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Microwave Frequency Doubler Integrated with Miniaturized

Planar Antennas
Suzette Marie Presas

ABSTRACT

In this thesis the development of a high efficiency harmonic re-radiator,
consisting of a diode doubler and conjugate-matched receive and transmit antennas, is
described. Diode-based frequency multipliers and rectifiers, coupled with antennas, are
of interest for quasi-optical applications, for energy-scavenging and for sensing
applications. The device studied operates by receiving an interrogating signal at a
frequency of 1.3 GHz and re-radiating a signal at 2.6 GHz. The primary goal of this
research was to develop a passive, miniature and effective frequency doubler integrated
with planar antennas. The system is referred to as a frequency doubling reflectenna,
(FDR). Prediction of accurate performance was achieved by employing precise
modeling and measurement methods. The FDR can be utilized in data collection
applications.

The footprint of the FDR is occupied primarily by the receive and transmit
antennas. Therefore, a significant portion of the research focused on the development of
compact and efficient planar antennas, which would provide for a miniature FDR. A
first-generation FDR design was designed, which utilized quarter-wavelength shorted

microstrip patch antennas. The choice of antennas provided a small prototype with

viii



dimensions equal to 44 mm by 17 mm. In order to further reduce the size of the
harmonic re-radiator, meandered planar antennas were investigated and optimized for
efficient operation. A second-generation FDR design, which utilized meandered
microstrip patch antennas, was produced and a size reduction of 75% was achieved.
Both first- and second-generation harmonic re-radiator designs were designed for low
input power operation and provided maximum measured conversion efficiencies of
approximately 4.5% and 1.8%, with the input to the diode doubler at -14.5 and -17.5
dBm, respectively.

Re-configurable microwave devices, which dynamically operate at different
frequencies, are often desirable for sensing applications. Therefore, to conclude this
research, a tunable FDR was realized using a semiconductor varactor that provided the

dynamic capacitance required for the tunability.
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CHAPTER 1

INTRODUCTION

Great advances have been made in microwave integrated circuit technology since
the development of planar transmission lines and microwave solid-state devices.
Microstrip lines have become an integral part of microwave integrated circuits due to
their low-cost, small size, ease in manufacturing, ease of active and passive device
integration and good repeatability and reproducibility associated with these transmission
lines, [1]. In addition, since their first practical implementations in the 1970s, microstrip
antennas have been one of the most commonly used radiators for integrated circuit
applications. In the area of solid-state devices, research associated with semiconductor
diodes has led to the development of components such as frequency multipliers.
Numerous studies have concentrated on building more efficient and compact integrated
microwave circuits. As a result, microstrip antennas have been integrated with other
microstrip circuits to produce small designs and to maximize the efficiency of solid-state
devices, which may be employed in the circuitry, [2]. Additionally, advances realized in
computer-aided design and in manufacturing and processing techniques greatly assisted
the development of novel integrated designs.

The research described in this thesis focused on producing a simple, low-cost,

low-power and miniature diode frequency multiplier integrated with planar antennas.
1



Integrating antennas with other components has been accomplished in quasi-optical
applications and wireless power transmission. However, the main application for the
devices described in this thesis is in wireless sensors nodes.

This research concentrated on a passive harmonic re-radiator scheme. The re-
radiator receives an interrogation signal at a fundamental frequency and re-radiates a
signal back to a transceiver at the second harmonic. Harmonic re-radiation can alleviate
the clutter radiation that occurs at the frequency of the incident radiation in a radar
transceiver system. Since sensor nodes may be located in remote areas and subjected to
harsh conditions, a robust, compact, efficient and reliable device was desired.
Consequently, the design consists of a Schottky beamlead diode, which is used as the
frequency multiplier, and compact microstrip antennas, which receive and transmit the
signal. Schottky beamlead diodes have been proven to perform well at microwave
frequencies and microstrip antennas are often utilized in low-power transmitting and

receiving applications, [2].

1.1 Frequency Multiplication

Frequency multipliers have been used primarily as signal generators to produce
high-frequency local oscillator signals. Frequency multiplication is possible due to the
inherent nonlinearities present in certain electronic components. When these nonlinear
devices are excited with a sinusoidal waveform at one particular frequency, the resulting
response is a distorted waveform composed of harmonics. The operating principle of
harmonic generation for a device employing nonlinear capacitance is presented in Figure

I1.1.
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Figure 1.1: Operating Principle of a Frequency Multiplier
Using Nonlinear Capacitance, [3]

A nonlinear charge-voltage characteristic can be expressed as a power series
about an operating point, V3, which denotes the bias voltage, [3]. The power series

expression for the bias voltage is given by:

O, +AV)=b, +bAV +b,AV> +b,AV> +.... (1.1)

The input voltage applied to the device is given by:

AV =V, cos(w,i). (1.2)

Substitution of equation (1.2) into equation (1.1) yields:



0@) =0, + 0, cos(w, 1)+ Q, cos(2w,t) + Q; cos(3w,t) +..., (1.3)

which is an expression that highlights the input signal harmonics.

In passive frequency multiplier designs, a device with a nonlinear current-voltage
(varistor) or capacitance-voltage (varactor) characteristic may be utilized. In fact, real
devices present both nonlinearities. Devices utilized in a frequency conversion process
must have strong nonlinearities and repeatable electrical properties. As a result,
semiconductor p-n junction diodes and metal-semiconductor junction diodes, which are
usually called Schottky barrier or Schottky diodes, are often utilized. Schottky barrier
diodes are usually preferred since they are majority carrier devices and metal-
semiconductor junctions can be fabricated in a more precise and repeatable manner, [3].

Multipliers based on nonlinear transmission lines have also been reported, [4-6].

1.2 Frequency Multipliers and Detectors Integrated with Antennas

Diode-based frequency multipliers and rectifiers, coupled with antennas, have
been of interest in quasi-optical applications, in wireless power transmission and in
wireless sensors applications. Numerous works have been presented on frequency
multipliers integrated with antennas for quasi-optical receiver applications and power
combining architectures at millimeter and sub-millimeter wave frequencies, [7-11]. One

of these architectures is illustrated in Figure 1.2.



input Diode output

antennas configuration antennas

¢
e

input output
matching matching
circuit circuit

Figure 1.2: Quasi-Optical Frequency Diode
Doubler Scheme, [9]

Since the output power of solid-state devices decreases as the frequency of
operation increases, quasi-optical techniques are used to combine the power of several
solid-state devices. Moreover, diodes coupled with antennas have also been utilized in
wireless power transmission applications, [12-14]. For instance, a high-sensitivity
CMOS rectifier, which can recharge a secondary battery for sensor network systems and
be utilized in a low-power wireless transmission system has been reported, [14].
Similarly, rectennas (rectifying antennas) have been used to receive power where no
physical connections are possible.

Several types of rectennas have been presented where the main parameter of
interest is the RF-to-dc conversion efficiency. A dual-frequency rectenna operating at
both 2.45 GHz and 5.8 GHz has been successfully designed. The design utilized a
printed dual-frequency dipole antenna. The antenna was integrated with low-pass and
bandstop filters to block higher order harmonics generated from a GaAs Schottky barrier
diode, [12]. The diode is directly connected to the filters and the conversion efficiency
maximized by matching the diode’s input impedance to the filters impedance. Chang et
al., also developed a similar design where the rectenna circuitry consists primarily of a

high-gain antenna and a Schottky diode. These components are integrated with a band-

5



reject filter, a dc filter and a resistive load. A basic block diagram of this device is

presented in Figure 1.3, [13].

antenna

filter Load

filter * DC Resistive

Figure 1.3: Rectenna Block Diagram, [13]
In both of these rectenna designs, RF-to-dc conversion efficiencies of approximately 80%
were achieved for received powers on the rectenna’s antenna of 15.5 — 20 dBm.

In the context of wireless sensors, Ketterl et al. introduced a reflectenna design
that consists of a receive antenna, a device, such as a switch, that modulates a received
continuous wave and a transmit antenna that redirects the modulated signal back to the
transmission source, [15]. This design was intended for a low-power application.
Additionally, a miniature harmonic radar transceiver design, which utilizes a short length
of wire to form the antenna and a beamlead Schottky diode as the doubling element, has
been reported and utilized for insect tracking, [16]. The authors of this study employed a
harmonic radar receiver that was tuned to the second harmonic of the transmitter. This
configuration eliminates the conventional radar scatter. Riley et al., also presented
transponders, which consisted of a similar design, for insect tracking purposes as well,
[17].

Other types of wireless sensor circuits include RF identification (RFID)
transponders and surface acoustic wave (SAW) sensors. These sensors can be classified

as active devices, which are powered by a battery and as passive transponder devices,



which are not battery powered. One of the first applications of SAW sensors was for
temperature sensing, [18]. A one-port reflective SAW device was connected to an
antenna and interrogated by an RF signal, [18-21]. The SAW device usually consists of a
piezoelectric substrate with metallic structures, which are interdigital transducers on the
polished surface. A SAW is stimulated at the surface due to an electric signal at the
interdigital transducer. Temperature, mechanical stress or bending can cause a delay
change or frequency shift of the retransmitted signal sent by the SAW device to a
transceiver. SAW sensors for humidity, pressure, position, acceleration, wear, magnetic
field and electric current have been developed, [18].

In a similar fashion, RFID tags also receive an interrogator signal from a unit
designated as the reader. These transponders are utilized in areas such as manufacturing,
retailing, transport and security, [22]. The RFID tags consist of an antenna and of an
integrated circuit (IC) chip, which is capable of storing information. Data transfer occurs
between the reader and the tag through antennas linked to both ends. Passive RFID tags,
which are the most widely used, are powered by restoring the electromagnetic energy
emitted from the reader. The transponders communicate with the reader by modulating
the RF energy received and by creating a backscatter signal. A study of modulated
backscatter RFID transponders can be explored further in [23]. A complete analysis for
the estimation of the backscattered radiated field of a UHF RFID tag is presented in [24].
Different types of antennas have been proposed for RFID tags such as dipole antennas,
[25], planar inverted-F antennas, [26-27], and printed patch antennas, [28]. The detector

diode most frequently used in the IC of the RFID tag is the Schottky barrier diode.



Several authors have demonstrated that higher conversion efficiencies can be
obtained by using active frequency multipliers integrated with antennas, [29-30]. Itoh et
al. have extensively explored the concept of active integrated antennas with frequency
multipliers, [31-33]. Although higher conversion efficiencies are obtainable, some active
frequency multipliers involve complex circuitry, due to biasing considerations, which

may lead to higher manufacturing costs.

1.3 Frequency Doubling Reflectenna

The research presented in this thesis centers on the design of a diode frequency
doubler integrated with antennas. The device is referred to as a Frequency Doubling
Reflectenna, (FDR). This device was created primarily for sensing applications. The
FDR receives a signal at a fundamental frequency and re-radiates the signal back to a
transceiver at the second harmonic. It was of interest to obtain a design with minimum
conversion loss for a low-power input (-30 dBm), as well as sufficient sensitivity for the
data collection application. The energy of the interrogator signal was used effectively to
power the solid-state device employed, which produced a simple passive design, [34].

Figure 1.4 demonstrates the FDR concept.
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Figure 1.4: Frequency Doubling Reflectenna Concept, [34]

Efficiency and compactness were primarily achieved by conjugate matching the
input impedances of the receive and transmit antennas to the diode terminals. Moreover,
reduction in size was attained by utilizing electrically small patch antennas. Proper
simulation methods and modeling techniques proved to be essential for the accurate
prediction of device performance. It was also of importance to demonstrate the concept
of a tunable FDR. In the tunable device, maximum re-radiation occurs at the first
harmonic in an on-state, and no re-radiation occurs in an off-state. Tunability was
provided by a semiconductor varactor, which is a variable reactance device. Features of
the device such as its miniature size, frequency selectivity and reliable operation, make
the FDR very useful in sensing applications. Although this thesis refers to a FDR
operating at 1.3 GHz — 2.6 GHz, the design can be considered a proof-of-concept and

scaled to other operating frequencies.



14 Overview and Contributions of the Research
The primary goals of this research were
e Accurately predict the behavior of a frequency doubler integrated with
receive and transmit antennas,
e Design the FDR in a manner that would maximize conversion
efficiency,
e Produce a simple and compact integrated device.

