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Abstract

DEVELOPMENT OF ACTIVE INTEGRATED ANTENNAS
AND OPTIMIZATION FOR HARMONIC
SUPPRESSION ANTENNAS

Simulation and Measurement of Active Antennas for Amplifiers and
Oscillators and Numerical Solution on Design and Optimization of Active
Patch Antennas for Harmonic Suppression with Adaptive Meshing Using

Genetic Algorithms

Dawei Zhou

Keywords
Active integrated antenna; Class F; Active oscillator antenna; AM Modulation; ASK
Modulation; Sensor patch; Harmonic suppression; Genetic algorithms.

The objectives of this research work are to investigate, design and implement active
integrated antennas comprising active devices connected directly to the patch radiators,
for various applications in high efficiency RF front-ends, integrated oscillator antennas,
design and optimization of harmonic suppression antennas using a genetic algorithm
(GA).

A computer-aided design approach to obtain a class F operation to optimizing the
optimal fundamental load impedance and designing the input matching circuits for an
active integrated antenna of the transmitting type is proposed and a case study of a
design for 1.6 GHz is used to confirm the design principle. A study of active integrated
oscillator antennas with a series feed back using a pseudomorphic high electronmobility
transistor (PHEMT) confirms the design procedure in simulation and measurement for
the oscillator circuit connected directly to the active antenna. Subsequently, another
design of active oscillator antenna using bipolar junction transistor (BJT) improves the
phase noise of the oscillation and in addition to achieve amplitude shift keying (ASK)
and amplitude modulation (AM) modulation using the proposed design circuit.
Moreover, the possibility of using a sensor patch technique to find the power accepted
by the antenna at harmonic frequencies is studied.

A novel numerical solution, for designing and optimizing active patch antennas for
harmonic suppression using GA in collaboration with numerical electromagnetic
computation (NEC), is presented. A new FORTRAN program is developed and used for
adaptively meshing any planar antenna structure in terms of wire grid surface structures.
The program is subsequently implemented in harmonic suppression antenna design and
optimization using GA. The simulation and measurement results for several surface
structures show a good agreement.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND AND OBJECTIVES

The active integrated antenna (AIA) has been growing area of research over the recent
years. An AIA can generally be considered as an active microwave circuit in which the
output or input port is free space instead of a conventional design methodology of the
conventional 50 Q interface. In all cases, the antenna is fully (or closely) integrated with
the active device to form a subsystem on the same board and can provide certain circuit
functions such as resonating, duplexing, filtering as well as its original role as a radiator.
Since there is no cable required between them then there is no need to attempt and
transform to an intermediate standard impedance (e.g. 50 Q), or alternatively any
matching circuit that can transform the antenna input impedance directly to an
impedance that is optimized for the active device. Numerous innovative designs based
on AIA technology has been proposed and successively implemented in a number of
related fields for use in the microwave and millimetre-wave systems because they
provide an effective solution to several fundamental problems at these frequencies,
including higher transmission-line loss, reduced antenna efficiency and limited source

power.

Next generation wireless communication systems require a compact and low-cost



transmitter front-end with long operating time. To achieve this, a small - size transmitter
with high efficiency is therefore desired. Since the output power amplifier (PA)
consumes most of the power in a small wireless transmitter, much attention has to be
paid to maximize the efficiency (i.e. power added efficiency) of this crucial component.
It turns out that the efficiency of radio frequency PA is strongly affected by the load
impedance presented at harmonic frequencies so that the efforts to improve the
efficiency of a PA in a traditionally 50 Q system can be done by optimizing the load
impedance at the fundamental and by optimally loading the harmonics using designated

tuning circuits.

When applied in the context of active integrated antennas, the antenna acts as both
radiating element and harmonic tuning for achieving the high efficiency using AIA.
This approach allowing the traditionally separated sub-circuits, are now integrated into a
single compact and efficient unit. However, this high efficiency approach presents new
problems. The major one is to design an antenna which presents the desired impedance
to the amplifier at harmonics of the operating frequency as well as at the fundamental.
This can be realized by modifying the shape of the integrated antenna to control the

impedance function. A major part of this thesis considered this problem.

The principal objectives of this thesis are therefore defined as investigation, design and
implementation of this emerging technique and its application in high efficiency RF
front-end. This thesis will describe this application on modelling aspect at how to
obtain the optimal load impedance at desired fundamental and harmonic frequencies for
an active integrated antenna of the transmitting type, and then introduce a novel

numerical solution technique on designing and optimizing such multi-functional patch



antennas in use for active integrated antennas as a high efficiency and compact

transmitter.

In addition, another objective of this thesis is to develop some novel designs for active
integrated antennas comprising active devices connected directly to the patch radiators,
for the applications in integrated oscillator antennas. Active antennas as oscillators can
be considered as inexpensive microwave sources. Given a dc power supply and a
modulating circuit, such an inexpensive source may become a compact transmitter for
communication applications. In the course of this investigation, it became clear that it is
necessary to evaluate existing measurement technique to find the power accepted by
active integrated antennas at the harmonics of the operating frequency. This thesis will
also describe development of the measurement technique in application of finding the

accepted power by the input of the antenna at harmonic frequencies.

1.2 REVIEW OF EXISTING WORK ON ACTIVE INTEGRATED
ANTENNAS

1.2.1 Definition and classification of active integrated antennas

Active integrated antennas can be defined as a system in which an active device is
coupled directly to the antenna without an intervening match (or mismatch) to any sort
of transmission line. The whole system is treated together with the antenna
simultaneously serving the function of load as well as radiator. This is in contrast to a
conventional antenna subsystem design in which each component is designed separately

and then connected via transmission lines. Such antennas have the potential of reducing



the size, weight, and cost of conventional transmitter, receiver, and transceiver designs

by incorporating the circuit component functions at the antenna terminals [1, 2].

The present work is concerned with active integrated antennas that will be implemented
using three terminal devices and microstrip patch radiators. It is interesting to see how
active integrated antennas can be classified. Generally, the basic functions of active
devices in active integrated antennas are RF signal amplification, RF signal generation,
or frequency conversion. Depending on the function of the active device, the active

integrated antennas can be classified into three types [1, 3-5]:

a. The amplifier type is classified as a passive microstrip antenna integrated with a
two-port active device at the input or the output for the purpose of signal
amplification.

b. The oscillator type is classified as a microstrip antenna integrated with an active
device for the purpose of generating a steady state oscillation.

c. The frequency conversion type is defined as a microstrip antenna integrated with an

active device for the purpose of frequency conversion either up or down.

For the amplifier-type active integrated antennas, when the antenna is placed at the
input port, it acts as source impedance for the active device. In this case, the active
integrated antenna functions as a receiver. The low noise amplifier design technique is
generally applied in order to attain the required noise performance [6-12]. On the
contrary, when the antenna is connected at the output port, it is regarded as load
impedance to the active device. The active integrated antenna acts as a transmitter. The

design techniques for achieving gain bandwidth performance for a power amplifier are



usually employed [13, 14]. Interest in this type of active integrated microstrip antennas
is growing due to its potential applications in compact high efficiency RF front-end
transmitters [15-25], in large quasi-optical arrays [26-28] and in spatial power

combining amplifier [29-32].

Oscillator type AIA is applied for converting dc power to RF power using the negative
resistance characteristics of active devices [33-47]. An integrated version of such an
active antenna has been developed for sensor applications [48, 49]. The oscillator
consists of an active device in conjunction with a microstrip antenna that
simultaneously serves both as a load determining the frequency of oscillation and as an
element radiating the generated RF power into space. Proper selection of an operating

point of the active device is important for the operational performance.

Frequency conversion type of active integrated antennas can be wused as
oscillator/modulator in a compact transmitter application or as an oscillator/mixer in a
receiver application. The former can be identified as two forms: one is a self-oscillating
one-port antenna using two or three terminal devices in negative resistance circuit itself,
and the other is a self-oscillating two-port antenna in which the antenna is placed in
feedback loop of three terminal device [50, 51]. The latter can be subdivided into two
kinds, including integrated mixer with separate local oscillator (LO) and self-oscillating

mixer [52, 53].

The present work discusses all of these three types of active integrated antennas with
some novel development for various applications in high efficiency RF front-ends,

integrated oscillator antennas.



Active solid state devices were first integrated into antenna in the early - and mid -
1960s. Copeland and Robertson demonstrated a mixer integrated antenna [54]. Meinke
and Landstorfer described the integration of a FET transistor with dipole terminal
serving as a very high frequency (VHF) amplifier for reception at 700 MHz [55].
Following their work, in 1971 Ramsdale and Maclean combined the BJT device and
dipole to form a transmission application [56]. In February 1985, Gunn integrated
rectangular microstrip patch antenna operating at X-band frequencies was developed by

Thomas et al. [57], which is generally accepted as the first modern active antenna.

1.2.2 Advantages, disadvantages and applications of active integrated
microstrip antennas

In active integrated antennas the active circuits and antenna configuration require to
fabricate on dielectric substrates. Low loss substrate can be used to minimise dielectric
losses and optimise antenna efficiencies [1]. Generally the active circuits are placed
either directly within the physical structure of the antenna or in its very close proximity.
When the active device is connected in the immediate vicinity of the antenna, the

antenna itself works as a match network.

Active integrated microstrip antennas, in which an amplifier or oscillator is integrated
with a patch antenna, and is used to convert dc energy to RF power [1], has recently
drawn a great deal of attention. The present work deals with active microstrip integrated
antenna, particularly with planar microstrip antennas. Many other types of antennas
employed for the integrated antenna operations have been reported, including dipoles
[58], cavity-backed slot antennas [59], notch antennas [60], leaky-wave antennas [61],

inverted-F antennas [62], log periodic antennas [63] and yagi-like antennas [64].



Besides compact size, low production cost and the avoidance of impedance matching
networks with attendant losses, there are possibilities for improved bandwidth,

monolithic integrated at millimetre and subillimetre wavelengths [3, 4].

For active integrated microstrip antennas, the following advantages have therefore been

identified:

1. Easy integration with a transceiver’s RF circuitry.

2. The circuit offers the advantages of low cost, simplicity of design and compact size.

3. They are amenable to monolithic implementation due to their planar nature [2].

4. Avoidance of losses in interconnecting transmission lines between amplifiers and
antennas. The antenna also reduces spurious radiation from connecting cables
because only frequency signals are transmitted to or from the antenna.

5. The active device can be used to compensate for the frequency dependence of the
realised gain of the passive microstrip antenna.

6. An array antenna can be produced in which a large power splitting feed network is
not necessary and a high power microwave tube can be replaced by a large number
of low power solid-state devices placed on each antenna.

7. The active device and the antenna are mounted on the same side of the circuit,
thereby preserving the conformal nature of the structure, and in array applications
the inter-patch mutual coupling can also be reduced.

8. Detection and mixing have been performed on the patch and arrays incorporating
harmonic frequency conversion have allowed operation at high frequencies.

9. Large power can be achieved by combining the outputs of a number of devices

which are integrated directly into an antenna array. By synchronising the



oscillations of a large number of such oscillators, a high power source may be

achieved and radiated directly into free space, where propagation losses are low.

However, active integrated microstrip antennas also have some disadvantages such as

the following:

1. Efforts to integrate a number of devices directly into a signal patch have been
unsuccessfully because low dc to RF efficiencies of Gunn diodes led to overheating
problems.

2. The active devices are integrated or located next to patch antennas, which in practice

might increase their inherently high cross polarisation field.

The potential for applications of AIAs is broad. Functions, which would normally occur
in a circuit away from the antenna such as detection, modulation, mixing, and
amplifying, occur within the AIA. Comparing to the conventional approach, size,
weight, and costs can be reduced. Applications for active antennas in radar and

communications are listed in Table 1.1.

A full review of the large literature on active integrated antennas and their applications
is outside the scope of the present chapter. Excellent reviews of active integrated

antenna developments can be found in [1-5].



Table 1.1 Applications of active integrated antennas.

Communications and sensor applications

RFID Tagging [65, 66] Cars radio antenna [67, 68]
Wireless Satellite communications [69, 70] Burglar alarm [71]
Indoor communications systems [72-75] Television receiver [76]

Wireless mobile communications [77-78]

Automotive applications

Doppler radar [79] Velocity over ground detection [80]

FM-CW or pulsed radar [81-83] Direction detection [84]

Blind area surveillance Side-crash prediction [85]

1.3 SCOPE OF THE WORK

Chapter 2 presents a simple CAD-oriented approach to optimise load impedance at the
fundamental frequency for the application of the active antenna concept. The design
method and procedure are demonstrated through a case study of a design for 1.6 GHz to
confirm the design principle. Chapter 3 describes the first phase of the investigation in
designing the oscillator-type active integrated antenna. Characteristics of the active
devices for various applications are briefly reviewed. In this instance, a common source
PHEMT transistor is used, with positive feedback to enhance the instability of the active
device. Microstrip-fed circular and rectangular patch antennas are employed as output
terminating element for the unstable device. Design procedure of the active integrated
oscillator antenna with the aid of ADS simulator is investigated in detail and

performance of the prototype oscillator circuits is evaluated and justified with



predictions. A measurement technique for obtaining the free running oscillating
frequency and the accepted power at the fundamental frequency by the active oscillator

integrated antenna using a calibrated sensor patch in this chapter is demonstrated.

In chapter 4 an integrated antenna oscillator, operated simultaneously as a source
generator and function as amplitude modulator, to generate the amplitude modulation
(AM) and amplitude shift keying (ASK), is developed. The design theory of the active
oscillator antenna and the generation of AM and ASK modulations are described and
demonstrated. An HP AT-41411 silicon bipolar transistor is used as the active device
for a hardware realisation. Prototype circuits showed about 15 dBm of output power and
a free running oscillation at 2.367 GHz. A modulating signal source is injected at the
emitter of the transistor to mix with the obtained oscillating signal to produce AM and
ASK modulation. It is observed in the case study that the modulated signal has little

effect on the self-oscillating generated signal.

Chapter 5 describes the possibility of using this technique to find the power accepted by
the antenna at harmonic frequencies. Performance of the sensing patch technique for
measuring the accepted power at the antenna feed port of active patch antennas at
harmonic frequencies is evaluated using an electromagnetic (EM) simulator in terms of
the current distribution. A prototype antenna, including two sensors at appropriate
locations around the patch, is fabricated and tested at three designated frequencies to
estimate the accepted power by the antenna, including determination of the sensor
calibration factor. The original technique is confirmed that can also be employed to

measure the second harmonic power based on experimental results; measurement of the
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third harmonic power is also possible if another sensing patch is added in an appropriate

position.

Chapter 6 introduces a novel numerical solution technique for the development and
implementation of designing harmonic suppression antennas for active integrated
antennas. The need to develop such antennas for harmonic suppression and a summary
on the existing techniques for achieving harmonic suppression antennas are reviewed. A
FORTRAN program to adaptively generate equivalent wire-grid structures for
electromagnetic simulation of 2D/3D structures is developed with the primary objective
of simulating planar microstrip patch antenna designs, using the NEC-2 in collaboration
with a genetic algorithm. Two case studies are used to demonstrate the viability of
applying the method in designing circularly-polarized microstrip patch antennas. In
addition four novel microstrip patch antennas designs were proposed for suppression of

the first two harmonics.

The conclusions of this work are brought together and reviewed in Chapter 7 and

suggestions for further work are made.
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CHAPTER 2

CAD-ORIENTED ACTIVE CLASS F
ANTENNA DESIGN

2.1 INTRODUCTION

This chapter presents a general computer-aided design (CAD) approach to obtaining
optimal fundamental load impedance, and designing input matching circuits, in an
active integrated antenna of transmitting type. A case study of a design for 1.6 GHz is
used to confirm the design principle, and uses a previously reported patch antenna shape

to achieve Class F operation with an alternative type of power transistor.

The work discusses a CAD-oriented approach to optimising fundamental load
impedance in the design of a class-F power amplifier AIA for transmitters. Also a 2 x 2
coupler at the input stage is used in designing the input matching circuit, by showing the
effect of various load impedances on the input reflection coefficients. To demonstrate
the principle, we present a case study of a class-F power amplifier AIA design for 1.6
GHz wireless communications. In fact, the active antenna design can be applied at any
operated frequency band; however, 1.6 GHz was selected for the present work since

there is some measurements data were available from earlier work [1, 2]. A published
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design [3, 4] for the antenna structure has been chosen, but has been integrated with a

different transistor.

2.2 THEORY OF ACTIVE CLASS F ANTENNA DESIGN

Class-F operation is a well-known technique for improving PAE of RF power
amplifiers [5-10]. It uses a multi-resonator to control harmonic waveforms so that the
drain voltage waveform of a FET (ideally) becomes rectangular and the drain current
waveform becomes half sinusoidal, thereby reducing dc power dissipation and
increasing efficiency. This requires optimised impedance at the fundamental, low
impedance at even harmonics, and very high impedance at odd harmonics. A simple
method is to interpose a quarter-wave line between the drain and the final load, and to
design the latter to have the lowest possible impedance at all harmonics above the

fundamental.

In the AIA harmonic tuning technique, it is convenient to use the same technique. This
has been done in [3, 4], where, to obtain class-F operation, the second and third
harmonics are shaped through the input resistance of the antenna, which would allow
these harmonic resistances to be almost zero at twice and three times the design
frequency so that harmonic power is efficiently suppressed from radiation by the
antenna. In addition, the input impedance of the antenna at the fundamental frequency
(fo) should be equal to the optimum load impedance (Zop) at f, of the amplifier for
maximum PAE and P, In this design approach, an output matching circuit is
eliminated because the antenna impedance is directly transformed to the Z.y for

maximum efficiency, thus decreasing the circuit complexity and power losses.
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In this CAD oriented approach, due to the intrinsic active device nonlinear behaviour,
the PA design is based on large-signal simulation. The class-F power amplifier was
designed and optimised at 1.6 GHz using Agilent Technologies’ Advanced Design
System (ADS). Following selection of a suitable output power and operating frequency
range, the active device selected was the TriQuint CLYS power GaAs field effect
transistor (FET). For a simple design, it is desirable to use a device like the CLYS
which does not include built-in matching circuits, other than unavoidable parasitics,
within the package. Even with CAD tools, it is a very difficult problem to optimise all
aspects of the design in one pass. No exact synthesis technique is known for shaping a
patch antenna to achieve prescribed impedances at a set of harmonically related
frequencies. However it is feasible to use the method of [4, 11] whereby the
fundamental impedance can be kept reasonably close to optimum, while higher
resonances of the patch can be separated as much as possible from harmonics of the
operating frequency, so that the input resistance of the patch remains low at the
harmonics. This may of course be a realistic target only for the first few harmonics,
which fortunately dominate the efficiency optimisation. Feedback effects on input
impedance at harmonic frequencies will be a complex issue. In this case study we
proceed by initially optimising the fundamental load impedance only, and this value is
used in optimising the input match, again initially neglecting harmonic frequency

feedback.

2.3 ATIA PA DESIGN AND HARMONIC LOADING
CONSIDERATIONS
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The non-linear model of this device (which was provided by the device manufacturer),
and harmonic balance simulation including the first five harmonics, were used in the
simulation. The drain bias voltage Vg4, was 5 V, while the gate bias voltage Vs was set
to be —2.25 V so that dc drain current is 155 mA. Fig. 2.1 shows the dc characteristics of

the device and the selected quiescent bias point.

