CHAPTER ONE
|

Compact Multifunctional
Antennas in Microwave
Wireless Systems

1.1 INTRODUCTION

The mission of a communication system is to get messages delivered with min-
imum distortion. Messages such as voices, pictures, and movies are a series of
natural signals over time, operating at frequencies ranging from a few to hun-
dreds of kilohertz. Figure 1.1 shows the signal flows in a communication system.
There are two types of communication systems: wired and wireless. Examples of
wired systems are telephony and optical systems in which cables and fibers are
deployed for transmitting signals, respectively. The telephone, patented by Alexan-
der Graham Bell in 1876 [1], was the earliest available communication gadget
that enabled the conversion of vocal messages into electronic signals. In 1966,
Charles Kao [2] showed that a glass strand is able to be made into a signal-
transmitting medium. Since then, tens of thousands of miles of optical fibers have
been laid to carry information on land and across the oceans. The rapid advance-
ment of optical technologies makes possible the transmission of signals in bulk
using light, and it has led to a surge of internet technologies since the last cen-
tury. However, the major drawback of wired communications is that it does not
allow user mobility. Geographical features and human-made constructions can also
pose a hindrance for laying out long wires or cables. As early as 1900, it was
shown by Guglielmo Marconi that an electromagnetic wave is able to carry signals
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FIGURE 1.1 Signal flows in a communication system.

through air and free space. Since then, numerous analog and digital wireless
communication systems have been developed. Figure 1.2 shows a typical analog
wireless system, which has many functional blocks performing complex opera-
tions such as reception, transmission, modulation, and demodulation. As can be
seen from the figure, the transmitting path consists basically of a modulator and a
radio-frequency (RF) transmitter, while the receiving path has a demodulator and
an RF receiver. In an analog wireless system all the signals are continuous. As
shown in Fig. 1.3, the system can easily be made digital by incorporating analog-
to-digital and digital-to-analog converters. In modern digital wireless systems, the
modulation, demodulation, coding, and decoding processes can be performed eas-
ily by superfast microprocessors and digital signal processors. An advantage of
digital signal is that many powerful coding schemes, such as the Viterbi, Trellis,
and Turbo codes, can easily be imposed on the signal sequence (in “0” or “1”)
to enhance its robustness against noise [3]. The coding process is usually accom-
plished by connecting an encoder to the transmitting path and a decoder to the
receiving path simultaneously. The encoder can be a circuit, a software program,
or firmware (an algorithm burned into programmable hardware) that converts the
source bits to channel bits. On the other end, a decoder is employed to retrieve
the original message from the channel bits received. Various security features can
also be added during the encoding—decoding process. As the encoder and decoder
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FIGURE 1.2 Typical analog wireless communication system.
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FIGURE 1.3 Typical digital wireless communication system.

do not change the fundamental frequencies of a message signal, they are usually
called baseband modules.

Modulation is a process of transforming the spectrum of the baseband signal to
a higher frequency, called the intermediate frequency (IF). It can be used to opti-
mize bandwidth usage and enhance the signal quality during transmission. Before
transmission, the signal is moved to an even higher frequency in the RF transmitter
and then sent through the channel. At the receiver, after the step down from RF,
a demodulator is used to retrieve the message from the IF signal received. Both
the modulator and demodulator usually work at a frequency ranging from several
kilohertz to hundreds of megahertz, which is the IF range. In this frequency range,
circuits and systems can be designed simply using lumped components without
involving transmission-line techniques. It can be seen from Figs. 1.2 and 1.3 that
modulation and demodulation can be performed either in analog or digital form.
Some of the famous analog modulation schemes are amplitude modulation (AM),
frequency modulation (FM), and phase modulation (PM). Today, these schemes are
still being used by many commercial radio stations. As can be seen from Fig. 1.3,
the digital modulator and demodulator are used in the baseband and IF modules of
a digital wireless system. Digital modulation schemes such as ASK (amplitude shift
keying), PSK (phase shift keying), FSK (frequency shift keying), GMSK (Gaussian
minimum shift keying), and OFDM (orthogonal frequency-division multiplexing)
are among the popular choices in contemporary digital wireless systems.