Chapter 2 presents the work performed in designing, fabricating, and testing a
1.3 GHz — 2.6 GHz frequency doubling reflectenna. Chapter 2 also addresses topics such
as the Schottky diode model used in the doubler, the circuit schematic modeling of the
FDR, the quarter-wavelength shorted patch antennas utilized in the first-generation
design and the measurement test-bench employed. It is noteworthy to mention that a
conversion efficiency of 1% was obtained for a low input power of -30 dBm.

The following two chapters describe the progression toward a miniature and
tunable FDR design. Chapter 3 provides a study of current electrically small antenna
technology with an emphasis on meandered antennas. In addition, Chapter 3 also
presents a description of the design of the miniature meandered patch antennas utilized in
a second-generation 1.3 GHz — 2.6 GHz FDR design. The miniature meandered patch
antennas represent approximately an 85% reduction in size from the patch antennas
utilized in the first-generation design. In Chapter 4, a miniature and tunable FDR is
presented. A summary of the findings of this research as well as suggestions for future

work are presented in Chapter 5.
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CHAPTER 2

FREQUENCY DOUBLING REFLECTENNA
1.3 GHz - 2.6 GHZ

2.1 Introduction

Frequency multipliers based on diodes offer low-cost, high reliability and can be
easily integrated with other semiconductor components by utilizing planar technology.
Diode-based frequency multipliers and rectifiers, coupled with antennas, are of interest in
quasi-optical applications, energy-scavenging, and sensing applications, [7-33]. In
addition to obtaining a compact device, an integrated diode frequency multiplier/antenna
module alleviates the requirement to separately design for the two components and then
combine them under certain impedance constraints.

In this chapter, a frequency doubling reflectenna, (FDR), which receives a
1.3 GHz interrogation signal and re-radiates a 2.6 GHz signal, is described. The topology

of the FDR is presented in Figure 2.1.
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Figure 2.1: Layout of a Frequency Doubling Reflectenna with
Conjugate-Matched Impedances

The FDR is intended for sensing applications. Therefore, to enhance the ability of the
interrogating transceiver to detect a very low-power return signal, the FDR utilizes
frequency discrimination. A GaAs Schottky diode was used as the doubling element.
The GaAs Schottky diode is a proven reliable device for generating power at microwave
frequencies compared to other semiconductor p-# junction diodes. The conversion loss
of a diode frequency multiplier is minimized when the source impedance is very close to
the complex conjugate of the input impedance of the diode and likewise with the load
impedance, [3]. Both the receive and transmit antenna were designed to be conjugate-
matched to the diode multiplier in order to minimize the footprint and maximize the
conversion efficiency. As illustrated in Figure 2.1, Zg and Z; are the input impedances of
the receive and transmit antennas, respectively. The input and output impedances of the
diode circuit are presented as the complex conjugates of Z; and Z;. Integrating antennas
with other components has been investigated in a similar fashion in quasi-optical receiver
applications, [9].

Utilizing this method of component integration provided a doubler conversion

efficiency of 1% at a -30 dBm input power level. Although DC bias could improve
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conversion efficiency, it was not applied in the harmonic re-radiator in order to maintain
a simple design. Quarter-wavelength, shorted microstrip patch antennas were used to
reduce the overall size of the FDR, [2]. In this design, the antennas provide a natural DC
return for the doubler. In addition, they also inherently provide the proper harmonic
impedance at 2.6 GHz at the input and at 1.3 GHz at the output. Due to the conjugate-
match approach, the resulting design was very narrowband and the desired sensitivity
was achieved. Inclusion of the correct harmonic terminations in circuit simulations for
the FDR yielded comparisons between measured and predicted conversion efficiency

within tenths of a dB.

2.2 Circuit Overview

A GaAs Schottky diode was utilized in the harmonic re-radiator to obtain
frequency multiplication. The GaAs Schottky diode is a nonlinear device, which accepts
the signal received by the input antenna of the FDR and produces the required harmonic.
Tuning circuits were used to provide optimum source and load impedances to the
Schottky diode at the input and output frequency. The output antenna of the FDR re-
radiates the second order harmonic of the received signal.

In order to predict the performance of the harmonic re-radiator, simulations were
performed using Agilent’s Advanced Design System (ADS) CAD software. The main
FDR design parameter of interest was the doubler conversion efficiency #,, which is

given by

U

77”: ut . (2.1)

Nav)
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P, 1s the input power to the diode multiplier, at 1.3 GHz, and P,,, is its output power, at
2.6 GHz. Semiconductor diodes are lossy passive devices. As a result, the conversion

efficiency of a diode frequency multiplier is less than unity.

2.2.1 Schottky Diode Modeling

A Schottky-barrier diode is a semiconductor device that exhibits nonlinear
properties due to its metal-semiconductor contact. An electrostatic barrier arises due to
unequal work functions between the metal, which forms the anode and the
semiconductor, which forms the cathode. Conduction is controlled by thermionic
emission of majority carriers across the barrier. The electrical characteristics of a
Schottky diode are mainly determined by the metal and semiconductor contacting
surfaces. High-frequency operation is optimized when the diode possesses low series
resistance, low junction capacitance, high carrier mobility and high carrier saturation
velocity, [3].

The nonlinear model for the HSCH-9161 beamlead diode used in the doubler is

presented in Figure 2.2.

C=111{F

ANl

2

L=0.3nH D2
o

DI

Figure 2.2: Circuit Model for the HSCH-9161
Zero-Bias Beamlead Detector Diode
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The model consists of parasitic elements and an anti-parallel diode pair. The diode

designated D1 represents the characteristic under forward bias of the HSCH-9161 and D2

(in the forward direction) gives the V-I curve under reverse bias of the HSCH-9161. The

anti-parallel diode pair is utilized due to the high leakage of the diode under reverse bias.

The p-n junction diode model parameters are presented in Table 2.1.

Table 2.1: P-N Junction Diode Model Parameters

Name

Description

Unit

Is

XTI

Ec

Bv

Saturation current

Ohmic resistance

Emission coefficient

Zero-bias junction capacitance

Junction potential

Grading coefficient

Saturation-current temperature exponent

Energy gap

Reverse break down voltage

Current at reverse break down voltage

A

pF

eV
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The ADS default p-n junction diode model parameters are presented in Table 2.2.
Also shown in Table 2.2 are the SPICE model parameters that were obtained from the
Agilent HSCH-9161 zero-bias beamlead detector diode data sheet. These parameters
were used in order to convert the ADS basic p-n junction diode model. These SPICE
model parameters were initially utilized in the computer-aided simulations. However, the
ideality factor, (), and zero-bias junction capacitance, (Cj,), parameters were optimized
in the zero-bias region. Direct current I-V measurements, in the forward and reverse bias
regions, were performed using a Keithley 4200 Semiconductor Characterization System.
The characterization was accomplished by employing ground-signal-ground probing on a
biased diode, which was mounted on a test fixture. After comparing measured and
simulated I-V data, the ideality factor and zero-bias junction capacitance obtained were
N=1.35and Cj, =0.035 pF for DI and N =56 and Cj, = 0.035 pF for D2. An ideality
factor that is not equal to 1 usually indicates tunneling of electrons through the
electrostatic barrier between the metal and the semiconductor of the Schottky diode. The
HSCH-9161 device model parameters presented include the optimized N and Cj, values.
Throughout the research, these last set of parameters were utilized for the computer-aided

simulations of circuits that involved the HSCH-9161 beamlead detector diode.

16



Table 2.2: HSCH-9161 Beamlead Diode Parameters

HSCH-9161 SPICE HSCH-9161 Device
P-N Junction Diode
Name Model Parameters Model Parameters
Model Default
D1 D2 D1 D2
Iy 10 12x 10° 84 x 10° 12x10° 84x 10°
R, 0.0 50 10 50 10
N 1.0 1.2 40 1.35 56
Cio 0.0 0.030 0.030 0.035 0.035
Vi 1.0 0.26 0.26 0.26 0.26
M 0.5 0.5 0.5 0.5 0.5
XTI 3.0 2 2 2 2
Eqg 1.11 1.42 1.42 1.42 1.42
By o0 10 10 10 10
Igv 0.001 10" 10" 1012 1

Figures 2.3 and 2.4 illustrate good agreement, between the diode model and the
measured responses, for the two diode samples in both the forward and reverse bias

region near zero-bias.
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Figure 2.4: Comparison of Measured and Modeled Current versus
Bias Voltage of the Schottky Diode in the Reverse Bias Region

2.2.2 Circuit Modeling of the Frequency Doubling Reflectenna
The Schottky diode is a nonlinear device, which generates the harmonics

necessary for service as a frequency multiplier. Therefore, the effect of accounting for

18



harmonic terminations in the computer-aided analysis was studied, [3]. Figure 2.5
presents the equivalent circuit model for an FDR antenna, which can represent either the

receiving or transmitting antenna.

antenna impedances
at fundamental and
harmonics

antenna

—» to doubler

Figure 2.5: Equivalent Circuit Model of a Single FDR Antenna for
Computer-Aided Analysis

In the design, produced during this research, the source and the load of the entire FDR
circuit schematic are represented by the 1.3 GHz and 2.6 GHz antenna, respectively. The
values of the impedances at the fundamental and harmonic frequencies were extracted
from numerical electromagnetic simulations. Blocks that represented these antenna
impedances at the frequencies of interest were added at the load and at the source of the
diode doubler. To insure accurate simulation, data files were created and used as ‘filter
elements’. These ‘filter elements’ ensured that the proper source/load termination was
presented to the doubler circuit at a given harmonic frequency. The equivalent circuit
model for the diode and the input and output tuning circuits, without the antennas, are

presented in Figure 2.6.
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Figure 2.6: Equivalent Circuit Model of the Diode and the Input and
Output Tuning Circuits of the FDR for Computer-Aided Analysis
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Figure 2.7 presents the overall equivalent circuit model for the FDR.

FDR

1.3 GHz 2.6 GHz
antenna tuning circuits antenna

\L E'.;— - “a j/

Equivalent Circuit Model of FDR

1.3 GHz antenna 2.6 GHz antenna

tuning circuits

Figure 2.7: Overall Equivalent Circuit Model of Frequency Doubling
Reflectenna for Computer-Aided Analysis
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In order to determine the number of harmonic impedances, (7), to be considered
in the circuit simulations, an analysis was performed to discern differences in
performance between the n and the n - / order harmonics. Figure 2.8 presents
comparisons of the conversion gain of the diode doubler for several combinations of

fundamental and harmonic impedances.
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Figure 2.8: Simulated Conversion Gain and
DC Current for the Diode Doubler

The difference in predicted conversion loss when considering only the 2™ order harmonic
compared to including the 3™ order harmonic was ~5 dB at -30 dBm power input.
However, the difference in the conversion loss between the 3" order and 4™ order
harmonics was almost null. Therefore, only harmonic impedances up to the 4™ order
harmonic were considered. The expected conversion loss to the FDR, at an input power
level of -30 dBm, was approximately 20 dB. This conversion loss was chosen as a

benchmark for the remaining design considerations.
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Another important observation was the predicted maximum conversion gain,
which was -13.7 dB. The maximum conversion gain was obtained at the onset of the
diode’s DC conduction at an input power of -15.8 dBm, [35]. This is also illustrated in
Figure 2.8. This behavior agrees with the fact that the region of the diode’s I-V curve
with the most nonlinearity occurs at the knee-voltage. This region of maximum
nonlinearity serves to optimize the conversion efficiency. At higher power levels, the
conversion of RF-to-DC power reduces the multiplier efficiency.

Ideally, no matching circuits are desired in order to minimize the doubler
conversion loss. However, the diode frequency doubler has increased sensitivity to
variations in the source and load impedance, [35]. Therefore, additional network
elements were added to the basic circuit topology for fine-tuning the conjugate-match
between the doubler’s impedance and the antennas’ impedance. A useful consequence of
using quarter-wavelength shorted patch antennas, (Ref. Section 2.3), was that the input
of the 1.3 GHz antenna appears as a short-circuit at 2.6 GHz, which provided the desired
2" harmonic termination. The open-circuited stub on the input side of the network was
only used to fine-tune the conjugate-match. At the output, the matching topology
consisted of one series 4.3 nH inductor, one shunt 2.2 nH inductor and a shunt open-
circuited stub. With these tuning elements, the input and output impedance of the

doubler were (40 —j278) Q and (44.7 + j369) Q, respectively.
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23 Quarter-Wavelength Shorted Patch Antennas
2.3.1 Design

The antennas were designed to be approximately quarter-wavelength shorted
patch antennas. The ideal conjugate matching was to be performed without matching
circuits in order to minimize losses. Thus, the radiation resistance of the antennas was
initially set to a few ohms to match the impedance of the doubler. To validate antenna
simulations, preliminary test structures, consisting of the two antennas and short and open
calibration standards, were fabricated on an Arlon substrate of thickness 20 mils and a &,
of 4.5. A circuit prototyping milling machine was used and grounding vias were filled

with conductive epoxy. Figure 2.9 illustrates the board utilized to test these antennas.