For matching network design in PAs, a set of large-signal S parameters is usually
required. However, the measurement of these S parameters is not well defined. An
alternative method is to derive reflection coefficients of the active device from
measurements of the voltage of the incident wave and reflected wave. In this AIA
scenario, only the input reflection coefficient (I'j;) needs obtaining because of the
elimination of output matching. A 2 x 2 simple coupler was inserted at the input stage of
a class-F harmonic load-pull measurements [12, 13] design circuit (which was in ADS’s
amplifier design guide) in order to measure [, of large signal S-parameters of the
nonlinear model. The simulation circuit with a coupler for the input matching design is
shown in Fig. 2.2. In this circuit, the coupler is connected between a signal generator
and the active device in order to make a measurement of incident voltage (Vin)
incoming from the source and reflected voltage (V.) reflected back from the active
device. It should be noted that the coupler is not intended to be a realizable hardware
component, but is defined in software as the operation of converting actual current and
voltage into equivalent forward and reverse wave components. Then the Iy, of the

transistor is calculated according to the defining equation of I':

I'=Viet/ Vin 2.1
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The principle of this CAD load-pull measurement circuit design is to obtain the Zp at
the fundamental design frequency of the PA with a class-F biasing operation at f, for
maximum PAE and P, (the accepted power to the load or antenna), using an algorithm
to vary the fundamental load impedances which are contained in an one-port device as
S data. In fact, the algorithm is provided by the ADS package, arbitrarily setting a
center point and radius for a circle on Smith Chart and also setting the number of points
on the circle (making sure the generated circle is fully inside the Smith Chart). Each
point of the circle gives an individual value of the load impedance. The optimum load
impedance can be obtained by changing the location of the circle on the chart. In
addition, the source and load impedances at harmonic frequencies were defined
arbitrarily as 50 Q. These assigned values are somehow sub-optimal. Thus, the obtained
PAE and P, from this simulation design are not finalised and the design can be used as
a starting point when the one-port block is replaced by the antenna which hopefully
should provide the correct harmonics load impedances. The input reflection coefficients
were also simulated as a function of the output load impedances for the maximum
power and efficiency. Due to dependence between input reflection coefficient I'j, and
load reflection coefficient I'jo,q of the two-port device, therefore, the advantage of this
proposed design approach is that it simplifies the considerations of designing the output
matching circuit and the simulation only aims to obtaining Z,,. Once the Z,,; with the
satisfied output power and efficiency was obtained, the corresponding I'i, with this Z
value was also calculated so that the input matching circuit could be designed

accordingly with the aid of the Smith Chart.
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Under the biasing condition mentioned above, the I', value was found in the form of
magnitude and angle when the Z,,; was optimised to be (16.049-j%10.096) Q. With the
help of the Smith Chart tool, an input matching circuit with two lumped elements was
plotted and the coupler at the input stage was replaced with it. Discrete components
could be used for the matching network because these components have been well
enough characterised at the lower microwave communication frequencies. A modified

measurement circuit with optimal components’ value is shown in Fig. 2.3.
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Figure 2.1 dc characteristics of the device and the selected quiescent bias point.
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After introduction of the input matching, the PAE and P, of the PA were dramatically
improved while the Z,,; was still found to be (16.049-j%10.096) Q with the same input
power level. Once the Zy value was set, microstrip lines were required to connect these
components together. An Ultralam 2000 substrate of &, = 2.55, thickness T = 1.524 mm,
metal thickness T, = 0.035 mm and tan & = 0.0019 was assumed. Fig. 2.4 shows the
design circuit connected using microstrip line with optimal lengths and widths. One-
tune swept Harmonic Balance analysis, with load impedances at harmonic frequencies
set at 50 Q and the optimum load impedance at the fundamental frequency set as
(16.049 —*10.096) Q, was employed. The output power P, and the power-added
efficiency characteristics from the active device versus input driving power at 1.6 GHz
are shown in Fig. 2.5. The PAE of the transistor reaches 69.7% with an input power
level of 18 dBm. The corresponding performances are the following: 27.81 dBm output
power and 9.85 dB gain. Table 2.2 shows the power amplifier’s performances with the

same input power level versus various load impedances at harmonic frequencies.
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Figure 2.3 Harmonic loadpull simulation circuit with input matching.
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Figure 2.5 Simulated results of the PA: P, and PAE (left) and higher order harmonic

level (right).

2.4 ACTIVE ANTENNA DESIGN AND THE INPUT
IMPEDANCE CONSIDERATIONS

Various antenna types could be chosen for the radiating element of the AIA, such as

patch antennas [11] and planar inverted F antennas (PIFA) [14]. To realise class-F
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operation with the AIA concept, this study followed the approach of [3, 4] and adopted
the same antenna geometry as in [3], which used a circular-sector microstrip patch

antenna, as shown in Fig. 2.6.

Fund. 2nd harm. 3rd harm,
L) ,‘; T T ; ¥
/,-f "‘x\ E ‘00 :. r N _'._’ 1 -
/ \x g sl dp—t——f L} s\
/4 S Al o o i e R e
— _—.E E 50 |- :" :T: | I‘ :
— r‘q ,f’h"-m gm r £ g ——:'eal
L I mag.
‘RS{\T >\ / E-mn ______ A | L i = |
& N L ;
“, 1 8 [J 200 L_ I

45 5 658 ©& 65 7 716 8
Frequency (GHz)

Figure 2.6 Layout of the circular-sector microstrip antenna (left) and input
impedance of the adopted antenna (right) [15].

In [3], the authors did not mention where the feeding point of the antenna is. Thus, it
might be either at the edge of the antenna or at the edge of feeding line of the antenna.
The radius of the antenna was given in the paper [15] is 740 mil, which is equivalent to
18.80 mm, and the design frequency was chosen off resonance at 2.55 GHz where input
impedance is (19.8 —j*114) Q. Antenna simulation using Momentum was carried on in
order to find out exact position of the feeding point. As can be seen in Fig. 2.7, it turned
out from the simulation result of the antenna’s input impedance that the proposed

antenna in [3] was fed actually at the edge of the antenna rather than the edge of the

feeding line.
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Figure 2.7 Feeding point clarifications in terms of input impedance of the antenna:
(a) edge of the antenna; (b) edge of the quarter wavelength line.

Since the optimum load at the fundamental frequency from the software (ADS) shows
(16.049-j*%10.096) Q, input impedance at the edge of the antenna after a quarter
wavelength transmission feeding line is required to be (120.61+ j*80.48) Q. Following
the results of the edge load impedances for the 2™ and 3™ harmonics are expected to
show reactive load only. Varying radius of the antenna may be able to make a shift of
resonance frequencies of the antenna. Several attempts by varying antenna size had

been tried to obtain the expected fundamental load impedance at the edge of the antenna
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at the design frequency, which is slight off at the first resonance of the antenna. As can
be seen in the Fig. 2.8, input impedance of the antenna is not likely to achieve the
required load impedance near the first resonance when the antenna radius was chosen to

be 27.8 mm.
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Figure 2.8 Input impedance of the antenna with radius of 27.8 mm.

It was found that a simple output matching network would have to be included [11]
between the drain and antenna input port. In order to avoid this network, we had to
increase the antenna size in order to be able to make a matching near the patch
antenna’s second resonance. The following Fig. 2.9 shows the simulated input
impedance for an antenna radius of 45 mm, the intended operating frequency being 1.6
GHz. The antenna’s impedance at the first three harmonic frequencies is also shown in

Table 2.1.

The antenna was incorporated in the class-F PA simulation as a one-port device
containing the S parameters data from 0.2 to 9 GHz. The final simulated model
including the antenna data is shown in Fig. 2.10. The amplifier performance with the

integrated antenna as harmonic loading is shown in Fig. 2.11 and Table 2.2 (note Fig.
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2.5 was used without the antenna data). It is obvious from Table 2.2 that an increase in
PAE, output power, and power gain at 18 dBm input power have been obtained. These
results demonstrate an approach to showing how the harmonic loading of the actual
antenna can contribute to the PA performance as compared to the simple harmonic
loading (i.e., without the actual antenna data) introduced by the ADS package. Fig. 2.12
shows the simulated drain voltage and drain current waveforms. They show deviations
from the ideal case waveforms, but a performance improvement has nevertheless been
obtained. These deviations are believed to be due to the parasitic reactive elements of
the non-linear model of the active device, and particularly packaging parasitics at the
drain and in the common (source) lead. A check was made that including more
harmonics would have little effect on this result. Similar waveform deviations observed

in Ref. [3] with four harmonics were used for the simulation work.
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Figure 2.9 Simulated input impedance of the circular-sector microstrip
antenna with radius of 45 mm.
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Table2.1 Input impedances of the antenna at fundamental and harmonics.

Feeding point Zopi/ € fi/GHz F,/GHz F3/GHz
At the edge - 99.231+j59.96 | 13.849+j65.92 | 5.067+j24.870
of the patch
At the edge 16.049-j10.09 | 16.684-j9.895 | 10.912+j59.25 | 12.706-j73.388
of the A/4
line

: o
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Figure 2.10 Final simulated model integrated with the antenna data.
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Table 2.2 PA performance with and without the integrated antenna.

P, =16 dBm PA Performance with various PA
load impedances at harmonics | Integrated
Harmonic load 0 | 10 | 20 | 30 | 40 | 50 with
impedances (Q) antenna
data
Pout (dBm) 27.127.27.|27.]27.|27. 27.71
52 | 73 | 57 | 47 | 41 | 36
PAE (%) 72,1 75. | 73.| 72. | 71. | T1. 78.45
47 142 | 62 | 53 |92 | 59
Gain (dB) 1. 11, | 11, | 11, | 11. | I1. 11.71
52 | 73 | 57 | 47 | 41 | 36
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Figure 2.12 Simulated drain voltage and drain current waveforms.

2.5 CONCLUSION

A simple CAD-oriented approach to optimise load impedance at the fundamental
frequency for the application of the active antenna concept was described. The design
method and procedure were presented. In addition, one design example at an operating
frequency of 1.6 GHz was demonstrated as well to verify the design principle. It was

confirmed that performance could be substantially enhanced in an active integrated
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antenna by shaping a patch radiator to control the harmonic load impedances. One

intention is to try to design a novel harmonic suppression antenna, which then will be

applied to this AIA design approach.
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CHAPTER 3

SIMULATION AND
MEASUREMENT OF ACTIVE
INTEGRATED OSCILLATOR
ANTENNA FOR WLAN
APPLICATIONS

3.1 INTRODUCTION

In this chapter, the ATA concept was also applied to oscillator designs at microwave
frequencies [1-10]. When an active device is integrated with a microstrip antenna for the
purpose of generating a steady-state oscillation, it is classified as an oscillator-type
active microstrip antenna. A microwave oscillator converts dc power to RF power, and
is one of the most essential components in a microwave system. The oscillator consists
of an active device in conjunction with a microstrip antenna that simultaneously serves
both as a load and as an element radiating the generated RF power into space. The
design process requires the linear and nonlinear models of the active device. In addition,
a planar microstrip patch antenna is considered as the load of the oscillator. Due to
active nonlinear element and the integrated antenna, the complete analysis of oscillator

design is very difficult.
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The design of an oscillator integrated with an active antenna, working at 2.4 GHz for
wireless local area networks (LANs) was investigated. A common source PHEMT
transistor was used, with positive feedback to enhance the instability of the active
device. A microstrip-fed rectangular patch antenna was employed as output terminating
element for the unstable device. The antenna was directly connected with the active
device for reducing the power loss and circuit complexity and input impedance of the
antenna was optimised in terms of output power and harmonic levels. A calibrated
sensor placed next to the antenna edge having maximum voltage was used to measure

the performance of the active oscillator antenna.

We will first compare the uses and characteristics of various types of active devices and
decide the suited ones in terms of phase noise, which will be selected for the design of
active oscillator antenna. Then a case study using FET, on the design of an oscillator
integrated with an active antenna will present and analysis in detail. Finally, we
introduce and discuss the sensor patch technique for measuring the output power of the

active oscillator antenna at its fundamental frequency.

3.2 CHARACTERISTICS OF THE ACTIVE DEVICES

The active devices can be either two-terminal devices [11-13], for instance, impact
ionization avalanche transit-time (IMPATT) devices and Gunn diodes, or then can be
three-terminal devices such as MESFET, HEMT, and HBT. In general, both advantages

and disadvantages are associated with each type of solid-state source.
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Properly biased IMPATT and Gunn diodes exhibit negative resistance characteristics
than can be utilized in conjunction with an external resonant circuit to design a solid-
state microwave oscillator, but have low dc-to-RF conversion efficiency, thus requiring

special consideration of heat dissipation in the circuit design.

Three-terminal devices have high dc-to-RF efficiency and lower 1/f noise, making them
preferable for oscillator designs, where other constrains permits this. The uses and
characteristics of a few kinds of active devices are summarised in the following Table

3.1.

Table 3.1 Summary of uses characterises of typical active devices [14].

Bipolar  junction | Small-signal amplifiers; not low noise. Fast digital circuits.
transistor (BJT) Low 1/f noise makes them ideal for low-noise oscillators.
Heterojunction Power amplifiers. Fast analog circuits. MESFETs and HEMTs
bipolar transistor have much better noise figures, but HBTs have lower 1/f
(HBT) noise, making them preferable for oscillators.

Metal-epitaxial Amplifiers, oscillators, mixers, modulators, frequency
semiconductor multipliers, control components, in short, everything.

FET (MESFET)

High Much then same as MESFETs; best suited for small-signal,
electronmobility low-noise uses, but power devices are possible.

transistor (HEMT)

Metal-oxide Analog, digital, and RF Si IC applications.

semiconductor

FET (MOSFET)

3.3 MICROWAVE TRANSISTOR OSCILLATORS

3.3.1 Basic concepts of two port negative-resistance oscillators

The general block diagram for two-port negative resistance oscillators is shown in Fig.
3.1. The transistor network is characterized by its S parameters, Zr is the generator
tuning network impedance, and Z; is the load matching network impedance. It should

be noted that in an oscillator either port of the transistor can be used as the load
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matching port. Once the load matching port is selected, the other port is referred to as

the input port.

Terminating
Port

! '

Input Port

Terminating Transistor Load

Network ‘—| r [s] ‘—| r Network

Zr Zout VAN 7y

Figure 3.1 Microwave transistor oscillator circuit diagram.

As the oscillator power builds up, it is necessary to choose Ry so that Rt + Roy, < 0.
Otherwise, oscillation will stop when the increasing power increases Ry, to the point,
where Rt + R > 0. In practice, value of Ry typically is chosen to be — Rqy,/3 and the

reactive part of Z is chosen to resonant the circuit,

3.1

When the input port is made to oscillate, the output port also oscillates. The conditions

for oscillation can be summarized as follows [15]:

K = 1= I5u[* ~[5aa]? +]AP )/2lS1a5] <1 3.2

LT

out —

1 33
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L, =1 3.4

in

Where, K is the stability factor. Since the stability factor is dependent on the S
parameters of the active device we have to make sure that condition is satisfied first and
foremost. Typically, a common emitter or common base bipolar configurations are used
(common source or common gate for FET devices). If the S parameters at the design
frequency do not ensure this requirement, a (series or shunt) positive feedback can be

added to enhance the instability of the active device.

3.3.2 Phase noise

One important factor that determined the performance of an oscillator is phase noise.
Phase noise will have a negative effect on the oscillator frequency stability. Low phase
noise is required for many receiver and transmitting system. This is especially true
when dealing with the wireless communication traffic system. For a given receiver, if
the phase noise of the local oscillator is high, it will distort the signal frequency and this
will limit the receiver ability to recover the modulated signal. When the receiver is used
to receive PSK or FSK signals, the phase noise may limit the maximum bit error rate
which the system can achieve. All active devices exhibit noise. The two main types of
active devices noise are flicker (1/f) noise, and shot noise. Since the oscillator design is
based on active device, therefore these noises will dominant the phase noise. Phase
noise can be described as short-term random frequency fluctuations of a signal. Phase
noise is measured in frequency domain. Phase noise is defined as the ratio of signal
power to noise power measured in a 1Hz bandwidth at a given offset from the desired

signal as shown in Fig. 3.2 [16].
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Figure 3.2 Phase Noise output spectrum.

3.3.3 Microwave oscillator characteristics

There are several characteristics are used to specify and describe an oscillator. These are

listed below [17].

l.

Power output: a) Is the continuous power generated by an oscillator in watts or
milliwatts for continuous wave (CW) operation, or b) the peak or average power
generated for pulse operation.

Operating frequency and tuning range: A fixed output frequency or a tunable output
frequency range for a mechanically or electronically tunable oscillator.

Efficiency: dc-to-RF conversion efficiency in percent.

Stability: The ability of an oscillator to return to the original operating point after
having a small electrical or mechanical disturbance.

Noise: a) AM noise (amplitude variation of output signal), b) Frequency modulation

(FM) noise (unwanted frequency variations) and ¢) Phase noise (phase variations).
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6. Quality (Q) factor: a) Unloaded (for resonator losses only), b) External (for the load
resistor only and assumes resonator losses=0) and c) Loaded (for both).

7. Frequency: a) Jumping (discontinuous change in oscillator frequency), b) Pulling
(change in oscillator frequency against a specified load mismatch over 360° of
phase variation) and c¢) Pushing (change in oscillator frequency against dc bias point
variation).

8. Spurious signals: output signals at frequencies other than the desired oscillation

carrier.

3.4 DESIGN PROCEDURE FOR INTEGRATED-OSCILLATOR
MICROSTRIP ANTENNA

The aim of this study is to design an integrated-oscillator active patch antenna to operate
at 2.4 GHz for wireless LAN application. A common source PHEMT transistor was
used, with positive feedback to enhance the instability of the active device. A
microstrip-fed patch antenna was employed as output terminating element for the
unstable device. The antenna was directly connected with the active device for reducing
the power loss and circuit complexity and input impedance of the antenna was
optimised in terms of output power and harmonic levels. The design configuration of
active integrated oscillator antenna is illustrated in Fig. 3.3. To meet the target a number
of tasks need to be carried out:
1. Choose an active device and make it unstable by applying positive feedback.
2. Design the antenna and run the simulation to get the value of S;; (using ADS). The
input impedance of the antenna from its feeding point at oscillating frequency
should have exactly desired value, which was obtained from the optimisation of

load impedance in the oscillator design.
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3. Store antenna S;; data (in magnitude and phase format) as a one-port device.

4. Design the input matching network for the active device to matching it to 50 Q2 and
optimize oscillator load impedance for the purpose of maximizing the input and
output reflection coefficients at the active device two sides.

5. Use one-port device (antenna) replace optimal oscillator load so that the microwave
oscillator circuit can be directly integrated with the antenna; optimize oscillator
load impedance for the purpose of maximizing the output power at the fundamental
and its harmonic contents.

6. Fabricate a prototype integrated active oscillator antenna circuit and test it.

1 e, [0 _“‘—‘

I
I
1
I
1
I
:
J 1
| I
_ ! Matching- i :
50€2. | ' : Antenna.
1
1 | '
I | '
> - e
! - i
i F]N.J—"“: Transistor i
- i
I ) '

j— : rs:rm*“

Figure 3.3 AIA integrated oscillator circuit diagram.

3.5 SIMULATION OF INTEGRATED ACTIVE OSCILLATOR
ANTENNA
3.5.1 Oscillation generation of active device

In any RF/Microwave system the oscillator is the main and very important component.
Designing an oscillator system, we would prefer to bring into play an oscillator with

high gain, low noise and good stability conditions. A transistor of ATF-35143
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Pseudomorphic HEMT with feature of low noise figure and high gain was selected as
the active device for the presented design. According to the S parameters of the device
in the datasheet provided from device manufacturer, the drain bias voltage is 2 V, while
gate bias voltage is set for having dc drain current of 30 mA. The S parameters of the
device under the stated biasing condition at design frequency of 2.4 GHz are shown in
Table 3.2 and the stability factor K was calculated using obtained S parameters and
found to be less than 1 (K = 0.458). It means that the active device at desired frequency

is conditionally stable.

Table 3.2 Simulated S parameters of the transistor at 2.4 GHz.

freq SAA) S(1,2) S(2,1) S(2,2)

2.400GHz 0.772 1 -91.800 0.078/38.800  6.274 / 105.600 0.366 / -64.600

An open microstrip transmission line, connected to the source of the PHEMT, was
applied the voltage series feedback in order to improve the instability of the device by
adding reactance to the source. Fig. 3.4 shows the simulated schematic circuit diagram
and corresponding results for S;; and Sy, of the transistor from 0.1 GHz to 5 GHz. As
can be seen, the magnitude (in dB) of the S;; and S, of the transistor is greater than 1
(K= -0.73), which indicates that the active device is able to produce negative resistance

from its input and output ports.
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Figure 3.4 Simulated circuit and results for enhancing instability of the transistor.

3.5.2 Biasing circuit design

When designing the dc bias for an oscillator circuit at microwave frequencies we have
to be very careful, as it is a very important part of the circuit. Poor oscillator
performance in a final design measurement, often leads to improper dc biasing. The
main principle is to generate a constant quiescent point (Q) in order to be able to
maintain transistor’s characteristics even with temperature fluctuations or any changes

may occur in the active element.

The biasing circuit (see Fig. 3.5) consists of two parts, one connected to the drain with a
series large value inductor providing high impedance RF path, followed by a large value
shunt capacitor, which offers low path to ground (dc blocking). And the passive bias
circuit where a self-biased resistor is used to set Ids current and so to allow operation
without negative voltage for the gate of the transistor. The appropriate calculations

required for the dc bias of the transistor are shown below

From technical data sheet we get:

VDS=2 V, IDS=3O mA, Vp= -0.5 V, IDSS =65 mA.

-44 -



R, = Vos| _ 01605 _ 5350
I,  0.030
Voo —Vas| -V - -
R, = Voo Mes| ~Vos _ 5-0.1605-2 04650
I 0.030
Vp, =Vps —Vgs|=2-0.1605=1.8395V
Sl B
TR v.DC
R1 SRC1
R=94.65 Ohm Vdc=5V
0
— C S L1
C1 % L=1000 nH
C=100 pF
FE{; L
FETy L2
L=1000 nH
ﬁ R
— C R2
Cc2 R=5.35 Ohm
C=100 pF

Figure 3.5 Biasing circuit of PHEMT active device.

