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Abstract in Deutsch

Zur Frequenzerzeugung und Abstrahlung werden im Millimeterwellenbereich aktive
integrierte Antennen eingesetzt. Sie eignen sich aufgrund ihrer Eigenschaften wie kompakte
Bauform bel 24 GHz und gunstige Herstellungskosten fur verschiedene Kommunikations-
und Sensoranwendungen. Durch die Kombination von Antennen- / Oszillatoreigenschaften ist
die Modedlierung dieser Antennen sehr schwierig. In  dieser Arbeit werden
Modellierungsansédtze fir verschiedene Antennenkonzepte vorgestellt, die den Entwurf
wesentlich vereinfachen wahrend die Entwurfsgenauigkeit erhaten bleibt. Die Gultigkeit
dieser Modellierungen wird durch Messungen bestétigt. Die Realisierung von neuartigen
Anwendungsmoglichkeiten fur diese Antennen schlief3t diese Arbeit ab.

Abstract in English

Active integrated antennas are used for frequency generation and the radiation of millimeter-
waves. Due to their compactness and low-cost fabrication, they are suited for different sensor
and communication applications. Modeling these antennas is a difficult task due to the com-
bination of antenna and oscillator properties. This thesis presents modeling approaches for
different antenna concepts that significantly ease the design process while maintaining design
accuracy. The validity of these approaches is proved with measurements. The thesis closes
with examples for the realization of new applications for these antennas.
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1 INTRODUCTION

Active integrated antennas (AlAs) combine prominent features that make them usable for both
military and commercia applications. The most important feature is that the antenna and the
active device are treated as a single entity, allowing compactness, low cost, low profile, mini-
mum power consumption, and multiple functionality.

A typical AlA consists of one or more active devices such as diodes (Gunn, IMPATT, Schot-
tky, and varactor) and/or three terminal devices (MESFET, HEMT, or HBT) integrated with
planar antennas such as printed dipoles, microstrip patches, bowties, or ot antennas. To realize
different functionalities, AIAs can be made frequency tunable, injection locked, or mutually
coupled. Choosing the adequate configuration, multiple communication and sensor applications
can be realized. This thesis presents theoretical and experimental work, which advances the
state of the art in active integrated antennas for microwave and millimeter-wave applications.

In this chapter, the state of the art in AlAs is presented starting from the history to actual pub-
lished works. It also gives an overview of thisthesis.

1.1 Stateof the Art of ActiveIntegrated Antennas

1.1.1 Historical Background

Hertz aready introduced the concept of an active antenna with his end-loaded dipole transmit-
ter and resonant sguare-loop antenna receiver [1.1]. However, neither the transmitter nor the
receiver used any matching networks between the circuit and the antenna terminals. This status
quo remained for nearly three decades, until the integrated antenna concept surfaced again in
the early- and mid-1960s. Using atunnel diode, Copeland and Robertson demonstrated a mixer-
integrated antenna, which they describe as an “antennaverter”. They also used a traveling wave
antenna, together with tunnel diodes, to operate as a traveling wave amplifier, which they called
an “antennafier” [1.2]. Meinke and Landstorfer described the integration of a FET transistor to
the terminals of a dipole to serve as a VHF amplifier for reception at 700 MHz [1.3]. Following
their work, Ramsdale and Maclean used BJTs and dipoles for transmission applicationsin 1971
[1.4]. What is generally accepted as the first modern active antenna, was developed and pub-
lished by Thomas et al. in February 1985. It was a Gunn integrated rectangular microstrip patch
antenna operating at X-band frequencies[1.5].

In 1974, an array of injection locked active antennas was demonstrated to perform phase
shifterless beam steering [1.6] and a variety of other functionalities for AIA arrays have been
demonstrated.

Active antennas have found use as el ements of large-scal e spatial power combinersin which the
radiation of many AlAs combines coherently. A variety of such combiners has been demon-
strated at microwave and millimeter-wave frequencies [1.7] with 120 watt power levels at X-
band [1.8] and watt level at Ka-band [1.9].
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1.1.2 Antenna Configurations

1.1.2.1 Active Devices

Two-terminal devices, e.g. IMPATT diodes[1.10], [1.11], [1.12], [1.13] and Gunn diodes[1.5],
[1.14], as well as three-terminal devices, e.g. MESFETs [1.15], [1.16] [1.17], HEMTs [1.18]
and HBTs [1.19], [1.20], can be used as the active sources. In this work, HEMTs [1.21] and
HBTs [1.22] are used. The early development of active integrated antennas at microwave and
millimeter-wave frequencies concentrated first on two-termina devices and then moved to
three-terminal devices [1.23]. Two-terminal devices are suitable for high power applications at
millimeter-wave frequencies, but have the disadvantage of low DC-to-RF efficiency. Three-
terminal devices, on the other hand, have the advantage of high DC-to-RF efficiency but are
limited by the lower cutoff frequencies. Three-terminal devices have another advantage of easy
integration with planar circuit structure, in either a hybrid or monolithic approach.

1.1.2.2 Antenna Elements

Recent research in active antennas has mainly concentrated on microstrip patch types [1.1],
[1.5], [1.23], [1.24], [1.25], [1.26], where solid-state devices (usually diodes or FETS) are inte-
grated with microstrip patches resulting in convenient planar, low-cost radiating elements. They
are not only the output loads of oscillators but serve aso as resonators, determining the oscilla-
tion frequency. The input impedance of the antenna element is therefore an important informa-
tion for designing AlAs. Besides the oscillator type AlA, where the active device functions as
the oscillator with a passive radiating element at the output port, the amplifier type AIA is also
reported. In this case, the active device works as an amplifier with passive antenna elements at
the input or output port [1.27]. When antenna elements are integrated at input and output ports,
the circuit becomes a quasi-optical amplifier [1.28]. The integration of amplifiers in passive
antenna structures increases the antenna gain and bandwidth and improves the noise perform-
ance.

Active microstrip patch oscillator antennas suffer from narrow bias tuning ranges and large
output power variations that can be improved by using varactors connected to the radiating ele-
ments.

The majority of active microstrip antennas exhibits limited tuning ranges, high cross-
polarization levels, and large output power variations. At millimeter-wave frequencies, small
patch antenna dimensions cause difficulties during device integration. DC bias lines also cause
problems and degrade the performance. There are alternative configurations to the microstrip
patch. Each hasits pros and cons when applied to AlAS:

* The notch antenna is the planar equivalent to a waveguide horn, and it is capable of very
broad impedance bandwidths. Since the notch antenna uses a slotline feed, it isidea for
integration with two terminal devices.

* A planar broadside radiator can also be constructed from a resonant slotline. There are
several configurations such as dotline dipoles, loops, or rings. Unlike a microstrip
patch, the antenna is a bi-directional radiator, which can be used with polarizers in spa-
tial amplifier applications [1.29], [1.7]. In 1993, Kawasaki and Itoh developed a micro-
strip FET oscillator using a slot antenna [1.30]. Kormanyos, Katehi, and Rebeiz pub-
lished in 1994 a CPW-fed active slot antenna [1.31]. Active sotline antennas integrated
with an IMPATT diode were investigated by Luy and Biebl in 1993 [1.12].
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» Theinverted microstrip patch is attractive for integrated antennas because it offers two
distinct advantages [1.14], [1.32], [1.33]. First, diode or probe insertion does not require
drilling through the substrate as in microstrip. This characteristic allows non-destructive
device testing and position optimization in inverted microstrip. Second, the inverted
substrate can serve as a built-in radome for protection.

1.1.3 Frequency Tunable Active I ntegrated Antennas

For some applications, it may be useful to vary the oscillation frequency of the AIA. Since the
ISM (Industrial, Scientific, and Medical) bandwidth at 24 GHz is restricted to 250 MHz, post-
production adjustment is used to compensate for parameter variations of the active device, the
low Q-factor as well as the narrow bandwidth of the microstrip lines, and processing nonuni-
formities. Additionally, VCOs are used in FM-CW radar systems (section 1.2.1), and AIAswith
wide tuning ranges can be used for array beam scanning methods [1.34], [1.35].

The most common VCO design uses a varactor diode as the reactive tuning e ement. The volt-
age dependence of the junction capacitance is used to change the electrical length of the resona-
tor. Bhartia and Bahl [1.36] describe the use of varactor diodes in microstrip patches as a means
of changing the resonance frequency. Navarro et a. [1.37] portray an active notch antenna,
tuned by a varactor diode, in which the source oscillator is a Gunn diode. Kitchen [1.38] depicts
varactor diode tuning applied to transistor oscillators in which the devices are located in the
gate and source circuits, and a microstrip load appears in the drain circuit. A possibility to im-
prove the tuning range of a VCO is presented by Chang and York [1.39] by using a feedback
amplifier.

However, these circuits appear to function as wide bandwidth oscillators rather than active an-
tennas. It is more complicated to tune an active antenna since the radiation pattern is influenced
by the diode and the antenna can exhibit several resonances. Haskins et a. [1.40] developed an
active patch antenna with a tuning range of 100 MHz that is 4.4% of the nominal operation fre-
guency with good radiation patterns over the tuning bandwidth. A transistor-based AIA com-
bined with a varactor is described in this work (compare [1.41]). To solve the problem of mode
hopping, a feedback oscillator topology where the patch antenna, placed in the feedback path of
an amplifier circuit, acts as the sole frequency selecting structure. The amplifier bandwidth is
selected to eliminate the possibility of multi-moding [1.42].

A typical problem is to design the VCO circuit such that f is a linear function of bias voltage
within given tolerances. This can be achieved using a special hyperabrupt diode or shaping the
tuning voltage function of an abrupt diode. Additionally, another nonlinear element can be used
to convert a tuning voltage to a nonlinear control voltage [1.43].

Frequency variations can also be realized with bias tuning of the transistor. This method is use-
ful if very small frequency shifts are required since the output power aso depends very strongly
on the bias. York et al. [1.44] describe an antenna with atuning range of 250 MHz that is 3% of
its nominal operation frequency of 8 GHz by changing the bias voltage applied to the transistor.
Comparing diode and transistor tuning [1.40] shows that the transistor tuning range is half that
obtained with the diode and the output power varies by more than 20 dB compared to 4 dB with
diode tuning.
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1.1.4 Dielectric Stabilized Active Integrated Antennas

Stabilized microwave oscillators using FETs have been reported by many authors. James et al.
obtained stabilized GaAs FET oscillators in an 11 GHz band using a resonant cavity as either a
transmission filter or an external feedback circuit [1.45]. Using a cavity as the resonant circuit
makes the oscillator or antenna circuit more complicated and hard to manufacture. Three di-
mensional production techniques must be applied, resulting in an expensive structure. A com-
promise between a cavity on the one hand, and a non-stabilized oscillator on the other hand, can
be found using a dielectric resonator (DR). The main advantages of a DR are its small size and
low-price. The DR can be easily integrated with the uniplanar circuit by placing it on the sub-
strate. Oscillators stabilized with a DR (DROs) can be divided into two groups. The DR is used
as a band rejection filter (DR coupled to a single line) or as an external feedback device (DR
placed between two lines). A stabilized GaAs FET oscillator using a dielectric resonator as a
band rejection filter was reported by Abe et a. at 6 GHz [1.46] and by Sun and Wei at X-band
frequency [1.47].

Some oscillators based on a DR as a feedback element were also reported: Loboda et al. [1.48]
present a DRO at 2 GHz based on a silicon bipolar transistor amplifier. Saito et a. developed
oscillators using GaAs FETs at 6 GHz [1.49] and Ishihara et a. at 9-14 GHz [1.50]. To allow
application of a DR stabilized oscillator in a PLL, Lee and Day developed a DRO combined
with avaractor diode at X-band leading to atuning range of 0.2% [1.51].

Combination of DRs together with AlAs can hardly be found. The reason for thisis that the DR
influences the radiated field of the AIA considerably. This effect can be exploited if the DR is
used as the frequency determining and radiating element. A DR and an active bipolar junction
transistor were integrated to operate as a stable radiating DRO at 500 MHz, and a Gunn inte-
grated dielectric resonator antenna was demonstrated at 5.55 GHz [1.1].

1.1.5 Injection Locked Active Integrated Antennas

To improve the AIA properties, externa signals can be use to injection lock AlAs. With asin-
gleinjection locked AIA, a maximum of 180° phase shift is theoretically possible. However, by
using two sequentially rotated antennas, nearly 360° phase shift can be obtained [1.52]. These
observations indicate that the injection locked AIA may form the basis for a beam-steered ar-
ray. However, due to the dependence of the free-running AIA on device bias, these elements
can be frequency swept by DC bias perturbation. Therefore, a class of direct phase shift keying
AlAs can be developed [1.53]. This type of antenna can be applied in a short-haul, low cost
communication link [1.54].

1.1.6 Activelntegrated Antenna Arrays

Originally, the concept of quasi-optical power combining was proposed to combine the output
power from an array of many solid-state devices in free-space to overcome the power limita-
tions of individual devices at millimeter-wave frequencies [1.55]. In fact, the development of
novel gquasi-optical power combiners has been one of the main driving forces for the research
on AlAs during the past ten years[1.7]. There are two ways to arrange multiple active antennas.
Loosely coupled AlAs are arranged in arrays with a period of at least A/2, whereas strongly
coupled AlAs, with periods on the order of A/10, are referred to as grids. In arrays, mutual cou-
pling is small and each element approximately behaves the same when out of the array.

Many innovative approaches have been proposed for realizing efficient quasi-optical power-
combining arrays. Among them were beam arrays, grid arrays [1.15], patch based arrays [1.56],
[1.57], [1.58], dlot-based arrays [1.30], [1.59] and monopole probed based arrays. Bi-directional
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amplifier arrays with both transmitting and receiving capabilities have also been demonstrated
[1.29]. A second harmonic patch antenna Gunn diode combiner showed a 10.2% isotropic con-
version efficiency at 18.6 GHz [1.60]. A 5 x 5 array of MESFET oscillators was combined in a
planar Fabry-Perot cavity at 10 GHz with an ERP of 20.7 watts and a directivity of 16.4 dB
[1.61]. The largest number of devices combined so far was in a planar grid oscillator in which
the individual output powers were combined in free space. This grid oscillator, which operated
at 5 GHz, contained 100 MESFETs[1.15], and similar oscillators using 36 devices were built at
C-, Ku-and Ka-bands [1.62], [1.63].

For a beam steering power combining array, varactor-tuned active antennas with wide tuning
ranges are used to control the phase distribution in the array and to keep minimal power varia-
tion over the collective locking range of the active elements. Several other wideband varactor
tuned arrays have also been developed using varactor tunable notch antennas and tunable power
combiners[1.37] and quasi-optical grid VCOs consisting of two active grids [1.64].

The active planar structure is versatile in that different components may be designed separately
and then combined into one overall system by stacking the two-dimensional grids.

1.2 Applicationsof Active Integrated Antennas, State of the Art

The potential for applications of AlAs is broad. Functions, which would normally occur in a
circuit away from the antenna such as detection, modulation, mixing, and amplifying, occur
within the AIA. Comparing to the conventiona approach, size, weight, and costs can be re-
duced. Applications for active antennas in radar and communications are listed in Table 1.1
[1.65]. In thiswork, we focus on commercial applications.

Automotive applications

Doppler radar Velocity over ground detection

Polarization sensitive radar Road condition detection

FM-CW or pulsed radar Distance measurements to neighboring cars
Interferometer radar Blind area surveillanceSide-crash prediction

Communication and sensor applications

Tagging

Cars and trains

Products in manufacturing plants

Items on construction sites

Personnel monitoring and wireless smart carts

Indoor communications

Tablel.1 Applications for active antennas.
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Active integrated antenna arrays can also be used for the applications described in Table 1.1.
Usage of arraysresultsin higher directivity and lower phase noise.

Civil applications require designated frequency bands accessible to everyone. For this purpose,
ISM (Industrial, medical, and scientific) bands are defined. Most sensor applications use the
bands at 433 MHz, 2.4 GHz, 5.8 GHz, and 24 GHz. Automotive applications can be found in
the 24 GHz, 60 GHz, and the 76 GHz radar bands [1.66].

1.2.1 Automotive Applications

Active antennas are inherently good Doppler sensors because radiating sources are sensitive to
Doppler return from moving objects. The AIA serves as a mixer to mix the local oscillation
frequency with the small frequency shift in the reflected wave from the moving object. Extract-
ing this Doppler frequency shift allows relative motion to be detected. In comparison to a con-
ventional radar system, AIA based Doppler radar is smaller, lighter, and cheaper. Multiple
Doppler sensors have aready been published [1.67], [1.68]. Two of them are based on AlAs
[1.13],[1.19].

Schottky detectors can be integrated with the antenna for RF detection [1.69]. This detector can
be used for many different monitoring or imaging applications (e.g. direction detection, [1.70]).

To measure the distance between a car and the borderline or other cars on the street, conven-
tional automotive FM-CW sensors can be used [1.71], [1.72], [1.73].

FM-CW and Doppler sensors can be combined to a multifunctional sensor that is able to meas-
ure the distance and velocity but also the tilt angle, height with respect to ground, and the direc-
tion of motion. Using in addition polarimetric information enables the classification of road
conditions[1.74].

The Doppler effect can be used not only for velocity measurements, but also for crash predic-
tion and detection. The first crash sensor was published in 1972 [1.75]. Together with an AlA,
theideaisrevived in thiswork [1.76].

1.2.2 Sensor Applications (Non-Automotive)

A common task in industrial applications is the online determination of the moisture content of
bulk materials. Thisis usually done either by infrared or microwave absorption. These systems
show the advantage that they measure the moisture remotely, under dirt conditions, and fast
changing moisture contents (e.g. paper factory). The microwave transmission through a mate-
rial can be measured using an AlA asthe transmitter and a Schottky detector [1.77].

The Doppler frequency shift caused by moving objects can also be used for indoor intrusion
alarm applications [1.78]. Due to their small size, AIAs can be hidden nearly everywhere to
monitor e.g. strongrooms.

1.2.3 Communication/Tagging Applications

The need for automatic identification of articles and personnel has grown rapidly in recent years
with the increased use of computerized systems for security and control tasks. The primary
limitation of traditional magnetically encoded cards is the need for physical contact between the
card and the reader. Noncontact identifications systems in which identification can be made at a
distance are either optical (bar code reader) or use radio frequencies. Radio frequency identifi-
cation (RFID) systems have several advantages compared to optical systems, such as better
penetration of obstructing materials (e.g. clothing, plastic cover) and easier processing of the
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identifying signals. In addition, RFID systems can be used for high-speed data transfers and
synchronous read-write operation. Applications for RFID systems can be found in many areas:

» Personal badges for restricted area access, “Wireless Key”
* Anti-theft badges

» Luggage identification badges

* Automatic tolling

Different types of RFID systems have aready been realized. The most crucia part of the sys-
tem is the mobile “tag” since it represents a stand-alone system that must be small, reliable,
with along lifetime, and further on it should be identified from a large distance. Depending on
the read-range and lifetime, RFID tags can be divided into three types:

1. Remotely powered passive tags
2. Tagswith battery powered signal processing
3. Active transmitting tags

Tags with no active RF front end get their RF energy from the interrogator. If they are interro-
gated (“waked-up”) by a microwave beam, they emit a coded response [1.79]. Various types of
response signals are in use, including simple backscatter with modulation in amplitude, phase,
frequency, or combinations, or with a controlled time delay. Remotely powered fully passive
tags (type 1) have to be operated in the near field region of the reader antenna. Though the read
range can be enlarged using active signal processing (type 2), transmission distances are till
very small [1.80], [1.81].

Tags with active RF front-end (type 3) can either be back-scattering [1.82], [1.83], [1.84] or
independent transmitting tags as used in this work [1.85]. Lifetime depends strongly upon how
often they are interrogated or sending their signal. They are used where long read-ranges are
required. Since the RF front-end consumes more energy, the decrease in battery lifetime must
be weighted against the increase in the read-range. The read-ranges of different RFID systems
areshownin Table 1.2

2.45 GHz passive responder [1.80] 0.3m
2.45 GHz IC card system [1.82] 0.5m
8 GHz transponder with AIA [1.83] 2m

12 GHz transponder using subharmonic interrogation [1.81] 6m

24 GHz active RFID system [1.85] 5-15m

Table1.2 Read ranges of different RFID systems.

For localizing objects outdoors, the global positioning system (GPS) can be used. However,
GPS signals do not penetrate most construction materials, so objects in buildings cannot be
tracked. To solve this problem, a 3D-ID tag has already been proposed [1.86]. This system has
the constraint that many distributed detectors connected to a central computer are necessary to
track things or people. Another system finding people and things indoor with only one receiver
is presented in thiswork (compare [1.85]).
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1.3 Overview

Active integrated antennas are the central elements of this work. The design processes, charac-
teristics, and applications are discussed. The objective of this work is to show advantages and
disadvantages as well as possibilities and restrictions using these antennas. The structure of the
work can be summarized:

* Theory and design: Chapter 2 and 3
» Vadldation and characterization: Chapter 4
» Applications: Chapter 5.

This work starts with the discussion of the design process of a free running AIA at 24 GHz.
Different oscillator theories are presented and their applicability to active antenna design is dis-
cussed. Oscillators are nonlinear circuits, but existing nonlinear CAD tools are complex and
require good nonlinear device models, which are hard to obtain. Therefore, this work examines
the validity and accuracy of amore practical linearized oscillator design described in chapter 2.

The properties of a free running AIA can be influenced in multiple ways. We focus on the fea-
tures that are important for communication and sensor applications.

The frequency of the AIA can be tuned in two different ways. One method is to use the transis-
tor bias to influence the oscillation frequency, another way is to make the frequency determin-
ing resonator electronically tunable. For this purpose, the resonator is combined with a varactor
diode. Different coupling methods are theoretically derived, implemented, and discussed re-
garding the frequency and output power behavior over the tuning range in chapter 2.4.

The applicability of AlIAs depends on their phase noise. The phase noise restricts the bit ratein
communication applications and the local resolution considering sensor applications. The phase
noise can be treated theoretically in multiple ways. We consider only the case of relatively high
phase noise from unsynchronized oscillators. The consequences for the phase noise theory are
discussed in chapter 2.5. In addition to the single AIA, the phase noise behavior of multiple
coupled AlAsis also treated.

When dealing with oscillators, phase noise can be influenced by the quality factor (Q-factor) of
the resonator. If alow-Q resonator is used (e.g. microstrip resonator), the Q-factor of the reso-
nator dominates the phase noise behavior. The different definitions of the Q-factor are pre-
sented to give agood insight for design in chapter 2.6. Applying this knowledge, different reso-
nator shapes are investigated and their effects on the Q-factor are treated theoretically and com-
pared with measurements. By using the optimal resonator shape, the phase noise can be re-
duced.

The phase noise of the AIA can be improved further by increasing the resonator Q-factor with a
dielectric resonator. The theory of these resonators is presented in chapter 2.7 and their applica-
bility to AIA design is discussed.

Another way to influence the phase noise behavior of the AIA is using injection locking. An
external locking source can be used to synchronize the AIA. The theory behind this synchroni-
zation is presented in chapter 2.8 leading to the quantification of the injection locking properties
of AlAs. The locking source can be either a low-noise highly stabilized oscillator or another
AlA of the same type. If multiple AlAs are arranged at distances around a wavelength, they
tend to couple, i.e. they influence themselves. This behavior is called mutual coupling and is
discussed in chapter 2.9. Rigorous theory is needed to understand this behavior especialy for a
large number of coupled AlAs. We adapt coupling theory for an array of four antennas.
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The oscillator theory described in chapter 2 is the starting point for the AIA design, which is
evaluated in chapter 3. To complete the design process, oscillator theory must be combined
with adequate models for the active device as well as the passive (i.e. microstrip) structure.

Two different transistors as well as IMPATT and varactor diodes are used as semiconductor
devices within the AlAs. Their operation principle as well as their modeling is described in
chapter 3.1 and chapter 3.2. The advantages using a rigorous oscillator model can be wasted if
an inadequate semiconductor device model is used.

To model the passive structure of the AIA, two techniques are commonly used. Either micro-
strip circuits can be modeled with circuit models (chapter 3.3), or full wave analysisis applied
(chapter 3.4). Both techniques are introduced and compared.

Whereas the AlAs are designed in the first place to fulfill oscillation condition, radiating prop-
erties must also be taken into account. In chapter 3.6, antenna properties are presented and
adapted for AlAs.

After designing different antenna types, the results are validated with measurements in chapter
4. All relevant oscillator and antenna properties are characterized. The depiction starts with the
free running AIA (chapter 4.2) followed by the voltage controlled (chapter 4.3) and the injec-
tion locked AIA (chapter 4.4). The last section, chapter 4.5, deals with the characterization of a
complete AIA array consisting of four AIAs.

The sensor and communication applications form the last chapter 5 of this work. Though many
applications can be realized with AlAs, two are cited exemplarily. Representing a novel com-
munication application, the first imaging RFID system is developed as part of this work. The
development process, the realization, and the application of this system are portrayed in chapter
5.1

As typical sensor application, the idea of an interferometer based crash sensor isrevived in this
work. A small sensor designed for the operation within a car door is developed based on an
AlA in chapter 5.2. Real crash tests are carried through to gain some experience about the sen-
sor behavior and to develop a suitable decision criterion that can be used for the coordination of
different passenger protection devices within a car.

Finally, the results from this work are summarized and discussed in chapter 6.



2 OSCILLATOR THEORY APPLIED TO
ACTIVE INTEGRATED ANTENNAS

In contrast to front-ends represented by an oscillator-antenna approach, the AIA is treated as a
single entity. The drawback of this approach is that AlAs are difficult to design and their prop-
erties differ from front-ends that were designed to fulfill a specia task (i.e. highly stabilized
transmitters or high directivity antennas).

In oscillator design, the interaction between the active element (diode, transistor) and the pas-
sive microstrip circuit must be modeled. Three approaches are used in this work to model the
AlA (Figure 2.1):

* Linear transistor model combined with linear multiport oscillator theory

* Linear transistor model together with the linearized injection locking theory introduced by
Kurokawa

* Nonlinear transistor model combined with nonlinear harmonic balance oscillator theory.

Full-wave analysis of the passive
part of the the AIA

/\

Linear transistor Nonlinear transistor
model model
/\ ‘
Multiport 2 o Kurokawa's Harmonic Balance
2.1 - 2T . 2.2 .
analysis injection locking theory Analysis
A 4 A
2.3 Single AIA 2.3 Single AIA ;
2.4 Voltage controlled AIA 2.8 Injection locked AIA 2.3 Single AIA
2.9 Coupled AlAs
v v
Osci!lation frequency 4 Oscillation frequency
Stability Oscillation frequency Output power
Phase noise
Stability

Figure 2.1 Outline of the chapter.

For al approaches, the microstrip circuit is represented by a model derived from full-wave
analysis. The circuit is discussed in detail in chapter 3.

Linear theory used in this work is described by the multiport approach combined with a linear
transistor model (section 2.1). It is applied for the single AIA to simulate oscillation frequency
and stability.
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The linear transistor model is also combined with Kurokawa' s injection locking theory (section
2.2). Though thisis originaly a nonlinear approach, it is described in the work how it is com-
bined with alinear transistor model. The advantage using Kurokawa's theory is that in addition
to the frequency and stability, the phase noise of the AIA can be modeled. Especialy regarding
injection locking and coupling, this approach is very effective.

The third approach presented in this work combines a nonlinear large-signal model of atransis-
tor with nonlinear harmonic balance analysis (section 2.2). With harmonic balance, the output
power can also be modeled. Since the output port for an AlA isthe air interface, power simula-
tion must be treated carefully.

Based on the desired design goals, the different oscillator theories are applied in the following
sections.

A fixed frequency free-running AlA is simulated both with linear and nonlinear theory and the
results are compared to show the applicability of the different approaches (section 2.3). Besides
the fixed frequency, voltage controlled AlAs are also presented (section 2.4).

