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Abstract

The thesis considers the design and optimization of oscillators targeting low phase noise,
given boundary conditions from the technology. Crucial technology figures are power
capability, RF noise figure, low-frequency noise and the quality factor (Q-factor) of the
resonator. Parameters that can be optimized from a design perspective are the resonator
coupling, bias point and waveforms. The technology used in this study is GaN-HEMT, due
to its low RF noise figure, high power capability and good DC to RF efficiency.

The focus has been on the resonator coupling which is an essential part of the oscillator
design. Strong coupling with high power transfer to the resonator improves the phase noise.
Contradictory it will also decrease the loaded Q-factor of the resonator. The optimum
coupling factor is found to be between f=1/2 and =1, defined as the ratio of power
dissipated in the resonator compared to the total power delivered by the active device.

Several designs in various resonator technologies have been investigated. For example,
an oscillator based on an aluminum cavity connected to a GaN-MMIC reflection amplifier
has a phase noise of -145 dBc/Hz at 100 kHz offset from a 9.9 GHz carrier. The analysis
of the coupling’s effect to the cavity shows the optimum phase noise occurs for S close to
unity, which is equivalent to an open loop gain close to 0 dB. A MMIC oscillator based on
the same reflection amplifier and a quasi-lumped on-chip-resonator has a phase noise of
-106 dBc/Hz at 100 kHz offset from a 15 GHz carrier, which clearly shows that the phase
noise scales with the Q-factor of the resonator.

A reflection amplifier with an electronically controlled gain is also designed for control
of the resonator coupling. Varactors in the termination network perform a gain adjustment
without changing the bias point of the active transistor. The phase noise of a cavity
oscillator based on this reflection amplifier is -136 dBc/Hz at 100 kHz offset from
8.5 GHz. A similar oscillator with a mechanically tuned cavity has about 3 dB better phase
noise. Despite a small degradation in phase noise, the simplicity facilitated with electronic
tuning motivates this design for practical applications.

High-Q tunable elements are key components for frequency control. This work reports
an ohmic cantilever radio frequency electromechanical system (RF-MEMYS) integrated on
a PCB forming a tunable ground plane inside a cavity. Vertical and horizontal positions of
the MEMSs are investigated for trade-offs between tuning-range, frequency resolution and
phase noise. Placing the PCB at 1 mm depth from the cavity wall, 5 % tunability around
10 GHz is reached, with 100kHz phase noise ranging from -140dBc/Hz to
-129 dBc/Hz. Placing the PCB deeper into the cavity, at 2.5 mm, the tuning range can be
increased to 12.3 %, with 100 kHz phase noise varying from -133 dBc/Hz to -123 dBc/Hz.

A varactor-tuned cavity oscillator has been implemented using the same PCB. It presents
a tuning range of 1.6 %. The optimum phase noise at 100 kHz is ranging from -111 dBc/Hz
to-118 dBc/Hz. At 1 MHz offset the phase noise is varying from -138 dBc to -146 dBc/Hz,
versus the tuning-range.

GaN-HEMT devices from different commercial vendors have been used for the designs.
For modeling purposes, low-frequency noise is measured for all devices. A special high-
voltage and current low-frequency noise test setup was developed and used for
benchmarking of different GaN HEMTs versus other technologies, e.g., GaAs InGaP
HBTs and GaAs-HEMTs.

Keywords: GaN HEMT, MMIC, MEMS, phase noise, low-frequency noise, resonator
coupling, cavity resonator, reflection oscillator
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Notations and abbreviations

Notations
B Coupling factor
C Capacitance

fl/fs Flicker noise corner frequency
fm Offset frequency
fo Carrier center frequency
F Noise Figure
gm Transistor transconductance
le Collector current
la Drain current
k Boltzmann’s constant
L Inductance

L(fm) Single sideband phase noise at offset fn
Pavo Available RF power
Prre RF-power
Qo Unloaded Quality-factor
Q Loaded Quality-factor
R Resistance
T Temperature in Kelvin
Ve Collector voltage
7 Drain voltage
w Angular frequency (rad/s)

I, I} Reflection coefficient to resonator, amplifier
q Elementary charge

Yin Input admittance

Zin Input impedance




Abbreviations

AWGN Additive White Gaussian Noise

BJT Bipolar Junction Transistor

CMOS Complementary Metal Oxide Semiconductor
Cw Continuous Wave

DUT Design Under Test

DR Dielectric Resonator

DRO Dielectric Resonator Oscillator
EVM Error Vector Magnitude

FET Field Effect Transistor

FFT Fast Fourier Transform

FOM Figure of Merit

GaAs Gallium Arsenide

GaN Gallium Nitride

HBT Heterojunction Bipolar Transistor
HEMT High Electron Mobility Transistor
HFSS High Frequency Structure Simulator, Software tool from Ansys Inc.
InGaP Indium Gallium Phosphide