1.3 GHz Antenna

2.6 GHz Antenna

Short Open

Figure 2.9: Antenna Test Board

A 3.5 mm coaxial calibration was performed, which set the reference plane at the
edge of the board for measurements. Measurements of the calibration standards were
used to develop a model for the PCB edge-mount connector and the feedline leading up
to the reference plane, which was located approximately 1 mm from the antenna input.

After the open-circuit standard was modeled it was compared with the measurements for
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the short-circuit standard. The comparison indicated the need to add 1-2 € resistors at

the via locations in order to emulate the short-circuit response. The via resistance, which

was also present in the shorted patch antenna circuits, effected the antennas’ return loss.

Instead of being in the expected 0.5 dB range, at the frequencies of interest, the return

loss was of order of 10 dB. This effect is displayed in Figure 2.10.
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Figure 2.10: Comparison of Measured and Simulated S11 of the
Preliminary 1.3 GHz Antenna Fabricated on an Arlon Substrate

The antenna efficiency depends on the radiation efficiency in accordance with

e= L, (2.2)
R +R,

where R, and R; are the radiation resistance and the loss resistance. The loss resistance,

after transformation from the via location to the antenna input, increased by at least an

order of magnitude with respect to the radiation resistance and dramatically reduced the

antenna efficiency. This shortcoming revealed an interesting characteristic of the quarter-
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wavelength antenna. The quarter-wavelength antenna performance is highly sensitive to
its shorting via resistance.

A second harmonic re-radiator was designed, which accounted for this constraint.
As mentioned previously, tuning circuits at the input and output of the diode frequency
doubler resulted in a real impedance on the order of 40 Q, which provided an increase in
the radiation resistance of the antennas. To conjugate-match to the diode doubler, the
values of width and length of each of the antennas were varied. The dimensional
variations were used to change the real and imaginary values of the input impedance.
The ratio of width to length can be related to the ratio of Im{Zn} to Re{Zin}. An
iterative optimization process was applied to the ratio in order to obtain the desired input
impedance for the antenna. Figure 2.11 presents the simulated input impedance

investigations for the antennas.
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Figure 2.11: Simulated Input Impedance:
1.3 GHz Antenna (left) and
2.6 GHz Antenna (right)

The resulting 1.3 GHz antenna measured 28 mm x 21.2 mm and the 2.6 GHz antenna

measured 11.25 mm x 11 mm.
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Electromagnetic simulations revealed that the overall loss resistance was reduced
by shorting the antenna at each side with sets of three parallel vias. To further minimize
this resistance, the vias were soldered to ground using copper wires instead of silver
epoxy. The measured resistance in the vias was of the order of 0.1 Q. The board
substrate was also changed to 60 mil Taconic with an g of 6.15. Prior measurements of
this material revealed it possessed a consistent ¢, at the desired frequencies. Figures 2.12
and 2.13 present a comparison between the measured and simulated S11 data referenced
to 50 Q for both antennas. The expected S11 data was obtained by assuming an infinite
ground plane. The assumption was justified since the excitation ports available in the
simulator yielded more accurate return loss values when compared to values obtained

using excitation ports defined for a finite ground plane.
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Figure 2.12: Comparison of Measured and Simulated S11 of the
1.3 GHz Antenna. Solid lines represent the simulated S11
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2.3.2 Simulated and Measured Radiation Patterns
A theoretical overview of antenna radiation patterns is presented in Section 3.2.

The coordinate system utilized for electromagnetic simulations of the antenna is

illustrated in Figure 2.14.
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Figure 2.14: Coordinate System Used for Antenna Simulation
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The radiation pattern of a patch antenna operating in the TM;¢ mode is in the
broadside direction, [36]. This direction would correspond to the 6 = 0° axis for the
quarter-wavelength shorted patch antennas. The shorted patch antennas were excited by
a microstrip feedline, which was parallel to the direction at which the resonance occurs.
Thus, they are mostly linearly polarized in the direction parallel to the microstrip
feedline, which corresponds to @ = 90°.

In a typical patch antenna, there may be a resonance that occurs at a higher
frequency along the width of the antenna, which is due to higher order modes. However,
at the operating frequencies of 1.3 GHz and 2.6 GHz, higher order modes are not present
for these quarter-wavelength shorted patch antennas. Cross-polarization occurs since
more current flows along the width of the quarter-wavelength antenna. The increased
current flow does not occur in the half-wave antenna since the width to length ratio is
lower. Nevertheless, the dominant polarization is along the length of the antenna.

The antenna feedline is parallel to the E-plane and perpendicular to the H-plane.
The electromagnetic simulator utilized the coordinates 6 and @ to express the location of
the observation point. ® was kept fixed at 90° for E-plane simulated patterns and 6 was
swept 360°. @ was kept fixed at 0° for H-plane simulated patterns and 6 was swept 360°.

Simulations were initially performed by considering the ground plane of the
antenna to be infinite and radiation patterns revealed no back-side radiation. Practically,
compact antennas such as the quarter-wavelength shorted patch antennas studied are
designed to sit on a finite ground plane. Therefore, antenna simulations were performed
using a finite ground plane. The resulting radiation patterns displayed considerable back-
side radiation. When the size of the ground plane was greater than the patch antenna
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dimensions by approximately six times the substrate thickness, 4, all around the edges of
the patch, the results were similar to having an infinite ground plane, [36]. The size of
the ground plane from the edge of the patch for both antennas is 7 mm which is less than
6h. Therefore, back lobes are expected in radiation patterns of these antennas.

Radiation pattern measurements were performed by placing the quarter-
wavelength shorted patch antenna inside an anechoic chamber. The test antenna acted as
the receive antenna. A 1.3 GHz custom dual-patch array was used as the transmit
antenna and remained stationary. The receive antenna was rotated along a specified axis
through 360°. A commercial Yagi tube antenna was used as the receive antenna for the
2.6 GHz quarter-wavelength shorted patch. Rotational axes are illustrated in Figure 2.15.

0
(broadside) A -90°

H- Plane
Rotational Axis

» . E- Plane
-90° 90° Rotational Axis

180°
Figure 2.15: Axis Definition for Antenna Measurements

In a fashion similar to the simulations, measurements were obtained by keeping the @

coordinate constant while sweeping the 0 coordinate. The 6 = 0° angle was defined as the
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orientation where the receive and transmit antenna faces were aligned with each other. A
rotation was performed about the axis perpendicular to the feedline for E-plane
measurements. In contrast, H-plane measurements were obtained by rotating about the
axis parallel to the feedline. Radiation patterns were normalized to the maximum co-
polarization value obtained.

Figure 2.16 and Figure 2.17 present comparisons, at the particular frequency of
interest, between the expected (finite ground plane) and measured results of the co-
polarized E- and H-planes for the 1.3 GHz and 2.6 GHz antennas, respectively. The plots
display good agreement between the simulated and measured radiation patterns. It is
worth noting that the quarter-wavelength antenna only radiates from one edge.
Therefore, the E-plane pattern becomes broader since the array effect of two radiating

edges for a half-wavelength antenna is absent, [2].
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Figure 2.16: Comparison of Measured and Simulated Co-Polarized E-Plane (left)
and H-Plane (right), Pattern of the 1.3 GHz Antenna, (dB)
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Figure 2.17: Comparison of Measured and Simulated Co-Polarized E-Plane (left)
and H-Plane (right), Pattern of the 2.6 GHz Antenna, (dB)

Measured E- and H-plane cross-polarization patterns are presented in Figure 2.18.

Measurements were normalized to the maximum co-polarization value obtained for each

antenna.
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Figure 2.18: Cross-Polarized Measurement of the E and H-Plane Radiation Pattern,
1.3 GHz Antenna (left) and 2.6 GHz Antenna (right), (dB))

Considerable cross-polarization can be observed. Some possible causes for the cross-
polarization levels are the lowered width to length ratio of the antenna and the utilization
of a microstrip feed, which can increase these cross-polarization levels. Cross-
polarization levels for shorted patch antennas have been reported to be higher than for
half-wave patches, [2], [36]. Therefore, these compact microstrip antennas should be

employed in applications where cross-polarization can be tolerated.

24 Power Measurement Techniques

On the transmitter side, a network analyzer was used to provide a continuous
wave signal at 1.3 GHz and 0 dBm. This signal was further attenuated to different test
levels using a variable attenuator. The signal was then amplified using an amplifier with

a power output of 22 dBm. Two isolators, which operated at 1.3 GHz, were used to
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ensure proper signal transmission at the proper frequency and to minimize any harmonic
interference. A 20 dB coupler was used as a test point to observe the amplifier’s drive
level with the aid of a spectrum analyzer. Using a 3 dB power splitter, the 1.3 GHz
signal was sent into a custom transmitting dual-patch array. The FDR was placed on a
tripod in the anechoic chamber where it received the 1.3 GHz signal, doubled the
frequency and transmitted it back a signal to a commercial 2.6 GHz Yagi tube antenna.

A fabricated FDR device is displayed, fully assembled, in Figure 2.19.

2

Figure 2.19: Fabricated Frequency Doubling Reflectenna

The received power transmitted by the harmonic re-radiator was measured using a
spectrum analyzer. Path spreading losses were calculated using the free-space path loss

formula
PL =20x 10g10(%} dB, (2.3)

where d is the distance from the transmitter and 4 is the signal wavelength. Both the
distance and wavelength parameters are in meters.

The hardware test-bench utilized components and cables, which introduce loss
into the system. Therefore, proper characterization of each element was performed to

account for the losses being introduced. To validate the characterization for each of the
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components of the system and the 1.3 GHz transmitting dual-patch gain, a preliminary
test was conducted using a custom single 1.3 GHz patch antenna as the receiver. The
power levels received by the patch antenna correlated with expected values for the power
received. Once the validation was completed and an accurate measure conducted of the
power received by the actual FDR, the single patch antenna was replaced by the FDR for
testing.

Figures 2.20 presents a diagram of the test measurement setup utilized for the

FDR tests.
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Figure 2.20: Diagram of the Harmonic Re-radiator Test Measurement Setup.
The input power level to the FDR was -12.85 dBm

Figure 2.21 presents a picture of the complete arrangement utilized for performing

measurements on the FDR.
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Figure 2.21: Hardware Test-Bench Used for FDR Measurements

The FDR was placed in an anechoic chamber where it received the transmitted 1.3 GHz
signal. The FDR doubled the received signal frequency and re-radiated it at 2.6 GHz.
Output power measurements are conducted using a spectrum analyzer, which was

connected to the 2.6 GHz receiving antenna.