3.5.3 Design of microstrip patch antenna with a circular-sector

3.5

3.6

3.7

3.8

The design procedure for a practical design of a circular microstrip antenna for the

dominant TM; mode is outlined below, which is based on the cavity model formulation.
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The procedure includes that the specified information needed are the dielectric constant
of substrate (&), the resonant frequency (f;) and the height of the substrate (h).

e =255

o f=2.4GHz

e h=1.524 mm

The actual radius ‘a’ of the patch needs to be determined using the following formulas
[18, 19]

o= F 39

1/2
IRCAL PN R P 59
e F 2h

879110’

F=227"7""
f.\le

Where,

3.10

Using (Eqn. 3.10)

9
Fo 8XI0 504003 3.11

2.4x10°+/2.55

Therefore using (Eqn. 3.9)

a= 2:294 77 =2.2lcm = ¢ =22.1mm 3.12

L4 2x0.1524 In 72.294 +1.7726
r2.55%x2.294 2x0.1524

Thus, the calculations shown that the circular patch has to be designed having a radius
of 22.1 mm. A feeding line had to be connected to the patch, which placed at the middle

of the circle. Also had to be calculated as follows:
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8
=030 hosm 3.13

f  24x10°

A/ A/ _
4_0.03125m:> 4_31.25mm 3.14

The feeding line length found to be 31.25 mm. To gain the desired minimum return loss
the radius of the circle and the dimensions of the feeding line had to take many
optimizations. Changing the radius of the patch tends to vary the frequency response of
the antenna, while changing the feeding line length we get variation of the return loss
value. Mismatching the radius and the dimensions of the microstrip line, results in
appearance of side harmonics near to the operating frequency, which will affect the
stability of the two port device. Therefore, after optimization of the calculated values

the radius was set to 30 mm, the length of the feeding line 20.4 mm and the width 2 mm.

The simulation analysis of the patch was done on ADS software using a layout window.
With the aid of trigonometric equations we calculated the values that used in order to
cut off the exact 120° arc-sector of the circular patch. The circular-sector patch is

illustrated below (see Fig. 3.6).
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Figure 3.6 Layout of proposed patch antenna with meshing.

As can be clearly seen in Fig. 3.6, the feeding point was positioned at the middle of

feeding line for best return loss results. The substrate specifications and simulation

frequency range was set up at momentum palette window, and we run the simulation. In

Fig. 3.7, the minimum return loss of the patch at operating frequency is presented.

dB(S(1,1))

m1
freq=2.399GHz
dB(S (1,1))=-17.161

0
-10— W
20—
.30
-40 _ T | T | T | T | T | T | T
0 2 3 4 5 6 7 8
freq, GHz

Figure 3.7 Simulated antenna return loss.
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With the values of Sy, provided in Table 3.3, we were able to calculate the input

impedance of the antenna using the Eqn. 3.15.

. 3.15
(1_811)

Antenna load impedance (Zi,) was calculated to be (80.057-j%22.58) Q. The equivalent
circuit will be an R-C circuit which consists of a resistor R=80.057 Ohm and a capacitor

C=2.93 pF connected in series. Thus, the R-C equivalent circuit in schematic diagram is

illustrated in Fig. 3.8.

Table 3.3 Antenna S;; in different format at design frequency.

freq S(1,1) S(1,1) S(1,1)
2.399GHz -17.1617 88.512 0.004 +j0.139 0.139/ 88.512
— 'R

R1
R=80.057 Ohm

T C
C1

T C=2.93pF

Figure 3.8 Schematic diagram of the antenna equivalent circuit.
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3.5.4 Optimisation load impedance and input matching network design
After we have proved transistor’s instability, by providing series feedback, the next step
was to introduce the antenna load impedance to the transistor. The “R-C” circuit was
connected in series to transistor’s drain with resistor and inductor values of R=80.057 Q

and L=2.93 nH, respectively, as illustrated in Fig. 3.9.

+ Term T I

Term1

Num=1 S2H R1

Z=50 Ohm SNp1 § R=80.057 Ohm
_ FileF"f351432d.s2p"

TLOC T C
1 = £
Z=50.0 Ohm __ C=293pF
| E=70
Ref F=2.4 GHz

Figure 3.9 Unstable transistor integrated antenna load impedance.

After running the simulation, the S parameters values were not promising, and we
realized that the load was not capable to drive the transistor to instability. Our aim
became to vary the load in order to get a high value of S;; parameter, which would drive
the transistor with the load in the unstable region. Therefore using “Optimization” and
“Tuning” tools in ADS package we obtained the appropriate values of an “R-L”
configuration. The load of the unstable two port device was optimized to be of 52.1 Q in
series with 4.37 nH. The circuit with series feedback and load is shown in Fig. 3.10 and

the reflection coefficient S;; is plotted against frequency and presented in Fig. 3.11.
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Figure 3.10 Transistor with a load in the unstable region.
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Figure 3.11 Maximum S;; value for PHEMT with load.

In addition, using the equations in the Data Display window of ADS, the impedance Z;;

was calculated. Then, with Z;;= (-70.049-j*49.325) Q2 we were able to calculate the

input impedance Zi, as follows:
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Z,, = (~70.049 — j*49.325)Q

Using Z,, =——

_70.049

= Zy= —( - j*49.325] =(23.35+ ]*49.33)Q 3.16

Thus, with the value of Z;, we calculated the input reflection coefficient, I';,, which will

be used for the design of the input matching network.

Zn-Z, 2335+ j*49.33-50
N ZN+Z, 2335+ [*49.33+50

=(0.061+ j*0.63)Q2  3.17

Thus, input matching network for the active device can therefore be established.

3.5.5 Simulation of integrated active oscillator with circular patch

A linear simulation using the small signal S parameters [20] of the active device was
employed to determine the oscillating frequency and optimise for maximum reflections
at 2.4 GHz for input and output ports. Fig. 3.12 shows the linear circuit model of the
oscillator. This linear model of the oscillator is based on two oscillation conditions at
the desired frequency of oscillation: one is that there is excess negative resistance and

the other is the total reactance goes to zero.
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Figure 3.12 Linear circuit model of the oscillator.

With proper selection of values for the resistor components in the dc biasing circuit, a
non-linear model of the device and harmonic balance simulation including first 3
harmonics are used in the design to predict the characteristics of the active oscillator
design in terms of output power, harmonic level, frequency pushing and phase noise.
The load impedance at the fundamental frequency of the oscillator was optimized for
producing maximum output power and reasonable harmonic level. The simulator used
was ADS. The antenna was directly incorporated in the simulation as a one-port device
containing the S parameters data from 0.1 GHz to 8 GHz. The non-linear model of the
simulated active oscillator circuit including the antenna data and the corresponding

simulated results are shown in Figs. 3.13 and 3.14, respectively.
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Figure 3.13 Final non-linear model circuit for the oscillator of the reactive load.
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Figure 3.14 The simulated spectrum of the designed oscillator without
containing the antenna data.

Moreover, the simulated output current and voltage waveforms generated from the drain
of the transistor were also investigated, which are presented in Fig. 3.15. As can be
seen, the sinusoidal wave with little distortion was observed due to the non-linear

characteristics of the active device.
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Figure 3.15 The drain output waveforms, current (left) and voltage (right).
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Fig. 3.16 presents the final layout of the proposed microwave oscillator directly
integrated with circular sector microstrip patch. The prototype of oscillator integrated
with antenna, including the sensor, was fabricated on Duroid material (g, = 2.55,
thickness h = 1.524 mm, and tand = 0.0018). The sensor here is applied to measure the
power accepted at the input of the integrated antenna and more details about it will be

discussed in the next section.

Figure 3.16 Layout for the integrated active oscillator circular antenna.

3.5.5 Simulation of integrated active oscillator with rectangular patch

In this section, a microstrip rectangular patch antenna, operating at 2.4 GHz, was
designed and used to replace the circular sector patch antenna for the active integrated
oscillator design, in order to verify performance of the active integrated oscillator
antenna at the harmonic level. As we studied earlier, the circular sector patch antenna is

a harmonic suppression antenna; but the rectangular patch antenna does not provide a
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freedom to control its input impedance at harmonics, unless otherwise, shorting pins are

applied at the centre of the patch to terminate the 2" harmonic frequency.

The antenna was considered as microstrip line fed rectangular patch. The dimensions of
the patch and the feed line are (height 52 mm x width 38 mm) and (height 2 mm x width
16 mm), respectively. Fig. 3.17 shows the layout the proposed antenna. With this
dimension, the input impedance of the antenna from its feeding point at oscillating
frequency should have exactly desired value, which was obtained from the optimisation
of load impedance in the oscillator design. The input impedance of the antenna at
fundamental was found to be (29.246 + j*4.917) Q using Momentum and Fig. 3.18
shows the simulated antenna return loss from 0.1 GHz to 8 GHz which well covers the
fundamental frequency and second and third harmonics. The antenna works here as

resonant component as well as radiating element.
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Figure 3.17 Layout of the Figure 3.18 Simulated antenna return loss up to 8
microstrip rectangular patch GHz.
antenna.
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Figure 3.19 Final non-linear model ¢
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Subsequently, the one-port device, containing antenna simulated data, was directly
integrated with the same microwave oscillator circuit to replace the existing circular
patch in the forgoing section. The performance of this new integrated active oscillator
antenna with rectangular patch (see Fig. 3.19) was optimized in terms of oscillating

frequency, output power at fundamental and harmonics.

Fig. 3.20 presents the simulated results of the active oscillator antenna circuit at the
targeted design frequency and accepted output power and harmonic performance. A

layout of the integrated antenna circuit is illustrated in Fig. 3.21.
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Figure 3.20 The simulated spectrum of the active oscillator rectangular antenna.
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Figure 3.21 Layout for the integrated active oscillator rectangular antenna.

3.5.6 Sensor Element Design and Calibration

The sensor, which is shown in Fig. 3.22, was created by a small patch with dimension
of 3 mm x 5 mm, placed at the edge of the antenna in which the maximum voltage
exists. It was found that a 2 mm space distance between the sensor and the antenna edge
was adopted for the measurements and the presence of the sensing patch has very little
effect on the return loss of the main patch. The sensor patch was connected to ground
via a 50 Q chip resistor, improving the output matching of the sensor circuit. A 50 QQ
coaxial probe was mounted at the rear of the circuit board and connected to the resistor
load. This fed the sensor output to a well-calibrated network analyser, avoiding room
reflections as far as possible. The inclusion of the 50 Q resistor for such a sensor insures

that the output connector of the sensor appears as a relatively well-matched source.
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Figure 3.22 The configuration of sensor patch element.

The S-parameter attained from the design shown in Fig. 3.23 was exported as

Touchstone file and then the data was imported to ADS circuit simulator as a two-port

device. In addition, the shunt 50 Q resistor was added to work as matched source. Fig.

3.23 illustrates the circuit diagram for measuring the S parameters between the patch

antenna and the sensor patch element where as the simulated S parameters are presented

in Fig. 3.24. Using the foregoing Eqn. 3.18, the predicted calibration factor between the

antenna and the sensor patch was found to be about -26 dB.
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Figure 3.23 The circuit diagram for measuring the coupling between the

antenna and the sensor patch element.

-61 -



» mo
0 S - X
] \\\ / N e 30 /X / \\
\ | \ | / -30— o /
1 \ | AN /N
= -5 \ = -35— /
= \ - / N /
< 1 | - / T
o m'1 aQ
3 Jm1 \4 S a5 / ms__
© -107freq=2.400GHz T freq=2.400GHz
1m1=-9.879 0 — m5=-26.290
15 L B B B -85 [rrrrrr T I I
1.0 15 20 25 30 35 40 1.0 15 20 25 30 35 40
freq, GHz freq, GHz
m3
-25 y T -10
\ / i -
-30— —\ ’,"/ ]
~ /N / o = 15 m‘4 —
S /N / 5 ] v
o \\\ // o B e
173 / %) E e
% 0 : m3 g 207 - m4
T -20— e : D
- i - Treq=2.400GHz
5] / freq=21400GHz 1 7 m4=-15.748
s m3=-26.030 ]
S0 e o o et e
1.0 15 20 25 30 35 40 10 15 20 25 30 35 4¢
freq, GHz freq, GHz

Figure 3.24 The simulated S-parameter between the antenna patch and the
sensor element.

3.6 MEASUREMENT OF THE INTEGRATED ACTIVE
OSCILLATOR ANTENNA

3.6.1 Sensor patch Calibration in measurement

The measured frequency and the accepted power at the antenna input port was measured
using a sensor element and determined by a sensor calibration factorS,,, shown in Eqn.
3.18 that had been evaluated when the antenna was disconnected from the oscillator
circuit [21, 22]. The prototypes of oscillator integrated with antenna, including the
sensor, were fabricated on Duroid material (¢,= 2.55, thickness h = 1.524 mm, and tano
=0.0018) and are shown in Figs. 3.25 and 3.26 for circular patch and rectangular patch,

respectively. The calibration factor was measured first when the antenna was
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disconnected from the RF oscillator circuit. The two-port S parameters from 1.4 GHz to
4 GHz between the antenna input feed line and the sensor output are shown in Figs.
3.27 and 3.28 for circular patch and rectangular patch, respectively. The corresponding
calibration factor from the measured antenna data was computed using the Eqn. 3.18
and the response of the calibration factor over the band between 2 GHz to 2.8 GHz is
shown in Figs. 3.29 and 3.30 for two different antennas. As can be seen in Fig. 3.30, a
peak coupling of about -26.5 dB between the sensor and the rectangular patch at the

oscillating frequency was observed, which is well agreed with the prediction.

Figure 3.25 Photograph of the oscillator circuit integrated with circular
antenna.
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Figure 3.26 Photograph of the oscillator circuit integrated with circular

antenna.
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Figure 3.27 The measured two-port S parameters between the antenna input
port and sensor output for circular patch.
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Figure 3.28 The measured two-port S parameters between the antenna input
port and sensor output for rectangular patch.
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Figure 3.30 Response of calibration factors, for rectangular patch.

3.6.2 Results and Discussion

To the oscillator circuit integrated with circular patch, after some adjusting the input
matching shut stub and positive series feedback (see Fig. 3.31), the free running
oscillation was observed at 2.43540 GHz with 16.17 (-13.83-(-30)) dBm output power.
The phase noise at 100 kHz offset was found to be around -40 dBc/Hz, which is quite
high compared to the oscillator design specification. This is mostly caused by involving
a sensing patch in the measurement that may generate noise and degrade the phase noise
performance of the active oscillator. Fig. 3.32 shows the measured free-running
oscillation, output power (i.e. the accepted power by the antenna at its input), and phase
noise performance that were achieved. The measured efficiency was about 27.6%. Fig.
3.33 shows the output spectrum harmonic contents of the oscillator. The oscillator
characteristics on harmonics can not be judged since sensor patch only works for the

fundamental frequency. In order to evaluate performance of the oscillator active antenna
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at harmonic frequencies, a development on the improvement of measurement
techniques for active antennas to find the power accepted by the antenna at harmonic

frequencies is studied in Chapter 5, using a sensor patch technique [23].

Figure 3.31 Oscillator circuit integrated with circular patch after adjustment.
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Figure 3.32 Free running oscillation around 2.43 GHz for circular active antenna.
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In addition, to the oscillator circuit integrated with rectangular patch, after some
adjusting the input matching shut stub and positive series feedback (Fig. 3.34), the free
running oscillation was observed at 2.39950 GHz with 11.5 (-15- (-26.5)) dBm output
power. The phase noise at 100 kHz offset was found to be around -40 dBc/Hz, which is
quite high compared to the oscillator design specification. This is mostly caused by
involving a sensing patch in the measurement that may generate noise and degrade the
phase noise performance of the active oscillator. Fig. 3.35 shows the measured free-
running oscillation and output power performance that were achieved. The measured
efficiency was about 9.42%. Fig. 3.36 shows the output spectrum harmonic contents of

the oscillator.

Two main problems had drawn our attention from the forgoing measurements. Firstly,
the two active oscillator antenna circuits initially did not generate oscillation straight
way. Some adjustment had to be carried out on either the oscillator input matching or
the positive feedback line (see Figs. 3.31 and 3.34). This is mainly because the
nonlinear model of the active device used in the two designs is inaccurate in the
modelling so that modification to the circuit had to be applied in order to overcome the
problem. The other one is the performance of the phase noise in the active oscillator
antenna. The phase noise characteristic observed in the measurement using spectrum
analyser, was presented poorly (see Figs. 3.32 and 3.35), even increasing the span of the
spectrum or improving the measurement environment with some absorber material
around the circuit. This is maybe because of the phase noise of the active device
(PHEMT) we used in the design. One suggestion is to use bipolar transistor instead of
FET as active device due to its low 1/f noise characteristics, as illustrated in Table 3.1 at

the beginning of this chapter.
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Figure 3.33 The measured harmonic contents for the circular active antenna.

Figure 3.34 Oscillator circuit integrated with rectangular patch after adjustment.
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Figure 3.35 Free running oscillation around 2.43 GHz for rectangular active antenna.
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Figure 3.36 The measured harmonic contents for the rectangular active antenna.
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3.7 CONCLUSION

The design of an oscillator integrated with an active antenna, working at 2.4 GHz for
wireless LANs was designed and investigated. A common source HEMT transistor was
used, with positive feedback to enhance the instability of the active device. A
microstrip-fed patch antenna (circular and rectangular) was employed as output
terminating element for the unstable device. The antenna was directly connected with
the active device for reducing the power loss and circuit complexity and input
impedance of the antenna was optimised in terms of output power and harmonic levels.
A simple design procedure was described and measured results were then discussed. A
calibrated sensor placed next to the antenna edge having maximum voltage was used to
measure the performance of the active oscillator antenna. The results were encouraging
in terms of the free running oscillating frequency and output power. The design goal

was well met.
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CHAPTER 4

AM AND ASK MODULATION
USING INTEGRATED OSCILLATOR
ANTENNAS

4.1 INTRODUCTION

Active oscillator antennas are antennas in which active devices are integrated directly
with the antenna structure. The basic function of the active device is the RF signal
generation where as the antenna acts as a resonant load as well as a radiating element.
This type of active antenna has received much attention due to its compact size, low
weight, low cost and multi-functionality. They have been developed for low cost and
compact sensor and transceiver applications and also have strong potential for

applications in commercial wireless communications [1, 2].

Much of the research on integrated oscillator antennas has concentrated on several
designs to generate a steady-state oscillation using either two-port active devices
(IMPATT diodes and Gunn diodes) or three-port active devices (MESFET, HEMT, and
HBT) with different antenna configurations. Advantages and disadvantages associated
with each type of solid state device are addressed in a well known text book [3].
Surprisingly, however, little research in the open literature can be found for the

integrated oscillator antenna to be used as a modulator. With this scenario, the type of
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active antenna can be classified as a frequency conversion type and employed to design
compact transmitters. Some examples of this frequency conversion-type antenna have
been reported in the literature for FM, PM, BPSK and QPSK modulation for

transponding applications [4-6].

In this chapter, the design approach of the integrated oscillator antenna using a bipolar
transistor in which a novel and simple method of generating AM and ASK modulations
for a compact transmitter is presented. A prototype circuit has been fabricated and tested
to prove the design theory. The linear and non-linear design circuit models are discussed.
The results of different models are quite encouraging and agree well with the theoretical

expectation.

4.2 SIMULATION OF INTEGRATED ACTIVE OSCILLATOR
ANTENNA

4.2.1 Active device oscillation generation

The first stage of the design process is to select a suitable transistor. The transistor
selected for this study is the Hewlett-Packard General Purpose Silicon Bipolar
Transistor AT-41411. This device features have large values of S;; and S, at intended
design frequency (2.45 GHz), which is good for oscillator design since these parameters
will directly contribute to instability. In order to check the stability of the transistor, the
value of K needs to be calculated. If this value is greater than 1, then the transistor will
not oscillate into a resonant load and a feedback might be employed to ensure K < 1. An
analysis was performed using ADS circuit simulator, to determine the stability factor;

the setup and corresponding results are shown in Figs. 4.1 and 4.2, respectively.
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As can be seen in Fig. 4.2, the stability factor K of the transistor with common-emitter
configurations is greater than 1 across the simulated frequency range, which implies that
the transistor is unconditionally stable. In order to make the transistor become potential
unstable, inductive series feedback may need to be added as illustrated in the Fig. 4.3. A
parameter sweep to vary the inductance from 0.5 nH to 5 nH in 0.5 nH steps was carried
out, to find the best optimum value of inductance which will contribute to the lowest

value of K.

sp_hp_AT-41411_1_19921201
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Frequency="{0.10 - 4.00} GHz"
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- }% ++  Term

[ |\A Term2
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&3 | S-PARAMETERS I hallndl
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SP1 StabFact
Start=2 GHz StabFact1
Stop=3 GHz StabFact1=stab_fact(S)

Step=0.05 GHz

Figure 4.1 ADS circuit simulator setup for determining stability factor K.