LFN Low Frequency Noise

LTE Long Term Evolution

LTI Linear Time Invariant

LTV Linear Time Variant

MEMS Microelectromechanical System
MIMO Multiple Input Multiple Output
PLL Phase Locked Loop

QAM Quadrature Amplitude Modulation
SiC Silicon Carbide

SiGe Silicon Germanium

SIW Substrate Integrated Waveguide
SNR Signal to Noise Ratio

SSB Single Side Band

VCO Voltage Controlled Oscillator

YIG Yttrium-lron-Garnet, ferromagnetic resonator
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Chapter 1.

Introduction

Ever since I was a child, I have been interested in radio equipment. It started in the early
1980’s, when I was around ten years old, and my father bought me an electronic hobby kit
for simple experiments. The kit provided possibilities of building an AM-transmitter with
a few tens meter range in the medium wave band using an ordinary transistor radio.
Fascinated by the radio technology, and unaware about radio regulations, I tried to improve
the range, transmit quality and to enable other frequencies. By that time, I had very little
knowledge about limitations of performance in radio communication. Nevertheless, these
were my first steps towards a career as radio developer at Ericsson and a Ph.D. in oscillator
design at the Microwave Electronics Laboratory at Chalmers.

Evolution of the oscillator

In the early days of microwave engineering, the invention of the oscillator made it possible
to build a signal source to verify Maxwell’s equations. Heinrich Hertz was a pioneer in this
area, and with the construction of a spark gap generator, he could generate electromagnetic
waves. The radiated signal was broad and covered from hundreds of Hz to several hundreds
of MHz [1]. Hertz’s pioneering work was followed by several similar experiments
elaborating with Maxwell’s theory. The oscillator circuits were studied in details, and
models of the behavior were developed. The knowledge that the oscillator had to consist
of a frequency selective resonator and an amplifying part to compensate for its loss was
established as well as feedback theories for stability analysis and fulfillment of the
oscillation criteria [2], [3], [4].

Historically, the parameters measured for oscillators were the frequency of oscillation,
power and noise. Early experiments were based on trial and error, without deeper insight
into the theory. Later the popular classic papers of how to synthesize ideal oscillators were
written as from Colpitts [5], [6] and Clapp [7], [8]. An early paper to describe the noise
properties was presented by Leeson in 1966 [9]. He defined many of the key parameters in
oscillator design, such as the importance of the power coupled to the resonator, the
amplifier noise figure, the quality factor of the resonator and the noise behavior versus
oscillation frequency and offset frequency. Other important contributions were
Kurokawa’s analysis of frequency stability [10], [11] and Rizzoli’s detailed analysis of
noise sources and their contribution to phase noise [12]. Driven by needs from computer
aided design (CAD) applications, transistor models were developed, e.g., Gummel-Poon
for the bipolar transistors [13] and various models of field effect transistor (FET and JFET
etc.) with noise properties [14], [15], [16], [17].
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A different approach to models for general noise theory was presented by Lee and Hajimiri
[18]. They considered the time-varying behavior of the current waveform in the transistor
and formed a theory based on noise impulse functions of the oscillating periodic signal.

The improved transistor models and theory of noise generation together with better
simulators, as microwave harmonic-balance for frequency domain analysis and different
time-domain simulators, have been vital steps towards improved oscillators.

Oscillators and phase noise in communication systems

The ever-increased need of data capacity, as well as better coverage in modern
communication systems, force the radio parts to have the cutting edge performance. The
capacity entails a higher symbol rate, which involves a larger modulation bandwidth, or in
reality with spectral bandwidth limitations, an improved spectral efficiency with a more
advanced modulation format.

One of the main limitations of the spectral efficiency is spectral purity of the local oscillator
(LO) used for frequency translation [19], [20]. Even for high-frequency systems, e.g.
emerging standards as 5G, and millimeter-wave point-to-point communication, e.g., the E-
band, the LO signal is generated at a relatively low frequency and subsequently multiplied,
using frequency multipliers. Frequency multiplication will degrade near carrier phase noise
as well as far carrier noise that is limited by the signal to noise ratio of the oscillator.