2.5  Results
The output power received at 2.6 GHz antenna and the multiplier conversion loss
curves for three FDR’s are presented in Figure 2.22. Conversion gain values were

calculated by using the relationship

CG = Py (dB) — Piy(dB) + Receiving system loss(dB). (2.4)
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Figure 2.22: Comparison of Measured and Expected Output Power

and Diode Doubler Conversion Gain at a Source Frequency of 1.3 GHz
Good correlation is demonstrated between the measured curves for FDR’s 1 and

2. The received 2.6 GHz power for FDR 3 differed by approximately 7 dB from the
other two re-radiators. Since the measured values differed from those obtained from
simulation, the frequency sensitivity of the FDR was analyzed. Measurements were
performed using source signals at frequencies close to 1.3 GHz with an input power to
the FDR of -31.53 dBm. The results of the analysis are presented in Figure 2.23. The
frequency at which the maximum doubler conversion efficiency occurred varied

somewhat from 1.3 GHz for each sample.
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Figure 2.23: Measured Received Power for Different Source Frequencies.
Diode Doubler Input Power was -31.53 dBm
Swept-power performance was measured at the source frequency that yielded the
highest level of received power. This data was compared with the simulated data at a

source frequency of 1.3 GHz. The comparison is presented in Figure 2.24.
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Figure 2.24: Comparison of Expected Doubler Conversion Gain and
Output Power at a Source Frequency of 1.3 GHz and Measured
Performance at the Fabricated FDR’s Optimum Source Frequency
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FDR’s 1 and 2, demonstrated good agreement, a deviation of 0.7%, at a source frequency
of 1.291 GHz. Peak power levels for FDR 3 occurred at 1.28 GHz, which was a
deviation of 1.6%. The 1.3 GHz dual-patch array, see Figure 2.19, which was used as the
transmit antenna possessed a narrowband response and provided less gain at 1.28 GHz
than at 1.3 GHz. Over an input power range of -40 to -10 dBm, the FDR measured and
simulated conversion gain of the doubler compared very well for FDR’s 1 and 2. The
conversion gain was -19.87 dB when the input power to the FDR was -31.53 dBm, and a
maximum value of -13.7 dB for an input power of -15.53 dBm. These values are an
improvement over what has been reported on a Schottky diode doubler/antenna
transponder design, [17]. By considering the simulated value of gain of the input and
output antennas, the measured conversion gain of the entire FDR’s 1 and 2 at the
optimum frequency of operation was -22.75 dB for an input power level at the FDR
receiving antenna of -28.5 dBm. This FDR was designed for low-power input and zero-
bias operation. In other frequency multipliers, where the input signal strength can be as

high as 5 dBm, conversion loss values of close to10 dB are expected, [8].

2.6  Conclusions

A compact conjugate-matched frequency doubling reflectenna was designed,
fabricated and tested. At an input frequency of 1.3 GHz a multiplier conversion
efficiency of 1% was obtained at an input power of -30 dBm. A high degree of
performance accuracy was obtained by the nonlinear simulations performed in the design
process. The harmonic re-radiators were produced using careful, although not extremely
precise, manufacturing methods with a small spread in performance. The conjugate-

38



matched design maximized conversion efficiency and increased the sensitivity of the
design. Since the FDR’s performance is relatively narrowband its operation could be
controlled by using integrated control structures such as tuning capacitors. This FDR is a

promising device for sensing applications.
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CHAPTER 3

COMPACT PLANAR ANTENNAS: MEANDERED ANTENNAS

3.1 Introduction

The reduction of the size of wireless sensor devices is often desired due to the
various applications in which they may be employed. In many wireless devices the
antenna occupies the vast majority of the overall device area. This is the case with the
FDR, where the receiving and transmitting antennas dominate the footprint of the design.
Despite the work that has been conducted in miniaturized antennas, ongoing
investigations are still prevalent since a reduction in the size of the antenna typically
degrades its performance. In an integrated device with antennas, degraded antenna
performance impacts the overall efficiency of the system. Therefore, studies, which aim
to miniaturize the antenna without sacrificing parameters such as gain and efficiency, are
important. Small antenna research often targets planar antennas due to their desirable
light weight, low volume and conformal characteristics, [2], [36], [37].

In this chapter a brief review of important antenna parameters and a discussion of
the fundamental limitations of electrically small antennas is presented. Some of the
techniques, utilized by other authors, to miniaturize planar antennas are also mentioned.
In order to produce a miniature harmonic re-radiator, two planar antenna designs were

considered. A meandered slot antenna design and a meandered shorted patch antenna
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design were investigated. A meandered slot antenna was designed for an operating
frequency of 1.3 GHz. The meandered shorted patch antennas were designed for
operating frequencies of 1.3 GHz and 2.6 GHz. The meandered shorted patch antenna
provided an antenna size reduction of ~85% compared to the quarter-wavelength shorted
patch antennas used in the first-generation FDR design. The gain of the miniature
meandered patch antennas was optimized by increasing the substrate thickness without

exceeding a value, which would allow the propagation of higher order modes.

3.2  Review of Antenna Parameters

Antennas can either convert an RF signal from a transmitter to a propagating
electromagnetic wave or convert a propagating wave into an RF signal in a receiver.
Therefore, antennas are reciprocal devices and the properties defined below apply either
to an antenna utilized as a transmitting or a receiving device.

An antenna’s radiation pattern is a plot of the transmitted or received signal
strength versus position around the antenna. The operating frequency, the size and the
gain are antenna parameters that are related to each other. An antenna needs to have
minimum physical dimensions in order for effective radiation to occur. As the frequency
of operation of an antenna increases its size decreases. In addition, since the gain of an
antenna is proportional to its cross-sectional area divided by the wavelength squared, an
electrically small antenna will usually have lower gain than a larger antenna, [38].

Wireless communications are possible due to the propagation of electromagnetic

energy. An antenna converts a guided electromagnetic wave on a transmission line to a
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plane wave propagating in free-space. The spherical coordinate system utilized in the

analysis of antenna parameters is illustrated in Figure 3.1.

Figure 3.1: Spherical Coordinate System

The antenna radiates a spherical wave. However, at large distances this wave
becomes an approximation of a plane wave. The distance where this occurs is referred to
as the far-field distance. The far-field distance is defined as

2D?

where D is the maximum dimension of the antenna and A is the wavelength.

In the far-field zone of the antenna, the radiated electric field is given by

ik

E(r,0,6) = [0 Fg(0,4) + 6 F4(0,9)] V/m (3.2)

r

A N

where E is the electric field vector, 8 and ¢ are unit vectors in the spherical coordinate

system, 7 is the radial distance from the origin,
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ko =2nm/ A, (3.2a)

wavelength,

A=c/f=3x10%/F, (3.2b)

with frequency in Hz, and Fp (6, ¢) and F4(6,¢) are the pattern functions. The electric

field propagates in the radial direction. The electric field may be polarized in either the

6 or ¢ directions but not in the radial direction. Polarization of this type is characteristic

of transverse electromagnetic, (TEM), waves. The magnetic fields associated with this

TEM wave are given by
E
Hy==% (3.3)
o
and
— E¢
Hyp=—" (3.4)
Mo
where
no =377 Q. (3.4a)

The radiation pattern of an antenna denotes the magnitude of the far-zone field

strength versus position around the antenna at a fixed distance. The field can be plotted

from the pattern functions Fyg(0,¢) and F4(0,¢). The pattern functions depend on the
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polarization of the antenna. If the pattern is plotted versus the angle @ it depicts an

elevation plane pattern and if plotted versus the angle ¢ it depicts an azimuthal plane

pattern.

The radiation intensity provides the variation in radiated power versus position
around the antenna. Directivity provides a measure of the directionality of an antenna
pattern or the focusing ability of an antenna. Directivity is defined as the ratio of the
maximum radiation intensity in the lobe with the maximum value to the average radiation
intensity over all space. Therefore, directivity is a dimensionless ratio of power, which is
usually expressed in dB.

The antenna radiation efficiency was previously defined, in Chapter 2, in terms of
the radiation resistance and the loss resistance. This definition does not take into account
surface wave loss, which will be discussed in Section 3.6. The radiation resistance R, is
associated with the radiation of an antenna. Loss occurs in an antenna mainly due to
dissipative losses in the metals and the dielectric materials used to fabricate the radiator.
A reflection, (impedance), efficiency e,.rcan also be described as a result of the
reflections that arise due to the mismatch between the transmission line and the antenna.

Reflection efficiency is given by

er= (1|12

), (3.5)

where

I'= (Zin — Zo)/(zin + Zo). (353)
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The antenna input impedance is Z;, and the characteristic impedance of the line is Z.

The overall efficiency is given by
€y = €pefecd - (3.6)

Gain, related to an antenna, accounts for its losses and is defined as the product of

directivity and efficiency. Antenna gain is usually expressed in dB and given by, [39]
G=e.yD. (3.7)

The bandwidth of an antenna is the range of frequencies on either side of a center
frequency where the antenna characteristics are within an acceptable value of those at the
center frequency. Input impedance is said to be the impedance presented by an antenna
at its terminals, namely the input terminals of the antenna.

The polarization of an electromagnetic wave is defined as the orientation of the
radiated electric field vector. For the case of a plane wave propagating along the z axis,

the electric field may expressed as

A A

E = (Eqgy x+ Egy y)e /- (3.8)

When
E()x = ] and Eoy =0
the field is linearly polarized. When

Eo. =1 and and Ey, = 1
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A

the field is linearly polarized in the 45°direction in the ¢ or azimuthal plane. Thus, the

wave will be linearly polarized if both £y, and Ey, have the same phase. In contrast, if £y,
and £y, have a 90° shift, the field is said to be circularly polarized. If the magnitudes of
Ey and Ey, are not equal or the phase difference is not exactly 90°, the field is said to be
elliptically polarized. The polarization of the antenna will dictate the polarization of the

radiated field, [38].

33 Limitations of Electrically Small Antennas

Since 1947, several studies have been reported on the fundamental limitations of
electrically small antennas, [40 - 43]. Wheeler commented on the reduction of the
radiation resistance, efficiency and bandwidth of a small antenna, [40]. In order to
quantify the radiation of an antenna, Wheeler defined a radiation power factor that was
equal to the antenna resistance divided by the antenna reactance. The radiation power
factor for small antennas is less than one. With the purpose of further characterizing
small antennas, Wheeler later defined the term radiansphere as a hypothetical sphere
having a radius of A/2x from the center of an antenna, [44]. This sphere can be viewed as
the space occupied by the stored energy of a small antenna’s electric or magnetic field.
As a result, a small antenna is one that occupies a small fraction of one radiansphere in
space, [45]. An idealized small spherical antenna has a radiation power factor equal to
the ratio of its volume to that of the radiansphere. Therefore, if an antenna is limited by a
maximum dimension but not by an occupied volume, the radiation power factor can be
increased by utilizing the volume of a sphere with a diameter equal to this maximum

dimension, [44].
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Chu described the performance of an antenna in terms of its power gain and its
bandwidth. He defined the largest linear dimension of the antenna to be 2r, such that the
complete antenna structure is enclosed inside a spherical surface of radius ». The quality
factor Q is directly proportional to the mean electric energy stored beyond the input
terminals of the antenna times 2w divided by the power dissipated in radiation.
Moreover, the bandwidth of the antenna is indirectly proportional to Q. In addition, Chu
found that if the Q of an antenna is required to be low, there is a definite limit to the gain
of a practical antenna that is approximately equal to 4#/A, [41].

The concept of an antenna enclosed in a sphere of radius » was also utilized by
Hansen and is illustrated in Figure 3.2. Hansen defined & = 2n/A and explained that
higher modes may not be present for k» <1. For kr << 1, Q varies inversely as the cube of
the radius of the sphere. The radiation Q increases rapidly as the size of the antenna

decreases, [42].

~

Figure 3.2: Antenna Witlﬁn_a Sphere of Radius 7, [42]

Mclean derived an exact expression for the radiation Q associated with the TMy;

mode, which is given by
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— +—. 3.9
Q 3;,.3 k]/‘ ( )
If kr << I equation (3.9) reduces to
Q 3’,.3 * ( * )

A circularly polarized antenna, given by a combination of TE(; and TMy; modes,
will yield the lowest achievable radiation O and will be approximately half that of a
linearly polarized antenna. In addition, a narrower maximum achievable bandwidth is
obtained with a larger radiation Q, [43].

Recently, additional studies have been conducted on the quality factor of
electrically small antennas, [46 -48]. Best found that the quality factor of an electrically
small wire antenna is mainly determined by the antenna’s height and effective volume in
relation to the resonant wavelength, [48]. Therefore, modifying the geometry of an
antenna within a fixed height and fixed cylindrical diameter does not significantly
improve the performance of a small self-resonant antenna. A small antenna, which Best
defined as one with a boundary limit at k» = 0.5, usually has a radiation resistance that is
very low and an input reactance that is very high, [47]. Essentially, the best compromise
between bandwidth and efficiency will usually be achieved when most of the allotted

volume in an antenna design is utilized in radiation, [49].
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34 Size Reduction Techniques for Planar Antennas

Miniaturizing techniques utilized to reduce the size of different types of antennas
consist primarily of loading the antenna with lumped elements, of utilizing high-dielectric
materials or conductors and use of the antenna casing to increase radiation. A small
antenna will usually have a high input reactance, which can be compensated by lumped-
element loading. This method will either reduce the efficiency of the antenna or increase
its quality factor. In addition, an antenna may be miniaturized by altering the dielectric
or magnetic characteristics of the encasing material. However, modification of the
encasing material can reduce the bandwidth of the antenna and produce higher dielectric
losses. An antenna’s overall physical size can also be reduced by modifying its geometry
and shape, [49].

