole antenna enables the height of

a traditional monopole antenna to be greatly reduced. However, as the height of the multi-

element monopole antenna reduces, the lateral dimension increases. The miniaturization

of the multi-element monopole antenna is achieved by folding the open-circuited segments

of the antenna in a spiral-shaped geometry so the cancelation of horizontal electric currents

on the elements is maintained. To achieve miniaturization, the short-circuited segments of

the antenna can also be meandered and placed slightly below the spiral layer. A sketch of a

miniaturized multi-element monopole antenna is visualized in Figure 5.1 (d). The overall

length of each quarter-wavelength segment must be adjusted using a full-wave approach to

take the effects of near field mutual couplings into account.

The miniaturized multi-element monopole antenna is designed using Ansoft’s HFSS.

The topology of the simulated antenna is presented in Figure 5.2. Parameters are opti-

mized to achieve operation around 460 MHz with lateral dimensions less than λ/10 and

the height to be around λ/30. The open-circuited elements and the short-circuited ele-

ments are designed on two separate vertical layers with 1mm spacing for enhanced space

conservation and compactness. The open-circuited elements are folded in a spiral-liked

fashion and minimized to Wc × Lc = 56mm × 56mm in lateral dimension. The total length

of the open-circuited element (lopen) is 117mm . The miniaturized open-circuited elements

are fed by a single wire feed. The meandered short-circuited elements are designed to be
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Figure 5.2: Topology of the miniaturized multi-element monopole antenna.

placed 1mm beneath the miniaturized open-circuited elements. The elements in both layers

are electrically connected by four vertical pillars with a height of 1mm . The short-circuited

pins are connected to each end of the four short-circuited elements respectively. The to-

tal length from the vertical pillar to the short-circuited pin (lshort) is 94.6mm . Impedance

matching of the miniaturized multi-element monopole is achieved by adjusting the length

of the meandered short-circuited elements. The antenna is then fabricated on a 0.3mm thick

copper sheet. The open-circuited and short-circuited elements on each vertical layers are

milled separately and soldered together. A 1mm thick dielectric spacer is placed between
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the two layers to minimize fabrication and simulation discrepancies. The short-circuited

pins are milled to be 20mm in height (hc) and then soldered to each ends of the meandered

short-circuited elements respectively. The short-circuited pins are then soldered to a Wg ×
Lg = 100mm × 100mm copper ground plane. The final height of the fabricated antenna is

21.3mm .

Figure 5.3: Measured and simulated S11 response of the miniaturized multi-element
monopole antenna.

Figure 5.3 shows the simulated and measured input reflection coefficient of the pro-

posed antenna. The fabricated antenna features 3% 2:1 VSWR bandwidth. The slight

discrepancy between the simulated and measured responses can be attributed to alignment

errors during the fabrication process. The radiation patterns of the miniaturized multi- ele-

ment monopole antenna is measured in the anechoic chamber of the University of Michigan

at the resonant frequency of 460 MHz. Figure 5.4 shows the E- and H- Plane, co- and cross-

polarized patterns of the antenna. The measured antenna features omnidirectional radiation

pattern in the H-Plane, similar to a monopole. In addition, a null is observed at Θ = 0◦ in

the E-Plane. Cross-polarization levels in both planes are mainly caused by the close prox-
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imity of the feed network cable and the small ground plane size. This can be confirmed

with simulated radiations patterns of the featured antenna on an infinite ground plane as

presented in Figure 5.5. The gain of the miniaturized multi-element monopole antenna is

measured in the anechoic chamber using a dipole antenna with a known gain. The gain

is measured to be -4.1 dBi . The directivity is calculated to be 1.0 dBi . For such elec-

trically small ground plane dimension (λ/7 × λ/7) the effect of the edge currents on the

ground plane becomes significant to the the radiation pattern, directivity, and gain of the

proposed antenna. Strong levels of edge currents result in the rise of cross-polarization lev-

els, increased ohmic loss leading to degradation of directivity and gain. In addition, the low

gain suggest that relatively high levels of currents on the open-circuited and short-circuited

elements may be causing ohmic loss. Therefore it is important to further investigate the

topology of the antenna and the effects of the ground plane.

Figure 5.4: Measured and simulated radiation pattern of the miniaturized multi-element
monopole antenna. (a) E-Plane. (b) H-Plane.
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Figure 5.5: Simulated radiation pattern of the miniaturized multi-element monopole an-
tenna on an infinite ground plane. (a) E-Plane. (b) H-Plane.

5.3 The Modified Multi-Element Monopole Antenna

5.3.1 Antenna Design

Now that the functionality of the proposed miniaturized multi-element monopole an-

tenna has been established, additional modifications are made to the antenna design to

further improve its performance. To reduce fabrication errors and improve rigidity, the an-

tenna is newly designed on a dielectric substrate. As discussed in the previous section, the

input impedance matching of the antenna is achieved by adjusting the length of the mean-

dered element of the antenna. However, such modification is rather complex, requiring the

topology of the antenna to be redesigned and fabricated. Therefore, impedance matching

is difficult to achieve through simple tuning of the antenna topology. It has been shown

that the length of a slot antenna can significantly be reduced by inserting short-circuited

narrow slot-lines along the radiating segment of a slot antenna [79]. The short-circuited

narrow slot-lines behave as series inductive elements. Due to the insertion of series in-

ductive elements, the electric current on the ground plane then transverses a longer path.

As result the resonant frequency decreases. The meandered short-circuited elements of

the miniaturized multi-element monopole antenna are replaced with a similar geometry.
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The meandered short-circuited elements are first straightened. Then a pair of 0.5mm wide

open-circuited microstrip lines are inserted along the straightened elements. The insertion

of narrow open-circuited microstrip lines introduces shunt capacitance stubs which have a

similar size reduction effect. Thus, the physical lengths of the straightened short-circuited

elements are reduced. Impedance matching is obtained by simply adjusting the location

(ca = 3.5mm ) and lengths (la = 4.2mm ) of the inserted narrow microstrip lines. The right

angle edges of the spiral-shaped open-circuited elements are replaced with curved edges.

The final lengths of the open-circuited elements lopenm and short-circuited elements lshortm

are 144mm and 20mm respectively. The modified geometry is shown in Figure 5.6.

Figure 5.6: Topology of the modified multi-element monopole antenna. The inserted open-
circuited microstrip is shown in the right.

5.3.2 Fabrication and Measurement

The modified antenna is simulated and then fabricated using a Ws × Ls = 75mm ×
75mm Rogers5880 with thickness of 1mm , dielectric constant of εa = 2.2, and loss tangent

of tanδa = 0.0009. The two layers of the antenna geometry are etched on the top and

bottom side of the dielectric substrate. The two layers are then connected through Via holes.
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The short-circuited pins are connected to each end of the four short-circuited elements. The

integrated antenna structure is then soldered on to a Wg × Lg = 50mm × 50mm ground

plane. The antenna is fed from the center using a coaxial feed. The antenna height (ha) is

set to 20mm . The return loss of the fabricated modified multi-element monopole antenna

is presented in Figure 5.7. The antenna displays good impedance matching and 3.5% 2:1

VSWR bandwidth. The far-field co-polarized and cross-polarized radiation patterns of the

antennas are presented in Figure 5.8 (a) and Figure 5.9 (a) respectively. The measured

pattern indicates the radiation pattern of the antenna remains similar to that of the original

miniaturized multi-element monopole antenna after the modification. As expected due to

the small ground plane dimension, the modified antenna features relatively high levels of

cross-polarization levels. The gain of the modified multi-element monopole antenna is

measured to be -3.3 dBi , indicating the new geometry enhances the radiation efficiency of

the antenna compared to the original miniaturized multi-element monopole antenna.