According to linear noise theory, e.g., Leeson’s equation [9], near carrier phase noise as
well as far carrier noise floor benefit from a high power process such as wide bandgap GaN
High Electron Mobility transistors (GaN-HEMTs). This is an emerging technology for
power electronics due to its high breakdown voltage, high power capability, and good
efficiency. A drawback with GaN-HEMTs is the high amount of flicker noise that up-
convert to near carrier phase noise. However, in wideband systems, near carrier phase noise
is less critical for capacity compared to far carrier noise. Nevertheless, near carrier noise
must be sufficiently good to avoid phase slipping issues and problems in the clock
recovery. These issues may be addressed by using a high-Q resonator so that the oscillator
reaches good near-carrier phase noise, despite relatively high flicker noise.

The resonator coupling is essential for minimizing the phase noise [21]. Other critical
issues are frequency tuning for PLL-locking and techniques for wide frequency
reconfiguration. Any tuning or reconfiguration will inevitably degrade the spectral purity
of the oscillator signal. High-Q tuning elements, as RF-MEMS switches [22] for digital
control combined with weakly connected solid state varactors for analog tuning, is an
interesting technology choice.

Contribution of this work

This thesis reports on GaN-HEMT oscillators where the coupling between the active
device and the passive resonator is carefully optimized for best phase noise given the
properties of the used components. All designs are based on AlGaN/GaN-HEMTs with
very similar properties while the passive resonators are varied as well as the coupling
methods. Moderate-Q integrated resonators, as well as high-Q cavity resonators, have been
investigated. Further, trade-offs between tunability and phase noise are investigated.



Different tuning elements, e.g., MEMS and semiconductor varactors have been used. In all
designs, the phase noise is analyzed carefully and benchmarked versus the theoretical noise
floor [21], [23].

Some examples of designed oscillators are reported in Paper [A-G]. Paper [C] shows an
aluminum cavity connected to a GaN-HEMT MMIC reflection amplifier. The coupling to
the cavity is adjusted by changing the position of the cavity along a microstrip line, the
optimum phase noise is showing a state-of-the-art performance for GaN-HEMT oscillators
of -145 dBc/Hz at 100 kHz offset from a 9.9 GHz carrier. Paper [E] reports on the same
MMIC-amplifier integrated with an on-chip-resonator using a coupling network based on
a quasi-lumped impedance transformation. The phase noise is -106 dBc/Hz at 100 kHz
from a 15 GHz oscillation frequency. Roughly 40 dB difference in phase noise can be
explained by a factor 100 difference in Q-factor.

Mechanically tuning of the oscillator coupling as in Paper [C] is efficient but not
production friendly. An alternative is to control the coupling factor by adjusting the
amplifier gain. Paper [D] reports on an oscillator based on a reflection amplifier with
electronic gain control implemented with varactors in the terminating network. A phase
noise of -136 dBc/Hz at 100 kHz offset from an 8.5 GHz oscillation frequency is measured
for this circuit, which is 3 dB worse compared to a mechanically tuned oscillator in the
same process, demonstrating that electronic tuning is feasible without drastic degradation
in performance.

The thesis also investigates tunable and reconfigurable cavity oscillators. Paper [B] reports
on a MEMS-tuned cavity oscillator, where digital RF-MEMS-switches are embedded in
the cavity resonator to create an electronically tunable ground plane. The concept is further
investigated in Paper [A] where several cavity configurations are analyzed. Trade-offs
between digital tuning range, frequency resolution and quality-factor of the resonator are
discussed. This is performed by changing the position of the MEMSs in the horizontal and
vertical position inside the cavity. An optimum performance of -123 dBc/Hz to
-133 dBc/Hz with 12.3 % tunability around 10 GHz is reached. The RF-MEMS tuning can
be combined with an analog tuning to enable PLL-locking. A method to couple a varactor
inside the cavity with the same building practice is presented in Paper [G].

Paper [F] demonstrates a hybrid resonator with a lumped LC-tank connected to a single
GaN-HEMT device, with a tuned input and output network. It is flexibly designed to study
the up-converted phase noise from a bare die transistor device, the influence of operating
point and flicker noise are discussed. It is found that far carrier noise improves with
increased power while near carrier noise has an optimum for rather low DC power and
degrades slightly for increased DC current associated with higher flicker noise.

Thesis Outline

The thesis is organized as follows. Chapter 2 presents background theory, design
challenges, phase noise models and methods for benchmarking performance. Chapter 3
describes component and sub-block characterization used in the oscillator designs in this
study, and Chapter 4 presents and discusses the complete oscillator designs investigated in
this work. Finally, Chapter 5 concludes the thesis and discusses some future challenges.
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Chapter 2.