The desire for smaller mobile communication devices has enabled some of the
advances in the area of compact planar antennas. Effective methods utilized to design
miniature antennas, which do not exhibit degraded gain or cross-polarization, have been
reported. Several authors have presented comprehensive reviews of compact microstrip
antennas, [2], [36], [37].

Planar antennas such as microstrip antennas, printed monopole and dipole
antennas and slot antennas have been studied extensively. These types of antennas,

except for the printed monopole, are illustrated in Figure 3.3.
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Figure 3.3: Configuration of Different Planar Antennas:
Microstrip Patch (left); Printed Dipole (middle);
Slot Antenna (right), [2]

A microstrip antenna may simply consist of a radiating patch of metallization on a
grounded dielectric substrate. Microstrip antennas are characteristically light weight,
low-profile and low-cost. However, they may be limited by a narrow-bandwidth, lower
gain and poor efficiency. Printed dipoles can be considered as narrow rectangular
patches. Printed slot antennas are those, which consist of a slot in the ground plane of a
grounded substrate. Printed slot antennas can be fed by a microstrip line or a coplanar
waveguide, [2].

As with the shorted patch antennas described in Chapter 2, other edge-shorted
rectangular patch antennas have also been reported. The quarter-wavelength antennas
described in the previous chapter utilized shorting vias to reduce the antenna size.
However, structures employing shorting walls or shorting plates instead of via holes have
been developed. When a shorting pin is loaded at the tip of an equilateral-triangular
microstrip antenna, its size can be reduced by as much as 94%, [50].

Size reduction is also achieved by introducing several slits in the non-radiating

edges of a rectangular patch antenna. The slits create an effect where the patch’s surface
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currents are effectively meandered. Therefore, the current path is lengthened, which
reduces the antenna’s resonant frequency, [51]. Similarly, a bow-tie patch has been
designed by cutting triangular notches at both non-radiating sides of the patch. Surface
current path lengthening can also be achieved by utilizing three dimensional structures
such as the U-shaped patch, the folded patch or the double-folded patch, which is termed
a planar inverted-f. The patch’s surface current is bent along the antenna’s resonant
dimension and no lateral currents are generated, thereby reducing cross-polarization
levels.

Rectangular patches that contain embedded slots have been implemented to
produce compact antennas. Slot geometries can range from cross slots, rectangular slots
and circular slots. These slots cause meandering of the patch surface currents, which is
an effect that generates compact antenna designs. Compact microstrip antennas
exhibiting dual-frequency operation have also been realized. These designs achieve their
effect by embedding a pair of slots parallel and close to the radiating edges of a
meandered rectangular antenna or a bow-tie patch. A miniature dual-band folded patch
antenna has been proposed, [52].

As mentioned in the previous section, the gain and efficiency characteristics of an
antenna might degrade as the physical size of the structure decreases. Therefore, several
techniques have been implemented in order to increase the gain of compact microstrip
antennas. These include utilizing a high-permittivity dielectric superstrate or integrating
active circuitry into the antenna structure. Both techniques have been found to increase

the gain of the antenna, [53 - 56].
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3.5  Meandered Slot Antenna

In order to reduce the overall footprint of the FDR design, a meandered slot
antenna was considered as an alternative design to the quarter-wavelength shorted patch
antenna. The slot antenna geometry provides several advantages over the quarter-
wavelength shorted patch antennas. Employing a coplanar waveguide, (CPW), fed slot
antenna alleviates the shortcomings on the radiation efficiency created by the shorted
patch antenna’s via resistance. The geometry of a basic CPW-fed slot antenna employing

a center feed is illustrated in Figure 3.4.

radiating slots ground plane

substrate

Figure 3.4: CPW-Fed Slot Antenna, (Design A)

Table 3.1 presents the parameters for antenna Design A, which is illustrated in Figure 3.4.

Table 3.1: Parameters for a Half-Wavelength CPW-Fed Slot Antenna Design
(Dimensions in Millimeters)

Design L/W Li/S/W;

A 64/2 1.5/1/0.5
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Slot antennas can be less sensitive to tolerances due to manufacturing and can be
polarized in a certain way using a combination of strip and slot conductors, [2].
Meandering or folding a slot antenna can further reduce its size. Use of a CPW line to
feed the slot antenna is useful in the design since mutual coupling between adjacent lines
is minimized, [2]. Therefore, meandered slot antennas can be placed in close proximity,
which reduces the physical size of the overall circuit. In addition, a center-fed slot
antenna has a very high radiation resistance.

Agilent’s Momentum was used to analyze antenna characteristics such as return
loss, input impedance and gain. A traditional CPW-fed slot antenna such as the one
presented in Figure 3.4 was designed to be approximately half-wavelength at the desired
operating frequency of 1.3 GHz. The board substrate employed for the design was 60 mil
Taconic, (¢ = 6.15). Analysis of the properties of this traditional geometry, which was
designated Design A, was conducted with the purpose of providing a baseline for analysis
of subsequent meandered slot geometries. The meandered slot geometry investigated in

this research and designated Design B is illustrated in Figure 3.5.
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Top View

Figure 3.5: CPW-Fed Meandered Slot Antenna (Design B)

Table 3.2 presents the parameters for antenna Design B, which is illustrated in Figure 3.5.

Table 3.2: Parameters for Meandered Slot Antenna Design (Refer to Figure 3.5)
(Dimensions in Millimeters)

Design L/W L1/L2/W1/W2/W3/W4/W5/W6

B 22/8.5 1.5/4/05/35/3/1/1/3

When compared to the basic slot antenna design, the size reduction obtained in the total
length of the antenna with the meandered slot antennas geometry was 65.6% for Design
B. Additional meandered slot geometries investigated in this research and designated

Design C, Design D and Design E are illustrated in Figure 3.6.
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Top View

Figure 3.6: CPW-Fed Meandered Slot Antenna (Designs C, D, E)

Table 3.3 presents the parameters for antenna Designs C, D and E, which are illustrated

in Figure 3.6.

Table 3.3: Parameters for the Meandered Slot Antenna Design (Refer to Figure 3.6)
(Dimensions in Millimeters)

Design L/W Li/ Wi/ W2/ W3/ W4/ Ws/Wes/ W7/ Wg/ Wy
C 12/12 2/3/1/05/1/05/0.5/1/0.5/0.5
D 11.5/12 2/25/1/05/1/0.5/0.5/0.5/0.5/0.5
E 9/10.25 2/1/05/0.5/0.5/0.5/0.5/1/0.25/0.25
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When compared to the basic slot antenna design, the size reduction obtained in the total
length of the antenna with the meandered slot antenna geometry was 81.2% for Design C.
The physical dimensions of the meandered slot antenna were optimized utilizing the
electromagnetic simulator. The dimensions obtained for the meandered slot antenna
designs C — E represent a reduction of ~ 50% when compared to the 1.3 GHz shorted
patch antenna described in Chapter 2.

Simulation results of the return loss; both magnitude and phase, of the five slot
antenna designs considered were obtained. Figure 3.7 presents a comparison plot for the

magnitudes and Figure 3.8 presents a comparison plot for the phases.
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Figure 3.7: Simulated S11, (Magnitude), of CPW-Fed
Slot Antenna Designs A - E
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It is important to observe that when calculating the values for the magnitude of S11, the
simulator considered the design to be matched to 50 Q. The input impedance of the
antenna designs was not 50 Q. Therefore, the values displayed in Figure 3.7 are low for
most designs. The input impedances for the five designs were simulated and are
presented in Figures 3.9 and 3.10. A comparison plot of the real part of the input
impedance for the designs investigated is presented in Figure 3.9. The imaginary part of

the input impedances is presented in the comparison plot of Figure 3.10.
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The simulated E- plane patterns of the five slot antenna designs are presented in
Figure 3.11. It can be observed that the meandered slot designs present radiation patterns

similar to the ones of the traditional CPW-fed slot antenna.
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Figure 3.11: 1.3 GHz Simulated E- Plane Patterns for
CPW-Fed Slot Antenna Designs, A — E

The values for the resonant frequencies of the different antenna geometries

studied are presented in Table 3.4.
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Table 3.4: Parameters for Slot Antenna Designs
(Refer to Figures 3.4 -3.6)

Design L /W (mm) f, (GHz)

A 64/2 1.4

B 22/8.5 1.446
C 12/12 1.439
D 11.5/12 1.417
E 9/10.25 1.336

In order to produce an antenna design that would resonate at a frequency close to
that of Design A, the total length of the meandered slot for Designs B — E was slightly
larger than the total length of the slot for Design A. However, the increase in the total
length of the meandered slot did not significantly increase the overall size of the antenna
geometry, (refer to Tables 3.1 — 3.3).

A comparison of the simulated input impedance, gain and efficiency for the

different slot antenna geometries investigated is presented in Table 3.5.

60



Table 3.5: Parameters for Slot Antenna Designs
(Refer to Figures 3.4 -3.6)

Design L/W (mm®) Re {Zin} / Im {Zin} (2) Gain (dB) Efficiency (%)

A 64/2 62.0/303.9 1.7 943
B 22/8.5 6.0/218.2 0.4 72.2
C 12/12 3.6/261.3 -3.5 30.0
D 11.5/12 5.2/310.5 -3.7 28.8
E 9/10.25 49.9/908.9 -9.0 8.5

The meandered slot antenna designs exhibited low real input impedance values
when compared to a basic CPW-fed slot antenna. Meandering of the slot did not result in
a significant decrease of the antenna efficiency for Design B. A decrease in the
efficiency for Designs B — E was observed. For the meandered slot geometry illustrated
in Figure 3.6, decreasing parameters such as the width of the slot and the separation
between meandered sections resulted in a decrease in the gain of the antenna.

Integrating a CPW-fed antenna into the FDR design would have resulted in
having to re-design the layout for the harmonic re-radiator. CPW-to-microstrip
transitions would have had to be studied and implemented. Additionally, implementing
slot antennas into the design would have lead to a change in the radiation pattern from
unidirectional to bidirectional. For ease in the design methodology, a shorted meandered
patch antenna design was eventually chosen for a second-generation FDR design. This

compact microstrip antenna design is described in the next section.
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3.6  Meandered Shorted Patch Antenna
3.6.1 Antenna Design
In general, for a rectangular patch operating in the fundamental TM ;o mode and

designed for a thin dielectric, the length L should be

c

2f e,

L

1N

(3.11)

where c is the speed of light, fis the resonant frequency and ¢, is the relative permittivity
of the substrate, [37]. If the patch is operating in the fundamental TM, mode, then the
field varies every A/2 along the length and no variation occurs along the width of the
antenna. Lowering of the fundamental resonant frequency has been achieved by
meandering the excited patch surface current paths in the radiating patch, [37]. The
meandering leads to an extended current path for a fixed length. Thus, a meandered
shorted patch antenna was devised from the design of the quarter-wavelength shorted
patch antennas used in the first-generation FDR design.

The total length of the meandered shorted patch antenna was calculated using
equation (3.11). In the same manner as with the quarter-wavelength antenna described in
Chapter 2, shorting vias were used to decrease the size of the patch from a half-wave to a
quarter-wavelength. The total length of the antenna corresponding to a quarter-
wavelength was meandered in different sections. A study was conducted on the
correlation between the number of meandered sections for a meandered patch antenna
and its resonant frequency, [54]. Utilizing the findings of the Lancaster study and

considering the difference between the antenna substrate utilized, an initial number of
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five meandered sections was used. The number of meandered sections was optimized
using the electromagnetic simulator to produce an antenna with the desired response.

The design method used for these meandered shorted patch antennas was similar
to the one used for the quarter-wavelength shorted patch antennas of the first-generation
FDR design. The meandered shorted patch antennas were initially designed so that their
lowest resonance occurred approximately when the total length of the meandered line
was a quarter-wavelength. The real impedance of the first-generation quarter-wavelength
shorted patch antennas was optimized to be on the order of 40 Q. As discussed in the
previous sections, as the electrical length of an antenna decreases, so does its radiation
resistance and efficiency. This effect was observed in the performance results obtained
from initial antenna simulations. The input resistance of the meandered shorted patch
antenna was much lower than the intended value of 40 Q. As the real input impedance of
the antenna increased, the antenna efficiency decreased. Using equation (2.2) from
Chapter 2, the reduction in antenna efficiency indicated that a higher value of real input
impedance was due to an increment in loss resistance R;, which was undesirable.