With reference to Figs. 1.2 and 1.3, for both the analog and digital wireless
communication systems, the output signals of the transmitters are always con-
tinuous with frequencies in the RF, microwave (WW), or millimeter-wave (mW)
ranges. This is because antennas can be used to convert the signals in these fre-
quency ranges into electromagnetic (EM) waves for propagation in air, which is
a common channel medium for wireless communications. After traveling for a
long distance in the channel (either air or free space), an EM wave arrives at
the receiving antenna of an RF receiver. The weak and noisy signal received
is finally demodulated and decoded so that the original message signal can be
retrieved. The RF transmitter and receiver are generally called the RF front end,
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as they work at the RF/uW/mW frequency ranges, starting from several hundred
megahertz up to tens of gigahertz. Since there are many wireless signals in air,
proper allocation of the frequency spectrum is needed to avoid any chaos. To
this end, wireless communication protocols such as BT (Bluetooth), DECT (digital
enhanced cordless communication telecommunication), GSM (global system for
mobile communication), GPRS (global packet radio service), IMT-A (international
mobile telecommunications—advanced), UMTS (universal mobile telecommunica-
tions system), WiBro (wireless broadband), WiMax (worldwide interoperability
for microwave access), and WLAN (wireless local area network) use different
parts of the frequency spectrum. The spectrum allocation charts for some commer-
cial mobile and satellite communication systems are given in Tables 1.1 and 1.2,
respectively. The same spectrum can also be used simultaneously by many users
by applying additional schemes, such as TDMA (time-division multiple access)
and CDMA (code-division multiple access).

In this book we discuss only RF transmitters and receivers. The architecture of a
typical one-stage unilateral RF transmitter is shown in Fig. 1.4(a). By incorporating
a local oscillator (LO), the UP mixer can scale up the frequency of an IF signal. The
role of the local oscillator is to impose an RF signal, usually called a carrier, onto
the IF signal. Then a power amplifier is deployed for boosting the signal strength
for transmission over a greater distance. With reference to Fig. 1.4(a), bandpass
(image) filter has been used to remove the unwanted image signals generated by

TABLE 1.1 Frequency Bands (MHz) Allocated for Some Popular Mobile
Communication Systems

Modulation Scheme Uplink Downlink
GSM-850 824-849 869-894
GSM-900 890-915 935-960
GSM-1800 1710-1785 1805-1880
GSM-1900 1850-1910 1930-1990
UMTS 1885-2025 2110-2200
WiMax 2300-2500 and 3400-3500
WiBro 2300-2400

WLAN, Bluetooth 2400-2480

TABLE 1.2 Frequency Bands (GHz) Allocated for Satellite Communications

Band Uplink Downlink Users

C 5.925-4.425 3.7-4.2 Commercial
X 7.9-8.4 7.9-8.4 Military

Ku 14.0-14.5 11.7-21.2 Commercial
Ka 27.5-30.5 17.7-21.2 Military

Q 43.5-45.5 20.2-21.32 Military
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FIGURE 1.4 (a) Unilateral RF transmitter; (b) unilateral RF receiver.

the UP mixer. Finally, through the use of a transmitting antenna, the RF signal is
channeled into the air. At the unilateral RF receiver shown in Fig. 1.4(b), bandpass
filter is used to remove the unwanted signals and noise picked up by the RF signal
from the channel medium. A low-noise amplifier (LNA) is then inserted to magnify
the signal received, which is usually weak and noisy after traveling a long distance
in the channel. Finally, a local carrier signal is used to down-convert the RF signal
back to IF so that it can be processed by other modules. Multiple stages can easily
be cascaded to achieve better performances. For a modern wireless system, the RF
front ends are required to be low loss, low cost, light weight, high performance,
power efficient, and small in size.

In modern wireless communication systems, the RF transmitter and receiver
are often combined with a modulator and demodulator to form a single-module
transceiver. The architecture of a typical bilateral transceiver [4] is shown in
Fig. 1.5. Except for the antenna, all the components in a transceiver can be made
easily on a single silicon chip. As a result, the antenna is usually the bulkiest
component in a transceiver. It is always very desirable to have as few antennas
as possible in a wireless communication system. With reference to Fig. 1.5, a
switch has been employed so that an antenna can be shared by the transmitter and
receiver. The preset filter here is a bandpass filter for removing channel noise. With
reference to the figure, the RF modulator and demodulator here are implemented
by incorporating an UP/DOWN mixer with a voltage-controlled oscillator (VCO)
and a synthesizer. The two bandpass filters are to remove the unwanted frequency
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FIGURE 1.6 Block diagram of a commercial RF transceiver module. [5]

components. Figure 1.6 shows the functional blocks of a contemporary commercial
RF transceiver [5], which is implemented using the ASK modulation scheme. The
architecture is very close to that shown in Fig. 1.5. Despite the rapid advancement
of semiconductor technologies, for some special applications, many components in
the RF front end still remain discrete in order to achieve a high quality factor [6].
Usually, microwave components such as antennas, filters, and couplers are among
the bulky components which are difficult to miniaturize, as they may involve the
use of various microwave resonators.