Figure 5.7: Measured S11 response of the modified multi-element monopole antenna as a
function of ground plane dimension.
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Figure 5.8: Measured and simulated E-Plane radiation pattern of the modified multi-
element monopole antenna as a function of ground plane dimension. (a) Wg
× Lg = 50mm × 50mm . (b) Wg × Lg = 200mm × 200mm . (c) Infinite ground
plane
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Figure 5.9: Measured and simulated H-Plane radiation pattern of the modified multi-
element monopole antenna as a function of ground plane dimension. (a) Wg
× Lg = 50mm × 50mm . (b) Wg × Lg = 200mm × 200mm . (c) Infinite ground
plane.
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5.3.3 Parametric Studies

The dimension of the ground plane is increased to examine how the the parameter

affects the performance of the modified multi-element monopole antenna. The antenna

is subsequently fabricated and measured on four different ground planes with increasing

dimension. No additional modifications to the topology of the antenna is performed as the

dimension of the ground plane changes. The measured input reflection responses of the

antennas are presented in Figure 5.7. It is observed that the antenna remains to be well

matched as the size of the ground plane varies. The shift in resonant frequency can mostly

be attributed to the radiating ground plane currents which slightly modify the radiation of

the antenna. The measured 2:1 VSWR bandwidths, gain, and the calculated directivity

of the antennas associated with different ground plane sizes are listed in Table 5.1. The

measured and simulated radiation patterns in Figure 5.8 and Figure 5.9 show as the ground

plane dimension increases, cross-polarization levels decrease accordingly. As expected the

gain increases as a result. It can be seen from Table 5.1 that the gain of the modified multi-

element monopole antenna is enhanced by more than 5 dB as the dimension of the ground

plane increases to 200mm × 200mm .

2:1 VSWR (%) Measured Gain (dBi) Directivity (dBi) Wg × Lg (mm)
3.5 -3.3 1.0 50 × 50
1.6 -1.1 1.1 100 × 100
1.8 0.4 2.0 150 × 150
0.6 1.6 2.8 200 × 200

Table 5.1: Measured bandwidth and gain and computed directivity as a function of ground
plane dimension. The antenna height (ha) is 20mm .

It is important to study the effect of the height of the modified multi-element monopole

antenna on its gain and bandwidth. The height of the antenna from the metal ground plane is

incremented from ha = 10mm to ha = 30mm by adjusting the height of the short-circuited

pins. The modified antennas are then fabricated on a Wg × LG = 200mm × 200mm

ground plane. Figure 5.10 shows the measured input reflection response of the antennas
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with different heights. The measured 2:1 VSWR bandwidth and gain are listed in Table 5.2.

The measured results indicates that the height of the antenna can be further reduced to less

than λ/25 without suffering severe gain degradation which is important for low-profile,

vertically-polarized antennas.

2:1 VSWR (%) Measured Gain (dBi) Antenna height ha (mm)
0.4 -3.1 10 ( λ/40)
0.5 1.0 15 ( λ/27)
0.6 1.6 20 ( λ/20)
0.5 1.9 30 ( λ/13)

Table 5.2: Measured bandwidth and gain as a function of antenna height. The ground plane
dimension is Wg × Lg = 200mm × 200mm .

Figure 5.10: Measured S11 response of the modified multi-element monopole antenna as a
function of antenna height ha.
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5.4 The Dual-Band Multi-Element Monopole Antenna

5.4.1 Antenna Design

It has been shown in the previous section that the gain of the modified multi-element

monopole antenna can greatly be enhanced by increasing the size of the ground plane. For

small antennas, due to ohmic losses the bandwidth is found to be inversely proportional to

the gain. Therefore in this section, additional methods are investigated and discussed to

further increase the bandwidth while maintaining the gain of the proposed antenna.

Figure 5.11: Topology of the dual-band multi-element monopole antenna.

The fundamental resonance of the miniaturized multi-element monopole antenna is de-

termined by the overall length of the antenna arms. As mentioned earlier, the length of the

each arm of the antenna is designed to be of identical length to ensure an electrical symme-

try of the antenna structure. Therefore each arm of the antenna features an identical electro-

magnetic resonance. Adjusting the length of each arm to be of different lengths is found to

be ineffective in achieving multi-resonance behavior. Instead, a single resonance which is
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Figure 5.12: Topology of the driven antenna-element of the dual-band multi-element
monopole antenna. The inserted open-circuited microstrip is shown in the
right.

approximately the average of the combined resonances of each different arms is observed.

In addition, transmission zeros limits the multiple resonances from being effectively com-

bined for bandwidth enhancement. Thus, a parasitic coupling approach is used to further

improve the bandwidth of the proposed antenna. The dual-band miniaturized multi-element

monopole antenna is designed by adding an additional parasitic antenna topology on top

of the original modified multi-element monopole antenna structure. Figure 5.11 shows the

geometry of the proposed dual-band antenna. The driven and parasitic antenna-elements of

the proposed antenna are separated by spacing d, which is adjusted by modifying the ver-

tical heights (hp) of the short-circuited pins of the parasitic antenna-element. The coaxial

feed is connected to the driven antenna-element. The driven and parasitic antenna-elements

are presented in Figure 5.12 and Figure 5.13 respectively. For the driven antenna element,

the open-circuited element and the short-circuited element is designed to be on the top

and bottom side of the driven antenna-element substrate respectively, similar to the origi-

nal single resonance miniaturized multi-element monopole antenna. However, it should be
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Figure 5.13: Topology of the parasitic antenna-element of the dual-band multi-element
monopole antenna. The inserted open-circuited microstrip is shown in the
right.

noted that for the parasitic antenna-element, the configuration of the open-circuited element

and the short-circuited element is reversed. The open-circuited element for the parasitic

antenna-element is placed on the bottom side of the parasitic antenna-element substrate.

Such modification is made to ensure the two antenna-elements are electrically coupled

at similar locations. By doing so, the electric fields in both antenna-elements will be in

phase and therefore the far field radiation is enhanced. Impedance matching is achieved by

adjusting the lengths and locations of the inserted 0.5mm wide open-circuited microstrip-

lines for each respective antenna-elements. The final design parameters of the dual-band

multi-element monopole antenna are provided in Table 5.3.