This chapter also deals with the improvement of the AIA properties. For this purpose, the influ-
ence of the resonator shape on the phase noise (section 2.5) and Q-factor (section 2.6) isinves-
tigated. Synchronization with dielectric resonators (section 2.7), injection locking (section 2.8),
and coupling (section 2.9) completes this chapter.

2.1 Linear Theory

Oscillator design based on linear theory neglects all nonlinear effects in the active device. Only
one bias point is used, and it is assumed that this condition remains constant over the complete
oscillator cycle (small-signal operation). The parameters of the transistor together with the pa-
rameters of the passive circuit are used to derive the small-signal oscillation condition.

2.1.1 Derivation of Linear Oscillation Condition

For linear modeling, the transistor description can be derived very easily. Small-signa meas-
urements are sufficient to derivean S, Y, or Z-parameter description of the device. The simplest
way to understand the oscillation mechanism is to use the concept of negative resistance: Con-
trary to a positive resistance, a negative resistance is considered as a source of electrical energy
since the product RI? gives negative dissipated power. A transistor with three terminals needs
an appropriate impedance to be connected to one or more terminals to create a negative resis-
tance. When aload Z, is connected to the negative resistance Zr, with |Z,| < |Z:], RF current is
generated at a frequency at which the imaginary parts of both impedances cancel each other. An
examplefor such adesignisgivenin[2.1].

This RF current causes the value of the negative resistance to cancel unless the oscillation con-
dition of —Z7= Z, is satisfied. In terms of wave reflection coefficients, this condition is ex-
pressed as

S5 [=1 (2.1)
0s+0 & 2m,# 012,... (2.2)

where Sy and S_ are the one-port S-parameter representation of the transistor and the resonator
asdepicted in Figure 2.2.
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S, S,
Transistor J I_>
and
embedding \‘ Resonator
circuit
i
Z Z,

Figure 2.2 Schematic of a one-port microwave oscillator consisting of the active devicein
a negative resistance configuration and a resonator, which serves to determine the oscillation
frequency.

Eq. (2.1) describes the oscillator loop consisting of the active device and the resonator. Since
the resonator is lossy, the closed-loop gain Eq. (2.1) implies that the amplitude of Sr must be
larger than unity. The angle requirement Eq. (2.2) means that propagation time around the loop
must be an integral number of oscillation periods or the electrical path be an integral number of
wavelengths.

In order to analyze the oscillator, atest device must be inserted into the oscillator loop. This can
be done by an appropriate two-port network. This two-port acts like a signal source, load, and
ideal circulator. It turns the closed-loop oscillator into an open-loop amplifier. The location
where the oscillator loop is split up may have influence on the derived oscillation frequency;
compare [2.2]. The best place for splitting up the oscillator must be found experimentally. For
visualization purposes, the open-loop gain can be drawn in a polar plot as the frequency is
swept. Steady state oscillation occurs when the magnitude of the open-loop gain equals unity
and the phase crosses zero. After the initial startup of the oscillator, as the amplitude of oscilla-
tion begins to grow, the nonlinear nature of the active device means that the amplitude will
reach a saturated level. This implies that the loop gain decreases from its small-signal value,
finally reaching unity at some particular power level and frequency. Thus, the best estimate
obtainable from the small-signal results is the zero crossing point of the open-loop gain phase.
An easy way to determine the open-loop gain of an oscillator isfor example to use the “ osctest”
element supplied by [2.3] and [2.4]. Accuracy using this element can be improved if the posi-
tion and the impedance are chosen carefully [2.5].

Another way to derive an oscillation condition from the S-parameters is to consider the oscilla-
tor as a combination of an active multiport and a passive multiport (the embedding circuit) as
shown in Figure 2.3. With the active device and the embedding circuit characterized by their
scattering matrices S, we have for the active device [2.6]

b, =S; [&; (2.3
and for the embedding circuit
b,=S [&, (2.4

where a and b are the incident and reflected wave vectors, respectively, as indicated in Figure
2.3. When the active device and the embedding network are connected together, oscillation
conditions becomes
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by =a; (2.5)
and
b, =a, (2.6)
From Egs. (2.3) to (2.6) we can write
(S;3,-N&,=0 (2.7
where I isthe identity matrix. Since for steady state a, # 0, it follows that
M=8. 8, -1 (2.8)
isasingular matrix or
detM =0 (2.9

This represents the generalized large-signal oscillation condition for an n-port oscillator. In fact,
the Smatrix of the transistor being defined at the small-signal level, the n-port small-signal
oscillation condition can be represented by:

| det (s, 3, -1)[>0 (2.10)
and
Argdet(s; 8, -1)=0 (2.11)
aTl apl
-_ Ull
Active ™~ <~ Embedding
Device bry tfm Network
[S] a, a, | ISl
Y.d
u.+
N -
an pn

Figure 2.3 Schematic for general multiport oscillator configuration.

The oscillations can start up as soon as the preceding relations are satisfied and continue to
build up until the device nonlinearities cause a steady state to be reached.

2.1.2 Stability Analysis Using Linear Oscillator Theory

Egs. (2.1) and (2.2) are widely used to predict the instability of the examined oscillator. It could
be shown that in some cases this criterion is not necessarily true [2.5]. However, it can be re-
placed by a Nyquist plot analysis[2.7]: The circuit is unstable if the Nyquist loop (St-S.) encir-
clesthe point 1 +jO in clockwise direction. If the resonator has a high Q so that it variesin fre-
guency much faster than the active part of the circuit, the criterion can be rephrased in a form
particularly convenient for applications. The system is unstable if the contour S;,(ja) encircles
1/ St. Consequently, it is easy to change parameters of the active circuit, so that the encircle-
ment occurs. The method of stability circles[2.8] follows immediately from this formulation.

The Nyquist criterion can also be applied for the generalized n-port approach. In this case, the
system is unstable if the Nyquist loop crosses the positive real axis in clockwise direction
(Figure 2.11).
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2.2 Nonlinear Theory

In order to analyze and design AlAs accurately, a large-signal, nonlinear analysis should be
applied. In the case of asingle AIA, nonlinear analysis will give accurate prediction of oscilla-
tion frequency, radiated power, and spectral output. In this section, a general derivation of the
harmonic balance (HB) method is presented. This is necessary to understand the nonlinear os-
cillator analysis included as an option in commercial design software. Regarding injection
locked AlAs or multiple AIA systems, the synthesis becomes more complicated and cannot be
done using available CAD tools. Combining the nonlinear analysis with Kurokawa's oscillator
and injection locking theory [2.9] allows modeling of this complex behavior. Introducing some
approximations, it is moreover possible to use this theory with alinear transistor model.

2.2.1 Nonlinear Oscillator Model Based on Kurokawa

Kurokawa's oscillator model [2.9] is based on the assumption that the impedance of the device
is a function of the RF current amplitude, whereas the resonator impedance is a function of w.
The frequency dependence of the device and the amplitude dependence of the resonator imped-
ances are neglected. This assumption is valid for narrow bandwidths only but gives a good ap-
proximation for our purpose.

For Kurokawa' s method, it is necessary to separate the AIA into the gate resonator and the tran-
sistor plus embedding circuitry. Though the complete circuitry influences the oscillation behav-
ior, it is shown that the AIA can be modeled with sufficient accuracy using this simplification.
This partitioning also finds application regarding the radiation behavior. Figure 2.4 shows the
separated AlA.

1640 um 650 pm

— =

230 pm] ] 380 pm

O Gate resonator

B Embedding circuit

Gate Source  Drain

Figure 2.4 Separated AIA structure.

An AlA can now be described by a simple circuit model. The nonlinear transistor is represented
by an instantaneous current voltage relationship in the time domain so the nonlinear part of the
device admittance is frequency independent. Any linear reactive part of the transistor admit-
tance can be considered part of the embedding circuit; compare [2.10]. This separation is in
accordance with the generalized HB approach (Figure 2.6). The possibility of externaly in-
jected signalsisincluded viathe independent current source iy (Figure 2.5).
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Figure 2.5 Single resonant negative conductance oscillator model of the injection locked
AlA.

Considering an AIA denoted i, we can write from Kirchhoff’s current law (KCL)

L (@) =V (@)Y, (M), (2.12)

where

Y,y (@) = [Yoees (0 M ]) + Y, ()] (2.13)

is the total admittance. The tilde denotes a frequency domain phasor quantity. The next critica
assumption in the analysisis that each AIA is a single mode system, designed to produce nearly
sinusoidal oscillations around a nominal center frequency w; this is the free-running or unper-
turbed oscillation frequency of thei-th oscillator. The AIA fulfills the criterion with a resonator
having a Q>10, and the embedded transistor having a narrowband gain around resonance. The
time dependent output voltage can then be written (using complex notation) in the following
useful forms:

\/i ()= A (t) gilat+q(t)
=A(t)e%® (2.14)
=V, (t)e!!
where A and ¢ are dynamic amplitude and phase variables, Vi’ = A exp(j¢@) is the output
“phasor” voltage at port i, 8(t) = wt + @(t) is the instantaneous phase, and « is a reference

frequency that is presumably close in magnitude to the average w, but otherwise somewhat
arbitrary.

Applying the inverse Fourier transformation and exploiting the slowly varying amplitude and
phase assumptions, Eq. (2.12) can be transformed to a coupled set of differential equations:

20 (0.A) ;1]
oo \dt A o

Ly ) =V, (t)[vm (@, A+ (2.15)
Thisresult is equivaent to using “Kurokawa' s substitution” for the frequency in Eq. (2.12), and
it can be solved for the amplitude and phase variations by separating real and imaginary parts to
give

= oA Re{F. (A @)} (2.16)
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—=Im{F.(A.q} (2.17)
where
-V, (@,
F(A.@)= s Vi N (@ :) A) (2.18)
(jw)
Egs. (2.16) and (2.17) can be concisely written in complex form using Eq. (2.14) as
dV =F\V)V, (2.19)
dt

which isastandard form for nonlinear analysis.
Thetotal admittance near resonance for the circuit in Figure 2.4 is

Y, (@ A)=G,(A)+G,, +2jC (w-w,) (2.20)

where w, =1/+/LC is the resonant frequency. It is convenient to express the dynamic equa-

tions at microwave frequencies in terms of easily measurable quantities like resonant frequency
and Q-factor. For a paralel resonator, we get Q =ap C/GL. Assuming a free-running AIA (no
injection source, |y = 0), we have

__ W Gy, (A ) - _
F(A.@)= —ZQ{ G +1}+ i@, -w,) (2.21)
which gives the dynamic equations
dA __w Gy, (A)
e _2Q A {—GLJ +1} (2.22)
dg _
it w, — W, (2.23)

The phase equation (2.23) can be easily integrated to give ¢t) = (w-w)t+ @, where ¢ is an
arbitrary constant. Substituting into Eq. (2.14) shows that the free-running frequency is aways
the resonant frequency, irrespective of the choice of w. From the perspective of solving for the
phase dynamics, the clear choice for @ in this case is w = ay, which eliminates any time de-
pendence of @ This approach, though trivial in the present case, proves especially useful later
for injection locked AlAs or AIA arrays. The important point is that a unique result is always
obtained for the actual time variation of the output signal, regardless of the choice of «w. How-
ever, certain choices of reference frequency can simplify the description of the oscillator phase.

A steady state solution for the free-running amplitude a is determined from Eq. (2.22) by set-
ting dA/dt = 0, which gives the oscillation condition

G, (@)+G,, =0 (2.24)

Applying these equations, we have a powerful tool to model not only asingle AIA but also the
injection locking and array behavior of the AlA.
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2.2.2 Theory of Harmonic Balance Nonlinear Analysis

AlA designs represent a demanding aspect for circuit synthesis. This is due to the dual use of
the antenna element both as the radiating element and as the oscillator resonant load. An analy-
sis technique for this type of situation, which accounts for the full nonlinear behavior of the
large-signal device, is based on optimal oscillator design [2.11] adapted to include the micro-
strip patch antenna as the oscillator resonant load; compare [2.12]. The synthesis process uses
optimization as the core for a harmonic baance procedure, which finds a set of complex termi-
nal large-signal voltages and currents at the gate (base) and drain (emitter) of the HEMT (HBT)
device. These termina conditions are selected by the harmonic balance procedure such that the
specified added power necessary from the device, Paqq, at the desired frequency of oscillation
for given device bias conditionsis derived as

Padd(f):-gm{vgs(f)lgs(f} Vi (F)15() (2.25)

where Vs, 1gs and Vs, |gs are the port voltages and currents of the input (gate-source) and output
(drain-source) ports of the transistor in common source configurations, respectively.

The use of harmonic balance technique for high frequency circuit analysis was originally de-
tailed by Hicks and Kahn [2.13] and Fillicori and Naldi [2.14]. Peterson and co-workers applied
this technique to the large-signal analysis of MESFET devices in 1984 [2.15]. This simulation
method is based on the ability to represent a nonlinear system as consisting of a suitably inter-
connected linear and nonlinear subsystem [2.16]. Figure 2.6 shows the general form of a system
partitioned for harmonic balance. The nonlinear subnetwork consists of nonlinear circuit ele-
ments from the device model (nonlinear controlled sources, diodes, voltage dependent capaci-
tors, current dependent resistors, etc.), whereas the linear subnetwork incorporates the linear
circuit elements of the device mode (resistors, capacitors, inductors and linear controlled
sources, etc.) as well as the package parasitics and the passive circuit.

Transistor Chip

ilN . IlL

lei Linear Package Passive
: Part of Equivalent Circuit

(I INL Device

M) Model

Circuit

Non-Linear : Linear
Subnetwork Subnetwork
Y(w), S(w)

Figure 2.6 General form of a system partitioned for harmonic balance analysis.

Linear and nonlinear subsystems comprising the complete system are analyzed independently.
When a high frequency electronic system is considered, it is generally desirable to represent the
linear subsystem elements in frequency domain, typicaly Y(w- or S(a)-parameters, while the
nonlinear subsystem components may be represented by the appropriate time domain functional
relationship (i.e. voltage and current vectors v(t) and i(t)). The solution of the system is
achieved by balancing the terminal currents of the linear and nonlinear subsystems, I, () and
in(t), at their interface, fulfilling Kirchhoff’s current law at each of the interconnected ports in
the spectral domain. Fourier and inverse Fourier transformations are used to convert time do-
main data to frequency domain data, and vice versa. Kirchhoff’'s current law solutions are
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reached by employing an iterative optimization approach to determine the currents that satisfy
current and voltage bal ance at interconnected ports.

A general time domain representation of the nonlinear subnetwork could be of the form
i ov
i(t) =fqi(t),—,v(t),— 2.26
i) =i, 5 v 0.5 | (226)

where the vector f is a nonlinear function of various currents, voltages, and their time deriva-
tives. Higher order derivatives may also appear. We assume that the vector function f is known
from the nonlinear modeling of the transistor.

The linear subnetwork, on the other hand, can easily be analyzed by a frequency domain circuit
analysis program ([2.3], [2.4]) and characterized in terms of an admittance matrix as

I(w) = Y(w)V(w) + I (w) (2.27)

where V and I are the vectors of voltage and current phasors at the subnetwork ports, Y repre-
sents its admittance matrix, and J is a vector of Norton equivalent current sources. Analysis of
the overall nonlinear circuit (linear subnetwork plus nonlinear subnetwork) involves continuity
of currents given by Egs. (2.26) and (2.27) at the interface between linear and nonlinear sub-
networks.

In principle, the solution of the nonlinear circuit problem can always be found by integrating
the differential equations that describe the system. However, we are interested in the steady
state response with periodic excitations and periodic responses with a limited number of sig-
nificant harmonics. This is why we use the harmonic balance method.

The frequency domain analysis of the linear subnetwork is carried out at a frequency wyp and its
harmonics. The characterization in Eq. (2.27) can thus be generaized as

I (keo,) = Y (kaoy \V (ke ) + 3 (ke ) (2.28)

wherek = 1, ..., N, with N being the number of significant harmonics considered. The nonlinear
subnetwork is analyzed in the time domain, and the response obtained is in the form of Eq.
(2.26). A Fourier expansion of the current yields

i(t):(Rekz:Fk (keo, e jkwot)] (2.29

where the coefficients Fy are obtained by a Fast Fourier Transform (FFT) algorithm. The piece-
wise harmonic balance technique involves a comparison of Egs. (2.28) and (2.29) and yields to
asystem of equations

F, (kaw,)- Y (kew, )V, (k) - I, (kew,) =0, k=0,1,...,N (2.30)

The solution of this system of equations leads to the response of the circuit in terms of voltage
harmonics V. Numerically, the solution of Eq. (2.30) is obtained by minimizing the harmonic
balance error defined as

%
pe, (V)= {zm (ka)o)—Y(kwo)V(kwo)—Jk(ka)o)f} (231)

Circuit optimization techniques are used for solving Eg. (2.30) to obtain steady-state periodic
solution of nonlinear circuits. If a transient response is also desired (as for modulation aspects
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in arrays), it becomes necessary to use time domain techniques. A presentation of harmonic
bal ance techniques incorporating Kurokawa s oscillation criterion can be found in section 2.2.1.

If the solution of the harmonic balance synthesis is known, the externa embedding circuit
needed to fulfill the oscillation condition can be directly derived as presented in [2.16]. A more
genera approach to determine the embedding network can be found in [2.17]. An embedding
network can be synthesized in any of three series or three shunt configurations. The network
elements can be derived from Y -parameters of the active device at gain compression. They can
be estimated by reducing the magnitude of $; until the desired value of gain is obtained (sec-
tion 2.3).

The numerical solution of the HB equations is straightforward if simulation software is used
and the circuit is not too complex. If the steady state solution depends not only on one system
but also on external injected signals and multi-oscillator systems, it is helpful to include Kuro-
kawa's oscillation condition given in [2.18] and [2.9].

In the following section, a generalized derivation of nonlinear oscillator theory considering in-
jected signals and multi-oscillator systems is presented, which is adapted in the following sec-
tions 2.8 and 2.9 that deal with injection locking and arrays.

2.2.3 Implementation of Harmonic Balance Analysis in Commercial Software

Within commercial design software [2.3], there are elements that are helpful for the application
of the HB synthesis. The “oscport” element is used as the test interface and the smulation pa
rameters are specified in an “HB analysis’ box. Before starting the simulation, the frequency
derived from linear analysis must be selected as the start frequency. DC supplies are directly
connected to the transistor and the separation from the RF is realized via the idealized “DC
Feed” and “DC Block” elements. Both the “DC Feed” element and the current supply need a
parallel resistance having the order of some Gohms to stabilize the simulation. The simulation
stability also depends on the impedance of the “oscport” element. Experiments performed for
this work showed that values between 11 and 320 Q lead to optimal results.

One of the main problems associated with AIA simulation is that the module has no connection
at which to measure the output power. Using commercial software, it is very difficult to model
the radiation ports associated with AlAs. Therefore, measurements are in terms of radiated
power measured at some distance from the antenna.

In chapter 3, harmonic balance is combined with full-wave simulation of the microstrip struc-
ture to address this issue.

2.3 Comparison of Oscillator Theories for AIAs

2.3.1 Application of Linear Oscillator Theory

The linear oscillator theory is applied to the free running AIA design developed in this work. It
consists of a hybrid uniplanar microstrip structure, using a HEMT t409 (chapter 3) flip-chip
mounted on the substrate allowing easy, inexpensive, and reproducible fabrication of the com-
plete circuit. The resulting microstrip design with relevant dimensions is shown in Figure 2.7.
The transistor is operated in a self-biased configuration with aVps=2.5V and a 10 kQ resistor
between the gate and the source. The resistor enables the device to self-bias for a 24 GHz oscil-
lation and enables stable oscillation.
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Figure 2.7 Layout of the 24-GHz AIA. The gate resonator is the radiating element. The
radiated electric field is polarized as indicated.

The operation of the AIA in Figure 2.7 can be briefly described as follows: The main radiating
part of the AlA isthe nearly half wavelength long microstrip resonator connected to the gate of
the transistor determining the polarization of the radiated (and received) wave. The drain of the
transistor is terminated with a short non-resonant stub, and the short source stubs allow for a
feedback loop by coupling to the gate resonator. The RF is decoupled from the bias lines by
radia stubs.
Im{det(S;*S,-1)}
.

—4

Re{det(S,*S,-)}

Small signal oscillation condition

Figure 2.8 Polar plot of Egs. (2.10) and (2.11) as the frequency varies from 4 to 30 GHz.

Implementing linear (small-signal) oscillator theory, Egs. (2.10) and (2.11) can be plotted in a
polar diagram (Figure 2.8). The oscillation condition is satisfied if the curve crosses the positive
real x-axis. Thisis satisfied in Figure 2.8 for the desired oscillation frequency of 24 GHz. Re-
garding stability, the loop crosses the positive real axis in the clockwise direction, i.e. the sys-
tem is unstable as desired.

2.3.2 Derivation of the Steady-State

The optimal way to design oscillator is to use nonlinear (large-signal) oscillator theory. Since
large-signal oscillator design is a difficult procedure requiring extensive large-signal measure-
ments to obtain an adequate device model, it is interesting to verify if linear modeling gives
sufficient accuracy for oscillator design. Many years ago, Vehovec, Houselander, and Spence
[2.19] discussed an oscillator design method based on known device Y -parameters with the
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assumption that the voltages are nearly sinusoidal. This requires that the nonlinearities of the
transistor are of a small degree. Later, Kotzebue [2.17] extended the work of Vehovec and de-
rived a set of closed form solutions for the embedding elements of three series-type and three
shunt-type oscillators based on small-signal S-parameter measurements. Using small-signal S-
parameters, Maeda et a. [2.1] obtained meaningful oscillator design data at least for the oscilla-
tion frequency. Besser [2.20] also acquired noteworthy design information based on small-
signa measurements.

Regarding the two-port S@-parameters of a transistor with respect to different power levels,
Johnson [2.21] showed that only [S;;| changes under large-signal conditions. This means that
the gain is saturating, while the other parameters are remaining constant when the oscillator
reaches steady state. Therefore, it is sufficient to reduce [S?,4| to consider the saturation effects
of the steady state.

To prove Johnson’'s assumption with the transistor applied in this work, we measured the
HEMT used for the AIA design with respect to different power levels. The power levels indi-
cated in Table 2.1 are those of the VNA. In Table 2.1 it can be seen that Z,; depends much
more on the power than the other parameters. This confirms that Johnson’s assumption can be
applied in thiswork.

power Zn Zp Zn Zy»
-10dBm 12.8-j22.7 64.9+j0 -8+j76.8 24.4-j36.3
-5dBm 12.8-j22.7 64.9+j0.1 -8+j77.2 24.4-i36.4
0dBm 12.8-j22.9 64.9+j0.1 -7.4+j76.8 24.4-i36.4
5dBm 12.8-j22.9 64.9+j0.2 -6.4+j77.1 24.4-i36.5
10dBm 12.8-j22.9 65.0+j0 -5.4+77 24.4-j36.7
Table 2.1 Measured transistor parameters with respect to different power levels.

2.3.3 Linear Oscillator Design Using Reduced S-Parameters

The conditions for a stable oscillation are given in Egs. (2.5) and (2.6). Saturation effects a-
ready took place and the transistor S?-parameters are at their steady-state (large-signal) values.
Not considering transient effects, Egs. (2.10) and (2.11) can be written as

| det (S, 8, -1)|=0 (2.32)
and

Argdet(S, (8, -1)=0 (2.33)
Comparing the three-port oscillation conditions Egs. (2.10) and (2.11) with Egs. (2.32) and
(2.33), it can be seen that the magnitude must be reduced whereas the argument remains un-
changed. Looking at the reduced S®-parameters, we know from [2.21] that we only have to

consider the variation of S?,,. Reducing S?,; by a factor of 0.44, the three-port steady state
oscillation condition (Egs. (2.32) and (2.33)) is satisfied again.
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Figure 2.9 Small-signal oscillation conditions to start oscillation (gray) and for stable os-
cillation (black) as the frequency varies from 4 to 30 GHz.

In Figure 2.9, the oscillation conditions required to start up an oscillation and for steady state
are plotted. Though the change of S; is very large compared to the variation observed during
the large-signal measurements according to [2.21], the divergence of the oscillation frequency
using the reduced S-parametersis less than 1%. From this calculation, we know that the small-
signa S-parameters can be used to predict oscillation frequency. Moreover, the steady state
oscillation condition can easily be derived using Johnson’s [2.21] assumption that is proved
valid for the transistor used in thiswork. To verify the validity of the reduced S-parameters they
are applied to Kurokawa' s nonlinear oscillator theory.

2.3.4 Kurokawa’s Oscillation Condition with Reduced S-Parameters

The free running AlA can aso be examined using Eq. (2.24). After splitting up the AIA accord-
ing to Figure 2.4, the admittances can be calculated. The S-parameters of the embedding circuit
are combined with the reduced S-parameters of the transistor since Kurokawa's theory is only
defined for the steady state.
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Figure 2.10  Kurokawa s oscillation condition applied for asingle AlA.

The result applying the reduced S-parameters to Kurokawa's oscillator theory is shown in
Figure 2.10. Oscillation condition is satisfied for 24 GHz. This confirms the validity of the re-
duced S-parameters.

To examine this oscillation further, the Nyquist criteria (section 2.1.2) can be applied to the
divided AIA structure. Figure 2.11 shows the Nyquist loop applied for Kurokawa's oscillation
condition. The loop encircles the point 1+j0 in clockwise direction, i.e. the AIA oscillates.
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Figure 2.11  Nyquist criteria applied to Kurokawa's oscillation condition as the frequency
varies from 4 to 30 GHz.

2.3.5 Numerical Solution of the Oscillation Condition

Using the reduced S-parameters, the oscillation condition, Eq. (2.9), is no longer an inequality
and can be solved numerically.

Inserting Eq. (2.8) into Eq. (2.7) leads to
det(S; §,-1)=0 (2.34)

St and S, are the three-port representations of the reduced small-signal S-parameters of the
transistor and the S-parameters of the microstrip structure, respectively. The transistor and cir-
cuit parameters can be derived from chapter 3.

It can be seen that Eq. (2.34) is the characteristic equation of St-Sp, for the eigenvalue 1. The
corresponding eigenvector is ap in Eq. (2.7). The other wave vectors can be determined using
Egs. (2.3), (2.4), and (2.5), and the port voltages of the microstrip structure according to Figure
2.3 can be calcul ated:

U=+2glfa, +b,) (2.35)
where
g=,Z,0 (2.36)

and the characteristic impedance is Zy. The port voltages are useful to calculate the radiated
power and the far field distribution (chapter 3). Using the transistor S-parameters and the mi-
crostrip data from the full-wave simulation and solving Egs. (2.34) and (2.35), gives the follow-
ing port voltages (Table 2.2):

Port Port voltage (magnitude) Port voltage (phase)
1 and 2 (source lines) 13.2 95°

3 (gateline) 15.18 -6°

4 (drain line) 494 -152°

Table 2.2 Calculated port voltages for the AIA configuration in Figure 2.3.
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2.4 Frequency Tunable Active Integrated Antennas

For some applications, it is required to use frequency tunable AlAs. An overview over these
applications together with aready proposed solutionsis given in chapter 1. Tuning of AIAs can
be achieved in two ways:

» Biastuning of the active device. This has the advantage that the circuit topology of the
fixed frequency approach can be used whereas the tuning range is very small.

* An additional varactor diode can be integrated into the circuit topology. This approach
has a much wider tuning range but requires a redesign of the circuit and additiona bias
and control lines.

In this section the design process of avoltage controlled AlA with avaractor diode is described.

2.4.1 Background of VCOs

Voltage controlled AlAs (VCAIAS) can be designed with linear oscillator theory (section 2.1)
using a small-signal fixed frequency approach. Here, the circuit is divided into three parts con-
sisting of the transistor, the diode, and the microstrip circuit (Figure 2.12). The transistor and
the diode are modeled with its small- and large-signal representations, respectively. The deriva-
tion of the modelsis described in chapter 3. The microstrip structure is simulated using a planar
solver [2.22] based on the Method of Moments. The connections between the devices and the
microstrip lines are modeled with point-feed ports simulating the physical flip-chip connec-
tions. Geometric dimensions of the devices and bias lines together with RF decoupling circuits
are taken into consideration during simulation.