Since a compact microstrip antenna will yield low efficiency values, special
attention was given to obtaining the maximum efficiency possible for the meandered
shorted patch antennas. It has been reported that gain and efficiency for a shorted patch
antenna is less than those for a half wave patch antenna, [2]. This reduction in efficiency
is intensified due to the small dimensions of the meandered shorted patch antenna as
discussed in Section 3.3.

As reported by Best, an electrically small antenna will have a low radiation
resistance and a high input reactance, [47]. Thus, efforts were made to optimize the
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design in order to minimize the input reactance and maximize the input resistance
without degrading the antenna efficiency.

Several physical antenna parameters were optimized to obtain the desired antenna
parameters with the aid of the ADS Momentum electromagnetic simulator. The optimized
parameters included:

o the total length of the meander line of the antenna,

e the number and location of shorting vias,

e the number of meandered sections,

e the slot size between sections,

e the width of the meander line,

e the total length and width of the structure,

e the geometry, dimensions and location of the feedline.
In an attempt to reduce the overall loss resistance, the antenna was shorted with a set of
two parallel vias. It has been noted that, a single short at the corner of the antenna creates
the most compact design for a rectangular patch antenna. The vias on the meandered
shorted patch antennas were located in the corner of the non-radiating edge of the antenna
opposite to the feedline for the 1.3 GHz antenna, [36]. Figure 3.12 illustrates the

geometry for the 1.3 GHz meandered shorted patch antenna.
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substrate

Figure 3.12: Geometry of the Meandered Shorted Patch Antenna, (1.3 GHz Design)
Table 3.6 presents the final parameters for the design of each of the antennas.

Table 3.6: Parameters for 1.3 GHz and 2.6 GHz Meandered
Shorted Patch Antenna Designs of Figure 3.13
(Dimensions in Millimeters)

Li/Ly/ L3/ La/Ls/Le/ L7/

Design L/W
Wi/ W/ W3/ Wy
13 GHz 1.05/0.26/0.14/0.40/0.80/0.27/2.0/
5.05/10.54
Antenna 1.69/2.3/0.50/0.50
2.6 GHz 1.05/0.26/0.15/0.30/0.25/0.25/1.5/
11.5/12
Antenna 1.69/1.4/0.50/0.50

Figure 3.13 provides a layout for both the 1.3 GHz and the 2.6 GHz designs, which

indicates the locations of the parameters provided in Table 3.6.
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Meandered Shorted Patch Antennas
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Figure 3.14 presents a comparison plot between the measured and simulated S11

data, referenced to 50 Q, for the 1.3 GHz antenna.
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Figure 3.14: Comparison of Measured and Simulated S11 of the 1.3 GHz Antennas

Figure 3.15 presents a comparison plot between the measured and simulated S11 data,

referenced to 50 Q, for the 2.6 GHz antenna.
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Figure 3.15: Comparison of Measured and Simulated S11 of the 2.6 GHz Antennas
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Section 2.3.1 describes the procedure utilized to obtain return loss measurements and the
process used to obtain a model to properly perform simulated and measured response
comparisons. The expected S11 data was obtained by assuming an infinite ground plane
since the excitation ports available in the simulator yielded more accurate return loss
values compared to using excitation ports defined for a finite ground plane.

Plots of the simulated input impedance as a function of frequency are presented

for both the 1.3 GHz and 2.6 GHz, meandered shorted patch antennas in Figure 3.16.
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Figure 3.16: Plot of Simulated Input Impedance vs. Frequency for Meandered Shorted
Patch Antennas: 1.3 GHz (left) and 2.6 GHz (right)
It is important to observe that in order to obtain the desired input impedance for the 2.6

GHz antenna a via was placed near the feed of the antenna. The resulting 1.3 GHz

antenna had an input impedance of (12.7 +j335) Q and the 2.6 GHz antenna had an input

impedance of (19.3 +j25.15) Q.

3.6.2 Substrate Thickness and Antenna Efficiency Considerations
Antenna electromagnetic simulations revealed that increasing the substrate
thickness from 1.524 mm to 7.874 mm increased the simulated efficiency and gain of the

meandered shorted patch antenna. Therefore, an analysis on the effects of this significant
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increase in substrate thickness on the performance parameters of the antenna was
performed. Since microstrip antennas can be considered lossy cavities, they can be
modeled using a cavity model. The principal assumption for this model is that the
substrate thickness
h <<y,

The model was applied to several patch shapes including rectangular patches. The
interior region of the patch is considered a cavity bounded by electric walls on the top
and the bottom with a magnetic wall along the edge. The meandered patch antenna can
be considered a rectangular patch with slits. Therefore, the cavity model relationships
can also be applied to the meandered patch antenna, [2]. The following analysis is
derived from utilizing cavity model relationships.

Surface waves are excited on microstrip antennas if the substrate has an g > 1.
The surface wave is launched into the substrate where it can be reflected back and
diffracted by the edges. Surface waves are TM and TE modes of the substrate. The
lowest TM mode, the TM, mode, has no cutoff frequency. The value of the substrate
thickness determines that only the TM, surface wave propagates. In order to allow the
TM, surface wave mode to propagate and avoid the excitation of other modes, the

relationship

i<; (3.12)
Ao 4 g —1
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must be satisfied. In equation (3.12), /4 is the thickness of the substrate, 4, is the
waveguide wavelength in free-space and ¢, is the relative permittivity of the substrate.
For the meandered shorted patch antenna designs

h=7.874 mm
and equation (3.12) was satisfied for both the 1.3 GHz and 2.6 GHz antennas. Thus, only
the TM, mode surface wave propagated through the substrate.

A thicker substrate increases the radiated power and reduces conductor loss.
However, it might also increase dielectric loss and surface wave loss, [2]. The power lost
in the lossy dielectric of the substrate is denoted by, P,. The power lost due to the finite
metallization conductivity is denoted by P.. The power radiated in the form of a space
wave is denoted by, P,.

The dielectric loss is given by
P; =w-tano -W,; (3.13)

where tand is the loss tangent of the dielectric, and W7 is the energy stored at resonance.

The conductor loss is given by

P (3.14)

) hy7fpgo

where o is the conductivity of the conductor. Equation (3.14) indicates that P, decreases
with increasing substrate thickness /, [2]. The power radiated from the patch, P, is

determined by integrating the radiation field over the hemisphere above the patch using
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T
P=— | J(Ey| +\E¢\ )2 sin Gd6d . (3.15)
219 0 o

In equation (3.15), Ey and E¢ are complicated functions of 8, @ and substrate parameters.

The total quality factor of the antenna can be approximated by

Or ~ “’;VFVT (3.16)
In addition,

Wrp o he, (3.17)
and

P, o h?. (3.18)
Therefore,

Or<eg,./h. (3.19)

From equations (3.16) and (3.19) and given that the total power loss, Py, is inversely
proportional to Qr, it follows that the total power loss may be reduced by increasing the
substrate thickness 4.

An analysis of the impact of substrate thickness on the antenna radiation
efficiency follows. It is important to point out that authors often define antenna radiation

efficiency as the ratio of power radiated to the sum of radiated power and surface wave
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power, [2], [57]. This definition neglects power dissipated in the conductor and

dielectric. The antenna radiation efficiency can be expressed as

P P
e =t = r (3.20)
1

P.+P.+P; +P,,

where Py, is the power loss associated with the surface waves. If

Pc—"_Pd:Oa

then

P
PR — (3.21)
P}" +PSMI”

Expected E-plane patterns for three substrate thicknesses of the Taconic substrate,

(& = 6.15), for the 1.3 GHz antenna are presented in Figures 3.17
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Figure 3.17: Plot of Simulated E-Plane Radiation Pattern for 3 Different
Substrate Thicknesses for 1.3 GHz Meandered Shorted Patch Antenna
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Expected E-Plane patterns for three substrate thicknesses of the Taconic substrate,

(&r = 6.15), for the 2.6 GHz antenna are presented in Figures 3.18
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Figure 3.18: Plot of Simulated E-Plane Radiation Pattern Gain vs. Frequency for 3
Different Substrate Thicknesses for 1.3 GHz Meandered Shorted Patch Antenna

The data presented in Figures 3.17 and 3.18 indicate that the gain of the antennas

increased as the substrate thickness increased. The thickness of the board was not further

augmented to avoid bulkiness of the FDR.

Table 3.7 presents a comparison between the performance parameters of the
quarter-wavelength shorted patch antennas employed in the first-generation FDR design

and the meandered shorted patch antennas.
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Table 3.7: Comparison of Simulated Parameters of Quarter-Wavelength
Shorted Patch Antennas and Meandered Shorted Patch Antennas

L/W Gain Efficiency
Design
(mm) (dB) (%)
1.3 GHz A4 Shorted Patch 22.5/17 2.3 28.4
1.3 GHz Meandered Shorted Patch  9.54 / 5.05 7.7 12.6
2.6 GHz M4 Shorted Patch 12.55/11 2.2 71.65
2.6 GHz Meandered Shorted Patch  7.25/3.25 -4.9 24.7

Table 3.8 illustrates the detrimental effect of reducing the size of the meandered

shorted patch antennas on the parameters of gain and efficiency.

Table 3.8: Size Reduction between Quarter-Wavelength Shorted
Patch Antennas and Meandered Shorted Patch Antennas

Frequency Size Reduction (%)  Gain Reduction (%)  Efficiency Reduction (%)

1.3 GHz 87.4 70 55

2.6 GHz 82.9 55 65

The reduction in efficiency correlates very well with the discussion presented in
Section 3.3. However, the increased substrate thickness played an important role in
maintaining the efficiency and gain parameters of the meandered shorted patch antennas

within acceptable limits, which compare to the antennas of the first-generation FDR

design.
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3.6.3 Radiation Patterns

Radiation pattern simulations and measured results were obtained using the same
methodology described in Section 2.3.2. Antenna simulations were performed using
ADS Momentum. The radiation pattern of the meandered shorted patch antennas was
taken to be in the broadside direction (Refer to Figure 2.14, Chapter 2). The microstrip
line feed was assumed to be parallel to the direction that the resonance occurred.
Therefore, the radiation patterns were linearly polarized in the direction parallel to the
microstrip feedline, which corresponded to ® = 90°.

The antenna feedline was parallel to the E-Plane and perpendicular to the H-
plane. As described in Section 2.3.2 for E-Plane simulated patterns, ® was kept fixed at
90° and 0 was swept 360°. H-plane simulated patterns maintained ® fixed at 0° and 0
was swept 360°. Electromagnetic simulations of the meandered shorted patch antennas
were conducted utilizing a finite ground plane. The resulting radiation patterns again
displayed considerable back-side radiation. The radiation patterns were normalized to the
maximum co-polarization value obtained.

Figure 3.19 presents the co-polarized E and H-planes for the 1.3 GHz antenna at
the particular frequency of interest. Figure 3.20 presents the co-polarized E and H-planes
for the 2.6 GHz antenna at the particular frequency of interest. The plots indicate good

agreement between the simulated and measured results.
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Figure 3.19: Comparison of Measured and Simulated Co-Polarized E-Plane
(left) and H-Plane (right), Pattern of the 1.3 GHz Antenna, (dB)
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Figure 3.20: Comparison of Measured and Simulated Co-Polarized E-Plane
(left) and H-Plane (right), Pattern of the 2.6 GHz Antenna, (dB)

E and H-plane cross-polarization measured patterns are presented in Figure

3.21.

76



270

180 180
-k~ E- Plane Cross-Pol (Meas) ---&---E- Plane Cross-Pol (Meas)
----------- H- Plane Cross-Pol (Meas) = H- Plane Cross-Pol (Meas)

Figure 3.21: Cross-Polarized Measurement of the E and H-Plane Radiation
Pattern of the 1.3 GHz Antenna (left) and 2.6 GHz Antenna (right), (dB)

The measurements were normalized to the maximum co-polarization value obtained
for each antenna. Considerable cross-polarization is demonstrated. Some possible
causes for the cross-polarization levels are also discussed in Section 2.3.2, of Chapter
2. A lowered width to length ratio of the antenna and the utilization of a microstrip
feed can increase the polarization levels. Cross-polarization levels for shorted patch
antennas have been reported to be higher than for half-wave patches, [2], [36]. Cross-
polarization occurs since more current flows along the width of the quarter-
wavelength antenna compared to a half-wavelength antenna since the width to length

ratio is lower.