The value of the stability factor K at 2.5 GHz is 0.895 (less than 1) when L is 4 nH, as
observed. This implies that the device is now potentially stable and may be liable to
oscillation. However, the value of K is not lower enough and the magnitude of S;; and

Sy, are still less than 1 as found in the simulation. For achieving negative resistance, the
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magnitude of S;; and S,, of the active device should be larger than 1. Besides, negative
values of K in the range of -1<K<0 is required because this will result in most of the
smith chart being unstable. A different transistor configuration has to be employed in
order to produce the required result. Subsequently, a bipolar transistor in common-base

configuration was therefore chosen in this case, as shown in Fig. 4.4.

freq StabFact1
2.000GHz 1.173]
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2.350GHz 1.228]
2.400GHz 1.239
2.450GHz 1.251
2.500GHz 1.264]
2.550GHz 1.255]
2.600GHz 1.248]
2.650GHz 1.242
2.700GHz 1.236]
2.750GHz 1.231
2.800GHz 1.227]
2.850GHz 1.224
2.900GHz 1.222
2.950GHz 1.220]
3.000GHz 1.219

Figure 4.2 Stability factor for common-emitter configuration.
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Figure 4.3 Feedback is added to increase instability.
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Figure 4.4 Common-Base Configurations setup in ADS simulator.

After analyzing the S parameters of the bipolar transistor with common-base
configuration, the value of K now was found to be -0.850 and the magnitude of S;; and
S,,> were greater than 1, as observed. However, the magnitude of S;; is marginally 1. We
can therefore subsequently further raise the magnitude of S;; by adding inductance L in

series with the base of the transistor and perform parameter sweep to get the optimum

S and Sy, (see Fig. 4.5).

By varying the inductance L from 0.5 nH to 15 nH, the largest magnitude of S;; and S»,
was obtained with L=3.5 nH. The resulting S parameters and input and output stability

circles are shown in Figs. 4.6, 4.7 and 4.8, respectively.
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Figure 4.5 Feedback is added to increase the magnitude of S;; and S,
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Figure 4.7 High positive output return loss
required by the oscillator.

Figure 4.6 High positive input return loss
required by the oscillator.

As observing the smith chart of the output stability with the S-parameters presented
above, one can find that large region of instability in the smith chart. Hence we can use

50 Q load termination I'y as the value of S;; is >1. Based on the model in Fig. 4.5, for
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load termination of 50 Q, the termination required to satisfy the oscillation obtained is
(18-7*15.94) Q. Since the transistor is operated in common-base configuration the
current flowing to the load is approximately equal to the emitter current (termination
network), and hence the resistor will contribute significantly to the power loss. To
avoid this, a lossless element replacing the resistor was considered, using a reactive

transmission line of 40 mm length, adjusted to maintain the same oscillator performance.

S_StabCircle1

L_StabCircle1

indep(S_StabCircle1) (0.000 to 51.000)
indep(L_StabCircle1) (0.000 to 51.000)

—— Input Stability

- QUtpUt Stability

Figure 4.8 Input and output stability circles.

4.2.2 BJT DC bias network

Dc bias network play an important role in microwave transistor design. The purpose of
a good dc bias design is to select the proper quiescent point and maintain the quiescent
point constant over variations in transistor parameter and temperature [7]. Poor dc

biasing could influence the radiation behavior of the antenna. A resistor bias network
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can be used with good results over moderate temperature changes. Fig. 4.9 shows the dc

biasing circuit for common-base configuration.

Figure 4.9 Dc bias for Common-Base Configuration.

Based on the datasheet of AT-41411, the Vcg =8 V and Ic=10 mA was carefully set as
the biasing point for the active device. The following shows the calculation involved to
obtained the biasing resistor for Vec=9 V, Vgg=-3 V.
Assuming active mode

Vg=-0.7V, Vcg= V- Vg

Hence, Vc=7.3Vand R¢c = (Vce — Ve)/le = (9 —7.3)/0.01= 170 Q.

Ig =1Ic + Iz =Ic(1+1/150)= 10.067 mA.

Hence, Rg = (3 — 0.7)/10.067=228.47 Q.
The nearest available standard value for the required bias resistors are:

Rc =180 Q

Rg =220 Q
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To carry out the DC simulation the linear transistor model has been replaced with a non-
linear model and the resulting bias simulation is shown in Fig. 4.10. As can be seen, a

good result with Ic =9.92 mA and Vce =8.01 V (Vc - VEg=7.21 — (-0.8)) was achieved.

R
R1
721V R=180 Ohm
\e "
R .92 mA
R2 oV
- . 9.92 mA
10.0mA 5, R=220 Ohm \%)O mV m 992 mA
i ” SN |
- +_L -10.0 mA -10.0 mA 0A v oc
R = — SRCf1
SRC2 e —
Vde=-3V ~— 83.3 UA _T Vdc=9V
pb_hp_AT41411_19920721
Q1

Figure 4.10 DC bias simulations.

4.2.3 Oscillation condition test Using ADS simulator

A general method of testing the steady-state oscillations is known as Nquist stability
criterion [8-10]. The presence of oscillation may be tested at either the input or output
port of the transistor. When the phase of the transfer function is zero and the magnitude
(at the same frequency) is larger than one, the system is unstable. Let us consider the
output port, then the transfer function is given by I'L* I'oyr, where 'yt is the reflection
coefficient seen looking into the output port of the transistor. The system stability
depends on the position of poles of the transfer function I't* T'gur. If the function
possesses poles in the right half plane, the system is unstable. It follows from the
Nyquist criterion that the presence of poles in the right-half plane and the system
instability can be determined by the encirclements of point 1+j0 by the “osctest”

generated contour Si; = I'L(jw) T'our (jw). An equivalent test can be made using the
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quantity I'¢* I'y and it should give the same result as above. The following schematic

shows (see Fig. 4.11) how to test the Nquist stability by using ADS “OSCTEST”

component.

pb_hp_AT41411_19920721

\/out

I Q1
. . e
¢ <t ML —e
c OscTest DC_Block
C=0.86 pF scles . Bloc
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Z=1.1 Ohm [ DC_Feed L=3.5 nH
= Start=1.0 GHz DC_Feed2 ) R=
Stop=10.0 GHz
Points=101

R

S_Param

SP1

Start=2 GHz
Stop=3 GHz
Step=0.05 GHz

S-PARAMETERS

|

| -
DC_Block
DC_Block2

R2
R=50 Ohm

DC_Feed

DC_Feed1

VAAST?

R
Rc
R=180 Ohm

Figure 4.11 OSCTEST component used to determine if the circuit oscillates.

The dc block 1 and 2 in Fig. 4.11 are used to prevent dc bias level affecting RF port.

They have low reactance at design frequency of operation, but they blocked the dc

component. Moreover, both applied dc components are used to block the RF signal, but

allow dc or low-frequency signal to pass through. The corresponding result of the

simulation is illustrated in polar form as shown in Fig. 4.12.

The result presents that the x-axis value of 1 is circled by the trace or contour, which

implies that the circuit will oscillates and the Nquist stability criterion had been met.

-83-



1
freq=2 450GHz
SP1.5P.5(1,1)=1.043 /-0 488

m

¥
-2 10 -0 -6 08 0z op 02 04 06 0B 10 12

SP1.SP.SA 1)

freq (2.000GHz to 3.000GHZ)

Figure 4.12 Polar plot of the S-parameter simulation using ‘OSCTEST".

4.2.4 Microstrip patch Antenna design using Momentum

The antenna was considered as a microstrip-fed offset rectangular patch (see Fig. 4.13)
and was designed to resonate near 2.45 GHz. The microstrip patch acts as radiating
element and an optimal bipolar transistor collector load impedance required for
oscillator synthesis. The dimensions of the antenna (in mm) can be found in Fig. 4.14.
Input impedance of the antenna was computed from 0.1 GHz to 12 GHz using the
Agilent Momentum modelling package [11]. Fig. 4.15 presents the simulated return loss
of the optimal microstrip antenna for this design. The attained antenna data was then
incorporated in the circuit simulator as a one-port device and the oscillation condition at
the input of the active device was observed. Then the length of the microstrip
transmission line (connected with the emitter at the input) was optimised for maximum

input power at the antenna port, using the HB simulator.
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Figure 4.13 Basic antenna geometry used for optimization.

10.02 mm

W OeE TSR

20,00 mm

38150 rm

Figure 4.14 Dimensions of the designed microstrip inset-feed.

4.2.5 Simulated performance of integrated active oscillator antenna

The HB simulator was used to predict the characteristics of the active oscillator such as

output power, harmonic level, frequency pushing, and phase noise. A nonlinear model
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of the device was used over the first 5 harmonics operation. The load impedance at the
fundamental design frequency was optimised to achieve the maximum output power
and reasonable harmonic level. The schematic and the layout are shown in Figs 4.16 and

4.17, respectively.

0
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M ]
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Figure 4.15 Simulated return loss of the microstrip patch antenna.

Sensor element [l 4596

38.15

AT-41411

Series feedback

Figure 4.17 Final layout of the designed integrated active oscillator antenna.
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Figure 4.16 Final schematic circuit diagram of the designed integrated active oscillator
antenna.



Simulated free running oscillation frequency and harmonic performance of the
integrated active oscillator antenna are presented in Fig. 4.18. The waveform of the
output power in time domain was predicted and shown in Fig. 4.19. As can be seen, the
voltage waveform was distorted by the oscillator harmonics which is due to nonlinearity
of the active device. Phase noise of the proposed integrated active oscillator antenna

was also studied, as shown in Fig. 4.20.
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Figure 4.18 Output Power Spectrum in Frequency domain.
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Figure 4.19 Output Power in time domain.
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Figure 4.20 Phase Noise of integrated active oscillator antenna at 10 kHz.

4.2.6 Modulation of integrated active oscillator antenna

The increasing demand for low cost and small size radio frequency transceiver has been
a growing area of research recently. The task is very challenging to the designer
especially in the implementation of the circuit elements which posses multiple
functionality. The circuit design (see Fig. 4.16), is not only an oscillator, but function

also as a radiator.

One of the potential used of this circuit can be either in short-range communications or
short-range sensing applications. However, in communication systems, we need to
perform modulation in order to transmit the signal in free space. Without adding extra
components, and to maintain the existing size of the circuit, we can integrate this
additional function into the circuit element by placing the modulated signal into the base

of the transistor. The modified schematic diagram is shown in Fig. 4.21.
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Figure 4.21 Schematic circuit of the integrated active oscillator antenna for modulation
purposes
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A 100 MHz sine wave signal is used to modulate the carrier frequency. The simulation
result is shown in Figs. 4.22 and 4.23. As can be seen in Fig. 4.22, the modulation has
little effect on the output power of the carrier frequency. However the carrier frequency
has shifted a bit. The carrier frequency can be altered by fine tuning of the input

matching circuit.
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Figure 4.22 Output Power Spectrum (Amplitude Modulation).
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Figure 4.23 Modulated carrier in time domain (AM).
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Figure 4.24 Output Power spectrum (ASK).

Another possible modulation scheme that can be integrated into the circuit element is

the ASK. Instead of using 100 MHz sine wave as modulated signal, we can use

rectangular signal (approximated to the equivalent digital signal) of 100 MHz. the

simulation result are shown in Figs. 4.24 and Fig. 4.25.
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Figure 4.25 ASK modulated carrier in time domain.
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4.3 MEASUREMENT OF INTEGRATED ACTIVE OSCILLATOR
ANTENNA

4.3.1 Antenna and sensor patch

The antenna and the RF circuit elements were mounted on Duroid material with the
following specifications: relative permittivity = 2.55, loss tangent = 0.0018 and height
of the substrate = 1.524 mm. The total area of the finite ground considered for the active
antenna oscillator circuit is 11 cm x 11 cm. The free running oscillation frequency and
harmonic contents of the integrated active oscillator antenna were measured using the
sensing patch technique. Firstly, the calibration factor was first measured when the
antenna was disconnected from the RF oscillator circuit. Thus the antenna is operated as
a one-port passive network. Then the feeding line of the antenna was reconnected with a
coaxial probe (rear board) to the network analyzer and considered as port 1. Then the
sensor patch output with a 50 Q chip resistor across it was connected to a coaxial
connector at the rear of the board and then fed to the network analyzer as port 2.
Therefore the radiator and the sensor can now be considered as two-port passive

network.

The S-parameter of the two-port was taken carefully on a well-calibrated network
analyzer (HP 8510C), avoiding room reflections as much as possible. To achieve
accurate measurement the electrical delay caused by the connector has to be taken into
account. One method of measuring the electrical delay of the SMA connector is by
using an identical similar element and then connects it to the probe of the network
analyzer without the circuit board [12]. Then solder the centre pin of the connector to a

piece of foil to make a perfect short circuit in the plane of the flange surface. The
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electrical delay was adjusted until the swept frequency trace became a single point at the

left of the Smith chart. The measured electrical delay obtained was 79 ps.

The resonance frequency of the antenna was found to be 2.425 GHz. Initially, the circuit
did not generate stable oscillation. This is because the substrate thickness was not
included in the simulation when connecting the transmission line at the base of the
transistor to the ground. One way to overcome this problem is to vary the input
impedance of the antenna by adding a 50 Q microstrip line with appropriate length of
about 35 mm. The modified circuit configuration is shown in Fig. 4.26. Then the two-
port S parameters between the antenna input feed line and the sensor output were
measured again and the results are shown in Fig. 4.27. The antenna resonant frequency
now was shifted down to 2.40 GHz. The corresponding calibration factor from the
measured data was computed over the band from 2 GHz to 3 GHz as shown in Fig.
4.28. As can be easily seen, the calibration factor at the oscillating frequency is about -

24 dB (including cable loss of 1.33 dB).

It is notable in Fig. 4.29 that the curve shows a slowly varying magnitude over a much
wider band than the resonant bandwidth of the antenna. Since the antenna impedance
varies widely over this band, the curve indicates that the correction for the impedance
variation is working accurately. However, on the finer frequency scale, the plot shows
small magnitude variations in which can be ignored. However, this could be due to the
random network analyzer errors; or could be also due to the minor room reflection. The
other possibility could be due to the current flowing on the outer conductors of the

network cables which produce standing waves.
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Figure.4.26 Modified layout of the oscillator for AM and ASK modulation.
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Figure 4.27 The two-port S parameters between the modified antenna input
port and sensor output.
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Figure 4.28 Response of calibration factors,, .

4.3.2 Measured performance of integrated-oscillator active antenna

Initially, the circuit does not oscillate because of the extra length cause by the grounding
point at the base of the transistor. The circuit can be made to work by fine tuning the
length of lumped element at the base of the transistor. However, this became practically
impossible due to the fact that as the length of the lumped element is varied, a new hole
need to be drilled. This is because the lumped element at the base of the transistor needs
to be grounded. Therefore the easiest way was to vary the input impedance of the
antenna, by adding a strip (see Fig. 4.26) of 50 Q characteristic impedance; length 35
mm across the feed line of the antenna, to support the oscillation condition. The addition
of the extra line will have little effect on the calibration factor of the original antenna.

The antenna parameters were measured again after the edition of the metal strip.
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A measurement bench setup for measuring free running oscillation frequency of the
integrated active oscillator antenna is presented in Fig. 4.29. After the foregoing
adjustment to the circuit, the free-running oscillation was observed at 2.36727 GHz,
with about 15 dBm output power. Fig. 4.30 shows the measured free-running oscillation.
The measured efficiency was about 28.7%. The choice of BJT transistor as an active
element shows increase in efficiency as compared with PHEMT. Fig. 4.31 shows the
output spectrum harmonic contents of the oscillator. The output power of active
oscillator antenna at the 2™ harmonic can be estimated using the same sensor (this will
be explained in the Chapter 5). The calibration factor at the 2" harmonic was calculated
to be about -20.4 dB and thus, the 2" harmonic power of the active oscillator antenna
was found to be -4.43 dBm (-24.83-(-20.4)). As a result, the difference between the
fundamental and the 2™ harmonic in power is therefore about 19.43 dB, which is quite
acceptable for practical realization. Further more, it is notable that the centre oscillating
frequency has a tuning range of 20 MHz as the emitter voltage of the active device is

varied.

The simplest method for measuring oscillator phase noise is to view the oscillator
spectrum directly on a spectrum analyzer. To understand how to read the phase noise,
refer to the definition which have been explain in chapter 3 section 3.3.2. However, this
method is accurate (only) provided that the oscillator has low amplitude noise
modulation in which the measured noise of the oscillator is much higher than that of the
local oscillator of the spectrum analyzer. Therefore the approximate phase noise at 10

kHz offset from the centre frequency was found to be -50 dBc/Hz.
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Figure 4.29 The measurement bench setup for integrated active oscillator antenna.

The phase noise can be accurately predicted and measured using the measurement setup
presented in [13] as shown in Fig. 4.32. This technique gives better sensitivity than
direct measurement at radio frequencies because the translation down to low RF
frequencies permits the use of spectrum analyzer with lower-noise local oscillators or
fast Fourier transform (FFT) analyzers. In general, the sensitivity of this system is

limited by the internal noise of the frequency discriminator.
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Another method that yields good result is suggested by LeCroy (oscilloscopes provider)
technical paper [14]. Since the circuit contains antenna, it is more appropriate to
measure the phase noise in anechoic chamber to avoid scattering and reflection that

might be caused by the environment or nearby interferences.

4.3.3 Measured modulation performance of integrated-oscillator active
microstrip antenna

In order to let the active device perform as a modulator, an attempt was first made to
place the modulated signal (either analogue sinusoidal wave or digital square wave) at
the base of the transistor from the rear of the circuit board, using a probe feed. It was
found that modulation of the RF oscillating signal was not observed. This is mainly
because oscillation frequency is so sensitive to the variation of the base inductance of
the transistor. The length of the probe connector’s pin contributes to the inductance at
the base of the transistor, which caused the failure to generate oscillation. One

alternative to overcome this problem is to place the modulated signal at the emitter of
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the transistor. A piece of transmission line with dimensions of 4.2 mm x 8 mm was
placed close to the emitter of the transistor and then the modulated signal was fed from
the underneath of the circuit board, as shown in Fig. 4.26. It can be also seen; a 27 nH
chip inductor was mounted in series across the two transmission lines, acting as a high
impedance line to isolate the oscillating RF signal from the signal generator. In addition,
a 10 pF chip capacitor (optional) was also added and mounted in shunt to work together

with the series inductor to form a low-pass filter.

A 1 volt peak-to-peak sinusoidal wave signal of 100 MHz was first used. It was found
that the oscillated signal and the two adjacent sideband signals were observed on the
spectrum analyser. The spacing between the centre frequency and the two sidebands
was measured to be 100 MHz. It can also be noted that the modulation has little effect
on variation of the originally oscillating RF signal in terms of RF frequency.
Additionally, the amplitudes of the two AM modulated sideband signals are
dramatically unequal. This is probably because the antenna response over the band; or it
may also be caused by the nonlinearity of the transistor. It is interesting that the
difference in amplitude of the two sidebands decreases as the frequency of the
modulating signal is varied from 100 MHz to 10 MHz, while the centre oscillating
frequency keeps almost unchanged. Fig. 4.33 shows the AM modulated carrier in

frequency domain for a 10 MHz sinusoidal input signal.

Similarly, a 1 volt peak-to-peak square wave signal of 2 MHz was fed to test the
capability of the active device to generate digital ASK modulation. A Farnell low
frequency signal generator was used to provide square wave and the measurement

bench setup is illustrated in Fig. 4.34. The resultant modulated signal of ASK, presented
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in Figs. 4.35, shows the required frequency components in frequency domain as
expected: this proves the successful achievement of ASK modulation. Other frequencies
(3 and 5 MHz) of the square wave were also tested for ASK modulation and the same

result was observed in frequency domain (see Figs. 4.36 and 4.37).
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Figure 4.33 Measured spectrum of the AM modulation for a 10 MHz sinusoidal
modulated signal.
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Figure 4.34 Measurement bench setup for measuring ASK modulation.
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Figure 4.35 Measured spectrum of the ASK modulation for 2 MHz square
wave.
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4.4 CONCLUSION

The concept of AIA in designing integrated oscillator active microstrip antenna without
intermediate matching circuit between the output of the active device and the antenna
was studied. This type of active antenna has been developed for sensor application.
Much of the progress has been generated by the interest in the potential for spatial
power combiner applications to overcome the power limitations of solid state sources at
high frequency. The theory of microwave oscillator is based on two-port negative
resistance oscillator. The negative resistance of a two-port network was realized by
circuits containing active elements like transistor. Much of the research interest has
been carried out using PHEMT, FET and HBT transistor. However, in this study, BJT
transistor was chosen as the active device to provide negative resistance. The measured
results were quite encouraging and agreed well with the theoretical expectation using

ADS software.