1.2 MICROWAVE COMPONENTS IN WIRELESS SYSTEMS

There are two types of microwave components in the RF front end of a wireless
system: active and passive. Active elements such as amplifiers, switches, oscillators,
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TABLE 1.3  Features of the Microwave Components That Are Made by ICs and EM
Structures

Integrated Circuits EM Structures
Circuit size Very small (<1 mm?) [8,9] Large (~cm?, depending on
operating frequency)
Q factor Low (<10) [10] Very high (>100)
Costs More expensive Less expensive
Fabrication process ~ Complex Easy

and mixers, made by employing semiconductor integrated circuit (IC) technolo-
gies, are necessary for performing power amplification and conversion. Nonlinear
devices such as bipolar-junction transistors (BJTs), complementary metal—oxide
semiconductors (CMOSs), and other transistors are commonly used to build these
active circuits on various semiconductor materials, such as silicon, germanium,
or gallium arsenide (GaAs). Nowadays, passive components such as capacitors
and inductors can be easily fabricated on semiconductor substrate. For example, a
capacitor can be made very compact by making use of the gate—substrate capaci-
tance of a transistor. However, an inductor always occupies a large chip area, as it
requires metallic coils to produce sufficient magnetic field [7].

Recent rapid advancement of IC fabrication processes has enabled significant
size miniaturization in the RF front end. Baseband and IF modules such as encoders,
decoders, modulators, and demodulators, are usually fabricated on ICs. Neverthe-
less, passive elements such as filters, baluns, circulators, and antennas are still
difficult to miniaturize, as they are usually made on various wave-guiding res-
onators. Although some of these microwave components may possibly be designed
by cascading lumped capacitors and inductors on a chip, it is still not easy to obtain
a high Q factor, due to the lossy nature of semiconductor. As a result, they are
generally made on microwave resonators for squeezing up the Q factor, which is
essential for improving the frequency selectivity of the RF front end. A simple
comparison of the microwave components that are made by using ICs and EM
structures is shown in Table 1.3.

1.3 PLANAR AND NONPLANAR ANTENNAS IN COMPACT WIRELESS
SYSTEMS

An antenna is the only component in the RF front end that cannot be made sim-
ply by using lumped components, as it requires a certain physical mechanism to
enable efficient electromagnetic radiation. It is well known that acceleration and
deceleration in electron flows are essential for generating EM waves [11]. There are
many types of antennas. The most common antennas are electromagnetic radiators,
which can be made on either a resonator or a traveling-wave structure. A resonat-
ing antenna has standing waves formed in its resonator. Some simple examples of
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resonating antennas are the monopole, dipole, aperture, and microstrip patch. On
the other hand, traveling-wave antennas make use of the nonresonant voltages and
currents on transmission lines to produce EM radiation. Examples of such antennas
are the Beverage, Yagi—Uda, log-periodic, helix, dielectric rod, rhombic, spiral, and
horn antennas. Traveling-wave antennas can also be classified as either slow-wave
(surface-wave antennas) or fast-wave (leaky-wave antennas) antennas, according
to the wave velocity.

1.3.1 Performance Parameters

A transmitting antenna is a device that converts alternating current (ac) into an EM
wave for propagation in space. Therefore, a good antenna is not only required to
have good circuit performance but must also satisfy many stringent far-field require-
ments [11,12]. Here, we discuss briefly some of the important design parameters
for an antenna.