3.7  Conclusions
A review of antenna parameters, limitations of electrically small antennas and

some of the techniques utilized in reducing the size of planar antennas has been
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presented. A study of different meandered slot antenna design geometries for operation
at 1.3 GHz was performed. It was shown from the meandered slot antenna designs
presented that the reduction in size did not result in a significant reduction of the
antenna’s efficiency parameter. Effective meandering of the slot antenna geometry
resulted in a minimal shift of the antenna’s resonant frequency compared to the
traditional CPW-fed slot antenna. Meandered shorted patch antennas operating at 1.3
GHz and 2.6 GHz were designed, fabricated, and measured. Good agreement occurred
when comparing the expected and measured response for these electrically small
antennas. The gain parameter for the meandered shorted patch antennas was improved
by increasing the substrate thickness to 7.874 mm. The meandered shorted patch
antennas studied yielded a reduction of approximately 85% in the overall size of the FDR

design.
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CHAPTER 4

A MINIATURIZED AND TUNABLE
FREQUENCY DOUBLING REFLECTENNA

4.1 Introduction

The motivation for this research was a desire to design a compact frequency
doubling reflectenna, which could be utilized primarily in sensing applications. The
previous chapters of this thesis described the foundations for the realization of this
miniature harmonic re-radiator. In Chapter 2, the methods used to design and to produce
an efficient first-generation 1.3 GHz — 2.6 GHz FDR were presented. It was observed
that in order to obtain a miniaturized FDR, the size of the input and output antennas had
to be reduced. A discussion on electrically small antennas and the methodology utilized
to achieve compact antennas, which were implemented in a second-generation FDR were
outlined in Chapter 3.

This chapter presents a 1.3 GHz — 2.6 GHz miniature FDR design, which utilizes
the meandered shorted patch antennas discussed in Chapter 3. Since the FDR operates at
low input power levels, this research focused on producing an efficient device, which
would exhibit low conversion loss values. Careful attention was focused, once more, on
utilizing adequate performance prediction tools and measurement techniques. The
miniature FDR obtained presented a size reduction of 74% and a maximum measured
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conversion efficiency of 1.8%. The design of a compact tunable FDR will also be
covered in this chapter. It was discovered that a re-configurable harmonic re-radiator can

easily be obtained by employing variable impedance devices in its design.

4.2 Miniaturized 1.3 GHz - 2.6 GHz FDR Design

The design of the miniaturized frequency doubling reflectenna followed the same
principles as presented for the first-generation design, which was discussed in Chapter 2.
The FDR consisted of the receive and the transmit meandered shorted patch antennas, the
diode doubler and matching circuits. As in the first-generation harmonic re-radiator, the
HSCH-9161 GaAs Schottky diode was used as the doubling element.

Maximum power transfer was achieved when the doubler’s circuit impedance was
matched to the antenna’s input impedance. The implementation of the meandered
shorted patch antennas in the miniaturized FDR design resulted in a decrease of 8.8 dB of
gain when compared to the quarter-wavelength shorted patch antennas used in the first-
generation harmonic re-radiator. Therefore, maximum power transfer was especially
important.

The meandered shorted patch antennas presented lower real input impedance and
higher input reactance when compared to the quarter-wavelength shorted patch antennas
used in the first-generation FDR. These parameter characteristics are natural for
electrically small antennas. The antennas presented input impedances of

(12.7+3335)Qat 1.3 GHz
and
(19.3 +j25.15) Q at 2.6 GHz.
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The main objective of the FDR design was to achieve maximum conversion
efficiency. Therefore, impedance matching circuits were designed to maximize the
power transfer between the receive and transmit antennas and the input and output of the
diode doubler. The input and output matching circuits consisted of distributed elements
and surface mount components. Implementation of both types of elements ensured that
low loss was achieved while compactness of the whole design was maintained.

The input matching circuit consisted of an open-circuited stub, a series 0.2 pF
capacitor and a 100 nH shunt inductor. It was observed that the inclusion of a shunt
inductor at input of the network improved the overall conversion efficiency of the design.
At the output, the matching circuit consisted primarily of series distributed lines and a
series 3.3 nH inductor. The overall circuit model for the miniaturized FDR design, which

includes the impedance matching networks, is presented Figure 4.1.
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Figure 4.1: Overall Equivalent Circuit Model of Miniaturized Frequency
Doubling Reflectenna for Computer-Aided Analysis
Agilent’s Advanced Design System, (ADS), CAD software was utilized in order
to predict the performance of this second-generation FDR. Conversion efficiency is
given, as presented in Chapter2 by equation (2.1). Equation (2.1) is repeated here for

convenience as equation (2.1):

U

77”: ut . (2.1)

)

=
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Chapter 2 presented a discussion on the criteria used to extract and determine the number
of harmonics considered in the circuit simulations. Utilizing the results from that study,
harmonic impedances up to the 4™ order were utilized to predict the conversion loss of
the diode doubler. It is important to note that this study was not done for the devices
presented in this Chapter.

Figure 4.2 presents the conversion gain of the diode doubler for the miniaturized

harmonic re-radiator.
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Figure 4.2: Simulated Conversion Gain for First-Generation FDR Diode
Doubler and Miniaturized FDR Diode Doubler
The maximum predicted conversion gain was -16.7 dB at an input power to the diode
doubler of -22.7 dBm. This maximum conversion gain was 3 dB lower than the first-
generation FDR design. The decrease in conversion gain can be attributed to the loss,
which occurs when impedance matching the high input reactance of the antennas to the

impedance at the input and output of the diode doubler.
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Figure 4.3 presents the design of a miniaturized FDR device.

Lumped
components

substrate

Figure 4.3: Illustration of Miniaturized Frequency Doubling Reflectenna

Substrate thickness was used to increase the gain of the meandered shorted patch
antennas employed in the second-generation multiplier design. Therefore, the
miniaturized FDR device was realized on a 310 mil thick Taconic substrate board with an
g of 6.15. The harmonic re-radiator measured 22 mm x 8.8 mm, which represents a size
reduction of 75% in terms of length and width when compared to the first-generation

FDR device.

4.3  Miniaturized and Tunable FDR Design
A final objective of the research presented in this thesis was to determine the
feasibility of utilizing the FDR device for the RF transmission of modulated data. In

order to demonstrate such a capability, a tunable harmonic re-radiator was designed. As
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a sensor node, the FDR device would be encoding information by modulating the re-
radiation. This information could then be decoded by a central transceiver system.
Collection of data transmitted by the FDR sensor node was performed at the 2"
harmonic. The 2™ harmonic was used in order to alleviate the return that occurs from
unwanted objects at the fundamental.

The tunable FDR was developed to operate either in an on-state or an off-state. In
the on-state, the maximum achievable power transfer existed between the antennas and
the diode doubler. Thus, the re-radiation at 2fo was the maximum achievable. In an off-
state, no re-radiation occurs at the 2™ harmonic.

In the on-state, maximum power transfer between the antennas and the diode
doubler occurred when they were impedance matched. Therefore, maximum re-radiation
occurred at the 2" harmonic. In contrast, if the input impedance of the antennas is not
well-matched to the source and load impedance of the diode, reduced re-radiation will
occur. The FDR device would then be in an off-state.

During circuit simulations it was observed that the performance of the FDR
device was most sensitive to effects at the input to the diode doubler. The impedance
match between the receive antenna and the source terminal of the diode doubler can be
modified by employing a variable reactance device, which modifies the impedance at the
input of the network. Therefore, the variable reactance device could be operated in two
states. One state would provide the reactance to ensure impedance match between the
receive antenna and the input to the diode. A second state would impede maximum
power transfer between the elements. This effect resulted in the harmonic re-radiator’s
desired on- and off-states.
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In this research and as a proof-of-concept, a semiconductor varactor was chosen
as the variable reactance device. The varactor employed was the Metelics MSV34,067-
0805. A model of the Metelics varactor was developed by using S-parameter data and
RF impedance data. Figure 4.4 diagrams the model of the varactor employed in

computer-aided simulations.
C L R

Figure 4.4: Circuit Model for the Metelics
MSV34,067-0805 Varactor
In the model, C represents the series capacitance of the varactor, which can be
described as the junction capacitance of a reversed biased junction as a function of the

reverse bias voltage applied to the varactor. The junction capacitance, C, is given by

C.

c(V)= + . (4.1

1+ )"
Vi

In equation (4.1), three constants specify the junction capacitance. Cj, is the zero-bias
junction capacitance, V; is the junction potential and m is a unitless grading coefficient,
which is a value that depends on the nature of the semiconductor junction of the varactor.
V. denotes the reverse bias potential applied to the varactor. The L parameter represents

the series inductance and the R parameter represents the effective series resistance. The L

and R parameters are the result of parasitic effects of the varactor component at RF
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frequencies. The constants of the junction capacitance equation for the Metelics

MSV34,067-0805 model, were found to be

Cjo = 2.05 pF,
V;=0.58V
m=0.37.

The inductance value was found to be 1.74 nH.

The effective series resistance is given by

R=a+bx freq0'5 , (4.2)

where a and b are constants. For this particular varactor
a=1.8,
b=13x10".

The varactor was to be implemented at the input matching network. For ease in
design, the varactor was implemented at the input matching network of the miniaturized
FDR design. A 1.5 pF capacitor was placed in series with the varactor to obtain
appropriate impedance for the shunt configuration that was comparable to the one
obtained with the miniaturized harmonic re-radiator.

Bias was supplied to the varactor through a 10 KQ resistor. The input matching
circuit consisted of a shunt 1.5 pF capacitor, a 9.5 nH series inductor and a 8.2 nH shunt
inductor. As in the miniaturized FDR design, at the output matching network, the
matching circuit consisted primarily of series distributed lines and a series 3.3 nH
inductor. Figure 4.5 presents the layout for the miniaturized FDR design, which includes

the impedance matching networks and the varactor implementation.
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Figure 4.5: Layout of Tunable Frequency Doubling Reflectenna

Figure 4.6 presents the overall equivalent circuit model for the tunable FDR.
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Figure 4.6: Overall Equivalent Circuit Model of Tunable Frequency

Doubling Reflectenna for Computer-Aided Analysis

The varactor was operated at two different voltages. At a bias of 17 V, the

varactor provided an impedance such that the conversion gain obtained from the diode

doubler was optimum. When the varactor was biased with 0 V, the reactance it provided

produced a significant change in the performance of the device. A significant difference

in the conversion gain obtained from the diode doubler translated into a change in the

frequency of operation of the device. Figure 4.7 illustrates this difference in conversion

gain for the two different bias voltages.
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On Conversion Gain was Obtained when the Varactor was Biased at 17 V, (On-State)
Both the miniaturized and tuneable devices were fabricated and assembled in the

same manner. The Taconic board with a substrate thickness of 310 mil and &, = 6.15,
which was required for this design, was not readily available from the manufacturer.
Therefore, a board with a thickness of 250 mil and one with a thickness 60 mil were
bonded together using non-conductive epoxy. The copper on the substrate boards was
patterned by using the standard copper etching techniques, which are described in
Appendix A. The surface mount components were assembled on the board by using
standard solder reflow techniques. Silver epoxy bonding was utilized to assemble the

GaAs Schottky diode. The vias were soldered to ground using copper wires.
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Figure 4.8 presents the conversion gain of the diode doubler for the three

harmonic re-radiator designs.