5.4.2 Fabrication and Measurement

The dual-band multi-element monopole antenna follows similar fabrication procedure

as its single-resonance predecessor. The antenna is simulated using HFSS. Then, both
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lopend lshortd ld cd Wsd Lsd lopenp lshortp

118 20 2.8 2.5 75 75 126 25.5
lp1 lp2 lp3 cp1 cp2 cp3 Wsp Lsp

4 6 4.1 3.5 2.5 2.5 75 75

Table 5.3: Design parameters of the dual-band multi-element monopole antenna (mm). The
ground plane dimension is Wg × Lg = 200mm × 200mm .

driven and parasitic antenna-elements are etched using identical substrates. The short-

circuited pins are then connected to their respective locations. Small holes are drilled

through both of the antenna-element substrates for the short-circuited pins of the parasitic

antenna-element. A dielectric spacer is placed between the two antenna-element substrates

while the short-circuited pins are connected to the substrates. The assembled antenna topol-

ogy is then connected to a Wg × Lg = 200mm × 200mm ground plane. Finally, a coaxial

cable is connected to the driven antenna-element. The measured and simulated return losses

of the dual-band antenna is presented in Figure 5.14. As can be observed from the the fig-

ure, by adjusting d, the two resonances of the antenna can be controlled to split or merge

with one another. The far-field co-polarized and cross-polarized radiation patterns of the

antenna are presented in Figure 5.15. It can be observed that the radiation pattern remains

similar to a traditional monopole antenna throughout the operating frequency band. In ad-

dition, the added parasitic antenna-element does not appear to cause increased levels of

cross-polarized radiations. The measured 2:1 VSWR bandwidth and gain of the dual-band

multi-element antenna with different spacing d are presented in Table 5.4.

Resonant 2:1 VSWR Measured Antenna d
Frequency (MHz) (%) Gain (dBi) height hp (mm) (mm)

Dual− 453 0.6 2.0 28 7
band 465 0.7 2.2 28 7

Wide−band 460 2.2 2.0 31 10

Table 5.4: Measured bandwidth and gain as a function of spacing d.

Compared to the original multi-element monopole antenna with identical ground plane
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dimension, the dual-band multi-element monopole antenna features enhanced bandwidth

without gain degradation. By controlling the spacing d, the wide-band response is mea-

sured to have more than twice the 2:1 VSWR bandwidth of the individual bands of the

dual-band response. The addition of a parasitic antenna-elements results in increasing the

overall height of the antenna by 50%. However, it has been shown that the height can be

further reduced without significant performance trade-off.

Figure 5.14: Measured and simulated S11 response of the dual-band multi-element
monopole antenna as a function of spacing d.

5.5 Summary

An antenna miniaturization method for wire type antenna is proposed and discussed.

Using this method, an electrically small antenna is designed, emulated, and measured.

The featured multi-element monopole antenna displays similar radiation behavior as that

of a traditional vertical monopole antenna while having a vertical profile as low as λ/40.

The lateral dimension of the multi-element monopole antenna is significantly reduced by
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Figure 5.15: Measured radiation pattern of the dual-band multi-element monopole antenna.
(a) E-Plane. (b) H-Plane. (d = 10mm )

folding the open-circuited elements in a spiral-shaped geometry. Parametric studies are

performed to investigate further antenna miniaturization and performance improvements.

The measured multi-element monopole antenna displays omnidirectional pattern in the hor-

izontal plane of the antenna and low levels of cross-polarized radiations. In addition, the

proposed antenna is modified to feature enhanced bandwidth and excellent gain.
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Figure 5.16: Photograph of the fabricated antennas. (a) Miniaturized multi-element
monopole antenna. (b) Modified multi-element monopole antenna. (c) Dual-
band/Wide-band multi-element monopole antenna.
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CHAPTER 6

Applications of the Multi-element Monopole Antenna

6.1 Introduction

The concept, functionality and analysis of the Multi-element Monopole Antenna (MMA)

have been introduced and discussed in the previous chapter. In this chapter, the perfor-

mance of the MMA is demonstrated in two separate application scenarios.

6.1.1 Design Guidelines for the MMA at 2.45 GHz

In platform-level integration scenarios, the Multi-element Monopole Antenna (MMA)

is adapted to function at 2.45 GHz. The MMA is redesigned to be monolithic - the entire

structure is contained in a RO5880 dielectric substrate. The overall topology of the an-

tenna is further simplified. These modifications of the original design greatly enhance the

rigidity and compactness and reduce the number of fabrication procedures and time. The

redesigned topology of the MMA is shown in Figure 6.1. It can be observed that the an-

tenna height (h) is now equivalent to the substrate thickness. Likewise, the square ground

plane dimension (L) is equivalent to the substrate dimension. The details of the redesigned

monolithic MMA are addressed in Section 6.2 and Section 6.3.

Since the behavior of the MMA is equivalent to that of a conventional monopole, the
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Figure 6.1: The monolithic MMA using dielectric substrate.

performance of the antenna is dictated by its volumetric dimension. Parametric studies pre-

sented in Chapter 5 reinforce and quantify this relation. Therefore it is important to investi-

gate and characterize the performance versus physical dimension for the monolithic MMA.

Parametric studies can be utilized as design guidelines when incorporating the monolithic

MMA for specific wireless link budgets at 2.45 GHz.

Gain and cross polarization levels of an antenna are key parameters for efficient signal

transmission and reception. The effect of the antenna height (h) and ground plane dimen-

sion (L) on the gain and cross polarization levels are studied using full-wave simulations.

Figure 6.2 depicts the effect of the antenna height on gain for varying ground plane dimen-

sions. Similar to the measured results in Chapter 5, it can be observed that as the antenna

height further increases, gain begins to converge to saturation. Here, the Figure of Merit

(FoM) is defined as maximal gain improvement for minimal increased antenna height. FoM

indicates it is recommended to first use slightly greater than minimum antenna height and

make incremental increase to suffice for the wireless link budget. It is interesting to note

that as the ground plane dimension increases by a factor of 3, the overall computed gain

actually decreases by a small margin. This is clearly different from the measured relation
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in Chapter 5. To further investigate this trend, the effect of the ground plane dimension on

gain for varying antenna heights is studied and presented in Figuure 6.3. The computed gain

as a function of ground plane dimension support the observation in Figure 6.2 - when the

ground plane is electrically small in dimension, incremental increase of the ground plane

is ineffective to gain improvement. The discrepancy between the studies in Figure 6.3 and

the measured ground plane dimension versus gain relation in Chapter 5 is attributed to the

presence of the feed network cable. For electrically small ground planes, the effect of the

feed network cable on the antenna performance is significant. High levels of currents are

induced on the feed network cable which reradiate into the far field adversely affecting

gain, cross polarization and co-polarization. As the ground plane dimension increases, the

contributions of the feed network cable in the far field radiation region decrease. However,

this is oftentimes extremely difficult to quantify using full-wave simulations. In addition,

for platform-integrated application scenarios, the monolithic MMA does not require feed

network cables that are used during measurements in the anechoic chamber (open-space).

Therefore, the feed network cable is omitted for full-wave simulations and a localized ex-

citation port within the monolithic MMA is modeled instead.