Transistor Pgss[ve Diode
Model Circuit Model
Model
a b c

Figure 2.12  Modeling topology for the VCAIA.

Considering the transistor as the core element of the AIA, varactor diodes can be connected to
any of the terminals of this device depending on their function. Varactors coupled to the gate
are presented in [2.23], [2.24], [2.25], drain coupling is presented in [2.26], [2.27], and source
coupling is shown in [2.28]. Coupling bandwidth can be further enlarged using two diodes at
two different transistor terminals, e.g., gate and drain as shown in [2.29]. This symmetrical ap-
proach is very useful if applied to arrays[2.30].

Varactor diodes are normally used in a shunted configuration. This is why many authors mount
the diode through the substrate to allow a wideband ground connection. Since our fixed fre-
quency approach is uniplanar, it was desired to mount the diode without a via-hole. Simulations
showed that a RF ground connection with aradial stub is sufficient.

2.4.2 Frequency Tunable AIA Design

In the AIA showed in Figure 2.7, the gate resonator is the frequency-determining element.
Therefore, only the configuration where the diode is connected to the gate resonator is exam-
ined. The influence of the diode on the oscillation frequency is examined as the diode voltage
was varied for a diode model developed and integrated into the design (chapter 3). The oscilla
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tion condition must be satisfied for all diode voltages, and it was defined that oscillation at 24
GHz occurs for the diode voltage in the center of the required tuning range. The diode can be
connected either directly or indirectly to the gate resonator.

Figure 2.13 shows the microstrip structure of the voltage controlled AIA for direct coupling.
The dimensions of the gate resonator are adjusted for oscillation at 24 GHz. The achievable
tuning using direct coupling is shown in Figure 2.14. The disadvantage using direct coupling is
that the diode could influence the transistor behavior strongly, resulting in variations of the out-
put power. To avoid this strong dependence, indirect coupling can be applied using a different
microstrip structure (Block b in Figure 2.12).
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Figure 2.13  Voltage controlled AIA with direct coupling.
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Figure 2.14  Calculated oscillation frequency vs. reverse-bias varactor voltage for direct
coupling.
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Figure 2.15  Inductively (a) and capacitively (b) coupled voltage-controlled AlAs.

Capacitive and inductive coupling are studied in this work. Inductive coupling (Figure 2.15a) is
realized with a thin (high impedance) line between the gate resonator and the diode, whereas
the capacitive coupling (Figure 2.15b) is carried out with a coupled line section between the
resonator and the diode. The capacitive approach includes an additional bias line for the diode.
This line gives an additional degree of freedom as the diode is completely independently bi-
ased, at the expense of real-estate increase. However, calculating time increases due to the addi-
tional structures.

From Figure 2.16, it can be seen that the oscillation frequency is proportional to the diode volt-
age for inductive coupling (a) but not for capacitive coupling (b). In Figure 2.16b, the oscilla-
tion frequency increases for varactor voltages between [0; -8 V] and [-12 V; -18 V]. Between
[-8V; -12 V], the frequency and radiated power decrease significantly. This indicates that multi-
moding is occurring due to the modified resonator geometry.

a: inductive b:capacitive
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Figure 2.16  Calculated oscillation condition for inductive (a) and capacitive (b) coupling.

The presented results clearly show that the configuration in Figure 2.15a is better regarding
tuning range, overall size, and number of bias lines.

2.5 Phase Noise

Many sensor and communication applications find their limitations in the phase noise behavior
of the AlA. In this section, the phase noise is defined, and the physical mechanisms are dis-
cussed. Besides free running AlAs, injection locked and AIA arrays are also considered. The
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noise free AIA model derived in the preceding sections is adapted. The influence of AIA pa-
rameters, injection locking, and mutual coupling on the phase noise behavior is examined.

2.5.1 Definitions

In frequency domain, the ideal oscillator signal is a discrete spectral line. However, due to dif-
ferent noise mechanisms, there are phase and amplitude modulations that lead to a broader
spectrum. There are two ways to describe this behavior.

Due to the random nature of the instabilities, the phase deviation is represented by a spectral
density distribution plot. To measure phase instabilities, the spectral density of phase fluctua-
tions on a per-Hertz basis Sff) is used

S,(f)=0¢"ms(f) (2.37)

Frequency instabilities are described using the spectral density of frequency fluctuations as
givenin[2.31]

Sy (f)=Af 2ms(F) = £ 2AgPums () = £2S,(F) (2.38)

The spectral density of phase noise can be converted to the spectral density of frequency noise
by multiplication with the Fourier frequency (corresponding to differentiation in the time do-
main).

To measure the noise energy related to the RF power spectrum observed on a spectrum analyzer
indirectly, L(f) can be used. L(f) is defined as the ratio of the power in one phase modulation
sideband on a per-Hertz basis, to the total signal power. The phase noise density to carrier ra
tion L(f) is usually presented logarithmically as a plot of phase modulation sidebands in the
frequency domain, expressed in dB relative to the carrier per Hertz of bandwidth [dBc/HZ]

L(f) = Power Density (One phase modulation sideband) {dBc} (2.39)
Carrier Power Hz
L(f) can be derived from Syf)
1 11
L(f)==s,(f)= S, (f) (2.40)

NPT

In the time domain, phase noise can be observed as phase jitter on an oscilloscope display, or a
time interval counter may detect the instantaneous time fluctuations of the zero crossings. How-
ever, this is difficult a microwave frequencies. Phase or frequency fluctuations are the same
physical phenomena related by a time derivative. If v(t) is a signal with random phase fluctua-

tion A¢t), it can be written as[2.32]
v(t) = v, cod 27 it + Agt)] (2.41)

Frequency and phase are related in the time domain by

_ 1 do(t)
f(t)=——""= 2.42
(t) P—— (242)
In an oscillator, the signal consists of a large, relatively clean carrier accompanied by various
forms of noise. The noise may initially be divided into two classes, noise at frequencies of the
same order as the carrier and noise at relatively low frequencies, close to DC. Due to flicker
effects in the active device used, noise close to DC tends to follow a 1/f power law with fre-
guency. Since the active device is operated under large-signal conditions, the low frequency
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noise is upconverted due to the device nonlinearities causing noise sidebands around the RF
carrier signal. The other significant contribution to the noise output of a good oscillator would
be expected to be the noise components existing initially at frequencies adjacent to f,. These
would be identical in an ideal linear oscillator to those in a real somewhat nonlinear oscillator.
Thus, using alinear model to predict the carrier to noise ratio of an oscillator, the main error is
in neglecting the 1/f noise. Such a model is therefore adequate to describe the performance of
an oscillator except for very small offset frequencies. Applying this model [2.31], L(f) can be
written as

2
L(f)= FkT E—IL2 EEEJ (2.43)
C 8Q° \fy
with

F: noise figure of the active device

k: Boltzmann's constant

T: effective noise temperature

C: carrier power

Q: quality factor of aresonant circuit (with external loading)

fo: carrier frequency

fr: frequency deviation from the carrier

Eq. (2.43) gives an output noise density to carrier ration of the form
N K
2= 2.44
c 12 (2.44)

m

where K is independent from the offset frequency. This inverse square law holds over an offset
frequency range from the 1/f* term (due to intermodulation of carrier and flicker noise) at some
low offset frequency, up to a higher offset frequency where flat phase noise in any subsequent
electronic device begins to dominate. Figure 2.17 shows a typical performance for a crystal
oscillator.
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Figure 2.17  Typical phase noise performance of an oscillator.
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2.5.2 Phase Noise in AIAs

Due to the low Q of the distributed resonator, the linear oscillator model is sufficient since
small frequency deviations cannot be determined. Furthermore, other factors that could affect
the phase noise (power supply noise, nonlinearities of the transistor...) can be neglected.

This phase noise analysis extends the analysis from sections 2.8 and 2.9. Thisisdone by using a
complex noise admittance, which conveniently models the complexities of typical noise effects
in AlAs [2.33]. The resulting dynamic equations describe the amplitude and phase fluctuations
of the AIA. In a general case, the equations describe the transformation from amplitude modu-
lation (AM) and phase modulation (PM) noise - corresponding to the real and imaginary parts
of the noise admittance, respectively, to the individual oscillator output fluctuations. These
eguations cannot be solved analytically. However, restricting attention to phase noise and ne-
glecting AM-to-PM conversion termsin the analysis permits an analytical solution.

As described in sections 2.8 and 2.9, a single negative resistance AIA model can be used to
simulate the AIA, especialy when regarding injection locking or arrays. This model is capable
of generating all of the observed synchronization phenomena. Since the gate resonator is nearly
half wavelength long, a parallel model is employed, as shown in Figure 2.18.

Transistor
and embedding
circuit
L C Yn inj L GL C
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'Gd(lvl) T v T
ili).(éi:ir;l Gate Resonator
Noise ! of the AIA
Admittance

Figure 2.18  Paradlel negative conductance AIA model with complex noise admittance.

Noisy AlAs can either be modeled through the addition of an equivalent noise current generator
or with an equivalent noise admittance Ynoise = Gnoiset ] Broise (COMpare [2.34]), as shown in
Figure 2.18. To model both injection-locked and free running AIAS, an injection source is
added to the model. The free running case can be considered by setting the injection current to
zero. If the AlA is under-injection-locked to an external source, the phase relationship between
the AIA and the injection source can be described as (section 2.8)

d_§0: —M' - Uyr. —&B 2.45
dt a)o 2Q sm(qo l/(l’]j) 2Q n(t) ( )

where @ iy are the instantaneous phases of the AIA and the injection signal, respectively, and

w and Q are the free running frequency and Q-factor of the AIA, respectively. p= Ain/Aisthe

injection strength (i.e. the injection signal is normalized to the free-running amplitude of the

AlA). B(t) is atime varying noise susceptance (or the quadarture phase component of the noise
admittance), assumed to be an ergodic process. A noise-free synchronized steady state satisfies
sinfp-,, )= <o = S~ (2.46)

PWygg Aw

lock
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where aiy = d¢dt is the injection frequency, s = w/2Q is half the 3 dB bandwidth of the
AlAstank circuit, Aaok= paxgs IS half the entire locking range, and the circumflex () denotes
a steady state quantity. Assuming the noise is a small perturbation of the noise-free solution, the
phases change to

Q- 9+ P (2.47)
and
winj - ‘pinj +5winj (248)

where dgand oy, describe the small phase fluctuations of the AIA and injected signal, and Eq.
(2.45) becomes

- T pcos(qo 17/”])(540— 3¢y ) —B, (1) (2.49)

Applying FFT algorithms, the power spectra density of the AIA phase fluctuation (the phase
noise) can be calculated. In the absence of an injected signal, the phase noise of a free running
AlA can be written as:

2

~

Bn
(C()/ wadB )2

The tilde denotes a transformed or spectral variable and w is the noise frequency measured rela
tive to the carrier. The phase noise of an injection locked AlA can be written as:

__‘ ﬂ = a)/a%dB 2‘5@2 + pzcosz((’bz_ajlnj)|,\5¢(nj|2
w/agds) + oo (- U) (@) + poos’( p-"y) 25D

uncoupled = (250)

| = (o] =|oa|

Theresult of Eq. (2.51) is essentially the same as that derived by Kurokawa[2.35].
The essential features of Eq. (2.51) are

1) The near carrier noise is approximately that of the injected signal over most of the lock-
ing range, but approaches that of afree-running AIA at the band edges(@- ¢, = 1/ 2).

2) Thenoisefar from the carrier isthat of the free-running AIA.

In practice, spurious phase modulation is more important technically than spurious amplitude
modulation. This is because the majority of high capacity communication systems use angle
modulation. Using a free running AIA as asigna source, only low bit-rate communication sys-
tems can be redlized. Large-signals received with heterodyne detectors can cover smaller sig-
nals with their noisy sidebands. Moreover, the accuracy of velocity and distance measurements
depends on the amount of phase noise of the signal source.

The phase noise behavior of an AIA depends on the active device. The transistor is responsible
for the close-to-carrier phase noise due to the upconversion of the low-frequency noise. Since
we neglect upconversion effects and the phase noise is primarily determined by the low-Q reso-
nator, the influence of the transistor on the phase noise is neglected. A comparison of the differ-
ent transistor performances (HBT and HEMT) can be found in [2.36].
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There are different ways to improve the phase noise of AlAs. The phase noise of afree running
AlA can be improved by increasing the Q of the microstrip resonator (see section 2.6). Addi-
tionally, AlAs can be combined in self-locked arrays.

2.5.3 Phase Noise in Coupled AIAs

Coupled-oscillator systems possess synchronization properties that may be suitable for certain
millimeter wave power combining and beam scanning applications. To ease mutual locking,
low-Q oscillators are preferred that unfortunately imply large phase noise. It can be shown that
the total phase noise of an array can be reduced compared to a single free-running element in an
array in direct proportion to the number of array elements used, if the coupling network is de-
signed properly. Considering an AlA array, it is assumed that the independent noise sources of
the oscillators are mutually uncorrelated but generate identical power spectra. As the coupling
phase deviates from the optimum value, the phase noise can increase significantly near the
locking range edge, depending on the offset frequency from the carrier.

The AIA array is modeled according to section 2.9. Each AlA is represented again as a parallel
resonant circuit with complex noise admittance Y, (section 2.5.2) and coupling is modeled us-
ing a coupling network that is described by Y -parameters. To model the influence of injection
locking within the array, independent current sources are added to the model. The general case

of amutually coupled AlA array can be derived setting all current sources to zero. The resulting
model is shown in Figure 2.19.
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Figure 2.19  Oscillators coupled in paralel through an arbitrary network described by Y-
parameters. A set of mutually coherent sources apply injected signals at each port.

The current sources are assumed to be mutually coherent at a frequency i, but have arbitrary
amplitude and phase. Adapting the methods derived in section 2.9, the phase dynamics of an N-
element array are predominantly governed by [2.34]:

Z—‘f = -%[glm{ k€@ %) + psin(g-y) +B, (t)} (2.52)
fori=1,2,...N, where the following parameters have been used to describe the i-th oscillator:

w free-running frequency

Q@ instantaneous phase

Jo, normalized injected signal amplitude
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7 instantaneous phase of the injected signa
Bni noi se susceptance
Q Q-factor of the AIA

We also assume that the oscillator amplitudes are approximately the same. The coupling pa
rameters «;; are defined by

K. =0 (2.53)

where Yj; describe the admittance or Y -parameters of the coupling network, and G, is the load
conductance required for the free-running AlA to achieve the desired amplitude.

The power spectral density of the phase fluctuations of the AIA array is derived according to
the single AIA approach using perturbation of the noise-free solution. The following substitu-
tions are made in Eq. (2.52):

¢~ p+op (2.47)
and
‘/jinj - ‘/')inj +5winj (248)

Assuming o¢ and oYy, are small, and performing a Fourier transform gives for a globally in-
jected array

2 1 2

(2.54)

__‘5(;‘2 (@ wys)* p
NP o2+ (W ) p* + (W )

The term |dgf° is the noise of a single free-running AlA, Eq. (2.50). The total noise has exactly
the same form as the result obtained for a single injection locked AlA, except that the contribu-
tion from internal noise sources in the array is reduced by 1/N. Near the carrier, the output
phase noise isthat of the injected signal

+ ‘Jwinj i

0

2

" =|ag,, (2.55)

and far from the carrier, the noise reduces to that of a free running synchronized array as fol-
lows

1im| o,

‘2

e~ 21~
M|, | = [0m (2.56)
In a mutually coupled AIA without external injection locking, the phase noise for al frequen-
cies can be described as:

2

(2.57)

St | = Llog
‘ ﬂotal _N‘ (00 uncoupled

The total phase noise for N mutually coupled AlAs becomes 1/N of that of asingle AIA. This
suggests that mutual synchronization does not lead to any significant correlation of the AIA

phase fluctuations.

The noise property of the individual AIA in the mutual coupled array is also of interest. The
power spectral density of thei-th AIA inthearray isfound asgivenin [2.37]:
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Again, the primary interest is with the phase noise near the carrier, so that w<<Awock, in which
case

2

(2.58)

5

uncoupled

2

sa” - Llog 2,59
‘ Q‘ - N‘ ¢' uncoupled ( 5 )
At the other extreme (i.e. far from the carrier), the individual AlAs approach the free-running
noise properties:

2

ag|" - lon (2.60)

uncoupled

To summarize, after adding the coupling circuits, the individual AlAs and the total array output
have a phase noise reduction near the carrier frequency in direct proportion to the number N of
AlAs. The phase noise of an AlA far from the carrier frequency is not affected by the coupling
circuits and still has the same noise properties as the free running AlA.

2.6 Q-Factor

In microwave integrated circuits, resonant systems can be realized in different ways depending
on the waveguide technology used. In this work, microstrip technology is applied. Microstrip
resonators can have either ring, circular, or rectangular shapes. Since we use the resonators also
as radiators, ring or circular patch shapes are not applied due to their varying polarization. The
only patch shape considered in this section is arectangular patch/resonator.

Regarding the resonator/antenna of an active integrated antenna, there is a contradiction in the
desired properties. On the one hand, a high-Q resonator is desired to alow for low-noise. On
the other hand, a low-Q patch antenna with high radiation efficiency is welcome. A compro-
mi se between the oscillator/antenna functions must be found.

Within an AIA, the resonator is directly connected to the active device. This results in a second
compromise that must be found for the input impedance of the resonator/antenna. Only these
input impedances satisfying oscillation condition can be used. In this section, electric as well as
geometric factors that influence the Q-factor of the AIA are discussed.

2.6.1 Definitions of Q-Factors

2.6.1.1 Unloaded Q-Factor

An important parameter specifying the frequency selectivity and performance of a resonant
circuit in general, is the quality factor, Q-factor, or Q. A very general definition of Q that is
applicable to all resonant systemsis[2.38]

eak energy stored in the resonator
Q=w — ¥ . (261)
average power lost per cycle in the resonator
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For aparallel resonant circuit it can be written as
_wlCp 1
G w,L,C,

p

Q (2.62)
2.6.1.2 Loaded and External Q-Factors

In practical situations, the resonant circuit is coupled to an external load G, (i.e. the source ad-
mittance) that also dissipates power, and the loaded quality factor Q. is given by

11,1 (2.63)
Q Q Q

where Qg is the external Q for alossless resonator in the presence of the load

peak energy stored in the resonator _ &,C,

Q=w, (2.64)

average power lost per cycle in the load B G,
peak energy stored in the resonator &G,
average power lost per cycle in the resonator +load G, +G,

Q=w

(2.65)

2.6.2 Influence of Various Loss Contributions on the Q-Factor

The main losses in amicrostrip line are due to radiation and the finite conductivity of the metal.
However, to keep the results as realistic as possible, dielectric losses, surface roughness, and
dispersion are included in this examination, although their influence on the overall Q in many
casesisrelatively minor.

Here, only open-circuited transmission lines (OC-TL) are discussed. If the length of the resona-
tor is about a half of a guided wavelength, it behaves close to resonance as a parallel resonant
circuit.

Belohoubek and Denlinger [2.39] reported Q-factor calculations for A/4 resonators (one side
shortened) over a limited frequency range. Gopinath [2.40] presents a method to calculate the
Q-factors of half-wavelength resonators as a function of conductor, dielectric, and radiation
losses.

The overall Q of the resonator is given by:

i 1,11 (2.66)

Q Q Q Q
where Q., Qq, and Q; are the Q-factors associated with conductor loss, dielectric loss, and radia-

tion loss, respectively. From Eq. (2.66), it can be seen that the total Q is always dominated by
Q-factor related with the highest |osses.

The high current density in the edge regions of the thin conducting strip is a source of loss for
microstrip lines at microwave frequencies. Pucel [2.41] derived curves for the conductor at-
tenuation factor a.-Zo-h/Rs as a function of w/h and t/h. These curves can be used to determine
the conductor loss constant a.. Zpis the characteristic impedance of the microstrip line depend-
ing on the line width w, h and t are the substrate and metallization thickness’, and Rs denotes the
surface skin resistivity of the conductor:
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R = —’T;’ Zo (2.67)
0

where pisthe resistivity of the metallization. After determining a. from the corrected curvesin
[2.41], the conductor Q-factor can be calculated:

_n
a.A,

Q. (2.68)

Since dielectric loss is usually lower than conductor loss, a detailed estimate of dielectric losses
is not necessary, and it can be described as:

g tand
o =5 [N/ (2.69)
Egi Ay
where
e, -1
= (2.70)
e -1

Ecif effective dielectric constant

& substrate relative dielectric constant
Ag guided wavelength

tan 0 substrate loss tangent

The dielectric Q-factor Qg can be calculated from the dielectric loss constant ay:

Qi = S (2.71)
A

A theoretical paper by Lewin [2.42] discusses radiation from discontinuities in microstrip. One
of the cases considered, an open circuit, is applicable to the transmission line resonator configu-
ration [2.43]. Since the length of the resonator is small compared to the free-space wavelength,
the radiation from the two ends is not independent and further adaptations must be made. Gopi-
nath [2.40] presents a formula for the radiation quality factor for a A¢/2 resonator, valid for
resonators used in this work:

3,7

where 77 is the free-space characteristic impedance and h is the substrate thickness.

From Eq. (2.72), it can be seen that the Q-factor due to radiation losses is limited by low dielec-
tric constant (&) substrates as well aslow impedance (Zo) lines.

Line impedance can be adapted changing the line width. Enlarging the radiating edge results in
lower impedance and lower radiating Q Eqg. (2.72), Figure 2.20. On alumina, a 25 Q line radi-
ates about 25% of the total dissipated power in a resonant circuit. A 10 Q line would radiate
50%, and an impedance below 5 Q would be impractical due to 100% radiation loss, compare
[2.44]. However, line impedance cannot be increased too much since high impedance is corre-
lated with excitation of surface waves resulting in increased |osses.
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Figure 2.20  The Q-factor of A/2 resonators against impedance for different substrate thick-
ness (f =32 GHz, £,=13[2.40]).

For alumina substrates and low frequencies, the Q-factor is determined by the circuit losses,
whereas the radiation losses are not very pronounced. At higher frequencies, however, and es-
pecially for low characteristic impedance lines and thick substrates, radiation dominates. Figure
2.20 shows the total Q-factor of half wavelength resonators versus impedance (i.e. line width)
for different substrate thickness. To simplify the graph and show the effect of radiation losses
more clearly, the circuit quality factor Qo= 1/Q.+1/Qq is used. The total Q, Q; is dominated for
low impedance lines by the radiation losses (i.e. Q;), and for high impedance lines by conductor
and dielectric losses (i.e. Qo), respectively.

At each impedance, the curve peaks to a maximum value of Q at some substrate thickness. This
maximum Q decreases whereas the substrate thickness, at which the maximum Q occurs, in-
creases with increasing impedance.

Though Figure 2.20 does not represent our exact boundary conditions (& = 10, h = 0.254 pm,
f=24 GHz), it is a good approximation. Comparing the Q-factor behavior given in Figure 2.20
with the maximum Q-factor that can be achieved using our boundary conditions (Figure 2.21),
it can be seen that the information in both graphs agrees with respect to the value of Qqp:.
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Figure 2.21  Substrate thickness for maximum Q-factor against frequency for 50 Q A/2
resonators, for different & [2.40].

In contradiction to the classical oscillator, radiation from the resonator is desired for AIA opera-
tion. To verify the influence of the different loss factors on the AIA operation, different resona-
tor shapes are realized.

2.6.3 Determination of the Q-Factor

The Q-factor of aresonant circuit can be determined using different methods. Most methods are
because the input impedance of a resonator is a function of frequency and describes a nearly
perfect circle. The impedance can be measured with a network analyzer, and Q can be derived
from this data. In general cases, the method proposed by Kajfez and Hwan can be used [2.45],
[2.46]. If the considered circuit is very lossy, the critical points method proposed by Sun and
Chao is more suitable [2.47]. However, these methods require reading information from the
Smith chart. S-parameter data, on the other hand, is readily available from network analyzer
and modeling software. Thus, an agorithm determining Q, based on these data, is presented
here.
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Figure 2.22  Definition of the admittances to derive the Q-factor of the AIA.
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The representation of Q, to be used as the basis for the present method, begins with representing
the circuit to be determined in terms of a parallel admittance Y, (since the examined resonator is
nearly half-wavelength long, see Figure 2.22) as expressed in [2.48]

Y, =G, +jB, (2.73)
with
B, = Awe =W, ) _*WH) (2.74)
W

where We and Wy are the stored electric and magnetic energies, respectively, in the system; and
V isthe input voltage. Furthermore, it can be shown that

B, _4WE +W,
ow W’

where W + Wy is the average energy stored in the system. The average power lost in the sys-
temisgiven by

(2.75)

Average power lost = %W (G, +Y) (2.76)

Substituting Egs. (2.75) and (2.76) into the fundamental definition of Q in Eq. (2.61) gives the
following representation for the loaded Q, :

| @ B
Q= [2((;L +Y,) JwL:% (2.77)

With this expression, Q. can be evaluated using either ssimulated or measured S- or Y-
parameters. Since Y -parameters cannot be measured directly using a network analyzer, [2.48]
can be used to convert S-to Y -parameters. Since these parameters are normally given in discrete
form, anumerical derivative for dB/dw isrequired:

a8 (Y wB)~(Y o)(TE) o
0 n(o)-(a)

where n is the number of discrete points of data used to calculate the slope.
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2.6.4 Different Resonator Shapes for AIAs

The AIA resonator is responsible for the frequency determination and radiation properties of
the AIA. To verify the influence of the resonator shapes on the AIA behavior, we designed
three different resonators.

1640 pm
4000 pm
2380 um

230 pm

1030 um

—
230 um

Figure 2.23  Different gate resonators: Short 50 Q line (a), long 50 Q line (b), and patch (c).

Figure 2.23 shows the shapes of the different resonators having al the same input impedance.
Two 50 Q lines with different lengths (a and b) are compared with a shorter low-impedance
(Zo= 11 Q) patch (c). Though they have the same input impedance (at the right feed port), they
have different Q-factors.

Comparing the line shapes, it can be seen that the patch (c) has a lower Q; than the 50 Q lines
due to its line width. The long radiating edge causes high radiation losses. This behavior isin
accordance with the theory described in section 2.6.2 (Figure 2.20). Both 50 Q lines have the
same radiation losses due to the same radiating edge, but the energy saved in the resonator is
proportional the resonator length resulting in higher Q for the longer line (Eq. (2.61)).

Regarding oscillator theory, the input impedance of the resonator influences the oscillation fre-
guency. Considering Eq. (2.77), it can be seen that the derivate of the admittance is needed in
addition to determine the radiation behavior, i.e. loaded Q-factor. This is why the three resona-
tors have the same oscillation frequencies but different radiation characteristics.

To alow oscillation and radiation at the same time, a compromise between the optimal length
and impedance of the microstrip line connected to the active device must be found. Thus, the
realized lines vary from multiples of half-wavelength resonators at 24 GHz. To determine the Q
of the resonators anyway, the susceptance of the transistor’s gate terminal must be considered,
since parallel resonance condition is satisfied for Bges = 0.

With Eq. (2.77) and B = B +Bin= Bges, the loaded Q, of the resonators can be determined
(Table 2.3). These values are identical to the values that can be calculated applying parallel
resonant circuit theory. Using these formulas (section 2.6.1), Q and Q. of the resonators can be
calcul ated.
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Line No. Q. Eq. (2.77) Qe, Eq. (2.64) Qo, Eq. (2.62)
a 9.17 9.86 130.4
b 17.6 20.6 120.8
c 7.0 7.45 115.8

Table 2.3 Calculated Q-factors for the different resonators from Figure 2.23.

Resonator (b) has indeed the highest Qo (Table 2.3). Without the load of the transistor, the reso-
nators behave nearly identical. Thisresult isin agreement with Figure 2.20.