A novel and simple method of generating AM and ASK modulation, using an integrated
oscillator antenna with positive feedback working at around 2.4 GHz, was presented and
discussed. The design steps for both the oscillator and the patch antenna were carried
out in parallel. The measured frequency and the forward power at the antenna input port,
using a calibrated sensing patch, gave reliable results without affecting the radiation
performance of the antenna or the oscillator circuit elements. The present work may find

potential applications as a compact transmitter for Wireless LANS.
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CHAPTER 5

HARMONIC MEASUREMENTS ON
ACTIVE PATCH ANTENNAS USING
SENSOR PATCHES

5.1 INTRODUCTION

In this chapter, the possibility of using sensor patch technique to find the power
accepted by the antenna at harmonic frequencies is studied. Performance of the sensing
patch technique for measuring the accepted power at the antenna feed port of active
patch antennas has been evaluated at harmonic frequencies. A prototype antenna such as
inset-fed patch antenna used in Chapter 4, with two sensors at appropriate locations
around the patch, was manufactured and tested. The test was performed to cover the
designed frequency band (fundamental component) and the first two harmonics
frequencies. Determination of the sensor calibration factor, for these particular sensors,
for the three frequency band components will result in accurate estimation of the
accepted power by the antenna. It is shown, based on experimental results, that the
original technique presented in last chapter can also be employed to measure the second
harmonic power [1]; measurement of the third harmonic power is also possible if

another sensing patch is added in an appropriate position.
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5.2 EXISTING MEASUREMENT TECHNIQUES FOR ACTIVE
INTEGRATED ANTENNAS

Active integrated antennas have received much attention, due to their compact size, low
weight, low cost, and multiple functionalities. They are typically classified into three
types: amplifying-type, oscillating-type, and frequency-conversion-type, according to

how the active device acts in the antenna [2-4].

In general, radiated power by the active integrated antenna at targeted design frequency
and its harmonics can be measured using Friis transmission equation in the anechoic
chamber [5]. In addition, a simple measurement technique for measuring the accepted
power by the active patch antenna, using a sensing patch feeding network was first
proposed in [6]. The measurement details about this technique have already
demonstrated in Chapters 3 and 4. The technique eliminates many uncertainties and
errors, such as cable losses, effects of the pattern, effects of nearly scatterers, and gain
estimation errors, and even makes it unnecessary to operate in the far field. This
technique was originally developed for the measurement of amplifying-type active
patch antennas at their fundamental design frequency. It was subsequently applied to
measurements on oscillating-type antennas [7] and on the microstrip dipole antennas fed
by coplanar wave (CPW) for beam steering in mobile base stations [8, 9], as shown in

Fig. 5.1.

5.3 SENSOR SIMULATION AND MEASUREMENT OF
HARMONICS

In this study, an inset microstrip-fed patch antenna, resonating at 2.44 GHz, was chosen

for the test. This type of antenna is convenient for the design purposes of active
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oscillator antennas adopted for the design in Chapter 4 [8]. The performance of the
sensing patch method at 2" and 3™ harmonic frequencies was evaluated with this
antenna. The current distribution on the patch at harmonic frequencies was first studied
to find the proper position for the sensing patch, using Ansoft Designer SV. Figs. 5.2
and 5.3 show the corresponding harmonic current distributions on the patch. The
position of the sensing patch is optimally set adjacent to a point of maximum voltage,
which corresponds to a point of minimum current distribution on the patch. Thus the
position of the sensing patch can be set next to the middle of the end edge of the patch
for the 2™ harmonic and one-third of the way along one side of the patch for the 3™
harmonic. It was also found that the presence of the sensing patch has very little effect
about £0.1 dB on the return loss at the input port of the main patch for the fundamental

and harmonic frequencies.

Figure 5.1 RF switched CPW-fed printed dipole, including sensor patch
(for measuring radiated power by the dipole).
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Figure 5.3 Current distribution on the patch antenna at 3" harmonic frequency.

The antenna with two sensing patches was mounted on 1.524 mm thick Duroid
substrate material with relative permittivity of 2.55 and loss tangent of 0.0018. The sizes
of the sensing patches used for the 2" and 3™ harmonic frequencies were 3 mm x 5 mm
and 3 mm x 3 mm, respectively. A spacing distance of 2 mm between the sensing
patches and the antenna patch (see Fig. 5.4) was found acceptable for sufficient

coupling and had no noticeable effect on the antenna input return loss. It has to be noted
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that the sensing patch at the 2" harmonic has the same location as at the fundamental.
The sensing patch was connected to ground via a 50 Q chip resistor. The inclusion of
the 50 Q resistor creates a relatively well-matched source. A 50 Q coaxial probe was
mounted at the rear of the circuit board and connected to the resistor load: this fed the

sensor output to a well-calibrated network analyzer.

Figure 5.4 Fabricated antenna showing sensor locations: (left) Top view, (right)
Underside.

The sensing patch for the 2" harmonic was first tested. According to the work presented
in [6], the performance of the sensing patch for harmonics can be evaluated using the
calibration factor |S,;’|, which relates the sensor’s output power to the accepted power

by the antenna, as follows [6]:

) 5.1

= |821|2/(1_‘8112

'
SZ]
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Where the S parameters in Eqn. 5.1 were obtained by measuring two-port S parameters
between the antenna input feed line and the sensor’s output from 2 GHz to 8 GHz ,
using a traceably-calibrated network analyzer (HP 8510C) (see Figs. 5.5, 5.6 and 5.7);
the corresponding calibration factor from the measured antenna data was computed
using Eqn. 5.1. The measured return loss and computed calibration factors are presented
in Table 1 at 2.44, 4.88, and 7.32 GHz, respectively. In order to evaluate sensor’s
calibration factor for harmonics, a 0 dBm RF signal was fed into the main patch from a
sweep oscillator HP 8350B at the fundamental, and harmonics frequencies (see Fig.
5.8). The Return Loss (R.L.) of the antenna tested was optimized at its fundamental
frequency into an impedance of 50 Q as shown in Table 5.1, but at harmonic
frequencies, the input impedance of the antenna was greatly different from 50 Q. Thus,

the power accepted by the antenna (Paccepted) 1S given by:

Paccepted = Pincigent (1 - |F|2) 5.2

Where T is the reflection coefficient at the input of the antenna and [T =
Prefiected/Pincidents Preflected 1S the power reflected at the antenna input, and Pincigent 1S the
power outgoing from the signal generator (in this case, Pincigenr = 0 dBm at all
frequencies). The power from the sensor’s output (Preding) Was observed using a
spectrum analyzer (HP 8563A) (see Fig. 5.9). Care was taken to find the loss in the
cable (Lcabie) before measuring the output power from the sensor. The estimated power

accepted by the antenna (Pyccepied’) can be found as:

P! s =P Is5|” -L

accepted reading

53

cable
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Figure 5.5 The two-port S parameters between the inset-fed patch antenna
input port and sensor output at fundamental frequency band.
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Figure 5.8 Sensor patch measurement setup for oscillating type.
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A summary of measured parameters for the 2" harmonic sensor is presented in Table
5.1. The technique is shown to be valid and the power accepted by the antenna at the
fundamental and 2" harmonic frequencies can be measured using the same sensing
patch. As can be seen from Table 5.1, the accuracy of this technique is within 0.8 dB. It
should be noted that the power accepted at the 3™ harmonic frequency varies greatly in
the measurement and this is because the sensor is weakly coupled to the maximum

voltage of the 3" harmonic.

Similarly, for the 3™ harmonic sensor, the same process was used as with the 2™
harmonic sensor. A summary of measured parameters for the 3™ harmonic sensor is
presented in Table 5.2 at the intended frequencies. It is shown that the technique is still
valid within 1 dB accuracy for 3™ harmonic power measurement. In addition, this
sensor can also be applied for the 2™ harmonic power measurement, with very good
accuracy. This is because the current distribution at the 2™ harmonic frequency near to
the location of the 3™ harmonic sensor is close to minimum, and this can be easily seen
from Fig. 5.2. It is notable that the accepted power at the fundamental frequency varies

greatly in the measurements.

Table 5.1 2™ harmonic sensor measurement results for the fundamental and harmonics.

Fl‘eq S11 |SZI'|2 Lcable Preading Paccepted Paccepted’
(GHz) | (dB) | (dB) | (dB) | (dBm)| (dBm) | (dBm)
2.44 | -24.86 | -23.20 | 1.33 | -25.33 | -0.0144 | -0.8

488 | -1.75 |-20.42 | 2.67 | -28.5 | -4.796 | -5.412
732 | -4.241 |-2345| 4 -27 -2.052 0.45
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Figure 5.9 Accepted power measurement setup.

Table 5.2 3™ harmonic sensor measurement results for the fundamental and harmonics.

Freq S 11 | S21 ,|2 Lcable Preading Paccepted Paccepted'
(GHz) | (dB) | (dB) | (dB) | (dBm)| (dBm) | (dBm)
244 |-26.09 | -32.403 | 1.33 -33 -0.0109 0.733

488 | -1.74 | -25.25 | 2.6 -33 -4.814 -5.155
732 | -4.19 | -23.59 4 |-30.67| -2.084 -3.08

5.4 CONCLUSION

The measured accepted power of microstrip patch antenna, using sensing patch
measurement technique, was presented at the fundamental and harmonics frequencies.

A prototype antenna, including two sensors at appropriate locations around the patch,
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was fabricated and tested at three designated frequencies to estimate the power accepted

by the antenna, using a calibration factor. The results of the present work were shown to

be acceptable and agreed with direct measurements. The techniques were shown 0.8 dB

and 1 dB relative accuracy for the 2" and 3™ harmonics measurements respectively.

5.5 REFERENCES

[1]

D. Zhou, R.A. Abd-Alhameed, N.J. McEwan and P.S. Excell, “Investigations on
second harmonic measurements using a sensor patch for active patch antennas”,

In proceeding of the seventh informatics workshop for research students, pp. 200-
201, Bradford, UK, 29" March 2006.

H. Kim, I.-]J. Yoon, and Y.J. Yoon, “A novel fully integrated transmitter front-end
with high power-added efficiency”, IEEE Trans. Microwave Theory and
Techniques, Vol. 53, No. 10, pp. 3206-3214, October 2005.

J. Birkeland and T. Itoh, “Planar FET oscillators using periodic microstrip patch
antennas”, IEEE Trans. Microwave Theory and Techniques, Vol. 37, No. 8, pp.
1232-1236, August 1989.

K. Cha, S. Kawasaki, and T. Itoh, “Transponder using self-oscillating mixer and
active antenna”, IEEE MTT-S Int. Microwave Symp. Digest, pp. 425-428, 1994.

C.A. Balunis, “Antenna Theory: analysis and design”, Third edition, John Wiley
& Sons Inc., pp. 94-96, 2005.

E.A. Elkhazmi, N.J. McEwan, and N.T. Ali, “A power and efficiency
measurement technique for active patch antennas”, IEEE Transactions on
Microwave Theory and Techniques, Vol. 48, No. 5, pp. 868-870, May 2000.

R.A. Abd-Alhameed, P.S. Excell and E. Elkhazmi, ‘Design of integrated-
oscillator active microstrip antenna for 2.45GHz’, XXVIIth General Assembly of
URSI, Maastricht, Paper No. 1181: 1-4, August 2002.

M.M. Abusitta, D. Zhou, R.A. Abd-Alhameed and P.S. Excell, “RF switch design
for beam-steering antenna-array mobile communication base stations”, In
proceeding of the eighth Informatics workshop for research students, University
of Bradford, Bradford, UK, 28" June 2007.

M.M. Abusitta, D. Zhou, R.A. Abd-Alhameed and P.S. Excell, “Simulation and

measurement of controlled RF switch for beam steering antenna array”, National
URSI symposium, University of Portsmouth, Portsmouth, UK, 2—3 July 2007.

-117 -



CHAPTER 6

NUMERICAL SOLUTIONS ON
ACTIVE PATCH ANTENNAS FOR
HARMONIC SUPPRESSION USING
GENETIC ALGORITHMS

6.1 INTRODUCTION

Active transmitting antennas normally contain significant non-linearity and are always
integrated compact design. Therefore, the transistor drain (or collector) will be
producing harmonic currents directly into the radiator, and these would be expected to
be radiated fairly unwanted power [1]. In active antenna design, the unwanted harmonic
contents can be terminated (or eliminated) using the radiating element. In this way,
active circuit does not request any additional circuitry for harmonic tuning, and thus,
can simplify the circuit design and ended with small compact design. In [2], the
modified rectangular patch antenna with a series of shorting pins added to the patch
centre line was applied to shape the radiated second harmonic from the active
amplifying-type antenna, in order to increase the transmitter efficiency. Unfortunately,
the proposed design does not provide the termination for the third harmonic. A circular
sector patch antenna with 120° cut out (see Fig. 2.6) in [3] was investigated and proved
to provide additional harmonic termination for the third harmonic, claiming a further

enhancement in the transmitter efficiency. Moreover, an H-shaped patch antenna for
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harmonic suppression was designed and applied in oscillator-type active integrated

antennas for the purpose of eliminating the unwanted harmonic radiation [4, 5].

In this chapter the harmonic suppression antennas, used to reduce unwanted outputs at
the second and third harmonics of an active microstrip patch antenna, were designed
and optimised using genetic algorithms. Genetic algorithm driver, written in FORTRAN,
was adopted in this work in conjunction with the industry-standard NEC-2 FORTRAN
source code, which was used to evaluate the randomly generated antenna samples [6, 7].
Therefore, firstly, a summary on the sophisticated genetic algorithms (GA) and its
application in collaborating with NEC-2 for antenna designs and optimization was
described. Secondly, two examples on antennas using GA were briefly demonstrated to
prove the capability of GA as a quick optimization tool in antenna designs. Finally, a
novel FORTRAN program for adaptively meshing any planar antenna as wire-grid like
structure is developed and is exploited in designs of harmonic suppression antennas for

active antennas.

6.2 THE GENETIC ALGORITHM

6.2.1 Introduction to genetic algorithms

Genetic algorithms are stochastic search procedures orchestrated by natural genetics,
selection and evolution [8]. They are modelled on Darwinian concepts of natural
evolution thus making them more inspiring during use [9]. After it’s first introduction in
1960’s by J. Holland, it has become an efficient tool for search, optimization and

machine learning, but in the pre — GA era, concepts of it had been looming and applied
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in game playing and pattern recognition [10]. Over the recent years, it has proven to be

a promising technique for different optimizations, designs and control applications.

Basically, GA exerts pressure on a set or population of possible solutions managing
them to evolve towards a global optimal point. This is achieved by a fitness weight
selection process and severe exploration of the solution search space attained through
recombination (crossover) and mutation of the characteristics present in the particular

population considered.

When the GA is used as an optimizer, it was found very effective and robust especially
if the goal of the operation is to locate an approximate global maximum in complex
combinatorial and search related problems. The powerful heuristics of the GA are
essentially efficient to dynamically update the parameters applied to the input

measurements, operates on them and produce near optimal solutions.

Genetic algorithms show more promises because among other search algorithms, it
examines all possible solutions in the search space of unknown parameters and
eventually identifies the most suitable and fittest solution to the complex problem. Due
to the unique ability to rigorously search the entire defined search space, it’s always
been referred to as a robust and highly efficient technique with better performances;

capable in solving complex problems in various engineering applications and fields.
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6.2.2 Why genetic algorithms?

At this point, it is highly necessary to point out the reasons why GA is mostly used
nowadays in different optimization processes. Majority of the optimization methods are

classified as either;

e Global techniques with familiar examples such as Genetic Algorithms, random
walk, simulated annealing and Monte Carlo.
e Local techniques with familiar examples such as conjugate gradient, quasi

Newton and simplex methods.

A major difference between these two optimization techniques is that the local
techniques tend to produce results extremely dependent upon initial start conditions and
they couple tightly to the solution domain thereby converging relatively fast and
producing local maximum results. On the other hand, global techniques are independent
of these starting conditions and place certain constraints on them. Thus, this makes the
global techniques to be robust and perform better even if there are discontinuities in the
solution domain. Furthermore, it’s been observed that there are three main situations

when the genetic algorithms tend to be more useful. These are;

e If the problem at hand requires quite a number of parameters.
e There are multiple local optima solutions present.

e A non — differentiable objective function.

From this point of view, a deeper look into these two groups of optimization process

shows that the local techniques converge faster than the global techniques [8]. However,
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in the electromagnetic design problems, the rate of convergence is relatively less
important but optimal results are vital. Amongst the global techniques, the GA is more
suitable for electromagnetic design issues. It is faster, reliable, robust and easily

programmed and readily implemented [11].

6.2.3 Terminologies in GA

To be able to appreciate and have a common understanding of this particular discussion
about GA, we ought to dive more deeply into some fundamental definitions. The
following summarizes the most important concepts many of which are similar and

borrowed from the concepts of natural evolution.

e Generation: A set of fit individuals which were successively created.

e Parent: These are members selected in a probabilistic manner from a particular
initialized population. They are usually weighted relative to their fitness values
[8].

e Children: Usually generated by initially selected parents to form a new
generation. They are products of the major genetic operators; crossover and
mutation.

e Fitness: A value that dictates the measure of the goodness of each individual.

e Genes: Coded parameters required for optimization.

e Chromosomes: A couple of genes in string format.

e Objective function: Basically a numerical representation in simple equation
formats, of the required goal in an optimization problem [12]. It defines if the
complex problem is been maximized or minimized and could also be referred to

as the cost function or fitness function.
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e Search space: It’s the region that contains all possible solutions assumed by the
design engineer [12]. Due to the chances of flexibility during optimization, the
search space might contain solutions outside the feasible conditions. The
intelligent GA tends to isolate them and select the appropriate optimal solutions
from this pool. In addition to this, the format of the search space boundaries

must be carefully taken to prevent early convergence on less optimal results.

From all described so far, the whole optimization process involves some basic tasks

which are enumerated below as follows:

e Solution parameters are encoded as genes.

e Chromosomes are formed from strings of genes.

e A random initiation to create a starting population.

e Individuals in the population are evaluated and assigned fitness values.
e Reproduction of the fit individuals selected.

e (Genetic operators, crossover and mutation, to generate new set of individuals.

6.2.4 GA step by step implementations
In general, a typical genetic algorithm optimizer consists of three main phases as
described by Rahmat—Samii etc [8]. These stages include initiation, reproduction and

new generation (i.e. generation replacement).

The whole process of Genetic Algorithm is kicked—off by encoding the parameters into
either a binary or real-valued format. The coding of the parameters (real values or

binary) is highly required as this enables the GA to proceed in a style independent of the
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parameters themselves and thus independent of the solution space [12]. Genes are then
allocated to represent these parameters which are used throughout the process to model
the evolutionary algorithm. A set of population is selected randomly from the allocated

genes and this is called the initiation stage.

After the generation of the initial population, the fitness values of the individuals are
evaluated. The evaluation of these values determines the survival of the individuals in
this randomly generated generation to proceed to the selection stage. In simple terms,
the fitness values describes or measures how good the individuals (i.e. antenna samples
generated GA in this study) are able to produce desired results to an extent after

combination with themselves. This stage is usually referred to as the evaluation stage.

The selection stage tends to identify the genes with the highest fitness values to enable
them migrate unto the mating phase in which a more ideal and better generation is
produced by the algorithm. It is a stage whereby pressure is applied upon the population
in an approach similar to those of natural selection [8]. This stage is usually executed
with different techniques such as; tournament selection, population decimation and
proportionate selection also known as roulette wheel. For the roulette wheel, the
individuals are selected based on fitness proportional to a probability equation written in

Eqn. 6.1, where f(parent;) is the fitness of the i, parent [8].

f (parent;)
2. f(parent;) 6.1
|

Pselection =
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It could be inferred from this equation after a close look that the probability of
identifying and selecting an individual from the pool of population by the algorithm is
solely a function of the relative fitness of the particular individual. The selection
procedure is usually applied twice in an attempt to obtain a set of individuals suitable

for the GA operators to act on appropriately [9].

The second popular technique is the tournament selection because it is relatively straight
forward. A subpopulation of N individuals is chosen randomly from the selected
population. These individuals in the subpopulation then compete with their fitness
values and the one with the highest fitness value wins the tournament and is selected
and isolated. The remaining less fit of the subpopulation is then replaced back to the
former pool of individuals and the whole process repeated until all the members of the
subpopulation are selected. It is a faster mode of selection and it is used in the GA

optimizer implemented in this study.