The average cross polarization difference with respect to co-polarization as a function

of ground plane dimension and antenna height is computed in Figure 6.4 and Figure 6.5

respectively. Figure 6.4 indicates cross polarization levels decreases considerably when the

electrical small ground plane dimension increases. However, as shown in Figure 6.3, this

does not translate to improved gain. Similarly, although gain is found to be proportional to

antenna height in Figure 6.2, there is no distinct change in cross polarization levels as the

antenna height increases in Figure 6.5. These parametric studies indicate that the electri-

cally small ground plane significantly contributes to the far field radiation in conjunction

with edge diffration and its contribution levels decline when the ground plane dimension

increase as currents become increasingly localized in the antenna. However, the contribu-

tion of the ground plane in the far field radiation region has minimum effect on the gain
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Figure 6.2: The computed gain as a function of antenna height for varying ground plane
dimensions.

Figure 6.3: The computed gain as a function of square ground plane dimension for varying
antenna heights.
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of the antenna since the ground plane radiates in a different polarization. Nevertheless,

for situations where the monolithic MMA is integrated into an electrically large conduc-

tive platform, significant performance enhancement can be expected. For non-conductive,

lossy platforms such as FR4 or ceramic, full-wave simulations predict very little effect on

the overall performance of the monolithic MMA.

Figure 6.4: The computed average | Co-pol - Cross-pol | as a function of square ground
plane dimension for varying antenna heights.
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Figure 6.5: The computed average | Co-pol - Cross-pol | as a function of antenna height for
varying ground plane dimensions.

6.2 The Small Radio Repeater

6.2.1 Overview of the Small Radio Repeater

Radio repeaters are advantageous for capacity and coverage improvements in situations

such as blind spots, obstructive scenarios (i.e. indoor, underground, cell edges etc). Com-

pared to conventional base stations, radio repeaters are generally composed of simpler ar-

chitecture, and require lower cost and power consumption. Radio repeaters are extensively

used in a variety of application scenarios. Numerous studies regarding usage of radio re-

peaters for cellular applications have been presented [80, 81, 82, 83, 84, 85]. In [81], the

performance of an RF radio repeater for Wideband-CDMA (WCDMA) High Speed Down-

link Packet Access (HSDPA) is evaluated for in-door communication scenarios. In [84] the

antenna isolation requirements are studies for radio repeaters for 3G cellular service. In ad-

dition, radio repeaters have been actively employed in non-cellular mobile phone services.

In [86], a radio repeater devised using amplifiers and leaky transmission lines for subways
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and mines is discussed. An Ultra-wideband (UWB) radio repeater is developed to increase

the coverage area in [87]. Pulse-position-modulation (PPM) is used to avoid coupling in-

terface between the received and retransmitted signal. Diversity gain is improved using

radio repeaters for Wireless Personal Area Network (WPAN) and presented in [88]. In [89]

the design and performance requirements of a radio repeater for satellite digital broadcast

systems is discussed. The aforementioned repeaters are designed using conventional λ/4

antennas as the donor and server antenna. While the exact circuitry is intrinsically linked

to the system requirement for each specific application scenario, it should be noted that the

dimension of the antennas for these repeaters are relatively large, which may potentially be-

come a critical matter in certain situations. Therefore it would be interesting to incorporate

an electrically small antenna into a radio repeater to attain a more compact and integrated

topology.

Figure 6.6: The concept of the Small radio repeater.

In this section, the Multi-element Monopole Antenna (MMA) is redesigned to be in-

corporated into a Small radio repeater. A rudimentary configuration of the Small radio

repeater is presented in Figure 6.6. The idea of the Small radio repeater is to achieve en-

hanced connectivity without the need for increasing the transmit power. The Small radio

repeater is envisioned to be placed near shadow boundaries (building corner, entrance to

caves or basements, etc.) to receive the line-of-sight signal from the transmitter, amplify

and re-transmit and establish a secondary line-of-sight to the receiver. A series of Small

radio repeaters are capable of relaying information in stringent wireless propagation en-
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vironments by forming a connected a link of line-of-sight nodes. The first version of the

repeater is designed to be rigid, small (2 cm × 4 cm) in physical dimension and capable

of being powered by a conventional lithium watch battery for up to 24 hours of continu-

ous operation time. The circuit is composed of low-cost Printed-circuit board (PCB) and

mass produced commercial components. The design guidelines based on the performance

requirements of the Small radio repeater is summarized in Table 6.1.

Performance Requirements Design Guidelines
Dimension: 20 mm × 40 mm Electrically small planar antenna

Robust packaging Monolithic repeater circuitry
Minimum power consumption Homodyne radio architecture

Required communication range (R) Sufficient antenna efficiency
R ≥ 20 m Vertical polarization

Table 6.1: Design guidelines of the Small radio repeater.

6.2.2 The Small Radio Repeater Antenna

Figure 6.7: The topology of the Small radio repeater antenna.

The Small radio repeater has the simplest active radio architecture and thus can be

made very small with minimal power requirement. The most significant challenge for the
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proposed small repeater from the antenna prospect is the design of a highly miniaturized

planar antenna that can radiate vertical polarization. The topology of the Multi-element

Monopole Antenna (MMA) is redesigned for the Small radio repeater to function near

2.45 GHz. Two identical antennas are designed to function as the donor (TX antenna)

and server (RX antenna) respectively. First, the original MMA presented and discussed in

Chapter 5 is simplified into a two-layer topology. Similar to the original MMA design, a

small resonant structure is formed by a quarter-wavelength transmission line short-circuited

at one end using through-hole wires and open-circuited at the other end. Space compres-

sion of the Small radio repeater antenna is accomplished by folding the quarter-wavelength

segment in a spiral-shaped geometry. It has been noted in Chapter 5 that in order for a

quarter-wavelength planar antenna to radiate vertical polarization, the antenna topology

must be symmetric in the horizontal plane. The addition of quarter-wavelength segments

introduces cancelation of horizontal electric currents flowing on the horizontal plane of the

antenna. Series of parametric studies regarding the effects of physical parameters of the

four-segment-MMA on the antenna gain and bandwidth have been reported in the previous

chapter. The design parameters of the newly designed antenna for the Small radio repeater

are determined based the parametric studies along with the overall link budget of the sys-

tem. It is concluded that the lateral dimension of the each antenna must be greater than

15 mm × 15 mm to meet the performance requirements. However, this becomes problem-

atic given the overall lateral dimension of the Small radio repeater. Therefore the Small

radio repeater antenna is designed into a two-segment-MMA to minimize antenna dimen-

sion with minimal antenna gain degradation. As a consequence of the modified antenna

topology, the horizontal radiation pattern of each antenna is expected to be affected. How-

ever by placing the each antenna symmetrically on the horizontal plane, cancellation of the

horizontal electric current is achieved. Impedance matching of the antenna is facilitated

by adjusting the locations (ls, ld) of the short-circuited through-hole wires. The physical

parameters of the antenna is optimized using Ansoft HFSS and ls and ld are chosen to be
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0.78 mm and 1.0 mm respectively. The finalized design of the Small radio repeater antenna

is shown in Figure 6.7.

Figure 6.8: The measured and simulated input reflection coefficients of the Small radio
repeater antenna.

The antenna design and ground plane are printed on the top and bottom layer of a

1.58 mm thick (ha) Rogers5880 with dielectric constant of εa = 2.2, and loss tangent of

tanδa = 0.0009 respectively. Through-holes are drilled to construct the antenna feeds and

the short-circuited wires. The input measured and simulated input reflection coefficients of

the antenna are presented in Figure 6.8. It is observed that the simulation and measurement

results agree with less than 0.8% discrepancy. The far-field radiation patterns are measured

in the anechoic chamber of the University of Michigan using a one-port signal generator.