Challenges in oscillator design

This chapter presents typical oscillator properties and a general circuit representation.
Details about the individual building blocks are discussed with a focus on important trade-
offs made by the designer, e.g., choice of active device and resonator. Linear phase noise
models and optimization methods to improve phase noise are presented. In particular, the
resonator coupling, and issues regarding different frequency tuning techniques are
discussed. Finally, it demonstrates ways to benchmark oscillators and shows an overview
of state-of-the-art published oscillators.

2.1

General requirements on oscillators

An oscillator is typically specified by a set of parameters, of which most commonly used
are listed below with short description [1].

1.

Frequency range. It is probably the most fundamental property of an oscillator. It
defines the tunable range of oscillation frequencies. Typical oscillators have less
than one octave tuning in frequency. Otherwise, several oscillator cores have to be
combined and be provided with dividers or multipliers. The tuning is necessary for
phase-locking to external references, and further, a wide tuning is often desired for,
e.g., selection of oscillation sub-band.

Output power. A sufficient power level must be supplied to connected mixers in
a system. Otherwise, external buffer amplifiers are needed. Typical drive levels
needed for diode mixers are less than <10 dBm. Active mixers require lower level.

Phase noise. The purity of the signal is a fundamental property. Various noise
sources in and outside the active part modulate the oscillator, resulting in energy
and spectral distortions on both sidebands around the carrier. The noise contributes
to amplitude modulation (AM) and frequency modulation (FM). Due to signal
power compression, the active parts practically suppress the AM-noise, and the re-
maining part consists of FM-noise, which time integral is phase noise. For
simplicity, the single-sideband (SSB) phase noise is used and described by power
spectral density normalized to 1 Hz bandwidth.
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4. Harmonic suppression. Harmonic suppression is important to avoid high fre-
quency RF-leakage in distribution networks of signal power from the local oscilla-
tor to different consumers, e.g., mixers. Mixers for [ and Q-modulation are sensitive
for the phase balance, which can be disturbed by improper harmonic termination.

5. Out-of-band spuriouses. Out-of-band spuriouses not related to harmonics are
often specified in regular requirements on spectral purity. A synthesizer in a phase-
locked-system can generate digitally modulated spuriouses.

6. Frequency pulling. The oscillator must be insensitive to load variations, in
particular, for reactive loads. A common remedy is to use extra buffer amplifiers.
Pulling is often measured by a load change that exhibits non-unity VSWR overall
phase variations. Pulling robustness is needed if several oscillators are combined
in a system with potential RF-leakage and risks of frequency injection locking.

7. Frequency pushing. The oscillator must be robust to variations in power supply
voltage and must have low impact on the frequency.

8. Tuning characteristics. This parameter describes the oscillation frequency de-
pendence versus the tuning voltage. Ideally, a linear dependency is desired. At
least, the oscillator must have a proper oscillation over the whole tuning range,
especially for 0 V to enhance a proper start-up condition. A monotonic and
continuous behavior is important in a phase-locked system.

Large tuning sensitivity increases the up-conversion of modulation noise, which
sets a strict requirement on the noise level on the tuning circuitry.

9. Power consumptions and efficiency. These parameters are always of interest, es-
pecially in multi-radio systems with several oscillators.

The short-term behavior of the signal purity is usually defined as phase noise in the
spectrum domain as Figure 2-1 (a), and the long-term frequency deviation is normally
defined in the time domain as Figure 2-1 (b). The long-term drift is seldom of interest for
a voltage controlled oscillator as it normally is locked to a long-time stable reference.

In communication systems, the phase noise within the modulation bandwidth close to
carrier affects the error-vector-magnitude (EVM) of modulated signals, while the far-out
noise disturbs the selectivity by the reciprocal mixing of unwanted signals to the channel.
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Figure 2-1 (a) SSB-spectrum of a signal with phase noise. (b) Performance versus time.

2.2 System aspects

The increased need for data capacity, e.g., in the microwave backhaul, demands an
improved spectral efficiency. The available channel bandwidth limits the maximum
number of symbols per second transmitted on a microwave carrier. The spectral efficiency
is improved by coding each symbol by a larger number of bits as is illustrated in
constellation plots in Figure 2-2 for modulation format of 2 bits and 10 bits, respectively.
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(a) (b)
Figure 2-2 Example of Quadrature Amplitude Modulation (QAM). (a) 4-QAM. (b) 1024-QAM.

Figure 2-3 (a) and (b) show a 16-QAM signal with additive Gaussian white noise (AWGN),
and with both AWGN-noise and phase noise, respectively. The constellation points in the
latter case are significantly distorted and the detection margins are reduced.
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(a) (b)
Figure 2-3 (a) 16-QAM with AWGN noise. (b) 16-QAM with AWGN noise and phase noise.