-10
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Figure 4.8: Simulated Conversion Gain for First-Generation FDR Diode
Doubler, the Miniaturized FDR Diode Doubler and the Tunable
FDR Diode Doubler when the Varactor was Biased at 17 V
The maximum predicted conversion gain for the tunable design was -19.6 dB at

an input power to the diode doubler of -19.4 dBm. This maximum conversion gain was
6 dB lower than the first-generation FDR design. As described for the miniature design,
the decrease in conversion gain can be attributed to the loss, which occurs when
impedance matching the high input reactance of the antennas to the impedance at the

input and output of the diode doubler. Also, the addition of a semiconductor varactor to

the device increases loss due to a reduction of the quality factor of the network.
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4.4 Results

Measurements on the miniature and tunable FDR devices, which were fabricated,
were performed with the test measurement setup described in Section 2.4. The FDR was
placed in an anechoic chamber, where it received the transmitted 1.3 GHz signal, doubled
its frequency and reradiated it at 2.6 GHz. For an illustration of the hardware test-bench
utilized for performing measurements refer to Section 2.4. Output power measurements
were conducted using a spectrum analyzer, which was connected to the 2.6 GHz
receiving antenna. There were two major differences to note from the first-generation
measurement setup. A narrow bandpass filter was connected between the spectrum
analyzer and the 2.6 GHz receiving antenna in order to filter out any unwanted
harmonics. A high power amplifier with a power output of 40 dBm to provide input
power levels to the diode doubler that were greater than -23.5 dBm was employed. The
22 dBm power output amplifier, described in Section 2.4, was used for input power levels
to the multiplier, which were lower than -23.5 dBm. Path spreading losses were
calculated using the free-space path loss formula.

The output power received at the 2.6 GHz antenna for two fabricated FDR
devices was measured using the setup described above. The multiplier conversion gain

values were calculated as well by using the relationship

CG = P, (dB) — P;,(dB) + Receiving system loss(dB). (4.3)

The output power received at the 2.6 GHz antenna is presented in Figure 4.9.
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Figure 4.9: Comparison of Measured and Expected Doubler Power Received
for the Miniaturized FDR at a Source Frequency of 1.3 GHz

The multiplier conversion loss curves for two miniature FDR’s are presented in Figure

4.10.
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Figure 4.10: Comparison of Measured and Expected Doubler Conversion
Gain for the Miniaturized FDR at a Source Frequency of 1.3 GHz
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Good correlation can be observed between the measured curves for the miniature
FDR’s 1 and 2 and their expected performance. The measured conversion gain for
miniature FDR 2 was -25.6 dB when the input power to the diode doubler was -31.5 dBm
and a maximum value of -17.4 dB was obtained for an input power of -17.5 dBm. This
translates into a maximum measured conversion efficiency of 1.8%. By considering the
simulated value of gain of the input and output antennas, the measured conversion gain of
the entire miniature FDR 2 was -33.5 dB for an input power level at the FDR receiving
antenna of -23.5 dBm.

Measured values differed from simulated values as the input power level to the
diode doubler decreased. The variation can be attributed to the fact that only up to fourth
order harmonics were considered when performing circuit simulations. A study such as
the one performed for the first-generation harmonic re-radiators, which observed the
effect on the conversion loss values obtained when considering higher order harmonics
was not conducted for these miniature devices. In addition, the frequency sensitivity of
the miniature FDR’s was not analyzed. The frequency at which the maximum doubler
conversion efficiency occurred was not measured. The slight shift in performance might
be due to fabrication tolerances.

The 1.3 GHz dual-patch array, which was used as the transmit antenna, possessed
a narrowband response and provided less gain at frequencies other than at 1.3 GHz. If
the multipliers perform optimally at a frequency not equal to 1.3 GHz, the gain used for
calculations of the expected power received at 2.6 GHz might be an overestimation.

The measured output power received at the 2.6 GHz antenna for the tunable FDR
is presented in Figure 4.11.
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The multiplier conversion loss curves for the miniature tunable FDR are presented in

Figure 4.12.
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The measured results obtained from the tunable harmonic re-radiators fabricated
illustrate the re-configurability of the device. In Figures 4.11 and 4.12, measured values
are labeled for the tunable FDR 2 performance curves. As can be observed, the
difference in bias voltage provided to the varactor caused a difference in conversion gain
values in the range of 6 — 10 dB. This conversion gain variation demonstrates the
tunability of the device.

The conversion gain for the tunable FDR 2 was -27.4 dB when the input power to
the diode doubler was -27.5 dBm. A maximum value of -18.9 dB was obtained for an
input power to the diode doubler of -12.2 dBm. These values translate to a maximum
measured conversion efficiency of 1.3%. The conversion gain of the entire tunable
harmonic re-radiator 2 was -35.4 dB for an input power level to the FDR receiving
antenna of -19.5 dBm. This value was obtained by considering the simulated values for
gain of the input and output antennas of the FDR device. These values correspond to

optimum FDR operation which occurs when the varactor is biased at 17 V.

4.5  Conclusions

A miniaturized frequency doubling reflectenna was designed, fabricated and
tested. At an input frequency of 1.3 GHz a multiplier conversion efficiency of 1.3% was
obtained at an input power of -30 dBm. Meandered shorted patch antennas were
successfully implemented in the design of the harmonic re-radiator. The harmonic re-
radiators were produced using careful manufacturing methods and yielded a small spread
in performance. It was demonstrated that the operation of the FDR device could be
controlled by using a varactor element, which provided variable capacitance at the input
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of the network. Due to the miniature and tunable designs achieved, the FDR exhibits

great potential as a sensor node.
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CHAPTER 5

SUMMARY AND RECOMMENDATIONS FOR FUTURE WORK

5.1 Summary

This thesis presented the research associated with the design of efficient and
compact 1.3 GHz — 2.6 GHz frequency doubling reflectenna devices. The work focused
on creating a simple and quasi-planar passive design, which would not require extremely
precise manufacturing methods to produce. It was demonstrated that a miniature
harmonic re-radiator, which operates efficiently at low input power levels, could be
produced.

Significant attention was given to optimization of the conversion efficiency of the
FDR. In order to optimize the conversion efficiency, the input impedances, at the
frequencies of interest, of the receive and transmit antennas were approximately
conjugate-matched to the input and output impedances of the diode doubler. Compact
and low loss matching circuits were designed to maximize the power transfer between the
antennas and the diode. The conversion gains of the harmonic re-radiators, described in
this thesis, displayed an improvement over those reported for similar devices such as a
Schottky diode doubler/antenna transponder design. A first-generation design yielded a
conversion efficiency of 1% at a power input to the diode doubler of -30 dBm. Literature

reports of comparable frequency multipliers coupled with antennas were operated at
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higher input power levels, which provided for higher conversion efficiencies in those
devices.

It was demonstrated that measurements obtained from both the first-generation
and miniaturized FDR devices correlated well to the simulated values. In order to ensure
accurate circuit simulations, the diode model parameters provided by the manufacturer
were optimized. In addition, it was demonstrated that utilizing an adequate number of
harmonic impedances, which were derived from the input and output antennas in the
circuit simulations, provided for a more accurate prediction of the performance of the
FDR.

The antennas utilized in the design of the harmonic re-radiators were shorted
patch antennas. Implementation of quarter-wavelength shorted patch antennas produced
a compact first-generation FDR device. These antenna designs were optimized for length
and width to obtain desired input impedances at desired frequencies. This research
focused on reducing the size of the first-generation harmonic re-radiator. A miniaturized
FDR was developed as a second-generation device. Development of the second-
generation device involved an in depth study of meandered shorted patch antennas. The
meandered antenna provided the principle miniaturization mechanization for the second-
generation device. In comparison with the quarter-wavelength shorted patch antennas
utilized in the first-generation design, the electrically small meandered shorted patch
antennas yielded a significant reduction in expected efficiency levels. It has been well-
reported in the literature that antenna efficiency decreases as the volume that the antenna
occupies decreases. It was demonstrated that by increasing the thickness of the substrate,
used to implement the meandered shorted patch antennas, the expected values of antenna
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efficiency and gain also increased. A study of the vias, which were used to short the
patch antennas, revealed that via resistance must be minimized in order to obtain
expected antenna efficiency and performance levels. It was observed that high levels of
cross-polarization were exhibited by the shorted patch antennas used for the harmonic re-
radiators. Therefore, shorted patch antennas can be utilized only if considerable levels of
cross-polarization can be tolerated.

The first-generation FDR design measured 44 mm x 17 mm. The size of the
miniaturized FDR device was reduced by 75%. The second-generation design resulted in
a device that measured 22 mm x 8.8 mm. Due to the high input reactance values
obtained from the meandered shorted patch antennas, which were utilized in the
miniaturized design, losses associated with the matching networks of the miniaturized
FDR device were higher. Therefore, the conversion efficiency, at an input power to the
diode of -30 dBm, was 3 dB lower than the first-generation design.

A final accomplishment of this research was a demonstration of the tunability of
the FDR device. It was demonstrated that the tunability of the FDR could be easily
obtained by utilizing a variable reactance device at the input of the network. Therefore,

the use of the frequency multiplier as a re-configurable device holds much potential.

5.2 Recommendations

Efficient passive multipliers, which can alleviate the clutter radiation that occurs
at the frequency of the incident radiation in a radar transceiver system, are useful. The
harmonic re-radiator described in this thesis is a promising device in sensing applications.
The following are a few suggestions aimed at improving and extending this research.
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In this research, a power input to the diode of -30 dBm was chosen as a
benchmark value for design purposes. The impedance values of the diode, at the source
and load, were dictated by this input power level. However, time-domain methods and
harmonic balance simulations could be employed to provide a more in-depth analysis of
the optimum power levels. Such an analysis would provide values for source and load
impedances, which could maximize the conversion efficiency of the diode doubler. Then
the input and output antennas of the network could be designed to be the conjugate-match
of the optimum diode source and load impedances.

More consideration can be given to the compact antennas used for the harmonic
re-radiator design. Even though the planar dimensions of the meandered shorted patch
antenna designs decreased in size, substrate thickness was increased to optimize for
efficiency and gain. In addition, the shorted patch antennas used in this design exhibited
high levels of cross-polarization. Different types of electrically small antennas should be
investigated to alleviate these shortcomings.

As an alternate choice, compact slot antennas could be utilized if the FDR design
was to be implemented using a CPW layout configuration. Even if a CPW layout is not
employed for the circuitry of the re-radiator, these antennas could still be used in
conjunction with microstrip elements if a low loss and compact CPW-to-microstrip
transition design was being considered. Slot antennas are less sensitive to manufacturing
tolerances. Slot antennas can also be polarized in a desired manner using a combination
of strip and slot conductors. In addition, a center-fed slot antenna can provide a high

radiation resistance. The 1.3 GHz meandered slot antennas studied and described in this
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thesis presented expected efficiency values, which were comparable to the first-
generation quarter-wavelength shorted patch antennas.

A study of alternate multiplication elements could also be undertaken. Different
diodes could be tested in order to select one that provided the best performance. Active
devices such as FET’s can also be employed to increase the conversion efficiency of the
harmonic re-radiator if appropriate biasing schemes are investigated.

The research presented in this thesis can lead to the development of an FDR
device, which can serve as a sensor for RF transmission of modulated data. The
possibility of utilizing the FDR in a modulation scheme was not explored in this research.
However, the design simplicity associated with obtaining a tunable FDR was
demonstrated. As an extension of this research, analyzing alternate low loss integrated
tuning structures, to replace the semiconductor varactor utilized in the present design,
should be investigated.

Additional research associated with implementation of the FDR as a viable
sensing device should be undertaken. The harmonic re-radiator could be tested in a
multi-tone environment. Such testing would assess performance trends and levels when
the device is subjected to several signals at different frequencies.

The data presented in this research were all broadside measurements.
Measurements at different angles of incidence should be performed. A more detailed
study of how the polarization levels affect the re-radiated signal from the FDR needs to

be performed.
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Appendix A: Copper Etching Process Flow

The photoresist utilized in the process flow below is SC-1827 positive photoresist.

a. Clean the laminate board with acetone/methanol and nitrogen dry,

b. Dispense HMDS onto the board and spin at 3500 rpm for 30 seconds to dry
completely,

c. Spin SC 1827 at 500 rpm for 15 seconds followed by 2000 rpm for 30 seconds,

d. Soft bake in the oven at 105°C for 20 minutes, (lay the board flat),

e. Expose using broadband Quintel mask aligner for 55 seconds,

f. Immersion develop with slight agitation using MF 319 for ~75 seconds,

g. Clean with deionized, (DI), water and nitrogen dry,

h. Microscope inspect the image definition,

i. If protecting laminate backside, repeat steps b and c,

J. Hard bake in the oven at 110°C for 20 minutes, (lay the board flat),

k. Ferric Chloride etch with slight agitation for ~8 minutes at 55°C,

. Clean with DI water and nitrogen dry,

m. Microscope inspect the image definition,

n. Remove photoresist with acetone/methanol.
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