The orientation of the measured antenna is shown in Figure 6.9. Co- and cross-polarized

patterns of the antenna are presented in Figure 6.10. Distortion of the radiation patterns can

be observed in the x-y and z-x plane due to the asymmetry of the antenna topology in the

respective planes. It should be noted that the measured patterns in Figure 6.10 depict the

patterns when only antenna element (TX antenna or RX antenna) is excited. Therefore the
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pattern distortion will be significantly alleviated during the actual operation of the Small

radio repeater antenna when both of the antennas are simultaneously excited and the hori-

zontal currents are effectively canceled. The relatively high levels of cross polarization is

expected as the ground plane of the antenna is less than λ/3 × λ/6 in electrical dimension,

which causes significant reradiation of the feed network cable connected to the antenna for

measurement purposes. The actual cross polarization levels of the Small radio repeater are

expected to be much lower during field operation as studied in Section 6.1. The maximum

gain in the x-y plane is measured to be -3.7 dBi, similar to the requirement based on the

link budget.

6.2.3 Integration and Measurement of the Small Radio Repeater

The channel isolator circuit is an array of a single pole parallel LC unit cell. The

LC unit cell consists of a square inductance and interdigital capacitance that is optimized

using full wave simulations to resonant at the operating frequency of the antennas. The

resonant single pole LC network suppresses the wave propagation from one antenna to the

other, thus behaving as an effective channel isolator. The designed Small radio repeater

antenna is integrated with the TX/RX channel isolator circuit. Minimum levels of changes

of the resonance of the Small radio repeater antenna combined with the channel isolator are

measured. The far-field radiation patterns of the Small radio repeater system is measured

in an identical procedure as described in Subsection 6.2.2 and the results are shown in

Figure 6.11. Due to the effect of the channel isolator, a front-to-back ratio (FTBR), in

respect the the +x (φ = 0◦) and -x direction (φ =−180◦) of more than 8 dB is observed in the

measured x-y plane. Overall, directivity increases in the x-y plane, which can potentially

be advantageous for electrically small antennas of this nature. Reduced levels of pattern

distortion is measured both y-z and z-x planes. The maximum gain in the x-y plane is

measured to be -3.5 dBi, similar to the measured gain of the circuit without the channel

isolator. The fabricated Small radio repeater is shown in Figure 6.12.
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Figure 6.9: The far-field measurement setup of the Small radio repeater antenna.

6.3 A Fully Integrated Transmitter Module

6.3.1 Integrated Transmitter Antenna

Extensive research and development regarding integrated radio transceivers circuities

[90, 91, 92, 93, 94, 95, 96, 97] have been conducted up to present. A consensus suggesting

the integration of an electrically small antenna being the next milestone has been starting

to form. Astonishing amount of effort has been made in recent years to integrate a compact

antenna with the RF transceiver circuitry [98, 99, 100, 101, 102, 103, 104, 105, 106, 45,

107, 108]. Thus, antenna miniaturization becomes of even greater importance.

In this section, the Multi-element Monopole Antenna (MMA) is fully integrated into

an RF front-end transmitter module for in-door image transmission. The RF front-end

transmitter module is to be combined with a commercially-built component consisting of

a CMOS image processor (camera) and microprocessor unit. The purpose of the RF front-

end transmitter module is to effectively transmit the image signal with 2 MHz bandwidth to

a commercially-built base station unit connected to a personal computer. The advantages
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Figure 6.10: The measured far-field radiation patterns of the Small radio repeater antenna.
(a) x-y plane. (b) y-z plane. (c) z-x plane.

of vertical polarization for near-ground communication has been discussed in Chapter 4.

Consequently for optimum performance, on-board conventional antennas shown in Fig-

ure 6.13 are typically oriented vertically on the wireless platform. The low-profile MMA is

advantageous in designing an integrated, planar-type RF front-end transmitter as depicted

in Figure 6.14.

The four-arm MMA topology introduced in Chapter 5 is redesigned into a two-layer
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Figure 6.11: The measured far-field radiation patterns of the Small radio repeater antenna
integrated with the channel isolator. (a) x-y plane. (b) y-z plane. (c) z-x plane.

topology operating at 2.45 GHz. The two layer antenna topology is then vertically stacked

on a two-layer RF front-end transmitter circuitry, forming a four-layer Integrated transmit-

ter module as shown in Figure 6.15. The electrical connection between the antenna and the

RF front-end transmitter circuitry is established using Plated Vias. Clearances are created

around the RF and DC ground plane to prevent short-circuiting the antenna feed connected
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Figure 6.12: The fabricated Small radio repeater antenna.

to the nRF2401A Transceiver chip by Nordic Semiconductor. Installation of Blind Vias

are difficult and costly for conventional Printed circuited board (PCB) fabrication technol-

ogy. Consequently, the antenna design in Layer 1 is shifted to avoid direct contact with

the Plated Vias that connects the RF and DC ground plane as shown in Figure 6.16. This

results in an increased lateral dimension of the Integrated transmitter module. However, the

fabrication procedure is kept simple and low-cost. The physical parameters of the antenna

is optimized through full wave simulations of the Integrated transmitter module. The final-

ized antenna design is shown in Figure 6.17. The input impedance matching is achieved

when lp and lq are 1.6 mm and 1.1 mm respectively.

6.3.2 Fabrication and Measurement of the Integrated Transmitter An-

tenna

The Integrated transmitter module antenna topology and the RF ground plane are printed

on the top and bottom layer of a 1.58 mm thick (hb) Rogers5880 with dielectric constant
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of εb = 2.2, and loss tangent of tanδb = 0.0009 respectively. The RF-front end circuitry

and the DC ground plane are printed on two sides of a 0.5 mm thick FR4 substrate with

dielectric constant of εc = 4.4, and loss tangent of tanδc = 0.02 respectively. The fabri-

cated Integrated transmitter module can be seen in Figure 6.18. To verify the performance

of the designed antenna, the antenna is fabricated on a Rogers5880 substrate with identical

properties and the input reflection coefficient and far-field radiation patterns are measured.

The measured input reflection coefficient in Figure 6.19 indicates good agreement with the

simulation result. Therefore, comparable levels of accuracy can be expected for the Inte-

grated transmitter module. The measured radiation patterns of the antenna are presented in

Figure 6.20. The antenna is observed to feature an omnidirectional pattern in the H-Plane.

The relatively high levels cross polarizations can be attributed to the small lateral antenna

dimension of less than λ/8 × λ/8. The cross polarization levels is expected to decrease

for the Integrated transmitter module once the feed network cable is removed as discussed

in Section 6.1. The gain is measured using a standard double-ridged horn antenna. The

maximum gain in the H-plane is measured to be -3.4 dBi. Photograph of the Integrated

transmitter module combined with commercially-built CMOS image sensor and micro-

processor units is presented in Figure 6.21. The image transmitted from the Integrated

transmitter module is shown in Figure 6.22.