Antenna Bandwidth Figure 1.7 shows the equivalent circuit of an antenna (rep-
resented by its input impedance Z,,) and its interconnecting cable (with a char-
acteristic impedance Zy and propagation constant ) with a length of [.P; is the
total input power, Pj, is the power being transferred to the antenna, and P, is the
radiated power. The reflection coefficient at the antenna port is defined as

Lant — 2
T — (1.1)
Zam_ZO

which can easily be measured using a vector network analyzer. The power being
delivered to the antenna is

Po=(1—|Sul)P, (1.2)

With reference to Fig. 1.8, the antenna bandwidth is usually defined as the fre-
quency range where |Sj;| < —10 dB (VSWR = 2). This is also considered to be

T ]
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FIGURE 1.7 Equivalent circuit of an antenna connected to a cable.
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FIGURE 1.8 Definition of the antenna bandwidth for a radiator with (a) a single mode;
(b) multiple modes.

the operating frequency range of an antenna. As can be seen from the figure, f, (or
fris fras - -, frv for a multimode antenna) is the resonance frequency, fy is the
upper bound, and f7 is the lower bound of an antenna passband. For a single-mode
antenna with Af < 100%, shown in Fig. 1.8(a), either (1.3) or (1.4) can be used
to determine the antenna bandwidth Af, where the center frequency is defined as
Jo = (fu + fr)/2. However, (1.3) is not suitable for a multimode antenna, which
may have many resonant frequencies. The definition stated in (1.5) is another
common definition used in describing the antenna bandwidth of an ultrawideband
(UWB) antenna. For example, a wideband antenna covering 3.1 to 10.3 GHz has
a bandwidth of 3.3:1. It is always desirable to have a wide antenna bandwidth.

Af = U= 009 (1.3)

Ir
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Af::ﬁLZlﬁxlo@% (1.4)
fo

fu

2 1.5

7 (1.5)

The loss mechanism of an antenna is characterized by its unloaded quality factor
(Q.), which consists of radiation loss (Q,), ohmic loss (Q.), and dielectric loss
(Q4). It can be expressed as

1 1 1 1

e 1.6
0.~ 0 0 o s

For an EM-wave radiating element, Q, is the dominant factor for calculating Q,,. A
lower Q, implies a higher radiation power P,. As an antenna is always connected
to an external circuit, the loaded Q; factor is used more frequently. As can be seen
from (1.7), the Q can be calculated directly from f, and Af for a single-mode
antenna:

Jr

QLZAf

(1.7)

Antenna bandwidth (Af) is inversely proportional to the minimum quality factor
Omin factor of an antenna. It is stated by Chu’s criterion [13] that Qu;, is related
to the operating frequency (k,) and the radius (R) of a virtual sphere that encloses
the antenna by

1+ 3(k,R)>
(ko R)*[1 + (ko R)?]

Omin = (1.8)

Radiation Efficiency The radiation efficiency (e) is a figure of merit showing
how efficient energy is being converted from input power (P;,) to output radiation
(Py).Pyr is the dissipative loss. With reference to Fig. 1.9, e can be described by

e= P (1.9)
The total input power can be written as P, = P, + Pr. Assuming that the current
flowing into the antenna is [i,, the radiated and dissipated powers are defined as
P, = LR, and P; = Iiy R, respectively, where R, (radiation resistance) and Ry,
(loss resistance) are the virtual resistors representing the radiated and dissipated
powers. The values are then substituted into (1.9) to obtain

e — Pr _ IinRr _ Rr
Pr+PL Iin(Rr+RL) Rr+RL

(1.10)
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FIGURE 1.9 Radiated and dissipated powers of an antenna.

Radiation efficiency includes both conduction and dielectric losses, which are
usually not directly measurable. There are a number of methods for measuring
radiation efficiency, the simplest and most widely used technique being that pro-
posed by Wheeler in 1959, called the Wheeler cap method [14,15]. It is suitable
for both single- and multimode resonating antennas [16,17]. The radiation effi-
ciency of a small antenna can be estimated by calculating the power dissipated
by an antenna [18,19]. The antenna temperature has also been used to mea-
sure the radiation efficiency [20,21]. It was recently shown that this parameter
is also obtainable by discerning the time-domain response of an antenna to a short
pulse [22]. Various measurement methods have been compared by several authors
[23,24].

Radiation Pattern The radiation pattern describes a collective of electric (or
magnetic) field strengths at a fixed distance in the far field of an antenna. Figure 1.10
shows the electric far fields radiated by an illustrative antenna placed at the origin
of a spherical coordinate system (d,, dg, qu,). Since the antenna dimension is usually
much smaller than the far-field distance (R), it can conveniently be considered to
be a point source. For a simple antenna, the far-field distance is usually defined

FIGURE 1.10 Antenna placed at the origin of a spherical coordinate system.
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TABLE 1.4 Major Cut Planes in the Radiation Pattern of an Antenna

Co-polarized Field, Cross-Polarized Field,

(x,y,2) (r = Far Field, ¢, 0) E. Ecross
xz-plane (E-plane) ¢=0° Ee E¢
yz-plane (H -plane) ¢ =90° o Ey

as R > 2D?/xg, where D is the largest dimension of an antenna and g is the
operating wavelength in air. - .