The more complex the modulation scheme, the more sensitive the system is to
imperfections in the radio transport, as rain, multi-path fading, etc. Furthermore, the
spectral purity degrades due to imperfections such as noise in the receiver and
nonlinearities in the transmitter. The receiver requires a certain signal-to-noise ratio (SNR)
to minimize failures in signal detection. In particular, the phase noise in the frequency
conversion of the radio chain is crucial and the signal sources are not allowed to fluctuate
in frequency over time. Figure 2-4 illustrates the impact of phase noise on the measured
capacity in Mbit/s for a radio link as a function of the constellation format of 2 to 11 bits,
corresponding to 4-QAM to 2048-QAM, and channel bandwidth.
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Figure 2-4 Measured channel capacity on a radio link in Mbits/s, plotted versus constellation format and
channel bandwidth. The guided lines show different phase noise requirements at 100 kHz offset that must be
fulfilled. The plot is valid for a constant SNR for the signal detection [24].

In reality, phase noise limits the available modulation for a certain bandwidth. Figure 2-4
presents boundaries indicating what modulation format that can be used for a given phase
noise, signal bandwidth and capacity. The contours of the phase noise requirement indicate
that performance for low offset frequency as 100 kHz is less dominating for a broadband
signal. For broadband signals, the far-out noise floor is more dominant and must be kept
low.

Other demands are on flexibility and reconfigurability for radio units to handle multiband,
multistandard, etc. The trends go for software defined radios with generic hardware, which
has to be cost effective, have low weight and size. This sets new requirements on the tuning
technology in the frequency dependent parts, as for the oscillators. Tuning technologies
that do not severely degrade the phase noise are necessary.

2.3 Fundamentals of oscillator design

2.3.1 Oscillator representation

An oscillator generates a periodic output signal by converting DC-power to RF-power. The
oscillator contains an amplifier with a specific feedback path that at start up allows noise
to grow and create a wanted signal. The noise is shaped by a highly filtering and selective
positive feedback at the particularly wanted frequency, and it is amplified until it reaches
saturation. In the closed loop, the gain will saturate to unity at a steady state, and the active
device will only compensate for the losses in the feedback path. Signals not fulfilling the
oscillation condition will be suppressed. If the oscillator suffers a transient disturbance, as
pulling from a load variation, or as pushing from a change in bias supply, it will correct
itself to the frequency fulfilling the oscillation condition.

The oscillator can be described either as a positive feedback system or a negative resistance
(i.e., reflection amplifier) connected to a passive resonator. There are no strict differences
between the two representations, and they can be used arbitrarily for representation of an
oscillator. In the following chapters, there are some general characteristics of each type
discussed.



Feedback oscillators
Figure 2-5 shows a positive feedback system.

Y(jw)
—

H(jw)

Figure 2-5. Block diagram of a feedback oscillator.

The output signal in Figure 2-5 can be expressed as

A(jw) 2-1)
— A(jw)H (jw)

Y(w) = X(jw) 1

The denominator should equal zero to cause an oscillation, and following conditions must
be fulfilled, the so-called Barkhausen criterion

[AGw)H(jw)| > 1 (2-2)
LA(jw)H (jw) = n360° (2-3)

Negative resistance oscillators

Figure 2-6 shows the case of a negative resistance oscillator. In this respect, the amplifying
active part is described as a one-port, with a reflection gain. The coupled resonator is also
a one-port.

|
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Figure 2-6. Block diagram of a negative resistance oscillator.

To fulfill the oscillation conditions, following expressions must be fulfilled, equally to the
feedback system.
[TRla] > 1 (2-4)

2RI, = n360° (2-5)

Topology

A negative resistance can be illustrated from a simple FET-model as in Figure 2-7 (a). In
Figure 2-7 (b), the gate terminal is grounded, and a negative resistance appears on the drain
terminal, which is derived in (2-6) to (2-8).
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(a) (b)
Figure 2-7 (a) FET-model. (b) FET with grounded gate.

Following expression can be extracted from Figure 2-7 (b)

Rds RdS (2-6)
V; =I(_—>—V = (I;n — gmV, (_—)—V
in 1 ]wRdsts + 1 gs ( n Im gs) ](‘)Rdsts + 1 gs

R I; 2-7
Vin=1in<1+ .gm >( ds ) : in ( )
Jngs JwRysChqs + 1 ]ngS
and if Rys > 1/wCy, the expression is simplified to
Vi1 1 Im (2-8)

= = - + - —
Iin ](‘)Cgs ](‘)Cds wZCgsts

which shows a negative resistance combined with a serial coupling of Cys and Cy;.