6.4 Summary

In this chapter, the performance and advantages of the Multi-element Monopole An-

tenna (MMA) is demonstrated in two separate application scenarios. The MMA is re-

designed to be monolithic and to scaled to operate at 2.45GHz. Parametric studies are

performed to establish design guidelines for maximum performance with minimum an-

tenna dimension. The redesigned MMA for both applications are a fraction of wavelength

in physical dimension and exhibits sufficient performances for the predetermined wireless
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link budgets. It should be noted that the technical benefits of using the MMA is maximized

as the frequency of operation decreases beyond the vicinity of UH, VH frequency bands.

This is due to that fact that the advantages of vertical polarization generally tends be more

definitive as the operating frequency decreases.

106



Figure 6.13: Conventional RF-front end transmitter with on-board antenna.

107



Figure 6.14: Comparison of (a) conventional RF front-end transmitter with on-board an-
tenna and the proposed (b) Integrated transmitter module.

Figure 6.15: The four-layer topology (side view) of the Integrated transmitter module.
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Figure 6.16: 3D view of the four-layer topology of the Integrated transmitter module.

Figure 6.17: Topology of the Integrated transmitter antenna.
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Figure 6.18: The fabricated Integrated transmitter antenna.

Figure 6.19: The measured and simulated input reflection coefficients of the Integrated
transmitter antenna.
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Figure 6.20: The measured far-field radiation patterns of the Integrated transmitter antenna.
(a) E-Plane. (b) H-Plane.
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Figure 6.21: RF front-end transmitters combined with commercially-built (CMOS image
sensor, microprocessor) units. (a) Commercial RF front-end transmitter with
on-board antenna. (b) Fabricated Integrated transmitted module.

Figure 6.22: The image transmitted from the Integrated transmitter module can be observed
from the screen of the computer.
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CHAPTER 7

Frequency Reconfigurable Miniaturized Antenna

7.1 Introduction

A series of bandwidth enhancement techniques for electrically small resonant type an-

tenna have been discussed in previous chapters of this dissertation. The aforementioned

approaches have been based on additional modification of the impedance matching net-

work or antenna topology. Bandwidths of each antennas have been intrinsically linked to

the antenna topologies. In this chapter, a frequency reconfigurable antenna using active

diodes is introduced.

At present, spectrum allocations vary based on the geographical region. For instance,

a regular single-band cellular mobile phone used in Asia will most likely fail to perform

adequately without additional expense in North America due to different frequency band

allocations for cellular service by the local government. To mitigate this limitation, antenna

engineers have commonly been designing tri-band, quad-band antennas to cover majority

of the cellular mobile spectrum around the globe. While this approach has been largely

effective particulary in the cellular service market, for many other application scenarios

such as RFID, the antennas potentially carry the risk of cross-talk and signal interference

with other wireless communication devices that operate in the adjacent frequency band.

The current U.S. radio spectrum allocation chart is shown in Figure 7.1.
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Figure 7.1: The US radio spectrum allocation chart.

RFID systems fall into two categories, passive and active, depending on their source of

electrical power. Passive RFID tags receive power from the signal of a RFID reader through

inductive coupling and therefore are limited to short ranges comparable to the size of the

antenna. Active RFID tags contain both the radio transceiver and source of power. These

systems use radiative coupling and therefore have higher read range and do not require line-

of-sight access. Due to their on-board power source, active RFID tags operate at microwave

frequencies - commonly near 430 MHz, 900 MHz, and 2.45 GHz worldwide. Research

and development of antennas for RFID application has been extensively studied by various

authors [109, 13, 110]. Since RFID technologies are widely used in the ISM (Industrial,

Scientific, Medical) band, frequency allocation and interference with other signals become

an important issue. In addition, spectral allocation by governments varies from one country

to another. This can result in the RFID device being limited to operate within a certain

region. In addition, operating frequencies affect the radiation characteristics of resulting

radiated fields. For locating large objects, low frequencies such as 433 MHz are more

applicable to avoid obstacle blockage, whereas higher frequencies can be used when a
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clear line-of-sight is assured. Therefore, a multifunctional antenna capable of operating

at all major frequencies used for RFID technology can alleviate and compensate the short

comings that a single band antenna will experience. Recently, reconfigurable antennas with

various electronic tuning capabilities have been extensively studied [111, 112, 113]. Since

typical dimensions of antennas for RFID devices operating at 900 MHz range from 10 cm

to 30 cm, size reduction of the antenna can enable the RFID system to be more mobile

and versatile. A number of studies has shown the dimension of the antenna can be reduced

through capacitive loading using PIN diodes or varactors [114, 115].

This chapter presents a compact multifunctional antenna operating at three separate

frequency bands capable for worldwide active RFID usage. Frequency reconfigurability is

achieved without any additional modification to the antenna topology. In what follows, the

antenna design process is first described and the measurement results are later presented

and discussed.

7.2 Design of the Tri-band Reconfigurable Antenna

The key function requirements are first established for active RFID application sce-

nario. First, the antenna must be capable of operating at designated active RFID frequency

bands worldwide. The frequency tuning range of the antenna is determined for each three

frequency bands (430 MHz to 460 MHz, 800 MHz to 840 MHz and 2.4 GHz to 2.6 GHz).

Selection of the frequency band is made utilizing a multi-switch diplexer which will ulti-

mately be controlled via digital interface. Second, the total real estate of the antenna must

be minimum for effective integration to the system platform. The system topology of the

active RFID is presented in Figure 7.2.

Three sub-level antennas are designed on a 50 mm × 50 mm ground plane. λ/4 slot

antenna topology is used for all sub-level antennas due to its omni-directional behavior,

ease of miniaturization, and planar geometry. A λ/4 slot antenna at first resonance can
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Figure 7.2: System configuration of the active RFID system

be considered a transmission line of equivalent length. Loading the structure with shunt

capacitor increases the line capacitance and results in decrease of resonant frequency of the

transmission line. The line capacitance can be tuned electronically using a varactor diode to

achieve reconfigurability through modulation of the DC bias voltage. For the sub-antenna

design for the 430 MHz and 800 MHz band, the lumped capacitor is replaced with a SMT

MTV4030 varactor diode from MicroMetrics. The capacitance of the varactor ranges from

1.36 pF to 0.32 pF as the bias voltage increases from 0 V to 30 V. The performance graph

of the varactor is presented in Figure 7.3. The placement of the varactor is determined by a

series of full wave simulation based on method of moments [34] to achieve accurate tuning

ability throughout the frequency bands. The final location of the varactors are optimized so

that maximum frequency tuning ranges can be achieved with relatively low voltage levels

at both frequency bands. This enables the antenna to be ultimately powered by small, light-

weighted batteries, increasing its portability and mobility. The schematic of the proposed

Tri-band antenna is shown in Figure 7.4. The 400 MHz and the 860 MHz sub-level antennas

are located in the lower and mid portion of Figure 7.4 (a) respectively. The antennas are

fed with open-stub microstrip lines with an impedance of 50Ω. Impedance matching is

achieved by adjusting the location (lp1, lp2, lp3) of the microstrip feed and the length of the

open-circuit stub (lm1, lm2, lm3) to compensate the reactance of the feed. Biasing networks
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for both sub-level antennas consist of DC feed lines for RF-DC isolation. The biasing

network is shown in Figure 7.4 (c). The physical design parameters of the antenna is

presented in Table 7.1.

ls1 ls2 w1 ls3 w2
42.6 27 2 28 2
ls4 w3 lp1 lm1 lp2
33 2 14.8 22 30
lm2 lp3 lm3 lv1 lv2

10.2 5.6 1.9 9.8 10.0

Table 7.1: Design parameters of the Tri-band reconfigurable antenna (mm ).