The Q-factorsin Table 2.3 are derived from Y -parameters based on full-wave ssimulations with
the Method of Moments. To verify these results, Q can also be determined based on the physi-
cal loss mechanisms (section 2.6.2). If the frequency and substrate parameters are known, Egs.
(2.66) to (2.72) can be used to calculate the Q of the resonator based on physical effects. With
the oscillation frequency set to 24 GHz and the substrate parameters from the appendix, Q can
be determined to be 160. This value is 23% larger than the value derived from the smulated Y -
parameters. This error is due to the assumption that the resonator is exactly half wavelength
long, which is not true. However, the calculation based on the loss mechanisms proves the va-
lidity to use the transistor susceptance for the calculations.

The resonator Q is not only influenced by the resonator shape, but also by a high-Q resonator
coupled to the original line resonator. This caseis considered in the following section.

2.7 Dielectric Stabilized Active Integrated Antennas

Dielectric resonators (DRs) can be used as hybrid circuit elements in microstrip circuits. These
resonators function as band pass and band stop filters or stabilization devices for oscillators.
DRs are small cylinders and have a high Q due to high € material (&> 30), making them desir-
able for microstrip circuits where the resonators have low-Qs.

For active antennas, several basic configurations are possible. The DR may be placed at either
the output or input of the active device. However, using a DR broader tuning bandwidths are
supposed to be obtained if the DR works as a parallel feedback element. In this section, it is
verified how the DR can be integrated into the AIA leading to better antenna properties.

2.7.1 Dielectric Resonator Modes

Besides the TE and TM modes, a hybrid, or HEM mode that can be either quasi-TE or quasi-
TM exists in a dielectric resonator, see [2.8]. This mode occurs in the dielectric resonator be-
cause a magnetic or tangentia electric field normal to the resonator wall can exist. Neither of
theseis possible at a metal wall.

Analysis of adielectric resonator is complex although much work has been done to obtain good
design information [2.49]. Due to the cylindrical form of the rod, the solutions to Maxwell’s
equations will be Bessal functions. For propagation, the Bessel function of the first order ap-
pliesinside the rod, since thisisthe only function that isfinite at the rod’s center. Outside of the
rod, the Bessel function of the second order (sometimes referred to as the Neumann function)
applies because it vanishes as its argument increases without limit.

If the rod is cut into a short section, then again the field equations can be satisfied. A rather
complicated eigenfunction results, showing conditions for resonance of the rod in free space.
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To obtain the eigenvalues, solutions of transcendental equations of Bessel functions of both first
and second order must be solved. A more detailed analysis can be found in [2.49].

The m and n subscripts as used for the dielectric resonator are modified, replacing n by o. This
means the rod is an incremental length longer than an integral number of half-period field varia-
tions.

Figure 2.24  Field distribution of the DR TEp;smode.

The mode used in commercially available resonators, the TEg, 5 has fields similar to those of a
metal-wall TEop1, as in Figure 2.24. Both the electric and magnetic field extend outside of the
resonator decaying radially externally. In practice, the magnetic field is coupled more easily.
Methods of coupling will be covered in the following section.

2.7.2 Dielectric Resonator Coupling

2.7.2.1 Seria Coupling

To couple a cylindrical dielectric resonator acting on its dipolar TEq,s mode with a microstrip
line, the magnetic lines of the resonator link to those of the microstrip line (Figure 2.25). The
resonator is placed on top of the microstrip substrate with the lateral distance between the reso-
nator and the line determining the amount of coupling. The degree of coupling has a direct ef-
fect upon output power, frequency stability, and harmonic content as well as resonant frequency
of adielectric resonator oscillator.

magnetic field
‘ lines

< ms line

Substrate

Figure 2.25  Coupling between amicrostrip line and a dielectric resonator.

An equivalent network of this system has been analyzed in [2.50], [2.51], and [2.52], and is
shown in Figure 2.26. The coupling between the line and the resonator is characterized by a
coupling coefficient n. L, C, and G represent the equivalent parameters of the resonator.
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Figure 2.26  Equivalent network of the coupling between a microstrip line and a dielectric
resonator.

The input admittance Yi, calculated in the coupling plane (Figure 2.26) is given by

G+ jB
Y, = nZJ (2.79)
Y(w,) = w, < (2.80)
Qo
Aw .
B =26 [Q,— with Aw= w- wy (2.81)
a)O

wp and Qo are, respectively, the resonant frequency and unloaded quality factor of the dielectric
resonator inserted into the microstrip structure

Cw, 1
Q =— % andw =— 2.82

When the resonator is detuned (4w — 29, Yi, becomes « and the input reflection coefficient be-
comes [ = -1. At resonant frequency, B = 0 and the input admittance becomes real

w,C

n°Q,

Yin = Gin = (283)

2.7.2.2 Pardlel Coupling

In accordance with the serial coupling, the DR must be placed so that the magnetic lines of the
resonator can couple to those of the microstrip lines. Models for coupling a DR between two
microstrip lines are presented by Galwas [2.53] and Khanna [2.54], but they are limited to the
situation where the distance between the DR and the open ended microstrip line is exactly one
(or three) quarter(s) of a wavelength, respectively. A more general approach can be found in
[2.55].

Two configurations are possible to arrange a DR between two microstrip lines. There are dif-
ferences if the DR is coupled so that the input and output lines are from opposite directions
(Figure 2.27a) or from the same direction (Figure 2.27b). These circuits can be modeled as
given in Figure 2.28. One difference is that there is a phase inversion concerning the transmis-
sion. The other difference is that the resonance frequency of the circuit of Figure 2.28ais ex-
actly the resonance frequency of the DR itself. For the circuit of Figure 2.28b, the resonant fre-
quency is very close, but not equal to that of the DR. Furthermore, the DR frequency depends
upon 6, the relative position of the DR.
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Figure 2.27  Two configurations for a DR coupled between two microstrip lines. (a) Input
and output lines from opposite directions. (b) Input and output lines from same direction.
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Figure 2.28  Equivalent circuits using open series stubs. (a) noninverting arrangement, (b)
phase inverting arrangement.

The coupling between the lines depends on 6. No transmission occurs for = 0 and maximum
transmission occurs for 8= 772. The maximum value depends upon the coupling factors be-
tween the DR and the microstrip lines £, and £,.

For the symmetrical case [ = [ = [, the following equations describe the transmission and
reflection coefficients of both arrangements. For the arrangement of Figure 2.27a

()

s, =[3J+%1- (2.85)
p
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For the arrangement of Figure 2.27b
1 -—[{1{1)} + ] K—j +cot 0}] [p (2.86)
Sl?l a a

S, = (1) -s, (2.87)
Y

where 5= Q[(f*/ fo?)-1], a = 28sin’8, the phase factor p = cos26, + jsin26,, 6, is related to the

reference plane distances as shown in Figure 2.27, fy is the resonant frequency of the DR itself,

while Q is the unloaded quality factor in the microstrip environment. Egs. (2.84) to (2.87) do

not include any loss effects and serve only for determining the resonance frequency.

2.7.3 DR Stabilized Active Integrated Antenna Design

Based on the layout derived in section 2.1, the DR can be coupled in three different ways.
However, since the gate line is frequency determining, only gate line coupling is examined. To
ease the design, the impedance of the gate line is changed to 50 Q, and the line is lengthened by
Al2 alowing easy use of the equations given in section 2.7.2.1.

Knowing the S-parameters of the transistor and the reflection coefficients from the lines con-
nected to the drain and source termina of the transistor, we can predict that the input imped-
ance of the gate line together with the DR must be inductive with a very low real part at reso-
nance (| /| - 1). However, the DR coupled to the gate resonator shows band-stop behavior. To
achieve high frequency selectivity, /i, must be minimized that corresponds to a C{ Y;} of 50 Q.
Thisis a contradiction to the required resonance condition making the fulfillment of the oscilla-
tion condition impossible. Since the coupling of a DR to a single microstrip line does not im-
prove the AlA properties, it is not considered further.

When building a feedback type active antenna, the feedback elements are normally constructed
with microstrip lines, which have low-Qs. On the other hand, dielectric resonators have the ad-
vantages of small size and high quality factor. Therefore, we tried to use a dielectric resonator
as the feedback element for an AIA.

To find the optimal position for the DR feedback, all possible configurations (gate-drain, gate-
source, drain-source) were analyzed. The model given in Figure 2.28b was used with the mu-
tual impedances set to be 1, assuming optimal coupling, as discussed in [2.51]. The oscillation
condition was calculated using linearized oscillator theory (section 2.1). The microstrip was
modeled with lumped elements to consider the DR feedback. The distance between the open-
ended lines and the DR was chosen in accordance with [2.55] to be 8= 172. Simulation results
show that oscillation occurs only with the DR between the gate and drain lines. For all other
configurations, transmission is too weak.

Different AIA layouts were simulated and transmission behavior was modeled based on Eg.
(2.86). To couple the DR between the gate and drain lines, they were lengthened to provide
enough space available for the DR and to satisfy coupling condition (8= 172). A typical AIA
layout is shown in Figure 2.29.
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Figure 2.29  AlA layout for parallel feedback with aDR.

Figure 2.30 shows the simulated and measured transmission of the test structures with and
without the DR. The measured 3 dB bandwidth of the frequency selective feedback (meas w/
DR) of 1 GHz is much wider than estimated in the lossless ssmulation (sm), which is in accor-
dance with literature [2.56]. Impact of the DR on the transmission behavior can be evaluated
comparing the measurements with the DR (meas w/ DR) with the measurement without the DR
(meas w/o DR). At resonance, the transmission is 28 dB above the coupling without the DR.
Losses in the microstrip lines as well as losses trough the DR cause the wide bandwidth.

L osses caused by the DR can be reduced using metal shielding or a tuning plate above the DR.
However, using a tuning plate would destroy all desired radiation. Thus, this configuration is
not suitable to improve the phase noise. In addition, energy from the gate resonator is coupled
into the DR, decreasing the radiated power. Both the gate resonator and the DR compete as ra-
diating elements, deteriorating AIA properties. If the open-end of the gate line is replaced by a
50 Q resistor as proposed in [2.54] and [2.56], the oscillation condition is no longer satisfied
(section 2.3.1). Therefore, the parallel feedback 1oop approach is not optimized since we cannot
see any advantages using this design.
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Figure 2.30  Measured and simulated transmission of the DR between the gate and drain
lines. The ssimulated configuration from Eqg. (2.86) does not consider |oss.
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2.8 Injection Locking

An oscillator is described by several characteristics such as frequency, power, noise, stability,
and so forth. Normally, a source is free-running with a random phase unless some mechanism is
used to synchronize it. For synchronization, locking bandwidth and locking gain are most im-
portant. Locking gain describes the amount of power required to externally lock an oscillator.
Locking bandwidth is defined as the frequency locking range for a given relative oscillator
power. There are several methods to injection lock a source:

1. Open-cavity resonator
2. External source
3. Mutual coupling (free space waves, surface waves, externa circuitry)

Open cavity resonators are not used in this work since we only consider simple uniplanar cir-
cuits. Mutual coupling is examined in section 2.9. Here, we discuss the influence of an external
source on the AIA behavior. This source can either have the same or a subharmonic frequency.
Additionally, modulated optical signals can be used.

2.8.1 Definition

The theory introduced in section 2.2 is adapted here for injection locking of asingle AIA. The
AlA is modeled as a parallel resonant circuit with an independent current source representing
theinjected signal.

Applying the FFT to the KCL in Figure 2.5, EQ. (2.21) can be adapted as follows

w, L
F(A @) =— A+— |+ jlw, -w 2.88
(A9) ZQ{MS( ) GLV} (o~ ) (2.88)
where
2
s(A)= (1— %J (2.89)
and
Go _GL
= 2.90
H G, (2.90)
Writing the injected signal as
|y = PG e (2.91)

and using the expression for V(t) derived in section 2.2 gives the oscillation amplitude and
phase dynamics

dA_ % “@ - _

o ,uZQA[S(A)+,02Qcos[(a)InJ Q)t +y -9)] (2.92)
do pw .
X -w - L0 ) — - 2.93
% cq+A2Qsm[(wn, @)t Hy -0)] (2.93)

In thisform p, which describes the strength of the injected signal, has the same units as A. Here,
it is convenient to choose a = i to eliminate the explicit time dependence of the right hand
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side. In the general case, these coupled differential equations cannot be solved analytically, but
if the injected signal is significantly smaller than the free-running amplitude (o « A), the steady-
state amplitude should remain close to its free-running value, A = a, and Eq. (2.93) is decoupled
from Eqg. (2.92). The AlA isthen described by Adler’s equation [2.57]
9 _ iy +P %o gy -
L s sinfy - ) (2.94)
——

A,

This is the key equation for injection locking. If a steady state solution can be found for the
phase such that dg/dt = O, this indicates that the AIA is synchronized to the injected signal.
Solving for the steady state phase difference between the AIA and the injected signal (4A¢= -

@) gives

P a)inj _wo
Ap=sn™| ——— (2.95)
Aw,

which indicates that an injection locked solution is only possible when the injected signal fre-
guency lies within the “locking range” of the AIA, ay + Awn. The inverse sine function gives

two possible solutions for the phase difference in this range; the correct result is found from a
stability analysis[2.10].

Eq. (2.51) directly leads to a condition for synchronization since the left side is bounded by +1.
Therefore the condition for synchronization is

wo - a)mj

P50 (2.96)
a

Wo

The locking range (bandwidth, BW,), which is required to find the maximum Acw for which
synchronization is maintained, is now given by according to Eq. (2.94)

BW, =27, =2 P, (2.97)
Q a
Writing in terms of power gives [2.58]
P
A ] (2.98)
f, QVP

From Eq. (2.98), it can be seen that the locking bandwidth of the AIA isinversely proportional
to the Q-factor of the resonant circuit and proportional to the square root of the injection power.
Eq. (2.98) isonly valid for low Py since it becomes nonlinear for high Piy;. To the extend that a
large locking range is desired in a practical system, low-Q oscillators with large injected signal
strength are required on condition that p « A.

The presence of an injection-locking signal introduced to an AIA can lead to some very inter-
esting effects. It is well known that a low power signal whose frequency lies close to that of a
free running AIA can lead to frequency shift and phase noise improvement [2.9]. This signal,
known as the injection-locking signal, can be fed directly into a circuit port on the active an-
tenna. This leads to a highly controllable situation where features such as external Q-factor of
the AIA can be accessed by classica injection locked methods. A second method, which ex-
ploits the fundamental nature of the circuit, is to introduce the injection-locking signal by a spa-
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tially remote source. This technique eases circuit configuration requirements but is more diffi-
cult to characterize, particularly in equivalent circuit based computer simulation.

2.8.2 Injection Locked ATIA

In this work, injection locking is realized by feeding the locking signal into the circuit. Thisis
realized with a capacitance at the end of the gate resonator (Figure 2.31).

L
1 mm
injection
signal —»
input
T gate source drain
coupling
gap= 300um

Figure 2.31  Layout of theinjection locked AlA.

The length of the coupling gap is chosen long enough so that the AIA remains unperturbed
without the injection signal, but also short enough to neglect the phase shift due to the coupling
gap. The signal is coupled into the 50 Q coupling line (left side in Figure 2.31) by means of a
thin semi-rigid cable that is routed trough a via hole of the substrate.

Though the phase noise can be improved, the disadvantage of the injection locking approach is
that an external locking source is needed. The task of this source can also be fulfilled by another
AlA or multiple AlAs. This caseisinvestigated in the following section.

2.9 Coupling and Power Combining

Coupled AlAs show synchronization properties that are suitable for millimeter wave power
combining, pulse generation, and beam scanning applications. The analysis of multiple AIA
systems involves relatively minor extensions of the elementary injection locking theory, but
yields significantly more complex and interesting dynamics.

Since robust locking favors a low-Q design, the AlAs having a low-Q microstrip resonator are
well suited for coupling applications. In this section, coupling and power combining mecha
nismsfor AlAs are described allowing the design and understanding of AIA arrays.

When determining the coupling topology, it is helpful to know the physical coupling behavior
between the AlAs to have a first indication of how large the coupling distances are. For this
purpose, the load variation is applied. However, with this method, only the coupling between
two AlAs can be smulated. This is why in our design the approximate coupling distances be-
tween two AlAs are derived first using the load variation method, and then the exact distances
between all AlAsin the array are determined with the coupling theory based on nonlinear oscil-
lator modeling.
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2.9.1 Coupling Topologies

AlAs can be coupled in two different ways:
*  Coupling through lines or lumped elements and
* Radiative coupling

Depending on the coupling mechanism applied, three different coupling topologies can be dis-
tinguished. Radiative coupling is aways bilateral, i.e. mutual. If lines or lumped elements are
used, the topology depends on the layout of the circuit.

Different coupling examples can be found in literature. Considering bilateral coupling, lines are
used in [2.73] and [2.59], whereas lumped capacitors are used in [2.60]. Unilateral coupling can
either be realized with a corporate feed to injection lock the array, as presented in [2.61],
[2.62], [2.63], and [2.64], with a coupling line tapped from one oscillator (compare [2.65]), or
with nearest neighbor coupling as demonstrated in [2.64] and [2.66].

Considering mutual or nearest neighbor coupling, n-(n-1) interactions compared to maximal
2-(n-1) interactions must be considered. However, using a symmetric array, the expenses can be
reduced depending on the array topology. For the array in Figure 2.34, only three different in-
teractions must be determined compared to 12 interactions without exploiting symmetry. Our
examinations are weighted towards simple structures.

2.9.2 Radiative Coupling Mechanisms

In atypical oscillator array, mutual coupling can take several forms. Two of these are usually
present in AIA arrays: free-space interactions and coupling trough surface-waves propagating
in the dielectric substrate [2.60], [2.65], [2.67], and [2.68], as shown in Figure 2.32. Using a
guasi-optical reflector forming a Fabry-Perot cavity to improve the mutua coupling, as pro-
posed in [2.69], cannot be used since the strength of the radiated signal is a critical parameter
for applications.

R AIA

<+« P
«~~ Substrate

Ground plane

Figure 2.32 Radiative coupling in AIA arrays.

Radiative coupling mechanisms have been characterized both theoretically and experimentally
for many types of planar radiators such as patch antennas used in this work [2.70], [2.71]. The
strength and phase of this interaction is a strong function of the element separation. This is not
always desirable in an AlA array, since the AIA separation also determines the radiation pattern
of the array.

2.9.3 AIA Model for Coupling Modeling

The systems dynamics as well as the dynamics of a single AIA (compare with section 2.1) are
not greatly influenced by the particular nonlinearities within each oscillator. This allows us to
select the simplest possible model for each AIA. Using the Van-der-Pol model, the AIA can be
represented as a parallel resonant circuit (using the A/2 resonator). A negative conductance
stands for the transistor together with the source and drain networks embedded in a parallel
resonant circuit describing the gate resonator (section 2.2.1).
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Knowing that the complete microstrip structure radiates thus having influence on the coupling
behavior, only the gate resonator must be taken into consideration. Based on the current distri-
bution of the planar structure, the coupling behavior of the complete structure can be cal culated.
Based on these results, it can be shown, that the gate resonator dominates by far the radiation,
i.e. coupling performance. There is only a negligible error if the remaining structure is not con-
sidered for coupling.

2.9.4 Radiative Coupling Modeling

If a paralel resonant circuit is loaded with an active device (Figure 2.5), steady state is de-
scribed by

G, +jB, =—G, - jB, (2.99)

where Gy, and By, are device and circuit conductances and susceptances, respectively, at reso-
nance at the plane between the transistor and the circuit.

To simulate an array with strong coupling, the load variation method can be used. Instead of
examining two antennas, a metal sheet is used to generate an image of the AIA. This situation is
modeled with a lossy transmission line so that the input admittance looking in the gate resona-
tor can be described as[2.72]

— —2yd
Y, =G, +juc| L - |4y, (ij (2.100)
W w 1+ g2

where pisthe reflection coefficient of the reflector when coupled through a transmission line of
characteristic impedance Yo. Here y = (a +8) is the propagation constant, a is the attenuation
constant per unit length, S is the wave number, d is the distance between the AIA and the
reflector, w= wpy+Awwhere wy is the free running frequency and Awis the induced frequency
shift due to load coupling. Since a metal sheet is used for imaging, its reflection coefficient pis
set equal to —1. Substituting this into Eq. (2.100) with By +B_.= 0, i.e. the resonant condition,
the following expression can be derived:

Aw _  Ksin(Bd +Ag)cos(Bd +A¢)
w, 2Q[sin?*(Bd+Ag)sinh?(ad +Ag)|

(2.101)

Here Qg is the external Q-factor of the AIA (section 2.6). The proportionality factor K has been
introduced to account for any mismatch and or coupling loss that may exist between the resona-
tor and the modeled transmission line.

Regarding surface waves, only the TMy mode must be considered since this is the only mode
without a cut-off frequency. The cut-off frequency of the next higher TE; mode in the alumina
substrate is 99.2 GHz and the substrate wavelength for the used thickness is the free-space
wavelength (see [2.42]). The wave numbers of the wave in the substrate and in air are the same
for this case.

Regarding Figure 2.34, it can be seen that coupling is exploited in two different directions,
whereas the antenna is linear polarized. One must differentiate between E- and H-plane cou-
pling with respect to the field distribution of the resonator (Figure 2.34). To consider the differ-
ent couplings, the occurring phase shift is compared with the theoretical phase shift. This phase
difference A¢ -based on the consideration of E- and H-planes, different coupling forms (free
space and surface waves) and the finite dimensions of the resonator- is calculated based on full-
wave simulations and inserted into Eq. (2.101).
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E- and H-plane ssimulations give two different curves predicting the changes of the free-running
frequency as a function of separation between the AIA and its image (Figure 2.33). The fre-
guency changes are only theoretical values, since different line admittances result in different
transistor operation conditions, which is not taken into consideration here. However, it is an
effective tool to calculate the distances between the AIA elements for optimum coupling.

The two curves depicted in Figure 2.33 give afirst insight in the coupling behavior of the array.
H-plane coupling for a distance of 1.5 mm depends strongly on the element separation whereas
E-plane coupling for a distance of 2 mm is less dependent. The distances from this calculation
are used as the starting point for the design of the AIA array.
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Distance between neighboring AlA's [mm]

Figure 2.33  Simulated changes in the free running frequency of the AIA array vs. element
separation for E- and H-plane coupling.

2.9.5 Coupling Theory

A general model for the analysis of coupling phenomenais presented in[2.16] and [2.73] and is
shown in Figure 2.19. Each oscillator circuit is coupled to an N-port network, which is de-
scribed in terms of Y -parameters. The N-port network includes both coupling circuits and the
load.

Applying this model to the examined AIA, the AIA must be split up between the gate resonator
and the transistor with the drain and source networks (section 2.2). This approach is not obvi-
ous, since the radiation behavior of the AIA cannot be understood by inspection. However, the
validity of this approach can be proved by investigating the radiation and coupling behavior of
the complete AIA based on full-wave analysis (chapter 3). From these results, it can be seen
that the coupling behavior is dominated by the gate resonator, and the influence of the remain-
ing network can be neglected.

With section 2.3.4 and Figure 2.19, we can write applying linear network theory

Y, ()= zlY. (a))\\//% (2.102)
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where N is the number of oscillators in the system. In addition

[y (@) = ZYt.J(aleI) (o) (2.103)

where

Yo (@ M) =Yg, (@M]) § +Y (&) (2.104)

and 9; is the Kronecker delta

Applying the inverse Fourier transformation and exploiting the slowly varying amplitude and
phase assumptions, Eq. (2.103) can be transformed according to [2.16] to a coupled set of dif-
ferential equations

dV — 5Yt I:EI e jat _Yt w:| (2105)
dt O(jw)

where Y:is amatrix with elements Yiij» Linj 1S @ vector with elements I i(t), and V’ is a vector
with elements V;" (the phasor port voltages). Thisin turn can be expressed as

OLllt_pi(v)v; =1 N (2.106)
where
(oY ) [y, NV
E(V)= nj sy Tk 2.107
|( ) 12_11[5(10))]” |:\/| kz=:1 t,JkVi} ( )

This can be solved for the amplitude and phase variations by separating real and imaginary
partsto give

D= ARe[F (A0} (2108)
99 _im{F (A0}, (2.109)

Thisis agenera result for analysis of amplitude and phase dynamics in coupled oscillator sys-
tems. The analysis can be simplified further by restricting attention to “broadband” coupling
networks, which satisfy
oY. . oY
't,IJ ~ (.)St,l 5” (2'110)
ojw) d(jw)
in other words, coupling networks that have negligible frequency dependence near the opera-
tion frequency. Thisis equivalent to saying that the oscillator Q-factor is the dominant Q of the
system. With this assumption, F; in Eq. (2.107) isgiven by

- (v):("Y

_1 '
. (a) A ) I . N V.
R M LY _(w ,A)-YY (w ) 2111

J(JC()) j l:v osc,l( r A) = |]( r)V ( )
For coupling applications, the steady state is the most interesting. Steady state occurs when the
AlAs are synchronized to the same frequency, which is true for
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A 0 and %:w—wi, i=1...,N (2.112)
dt dt
In this case, the oscillator phases is bounded in time if the reference frequency is chosen to be
= ap, in which case the steady state solutions are determined by the set of nonlinear algebraic
eguations

F(A9)=0, i=1..,N (2.113)

If externally injected signals at frequency wy; are present, the synchronized frequency (and ref-
erence frequency) can be taken as w= wnj = w. However, in the absence of externally injected
signals, (liny = O for al i) the steady state synchronized frequency is not known a priori and must
be determined from Eqg. (2.113). The real and imaginary parts of F; must equate separately to
zero, so Eq. (2.113) represents a set of 2N equations.

Unless the oscillators are strongly coupled, the oscillation amplitudes remain close to the free-
running state. Assuming this is the case, the amplitude and phase dynamics are uncoupled, to
first order. Then, we can restrict attention to the phase dynamics governed by Eq. (2.17). This
simplifiesthe analysis considerably.

2.9.6 Theory Applied to the Free Running AIA Array

In this work, the AlAs are coupled without any synchronizing signal so that Eq. (2.111) can be
simplified to:

: (v)(%”v (@.A)-33, 0 @11

To solve this equations, only the port voltages Vi’ and Y -parameters must be determined. If the
amplitudes remain close to their free-running state and the AlAs have reproducible characteris-
tics, the port voltages are the same for all AlAs. Based on simulations within the considered
frequency range, we can also determine the derivative of the admittance Yos. Thisis why two
simplifications can be made:

V—". =1 and (2.115)
Vi
aYosci (a)r ! A )J_l
IV 20 2.116
( o(jw) (&40

Finally, steady state can be determined using (2.17) and (2.114) leading to:
N
- Yosc,i (a)r ' A ) = ZYI] (a)r ) (2117)
j=1

Only Y -parameters are needed to solve the steady state condition for the free-running AIA array
Eq. (2.117). Recalling that the amplitudes remain close to their free running state, the amplitude
dependence in Eq. (2.117) can be neglected. Yj;, the admittances of the coupling network, de-
pend on the coupling structure and can either be measured or simulated.

Considering the arrangement of the AlAs within the array, it is symmetric, whereas the orienta-
tion of the AlAs is chosen to allow optimal coupling in both x- and y-direction. The layout of
the 2x2 array as starting point of the experimental optimization is shown in Figure 2.34.
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E: 2 mm

Figure 2.34  Layout of the 2x2 array as starting point of the experimental optimization.

The coupling network can be described by a 4x4 admittance matrix. Considering the arrange-
ment in Figure 2.34, it can be written as:

Ya Yb Yc Yd
Yb Ya Yd Yc
Y = (2.118)
Yc Yd Ya Yb
Yd Yc Yb Ya

Y, is the input admittance of the gate resonator, whereas Y, with Yy represent the coupling ad-
mittances between two resonators as depicted in Figure 2.34. Comparing Eg. (2.118) with Eq.
(2.117), it can be seen that EQ. (2.117) must be solved for only one AlA to get the solution for
the complete array.