According to the Poynting vector, only Ey and E4 components contribute to
wave propagation in the radial direction (k,). For a symmetrical radiation pattern,
the field can usually be described sufficiently by its components on the three major
cut planes (xy, xz, and yz). The plane that is parallel to the vector of the maxi-
mum electric field is defined as the E-plane. Similarly, the cut plane that contains
the maximum magnetic vector is called the H -plane. Consider an antenna that is
equivalent to a simple electric current (J) flowing in the x-direction, Table 1.4
shows the coordinate systems of its major cut planes, along with the corresponding
co- and cross-polarized fields.

For an antenna that has a symmetric radiation pattern with respect to the z-axis,
Fig. 1.11 depicts its radiation patterns at an arbitrary cut plane ¢ = ¢'. In the E-
plane (¢’ = 0°), the field components Eg and E are the co- and cross-polarized
fields, respectively. The same definition applies to the H -plane (¢/ =90°), with
Ey defined as the co-polarized field and Ej as the cross-polarized field. The defini-
tions of some of the key parameters for a radiation pattern are now discussed. With
reference to Fig. 1.11, the half-power beamwidih is the angular range in which
|Ecol® > 0.5|E | Tt is referred to simply as the 3-dB beamwidth. Antenna
gain is defined as the ratio of the co-polarized field to that of a hypothetical
isotropic radiator. The ratio between the co- and cross-polarized fields in a partic-
ular angular direction is called the cross-pole rejection. Higher rejection implies
purer field polarization. For a broadside antenna with the radiation pattern shown
in Fig. 1.11, the front-to-back (FB) ratio is defined as E¢o(0 = 0°)/Eco(6 = 180°),
where E.,(0 = 0°) is the co-polarized field in the boresight direction and Eq, (0 =
180°) is that for the back side. A high FB ratio is very desirable for a high-
gain antenna. All the aforementioned parameters vary with frequency. Directional
(broadside) and omnidirectional (end-fire) antennas are among the most popular EM
radiators. Directional antennas are deployed for communication systems where a
distant point-to-point connectivity is desired. On the other hand, an omnidirectional
antenna is used for communication in multiple directions, such as that for a hand
phone.

Polarization Antennas can generally be categorized as linear, circular, or ellip-
tical polarized antennas, based on the motion of the propagating electric field
with respect to time and space. Polarization matching between the transmitter and
the receiver is crucial for good signal reception. With reference to Fig. 1.12(a)
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FIGURE 1.11 Radiation pattern of an antenna at the azimuthal cut plane of ¢ = ¢'.

and 1.12(b), the plane wave propagating in the z-direction is called a linearly polar-
ized wave, as its electric field only sweeps at all times in the x (or y)-direction [12].
A circular polarized wave propagates in the z-direction with its electric field (E )
rotating circularly around the z-axis, as can be seen in Fig. 1.12(c). In this case,
E can be decomposed into two equal components, E; and E;. The ratio E,/E is
defined as the axial ratio (AR). A perfect circular polarization E, = 1= Ez implies that
AR =1 (or 0 dB) and the 3-dB AR bandwidth is defined as the frequency range
where AR < 3 dB. When E | # E, the trajectory of E is an ellipse, as shown in
Fig. 1.12(d). For both the circular and elliptical cases, an electric field in clockwise
motion is referred to as left-handed polarization and that in anticlockwise motion
as right-handed polarization.

An antenna is not a stand-alone device in wireless systems. The design of an
antenna is always coupled with the requirements of the entire system. It is always
desirable to have an antenna that is compact, aesthetic, low profile, and light
weight. Being low cost and easy to design and tune are also important design con-
siderations that have to be taken into account. As an antenna radiates, the operation
of other devices may get affected. Therefore, a good antenna must be compatible
with other electronic components; most important, it is not expected to disrupt
the normal operation of other systems. Mobile gadgets such as hand phones and
walkie-talkies are usually placed close to the human body. In these applications, the
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FIGURE 1.12 (a) Linear polarization in the x-direction; (b) linear polarization in the
y-direction; (c) left-handed (clockwise) circular polarization; (d) right-handed (anticlock-
wise) elliptical polarization.

antenna has to be designed carefully so that the body is not exposed to excessive
EM radiation. The Federal Communications Commission (FCC) requires that all
phones sold in the United States have an SAR (special absorption rate) < 1.6 W/kg
for 1 g of human tissue. In Europe, the CENELEC (European Committee for Elec-
trotechnical Standardization) sets the SAR limit as 2 W/kg averaged over 10 g of
tissue. In Table 1.5, the design specifications are given for a commercial microstrip
antenna. Circular polarization is commonly used by global positioning systems
(GPSs).