The preceding stage after selection is the reproduction phase in which a new generation
is produced by crossovers and mutation operators. They are implemented in
straightforward code segments. Simply put, crossover is the process by which the genes
of a parent are combined with those of another parent to produce children with better
genes. Several modes of crossover have been tried but the simplest of all is the single-
point crossover demonstrated briefly below in Fig. 6.1 [13]. A random location is

selected in the parent’s chromosomes and swapped to produce the children.
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Split Position ............ccoceiiiiiiiiiiiii. +
Fathers genes: 11101000111001100110 10101
Mothers genes: 10101110011101010111 00110
Left side genes from father + right side genes from mother
Child A’s genes: 11101000111001100110 00110
Left side genes from mother + right side genes from father

Child B’s genes: 10101110011101010111 10101

Figure 6.1 Single point crossover illustrations.

It is obvious that the individuals in the generation that are not selected for crossover
operations are acted upon by mutation. It also changes part of the chromosomes string

in order to maintain at least some traits in the new generation formed.

All these processes are continued until a new generation is formed by replacing the old
generation totally or partially and their fitness values evaluated intermittently. After
some certain runs and considering the input search space, GA tends to identify the near
optimal value. Fig. 6.2 is the pictorial diagram illustrating the GA optimizer that

summarizes all processes described earlier.
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Initialize npooulation <:> Evaluate fitness

Parent selection :> Perform crossover

b ©

generation
e R

Repeat reproduction
::> Best solution found

cycle until criteria is
met

Figure 6.2 Design procedure of the GA optimizer.

6.2.5 The genetic algorithm driver and implementation

During the current research, it was noticed that various versions of the Genetic
Algorithms driver are available for use as an optimizer, in which they are implemented
in C, MATLAB and FORTRAN 77. From our experiences on home programmes,
FORTRAN 77 seemed more friendly and easier to manipulate and thus was chosen for
this optimization processes. The FORTRAN 77 version of the GA driver, written by
David L. Carroll of the CU Aerospace USA [6], uses the randomized approach to
initialize its start individuals and the tournament selection with shuffling techniques in
choosing random pairs for mating. Binary coding is also enabled the uniform and non-

uniform process of single point crossovers.
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Each one of the GA parameters presented, the GA driver can be controlled and adjusted
through an associated file called GA input. Fig. 6.3 illustrates a sample of GA driver
input file. As can be seen, some of the parameters in the input file have been highlighted
and explained. These variables are the most important and influential to the GA driver
in the antenna design and should be adaptively adjusted according to the various design
types or objectives, in order to maximize the GA driver performance in searching for
solutions in antenna designs. It is notable that this GA driver is for maximize the design

target objective.

704 Number of population size in each generation

irestrt=0, ///,//,,,,/'

microga=1, W
Hﬁgb’s’gi’z’;’;l’;/rﬂumber of parameters of each individual
ggﬁ:{z;_g’ = —The jump mutation probability

imazgen=2U00, = The maximum number of generations to run by the GA

Lbcross=0.5d0,] » The crossaver probability
itourny=1l,
ielite=1,
icreep=0,
pcreep=0.04d0,
iunifrm=1,
iniche=0,
nchild=1,
iskip= 0, iend= 0,
nowrite=1,
kountmz=5,

tparmin(l)= 0.0d0;  "the minimum allowed values of the parameter

inposibl=2#%1024,—*integer number of possibilities per parameter
nichflg=2*1,
Send

Figure 6.3 A sample of GA driver input file.

6.2.6 Implementation of antenna designs using GA driver

It is well known that, NEC-2 FORTRAN source code was adopted inside the GA fitness

function to perform the required calculations answers for the cost functions. The source
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code was modified to process the input data file in which to support the calling function
required. These modifications are found very helpful to reduce the execution processing

time and manipulate the output data files.

However, before the process of optimization is initiated, one required defining the target
objectives and number of parameters required of the whole process in order to achieve
the optimum desired goal. In simple terms, some of the most important antenna
parameters which are directly targeted were selected for optimization and the desired

objectives were those usually required by the end users.

Sometimes a relationship was required to define a threshold for the GA which enables it
to evaluate the designed antenna performance and terminate where necessary. Usually,
this is a complex procedure to be applied; however, one can apply a certain constraints
inside the cost function to support the data processing when nearly reaching the optimal
design requirements. The cost function is usually included in the algorithm and it
measures the fitness of the individuals produced in each generation of the algorithm

[14].

A flow chart to represent the easiest way in which the GA optimizer coordinates its
functions is represented in Fig. 6.4. The algorithm randomly initiates its population and
converts the parameters of the initiated individuals into a file in a card format which can
be called by NEC to determine the performance of these individuals. The results from
NEC are fed again to the GA engine to evaluate individual fitness if the maximum value
is obtained for convergence, if otherwise the whole process is repeated until optimal

results are produced [15].
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Initial Solution

A
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Crossover
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- Fitness satisfied (Yes or No)
Yes

\ 4

Optimal Solution

Figure 6.4 Flow chart of the genetic algorithm adopted in this study.

6.3 NEC-2 SOURCE CODE

NEC-2 was originated by the US Department of Defence and more specifically, it was
developed at Lawrence Livermore National Laboratory in California under the
sponsorship of the Naval Ocean Systems Centre and the Air Force Weapons Laboratory
[16, 17]. NEC is an advanced version of the antenna modelling program (AMP)
developed in early 1970’s. NEC-2 is the most popular and widespread electromagnetic
code in the public domain. This is because it is free and easy to use with scripting
programs. In addition to the full source code of NEC is available and can be modified
without any restriction. Generally, NEC-2 is applied for thin wires (the basic modelling

used as short straight segments) and surfaces antenna structures (the basic modelling
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used as flat surface patches) and based on solving integral equations by the Method of

Moments (MoM).

In most cases, the Method of Moments is used to form equations like the integral
equations or the integro-differential ones. The essential idea in using MoM is the
discretization of the problem into smaller linear bounded elements, which are treated as
independent by using many functions, known as “basis functions”. Then the inner
integral of the corresponding resulted functions is taken by applying the proper
weighting functions. At the end, the linear equations can take the form of a matrix and

can be solved by a simple matrix inversion [18].

6.4 EXAMPLES ON ANTENNA DESIGNS USING GA

6.4.1 Design of Quadrifilar helix antenna using GA

In this section, two examples on antenna designs using the genetic algorithm driver in
collaboration with NEC-2 source code are presented. They are the quadrifilar helix
antenna (QHA) for the use in mobile satellite communications and balanced folded loop
antenna (FLA) for mobile handsets. The antennas firstly attempted to be designed and
optimized using a genetic algorithm and then subsequently the performance of the
optimal GA antennas was verified using a HFSS simulator. At last, a prototype of GA-

optimized antenna was fabricated and tested in order to validate the GA solution.

The quadrifilar helix antenna is a very attractive candidate antenna and has been widely

used for satellite mobile handsets due to the symmetry of their geometry, properties of

balanced feeding and their ability to provide circular polarization over a broad angular
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region [19]. The QHA is a circular polarised (CP) antenna consisting of four helices and
fed with equal amplitude signals and with 90° phase difference between the feeding
sources (i.e., 0°, 90°, 180°, and 270°). The presented results in this section are a case
study in which GA are applied to design and optimise circular polarized QHA in the
presence of a small size satellite mobile handset ( 2 x 5 x 10 cm). The QHA antenna
(see Fig. 6.5) can be defined by four parameters, including axial length (h), Pitch

distance (Pg4), Radius at bottom (R) and Radius at the top (R;), as illustrated in Fig. 6.6.

Figure 6.5 QHA antenna configuration used by GA optimization.

Real-valued GA chromosomes were used for this optimisation. Two most important
antenna parameters such as VSWR and axial ratio (AR) are optimized at a single
frequency (f, = 2.4 GHz). The antenna AR was calculated at f, at® = 0° and ¢ = 0°.
Each antenna sample was computed using NEC-2 source code and its results were

compared with desired fitness using a cost function, as follows:

F =W, x(I/VSWR)+W, x AR. 6.2
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VSWR = (1+T)/(1-T) 6.3

I'=|(z,, —50)/(z,, +50) 6.4

Where F is the Fitness of the cost function, VSWR is the voltage standing wave ratio,

AR is the axial ratio, Z;, is the input impedance, I" is the reflection coefficient and W,

and W, are the weighting coefficients.

Table 6.1 Comparative results of VSWR, AR and Fitness as the values of the weighting
coefficients are varied.

Weighting (W, W») | 0.2,0.85]0.3,0.75 ] 0.4,0.75 | 0.5, 0.75
VSWR 1.74531 | 1.66912 | 2.03473 | 1.49462
AR 0.92561 |0.92665 | 0.98089 |0.92493

Fitness 0.90064 | 0.87472 | 0.93266 | 1.0282

Using Eqn. 6.2 the algorithm ensures that the maximum value of F is obtained through
the combination of all the antenna parameters, although it should be noted that during
all optimization designs, trade offs are usually expected. The parameter quantities of
each helical antenna design were coded into chromosomes inside the source code of the
algorithm. It has to be noted that the two weighting coefficients are optimally found to
be 0.5 and 0.75 respectively for optimum design after a few tries, as illustrated in Table
6.1. It presents the comparative results of VSWR, AR and Fitness as the values of the
weighting coefficients are varied. Within the maximum generation, the values of
maximum fitness function for QHA design reached to be about 1.03. Moreover, a
comparison of maximum fitness versus generations of different combination choice of
the two weighting coefficients is shown in Fig. 6.6. The value of best fitness for the cost

function tends to reach optimum solution after around 150 generations. Fig. 6.7 presents
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the progress of best fitness and average fitness against the number of generations for

some selected values of weighting coefficients.
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Figure 6.6 Maximum fitness versus generations
(4 populations in each generation).

Configurations for the GA-optimal QHA antenna, with Excellent VSWR and AR values
were found within the maximum generation; the optimal values for each specified
parameter are shown in Table 6.2. This Table also includes a summary of the GA input
parameters and their constraints. The attained optimal antenna geometry for QHA

antenna is presented in Figs. 6.8 and 6.9.
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Figure 6.7 The progress of best fitness and average fitness
for wl and w2 are 0.5 and 0.75, respectively.

with the handset included.

Table 6.2 Summary of GA input parameters, antenna variables and optimum values

GA parameters QHA Design with the handset
Parameters (m) Optimum (m)
Number of Pitch distance (Py) 0.03026
population size = 4 (0.01-0.048)
Number of Axial length (h) 0.06294
parameters = 4 (0.05-0.12)
Probability of Radius at the bottom (Ry) 0.00721
mutation =0.02 (0.005-0.015)
Maximum Radius at the top (R,) 0.01194
generation =200 (0.01-0.02)
Number of Radius of wires 0.00075
possibilities=32768 Distance above handset 0.005
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Figure 6.8 The NEC-2 model of the QHA.

Figure 6.9 Prototype QHA antenna; internal view of the completed assembly (left) and
overall complete assembly (right).
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For validation, a prototype of the GA-optimised QHA antenna was built up and tested.
Photographs of prototype antenna, including an internal view of the hybrid feeding
network and an overall view of the complete assembly, are presented in Fig. 6.9. The
QHA arms were made of copper wires with radius of 0.75 mm. The measured return
loss of the designed antenna is shown in Fig. 6.10. As can be seen, the QHA antenna is
resonant at 2.347 GHz, which is about 60 MHz shifted compared to the targeted design
frequency. This is mainly due to the mechanical error in fabrication since the total
length of the prototype antenna is slightly greater than the prediction figures. It is
interesting to note that the resultant measured impedance bandwidth was found to be
about 150 MHz (referring to 2:1 VSWR). It should be noted that the antenna bandwidth
was not considered in the GA cost function, the resultant GA-optimized QHA antenna

appear to have an excellent impedance matching.
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Figure 6.10 Measured VSWR of the QHA.
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One way to recognize whether a given antenna design is optimum for the best AR is to
look at the input impedance loci plot of the antenna on a Smith Chart. If there is a kink
(extremely small loop) in the impedance plot corresponding to the excitation of the two
orthogonal modes, it will yield the best AR at the kink frequency [20]. It is noticeable in
Fig. 6.11 that there is kink around intended design frequency of 2.4 GHz on the Smith
Chart, where the best AR is achieved and in addition to verify the initial design

objective of an antenna with circular polarization.

»S z WFRRER 1|
RE 1.0 units 2.347 Gz
i 200.0 mUnits~ 49.219 0
V a4s.213 0 ©.59% o ©.5936 Q
ol

MARKER 1

2.347
poirnt 50

Figure 6.11 Input impedance loci plot of the antenna on a Smith Chart.

The attained results in simulation and measurement indicate that the optimal antennas
met design objectives under several certain constraints. Moreover, the capabilities of
GA are shown as an efficient optimisation tool for selecting globally optimal parameters
to be used in simulations with an electromagnetic antenna design code, seeking

convergence to designated specifications.
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Figure 6.12 Computed power gain of the GA-optimized QHA antenna
in 0 plane at ¢ =0° at 2.4 GHz using NEC-Win professional package.
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Figure 6.13 Comparison of AR results for QHA with the handset at
2.4 GHz in 9 plane for ¢ =0° and ¢ =90°.

The computed AR and power gain, for the GA-optimized QHA antennas at 2.4 GHz,
are shown in Figs. 6.12 and 6.13. As can be seen, good beamwidth angles and power

gain over theta plane for circular polarization characteristics were observed.
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6.4.2 Design of a balanced folded loop antenna using GA

A FLA for mobile handsets with relatively wideband impedance was designed and
optimized using GA. The geometry of proposed FLA was adopted from the Morishita’s
work [21] (see Fig. 6.14) and applied here for this study. Parameters, used to define the
FLA, were optimized and evaluated using GA in collaboration with NEC-2. Finally, GA
optimal antenna structure was verified and compared using the commercial EM
simulator HFSS and a good agreement in VSWR was observed. A prototype antenna

was also fabricated and tested in order to validate the results obtained in the prediction.

Figure 6.14 Geometry of the folded loop antenna with ground plane, modelled in HFSS.

The FLA was optimized with GA using real-valued chromosomes. The intended
antenna was designed for Global System for Mobile Communications (GSM)
applications (1710-1860 MHz). Performance of the randomly generated antenna
samples was computed using NEC-2 and its result was compared with desired fitness

using a cost function, as follows,

3
F=>W, (IVSWR),, 6.5
n=l1
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Where, W, (n=1...3) are weighting coefficients for the cost function. All the weighted
coefficients are set to be 1. Three pre-set specific frequencies f, (1710, 1785, and 1860
MHz) were applied for NEC-2 and GA to run the calculation and evaluation for each
erratically produced antenna structure, in order to ensure the optimal antenna covers the

required impedance bandwidth.

GA input parameters, their constraints and the optimal values for each specified
parameter of the design geometry are presented in Table 6.3. Since there is no graphical
abilities in NEC-2, GA generated antenna structures can be viewed using the NEC-Win

Professional simulator.

The basic geometry of the optimal FLA antenna with excellent VSWR covering entirely
required GSM 1800 frequencies bands was shown in Fig. 6.15. This was found within
the maximum generations for which the antenna parameters of the best designs are
shown in Table 6.3. HFSS simulator, based on the finite element method (FEM), was
used to verify and validate the GA-optimized antenna structure. It should be noted that
thin strip lines were employed in the HFSS model instead of thin wires used by GA

optimization, due to the fact for the purpose of practical implementation (see Fig. 6.14).
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Figure 6.15 Folded loop antenna model using NEC Win Professional.

Table 6.3 Summary of GA input parameters, antenna variables and best solutions.

GA parameters FLA for GSM1800 FLA for UMTS
Parameters (m) Optimal (m) Parameters (m) Optimal (m)
Number of Wire radius (a) 0.00074 Wire radius (a) 0.0007905
population size = 6 (0.0004-0.0008) (0.0004-0.0008)
Number of FLA length (b) 0.03978 FLA length (b) 0.03690
parameters = 7 (0.03-0.04) (0.03-0.04)
Probability of FLA height (h) 0.01173 FLA height (h) 0.01179
mutation =0.02 (0.003-0.012) (0.003-0.012)
Maximum FLA arm length (n) 0.008785 FLA arm length (n) 0.009881
generation =500 (0.002-0.015) (0.002-0.015)
Number of Parallel wires 0.01489 Parallel wires 0.013599
possibilities=32768 distance (m) distance (m)
(0.005-0.015) (0.005-0.015)
Ground plane size | FLA distance to GP 0.0008643 FLA distance to GP 0.001137
(120 x 50 mm) edge (e) (0.0-0.002) edge (e) (0.0-0.002)
Distance between FLA and GP (hg) (not 0.001112 hy 0.001146
shown in Fig. 1) (0.001-0.003) (0.001-0.003)

The calculated antenna VSWR against frequency over the interested bands is shown in
Fig. 6.16 and was compared using two EM packages. As can be seen, an excellent
agreement of antenna VSWR response was achieved. It can also be observable that
impedance bandwidth (for VSWR < 2) for the optimal antenna structure was 7.5% at
centre frequency (fop = 1785 MHz), compared to the bandwidth of 2.7% (fo=1860 MHz)

with a small FLA and 5.4% with using a parasitic element added, as reported in the
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research work in [21]. The reason is comparatively broadened is because the effect of
capacitive coupling between the antenna and the ground plane in which it was enlarged

13 2

and tuned by varying the distance of the two parallel wires “m

In addition, the same design principle and antenna geometry was applied to design and
optimize antennas for the third generation (3G) wireless mobile communication system
application. The comparative antenna VSWR (see Fig. 6.17) shows a good impedance

matching over the intended band (11.3% at f,=2030 MHz).
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Figure 6.16 VSWR against frequency (a=
2.0705, b=37.8802, h=9.9991, hop=1, n=
13.884, e=0.9409 and m= 12.8052, all

Frequency (GHz)
Figure 6.17 VSWR against frequency (a=
1.95144, b=37.0052, h=9.9966, hy=1, n=
11.1638, e= 1.8835 and m= 12.9884.

dimensions in mm).

A prototype of the GA-optimised antenna for GSM 1800 was shown in Fig. 6.18. The
conducting copper thickness of 0.15mm and 0.5mm was used for fabricating the
balanced antenna and the ground plane, respectively. The measured return loss of the
prototype antenna is presented in Fig. 6.19. As can be seen, the resultant measured

impedance bandwidth was found to be about 7.4% at f,=1765 MHz (referring to -10 dB
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return loss), which is very encouraging, compared to the simulated result. Further work
using GA for harmonic suppression antenna design was considered in the following

sections.

Figure 6.18 Photograph of the prototype antenna for GSM 1800, including the
feeding network (balun).
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Figure 6.19 Measured return loss of the prototype antenna for GSM1800.
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Figure 6.20 Simulated radiation pattern of the GA-optimized FLA at ¢ =0° (top) and ¢
=90° (bottom); normalized to 1 Watt input power.

Fig. 6.20 shows the simulated radiation pattern of the GA-optimized FLA using HFSS.
As can be seen, the omni-directional pattern was achieved for this dipole antenna. The
maximum gain at ¢ =0° (top) and ¢ =90° in simulation was found to be 4 dBi and 3 dBi,

respectively.
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6.5 ADAPTIVE MESHING FOR NUMERICAL ANTENNA
DESIGNS USING GA

6.5.1 Motivation on development of adaptive meshing program

In the NEC-2 code, a conducting surface can be modelled using multiple, small flat
surface patches similar to the segments used to the model wires. However, although
NEC-2 allows the use of surface patches for modelling a conducting surface that is
incorporate with the magnetic field integral equation in which a closed surface can be
implemented. In addition, another alternative way for open and closed surfaces

modelling can be implemented through the use of wire grids [22].

The wire-grid is an effective approach to employ thin wire to achieve the modelling of
metallic planar structures using NEC for patch antenna designs. This technique, it
requests a careful selection of parameters, such as segment length and the segment
radius. A program to adaptively generate equivalent wire-grid structures for patch
antennas for electromagnetic simulation of 2D structures has been developed and
presented here. The main purpose of this program is to simulate planar microstrip patch
antenna designs, using the NEC-2 code in collaboration with a genetic algorithm. In
order to demonstrate how this program operates in meshing planar structures, two
examples are illustrated, both involving design of circular-polarized coaxially-fed
antennas. It has confirmed that the performances of both GA-optimized antennas were
excellent and the presented examples show the capability of the proposed program in

antenna design using GA.

6.5.2 Principle of adaptive meshing program
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This program is written in FORTRAN and added as a subroutine to the GA driver, with
the primary objective of simulating planar microstrip patch antenna designs, using the
NEC-2 code in cooperation with a genetic algorithm. In addition to microstrip patch

designs, the program can support design of any type of planar antenna structure.