The coupling admittances are determined based on the coupling topology applied. We start the
simulation with the topology derived from section 2.9.4. (de = 2 mm, dy = 1.5 mm). To derive
the admittances of the coupling network, the calculation can be simplified considerably if only
the gate resonators are considered. This approximation is justifiable since the gate resonator
dominated the radiation, i.e. coupling behavior by far (chapter 3). Therefore, the coupling be-
tween the gate resonators is calculated using full-wave analysis.

After calculation, the admittances are inserted into EQ. (2.117). This is shown in Figure 2.35
separately for the real and imaginary part.
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Figure 2.35  Oscillation condition following Eqg. (2.117) for the AlA array.

The oscillation condition is not exactly satisfied for the desired oscillation frequency. However,
we know that our approach gives a starting point for the experimental optimization. Uncertain-
tiesin our approach are the neglect of the amplitude dependence in Eq. (2.117) since we use the
reduced small-signal transistor parameters, the dependence of the transistor operation point due
to the influence of the neighboring AlAs, and the finite substrate dimensions that cannot be
considered during simulation. Therefore, the final array configuration can only be determined
experimentally.

2.9.7 Power Combining Methods

Surface wave and near field coupling is used to mutualy synchronize the AlAs to the same
operation frequency. Far field coupling effects do not primarily influence the oscillation fre-
guency, but are responsible for the output power characteristic such as far field pattern and total
output power.

Power combining methods have been reviewed for microwave systemsin [2.74] and millimeter
wave systems in [2.75]. These references deal with several circuit configurations used in power
combining.

Chip level power combining is accomplished during device fabrication. Several devices are
built and connected to create a larger area and higher thermal dissipation capability for a more
powerful source. The method can be controlled photolithographically, which provides tight
control over the device and interconnection layout.

At the circuit level, several devices can be combined by using hybrid or monolithic techniques.
This combining method attempts to operate each device at nearly identical operation points.
Given nearly identical devices and circuit dimensions, allow the output of each source to have
nearly identical power, frequency, and phase. In such a scenario, efficient power combining can
ocCur.

Unlike circuit level combiners, spatial power combiners use arrays of distributed sources, which
radiate freely into space. When the array is synchronized through the modes of an open resona-
tor, it is called quasi-optical power combining due to its similarities to Fabry-Perot laser appli-
cationsin the optical region.

2.9.8 Spatial Power Combining

Free space power combining avoids ohmic and dielectric losses associated with transmission
lines and dielectrics. This technique is not limited to multimoding problems (see [2.76]) and
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allows the combination of a greater number of devices as presented in [2.68]. Since spatial and
quasi-optical power combining occurs in space, high combining efficiencies (close to 100%)
are possible with AlAs. Consequently, active antenna research was originally spurred on for the
purpose of spatial power combining. Power combining at microwave and millimeter-wave re-
gions is feasible with AlAs. Spatial power combining methods also relax fabrication tolerances
and reduce the overall cost of millimeter and sub-millimeter wave systems. Spatial power com-
biners radiate freely as large planar arrays of synchronously oscillating sources to produce a
single large power output at some point in space. Spatial power combining methods enable AIA
arrays to operate as one coherent transmitter with predictable effective radiated power, beam
width, and tuning bandwidth.

The individual free running AIAs must be injection locked via mutual coupling, externa feed-
back, coupling networks, or an external source (section 2.9.1). Spatial power combiners have
been demonstrated using distributed oscillators in [2.62] and amplifiersin [2.77]. Spatial power
combiners can be modeled directly with planar array theory as demonstrated in [2.58]. The ra
diation behavior of the array is discussed in chapter 3.



3 CIRCUIT AND DEVICE MODELS AND
THEIR IMPLEMENTATION FOR AIA
DESIGN

In this chapter, the semiconductor devices and their modeling are described, followed by the
theoretical background of numerical circuit and antenna simulation. The theory behind the
models used in our AlA design is given for completeness, but also for assessing the errors and
explaining the approximations used.

When deriving a model, it must be considered that the AIA consists of two fundamental differ-
ent parts that have to be treated separately. The active device can be modeled based on meas-
ured parameters (behavioral) or a large-signal (physical) model can be used. The embedding
microstrip structure can be described on the circuit level (behavioral) or based on full-wave
simulations (physical).

AlA with different semiconductor devices are designed, fabricated, and compared to show the
universal nature of the design procedures. The AlAs worked equaly well with commercial
HEMT devices (by Infineon) and research lab devices (by DaimlerChrysler). The goa of this
chapter is to show that any device of the future can be used while the design technique remains
the same.

3.1 Semiconductor Devices for Integrated Antennas

3.1.1 Two-Terminal Devices

In the AlAs presented here, the two-termina device that was used in the VCO is a varactor di-
ode. In the VCO application, the diode is reversed biased and behaves to first order like a volt-
age variable capacitance. A varactor diode can be either a silicon or GaAs diode. The main dif-
ference between silicon and GaAs s that a higher Q can be obtained form GaAs devices. Thisis
due to the lower resistivity of GaAs for a given doping level. GaAs devices have a higher ther-
mal resistance than silicon devices resulting in significantly larger settling times.

For high frequencies, diode behavior is dominated by the junction capacitance ¢;. Since this
capacitance depends on the length of the space charge region i.e. the reverse-bias voltage, itisa
voltage controllable capacitance and can be expressed by

(3.1)

where cq (small-signal capacitance) and v; (junction potential) are given, mis the junction expo-
nential factor, cjo (zero bias junction capacitance) is derived from small-signal measurements,
and v is the diode voltage. For alinearly graded junction, m=1, and for a hyperabrupt junction,
m>1, up to 1.5. We used a GaAs hyperabrupt Alpha diode GMV9821-000. Aside from m, an-
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other important parameter is Rs that limits the Q. Typical values are m=1.25, ¢jo=2.78 pF,
vi=1V, and R=5.14 Q.

Figure 3.1 shows the simulated and measured input reflection coefficients of the shunted varac-
tor for Ugioge = -1V (Traces A and B) and Ugioge =-13 V (Traces C and D).

20 GHz Frequency 30 GHz

Figure 3.1. Measured and ssimulated input reflection coefficients of the shunted varactor for
Ugiode = -1V (Traces A and B) and Ugioge = - 13V (Traces C and D).

3.1.2 IMPATT Diodes

Considering frequencies above 30 GHz, transistors cannot be used as active devices in AlAs
due to their low gain at these frequencies. For some applications, however, it is necessary to
have antennas with short wavelengths. IMPATT diodes are well established in AlAs for fre-
guencies up to 76 GHz as presented in [3.1].

These diodes are biased above the threshold for impact ionization. The carrier generation in
connection with the transit time delay causes a dynamic negative resistance. Since the high-
field drift velocity of Si and GaAs are in the same order, silicon is suited for IMPATT diodes as
well as GaAs.

The negative real part of the IMPATT diode impedance is in the range of 1-10 Q. For this rea
son, a low impedance termination of the IMPATT diode is required in order to achieve oscilla-
tor operation. Modeling and the AIA design based on IMPATT diodes is not considered in this
work. A good review of existing AIA based on these diodes can be found in [3.2]. IMPATT
based AlAs are applied here in Fabry-Perot resonators and used in automotive crash sensors
(chapter 5).

3.1.3 Three-Terminal Devices

Though AlAs can be realized with two- or three-terminal devices, the AIAs developed in this
work are based on transistors due to their better DC-to-RF efficiency. Both high electron mobil-
ity transistors (HEMTSs) and heterojunction bipolar transistors can be used. Both belong to the
class of I11-V semiconductor devices using heterojunctions for their operation.

HBTs are vertical devices with inherent temperature instability, i.e. the current increases with
temperature, causing thermal runaways. Resistive biasing that provides negative feedback is
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therefore necessary for HBTs. HEMTs do not have a positive current temperature coefficient
and are easier to bias. They are aso easier to match to, as HBTs have very low reactive input
impedance.

Few HBTs are commercialy available, and in this work, we use a commercial HEMT and a
research HBT. We had a small-signal model for the HEMT and an in-house developed large-
signal model for the HBT.

3.1.3.1 High Electron Mobility Transistors

The t409 Infineon HEMT devices presented in [3.3] and used in the AlAs are built from epi-
taxial layers grown by MBE using a photolithography of 0.5 um and SiN spacer layers to result
in agate length of 0.25 um.

The chip layout with a total gate width of 4-45 um is called t409 and is shown in Figure 3.2.
The inner sources are connected via a low inductance and parasitic capacitance source over
drain and gate air-bridge. Two bond pads are available on each of the two source sides for low
feedback connection at high frequencies in common source configuration. In addition, two gate
pads are used for gate bonding for low phase loss at high frequencies. For the drain connection,
only one pad is necessary. The chip size is 300 um* 350 pum less the loss from sawing. Figure
3.2 shows the chip layout of the used HEMT. The gold contacts have a diameter of 55 um and
can be connected with either wedge or flip-chip bonding.

350 pm

A
v

source <

300 pm

airbridge

HAN

55um | 92

40 pm
Figure 3.2. Photography of the t409d chip.

3.1.3.2 Heterojunction Bipolar Transistors

The heterojunction bipolar transistor (HBT) is a modified bipolar transistor that relies on the
use of heterojunctions for its operation. In the HBT, the emitter and base are formed in semi-
conductors with different band gaps. The emitter isin the wider band gap material. High emitter
injection efficiency can be maintained even with heavy base doping (to reduce base spreading
resistance) and light emitter doping (to reduce base emitter junction capacitance), see[3.4].

Figure 3.3 shows a scanning electron micrograph (SEM) of the used six fingers SiGe HBT
manufactured by DaimlerChrysler. The resulting SiGe-HBTs exhibit f; values up to 70 GHz and
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frexmac Values up to 95 GHz. The maximum current capability of this type with six emitter-
fingers reaches about 50 mA; the breakdown-voltage exceeds 5 V (details see [3.5]).

Collector

Emitter | "

10 pm

Figure 3.3 Scanning electron micrograph of the six fingers SiGe HBT.

3.2 Transistor Modeling for Active Integrated Antennas

For linear (behavioral) modeling of the active device, measured S-parameters are typically
used. The device is described as a black box containing measured two-terminal or analytically
calculated three-terminal S-parameters. Sometimes, a small-signal model is derived from the
measured parameters.

Large-signal characterization (physical modeling) is an important requisite sinceit is only under
this operation condition that the power producing oscillator action of the AIA will reach a sta-
ble limit circle. The derivation of alarge-signal model for the active device such that they pro-
vide aredlistic estimation of the nonlinear performance is a subject of intense research.

Both linear and nonlinear transistor models are presented here. As demonstrated in chapter 2,
prediction of the oscillation frequency can be achieved using a linearized model. If the power
level and the harmonic behavior are required in addition, nonlinear models are needed.

3.2.1 S-Parameter Description

The transistor (three-terminal device) is generally characterized by its two-port S®-parameters
with one of its ports grounded and the others assumed to be terminated with the port character-
istic impedance, usually 50 Q. Figure 3.4 shows the description of the transistor as a two-port
device. This configuration is used for two-port S-parameter measurements. The two-port S-
parameter matrix of the transistor can be written as:

b] [s? 27 [a
{szss? s;?Haj 52
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Transistor
a, [S(Z)] a,
. -

Port1 <_~ |Gate Drain| ~_» Port2

1 b2

Source

L
GND

Figure 3.4 Transistor as a two-port device.

The use of three-port S-parameters has not often been used due to the complexity of the analy-
sisinvolved. It eliminates the otherwise necessary conversion to and from Z- and Y -parameters
to analyze the series and parallel feedback effects. In the AIA design of thiswork, the use of the
three-port S-parameter matrix is essential. The transistor shown as a three-port device is shown
in Figure 3.5, and the S-matrix of the incident and reflected wavesis given by:

bl |1Su S Ss|&
b2 = SZl S22 823 a2 (3 ' 3)
b [Su S» Ss] &

The ports 1, 2, and 3 represent gate (base), drain (collector), and source (emitter), respectively.
This indefinite three-port matrix satisfies the following conditions

Z S =1 (3.4)

fori=1, 2,3 and

Zs”. =1 (3.5)

forj=1, 2,3

Transistor

a, [S(S)] a,
/v . V\
Port 1 «b/\ Gate Drain| ~_» Port2
1 b2

FZ”;CZ |

Port 3

Figure 3.5 Transistor as three-port device.
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The three-port S-parameters of the transistor can be measured directly or obtained analytically
from the commonly supplied two-port S-parameters. Typicaly, these parameters are measured
in a common source configuration using a network analyzer. Either the transistor can be con-
nected directly to CPW on-wafer probe tips or a special measurement setup must be applied.
The HBT layout allows direct contact of the probe tips whereas the HEMT needs a CPW test
structure.

After measuring the two-port parameters, they can be transformed into three-port parameters
under the assumption that Kirchhoff’s laws are valid for the transistor i.e. it is considered to be
lumped: If, for example port 3 of the transistor in Figure 3.5 is connected to ground making a
common source (emitter) configuration, then

r,= % =-1. (3.6)
where I ; isthe reflection coefficient of port 3.
From Eq. (3.3) comes
b =S,a + 5,8, + S8 (3.7)
b, =S,18 + S8, + S8, (3.8)
b, =Sya + Sy, + S48, (3.9)
Using Eg. (3.6) in Egs. (3.7) and (3.9), and eliminating az and b, yields:
“SSn g _SsSe
o_| P les, PTLes|_[s) s
sV = s = - (3.10)
S, - S41S, S, - SpSy S, S,
1+S; 1+S;

where SM is the S-parameter representation of the two-port measurements and corresponds to
Eqg. (3.2). Eq. (3.10) represents four equations that form together with the six equations from
Egs. (3.4) and (3.5) 10 equations, which must be solved to find all nine three-port S-parameters.
The final relationships that convert a given two-port S-matrix SV into an indefinite three-port
matrix are as follows (compare [3.6]):

2.S

i=12

=12 (3.11)
1+Sa( an_ g
s == -t - s) 01
S, =2 =(1-s -8
(3.13)
SiSp
S,=Sy +
145, (3.14)

S5=1-55-S; (3.15)
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Sy =1-Sy - S, (3.16)
Sp =1754= S, (3.17)
S =175, =5, (3.18)
S =15, =Sy (3.19)

In contrast to low-frequency modeling, S-parameters are used at microwave frequencies rather
than equivalent circuit models because the number of fitted parameters (including all parasitics)
is very large. It is therefore difficult to derive a good model. For large-signa (time-domain)
analysis, there is no option, and therefore large-signal modeling is presented here.

3.2.2 Large-Signal Modeling

Large-signal characterization is an important requisite. The AIA will reach a stable limit cycle
only under this operation condition. Thus, any quantitative assessment of the behavior of the
AlA depends on an intimate knowledge of the subtle interactions between the device and the
circuit. The derivation of these models such that they provide a redlistic estimate of the large-
signal performance is a subject of intense research, e.g. [3.7].

In this work, large-signal modeling is limited to the SiGe HBTs because no model was avail-
able for the HEM Ts we used. Large-signal modeling of HEMTsis discussed in literature [3.8].

For the large-signal modeling of the HBTs, a VBIC modd presented in [3.9] is used. To de-
scribe the entire transistor structure, including measurement pads and connecting elements, it is
embedded into a network of parasitic capacitances, inductances, and resistors. Compared to
standard BJT models, the advantages of this model with respect to our application are mainly a
modified Kull-model for quasisaturation, which is used to describe high current effects, a flexi-
ble and well suited temperature mapping and the inclusion of self-heating effects. Parameter
extraction is based on temperature dependent DC-measurements and bias dependent S
parameter measurements (see [3.10]). In a first step, the parasitic elements are characterized
using open and short dummy structures as well as hot and cold device measurements. After the
extraction of the junction capacitances, Early voltages are determined. The base- and transport
current parameters are extracted from forward and reverse Gummel plots. After that, the tem-
perature parameters as well as the thermal impedance are extracted. The key temperature model
parameters are effective band gap values for base, emitter, and collector of the HBTs as well as
the thermal resistance. High current effects are first modeled with respect to the DC-behavior.
After the determination of the transit time parameters, the charge parameters of the high current
model are adjusted. For the usable range of bias conditions of the HBTs an excellent fit of
simulated to measured data has been achieved for frequencies from DC to 40 GHz. As an ex-
ample, Figure 3.6 shows a comparison of simulated and measured output characteristics at both
forced base currents as well as forced base-emitter voltages.
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Figure 3.6 Comparison of measured (dots) and simulated output characteristics for con-

stant base currents and constant base-emitter voltages.

As far as we know, the large-signal model presented in [3.7] is the only large-signal model that
describes al existing effects exact enough so that it can be used up to 24 GHz.

3.3 Circuit Simulation Methods

Behavioral modeling of microstrip structures can be realized with circuit based models. Within
these models, microstrip lines are considered as circuit elements, and the complete microstrip
structure is put together from single elements.

Applying these models, fast ssmulation results can be achieved whereas the accuracy depends
on the environment where the models are used. Building the AIA circuit from these models,
optimization algorithms can be applied, which is not possible using full-wave analysis.

In this section, circuit based microstrip models and their usability for AIA designs are dis-
cussed.

3.3.1 Equivalent Circuits for the Microstrip Lines

Microstrip lines as transmission media can be described with closed form expressions. Using
these expressions, it must be distinguished between discontinuities, bends, and junctions since
they need careful characterization to enable derivation of reliable equivalent circuits.

The purpose of many microstrip models is to provide an equivalent circuit for a given structure.
The simplest model is a lumped RLC structure valid at low frequencies or narrow bands. Re-
garding larger bandwidths at high frequencies, the circuit cannot be represented anymore by a
lumped RLC structure.

Equivalent circuit models represent a more accurate description for microstrip lines. These
models are based on expensive research dealing with the line properties and give closed-form
expressions that lead to scattering matrixes. Today, these models can be found in microwave
software libraries, e.g. [3.11], [3.12]. For more complex structures, these models can be com-
bined. To this end, the scattering matrix representation is transformed to the generalized circuit
constants matrix (ABCD) that allows easy cascading by multiplying the matrixes. After calcula
tion of the complete structure, the ABCD representation is transformed back to S-parameters.
Using the library elements, discontinuities, transmission lines, and radiating elements are
treated separately. Though the usage of these models allows very fast design procedures, the
dynamic behavior of the fields (coupling, surface waves) is supposed to be negligible. Thus, the



3.3 CIRCUIT SIMULATION METHODS 65

advantages coming with miniaturization are wasted. Furthermore, due to the direct relationship
between the current distributions and the fields, using single elements instead of considering the
complete circuit does not allow the calculation of far-fields.

Within the range of circuit parameters, often given in terms of line width as a ratio of wave-
length, frequency, and substrate parameters, the accuracy may be better than a few percent.
Outside these parameters, the discontinuity behave in an anomalous way, due, for instance, to
the generation of higher order modes within wide transmission lines or surface waves in thick
substrates. Choice of discontinuity model is not always clear and must be confirmed with
measurements.

The microstrip line is considered as a lumped element so that no coupling between other ele-
ments is modeled and must be taken into consideration with extra coupling models. The reac-
tive effects at the line connections are not modeled with these models. However, in many cases,
this overal model is sufficient to predict the frequency behavior within a tolerance of few per-
cent.

3.3.2 Equivalent Circuits for Microstrip Antennas/Resonators

Within an AIA, the microstrip lines are responsible for the frequency determining and radiation
properties. Thus, the design of the resonator/antenna element is of special importance for the
antenna functionality.

In accordance with non-resonant lines, microstrip antennas/resonators can also be described in
different ways. They can be modeled with varying degrees of accuracy. Each modeling strategy
givesrise to different physical insights about the problem.

Planar resonators can be represented close to resonance by a resonant circuit. Narrow band-
width equivalent circuits are useful for single frequency situations such as frequency estimation
for AlAs. They are also very helpful regarding situations where many AlAs are considered to-
gether, i.e. AIA arrays, chapter 2. They are limited, however, when used for time domain analy-
sis or calculation of spectral performance.

Regarding the models coming with design software, the simplest approach involves represent-
ing the antenna element as a very wide (low impedance) section of length L. Here the patch
edges and ground plane represent the radiating apertures for the antenna. Thus, the antenna is
viewed according to [3.13] in sections of transmission lines normally about one half-
wavelength long. The fringing fields can either be modeled with lumped capacitors or with
“open-ended transmission lines” incorporating the fringing fields effects (Figure 3.7). This class
of model, however, does not take into account higher modes, which degrade cross-polarization
levels. Figure 3.7 shows two possible representations of a microstrip resonator based on a reso-
nant circuit (a) and combination of multiple line models (b).

CMP218 CMP219
MSTL MSOC

] HT.C o ]
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L=1400 um =200 um
W=250 um W=250 um

a b

Figure 3.7 Circuit representations of a microstrip resonator.
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Using harmonic balance synthesis (chapter 2), simulation accuracy can be improved by increas-
ing the number of harmonics involved in the simulation. For this purpose, passive structure
simulation at the harmonic frequencies is required on the expense of increased simulation time.
Applying linear circuit models, only few harmonics can be modeled due to the restrictions of
the build-in models. Our examinations show however, that the usage of the second harmonic is
sufficient to predict oscillation frequency within the average simulation tolerance.

Some CAD simulation tools [3.13] aso use the cavity model, which is not considered in this
work.

3.4 Full Wave Analysis in the Frequency Domain

To model the AIA behavior, we divide between the active device and the microstrip structure.
The modeling of the transistor is described in section 3.2. In this section, the behavior of the
microstrip structure is discussed.

Here, the microstrip circuit is calculated using a global electromagnetic approach in the fre-
guency domain. It uses the electric field integral equation (EFIE) solved by the method of mo-
ments (MoM). This technique has shown excellent accuracy in the study of a wide range of
passive planar circuits and antennas (see [3.1] and [3.14]). In this work, this technique is ap-
plied using the efficient and accurate numerical electromagnetic solver “Momentum” supplied
by Agilent. With the help of this software, the complete microstrip circuit is Smulated as a
unity, allowing the consideration of coupling, dispersion, surface waves, and loss effects (radia-
tion, dielectric and conductor losses), as well as the calculation of the radiation pattern. The
correct use of the simulation software requires the understanding of the numerical agorithms.

3.4.1 Integral Equation Formulation

The calculation of the electric current distribution on planar passive structures represents a
boundary value problem that can be evaluated using the following conditions:

* Thecalculation is based on the Maxwell’ s equations that are represented as a partial dif-
ferential equation system of the second order.

» All relevant solutions of the differential equations fulfill the physical boundary condi-
tions of the field vectors (e.g. metallization surface).

* The considered structure is radiating at infinity and there is no incoming wave from in-
finity (Sommerfeld s radiation condition, see [3.15]).

The geometry of the general structure to be analyzed is a multilayer planar multiport network.
The distributed part can consist of metallic strip printed over dielectric layers, dots in partia
ground planes located at different interfaces and vertical strips and wires that could connect
different metallic interfaces. In this work, we consider only the case of a uniplanar, single layer
microstrip structure. We assume that we have an infinite dielectric substrate with infinite
ground metallization and a definite metallization structure on the top of this substrate. Since
standard thin film technology is used, the upper conductor thickness (4 pum) can be neglected
against substrate thickness, but is still many times larger than the skin depth at microwave fre-
guencies (0.5 um for gold at 24 GHz). Hence, the upper conductor is modeled as an electric
current sheet and the surface impedance Zs can be estimated considering a nonmagnetic quasi
conductor (U = Ho, W&HE << 0) as
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z,= 220 (14 ) (3.20)
20

where the conductivity gg considers the surface roughness.

To set up an integral equation, we start with the boundary condition associated with the tangen-
tial eectric field in the surface S of the upper conductor (compare [3.16]). The excitation field
(Ee) induces current and charge densities over metallic surfaces, which in turn produce a dif-
fracted electromagnetic field (Eg). The fields satisfy the condition

n,x[E¢]=Z_ mh,xJ, (3.21)

where n¢ is the normal vector to the considered conductor. In Eq. (3.21), the equivalent mag-
netic surface current is neglected assuming a good metallic conductivity. However, the total
magnetic field must be considered across apertures. Since we are dealing only with strip con-
ductors, the dual problem that finds application in slotlines is not considered here.

Sources are considered with an infinitesimal gap in the upper conductor surface having an im-
pressed excitation field Eq that follows the condition

n x[E°+E"] =n, xE, (3.22)

Green’s function is useful to solve potential problems. The dyadic Green’s function G corre-
spond to the electric vector potentials created by a unit surface current in the considered struc-
ture, as demonstrated in [3.17]. The total electric field can be derived via integration over the
surface of the considered conductor

E°(x)+E?(x) =[G(x,x") D(x')dd (3.23)

Egs. (3.21) and (3.22) can be expressed in terms of Green’ s functions

Zn xJ athemetdlization surface S
n,x[G(x,x) J(x)dd ={ sfle (3.24)
s n xXE, at sources

e

leading to the electric field integral equation (EFIE). x and x’ locate the observer and source
points and Sis the surface of the metallization.

The integral equation Eq. (3.24) represents a convolution integral in the spatial domain. Trans-
forming it into the spectral domain (Fourier transform domain) it can be written as

E,=GJ-2z.0 (3.25)

3.4.2 Determination of the Green’s Functions

The Green’s functions are only functions of the source-observer distance and not of the upper
conductor shape. The suffix of the Green’s functions denotes its orientation on the surface. The
term GEXy describes the x-component of the Electric field caused by a y-component of the elec-
tric current density, i.e. it describes al relevant spatia relationships. The metallization is repre-
sented by the surface currents and the boundary condition of the electric field. For the dyadic
Green’s functions, only the x and y components must be considered since neither the z compo-
nent of the current nor the z component of the electric field need to be considered in Eq. (3.24).
In the spectral domain, the relationship between the electric field and the current density can be
expressed as
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A formulation process caled the immittance approach presented in [3.18], can be used to de-
couple the TE and TM components of the Green’s functions in (3.26). This corresponds to de-
veloping (3.26) in adiagonal matrix

E]& o] o
ETM O G'IFEM J ™

Due to this separation, we have scalar Green’s functions that can be represented by equivalent
circuits (Figure 3.8). Dielectric layers are represented by equivalent lines (2), the current den-
sity as field source is represented by a current source (3), and infinite metallization (1) as well
asthe free space (4) is represented by impedances [3.19].
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Figure 3.8 Equivaent representation for the microstrip line.

Using this representation, the Green's functions can be derived anaytically. The original
Green's functions based on Cartesian coordinates are determined with an inverse transforma-
tion.

After establishing the Green’s functions, the EFIE (3.24) can be solved using the method of
moments.

3.4.3 Method of Moments
Regarding the EFIE (3.24), it can be written as:
L{ f} =g (3.28)

where L is alinear operator, f the function on which it operates (i.e. current density to be deter-
mined), and g the function resulting from the operation (i.e. the given electric field). To solve
this equation in terms of the required current density and considering irregular microstrip
shapes, the method of moments with subsectional basis functions can be used as proposed in
[3.20].

To start with the procedure, f is expanded in a series of functions fy, fo, fs,... in the domain of L,
as

f=Ya,f, (3.29)
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where the a,, are constants and f,, are basis functions. For an exact solution, (3.29) is usualy an
infinite summation and f, form a complete set of basis functions. For approximation solution,
(3.29) isusually afinite summation.

We now define a set of testing functions wi, Wo, Ws,... intherange of L leading to
S (W [L{ £,}) = (i | 9) (330)

m=1,2,3... and (wy|L{fn}) is the inner product. This set of equations can be written in matrix
form:

[Luallad = 94 (3.31)

Finally, to solve (3.28) we can write

f=[f]la] 9 1] [1h][9.] (3.32)
wheref is defined as the matrix of the functions fy, fo, fs...

The solution may be exact or approximate, depending on the choice of f, and w,,. The particular
choice of wy=f, is known as Galerkin’s method.