1.3.2 Planar Antennas

Planar antennas are EM radiators that are flat in shape or, at least, conform to a
curved surface. This feature enables easy integration with other surface-mounted
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TABLE 1.5 Design Specifications for a Commercial Microstrip Patch Antenna for
GPS Application

Minimum Typical Maximum Unit
Frequency 1570.42 1575.42 1580.42 MHz
Polarization — Right-handed — RHCP
Radiation efficiency — 65 — %
Maximum antenna gain — 4.8 — dBi
HPBW — 90 — degrees
Cross-pole rejection — 19 — dB
Axial ratio — — 3 dB
FB ratio — 25 — dB
VSWR — 1.3:1
Impedance (differential) — 50 — Q
Operating temperature —40 20 +85 °C
Overall dimensions 12x12x4 mm

Source: [25].

components. Microstrip patch antennas, slot antennas, planar inverted-F antennas
(PIFA), planar inverted-L antennas (PILA), chip dipoles and monopoles, and
suspended plate antennas (SPAs) are among the popular antennas used extensively
by wireless communication systems [13,26,27]. Figure 1.13 shows some planar
antennas.

(a)

FIGURE 1.13 Examples of planar antennas: (a) planar dipole array; (b) circular patch;
(c¢) microstrip patch array; (d) RFID.
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1.3.3 Nonplanar Antennas

Figure 1.14 shows some of common nonplanar antennas, which are usually three-
dimensional in structure [28]. Because of their bulkiness, such antennas are usually
installed external to the circuit part. In many cases, nonplanar antennas require the
use of reflectors, directors, impedance transformers, or multiple elements for better
antenna performance. Examples of nonplanar antennas are disk antennas, horns,
helixes, and reflector antennas.

FIGURE 1.13 (Continued)
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(d)
FIGURE 1.13 (Continued)

1.4 MULTIFUNCTIONAL ANTENNAS AND MICROWAVE CIRCUITS

A multifunctional antenna is an EM radiating element that provides additional
microwave functions. It is also known as an antenna-circuit module. Similarly, a
multifunctional microwave circuit is one that has multiple functions in one module
and is also called a circuit—circuit module.

FIGURE 1.14 Examples of nonplanar antennas: (a) helix antenna; (b) spiral antenna;
(c) loop antenna; (d) monopolar-type antenna.
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1.4.1 Active Antennas

An active integrated antenna (AIA), being multifunctional, is an EM radiating
element that provides at least one built-in function, such as amplification, equaliza-
tion, oscillation, mixing, modulation—demodulation, reconfiguration, and switching
[29,30]. These additional features are provided by incorporating an antenna with
active devices such as diodes, switches, and various transistors. Usually, AIAs are
designed without the use of matching circuits, and therefore they can be made
very compact. Active antennas have been explored extensively since the 1980s for

(b)

(c)
FIGURE 1.14 (Continued)
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(d)
FIGURE 1.14 (Continued)

applications in spatial power combining, beam steering, and retro-directive arrays
[29,31,32].

1.4.2 Passive Antennas

Passive integrated antennas and passive integrated circuits are very popular because
of a number of advantages, such as their low loss, low cost, and high com-
pactness. Nowadays, it is a trend to combine several microwave functions into
a single module for a compact footprint [33,34]. In recent years, new components
have been proposed, including the antenna filter [35], antenna circulator, antenna
package [36], and balun filter [37]. With the rapid advancement of packaging
technologies, new design concepts, such as antenna-on-package (AOP), system-
on-package (SOP), antenna-in-package (AiP), system-in-package (SiP), and low-
temperature co-fired (LTCC) have been put forward. These are discussed in detail in
Chapter 2.