Figure 7.3: Capacitance vs. DC bias voltage of the MTV4030 varactor

Due to its relatively high operating frequency and therefore, less need for miniatur-

ization, the 2.4 GHz sub-level antenna is designed without additional capacitive loading

technique. A λ/4 notch antenna topology is adopted for the 2.4 GHz sub-level antenna, as

shown in the upper portion of Figure 7.4 (a). The antenna is matched to a line impedance

of 50Ω by choosing the appropriate location (Lp1, Lp2, Lp3) and length of the stub (Lm1,
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Lm2, Lm3). As discussed in previous chapters of this dissertation, two separate resonance

behaviors can be achieved through optimizing the microstrip feed. The first resonance is

the principle resonance which is inversely proportional to the length of the antenna. The

second resonance occurs when the electric field along the slot is manipulated by the mi-

crostrip feed from the edge of the slot antenna. The electric field of the slot excited by the

return current on the ground plane of the microstrip line is canceled out by the tangential

component of the electric field created by the microstrip line, introducing a fictitious short

circuit with a resonant frequency slight higher than the first resonance. By adjusting the

location of the microstrip feed, a dual-band or wideband behavior is achieved.
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Figure 7.4: Topology of the Tri-band reconfigurable antenna. (a) Topology of the sub-level
antennas. (b) Topology of the microstrip and DC bias feed lines. (c) The biasing
network.
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7.3 Measurement and Discussion of the Tri-band Recon-

figurable Antenna

The Tri-band reconfigurable antenna is simulated using IE3D and fabricated on a 0.5 mm

thick RO4003 substrate from Rogers Corp with a dielectric constant of εra = 3.4, loss tan-

gent of tanδa = 0.0027. The input reflection coefficients S11 are measured across all fre-

quency bands and the results are shown in Figure 7.5, Figure 7.6, Figure 7.7 respectively. it

can be seen from their respective figures that the 400 MHz and 860 MHZ sub-level anten-

nas are well matched throughout the frequency tuning range of more than 40 MHz and 140

MHz, respectively. The DC voltage ranges remain relatively small with the maximum range

being less then 4 V. However it should be noted that when the DC bias voltage exceeds 4

V, the resonant frequency begins to saturate and ultimately features very limited frequency

tuning capabilities. The 2.4 GHz sub-level antenna is also well matched, displaying more

than 8% 2:1 VSWR bandwidth from 2.4 GHz to 2.6 GHz

Figure 7.5: Measured input reflection coefficient of the Tri-band reconfigurable antenna at
400 MHz band.
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Figure 7.6: Measured input reflection coefficient of the Tri-band reconfigurable antenna at
860 MHz band.

The DC-RF isolations are measured to be less than 20 dB as shown in Figure 7.8.

The electric current distributions of the simulated antenna during excitation (radiation) of

each sub-level antennas can be seen in Figure 7.9. The simulations indicate the undesired

electromagnetic couplings of adjacent sub-level antennas are limited. The RF isolation

levels are shown in Figure 7.10.

The far field co-polarized and cross-polarized radiation patterns of these antennas are

measured in the E- and H-planes inside the anechoic chamber of the University of Michi-

gan. A log-periodic antenna was used as the reference antenna for the Tri-band sub-level

antennas at 400 MHz and 860 MHz band whereas a double ridged horn antenna was used

as the reference antenna for the 2.4 GHz band. The measured radiation patterns at each

frequency band are presented in Figure 7.11, Figure 7.12 and Figure 7.13. The radiation

pattern is observed to remain consistent as the bias DC voltage changes for both 400 MHz

and 860 MHz band. The cross polarization levels are relatively small throughout the fre-

quency bands. Cross polarizations are mostly attributed to the close proximity of SMA
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Figure 7.7: Measured input reflection coefficient of the Tri-band reconfigurable antenna at
2.4 GHz band.

connectors and cables to the antenna. When the ground plane is small compared to the

wavelength, the radiated fields are capable of inducing significant currents on the feeding

cables which re-radiates. In addition, the contribution of the anechoic chamber gives rise

to cross polarizations at the low 400 MHz band. It can be noted that ripples are observed in

the E-plane radiation pattern in Figure 7.12, which is unusual for electrically small anten-

nas. Finite ground plane size contributes to increased levels of edge diffraction introducing

ripples in the measured pattern as a result of diffracted energy. In addition, it is discovered

that close proximity of the connectors to the open-circuit edge of the λ/4 slot antenna at-

tributes to increased pattern distortion. Basically, the open-circuit boundary at the edge of

the slot antenna results in maximum voltage, inducing the currents on the connectors and

cable and ultimately distorting the far field radiation pattern. Rearranging the antennas and

the connector feeds can significantly reduce the induction and improve the radiation pattern

results for future designs. The fabricated Tri-band reconfigurable antenna can be seen in

Figure 7.14.
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Figure 7.8: Measured RF-DC port isolations of the Tri-band reconfigurable antenna.

The gain of the antennas are also measured and presented in Table 7.2 and Table 7.3.

The relatively lower gain at 400 MHz and 860 MHz bands are results of a number of factors.

The relatively small electrical dimensions of each sub-level antennas are further reduced

as a result of capacitive loadings. Naturally, gain is further reduced. In addition, the finite

ground plane size compared to the wavelength results in significant back radiation. Finally,

strong edge currents on the boundary of small ground planes cause increased ohmic losses.

However when the designed antenna is implemented on the active RFID system platform,

degradations of radiation patterns and gain are expected to be reduced since the platform

can be regarded as an electrically large ground plane.

Frequency DC Voltage Gain Frequency DC Voltage Gain
415 MHz 0 V -1.7 dBi 800.5 MHz 0 V 0.6 dBi
425 MHz 0.6 V -1.7 dBi 865 MHz 0.6 V 0.43 dBi
445 MHz 1.8 V -1.4 dBi 895 MHz 1.8 V 0.75 dBi
460 MHz 3.3 V -1.5 dBi 930 MHz 3.0 V 0.33 dBi

Table 7.2: Measured gain of the Tri-band reconfigurable antenna.
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Figure 7.9: Electric current distribution of the antenna at each frequency band.

Figure 7.10: Measured RF-RF port isolations of the Tri-band reconfigurable antenna.

7.4 Summary

This chapter describes an electrically small Tri-band reconfigurable antenna. The an-

tenna employs two different approaches for bandwidth enhancement and frequency tuning

capabilities. Given the frequencies of operation of the proposed antenna, the antenna is ca-

pable of being used as worldwide active RFID application scenarios. The proposed antenna

features simple frequency tuning interface, high port-to-port isolations and sufficient gain.
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Frequency (GHz) 2.45 2.51 2.58
Gain (dBi) 1.1 1.2 1.5

Table 7.3: Measured gain of the Tri-band reconfigurable antenna.