One of the main tasks in any particular problem is the choice of the f, and w,. Momentum
[3.21] applies the sub domain basis rooftop functions, since they are very useful in terms of
arbitrarily shaped microstrip structures. Figure 3.9 shows a rooftop function applied both as
basis and as testing function on a patch layout. To use these 2D functions, the upper conductor
surface must be divided into basis cells. In Figure 3.9 this subdivision is done by Momentum
using different mesh sizes (section 3.4.6).

edge mesh

Figure 3.9 Rooftop function representing basis and testing functions.

To apply the method of moments, both sides of the EFIE are multiplied with a set of testing
functions and integrated over the surface of the upper metallic conductor.

The EFIE can be approximated by a set of linear equations that can be written in the form

(U, ]=[z;]n] (3.33)
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where U represent the known excitation vector (field sources), Z is the so-caled generalized
impedance matrix that represents the reaction integrals based on the Green’s functions (imped-
ance functions), and I is the surface current distribution to be determined. For a single layer
microstrip structure (3.33) can be written as following, where the suffixes are defined according

to (3.26)
Uo,x — Zxx ny Ix (334)
UO,y Zyx Z.v.v Iy

3.4.4 Calculation of the Impedance Matrix

The reaction integral equation (compare with [3.22]) is solved in the spectral domain. This
transformation shows the advantage that, instead of a four-dimensional integral, only a two-
dimensional surface integral must be solved. Since the scalar Green’s functions show singulari-
ties due to the dielectric, the contour of integration must be selected carefully. To save compu-
tation time, the symmetry properties of the matrix are exploited.

To derive the surface current distribution |, the matrix equation (3.34) is solved applying itera-
tive methods, e.g. the method of conjugated residues.

Based on the current distribution, the port impedance, the scattering, and antenna parameters
can be calculated.

3.4.5 Calculation of the Input Impedance

Before calculating the input impedance, the field quantities must be transformed to network
quantities. Considering uniplanar feeding, the port voltage is cal culated from the excitation field
(3.22), where the integration path is the infinitessimal gap. The port current is derived from a
surface integration over the current distribution of the excited basis cell

_ |[Eds
]9 da

(3.35)

3.4.6 Implementation of the Full-Wave Analysis in “Momentum”

There are some opportunities to influence the numerical solver within momentum [3.21]. By
choosing the metallization as discretization layer, we know that the EFIE are used. Simulation
expense can be influenced by choosing the “mesh” representing the size of the basis and testing
functionsin 3.4.3. By increasing the number of these cells, simulation time and accuracy can be
improved since the modeling of the surface currentsisimproved.

As can be seen, the choice of the excitation is a crucia parameter for the calculation of the cur-
rent density (section 3.4.3) as well as the input impedance (section 3.4.5). Different port types
are available in “momentum”:

e Transmission line ports (TL)
« Point feed ports (PF)

Using TL ports models a typical microstrip port, where the ground metallization is used as ref-
erence. This TL configuration does not represent the uniplanar port we use in this work. The
connection between the transistor and the microstrip line is realized in flip-chip technology (ap-
pendix). Considering network quantities, the port voltages are defined between two ports on the
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upper conductor surface. This can be taken into consideration by using the PF ports. The valid-
ity of this assumption is proved with measurements.

Together with the HP Momentum software, the DCS desktop allows direct graphical input of
the planar microstrip geometry. Additionally, the layout can be automatically generated from
lumped element models.

Another interesting feature of the Momentum software is that the total amplitude of the surface
current distribution derived from (3.34) can be visualized quantitative (Figure 3.10). This in-
formation can be used to understand the behavior of the circuit, e.g. to find the optimal place to
connect biaslines.

&
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Figure 3.10  Surface current distribution of the AIA.

The excitation vectors are derived from the reduced S-parameters in chapter 2. The results con-
firm our assumption that the gate is the frequency determining part of the microstrip structure.
The other lines make the right impedance available for the drain and source terminas of the
transistor. The skin effect results in higher current densities at the line edges. This can be taken
into consideration using the “edge-mesh” function where the dimensions of the basis and test-
ing functions are reduced at the line edges (Figure 3.9).

3.5 Comparison of Circuit and Field Simulation

After the presentation of the behavioral and physical models for both the transistor and the mi-
crostrip lines, the properties of these models are evaluated in this section. Thisisrealized in two
steps. In a first step, microstrip patches are simulated with both methods, and the results for
return loss are compared with measurements.

In a second step, an AlA is designed using both models. Different ways to combine behavioral
and physical models as well as linear and nonlinear oscillator theories are discussed and the
simulation results are combined with measurements. Due to the usage of linear theory, only the
oscillation frequencies of the AlAs are compared. Finally, the results are discussed regarding
the accuracy and execution times.

3.5.1 Microstrip Patch Simulation

Two patches are selected to examine the simulation accuracy. Patch (a) in Figure 3.11 is the
lengthened gate resonator of the realized AIA and patch (b) in Figure 3.11 isamodified version
of the low-Q resonator (see chapter 2 for dimensions). For these examinations, the interface is
not realized in microstrip (in contrast to the patch used within the AlA). It is realized via a
microstrip-coplanar transition designed according to [3.23], to ease the measurements with a
VNA. For redlization, alumina substrate is used (see appendix for specifications).
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Figure 3.11  Two different patches to examine the simulation accuracy.
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Figure 3.12  Comparison of simulated and measured input reflection coefficient different
patches.

From Figure 3.12 it can be seen that the simulation results are nearly identical, if low radiation
patches (low losses) are simulated. If a broad lossy patch is ssimulated, the full-wave approach
describes the antenna properties in a better way regarding the measurements since circuit simu-
lation does not predict radiation. Since we have desired radiation, the preferred simulation
method for the AIA design isthe full-wave analysis.

3.5.2 AIA Simulation

There are different ways to combine the modeling approaches with the different oscillator theo-
ries. Figure 3.13 shows possible combinations of the modeling methods with the oscillator theo-
ries. Regarding the AIA, four different combinations of the behavioral and physical modeling
methods applied for the microstrip structure and the transistor are theoretically possible. These
combinations can be applied both for linear and nonlinear oscillator theories.

Microstrip (D| Transistor

Behavioral Ro---------- -: Behavioral

Model ~~'| Model
D)

Microstrip e Transistor

Physical Physical

Model Model

— linear and nonlinear modelling

----linear modelling only

Figure 3.13  Possible combinations of modeling methods with different oscillator theories.
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Recalling linear oscillator theory, it is obvious that the large-signal modeling of the transistor
has no influence on the modeling accuracy. The accuracy can only be influenced by using be-
havioral or physical microstrip modeling. On the other hand, nonlinear oscillator theory makes
only sense with large-signal modeling of the transistor. Therefore, the following combinations
are examined as presented in [3.24]:

* Linear oscillator theory combined with behaviora modeling of both the microstrip
structure and the transistor.

e Linear oscillator theory combined with physical modeling of the microstrip structure
and behavioral modeling of the transistor.

* Nonlinear oscillator theory combined with behavioral modeling of the microstrip struc-
ture and physical modeling of the transistor.

* Nonlinear oscillator theory combined with physical modeling of both the microstrip
structure and the transistor.

To compare small-signal and large-signal results, the HBT (section 3.1.3.2) was used biased at
Uce: 3V, Ib = 0,6 mA

3.5 um Gold Metallization

U“/m Base™ /@itter%
Collector
Bias Network

Silicon Subsrate

— 1370 um

Figure 3.14  Simulated AIA layout.

The simulated AIA layout is depicted in Figure 3.14. The radiating approximately half-wave

length long base (gate) resonator is the dominating structure surrounded by the two emitter
(source) lines replacing vias. The collector (drain) isloaded with a non-resonant patch.
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3.5.3 Results

After fabrication (see Appendix), multiple AlAs are measured. The simulation results and the
measured frequencies are shown in Table 3.1 for silicon and Table 3.2 for alumina substrates:

Simulation no. | Simulation type Simulation result | Measurement | Relative error
) Linear, behaviora 23.6 GHz
: : 0.04%
(1 Linear, physica 23.6 GHz
23.61 GHz
(1 Non-linear, behavioral |24.0 GHz
: : 1.63%
(V) Non-linear, physical 24.0 GHz
Table 3.1 Simulation and measurement results for an AIA on silicon substrate using dif-
ferent methods.
Simulation no. | Simulation type Simulation result | Measurement | Relative error
) Linear, behaviora 23.0 GHz 2.34%
(1 Linear, physica 23.6 GHz 0.21%
23.55 GHz
(1 Non-linear, behavioral |23.6 GHz 0.21%
(V) Non-linear, physical 24.0 GHz 1.88%
Table 3.2 Simulation and measurement results for an AIA on alumina substrate using
different methods.
3.5.3.1 Accuracy

Table 3.1 and Table 3.2 show that the error applying the behavioral model with ssmple linear
theory for the AIA has a maximum error of 2.34%. Refining the structure model with full-wave
analysis leads to a maximum error of 0.21%. Nonlinear theory combined with behavioral and
physical models of the microstrip structure leads to maximum errors of 1.63% and 1.88%, re-
spectively. Regarding the maximum errors, it can be seen that linear oscillator analysis com-
bined with full-wave analysis of the passive circuit (method I1) gives the best results predicting
the oscillation frequency of AlA either on silicon or alumina substrate.

The oscillation frequency can be predicted using nonlinear and linear oscillator theories. This
behavior was expected regarding the considerations in chapter 2. The effect, that the results
from the linear theory are slightly more exact can be explained regarding the transistor model.
For small-signa measurements, the exact measured S-parameters are used, representing also
the flip-chip interconnection. For nonlinear oscillator theory, alarge-signal model of the transis-
tor is used, that is more general and a source of small errors due to the number of different pa-
rameters involved.

The neglect of losses and coupling gives the divergence regarding simulation method (I). This
becomes more obvious in simulation method (111), where the passive structure is also modeled
at the higher harmonics. The increasing losses give greater divergences (compare with 3.5.1).

The additional feature of large-signal modeling, namely the power prediction, is of very re-
stricted use since only a share of the generated RF-power is radiated into space. It depends fur-
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ther on the application how much radiated power can be used because some power is radiated
co-polar and some cross polar.

Simulation accuracy depends on many parameters. Even using rigorous modeling agorithms, it
is very hard to achieve better smulation accuracy than that achieved in this work, since many
parameter influence the realized AlA that cannot be modeled:

e Substrate: Finite substrate dimensions; variation in thickness, €, losses, and metalliza-
tion.

» Transistor parameters. Varying device characteristics

3.5.3.2 Execution Time

Regarding the execution times, it must be differentiated between the time needed to derive the
circuit and device models and the time needed for the ssimulation. Large-signal modeling of the
transistor takes a very long time since extensive large-signal measurements are needed to obtain
an adequate device model. Small-signal modeling requires only S-parameter measurements of
the transistor that are included in the large-signal measurements.

The derivation of the circuit models and the execution times for the simulation can be neglected
compared to the derivation of the transistor model and the time needed for the graphical input
of the circuit structure.

3.5.4 Conclusion

Regarding Table 3.1 and Table 3.2 and having in mind the different execution times, it is obvi-
ous that the preferred design method in this work is based on linear theory combined with full
wave analysis of the microstrip structure. This method combines the advantages of high smula-
tion accuracy together with short execution times. For this reason, all designs used in this work
are based on this method.

3.6 Calculation of the Antenna Parameters

After calculation of the current distribution in the spectra domain (section 3.4), the radiation
properties of the AIA are derived. Below, quantities are described that are of interest since they
can be measured directly.

3.6.1 Radiation Pattern
The radiation pattern represents the relative radiated power versus azimuth and elevation. It is
derived from the far-field and can be calculated for the single AIA aswell asthe AIA array.
3.6.1.1Single AIA
The electric field strength at the observer point (r,8, @) in the far-field of a microstrip patch is
0 e,

cosg E, +sing E, e, (3.36)

—cos@ sing EX +sing cosg Ey e,

-k, e
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3.6.1.2 AlA Array

For many applications, a high-gain, narrow pencil beam is required. Since beam-width is in-
versely proportiona to antenna size, more than one antenna is required to sharpen the radiation
beam. An array of antennas working simultaneously can focus the reception or transmission of
energy in adirection, which increases the useful range of a system.

Given that individual AIA free-running frequencies and power outputs are nearly identical and
the entire array islocked to a common frequency, the radiation pattern will behave according to

Ewta = Element pattern x Array factor (3.37)
with
e_jkor
Element pattern=f (6, ) (3.38)
4
Array factor :iliej(“”("ﬂdzc"s‘g*/”z) (3.39)
i=1

The same far-field approximations apply for the phase and magnitude terms of the total electric
field. Assuming identical elements aso allows separating the element pattern from the array
factor

Et = f (0 ¢)ikﬁr§: I.ej(i‘l)(Kodzcose+ﬁZ)
otal 1 = i (340)

= (Element pattern)( Array — Factor)

The antenna element normally serves as a resonator, radiator, and DC bias pad. Biasing and
device integration disturb the radiation patterns and disrupt polarization purity of the antenna.
In addition, individual device parameters vary, and tolerance errors during fabrication cause
AlA array sources to operate at different frequencies. Although the frequencies may be close
enough and coupling between elements may be high enough to synchronize the entire array to a
single frequency, the output power and combining efficiency suffers.

After the determination of the radiation pattern, the bandwidth, directivity, and the side lobe
behavior of the antenna are cal cul ated.

3.6.2 Polarization

An important parameter to describe the radiation properties of the antennais the polarization. It
describes the behavior of the electric field vector. The far-field vector can be divided in two
orthogonal components. For a patch, the polarization is linear. The direction of the vector for
maximum radiation is called the main transmitting direction (co-polarization). The cross-
polarization vector E .y differs from the co-polarization vector E,i, by 90° and represents the
direction with the lowest radiated power

E cosa -sina||E 20 (E,E;
[ H H ﬂwhere a:arctang—e"’)z (341)
E sha cosa E, |E¢| —|E9|

A measure for the polarization is the cross-polarization directivity for linear polarization
|E

XPD. = max | (3.42)
" |Emin |
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3.6.3 Radiated Power

The radiated power of the antenna is determined by integrating (3.36) over the complete half-
space above the upper conductor surface. This can be written in terms of Poynting’ s vector T,
2 m2-90 T
P =lim | Iim{ O(T.)r*sn@ d& [ O (T.)r*siné@ d@}dqﬁ (3.43)

r-4-09-0 g=o 9=m/2+6

As no antenna terminal is available, it isimpossible to specify radiated power and gain. There-
fore, new parameters have been established. For transmitters, effective isotropic radiated power
(EIRP or ERP) is specified in the peak direction:

ERP =|T,| 47> (3.44)

where T, is the Poynting’s vector and r is the distance between the AIA and the receiving an-
tenna. Assuming we receive the power P, with a receiving antenna with the effective area Ae,
Poynting’ s vector can be described as:

P
As

If the physical antenna aperture is used instead of the effective, a desired underestimation of the
Poynting’ s vector takes place.

IT,|= (3.45)

3.6.4 Gain

The antenna gain is defined as the ratio of the intensity to the radiation intensity that would be
received if the power accepted by the antenna would be radiated isotropically in a given direc-
tion [3.25]. The reference antennais a spherical source so that the gain can be expressed as

_ 4 *0{T, (r, 6¢)}

G 5 (3.46)
where T, is Poynting’'s vector defined as
E,[ +[E,[
T, =e, B +[E, (3.47)
ZZFO

The reference power is the active power at the input terminal of the antenna. The reference

power is defined as
p= Dt—UizUi ] (3.48)

where U; and Z; are the voltage and reference impedance at the input terminal.

The gain depends on the orientation between the antenna and the observer point. Maximum
gainisachieved if the observer point islocated in the main transmitting direction.

Gain in AlAs is difficult to quantify because the measured co-polarized and cross-polarized
field components must be integrated over all angels. In addition, it is difficult to calibrate power
in AlAs. An approximation for the antenna gain can be found using Kraus approximation
givenin [3.29]
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32400
QEQ H

G

(3.49)

with Qg and Qy are the half—power beamwidths in the E-and H-plane, respectively, in degrees.

3.6.5 DC to RF Conversion Efficiency

The DC to RF conversion efficiency is, probably, the most important parameter in AlAs. It de-
pends on the solid-state device used, and it explains the evolution from active patch antennas
from diodes to transistors. If the RF power conversion is very high but goes to the antenna' s
cross-polarization component, it is wasted. In this sense, it is more important to speak of the RF
power converted to the co-polarization component for AIAS.

The actual oscillator conversion is more difficult to ascertain since the antenna is physically
inseparable from the device. This is why the efficiency for AIAS nNpcrr is defined as the ratio
between the radiated power and the DC input power

P
e = ——— 3.50
,7DC RF U oc D oc ( )
Using the ERP, the isotropic conversion efficiency can be defined

ERP

(3.51)

MNoc-ere = U]
ocloc

3.6.6 Visualization

With the commercial Method of Moments solver momentum, some antenna parameters are
calculated by the software and must not be evaluated analytically. Based on the current distribu-
tion, the far-field can be calculated and visualized. The far-field data is shown in chapter 4 and
compared with the measured radiation patterns.

3.6.7 Estimation of the Main Radiating Patch

Regarding the radiation pattern of an AlA, it is interesting to know what part of the microstrip
structure dominates the radiation behavior. From our theoretical considerations, we assume that
the gate resonator is dominating but we do not know the radiation is influenced by the remain-
ing structure.

To examine this influence we make a theoretical experiment. We switch the excitation sources
at each port on and off and observe changes of the radiation behavior. This experiment cannot
be applied in practice since the frequency determining and radiation properties of the microstrip
lines cannot be separated.

After verifying the influence of the single lines, it can be seen that the gate resonator dominates
the radiation behavior as expected. If the radiation of the gate resonator is neglected, the total
radiated power decreases by the factor 20.

It isimportant to know how radiation happens to simulate mutual coupling. Because of our ex-
periment we know that it is sufficient to consider the gate resonator if coupling is examined.
We admit only a small error neglecting the influence of the remaining microstrip structure on
the coupling. This simplifies the coupling modeling considerably.
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After designing different antenna types, the results are validated with measurements in this
chapter. All relevant oscillator and antenna properties are characterized. The depiction starts
with the free running AlA followed by the voltage controlled and the injection-locked AIA. The
last section deals with the characterization of acomplete AIA array consisting of four AlIAs.

4.1 Measuring AlAs

Measurement methods for AlAs are not as standardized as those of microwave circuits or pas-
sive antennas. The main reason is that there is no well-defined output port as in circuits, and on
the other hand the antenna exhibits gain larger than that dictated by its effective area, due to the
active device. Therefore, it isimportant to use the correct figures of merit as defined in chapter
3 and to describe first the measurement methods.

4.1.1 Frequency and Output Power

It is difficult to measure the absolute radiated output power without having a well-defined out-
put port. However, it is very often sufficient to measure the relative power with respect to
changes in the operating conditions.

Consequently, the following equipment is needed to measure the frequency and output power:
1. DC power supplies (one or two depending what transistor is used and how it is biased)

2. Receiving antenna (standard gain horn if the absolute power is required)

3. Spectrum analyzer

4. Power meter (to calibrate the spectrum analyzer and to measure the power)

The distance between the AIA and the receiving antenna must be chosen large enough so that
the AIA is not loaded by the receiving antenna and small enough to allow the detection of the
signa. If the power level is determined, the receiving antenna must be operated in the far-field
of the AIA (section 4.1.3).

4.1.2 Q-Factor and Phase Noise

4.1.2.1 Methods

The simplest, easiest, and perhaps oldest method for phase noise analysis of sources is the di-
rect spectrum technique. Here, the device under test is input to a spectrum analyzer tuned to the
carrier frequency, directly measuring the power spectral density of the oscillator in terms of
L(f).

The second technique for making short-term stability measurements on sources is commonly
called the “time domain” technique. The DUT and the reference are down converted with a
mixer to a low IF frequency. Then a high resolution counter repeatedly counts the IF signal,
with the time between each measurement held constant. This alows several calculations of the
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fractiona time difference over the time period use. A special variance over these differences
can then be calculated.

The third method of phase noise measurement is commonly called the phase detector method.
This method provides good sensitivity over the entire frequency range; it can be used to meas-
ure high quality standards or free running oscillators. The heart of this method is the phase
detector. Two sources at the same frequency and in phase quadrature are input to a double-
balanced mixer used as a phase detector. The mixer sum frequency is filtered off and the differ-
ence frequency is 0 Hz with an average voltage output of 0 V. Riding on this dc signal are ac
voltage fluctuations proportional to the combined phase noise of the two sources.

The fourth method of phase noise measurement on sourcesis called the frequency discriminator
method. In this method, the frequency fluctuations of the source are translated to baseband volt-
age fluctuations that can then be measured by a baseband analyzer.

Since the phase noise of AlAs is high compared to crystal or highly synchronized oscillators
and the phase noise is only of interest for frequencies > 10 kHz, the first “Direct spectrum”
method was used to characterize the AlAs.

4.1.2.2 Direct Spectrum Method

Direct spectrum analysis is useful for measuring sources with relatively high phase noise, but
there are some restrictions using the direct spectrum method: A spectrum anayzer cannot dis-
tinguish amplitude modulation from phase or frequency modulation. The definition of L(f) is
the power measured in one phase modulation sideband divided by the total carrier power. In
order for a valid number for L(f), the sideband power measured must be the phase modulation
sidebands only. Thus, for accurate phase noise measurements using the direct spectrum method,
the source’s AM noise must be << PM noise. In measuring random noise, the 3 dB bandwidth
and shape can aso limit the resolution of discrete noise. Even with a narrow bandwidth, the
shape factor of the spectrum analyzer will limit the resolution of close-in noise, or any noise
close to a high level spur. To improve measurement sensitivity an aternate direct spectrum
technigue can be used which consists of a selective receiver and alow phase noise local oscilla-
tor.

4.1.2.3 Application of the Direct Spectrum Method

To measure the phase noise directly in a one hertz bandwidth, the “MKNOISE” function of the
spectrum analyzer can be used. With this option, the rms noise level at the marker position is
normalized to a one hertz bandwidth compensating the following errors:

» lrregular shape of resolution-bandwidth filters
* Logamplifiers

» Difference between the rms values of the noise floor envelope (which is a narrowband re-
sponse described by Rayleigh’s distribution function) and the true rms value of the noise
floor (which is a broadband response)

Using the “DELTA” mode, the offset frequency can be inserted directly, and the marker read-
out shows the wanted L (f).

4.1.2.4 Deriving the Q-Factor from the Phase Noise Measurements

After measuring the phase noise density to carrier ration L(f) with the direct spectrum method,
the Q-factor can be derived according to chapter 2:
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4.1.3 Radiation Behavior

Typically, antenna pattern measurements require large separation to be in the far-field where
the phase front across the main lobe is nearly spherical and the field distribution is independent
of the distance from the antenna. If the maximal linear dimension of the antennais D, the con-
dition for far-field operation is approximately:

2
RZZD

(4.2)

where Ris the transmitter receiver distance and D > A must be satisfied.

AlAs can be tested using conventional antenna measurement equipment but require additional
DC bias lines to operate the active device. Additionally, they are inherently good Doppler Sen-
sors. Therefore, any disturbance or quick movements by the rotator are trandated into fre-
guency shifts of the AIA. Although it is a great quality for automatic door openers and car
alarms, it adds more uncertainties during a pattern test.

i

Spectrum
analyzer

Turnable
arm

DC power
supply Antenna

under test

Figure4.1 M easurement setup for radiation pattern measurements.

Figure 4.1 shows a photograph of the used measurement setup. The distance between the AIA
and the receiving antenna is 50 cm. The receiving antenna is mounted on an arm that can be
turned by 180° and fixed in steps of 10° so that the movement of the arm does not affect the
measurements. The power variation is measured with a spectrum analyzer and recorded in de-
pendence of the angle. Co- and cross-polarization is measured by orienting the AIA according
to the polarization of the receiving antenna.

For radiation pattern measurements, it is important to define a system of spherical coordinates.
Figure 4.2 shows how the coordinate system is defined with respect to the AIA. All radiation
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pattern measurements are based on this definition. The definition of the planes of the radiation
pattern assuming linearly polarized radiation is shown in Table 4.1:

co cross
E-plane (¢= 0, 180°) Etheta Epni
H-plane (¢= 90, -90°) Epni Etheta

Table4.1 Definition of the polarization.

Figure4.2 Coordinate system for the antenna measurements.

4.2 Single Free-Running AlA

Since the free running AlA is the starting point for the other AIA types and applications, the
characterization is very important. Based on the results, it can be decided if possible theoretical
improvements can be implemented and what applications can be realized with these AlAs.

The characterization starts with the measurement of the oscillation frequency and the radiated
power depending on the DC power. Regarding sensor applications, the self-mixing behavior is
of specia interest. Exploiting this behavior, Doppler measurements can be carried out effec-
tively. Phase noise is another interesting feature of AlIAs. It isinvestigated for the AIA with the
Al2 long gate resonator and the phase noise improved A long gate resonator (compare chapter
2). The characterization of the radiation behavior concludes this section. Two different transis-
tor types are used for the characterization. If it is not indicated explicitly, the HEMT based AIA
is used, otherwise, the HBT based AlA finds application.

For al measurements, the AlAs are mounted on a gold header. The substrate is glued with a
conductive paste on the header and the bias lines are connected to the pins of the header with
bond wires. The usage of these headers allows better handling of the front-ends. Figure 4.3
shows a photograph of afree running AIA on agold header.
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Figure4.3 Free running A1A mounted on a gold header.

4.2.1 BiasEffectson Output Frequency and Power

The operation frequency of the AIA was measured with a spectrum analyzer depending on the
DC operation conditions and the measurements were compared with simulations.
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Figure4.4 Output frequency and drain current as a function of drain bias voltage for the
HEMT based AlA.

Regarding Figure 4.4 it can be seen that the AIA shows the expected DC dependency of the
oscillation frequency. Oscillation starts up at 23.1 GHz for low transistor voltages and oscilla
tion frequency increases up to 24 GHz for the simulated bias conditions. Comparing the simu-
lated frequencies with the measured frequencies it can be seen that the oscillation frequency can
be predicted very exactly using linearized oscillator theory (0.2%) and nonlinear oscillator the-
ory (1.9%) (Table 4.2):
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AlA type Design frequency Oscillation frequency Relative error

HEMT based | (linear) 24 GHz @ Ugs= 2.5V 2396 GHz @ Ugs=25V | 0.17%

HBT based | (linear) 23.6 GHz @ Uge =3V 2355GHz @ Ue=3V | 0.21%

HBT based (nonlinear) 240 GHZ @ U, =3V | 2355 GHz @ Uee =3V 1.88%

Table4.2 Comparison of simulated and measured oscillation frequencies for different
AlAs on alumina substrate with full-wave simulation of the passive circuit.

It is possible to use the DC dependency of the oscillation frequency to tune the AIA. However,
the output power is also a function of the bias. Figure 4.5 shows the relative power dependence
of the AIA with respect to the transistor bias for the HEMT based AlA.

0 1 2 3 4
O wwwwwwwww I
=5
@ O
=3
2 10 /
o
o L
S -
= \/
£
5 -20
=2
-25

Transistor Voltage Uy [V]

Figure4.5 Radiated power with respect to DC voltage.

The frequency range corresponding to a power variation of 3 dB is40 MHz so that DC tuning is
inadequate if larger tuning bandwidths are required. For this purpose, the voltage controlled
AlA (section 4.3) can be used.

4.2.2 Self Mixing Behavior

Self mixing within a transistor occurs due to the nonlinear behavior of the device. If two fre-
guencies are present, the mixing product can be read off at the device terminas. The self-
mixing or load pulling behavior has two effects on the AIA characteristics. The disadvantage is
that unwanted changes in the surrounding of the AIA result in frequency changes. On the other
side, this can be exploited especially for sensor application. If a received signal is mixed with
the transmitted signal and the frequencies differ from each other, the mixing product i.e. the
difference frequency can be used for diverse applications as described later. The self-mixing
behavior depends on the bias conditions of the transistor.
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Figure 4.6 Voltage level of the intermediate frequency due to the self-mixing process
within the transistor with respect to the drain voltage of the transistor.