1.5 MINIATURIZATION TECHNIQUES FOR MULTIFUNCTIONAL
ANTENNAS

Bundling several microwave functions into a single module is definitely a good
way to reduce circuit size and footprint. The following techniques have frequently
been used to miniaturize multifunctional antennas and microwave circuits:
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1. Sharing a single resonator. Different resonances can be excited in a single
resonator for designing different microwave components. Sometimes, a resonator
can be used simultaneously for several functions. In general, if two microwave
functions can be combined, it simply cuts down the circuit size by half. Jung and
Hwang [34] made a balun and a filter on a ring resonator. In [35], the TE(;5 and
HEM;| 5 modes of a single dielectric resonator (DR) are used simultaneously for a
dielectric resonator antenna and a dielectric resonator filter. It is also shown that a
hollow DR can be used as a packaging cover at the same time [36].

2. Combining multiple components. Combining the resonators of several
microwave devices into a single platform is a common technique used to
miniaturize circuits. The devices are usually squeezed into the two surfaces of a
substrate. In [37], a microstrip patch antenna and an open-ring filter are combined
so that they can share the same footprint. It was shown that a balun can be placed
on the substrate underside of a printed dipole [38] to form a compact RF module.

3. Applying multilayer technology. Modern packaging techniques enable easy
fabrication of various multilayer configurations. AOP, AiP, SOP, SiP, and LTCC are
among the popular technologies used for packing multiple microwave components
into multilayer packages [39,40]. In principle, the entire RF front end can be made
into different layers of a single package. For these configurations, antennas are
usually stacked on top of the packages to enable EM radiation.

4. Integrating into substrate. Recently, substrate integration technology has been
widely used in the design of both active and passive multifunctional modules in
the millimeter-wave range. In [41], a substrate integrated waveguide (SIW) cavity-
backed slot antenna oscillator is proposed. Using a half-mode SIW, Cheng et al.
[42] proposed a quadri-polarized frequency scanning antenna built by combining a
3-dB coupler and a leaky-wave antenna array.

5. Removing matching circuits. This technique is used frequently by amplifying
antennas [43]. On the receiver side, the active low-noise amplifying antenna
usually does not contain any input-matching circuit. On the transmitter side, a
power-amplifying antenna works without having an output-matching circuit [44].
Removal of part of the peripheral circuit helps to cut down the component size
and signal path.

6. Multitasking the microwave element. For the design of antenna oscillators,
the antenna can be used simultaneously as the resonator, load [45], and feedback
element [46] of an oscillator. Squeezing multiple tasks into a microwave element
can reduce the circuit size significantly.

1.6 DESIGN PROCESSES AND CONSIDERATIONS

Some topics pertaining to antenna—circuit modules have been covered by Gupta and
Hall [47]. Recently, the rapid advancement in computer-aided design (CAD) tools,
along with the availability of more powerful computers, has significantly shortened
the design cycle of multifunctional antennas and microwave circuits [48]. Designing
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a multifunctional component usually involves co-designing and co-optimizing
several microwave functions. Flow diagrams depicting the design processes are
shown in Fig. 1.15. CAD tools can be used in many ways to assist in the design
process. For an antenna—circuit module, the antenna and circuit are usually
designed separately, as they may require different modeling approaches. The
calculation of antenna far fields requires full-wave analysis, such as the moment
method (MoM), the finite integral technique (FIT), the finite-element method
(FEM), the time-domain finite-difference method (FDTD), geometric optics (GO),
physical optics (PO), and the uniform theory of diffraction (UTD). On the other
hand, circuit- and network-based methods, such as nodal analysis, the transmission
matrix, and harmonics balance, are frequently used to analyze both active and
passive circuits. Over the past two decades, much effort has been devoted to
developing various optimization algorithms for microwave applications. The
genetic algorithm [49,50], particle swarm [51,52], and neural network [53] are
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FIGURE 1.15 Design procedures of multifunctional integrated circuits: (a) antenna—circuit
module; (b) circuit—circuit module.
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among the popular optimization algorithms frequently incorporated with various
computational EM tools to expedit the optimization process. Recently, stochastic
methods [54,55] have also been explored for optimizing complex EM problems.

Despite the availability of many powerful CAD tools, combining antennas with
circuits still requires special care, as the joint simulation model can become very
large and complex. In computer modeling, there is always a trade-off between
completeness and accuracy. A complete full-wave model is good for accuracy, but
it requires many more computational resources and a longer simulation time. In
contrast, a simplified model is easily manageable by computers, but at the expense
of accuracy. To expedite the simulation time, it is also not uncommon to omit the
coupling effects of antenna-to-antenna and antenna-to-circuit connections. This can
again introduce errors in the computation.