As previously mentioned there is an analogy of seeing the oscillator as a feedback type or
as a reflection type. Figure 2-8 demonstrates an example, where different groundings are
used and, consequently, the view of the feedback paths is changed. The bias networks are
not shown. Figure 2-8 (a) shows a feedback path of an 180-degree 7T-filter connecting the
amplified signal back to input in a common emitter configuration. Figure 2-8 (b-c) shows
the same design, but with the ground reference moved to the base side. Figure 2-8 (c) is
equivalent with a common-base Colpitts oscillator. Finally, Figure 2-8 (d) shows a break-
up of the resonator formed by an inductor connected to the capacitance network,
principally defined by C; and C, in serial [25]. The latter network is similar to the transistor
circuit in Figure 2-7 (b), and it will have a negative resistance into the collector, according
to (2-8). If the intrinsic capacitances are neglected, the real part of the impedance is
negative as a function of the transistor transconductance, real(Z;,) = —gm/(C;C,w?),
which enables oscillation.
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Figure 2-8 (a) Feedback by an 180-degree n-filter. (b-c) different grounding, a.k.a common-base Colpitts.
(d) The resonator is broken-up in an inductor and a capacitive network with a negative resistance.

Further, the capacitive part in Figure 2-8 (d) can be out-phased with a transmission length
to achieve a pure negative resistance. In this case, a high-Q resonator can be connected.

2.3.2 Active part including noise generation

Noise sources in semiconductor devices

The active device has a central role for the phase noise around the carrier. The device noise
floor and the low-frequency noise (LFN) will due to up-conversion in the oscillation
process create phase noise. This can be minimized by choosing a proper device technology.

There are two main types of transistors, the field effect transistor (FET) and the bipolar
transistor (BJT). The first type is characterized of a conductive channel controlled by an
electric field, while the latter type is bipolar and has two PN-junctions of charge carriers
of electrons and holes. An example of FET is the high electron mobility transistor (HEMT).
Common substrate technologies for HEMTs are GaN and GaAs. Examples of bipolar
transistors are the heterojunction bipolar transistors (HBT) that commonly are processed
in materials like GaAs, InGaP or SiGe. Typically, HEMTs have lower high-frequency
noise level, but higher noise at low frequencies than the bipolar transistors.

Without going into details of semiconductor physics, following parts of the chapter will
describe how the noise sources impact on phase noise in the oscillator application. Most
focus is on the internal noise figures of the transistors. Other effects as the power capability
of creating a better signal-to-noise-ratio, the drain efficiency and the linearity, are
discussed for the oscillator designs in Chapter 4.

The noise sources with the most impact on oscillator phase noise coming from the active
parts are thermal noise, shot noise, flicker noise and generation-recombination (GR) noise.

Thermal noise

Thermal noise described as white Gaussian noise has no bias dependence. The resistance
of the circuit and its equivalent noise temperature determines the level of the noise floor.
Thermal noise was investigated by Nyquist and Johnson [26], [27]. The noise is a
distribution of voltages and currents in a network due to the thermal electron agitation,
called Brownian motion. It can be modeled as
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<lipwp >  4kT (2-9)
Af R

where R is the circuit resistance, and T the physical temperature or an equivalent noise
temperature and Af the bandwidth.

Shot noise

The discrete nature of charge flow can generate shot noise, because of the emission of
charge carriers across a potential barrier, and it is therefore contributed in bipolar devices.
It is a white and frequency independent noise, which increases with bias current. It can be
modeled as,
<iZ¢> (2-10)
T = 2qlpc

where I is the bias current, and g is the elementary charge.

Flicker noise

The conductance of semiconductors and metals can fluctuate in time and produce flicker
noise. The reason for this is variation in the number of charge carriers and mobility in the
presence of a DC-current. It is thus dependent on the bias current and the frequency.
Models of flicker noise are presented in [16] and [17]. The flicker noise can be
mathematically expressed as

2 Ar 2-11
< I’fl > _ KfIDC ( )
M ST
where the flicker noise coefficients K Ay and FJ, are used to curve fit measured data,
while f is the frequency.

Generation-Recombination (GR)-noise

Fluctuations in the number of free carriers cause this kind of noise, where the carrier
concentration typically can vary over several orders of magnitude. The noise may appear
in transitions between the conduction band and other energy levels in the energy gap, in
the conduction band or valence band, etc. GR-noise depends on bias current and frequency
as

<iZgr>  Kplp? (2-12)
A - 2
o)

where I is the bias current, K;, and A, are fitting parameters. Frequency f is related to
frequency f;, when GR-centers are activated [28].