To verify the self-mixing behavior, a slowly oscillating reflector was placed in the far-field of
the AIA. Because of the Doppler effect, the reflected signal shows a different frequency than
the transmitted signal. The amplitude of the intermediate frequency (IF) due to the self-mixing
process measured at the drain terminal of the transistor is shown in Figure 4.6 with respect to
the transistor drain voltage. For a transistor drain source voltage of 1V, maximum self-mixing
occurs. However, the oscillation frequency for maximum self-mixing is 23.4 GHz (compare
Figure 4.4) that is 600 MHz lower than the design frequency since the AIA was designed for a
transistor drain source voltage of 2.5 V. For many applications, the IF at 2.5V is sufficient to
achieve a satisfactory Doppler signal. To achieve a larger Doppler signal, the AIA must be de-
signed to oscillate at 1 V with the desired frequency.

4.2.3 Q-Factor and Phase Noise

From our theoretical considerations, the loaded Q-factor was assumed to be Q. = 9.17. There-
fore, we are expecting a high phase noise of the free-running AIA. To prove this assumption,
the spectrum of the free running AIA given in Figure 4.7 is needed.

CF =24 GHz, RBW = VBW =1 kHz, SPAN =5 MHz
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Figure4.7 Spectrum of the free-running AlA.
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Using the direct spectrum method, the phase noise can be derived from the spectrum and num-
bersare givenin Table 4.3:

Offset frequency Phase noise L(f)
100 kHz -30 dBc/Hz
1 MHz -60 dBc/Hz

Table4.3 Phase noise of the free running AlA.

The phase noise shows the expected behavior. Due to this low Q, the spectrum is very broad
compared to a synchronized source, and it becomes obvious that the free running AIA cannot
be used for rigorous sensor and communication applications.

As presented in chapter 2, the phase noise of the free running AIA can be influenced by chang-
ing the gate resonator geometry, while the oscillation frequency remains constant. To improve
the phase noise, a A/2 lengthened gate resonator with a higher Q-factor is used. Based on this
resonator, an AlA is developed using the linear oscillator theory (Figure 4.8).

il 4 mm

Figure4.8 Picture of the AIA with the lengthened (phase noise improved) gate resonator.

The measured spectrum is shown in Figure 4.9 with both peaks normalized. Oscillation fre-
quency is 24 GHz, giving a design accuracy compared to measurements of 0.1%. It can be seen
that the phase noise using the lengthened gate resonator (black) is improved compared to the
original design (gray). Numbers for the phase noise are given in Table 4.4. The phase noise of
the AIA with the lengthened gate resonator is -35 dBc/Hz (@ 100 kHz offset) compared to
-30 dBc/Hz of the original AIA. This is consistent with the expected 6 dB phase noise im-
provement from Eq. (4.1) since the Q. isimproved by the factor 2 (chapter 2).

The third discussed approach in chapter 2, the gate resonator consisting of a broad, low-
impedance patch, has a lower Q compared to the resonators discussed here. An AIA based on
this resonator was also characterized. The design accuracy was also proven with this approach
(smulation accuracy compare to measurements 0.2%). Since its phase noise and radiation be-
havior did not show any advantages compared to the AlAs presented here, no results are given
here.
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Figure4.9 Measured spectrum if the AIA with improved phase noise properties.

Offset frequency Phase noise L(f)

100 kHz -35 dBc/Hz

1 MHz -63 dBc/Hz

Table4.4 Phase noise of the free running AIA w/ improved Q resonator.

4.2.4 Radiation Behavior

Regarding possible applications, it is important to know the radiation characteristic of the free
running AlA. The direction of the main radiation beam must be known to orientate the AIA in
the right angle with respect to the observed object (for sensor applications) or the receiver (for
communication applications). The pattern was measured as described above and the measure-
ments are compared with the expected pattern derived from the calculation of the antenna char-
acterigtics.
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Figure4.10  Radiation pattern of the free-running AIA (E-plane).
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Figure4.11  Radiation pattern of the free-running AIA (H-plane).

It is worth mentioning that in Figure 4.10 and Figure 4.11, the agreement between measure-
ments and simulations is quite satisfactory. The co-polarization patterns in both planes show
symmetrical behavior. The cross-polarization is only 10 dB lower than the co-polarization. This
is caused by the bias lines around the actual antenna structure. We assume that the radial stubs
(Figure 4.3) radiate in the orthogonal direction compared to the antenna. This assumption is
confirmed with a simulation. Though it cannot be proven with measurements, it is possible to
simulate the AIA structure without al bias lines. The simulation result is shown in Figure 4.12.
The co-polarization remains unchanged whereas the cross-polarization nearly disappears.

Since the radial stubs are very close to the substrate edge, the calculation error of the cross-
polarization is larger compared to the prediction of the radiation from the actual antenna (i.e.
co-polarization). The substrate edges are also responsible for the high radiation for large |4.
Thisis dueto the radiation caused by substrate waves.
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Figure4.12  Simulations of the AIA structure w/ and w/o bias lines in the H-plane.

The port excitation vectors for the calculation of the far-field are derived from the adapted lin-
ear simulation results. Though this approach is relatively simple, the conformity between the
simulation and the measurements is impressive.
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The lengthened gate resonator to improve the phase noise aso influences the radiation behav-
ior. Figure 4.13 and Figure 4.14 show the radiation pattern of the phase noise improved AlA
with respect to the origina AlA in the E- and H-plane, respectively. In both planes, the unde-
sired cross-polarization is raised about 10 dB. In addition, the uniform co-polarization pattern
of the original AIA shows multiple lobes in the E-plane and H-plane due to the lengthened gate
resonator. To sum up, the radiation behavior of the phase noise improved AlA is deteriorating
compared to the original AIA. Regarding possible applications, the selection of the preferred
AlA dependsif phase noise or radiation properties are more important.

Though the original AIA has poorer phase noise, it is used for the injection locking and cou-
pling due to its more uniform radiation pattern.
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Figure4.13  Radiation pattern of phase noise improved AlA compared to the free-running
AlA (E-plane).
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Figure4.14  Radiation pattern of phase noise improved AIA compared to the free-running
AlA (H-plane).

4.25 Effective Radiated Power, Antenna Gain, and Conversion Efficiency

Following the theory described in chapter 3, the effective radiated power and the isotropic con-
version efficiency of the original AIA (w/o lengthened gate resonator) can be determined
(Table 4.5). The receiving antenna is the input of a waveguide. Using the physical size results
in a desired underestimation of the Poynting’ s vector.
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Measured power in main radiation direction -29.1 dBm @ 24 GHz

Distance between AIA and receiving antenna | 30 cm (satisfying Eq. (4.2))
Dimension of the receiving antenna 10.7x4.3 mm?

Poynting’ s vector 2.67 pW/cm?

ERP 30.2 mW, 14.8 dBm

DC power (Figure 4.4) 60 mw

Isotropic conversion efficiency Npc-erp 50.3%

Table4.5 Measure effective radiated power and isotropic conversion efficiency.

The antenna gain is derived from the far-field measurements. The half-power beamwidths can
be derived from Figure 4.10 and Figure 4.11 and are given in Table 4.6.

Qe=Qn 100°

Gain 3.24dB

Table4.6 Half-power beamwidths and gain of the AIA.

Regarding the results presented in this section, it can be seen that the free running AIA can be
used as the starting point for the following verifications, but also as a front end for multiple
applications. The bias dependence of the frequency can be used for frequency tuning and load-
pulling effects are usable for Doppler applications. The radiation behavior with the large half-
power beamwidth is another promising feature for applications making the AIA insensitive to
tilt angles.

4.3 Frequency Tunable AlIA

Using a varactor diode, the AIA can be tuned [4.1]. By adjusting the diode voltage, different
oscillation frequencies can be achieved. According to chapter 2, three different approaches were
realized (Figure 4.15). Beginning with the direct approach (Figure 4.15 @) all three approaches
are discussed in this section. Since the inductive approach (Figure 4.15 c) shows the best re-
sults, it is considered in detail.

Figure4.15 Pictures of the voltage controlled AlAs.
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4.3.1 Tuning Range

The first VCAIA characterized is the directly coupled VCAIA. As predicted with simulations,
the tuning range is nearly 3 GHz (12.5%, Figure 4.16). The deviation between the simulation
and the measurement is due to the loading effect of the diode to the transistor that cannot be
modeled with small-signal simulations. This effect is getting stronger with increasing cut-off
voltage of the diode. The loading effect resulting from the diode is also responsible for the
strong output power variation (29 dB). This variation can only be reduced if the feedback of the
diode is reduced by means of indirect coupling.
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Figure4.16  Oscillation frequency (simulated and measured) and radiated power with re-
spect to varactor voltage of the directly coupled VCAIA.
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Figure4.17  Oscillation frequency (ssimulated and measured) and radiated power with re-
spect to varactor voltage of the capacitive (a) and inductive (b) coupled VCAIAS.

Indirect coupling is realized in two ways with the diode arranged at the gate resonator. A cou-
pling gap is used to realize capacitively coupling (Figure 4.15 b) and a thin high inductive line
isused for inductively coupling (Figure 4.15 c). As predicted with the ssmulation, the capacitive
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approach shows multi-moding effects (Figure 4.17 a). Due to the length of the gate resonator
together with the coupling gap, two dlightly different modes depending on the diode voltage can
exist. This assumption is confirmed regarding the radiated power from the VCAIA. For a diode
voltage [0; -5 V], the first radiating mode exists. For a diode voltage [-5 V; -10 V], the VCAIA
shows chaotic like behavior resulting in a decrease of the radiation by 10 dB. For diode volt-
ages[-10 V; -20 V], the VCAIA radiates in the second mode with nearly constant power that is
around 10 dB larger than the power from the first mode and 20 dB larger than the power radi-
ated during the mode switching.

Inductively coupling (Figure 4.17 b) shows ideal behavior. Though the tuning range is smaller
than using direct coupling (4.2% compared to 12.5%, Figure 4.16), the frequency is propor-
tional to the diode voltage. Moreover, the power remains constant over the diode voltage [-5 V;
-15V] if the drain source voltage is Ups = 2.5 V. Using the inductively coupled AlA, the tuning
range is 4.2% and the relative power variation is 0.3 dB.
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Figure4.18  Radiated power versus transistor voltage for the indirect coupled VCAIAS.

Regarding the radiated power behavior versus the transistor voltage (Figure 4.18), it can be seen
that the transistor voltage must be selected carefully. The inductively coupled VCAIA (Figure
4.18 b) shows the desired power flatness only for relatively large drain source voltages (2.5 V).
For small transistor voltages, the diode influences the transistor significantly. This observation
is in accordance with the self-mixing behavior of the transistor, which is also caused by load
pulling effects.

This effect cannot be observed regarding the capacitive approach (Figure 4.18 a). The coupling
between the diode and the transistor is too weak in this case to enable any feedback. Therefore,
the power behavior isindependent from the transistor voltage.
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4.3.2 Phase Noise
CF = 24 GHz, RBW = VBW = 1 kHz, SPAN = 5 MHz
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Figure4.19  Spectrum of the inductively coupled AlA (black) compared to the free running
AlA (gray).

Offset frequency Phase noise L(f)
100 kHz -33dBc/Hz
1 MHz -63 dBc/Hz

Table4.7 Phase noise of the inductively coupled VCAIA.

The phase noise behavior of the inductively coupled voltage controlled AIA is 3dB better
compared to the free running AIA (Figure 4.19). Table 4.7 shows numbers of the phase noise
measured with the direct spectrum method. The improvement compared to the free running
AlA is due to the longer gate resonator. We observed this behavior aready examining gate
resonators with different shapes in section 4.2.3. Applying Eq. (4.1), we know that the Q-factor
of the gate resonator with the inductive line is raised by the factor of 1.41 compared to the free
running AlA.

4.3.3 Radiation Behavior

To simulate the radiation behavior, we calculated the microstrip structure of the inductive cou-
pled VCAIA. Though we are able to consider the transistor inserting the calculated port volt-
ages, the diode cannot be considered. Therefore, we have a larger simulation error compared to
the single free running AIA. Especially regarding the cross-polarization (Figure 4.20), it is hard
to predict the behavior since thisis dominated by the bias lines. We assume that the neglect of
the influence of the diode is responsible for the ssmulation error of 20 dB in the cross polariza-
tion of the E-plane.

The co-polarization can be predicted with sufficient accuracy. The dip in the co-polarization in
the E-plane for 8= 0° (Figure 4.20) is due to the near one wavelength long gate resonator (com-
pare also Figure 4.13).
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Figure4.20  Radiation pattern of the inductive approach for different varactor voltages.

After characterization, it can be seen that the inductive coupled VCAIA meets the requirements
better than the other VCAIAs. The linear tuning range comes together with the linear output
power if the right transistor voltage is chosen. Regarding the radiation pattern, the long gate
resonator causes atilt of the main radiation direction aswell asadip for 6= 0°.

4.4 Injection-Locked AlA

gold header -

koax line
< coming through
the header

inner conductor
soldered on the
substrate

Figure4.21  Picture of the injection-locked AlA.
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Injection locking can be used either for synchronization or for phase noise reduction. We use
injection locking to verify how far the phase noise of the AIA can be reduced. In our approach,
the AIA layout remains unchanged since the injection signal is coupled through a gap into the
gate resonator. The injection-locked AlA is shown in Figure 4.21. The dimensions are in accor-
dance with chapter 2. We feed the AIA by means of a semi-rigid coax line that is led through
the gold header. The inner conductor of this line is soldered on a coupling line that is supplied
on the substrate. The injection signal is made available from a synthesizer.

4.4.1 Locking Range

Tuning bandwidth [MHZz]
N

-10 -5 0
Injection power [dBm]

Figure4.22  Locking range with respect to injection power.

Figure 4.22 shows the tuning bandwidths for an injection-locked AIA with respect to the injec-
tion signal strength. The plot shows the increase of locking bandwidth with an increase in injec-
tion-locking signal. The injection power is measured at the input of the coax line. The locking
gain versus locking bandwidth graph is especially important for AIAs because they are easily
affected by the environment. In power combining applications, the locking gain and bandwidth
determine how much power is required to keep the distributed sources synchronized to a master
source.

With the injection-locking theory presented in chapter 2 and the Q-factor of the gate resonator
(Q = 130), we can calculate the ratio of the injection power with respect to the AIA power. For
atuning bandwidth of 7 MHz, the difference between the injection and the AIA power is 28 dB.
To increase the tuning bandwidth, the coupling between the inner conductor and the AIA must
be improved.
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4.4.2 Phase Noise
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Figure4.23  Phase noise with respect to tuning frequency for -5 dBm injection power.

The phase noise behavior of the injection-locked AIA depends on the tuning bandwidth as well
as on the phase noise of the injection source. Figure 4.23 shows the phase noise of the injection-
locked AIA for an injection power of =5 dBm. According to chapter 2, the phase of for the in-
jection-locked AIlA is equal to the phase noise of the injection source. For frequencies outside
the bandwidth, the phase noise is that of the free running AlA. Table 4.8 shows numbers of the
phase noise for the injection-locked AIA within the locking range. The phase noise values out-
side the locking range can be found in section 4.2.3.

Offset frequency Phase noise L(f)
100 kHz -82 dBc/Hz
1 MHz -94 dBc/Hz

Table4.8 Phase noise of the injection-locked AlA.
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Figure4.24  Spectraof theinjection-locked AIA compared with the free-running AIA.
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The improvement of the phase noise can also be seen regarding the spectra of the locked and
unlocked AlAs that are normalized and compared in Figure 4.24.

4.4.3 Radiation Behavior
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Figure4.25  Radiation pattern of the injection-locked AIA (E-plane).
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Figure4.26  Radiation pattern of the injection-locked AIA (H-plane).

Regarding the radiation patterns of the injection-locked AlAs (Figure 4.25 and Figure 4.26), it
can be seen that the injection signal does not affect the radiation behavior of the AIA. The pat-
terns are nearly identical with the pattern from the free running AIA (section 4.2.4).

The realized injection-locked AIA confirms the desired features. Within the locking range, the
phase noiseis at least 30 dB lower compared to the free running A1A (Table 4.8 and Table 4.3).
For the coupling, a compromise between the injected signal strength and the radiation behavior
must be found. We decided to choose a coupling gap width of 300 pum resulting in a small tun-
ing bandwidth (max. 0.03%). Using this large gap, the radiation pattern remains that of the
original free running AIA. Thus, if a highly stabilized AIA isrequired, this approach is the first
choice. The disadvantage using injection locking is that an external source is needed to syn-
chronize the AlA. This disadvantage can be overcome using mutual coupling presented in the
following section.
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45 AlA Array

For an application that would require more power (e.g. in a sensor that has longer range), sev-
eral AlAs can be arrayed. The goal of the array is to raise the power in a low-power sensor
while maintaining manufacturability and repeatability in the design at 24 GHz. Self locking of a
number of oscillators can lead to lower phase noise than in the case of a single oscillator, since
the noise adds incoherently and the signal adds coherently. Figure 4.27 shows a picture of the
realized array. The distances between the single elements are derived experimentally based on
the theory described in chapter 2. To ease the DC connection the gate source resistors (Rgs) are
directly soldered on the substrate.

Figure4.27  Picture of the array.

4.5.1 Coupling Behavior

The coupling in the H-plane is much stronger than in the E-plane. For this array, H-plane cou-
pling is—20 dB and E-plane coupling is better than —38 dB. This results in easy synchronization
in the H-plane compared to the E-plane. Since single elements of the array show dlightly differ-
ent oscillation frequencies due to slight fabrication and device variations at 24 GHz, it is advan-
tageous to bias every transistor separately. Only a drain voltage must be applied because the
gate is used in a self-biased configuration. The source can be connected directly to the ground
metallization leading to a single bias connection per array element. It was found that drain volt-
agesof 2.2V + 10% were required in all casesto lock the array.
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45.2 Phase Noise
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Figure4.28  Spectra of the single free running AIA (gray) and the synchronized array
(black).

The resulting spectrum if all elements of the array are coupled is shown in Figure 4.28. The
spectrum of a single AIA (gray) is compared with the spectrum of the complete locked array
(black) where both peaks are normalized. If all AlAs are locked, the phase noise is
-37 dBm/ Hz (@ 100 kHz offset, Table 4.9) and the radiated output power density measured in
the main lobe by means of afield probe at a distance of 20 cm is 10 dB higher compared to a
single AlA. Ideally, the power density should be n that of the single element where n is the
number of locked AlAs, giving an achieved combining efficiency greater than 63% for the ar-
ray in Figure 4.27. According to the theory presented in chapter 2, the phase noise should im-
prove by 1/n. The measured phase noise improvement of 7 dB proves therefore the in-phase
coupling.

100 kHz -37 dBc/Hz

1 MHz -65 dBc/Hz

Table4.9 Phase noise of AIA array.

45.3 Radiation Behavior

DC probes

Figure4.29  Far-field measurement setup for the AIA array with DC probes.
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Figure 4.29 shows the measurement setup for the radiation pattern of the AIA array. DC probes
are used to contact each AIA element. We use a common source configuration, i.e. five DC
probes are used to bias the complete array. The difficulty using bias probes is that they can in-
fluence the radiation pattern measurements for large |4 (e.g. multipath propagation effects).
Therefore, the measured values for large | must be inspected carefully.
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Figure4.30  Radiation pattern of the array.

Only the E-plane pattern was measured to characterize the array behavior (Figure 4.30). We are
expecting a 4 times higher directivity since we have a factor 2 in the E-plane just for having
more than 1 element and some improvement in the H-plane. The directivity predicted by the
simulation could not be confirmed with measurements. Only a little improvement compared to
the single AIA could be measured (Figure 4.31). The radiation pattern has a single beam as ex-
pected indicating in-phase locking. The cross-polarization is dominated by the bias lines. The
asymmetric arrangement of the lines leads to the asymmetric radiation behavior of the cross-
polarized field component. Thisisin accordance with our simulations (Figure 4.30).
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Figure4.31  Radiation pattern of the single AIA and the AIA array.

The variations in the transistor and substrate parameters make the design of an array consisting
of AlAs very difficult. Since the elements influence each other, they must be smulated alto-
gether. Since the coupling also results in avariation of the operation point of the transistors, the
array can only be modeled satisfactorily using large-signal analysis coupled with field analysis.
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To summarize, coupling of AlAs can be used to improve the total radiated power by 10 dB as
well as the phase noise by 7 dB. With the configuration presented here, the radiation behavior
does not change.



5 SENSOR AND COMMUNICATION
APPLICATIONS

After validation of the designs presented in chapter 2, it was shown in chapter 4 that AIAs show
features that make them very attractive for sensor and communication applications. Features
such as easy and cheap production, as well as excellent reproducibility makes them first-choice
front-ends for many applications. In this work, two applications are considered in detail.

Regarding the AIA properties, not all applications can be realized with AlAs. Due to the rela-
tively high phase noise, frequency and amplitude modulation is not recommended, however,
spread spectrum modulation can be used [5.1].

The self-mixing properties of the free running AIA can be exploited for Doppler applications.
Figure 5.1 shows an AlA based Doppler sensor that is mounted on the rear bumper of acar. The
operation principle of this sensor can be described as follows: The AIA transmits a CW signal
that is reflected by the road surface. Due to the Doppler effect, the reflected signal is frequency
shifted proportional to the velocity over ground. Within the transistor, the reflected and fre-
guency shifted signal is mixed with the transmitted signal leading to an intermediate frequency
that is proportional to the speed over ground.

Doppler
sensor

Rear
bumper

Figure5.1 Doppler sensor mounted on a car.

This Doppler sensor is developed in this work. In addition, a crash sensor based on this sensor
is developed that allows for the first time predictive crash analysis. Regarding communication
applications, the first imaging RFID system is developed and is presented here.

In this chapter, the RFID system and the crash sensor are presented in detail including the op-
eration principle, the realization, and the results from operation.
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51 RFID System

The first imaging RFID system based on AlAs is presented. The block diagram of the RFID
system is shown in Figure 5.2 [5.2]. The system can be divided into two parts. The active trans-
mitter and the imaging receiver.

500kHz

—_—— e e e — = o
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5x5
Lens Detectorarray
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Figure5.2 Block diagram of the RFID system.

The modulated signal is transmitted by the so-called tag and is received by a 5x5 array of rec-
tennas. After analog signal processing, the signal is digitized, processed in a digital signal proc-
essor (DSP), and displayed on a computer screen. Since the tag is realized in a relative smple
way, most of the system intelligence is found in the receiver. This has the advantage that the
tags can be realized cost effective, which is important because multiple tags are used in a sys-
tem and only one receiver is needed. The details of this system are discussed in the following
sections.

5.1.1 TheActive Transmitter “Tag”

Thetag can be divided in three parts that are explained in detail in the following subsections:
* TheRF front-end

» The code generator

e The power supply

5.1.1.1 The RF Front-End

The free running AlA is used as the RF front-end in this system. The ISM band at 24.125 GHz
+ 125 MHz gives the boundary conditions for the frequency range.

The transistor gate is biased in a self-biasing configuration with a 10 kQ resistor between the
gate and source terminals. The drain is used as the modulation input. On-off keying is applied
to modulate the AIA with the modulation code. Since the output frequency depends on the drain
voltage, the finite width of the signal flanks causes a frequency ramp. This must be considered
designing the code generator.
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5.1.1.2 The Code Generator

With regard to ssimple realization, maximal length pseudo noise (PN) sequences are used which
employ good correlation properties. This identification code modulates via BPSK the 24 GHz
AlA by means of a sub carrier technique. The codes are called maximal length sequences and
are applied in this work with a length of 31 bits. They are generated using a quartz oscillator
that is connected to CMOS shift registers. The feedback loops of these shift registers define the
code. The quartz oscillator of the code generator determines the modulation frequency (500
kHZz) and the code frequency (15.625 kHz). The length of the 31 bit code is 1.98 ms. Since it is
important to have short flanks, a 1 kQ resistor is applied parallel to the AlA.

5.1.1.3 The Power Supply

The AlA and the code generator must be supplied with power. We use a3 V lithium cell that is
placed under the circuit board of the tag. Though the lifetime of the battery limits the lifetime of
the compl ete tag, large read ranges can be achieved with this approach.

AlA code generator

battery

Figure5.3 The active tag.

The complete assembled tag is shown in Figure 5.3. The AIA is mounted on a gold header on
top of the circuit board together with the quartz and the code generator. The battery can be
found under the circuit board.

Using the codes transmitted by the tag, we are able to identify things or persons. To localize
things in addition, we need the localization functionality of the receiver.
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5.1.2 Thelmaging Receiver

The receiver is responsible for both the identifying and localizing properties of the system. The
receiver can be divided into different parts:

» Thelensfor quasi-optical beamforming
* The detector array consisting of 25 detectors
* Theanalog signal processing

* Thedigital signal processing

5.1.2.1 The Lens for Quasi-Optical Beamforming

Quasi optical properties can be exploited if the diameter of the lens is much larger than the
wavelength of the electromagnetic wave. With a wavelength of 1.25 cm @ 24 GHz and alens
diameter of 17.3 cm, this condition is satisfied.

Regarding the lens shape, monofocal lenses are limited to very small scan angles. Therefore, we
designed a bifocal lens from HD-PE (g, = 2.3) with afocus of 22.7 cm alowing for larger scan
angles. The calculation of the lens surface shape is based on Snellius' law on the guideline to
obtain a planar phase front of the waves going through the lens. The parameters of the lens are
givenin5.1.4.

Figure 5.4 shows that the received power level and the beam forming properties are amost con-
stant for scan-angles up to +13°. The -3 dB far field beam angle is smaller than 2.7°.
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Figure5.4 Radiation patterns of lens-focused rectennas.

5.1.2.2 The Detector

Every detector is realized as rectifying antenna (rectenna). Here, the rectennais a planar dipole
antenna with a Schottky diode in between the monopoles. Figure 5.2 shows a picture of such a
planar rectenna. The length of the dipole is approximate Ay/2, where Aq is the guided wave-
length of the microstrip line. The length of the dipole must be adapted so that the dipole imped-
ance is matched conjugate complex to the Schottky impedance. In this application, the Schottky
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diode (small cube in the middie of Figure 5.5) represents a nonlinear resistor that demodulates
the RF signal.

To select the optimal dimensions of the rectenna, different dipoles were characterized. The
measurements showed that the length of the dipoles must be shortened by 10% to take the ef-
fects of the small substrate dimensions into consideration. The DC connections are realized as a
low pass filter structure with radial stubs to decouple the RF signal. The 3 dB bandwidth of the
detector is 750 MHz.

Schottky-Diode

—
1 mm

Planar
Dipole

Figure5.5 Rectenna at 24 GHz.

Besides depending on the geometry, the sensitivity of the detector can be influenced by biasing
the Schottky diode. Though the diode noise depends aso on the diode current, the signal-to-
noise-ratio of the rectenna is improved. The optimal diode current was experimentally deter-
mined to be 50 pA.

5.1.2.3 The Detector Array

The detector array is responsible for the localizing feature of the system. In our system, we
aligned the detectors with respect to the lens so that the -3 dB points of the antenna patterns of
two adjacent detectors coincide. As can be seen in Figure 5.4, in this case the cross-talk due to
side lobes is below -15 dB. To achieve adequate resolution, 25 rectennas are arranged in a 5x5
array.

Rectenna on
gold header

Figure5.6 The detector array.

Figure 5.6 shows a photograph of the complete detector array (17x17 cm?). In contrast to exist-
ing imaging systems, a two-dimensional approach is used, so that no expensive mechanical
scanning is necessary.



5.1 RFID SYSTEM 107

Each detector comes on a header so that it can be easily replaced. The circuit board between the
detectors is covered with absorber to avoid multipath reception. On a second layer behind the
detectors, the power supplies and the pre-amplifiers can be found.