1.7 DESIGN TOOLS AND SOFTWARE

Today, many CAD softwares, usually adorned with colorful and user-friendly
graphic user interfaces, are commercially available for modern RF and microwave
designs. They are commonly used to reduce the design-to-product time. In general,
there are two types of microwave CAD tools: network (or circuit)- and field-based.
An early software program was SPICE (simulation program with integrated-circuit
emphasis). In the 1970s, computerized design tools were less common, and most of
microwave design programs were encoded in computer programs or punch cards,
often owned by large IC manufacturers and customized only for certain transistors.
For example, SPEEDY was developed by Les Besser for Fairchild, and CAIN-01
was written by R. P. Coats for Texas Instruments. In 1973, Besser introduced the
first commercially available CAD software, called COMPACT (computer optimiza-
tion of microwave passive and active circuits), for designs of various microwave
circuits [56]. It was later converted into SuperCOMPACT and became an industrial
standard at that time.

Since then, a 40-year period of computer development has brought CAD technol-
ogy to another height. Some commonly used commercial EM software is compared
in Table 1.6. Today, many complex linear and nonlinear circuits, such as filters,
couplers, amplifiers, oscillators, and mixers, can easily be modeled using two-
dimensional SPICE software, which is supported by a vast number of device
libraries. As can be seen in the table, many three-dimensional full-wave tools
are also available for simulating field distributions of antennas and EM structures.

The co-design and co-optimization processes may require the use of multiple
CAD tools. The system outputs of a microwave structure (either a passive circuit
or an antenna), which are usually simulated using a three-dimensional full-wave
software, can usually be exported to circuit- and network-based CAD tools for
co-simulations. As an example, it was shown by Lim et al. [33] that the reflection
coefficient Sj; (or input impedance Zi,) of an antenna can be imported directly
into the AWR Microwave Office as a subcircuit module for combination with other
devices. Today, many advanced three-dimensional full-wave EM softwares, such as
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FIGURE 1.16 Simulation platform for Ansoft EM simulators. [57]

Ansoft HFSS and CST Microwave Studio, have their own built-in circuit-based
simulators. Figure 1.16 shows the co-simulation platform for a series of Ansoft EM
software [57]. As can be seen, the outputs (S, Y, or Z parameters) of an antenna
(Ansoft HESS) can easily be exported internally to the Ansoft Designer (circuit-
based) or externally to another SPICE simulator for joint simulations. This simpli-
fies the design processes of multifunctional antennas and circuits significantly.

1.8 OVERVIEW OF THE BOOK

This book encompasses multifunctional antennas and microwave components,
along with their design methods. Recent developments and important design
issues are also discussed. In this book, multiple design tools and softwares are
used jointly for the design of multifunctional components which may contain both
active and passive devices. To facilitate the reading, a brief overview of this book
is provided here.

Chapter 2 presents several new multifunctional passive integrated antennas and
passive integrated circuits, such as an antenna filter, antenna package, and balun
filter. Dielectric resonators and microstrip-based resonators are used to demonstrate
the design ideas. In most cases, multiple functions are implemented on a piece of
single resonator for a compact footprint. With the use of field-based and SPICE
softwares, design procedures for several multifunctional modules are described in
detail.

In Chapter 3 it is shown that antennas can be made reconfigurable by integrating
switches into the radiation aperture. Frequency, pattern, and multiple reconfigura-
tions are implemented using patch and fractal antennas. A pattern reconfigurable
leaky wave antenna is also shown. Some recent work conducted at the Institute
of Applied Physics, University of Electronic Science and Technology of China,
Chengdu, is described.

Chapter 4 explores low-noise amplifying antennas. In the first part, a wearable
active antenna made on a textile is described. It is shown that low-noise amplifiers
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can be designed without using an input matching circuit. Also, matching techniques
are included.

Reflection-amplifier and coupled-load antenna oscillators are visited in
Chapter 5. A number of design examples are given along with their design
procedures. It is shown that reasonable phase noise and high output power are
achievable in both types of antenna oscillators.

In Chapter 6, the recent development of solar-cell-integrated antennas is
reviewed. Several new antenna configurations are covered. Dielectric resonator
antennas and suspended plate antennas are examined to demonstrate the design
ideas. Solar cells can be used in the future to provide self-sustaining power to
wireless communication systems.
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