To begin with, the intended antenna under optimization needs to be defined by a
number of parameters that can comprise the antenna configuration. Subsequently, the
antenna geometry is adaptively divided into optimum numbers of trilateral and
quadrilateral polygons by the code user. Each polygon can be represented using either
three or four nodes and each node is specified by its x, y and z co-ordinates written in
the format using the previous defined antenna parameters. Then, the fictitious wire
boundaries of these polygons can then be optimally segmented to a pre-set segment
length and connected to each other using a designated algorithm. The pre-set segment
length (delta) can be carefully stated according to antenna operating frequency. As
constrains for accurate modelling using NEC, this figure should not empirically be

greater than 0.1A (A is wavelength in free space).

Assuming that the surface area of the wire grid should approximate the surface area of
the polygons plane being modelled, the segmented element radii can be decided using a
relationship that the grid wire radius should equal the segment length divided by 2*PI.
Obviously, the more wires in a grid of a certain set of polygon plane dimensions, the
smaller the segment length becomes and hence, the smaller the wire radius needs to be.
It is notable that segmentations on the adjoining lateral of neighbouring polygons are
expected to be overlapped. If a model contains duplicate elements it will not be apparent

from the graphical display, but it may significantly corrupt the accuracy of the NEC
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analysis. Another algorithm for checking and removing duplicate elements of these

overlapped segments is consequently applied.

Adaptive meshing code creates the required wire grid models of antennas and structures
that might be used by other antenna modeling programs. Once the antenna model has
been created, its wire grid geometry is saved as an ASCII text file that can be read by

NEC-2 source code.

In addition, this FORTRAN code has also the capability to calculate the total number of
segments in the discretised structure and allowing the user to determine whether the size
of the model is still within the limits of maximum number of wires used by NEC (it
should be noted that no duplicate segments of the overlapping laterals are counted).
Since the NEC-2 source code adopted in this work is restricted to the maximum number
of segments of 2000. The presentation of the adaptive meshing to any randomly
generated antenna configurations using GA can be viewed using graphic support

available from NEC-Win Professional Package for checking.

6.5.3 Design examples on implementation of adaptive meshing

In order to demonstrate how this program operates in meshing planar structures and
how it is subsequently applied in antenna designs using GA, two examples are
illustrated, both involving design of air-dielectric circular-polarized (CP) coaxially-fed
patch antennas. The first antenna design, having two cutoffs at the diagonal corners, is
shown in Fig. 6.21. In a first pass, the antenna is subdivided into three quadrilaterals,
requiring six parameters to define it (including the height h). Fig. 6.22 demonstrates the

adaptive segmentation results as delta was chosen to be 3 mm and was viewed using
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NEC-Win Professional package. The other example considered a two square-slot CP
antenna (see Fig. 6.23). This design was first adaptively segmented into four trilaterals
and three quadrilaterals and requires eight parameters. Its meshing can be seen Fig. 6.24,
where delta was also set to be 3 mm. The automatically-generated meshes are generally

of a good shape (high area-to-perimeter ratio), although there are a few exceptions.

W Feedi i
1 eeding point (<f,¥f)
/

Figure 6.21. Geometry applied for Figure 6.22 Mesh used for Fig. 6.21 using GA
adaptive meshing using GA. (the dot indicates the optimal feeding point).
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d¥ &
1 =lyl)

d Yl
1.9, W
2y | 6

L/2 L/2

Figure 6.23 Two square slot CP Figure 6.24 Mesh used for Fig. 6.23 using GA
antenna  geometry applied for (the dot indicates the optimal feeding point).
adaptive meshing using GA.
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For this optimisation, real-valued GA chromosomes were used and antenna parameters
of VSWR and AR are optimized at a single frequency of 2.44 GHz (f,). The antenna
AR was calculated at f, with 6= 0° and $=0°. The antenna performance of each antenna
was computed using NEC-2 source code and its input impedance (Zi,) and AR were
evaluated for desired fitness using the same cost function presented for QHA antenna

design.

Configurations for both optimal circular polarized microstrip antennas, with excellent
VSWR and AR, were found within the maximum generations. The attained optimal
antenna geometries for each of the antennas in wire-grid meshing are presented (see
Figs. 6.22 and 6.24). Tables 6.4 and 6.5 present the GA input parameters, their
constraints and the optimal values for each specified parameter of the design geometry.
It is notable that the two weighting coefficients were found to be 0.4 and 0.8
correspondingly for both designs after a few attempts. Within the maximum generation,
the values of maximum fitness function for the two designs reached to be about 1.08

and 1.03.

Table 6.4 Summary of GA input parameters, antenna variables and best solutions.

GA parameters Air-dielectric CP antenna with two corners chopped
Parameters (m) Optimal (m)

Antenna length (L) (0.03-0.07) 0.05185

No. of population size =4, Antenna width (W) (0.03-0.07) 0.06127
No. of parameters = 6, Truncated length (d) (0.002-0.01) 0.0077
Probability of mutation =0.02, | Antenna height (h) (0.003-0.01) 0.00608
Maximum generation =100, Feeding position at x-axis (xf) (0.0-0.024) 0.00806
No. of possibilities=32768, Feeding position at y-axis (yf) (0.0-0.024) 0.01613
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Table 6.5 Summary of GA input parameters, antenna variables and best solutions.

GA parameters Air-dielectric CP patch antenna with two square slots
Parameters (m) Optimal (m)
Antenna length (L) (0.04-0.07) 0.04667
No. of population size =4, Antenna width (W) (0.04-0.07) 0.04931
No. of parameters = 9, Antenna height (h) (0.004-0.01) 0.00830
Probability of mutation =0.02, | Slot centre position at x-axis (x1) (0.008-0.015) 0.00940
Maximum generation =200, Slot centre position at y-axis (y1) (0.01-0.034) 0.02210
No. of possibilities=32768, Slot centre position at x-axis (x2) (0.028-0.035) 0.03112
Slot centre position at y-axis (y2) (0.01-0.034) 0.01896
Distance from slot centre to side (d) (0.005-0.008) 0.00779
Feeding position at y-axis (yf) (0.0065-0.02) 0.00846

For validation, prototypes (see Figs. 6.25 and 6.26) of the GA-optimised proposed
antennas for CP were fabricated and tested. The copper of thickness 0.5 mm was used
for fabrication for both the patch antenna and the ground plane. The ground plane size
was chosen to be 150 x 150 mm. Return loss of the GA-optimized antenna structure for
each design achieved by the algorithm was validated and the results were compared
using measurement data with Ansoft Designer [23], which is based on MoM. Figs. 6.27
and 6.28 present the resulting return loss of the GA-optimized antennas for comparison.
As can be seen, performance of the optimal antennas is excellent and presented results

are in close agreement with the GA expectation.

Finally, the far field properties of the GA-optimized patch antennas for CP were
analyzed using Ansoft Designer simulator. The resulting air-dielectric circularly
polarized microstrip antennas are with excellent axial ratio (< 3 dB) and bandwidth at
intended design frequency. Regarding the polarization type, it was found that both
antennas are left-hand circular polarized (LHCP). The right-hand circular polarization
(RHCP) level for both antennas is at least 20 dB below the LHCP level in the broadside

direction.
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Figure 6.25 Photograph of a fabricated Figure 6.26 Photograph of a fabricated
prototype antenna with two cutoffs at prototype antenna with two slots for CP.
corner for CP.
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Figure 6.27 Comparison of simulated and Figure 6.28 Comparison of simulated and
measured return loss of GA-optimized measured return loss of GA-optimized
antenna with two-corner cutoffs. antenna with a square slot.
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Figure 6.29 Comparison of AR results for CP patch antenna with two-corner
cutoffs at 2.4 GHz in 0 plane for ¢ =0° and ¢ =90°.
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Figure 6.30 Comparison of AR results for CP patch antenna with two slots at 2.4
GHz in 0 plane for ¢ =0° and ¢ =90°.

The computed AR and power gain, for the GA-optimized QHA antennas at 2.4 GHz,
are shown in Figs. 6.29 and 6.30. As can be seen, excellent AR over theta plane for both
optimal antennas of circular polarization characteristics was observed. It is notable that

Fig. 6. 30 indicates the GA-optimzed antenna is a conical beam CP antenna.
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6.6 DESIGN OF HARMONIC SUPPRESSION ANTENNAS
WITH ADAPTIVE MESHING USING GA

6.6.1 Design objectives for harmonic suppression antennas

In the scenario of designing the active integrated antenna, the microstrip patch antenna
not only acts as a radiator, but also provides some circuit functionalities such as
matching circuit and band pass filter as in active amplifier-type antenna. In this case,
without proper designs to suppress the harmonic radiation from the radiator, some
possible unwanted harmonic power can be radiated, which could cause detrimental
electromagnetic interference (EMI) to the system [24]. In order to overcome this
problem, several techniques have been proposed and demonstrated to control such
harmonics for patch antennas, for example: using shorting pins, slots, Photonic Bandgap
(PBG) structures, or matching stubs on the antenna feeding line [24-37]. Above these
proposed techniques, one interesting fact can be found is that most of the modified
patch antennas for harmonic suppression were achieved based on a specific reference
antenna. It implies that the proposed techniques for successfully rejecting harmonic
radiation has certain constrains applied on them, such as the type of feeding used
(microstrip line or slot feed) for the patch. In [34], a microstrip-line fed slot antenna was
developed for harmonic suppression without using a reference antenna and this was
achieved with a rather complex geometry for 5 GHz operation. Assuming the operating
frequency was changed, and then the whole antenna structure has to be redesigned,
which is believed to be long and complicate in process. Therefore, there is a motivation
to develop a novel technique to design harmonic suppression microstrip patch antennas
for active integrated applications. It has no much constrains on feeding types or antenna

geometries. Moreover, it has to be easily manufactured and redesigned if there is a
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request on the antenna design specification for different applications (i.e. different
operating frequency). In this study, a technique in designing microstrip patch antennas

for harmonic suppression is presented and implemented using a genetic algorithm.

An antenna that presenting a good impedance matching at the fundamental design
frequency (f,) and an ideally maximum reflection at harmonic frequencies (mainly
considering the first two harmonics (2f, and 3f,)), is said to be a harmonic suppression
antenna (HSA). Strictly speaking, the response of the HSA in terms of antenna return
loss (Si;) is mostly like a band pass filter having a perfect rejection outside the
interested frequency bands. It has to be noted that in some HSA designs [26, 30 and 37],
the proposed antenna can still have resonances at frequencies other than the targeted
frequencies (i.e. f,, 2f, and 3f;); but they are still claimed as antennas for harmonic

suppression as long as the designs present good termination at the intended frequencies.

In addition, another constrain to the HSA is that in theory, the input impedance of any
HSA design has to be purely reactive at the harmonic frequencies [3]. This is because
originally HSA was developed for harmonic termination in order to achieve a Class F
operation for the amplifying-type active antennas [3], as we demonstrated in Chapter 3.
In this way, antenna will not radiate any power at the harmonic frequencies and the

unwanted power will be reflected back to the active device.

The design objectives of antennas for harmonic suppression are necessary to satisfy the
two aspects in terms of return loss and input impedance. In the following, four designs
of coaxially-fed air-dielectric microstrip patch antenna for rejecting harmonics using a

genetic algorithm were presented, including patch antenna with a fully shorted wall, or
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partially shorted wall, with a folded shorting wall and with a folded patch. They are all
designed to operate at 2.4 GHz. The presentation of the antenna geometry and adaptive
meshing for the optimal antenna configuration using GA for each one of the designs
were presented. For the first two designs, prototype antennas of optimal antenna
configurations using GA for each one of the designs were fabricated and tested. The
return loss was validated and the results were compared using measurement. For the
other two designs, however, the return loss was validated and the results were compared

using two different simulation packages.

6.6.2 Microstrip patch antenna with a fully shorted wall

A simple coaxial-fed air-dielectric patch antenna with a fully shorted wall, operating at
2.4 GHz, was firstly attempted for this study as a simple technique to provide the
acceptable harmonic rejection [2]. A FORTRAN adaptive meshing subroutine, used to
adaptively generate equivalent wire-grid structures to support the structure design of
this antenna was added to the GA program. This subroutine provides the suitable link of

the GA cost function to the NEC-2.

The proposed antenna design is shown in Figs. 6.31 to 6.34. For our design proposal the
antenna is subdivided into four trilaterals and two quadrilaterals (including the
conducting shorted wall). This proposal was requiring six parameters (including the
patch height h) to be defined. Fig. 6.32 and 6.34 demonstrates the top view and 3D of

the adaptive wire grid segmentation results.

Table 6.6 presents the GA input parameters in which the possible range of parameters

magnitudes were shown. For this optimisation, real-valued GA chromosomes were used.

- 156 -



In this work, the Fundamental, first and second harmonic frequencies were considered
inside the GA cost function. The randomly generated antenna configurations were

evaluated for maximum fitness using a cost function is given as follows:

1 n .
=W, — + >wWI|T(if 6.6
'VSWR( f,) zz TG,

Where F is the fitness of the cost function; W;, W, and W3 are the weight coefficients of
the cost function and were optimally found to be 0.6, 0.4 and 0.4 after a few attempts.
The geometry configuration of optimal antenna was found within the maximum
generations and presented in Fig. 6.34, where the white-grid surface represents the
infinite ground plane. The computation time consumed for each of the erratically
generated antenna samples varied between 60 to70 seconds, according to the different
combination of length, width and height of the patch antenna selected for comprising
the antenna configuration. This was achieved by using a PC: 2.8 Pentium IV of 1 GB

RAM.

Feed point

Figure 6.31. Top view subdivision of the Figure 6.32 Top view of resulted wire mesh
antenna geometry used for adaptive used for Fig. 6.31.
meshing using GA.
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Figure 6.33. Side view of the antenna Figure 6.34 3D view of the resulted wire
geometry of Fig. 6.31. mesh using GA.

Table 6.6 Summary of GA input parameters, antenna variables and best solutions.

GA parameters Air-dielectric patch antenna with a shorting wall
Parameters (m) Optimal (m)

Antenna length (L) (0.03-0.06) 0.04093
No. of population size = 4, Antenna width (W) (0.02-0.06) 0.03305
No. of parameters = 6, Shorting wall position (d) (0.002-0.03) 0.00972
Probability of mutation =0.02, | Antenna height (h) (0.003-0.01) 0.0079
Maximum generation =200, Feeding point at x-axis (fx) (0.004-0.02) 0.00723
No. of possibilities=32768, Feeding point at y-axis (fy) (0.004-0.02) 0.01752

For validation, a prototype of the GA-optimised harmonic suppression antenna with a
fully shorted wall (see Fig. 6.35) was subsequently designed and tested in the
telecommunication research laboratory using Network Analyzer HP 8510C (see Fig.
6.36). A copper with thickness of 0.5 mm was used for the patch antenna, the shorting
wall and the ground plane. The ground plane size was 140 mm x 140 mm and this
relatively large size for the purpose of eliminating effect of the finite ground plane. The
return loss was validated and measured results were compared to the one computed
using a commercial electromagnetic simulator HFSS, as shown in Fig. 6.37. As can be
seen, the results the rejection of 2" and 3™ harmonics were quite encouraging and no

other resonance or ripples were found at the harmonic frequency bands. It has to be
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noted that the simulated result on return loss using NEC-2 is not presented here,
however, thus to evaluate GA-optimal antenna configuration HFSS simulator was used
in which it has shown the capability in accurately predicting the antenna performance

by the author’s previous research work [38].

Figure 6.38 shows the performance of the measured return loss of the proposed
harmonic suppression antenna at the fundamental and first two harmonic frequencies.
The prototype antenna is resonant at 2.47 GHz and presents a quite wide bandwidth
around 500 MHz as observed. The reflection coefficient level at the first and second
harmonic frequencies was found to be 1.7125 dB and 2.4473 dB, respectively, and these
results are quite acceptable, as compared with harmonic suppression antennas published
in the open literature [26]. It has to be noted that the measured resonance frequency of
the prototype antenna has good agreement with the predicted one obtained using HFSS
package. Taking the manufacture error into the account and the errors due to the the
adaptively meshing wire-grid structures the proposed antenna design for harmonic
suppression presents a fairly good accuracy and minimum computation time to evaluate

the antenna performance using NEC-2 source code.
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Figure 6.35 Photograph of the fabricated harmonic rejection
antenna with a shorting wall.

Figure 6.36 Photograph of testing bench for measuring antenna return loss.
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Figure 6.37 Comparison of the measured and simulated return loss
of the patch antenna with a shorting wall.
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Figure 6.38 Performance of the measured return loss of the patch antenna with a
shorting wall at the fundamental and first two harmonic frequencies.

In addition, input impedance of the prototype antenna was also measured over a wide

frequency band, as shown in Fig. 6.39. A different-scaled input impedance plot is also
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presented in Fig. 6.40, in order to precisely observe the variations of the input
impedance over the frequencies of interest. As can be shown in Fig. 6.40, the real part
of the input impedance of the proposed antenna is almost constant (less than 10 Q) at
harmonic frequency bands. This is very promising characteristic of the designed
procedure of such harmonic suppression. The antenna can also achieve the harmonics
rejection from the nonlinear active devices, even when the operating frequency is
slightly varied. This is because the proposed antenna provides the required reactive
termination around the harmonic frequencies. The measured input impedance of the
harmonic rejection antenna with a fully shorted wall for fundamental frequency and its
first two harmonics is summarised in Table 6.7. It shows that almost a perfect matching
to 50 Q was attained at fundamental frequency and fairly small resistive impedance at

harmonics was found. This clearly shows the design objectives were met.
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Figure 6.39 The overall measured input impedance of the patch antenna
with a fully shorted wall.
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Figure 6.40 Measured input impedance of the harmonic suppression antenna
(expanded scale of Fig. 6.39).

Table 6.7 Performance of antenna input impedance of the harmonic rejection antenna
with a fully shorted wall at the fundamental and first two harmonics.

Antenna input impedance
Frequency (Q)

(GHz) Real Imaginary
fo: 247 | 4892 -0.5879
2f,: 494 | 6.4834 -28.917
3fo: 7.41 | 7.9395 17.64
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Figure 6.41 Simulated radiation pattern of the GA-optimized HSA with fully shorted
wall using HFSS at ¢ =0° (top) and ¢ =90° (bottom); normalized to 1 Watt input power.
Fig. 6.41 shows the simulated radiation pattern of the GA-optimized HSA with fully
shorted wall using HFSS at fundamental design frequency. The maximum gain at ¢ =0°

(top) and ¢ =90° in simulation was found to be 3 dBi and 4 dBi, respectively.

6.6.3 Microstrip patch antenna with a partially shorted wall

Following a successfully development and demonstration of harmonic suppression
antenna design with a fully shorted wall in the previous section, a follow-up work on
investigating the possibility to control the harmonics with the variation of the width of

the shorting wall is presented in this section. The design was continued to operate at 2.4
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GHz. The antenna geometry for harmonic suppression, having a partially shorted wall,
i1s shown in Figs. 6.42 and 6.44. Initially, the antenna is subdivided into six trilaterals
and two quadrilaterals (including the partially shorted wall), this is requiring seven
parameters to predefine including the width of the shorting wall. Fig. 6.43 demonstrates

the top view of adaptive segmentation results.

Table 6.8 presents the GA input parameters for each required variable. Again real-
valued GA chromosomes were used. The frequency band that covers fundamental, first
and second harmonic frequencies were considered. The randomly generated antenna
configurations were evaluated for maximum fitness using the same cost function stated
in the previous section. The weighting coefficients (W;, W, and W3;) for the cost
function were still optimally found to be 0.6, 0.4 and 0.4. The geometry configuration of
optimal antenna was found within the maximum generations as shown in Fig. 6.45,

where the white-grid surface represents the infinite ground plane.
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Figure 6.42 Top view of the geometry  Figure 6.43 2D Mesh used for Fig. 6.42
applied for adaptive meshing using GA. using GA.
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Figure 6.44. Side view of the antenna Figure 6.45 3D Mesh used for Fig. 6.44
geometry of Fig. 6.42. using GA.

Table 6.8 Summary of GA input parameters, antenna variables and best solutions.