5.1.2.4 The Analog Signal Processing

For the RFID system, the analog signal processing is a rigorous task, since the power level of
the signal isvery low, and direct detection of the RF signalsis used.

After the direct detection, the 500 kHz IF (Intermediate Frequency) signal is pre-amplified with
a high-speed operational amplifier having a gain of 100. The noise of the pre-amplifier can be
neglected compared to the diode noise.

Following the amplification, signal quality can be improved further with band pass filtering.
Considering the spectra of the desired code, it can be represented by the si(x)? function around
500 kHz. Theoretically, the spectrum is indefinite. By neglecting the spectra outside the main
lobe of the si function only 10% of the signal energy is lost but the signal-to-noise-ratio is im-
proved significantly. The band passisreadized as a Bessel-Thompson-Filter of the fourth order.

To alow for digitization of the tag signal, the power level of the different detectors must be
normalized to asignal swing of 5 V. Thisis done with an automatic gain control amplifier.

The IF of the direct detected signal is too high to be processed by the A/D converter and the
signa processor. Therefore, the signal must be down converted directly into the base band.
Since the tag and the receiver are not synchronized, frequency and phase offsets are created due
to the mixing. To minimize this disadvantage, complex mixing is applied.

The two phase-shifted signals are digitized in a 10-bit A/D converter, compared, and the signal
with the lowest offset is used for the subsequent correlation. The sampling frequency fs of the
converter is selected to avoid aliasing and satisfying

f.T .. =number of samples=2*. (5.1

s ' code

Here, with Teoge = 1.984 ms, 128 samples and fs = 64.516 kHz are used to sample one code.

5.1.2.5The Digital Signal Processing

After digitization, the signals can be processed by the DSP TM S 320C240. This processor has a
16-bit fix point architecture with a maximum speed of 20 MIPS. The processor is responsible
for the identification task of the system.

To recognize atag, the received and digitized code is compared with a known code within the
DSP. This comparison is done with a correlation in the frequency domain. This is faster than
doing a correlation in the time domain. The decision criterion for the correlation is the merit
factor that is defined as the ratio between the energy of the main correlation peak to the energy
of the cross correlation function.

The DSP code is written in both C and assembler. Figure 5.7 shows the structogram of the DSP
code. The purpose of the code is to identify and localize three different tags. The merit factors
aretransferred to PC viaa seria interface.
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Initialization

FFT-Transformation of the original codes

Calculation of the conjugate complex spectra: S;, S,, S;3

Loading 128 complex values via ADC

Digitizing AGC voltage level, averaging 20 values: agcyoitage

Switching multiplexer to the next detector

FFT-Transformation of S: Sapc

Calculation of KKFs,ec=Siz Sanc

FFT-Transformation of KKFpe into time-domain

00 i=1.25 =02 Calculation of the magnitude of the KKF
i2=0..

Calculation of the energy of the KKF: energy

Calculation of the energy of the maximum of the KKF: energymax

Calculation of MF[i2]=energymax/energy

Transmission of the detector number i to the PC

Transmission of agcyiage t0 the PC

K=0..2 Transmission of MF[K] to the PC

Figure5.7 Structogram of the DSP code.

5.1.3 Visualization

After evaluation of the digitized base band signals, the merit factors are transferred to a PC. All
25 merit factors are displayed on the computer screen. A tag is identified if the merit factor is
larger than an experimentally determined threshold. The localization is realized applying a two-
dimensional cubic spline interpolation algorithm on the 25 values that can be assigned to one
tag. The maximum of the interpolation gives the coordinates of the tag with respect to the
scanned area of the receiver. Figure 5.8 represents a screen dump showing the merit factors of
the 25 detectors and 2 arrows giving the relative position of the tag. Only one merit factor is
larger than the selected threshold, all other values are faded out. The two arrows indicate the
position of the detector with the highest merit factor. The tag number is selected in the window.
This screen is displayed for every tag.
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Figure5.8 Screen dump of window with the evaluated merit factors and the interpol ated
maximum.

The identification functionality can easily by verified by comparing the real tag id number with
the evaluated id number. To verify the localization functionality, the evaluated coordinates of
the expected position are overlaid with a picture from a video camera with the same scan area.

Each tag is represented by a colored frame.

Liwes Fusll Beslion Video

Figure5.9 Video picture of atag with the overlaid position information.

In Figure 5.9, avideo screen dump is shown. The position of the tag in the middle of the picture
is localized by the RFID system and the evaluated position is displayed as frame within the
overlaid video picture. The color of the frame represents the tag id. The position of the tag can
exactly be located with this system.
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5.1.4 System Data

5 SENSOR AND COMMUNICATION APPLICATIONS

Operation frequency 24 GHz

Intermediate frequency 500 kHz

Code family Maximum length sequence
Code length 31 bits

Recurrence period 1.984 ms

Number of detectors 25

Area per detector

30 mm x 30 mm

Area of the detector array 17 x 17 cm?
Focal length of the lens 227 mm
Aperture diameter 173 mm
Maximum thickness of the lens 40.2 mm
Diameter of the bifocal area 46 mm
Material of the lens HD-PE (g, = 2.3)
Scan angle 15°

3 dB far field beam width > 3.57°
Local resolution @ 1 m 13cm

Local resolution @ 1.5 m 19cm

Local resolution @ 2 m 26 cm

Table5.1 System data of the realized RFID system.
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5.1.5 Presentation of the System

After the system was built and the functionality was proven, it was presented on the 1998
“Electronica’ trade fair. The RFID system was combined with a model railway, where the tags
were mounted into the rail wagons. The receiver and video camera were fixed two meters above
the table to scan the whole railway.

Monitor with
localization/ identification information

Model
train
w/ tag

Figure5.10  Model railway with RFID system.

Figure 5.10 shows the model railway. A monitor in the middle of the railway shows the video
picture with the overlaid localization information derived by the RFID system. Colored circles
show the position of the tags. The tags are localized even if the train is moving fast.

The railway on the trade fair was a perfect eye catcher for the audience. Multiple contacts with
visitors showed us possible applications for the system. Moreover, the functionality could be
proved due to the one weeklong operation without any failures. The only part that had to be
renewed was the battery of the tags.

5.1.6 Possible I mprovements

The experience from the presentation gave us rise to improve some features of the system. The
number of tags can be improved by using a different code family resulting in longer and easy
distinguishable codes. These codes should have good correlation properties and should be in-
sensitive regarding multipath propagation. If gold codes with a length of 63 bits are used, 65
different tags can be distinguished [5.3]. Longer codes improve the number of distinguishable
tags but need more computation time resulting in slower refresh rates.

The lifetime of the tags can be improved either by waking up the tags with a wake-up pulse or
by changing the continuous operation into a pulsed operation. By using short pulses and long
sleep times, the lifetime of the tags can be enlarged to several years.

For applications in factory buildings, the read range of the system must be enlarged, too. This
can be redlized by using an antenna-amplifier-balanced mixer configuration instead of the rec-
tenna. The evaluation times of the system can be shortened by using a faster DSP and dividing
the calculation task between the DSP and a microcontroller [5.4]. The microcontroller observes
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the 25 detectors and selects the detector with the strongest signal so that the DSP has to calcu-
late the correlation only for one detector instead of 25 detectors. By selecting the strongest sig-
nal, the microcontroller takes over the localization task.

5.2 Crash Sensor

Many sensor applications can be realized using AlAs. In this work, the application as a crash
sensor is investigated.

Conventional crash sensors measure the deceleration of an object. Regarding modern, heavy
cars, important and lifesaving time passes until the deceleration is large enough to activate pas-
senger protection devices (e.g. airbags). Especialy side crashes need short response times due
to the small crumple zone of the side covers.

Our crash sensor can minimize the response time by monitoring the interior of a car door. Two
approaches are useful to solve this task. Either the complete interior is monitored resulting in
very sensitive sensor, or a shielded sensor is used. The problem using an unshielded sensor is
that normal movements (e.g. caused by the door window) affect the performance of the sensor.
This can be avoided using a shielded sensor.

5.2.1 Structure of the Crash Sensor

The shielded sensor consists of an AIA and a reflector shielded with an expansion bellow. The
length of the shielded sensor is restricted by the width of the car door that is only some centime-
ters (Figure 5.11).

AlA chip

Brass heatsink

Figure5.11  Schematic drawing of the shielded crash sensor.

The AlA is operating in self-mixing mode [5.5] and is mounted on a brass heatsink. In a known
distance ro (typical: ro = 6 cm) from the sensor chip, a reflector is placed. This reflector can be
mechanically connected to the automobile body sheet to be monitored in respect of deforma-
tion. Sensor and reflector are capsulated by means of an expansion bellow.

Since the length of the sensor is in the order of some wavelength of the 24 GHz AIA, an AIA
based on an IMPATT diode at 61 GHz is used in addition to verify the influence of the wave-
length on the sensor behavior.

52.1.1IMPATT Based AIA

The operation frequency of 60 GHz is too high to use transistors as active elements in AlAS.
Therefore, we go back on an existing AIA design [5.6], where an IMPATT diode is mounted in
the middle of a planar dipole. The complete structure shown in Figure 5.12 isrealized on silicon
substrate.
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Figure512  IMPATT based AIA at 60 GHz.

5.2.1.2HEMT Based AIA

For this application, the AIA presented in this work is combined with a Schottky rectenna (sec-
tion 5.1.2.2). Using this AIA rectenna configuration in our crash sensor, the transmitted AIA
signal is received by both the AIA and the rectenna. The self-mixing process within the AIA is
exploited to detect any frequency deviations between the transmitted and received signals. The
rectennais fed from the AlA via surface waves so that mixing also occurs in the rectenna [5.7].
The distance between the AIA and the rectenna was chosen so that the phase offset between the
two received signalsis 90°. Figure 5.13 shows the AlA—rectenna configuration at 24 GHz, real-
ized on alumina substrate.

I AIA

1 mmI detector

Figure5.13  The AlA-rectenna combination at 24 GHz.

5.2.2 Principleof Operation

Due to its small dimensions with respect to the wavelength, the sensor can be compared to a
Fabry-Perot interferometer, i.e. the interference between the transmitted and received signa
leads to load pulling effects. In addition, the movement of the reflector causes a Doppler shift of
the reflected signal. Therefore, the video voltage (IF) depends on the velocity of the moving
reflector as well asinterference effects [5.8].

To avoid multi-path propagation, the reflector has to be selected carefully with respect to its
radar cross-section. To lower the cross-section, we are using LDPE instead of metal. Experi-
ments showed best results with a conical target that has a spherical tip.

The IF signal is used as decision criteria for different passenger protection devices. Different
crash scenarios are possible that require different reactions of the protection devices. Figure
5.14 shows a velocity-deformation diagram. Slow crashes do not require a reaction of any pro-
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tection devices where fast crashes can require areaction. A fast harmless crash with low defor-
mation caused e.g. by afootball should not result in the inflation of the airbags but a dangerous
side crash coming with high deformation must be followed by inflation of the airbags.

Av :
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I accident
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| Parking
I accident
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Deformation

Figure5.14  Different crash scenarios.

523 Crash Tests

To derive unigue decision criteria, the IF behavior must be monitored. Therefore, it is necessary
to make real crash tests. For these tests, we could use the side crash setup of the DaimlerChrys-
ler research center in UIm. The setup consists of a carriage that can be accelerated to different
speeds. The target of the carriage is the sensor within a door model having the same properties
(e.g. size, thickness, bodywork thickness) as comparable door of areal car. Alternatively, the
door model can be replaced by a sensor mounted on a simple holder, resulting in cheaper tests.

sensor behind
body sheet

<——door model

carriage

Figure5.15  Crash sensor test setup.
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Figure 5.15 shows the setup with the carriage and the door model. Different tests with different
speeds and sensors were carried out with the IMPATT based sensor. The video voltage from the
AlA was amplified, sampled, and stored. With our digital scope (TDS 220 by Tektronix), we
were able to monitor the time 2 ms before and 8 ms after an individually selectable threshold
for the video voltage (Figure 5.16).
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Figure5.16  Video voltage versustime for different crash speeds.

The easiest way to decide if the crash was hard or not is to use the sampled signal by counting
the zero setting or peak points. However, the level of the peaks and the number of the zero set-
ting points differ considerably. Figure 5.17 shows the number of samples, if a threshold of
75V is selected and the samples over this threshold are added, for different fast and slow
crashes. The number of samples varies too much (box) to find a suitable criterion.
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Figure5.17  Number of samples above 7.5V for the video voltage (left side) and below -0.4
V (right side) for the derivative of the video voltage with respect to multiple tests.
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Our way to overcome this problem was to use the first derivative of the video voltage. The
peaks of the video voltage are no longer rated by their total height but by their gradient. This
gives a much better distinguishable signal (Figure 5.18). Applying again a threshold and adding
the samples below it, an unequivocal decision criterion is found (Figure 5.17, box). Even reduc-
ing the gating time to 4 ms, signals can easily be distinguished.

,008

—fast
—slow

® »® A N o N b
eS|

Video voltage per second
[Volt/Second]

AN
o

Time [Seconds]

Figure5.18  First derivative of the video voltage for different crashes versus time.

Comparable crash test are also carried out with the HEMT based crash sensor and the results
show that we can use the same decision criterion for this kind of sensor. The disadvantage using
the HEMT based sensor is the lower frequency (i.e. longer wavelength) compared to the IM-
PATT based sensor. This results in fewer zero settings regarding the same time period leading
to a weaker decision criterion or alonger observation time. However, using the combined AIA
rectenna sensor, the number of zero settings can be doubled.

5.2.4 Discussion

The usage of an AIA based crash sensor shows many advantages. Compared to a conventional
crash sensor that is mounted in the middle of the underbody, the crash sensor in the door detects
body sheet deformations much earlier. In addition, the sensor signal can be used to predict the
kind of the future crash (pre-crash analysis). Different airbags and restraint mechanisms can be
optimally combined to give the passengers the best protection available to minimize their risk to
be injured.
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The purpose of this work was to develop an understanding and provide design guidelines for
active integrated antennas (AlAS) for sensor and communication applications. These antennas
represent an attractive choice as state-of-the-art radar front-ends. In contrast to more conven-
tional front-ends, the AIA is treated as a single entity. The drawbacks of this approach are that
AlAs are difficult to design, and their properties differ from front-ends that are designed to ful-
fill a specific task (i.e. highly stabilized transmitters or high directivity antennas). The minimi-
zation of these drawbacks while maintaining the advantages of the AIA was the main task of
this work. Different AIA concepts were investigated, design procedures for them were estab-
lished, prototypes were fabricated and tested, and the AlAs found use for diverse applications,
ranging from Doppler sensors to RFID (Radio frequency identification) systems.

AlAs can berealized in multiple ways at different frequencies within the ISM bands. Whereas a
number of AlAs have already been demonstrated at frequencies around 2.45 GHz and 5.8 GHz,
AlAs presented at frequencies higher than 20 GHz have the disadvantage that the employed
two-terminal devices show poor DC-RF efficiency. Transistors have better DC-RF efficiency,
and are now commercially available for frequencies above 20 GHz. Therefore, we concentrated
on AlAs at the ISM frequency of 24 GHz based on transistors realized in microstrip technology.
This technology allows the usage of an “uniplanar” approach, because the complete functional-
ity can be integrated on one layer, making the A1A manufacturable and inexpensive.

The design of AlAs is difficult due to the direct interaction between the active device and the
antenna. Exact modeling of the complete structure can be done using nonlinear oscillator and
electromagnetic theory. This requires the computationaly expensive derivation of nonlinear
models. Within this work, it was verified that also linear and linearized oscillator theories can
be used that lead to the same results. Different theories were introduced consisting of S
parameter representations and narrowband equivalent circuit models.

The first front-end developed in this work was a free-running fixed-frequency AIA. To compare
different oscillator theories, the start-up condition was simulated with linear theory, while the
steady-state condition was simulated with nonlinear theory. To derive S-parameters for the
steady state, large-signal measurements of the transistor were carried out, and it was shown that
only |Sx;:| must be reduced by a factor of 40-50% to consider saturation effects. Combining the
reduced S-parameters with linearized large signal modeling gave the same oscillation frequency
as the small-signal approach of 24 GHz.

When designing AlAs, not only different theories must be considered but also different circuit
and device models. Regarding the transistor, a large or a small signal model can be used. The
microstrip circuit can be simulated with lumped elements or full-wave analysis. The most rig-
orous way to simulate the AIA is to combine nonlinear oscillator theory with a large signal
model of the transistor and full-wave analysis of the microstrip circuit. The derivation of these
modelsis very extensive. Therefore, the validity of the ssmple linear approximations was exam-
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ined. Simple small signal models were compared with large signal models, and the results were
compared. The average simulation accuracy compared to measurements was 0.21% using
small-signal models and 1.63% using large signal models. Both results were satisfactory, so that
the linearized approach was adopted due to its efficiency. Additionally, the problems with
obtaining good nonlinear device models at these very high frequencies are: non-availability of
broadband (100 GHz), active load-pull measurement setup, proper deembedding of 80 nonlin-
ear device parameters based on four measured complex numbers, and huge influence of para-
sitic reactances. The divergence of 1.4% using the large signal model compared to the small-
signal model was due to the very complex large-signal model that was a source of multiple er-
rorsin contrast to the small-signal model based on measurements.

With the steady state S-parameters, the radiation behavior of the AIA was modeled and meas-
ured. The antenna pattern showed the desired behavior with one linear polarized main lobe.
This was confirmed with pattern measurements giving an effective radiated power of 14.8 dBm,
a half power beamwidth of 100°, and an antenna gain of 3.24 dB. The phase noise of the free
running AlA was -30 dBc/Hz @ 100 kHz offset.

This single AIA can be used as a low-cost Doppler-sensor exploiting the self-mixing due to the
nonlinearities of the transistor. The amplitude of the intermediate frequency (IF) had its opti-
mum for low drain-source voltages, which had to be considered in the AIA design. However, to
achieve larger tuning bandwidths than 40 MHz coming with a 3 dB power variation, frequency
tunable AlAs had to be used.

A freguency tunable AlA is needed for postproduction tuning and for applications such as FM-
CW radars. The frequency-determining element of the AlA is the gate resonator that was made
electronically tunable by means of a varactor diode. The coupling of the varactor diode was
realized in three different ways. Direct coupling was compared with inductive and capacitive
coupling. Direct coupling showed the advantage of alarge tuning bandwidth (12.5%), however,
the transistor was loaded by the diode resulting in huge output power variations (29 dB). Ca
pacitive coupling showed chaotic-like behavior making this approach not applicable. The
inductive approach, on the other hand, combined the advantages of a linear tuning range (4.2%)
with power flatness over the tuning range (0.3 dB). The tuning behavior of al three approaches
was predicted with linear theory. Due to the lengthened gate resonator, the radiation behavior
also changed. The radiation pattern became a 6 dB dip in the E-plane and the phase noise was
improved by 3 dB compared to the fixed frequency AlA.

Phase noise is a big issue especially for communication applications. In this work, it was veri-
fied how to improve the phase noise by selecting the optimal gate resonator geometry. For this
purpose, three different gate resonators were developed for the AIA and their Q-factors were
compared. Starting with the resonator from the free-running AlA, it was lengthened by the fac-
tor of A/2 leading to a phase noise improvement of 5dB. This is in accordance with the ex-
pected improvement of 6 dB due to the improved Q. by a factor of 2. Alternatively, a low
impedance resonator was also investigated. The decreased Q. (76% of the original value) of this
resonator did not result in any improvement of the AIA properties.

Using a dielectric resonator (DR) coupled to the AIA, the phase noise can aso be improved.
Two ways are possible to couple a DR to an oscillator. Serial coupling to the gate resonator or
paralel coupling between two lines is possible. Regarding serial coupling, the line-DR ar-
rangement shows band-stop like behavior around resonance so that oscillation condition is not
satisfied for the AIA. Parald coupling is theoretically possible between every combination of
two transistor terminals. Applying linear oscillator theory, it was verified that the DR must be
placed between the gate and drain terminals of the transistor to satisfy the oscillation condition.
The transmission behavior of this arrangement was characterized. Though the transmission can
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be improved by 28 dB using a DR, the 3dB transmission bandwidth was determined to be
1 GHz, which is by far too wide to improve the phase noise of the AIA. Losses in the microstrip
lines as well as losses in the DR cause the wide bandwidth. Losses caused by the DR can be
reduced using metal shielding or a tuning plate above the DR. However, using a tuning plate
would destroy all desired radiation. Thus, this configuration was not suitable to improve the
phase noise. In addition, energy from the gate resonator is coupled into the DR, decreasing the
radiated power. Both the gate resonator and the DR compete as radiating elements, deteriorat-
ing AlA properties.

The most powerful way to improve the phase noise of the AIA is injection locking. In this
work, a highly synchronized source was used to injection lock the AIA via a coupling gap. Us-
ing the gap, the AlA layout remains unchanged whereas the phase noise is improved by 30 dB.
The length of the coupling gap is determined from a compromise between the tuning and radia-
tion properties of the AlA. If the gap istoo small, the injection signal loads the transistor result-
ing in a change of the radiation pattern. A gap width of 300 um results in a tuning bandwidth of
only 0.03%, but the radiation behavior remains unchanged.

The disadvantage of injection locking, namely the need for an external locking source, can be
overcome by using mutual coupling. Four AlIAs were arranged in a 2x2 configuration. The dis-
tances between the AlAs were calculated applying the load variation method to allow for in-
phase coupling. Both E- and H-plane radiative coupling was considered with different phase
shifts due to the orientation of the gate resonator. Only this resonator was considered for the
mutual coupling, since this is the main radiating element of the AIA. The radiation from the
remaining structure is 20 times smaller. With the distances from the load variation method as a
starting point for the array design, the mutual coupling was simulated with Kurokawa's injec-
tion-locking theory. If al AlAs are locked to each other, the phase-noise is -37 dBm/Hz @
100 kHz offset that is 7 dB lower than the unsynchronized AIA proving in-phase coupling. The
radiated output power density measured in the main lobe by means of afield probe at a distance
of 20 cm is 10 dB higher compared to a single AIA, giving an achieved combining efficiency
greater than 63% for the array.

With these different developed AlAS, the system designer has a choice of front-ends suitable
for different communication and sensor applications. Two applications in each area were devel-
oped in thiswork to prove the applicability of these AlAs.

The developed communication system was the first imaging RFID system at 24 GHz. The idea
of this system was to find and identify tagged objects (e.g. baggage in an airport). This task was
solved by applying the spread spectrum modulation scheme. This scheme does not require exact
synchronization of the transmitter and the receiver since the information is coded in the spec-
trum. An active transmitter (tag) based on the AIA was used, powered by a3V battery, with an
intermediate frequency of 500 kHz, and 31 bits maximum length sequence codes. The different
tags were identified by their code, and the localization was realized by quasi-optical beam
forming. A dielectric lens with a diameter of 173 mm and a focal length of 227 mm, manufac-
tured from HD-PE (& = 2.3), was used to focus the signal form the tags on a 5x5 detector array.
The detectors were realized as Schottky rectennas in microstrip technology with a 3 dB band-
width of 750 MHz. The detectors were aligned, so that the -3 dB points of the antenna patterns
of two adjacent detectors coincided. The signals at the intermediate frequency levels were proc-
essed first with analog followed by digital signal processing. To digitize the signals, a 10-bit
A/D converter with fs = 64.516 kHz was used. To recognize a tag, the received and digitized
code was compared with a known code within a 16-bit fixed point 20 MIPS DSP. This com-
parison was done with a correlation in the frequency domain. After the correlation, the identifi-
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cation and localization information was displayed on a computer screen. The read range of the
realized system was larger than 10 m.

The sensor application investigated in this work was a crash-sensor that was employed for pre-
dictive crash analysis. Within this sensor, the AIA was operated in its self—-mixing mode and
mounted on a brass heat sink. In a known distance rq (typical: ro = 6 cm is the thickness of a car
door) from the sensor chip, a reflector was placed. Sensor and reflector were capsulated by
means of an expansion bellows. To predict crashes, the possible impacts must be classified. For
this purpose, data were collected with crash-tests and a period of 10 ms was evaluated. The
video voltage due to interference effects within the sensor was monitored. Best decision criteria
were achieved using the first derivative of the video voltage and counting the zero setting or
peak points within the observed period. With this number, crashes were predicted faster and
earlier compared to conventional crash-sensors.

As results from this work, multiple design approaches for AlAs are available that allow rigor-
ous design of fixed frequency, tunable, and coupled AlAs with linear device models. The func-
tionality of these compact, low-cost, and low profile front-ends was proven with the first imag-
ing RFID system and the first predictive crash-sensor.



A  APPENDIX

A.1 Fabrication

After the different AlAs are designed, they are fabricated on both alumina and silicon substrate
using thin film-technology. The layout is trandated from MDS/ADS format to aformat that can
be read by cutting machine that is used to cut a 10 to 1 mask of the circuit. This mask is the
starting point for the thin film processing.

After the circuits are fabricated, the active devices are mounted on the substrate using flip-chip
technology. Using a wedge-bonder, the device sticks on the bond toll due electrostatic attraction
and can be placed on the substrate. The bond process is influenced by four parameters. Tem-
perature, pressure, time, and ultrasonic. These parameters must be selected experimentally to
achieve optimal bonding results. Typical parameters for the Hybond 572 Wedge Bonder are
shownin Table A.1.

1% bond 2" bond
Temperature 120 °C 120°C
Ultrasonic 0-3 0-3
Time 6 6
Force 4.5-6 4.5-8

Table A.1 Hip-chip bonding parameters.

If the parameters remain under the given values, the bond connection is not stable. If, on the
other side, the parameters are exceeded, the device will be destroyed.

It can be shown that a metallization of 4 um is sufficient for the flip-chip bonding without any
additional gold bumps if the right parameters for the bonder are selected (Table A.1). In this
work, it is shown for the first time that the flip-chip bonding can be realized with a normal
wedge-bonder. If a polished substrate is used, the contacts of the transistor can be identified via
its reflected image without an expensive beam-splitter optic. The placing of the transistor can
be ssimplified considerably using a metallization contour that reflects the contour of the transis-
tor.

A.2 Substrate Parameters

Two substrate types are used in this work: alumina and silicon. The parameters that are used for
simulation are given in Table A.2 and Table A.3.

Thickness 254 um

Didlectric constant & @ 10 GHz 9.9
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Dielectric loss tangent tan 5 @ 10 GHz 2.10"
Resistivity p 10" Qcm
Metallization thickness 4 um
Conductivity of the gold metallization o 4.1-10" Sm
Table A.2 Properties of alumina[A.1].

Thickness 370 um
Didlectric constant & 11.7
Dielectric loss tangent tan @ 90 GHz 13103
Resistivity p >10* Qcm
Metallization thickness 4 um
Conductivity of the gold metallization o 4.1:10" S/'m

Table A.3 Propertiesof silicon[A.1].

A.3 Didectric Resonator Parameters

Dielectric resonators (DRS) are characterized by its material and shape: The shape of a dielec-
tric resonator is usually a solid cylinder, but tubular and spherical shapes can aso be found.

The DR is made of alow-loss, temperature stable, high permittivity, and high-Q ceramic mate-
rial. The primary characteristics of the used materia are:

» Thequality factor Q that is approximately equal to the inverse of the loss tangent
» Thetemperature coefficient of the resonant frequency t;
» Thedieectric constant &

The resonators DRD 028 EC 013 used for our designs have a cylindrical shape and are manu-
factured by Murata with the data (Table A.4):

Diameter 2.82+0.05 mm
Height 1.25+ 0.05 mm
Frequency temperature coefficient 0x2ppm/°C
Dielectric constant & 24.2+04
Unloaded Q at 24 GHz > 8330

Freguency range 23.17 t0 25.15 GHz

Table A.4 Dataof the DR applied [datasheet from www.murata.com].

The material cannot be found in the data sheet. Mostly, (Zr, Sn) TiO4 or Ba (Zr, Zn, Ta) O; are
used by Murata, according to [A.1].
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