The radiation performance of the antenna is dependent on the ground plane dimension.

Therefore performance improvements can be expected after final paste-on type integration

with the active RFID system.

Figure 7.11: Measured E- (top) and H- (bottom) Planes of the Tri-band reconfigurable an-
tenna at 400 MHz band.
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Figure 7.12: Measured E- (top) and H- (bottom) Planes of the Tri-band reconfigurable an-
tenna at 860 MHz band.

Figure 7.13: Measured E- (left) and H- (right) Planes of the Tri-band reconfigurable an-
tenna at 2.4 GHz band. Solid line: Co-pol. Dotted line: Cross-pol.
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Figure 7.14: The fabricated Tri-band reconfigurable antenna. Top view (top). Bottom View
(bottom).
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CHAPTER 8

Conclusion and Future Work

8.1 Conclusion

Efforts to reduce the physical dimension of an antenna has been vigorously studied

for many decades. Through the collection of such efforts, the effects of size reduction

on the performance of an antenna are fairly well understood matters in present day. The

fundamental limitations established by Wheeler and Chu have been referenced as theo-

retical guidelines in acquiring smaller antenna size at the expense of radiation resistance,

antenna Q (bandwidth) and polarization [116, 17]. However, it should be noted that the

fundamental limitation applies only to fundamental antennas - a resonant antenna that has

been discussed in Chapter 1. Therefore while performance degradation is inevitable using

contemporary materials as the resonant antenna volume becomes smaller, it is still possible

to overcome this restriction by taking a different route. Various techniques including the

utilization of mutual coupling effects of parasitic elements, integration of transistors and

capacitive and inductive loading methods are now employed to mitigate and curb the in-

verse relationship between antenna volume and performance. Using these techniques, an

electrically small resonant antenna is modified to exhibit multiple resonances and enhanced

bandwidths. Artificial materials are developed to reduce material loss as antenna dimen-

sions become smaller. Surface mount components such as diodes and transistors are also
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used to control polarizations.

This dissertation continues the path of designing fully integrated, electrically small

antennas in a controlled manner. Antenna miniaturization techniques and topologies are

applied in such a manner to preserve the behavior and radiation characteristics of the

originally-sized antenna. The contributions of this dissertation includes:

• A method to reduce the dimension of a cavity-backed slot antenna is synthesized. For

a simple straight slot antenna, this technique can reduce the overall occupied volume

of the modified cavity backing the slot antenna by more than 65% without effecting

the high radiation efficiency of the antenna. This facilitates proper fabrication and

integration of miniaturized slot antennas on multi-layer substrates.

• A platform-integrated low-profile antenna with high isolation levels to its environ-

ment is reported. Through this approach, complex package-level designs and simu-

lations can be greatly simplified as the antenna exhibits similar behavior when inte-

grated as it does in open-space. The method enables the realization of unidirectional

cavity-backed slot antennas with heights less than λ/100, minimizing surface intru-

sion or protrusion for platform antenna implementations.

• An infinitesimal electric dipole radiating vertical polarization with less than λ/100

height is realized. The theoretical equivalence relation between a short electric dipole

and a magnetic loop at resonance is valid under the following preconditions: 1) The

existence of uniform in-phase magnetic current, 2) Impedance matching to the low

radiation resistance of the magnetic loop. This dissertation is the first to satisfy both

requirements to the best of my knowledge.

• An omnidirectional antenna with height less than λ/80 featuring vertical polarization

perpendicular to the horizontal plane is fully integrated with the wireless communi-

cation platform in a number of scenarios. Performance and measurements of the
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wireless communication devices verifies the advantages of the discussed techniques

and topologies.

The introduced techniques and approaches can be applied separately or in conjunc-

tion with other techniques to design small, integrated antenna for wireless communication

systems. Theses methods may be more advantageous especially at lower frequencies for

applications such as near-ground terrestrial communication, polarimetric synthetic aperture

radar, and radio frequency identification.

8.2 Future Work

8.2.1 Platform-embedded Slot Array

Figure 8.1: Possible application for the platform-embedded slot array as polarimetric syn-
thetic aperture radar antenna.
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Further investigation regarding transformation of single element platform-embedded

slot antenna topologies discussed in Chapter 2-3 into multi-element platform-embedded

slot array is a promising task. The advantages of the proposed platform-embedded slot

array would be twofold: 1) The near-flat profile of the array can be flush-mounted or

surface-mounted with minimum modification of the platform, 2) The small physical di-

mensions of the platform-embedded slot antenna topologies can be implemented with very

close inter-element spacings and limited mutual coupling effects. Thus, undesired grating

lobes can be avoided while featuring very small array dimension. A potential application

for the proposed array is visualized in Figure 8.1. By employing Ultrasonic consolidation

process, it will be interesting to study conformal topologies that can be integrated with

curved platforms.

8.2.2 Integrated Antenna using Multi-layer Packaging Technology

The miniaturized antennas radiating vertical polarized waves with respect to the hor-

izontal plane can be adapted in conjunction with multi-layer packaging technology for

system-in-package (SiP) solutions. Traditional microelectronic packaging technology in-

volves numerous components connected via interconnected boards, often resulting in in-

creased volume, weight and complexity. In addition, the interconnects can potentially in-

troduce stray capacitance and stray inductance, which can severely effect the performance

of an antenna. Comparatively, organic-based SiP solutions such as liquid crystal polymer

(LCP) or low-temperature co-fired ceramics (LTCC) have attractive electrical character-

istics, reduced number of interconnects and increased density, making compact vertical

integration feasible. However, the relatively high dielectric constant of ceramic introduces

unwanted surface waves and substrate modes within the ceramic package. Such adverse

effects can degrade the behavior of the integrated antenna. Therefore, it will be useful to

further investigate methods of integrating the miniaturized antennas topologies with 3D

embedded wireless communication modules as depicted in Figure 8.2.
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Figure 8.2: Topology of the Integrated transceiver module.

8.2.3 Parasitic Platform Antenna

Electromagnetic resonance is induced through the creation of standing waves over an

aperture. It is well known for small antennas implemented on electrically small platforms,

that the platform significantly contributes to the far-field radiation. The benefits of de-

signing a small antenna element that parasitically couples energy into the platform in a

controlled manner would be aplenty. First, high levels of displacement current will be ex-

cited on the platform, creating various standing waves. Hence, numerous electromagnetic

resonances are induced and radiation resistance and bandwidth are increased. Second, by

creating an array of these elements, the entire platform can be utilized as an efficient radi-

ating element at the frequency of choice. If successful, such approach will have a profound

effect on contemporary antenna theory.
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Appendix A

Layouts of the Integrated Transmitter Module

The designed layouts of the RF front-end Integrated transmitter module discussed in

Chapter 6 are provided as follows.

Figure A.1: The redesigned RF front-end transmitter circuitry (Layer 4).
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Figure A.2: The redesigned DC ground plane (Layer 3).

Figure A.3: The RF ground plane (Layer 2).
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Figure A.4: The Integrated transmitter antenna layer (Layer 1).
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