The noise sources occur differently in a HEMT or a BJT. Figure 2-9 shows a noise model
of a HEMT with a representation of their main noise sources. The gate resistance and drain
resistance contribute most to thermal noise. Flicker noise and GR-noise appear across the
channel, and they are represented as noise sources on the gate and the drain.
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Figure 2-9 (a) Noise model of a HEMT with corresponding main noise sources [29]. (b) Expressions of the

noise sources.

For a BJT, thermal noise appears due to the base resistance. Shot noise appears in the
junction between the collector and the base. Figure 2-10 shows a noise model of a BJT

with their corresponding main noise sources.
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Thermal noise: <2, >= 4kT Af
Tp
Shot noise: < i >=2ql.Af
Shot noise', flicker noise , Klflglf Kypl2e
and GR noise: <ig>=2qlgAf + ———Af + ———=Af
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1+ (4)
fo

(b)

Figure 2-10 (a) Noise model of a BJT with corresponding main noise sources [30]. (b) Expressions of the
noise sources.

Flicker noise and GR-noise have a dominant low-frequency (LF) behavior. LFN-
measurement is important in device characterization as it can reveal imperfections in the
semiconductor process. Some imperfections can cause traps and surface states for the
electrons, which lead to LFN. LFN-measurement is commonly used for benchmarking the
technology. The phase noise close to the carrier in oscillators is dependent on LFN which
is up-converted in the oscillation process.

The amount of LFN varies with transistor technology. A commonly used parameter is the
flicker noise corner-frequency, f., which defines the frequency where the LFN has the
same magnitude as the white noise floor. It should be mentioned that there are uncertainties
to estimate the device noise floor as the measurement noise floor also contributes. Devices
with high RF-noise figure can by this definition get a lower flicker noise corner-frequency.
This argues to handle this parameter carefully. The flicker noise corner-frequency is
illustrated in Figure 2-11. Vertical structures like HBTs generally have lower LF-noise
than FETs and HEMTs which are more exposed in the surface. Traps and surface states
for the electrons are more frequent in laterally structured devices. For example,
InGaP/GaAs HBTs have LF corner-frequencies of about 20 kHz, while in the case of GaN-
HEMT it can be about 1 MHz. The lower estimated flicker noise corner frequency for
bipolars can also be due to the higher shot noise in these devices. Paper [H] presents
detailed LFN measurements comparing different transistor technologies.

S

1/f-

slope
Power P

(A’/Hz)

White noise floor from
device RF-noise figure and
measurement setup

»
fC Frequency (Hz), IogscaI'e

Figure 2-11. Low-frequency noise and the device noise floor combined with the measurement system noise
floor.

The choice of the active part depends on where the noise performance is most critical to
optimize. A trade-off between low flicker-noise and low noise floor compared to the power
of the carrier is often necessary. Figure 2-12 shows an illustration of phase noise profiles
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for typically sized and biased GaN-HEMTs and silicon BJTs, respectively, with a resonator
in PCB-technology (Q=100). GaN devices used in this study are beneficial for their low
noise floor far out, and their high power efficiency and power capability perform an
excellent signal-to-noise ratio. The drawbacks of the higher flicker noise compared to other
technologies will become less important for broadband signals that are expected in future
communication systems. The targeting application for broadband communication in this
study identifies the noise floor as most critical [19]. In this perspective GaN-technology
would be a good choice.
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Figure 2-12 Typical phase noise profiles with frequency slope stated for GaN-HEMT with high flicker noise
compared to silicon BJTs with less flicker noise but with higher noise floor with a resonator on PCB.

2.3.3 Resonator

Q-factor of the resonator

Passive circuits forming the resonator in an oscillator are often characterized and
benchmarked regarding a quality factor (Q-factor). In a resonator, the energy alternates
between electrically and magnetically stored energy. The Q-factor of a resonator can be
expressed as the ratio between stored energy and the energy loss per cycle, i.e., average
power loss,

Stored energy Stored energy
T — ; =w
Energy dissipation per cycle Average power loss

Qaer = 2

The magnetic energy W, is maximized when the electrical energy W, is zero and vice
versa, 1.€., Wsiorea = Wepeak = Wn,peak- Measurement of the Q-factor according to the
general definition is quite impractical, and it is often necessary to use some of the following
derived methods. The first method is using the 3 dB bandwidth of the frequency response
of the power transmission, or the power reflection at the center frequency w,.