GA parameters Patch antenna design with a partially shorted wall
Parameters (m) Optimal (m)
Antenna length (L) (0.03-0.05) 0.03486
No. of population size =4, Antenna width (W) (0.03-0.05) 0.03820
No. of parameters = 7, Shorting wall position (d) (0.005-0.015) 0.00986
Probability of mutation =0.02, | Antenna height (h) (0.003-0.01) 0.00336
Maximum generation =200, Variable shorting wall width (Ws) (0.001-0.03) 0.02474
No. of possibilities=32768, Feeding point at x-axis (fx) (0.004-0.02) 0.01685
Feeding point at y-axis (fy) (0.004-0.025) 0.01923

For validation, a prototype of the GA-optimised harmonic suppression antenna with a
partially shorted wall was shown in Fig. 6.46. A copper sheet of thickness of 0.5 mm
was used for fabrication of the patch antenna, the shorting wall and the ground plane.
The ground plane size is 140 x 140 mm. The return loss was validated and measured
results were compared using a commercial electromagnetic simulator HFSS, as shown
in Fig. 6.47. As can be seen, the rejection levels of 2™ and 3™ harmonics were quite
encouraging. Figure 6.48 shows the performance of the measured return loss of the
proposed harmonic suppression antenna at the fundamental and first two harmonic
frequencies. It can be easily noticed that the rejection level of the antenna at the second

harmonic is superior to the previous design and is almost the same at the third harmonic.
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In addition, other resonance was found at the third harmonic frequency bands. The
prototype antenna is resonant at 2.48 GHz and presents a less wide bandwidth (around
150 MHz), compared to the first design. This is mainly because the height of this
antenna is much lower (about 3.36 mm) than the first design (7.9 mm), in which the
antenna height has the most important influence on bandwidth enhancement of the
microstrip patch antenna. In addition the measured results were in good agreement to

that predicted one obtained using HFSS package.

The measured input impedance over the frequency band of 1 GHz to 9 GHz is shown in
Fig. 6.49. Extended scale plot of Fig. 6.49 is presented in Fig. 6.50. Again it can be seen
that the real part of the input impedance of the proposed antenna is close to zero for a
wide frequency band around the second and third harmonic frequencies. This is also
indicating the influence of the reactive effects to harmonic termination at harmonic
frequencies are realised. A summarised detail of the input impedance for fundamental
and two first harmonics is presented in Table 6.7. Similar to previous section it is a

fairly good matching to 50 Q was attained at fundamental frequency and relative small

resistive impedances at harmonics were observed.

Figure 6.46 Prototype harmonic rejection antenna with partially shorted, side view (left)
and top view (right).
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Figure 6.47 Comparison of the measured and simulated return loss of
the patch antenna with partially shorted wall.
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Figure 6.48 The measured return of partially shorted wall patch antenna at the
fundamental and first two harmonic frequencies.
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Figure 6.49 The overall measured input impedance of the patch antenna with
partially shorted wall.

Real

Frequency, GHz

150

100 - -

wyo ‘@suepaduwiindu)

Figure 6.50 The measured input impedance of the patch antenna with

partially shorted wall ( expanded scale of Fig. 6.43).
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Table 6.9 Performance of measured harmonic rejection antenna with partially shorted
wall at the fundamental and first two harmonics.

Antenna input impedance
Frequency (Q)

(GHz) Real Imaginary
fo: 2.48 | 53.852 7.8281
2f,: 496 | 5.0547 -73.672
3f,: 7.44 7.002 5.5452

mm— F(Theta)
== == (P hi)

= F(Theta)
== == E(Phi)

Figure 6.51 Simulated radiation pattern of the GA-optimized HSA with partially shorted
wall using HFSS at ¢ =0° (top) and ¢ =90° (bottom); normalized to 1 Watt input power.
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Fig. 6.51 shows the simulated radiation pattern of the GA-optimized HSA with partially
shorted wall using HFSS at fundamental design frequency. The maximum gain at ¢ =0°

(top) and ¢ =90° in simulation was found to be 10 dBi and 6 dBi, respectively.

6.6.4 Two New Microstrip Patch Antenna for Harmonic Suppression

In the following section, the technique in designing microstrip patch antennas for
harmonic suppression using GA is extended to develop another two harmonic
suppression antennas, including the patch antenna with folded shorting wall and the
other with a folded patch. For validation, the return loss of the two proposed antennas

was compared using the commercial EM packages.

6.6.4.1 Microstrip patch antenna with folded shorting wall

The antenna geometry for harmonic suppression, having a folded shorting wall, is
shown in Figs. 6.52 to 6.55. The design frequency is 2.4 GHz. The antenna is
subdivided into four trilaterals and four quadrilaterals (including the folded shorting
wall), requiring eight parameters to be firstly defined. The GA input parameters
regarding the above antenna structure surface subdivision is presented in Table 6.10.
The same procedure used in the previous example is applied here. The three weighting
coefficients (i.e. Wi, W, and W3) used for cost function for optimal operation found to
be 0.4, 0.4 and 0.6 respectively. The optimal geometry configuration is presented in Fig.

6.53.
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Figure 6.52 Top view of the antenna Figure 6.53 2D Mesh used for Fig. 6.52 using
geometry applied for adaptive meshing GA.
using GA in section 6.6.4.1.
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Figure 6.54. Side view of the antenna Figure 6.55 3D Mesh used for Fig. 6.54 using
geometry shown in Fig. 6.52. GA.

Table 6.10 Summary of GA input parameters, antenna variables and best solutions.

GA parameters Air-dielectric patch antenna with folded shorting wall
Parameters (m) Optimal (m)
Antenna length (L) (0.03-0.06) 0.04367
No. of population size =4, Antenna width (W) (0.02-0.06) 0.03141
No. of parameters = 8§, Shorting wall position (d) (0.005-0.02) 0.00750
Probability of mutation =0.02, Antenna height (h) (0.004-0.01) 0.00771
Maximum generation =100, Folded shorting wall length (Lf) (0.005-0.015) 0.00624
No. of possibilities=32768, Folded shorting wall height (hf) (0.003-0.005) 0.00466
Feeding point at x-axis (fx) (0.004-0.02) 0.00753
Feeding point at y-axis (fy) (0.004-0.025) 0.01174
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6.6.4.2 Microstrip patch antenna with a folded patch

A novel coaxial-fed air-dielectric microstrip patch antenna for suppressing harmonics
with a folded patch, resonating at the same frequency is studied. The antenna geometry
for harmonic suppression, having a folded patch extended underneath the main patch, is
shown in Figs. 6.56 to 6.57. The antenna is subdivided into four trilaterals and three
quadrilaterals (including the folded patch), thus it requires eight parameters to be
defined. Table 6.11 presents the GA input parameters for each variable used. Again the

weighting coefficients W1, W2 and W3 were found to be 0.4, 0.4 and 0.6 respectively.

6.6.4.3 Results and discussions

The results were validated using HFSS and Microwave Studio (MWS) [39] that is based
on Finite integration technique (FIT). Figs. 6.60 and 6.61 present the computed return
loss for microstrip patch with shorted folded wall and a folded patch respectively. The
results were quite encouraging especially on the required harmonic suppression. The
results of both packages for each antenna were agreed very well. However, the first and
second harmonic levels for shorted folded wall were found around 2.8 dB and 2.4 dB,
where as for the case of folded patch for both harmonics were around 2 dB. It can be
noticed that a small ripples were observed at frequencies above the third harmonic

frequency band, which might be caused by the computation error from the simulators.

The resonant frequency of the GA-optimised antenna with shorted folded wall
configuration was found at 2.34 GHz and 2.38 GHz from HFSS and CST respectively,
which is quite close to the expected fundamental design frequency. In the case of folded
patch configuration was found 2.48 from both packages. It should be noted that the

operating bandwidth were around 500 MHz for both antennas under considerations.
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This bandwidth totally supports the design procedure of using these antennas for wide

range of wireless communication application.

Feed point

Lf d
\ et
-
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Figure 6.56. Top view of the antenna Figure 6.57 2D Mesh used for Fig. 6.56 using
geometry applied for adaptive meshing GA.
using GA for section 6.6.4.2.

[ Antenna

l Lf hi Ground plane

| !

SMA connector

Figure 6.58. Side view of the antenna Figure 6.59 3D Mesh used for Fig. 6.58 using
geometry applied for adaptive meshing GA.
using GA for Fig. 6.56.
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Table 6.11 Summary of GA input parameters, antenna variables and best solutions.

GA parameters Air-dielectric folded patch antenna design
Parameters (m) Optimal (m)
Antenna length (L) (0.03-0.06) 0.04316
No. of population size = 4, Antenna width (W) (0.02-0.06) 0.03006
No. of parameters = 8, folded wall position (d) (0.005-0.015) 0.00748
Probability of mutation =0.02, Antenna height (h) (0.004-0.01) 0.00989
Maximum generation =500, Extend folded wall length (Lf) (0.005-0.015) 0.01327
No. of possibilities=32768, Extend folded wall height (hf) (0.001-0.0035) 0.00159
Feeding point at x-axis (fx) (0.004-0.015) 0.00571
Feeding point at y-axis (fy) (0.004-0.025) 0.01392
0

KR
o

Return loss, dB
o

-20 |
== CST
—HESS
_25 | | | | | | |
2 3 4 5 6 7 8

Frequency, GHz

Figure 6.60 The simulated return loss of the antenna with shorted folded wall from two
EM packages.
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Figure 6.61 The simulated return loss of the antenna with folded patch from two EM
packages.

6.7 CONCLUSION

The numerical solution technique for harmonic suppression for active integrated
antennas using adaptive meshing and genetic algorithm has been presented in this
chapter. A FORTRAN genetic algorithm driver was adopted in this work in conjunction
with the industry-standard NEC-2 FORTRAN source code, which was used to evaluate

the randomly generated antenna samples.

Several antenna designs were considered and investigated using GA. These include

QHA antenna, balanced folded loop antenna, two circular polarized antennas, and four

different microstrip patch antennas. For these designs the GA was successfully proved
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as an efficient optimizer tool that can be adopted and used to search and find the quicker

solutions for complex antenna design geometries.

A novel FORTRAN program for adaptively meshing planar antennas in terms of wire-
grid structure has been implemented and embedded inside the GA source code. The
programme was fully tested and applied for complex antenna structures. It was shown
that the results of several examples modelled by the adaptive meshing illustrate good

stability and accuracy.

In this chapter, four novel microstrip patch antennas, for which first and second
harmonics were mostly suppressed, have been successfully developed using GA and
adaptive meshing FORTRAN code. The results of the optimum designs of the proposed

antennas exhibit an excellent harmonic suppression.
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CHAPTER 7

CONCLUSIONS AND
SUGGESTIONS FOR FURTHER
WORK

7.1 CONCLUSIONS

The present work set out to investigate, design and implement active integrated
antennas comprising active devices connected directly to the patch radiators, for various
applications in high efficiency RF front-ends and integrated oscillator antennas. A
general CAD approach to obtaining optimal fundamental load impedance, and
designing input matching circuits, in an active integrated antenna of transmitting type,
has bee discussed [1]. A case study of a design for 1.6 GHz is used to confirm the
design principle, and uses a previously reported patch antenna shape to achieve Class F
operation with an alternative type of power transistor. Simulation and measurement in
active integrated oscillator antennas with a series feed back for the oscillator circuit
connected directly to the active antenna have been demonstrated. The present work had
to be limited to two case studies, one using a PHEMT device and the other a low noise
bipolar device [2, 3]. A better phase noise performance in active oscillator antenna
circuit was attained when using BJT device and in addition to develop an amplitude
modulation using the same proposed design circuit. Another development in the work

has been the improvement of measurement techniques for active antennas to measure
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the accepted power by the antenna at harmonic frequencies was studied. This was

implemented using a sensor patch technique [4].

A parallel theme of the present research work was applied to design and optimize of
harmonic suppression for active integrated antennas using a genetic algorithm. A novel
numerical solution, for designing and optimizing active patch antennas for harmonic
suppression using GA in collaboration with NEC-2, was presented [5, 6]. A new
FORTRAN program was developed and used for adaptively meshing any planar
antenna structure in terms of wire grid surface structures. The program is subsequently
implemented for harmonic suppression to active antenna using the GA optimization
tools. Simulation and measurements results for several surface structures were also

presented.

The motivation for this work was specified on the development of active integrated
antennas. Following some comments on the functional classification of active antennas
and their possible merits and drawbacks, chapter 1 reviewed existing literature on active
integrated antenna for various applications, including amplifying-type, oscillating-type

and frequency-conversion-type [7-9].

Chapter 2 discussed what is believed to be the first published attempt to investigate on
modeling aspects of active antennas of Class F power amplifier. The work presented a
general CAD approach to obtain the optimal fundamental load impedance and design
the input matching circuits for an active integrated antenna of the transmitting type in
order to achieve Class F active amplifier antenna operation. A case study of a design for

1.6 GHz is used to confirm the design principle, and uses a previously reported patch
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antenna shape to achieve Class F operation with an alternative type of power transistor
[10]. It was concluded that performance could be substantially enhanced in an active
integrated antenna by shaping a patch radiator to control the harmonic load impedances.
Generally, the proposed CAD approach can be used as an efficient tool in applying to
design and optimize the input impedance of active antennas for achieving harmonic
suppression at the desired operating frequency and harmonics with any types of given

transistors.

Chapter 3 introduced the design procedure in simulation and measurement of the
oscillator implementation integrated with an active antenna working at 2.4 GHz for
wireless LANSs. Characteristics of the active devices for various applications were
briefly reviewed [11]. A CAD design procedure of active oscillator antenna using ADS
simulator was described in details. A common source PHEMT transistor was used, with
positive feedback to enhance the instability of the active device. Two types of
microstrip patch antennas were implemented. Improvement was made to connect the
active antenna directly to the transistor output with no other intervening circuitry,

except at most a short microstrip line.

The chapter also identified one existing simple measurement technique using sensor
patch for finding the accepted power by the active patch antenna [12]. The two-port S
parameters between the input port of the passive patch and the sensor were validated
and the results were compared using measurement data. The novel measurement
technique was adopted and employed through out other patch antenna. The measured
free running frequency was observed at 2.43540 GHz with 16.17 dBm output power

was observed for circular patch integrated oscillator. For a similar configuration using
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rectangular patch the operating frequency and output power were found to be 2.3995
GHz and 11.5 dBm respectively. The measured efficiencies for circular and rectangular
active oscillators were about 27.6% and 9.42% respectively. From the measured results
presented in chapter 3, it was concluded that performance of design of integrated

oscillator with circular patch is superior to the other design with rectangular patch.

Two interested phenomenon were observed in the measurements. One is that the
inaccuracy of nonlinear model (provided by the manufacturer) of active device used in
the simulation led to the failure to generate oscillator at the first stage of the testing.
With some fine amendment to the fabricated oscillator circuit, the oscillation condition
was satisfied and free running oscillation was found for both designs. The other is that
phase noise level is quite high compared to the oscillator design specification. This is
mostly caused by involving a sensing patch in the measurement that may degrade the
phase noise performance of the active oscillator, or possibly the nature of the noise

characteristic of the chosen transistor device.

Chapter 4 developed an integrated antenna oscillator, operating simultaneously as a
source generator and provides AM and ASK modulators functions. A bipolar transistor
was selected to provide the instability through generation of negative resistance. The
design steps for both the oscillator and the patch antenna were carried out in parallel.
Simulations using ADS have showed promising results. The practical results were
obtained to validate the theoretical design. The measured frequency and the forward
power at the antenna input port, using a calibrated sensing patch, gave reliable results
without affecting the radiation performance of the antenna or the oscillator circuit

elements. With the fine adjustment to the oscillator circuit, the free-running oscillation
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was observed at 2.36727 GHz, with about 15 dBm output power. A superior phase noise
performance was achieved compared to PHEMT device design case. It was observed
that the modulating signal has little effect on the oscillation frequency that can be
ignored. It was observed that the oscillating frequency was also having a tuning range of

20 MHz as the emitter voltage of the active device is varied.

In chapter 5, performance of the sensing patch measurement technique, for measuring
the accepted power at the antenna feed port of active patch antennas, was evaluated at
harmonic frequencies. A prototype of inset-fed microstrip patch antenna, including 2
sensors at appropriate locations around the patch, was fabricated and tested at 3
designated frequencies to estimate the power accepted by the antenna. The position of
the sensing patch was optimally set adjacent to a point of maximum voltage, which
corresponds to a point of minimum current distribution on the patch. It was concluded
that it was appropriate to place the sensing patch next to the middle of the end edge for
the 2" harmonic and one-third of the way along one side of the patch for the 3"
harmonic. The interesting features of this technique are to eliminate the uncertainties of
the Friis equation method and achieve a weakly frequency dependent calibration factor.
It was also found that the presence of the sensing patch has very little effect about +0.1
dB on the return loss at the input port of the main patch for the fundamental and
harmonic frequencies. The results of the present work were shown to be acceptable and
agreed with direct measurements. The techniques were shown 0.8 dB and 1 dB relative

accuracy for the 2" and 3™ harmonics measurements respectively.
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In chapter 6 a genetic algorithm in conjunction with the industry-standard NEC-2
FORTRAN source code to design and optimize antennas were presented and described.
Two complex antenna structures using GA were investigated and discussed. These
include QHA antenna for mobile satellite communications and balanced folded loop
antenna for mobile handsets. With respect to experimental results both designs have
shown the capability of GA as an efficient optimization tool to predict the optimum

solutions.

A novel program to adaptively generate equivalent wire-grid structures for
electromagnetic simulation of 2D/3D structures was also developed in this chapter. This
program was written in FORTRAN, with the primary objective of simulating planar
microstrip patch antenna designs, using the NEC-2 in collaboration with a genetic
algorithm. In addition to microstrip patch designs, the program can support the design
of any type of planar antenna structure. The antenna geometry was adaptively divided
into optimum numbers of trilateral and quadrilateral polygons for analysis purposes.
The fictitious wire boundaries of these polygons can then be optimally segmented to a
pre-set segment length and connected to each other using a designated algorithm.
Several antenna designs were considered to demonstrate the ability of modeling
complex surface structures. These include: two circularly-polarized microstrip patch
antennas were accurately designed and modeled to operate around 2.4 GHz; four novel
microstrip patch antennas for first and second harmonic suppression have been
successfully developed. The harmonic suppression antennas include microstrip patch
with fully shorted wall, partially shorted wall, folded shorting wall and folded surface
patch. For two prototype antennas, the measured and simulated results were agreed very

well.
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In general, the numerical techniques and solutions developed have been inherently stable,

as it is clear from the stable results of several antenna parameters that were obtained for

various antenna structures.

7.2 SUGGESTIONS FOR FURTHER WORK

This work can be extended for further research dealing with other antenna design problems

for example:

An investigation to the harmonic suppression antenna presented in this work in
terms of radiation property is necessary in order to ensure the proposed patch
antennas exhibit the capability to eliminate the radiation at harmonics. The study
needs to be carried out in the anechoic chamber and to measure the E plane and

H plane radiation pattern at the desired fundamental and harmonic frequencies.

Several ideas such as introducing slots (single or dual slots) on rectangular,
circular or triangular shaped patches [13], in collaboration with the methods
used in this work, can be employed to design and optimize using GA to achieve

harmonic suppression antennas with circular polarizations.

In the present work, the feeding type for the proposed harmonic suppression
antennas was restricted to the coaxial-fed type. In the design of active

transmitting antennas, microstrip line fed patch antennas sometimes are directly
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integrated with the active circuit. Thus, it is interesting to continue a numerical
study on designing and optimizing harmonic suppression antennas for active

antennas with microstrip line feed using genetic algorithms.

In addition, the presented work on suppressing harmonics for active patch
antennas based on assumption to match the input impedance to 50 Q at the
fundamental frequency can be further extended to consider different matching
load impedances. This might also include different load impedances on

harmonics frequencies.

The present work can be extended to investigate the antenna design using
inverse problem. This idea can be easily implemented and can add different
targets objectives to the antenna design problem. A very interested example
includes low Specific Absorption Rate (SAR) antenna design for Mobile

handsets.

Using mix of scalar and binary distributed variables might be used to extend the

operation tools of the cost function to handle different complex geometries.

The present work can be easily extended to include Multiple Input Multiple

Output (MIMO) antenna design using polarization concept for wireless access

points and mobile handsets applications.

Harmonic suppression of circularly-polarized wide band antennas can also be

investigated.
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Antennas mounted on finite dielectrics might also a good subject for further

study.

A research on antenna design using GA in cooperation with a commercial
available EM simulators such as in [14, 15], might directly be applied for further
investigation to support the active circuitry to perform more functionalities in

the design of active integrated antennas.

Applications in Ultra wideband (UWB) systems could be interesting topics to
extend the present work to include the design possibility of using active
integrated antennas and antenna systems that can operate simultaneously in close

proximity without mutual interference [16, 17].

RFID is currently another challenging area of active research field and has been
applied in some areas where identification at a distance is highly appreciated
[18]. Some previous research work has demonstrated that performance of the
RFID transceiver can be somehow enhanced with the proper design in applying
the technique of the active integrated antennas, such as improving the
responding distance for active tags [19] and implementing a compact transmitter
using the oscillator-type active antenna with circular polarization. With the well
understood the knowledge on the benefits in applying an AlA approach, it would
be worth attempting to study these two topics together to improve the
performance of the reader or the tags of the RFID systems for the various

applications.
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However, it is hoped, in more general terms, that this work has contributed somehow to a

field of great theoretical and mathematical complexities and that the practical side of it

may aid the edge of advanced technology today.
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