Wo

Q (2-13)

Awsqp
Another relation is the phase slope of the input impedance. For a parallel resonator,

__0009(2) (2-14)
2 Jdw

wW=wq
For a serial resonator the phase slope shifts sign, and the quality factor can be expressed
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_ @y 98(Zs) (2-15)

2 OJdw

wW=wo

If an electrical model of the resonator is used, the Q-factor of the resonator can be
calculated directly from the component values,

l_fM
woLs 1 (2-16) Rp (2-17)
¢ Ry woCsRy ¢ woLp WotpTp
(a) Serial resonance (b) Parallel resonance

Figure 2-13 (a) Schematics of a serial resonance circuit and (b) a parallel resonance circuit.

Loaded Quality factor

When resonators are not connected or very weakly connected to a load, they are
characterized by the unloaded Q-factor, Q,. In reality, this metric is often impractical, as
resonators always have to be connected to some device injecting power into it, or to couple
out a wanted signal from it. In the case of an oscillator, this means that it must connect to
an active device, thus be loaded by its internal resistance. This load network can also be
characterized by an external Q-factor, Q... The total loaded Q-factor, Q;, for the network
is then calculated as
1 1 1 (2-18)

0 Qo Quxt

Design impact

The unloaded quality factor, Q,, of a resonator is of importance for effective filtering with
high frequency selectivity, that will shape the noise around the carrier. Dependent on the
building practice, different types of resonators are used, e.g., dielectric resonators as used
in DROs, metal cavities, lumped components, distributed transmission lines as resonant
stubs and crystals. The technology choice is affected by the Q-factor needed, power
handling of the resonator, frequency tunability, etc.

Table 2-1 Example of Q-factor in different technologies [1],

Example of resonator Unloaded Q-factor (Qo) Frequency (GHz)
Typical values Typical values
DR (dielectric resonator) 10 k-25 k <50
YIG (yttrium-iron-garnet) 1k-10 k <50
Cavity aluminum (without silver 3000 <40
plating)

Microstrip on low loss PCB 100 <40
Lumped LC 100-300 <10
MMIC (l1I-V-substrate) 40 <100
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There are some considerations to design an oscillator and to utilize the resonator and the
Q-factor in an optimum way.

e The phase condition for the closed loop, n360°, should occur for maximum phase
slope (00(Z)/0w). This is further discussed when tunability is added in Chapter
2.6.

e The coupling of the resonator to the active device will decrease the total loaded
Q-factor, Q,, with a negative impact on phase noise, which is contradictory to
that high power coupled to the resonator is beneficial. An optimum coupling
exists which is discussed in Chapter 2.5.

2.4 Phase noise models

Modeling phase noise has been continuing for several decades and is still not a completely
understood research area. The complexity depends on the nonlinear way the noise from
different sources is up-converted around the carrier, which differs from the linear noise
figures in example amplifiers. Besides the linearity aspects, there are considerations about
modeling the noise sources as stationary and time-invariant sources, or as time-variant
meaning that they will depend on the current and voltage trajectory waveform across the
transistor. The latter approach implies a cyclo-stationary model. Limiting to the linear
theory, the two most used models are the linear time-invariant model (LTI) by Leeson [9],
and the linear time-variant model (LTV) by Hajimiri [18]. In this study, we have focused
on the time-invariant linear models only for the study of optimizing the resonator coupling,
power handling and noise figures of the active device. The limitation is that the up-
conversion of flicker noise will not be accurately modeled [31], as it is in a cyclo-stationary
process where the noise level is dependent of the current waveform across the transistor.
Phase noise far out is less dominated by flicker noise and will be predicted fairly well by
the time-invariant models originated from Leeson.

2.4.1 Alinear theory of phase noise
A general feedback oscillator system can be described as [25].

Noise
x(t) H(jw) o Y(t)

Figure 2-14 General oscillator feedback system

The transfer function can be written as

Yjw)  H(jw) (2-19)
X(jw) 1-H(w)

The Taylor expansion around the oscillation frequency (w,) can be expressed as
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H(jw) ~ H(jwy) + Aw Z—Z (2-20)

where at resonance H(jw,) = 1 and for small offset frequencies Aw, |Aw dH/dw| < 1,
the following expression can be written

Y -1 (2-21)
X (wo + Aw) = 0
Aw d_
W
The power ratio can be expressed as
z 1 (2-22)

Y
|X(w0 + Aw) dH |
(Aw)? |—d
w

The forward function in the loop can be assumed on the form
H(w) = |H|e/® (2-23)

This is equal to the impedance transfer function for a simple LC-network and following
expression can be written

dH |d|H]| ag| . (2-24)
— = |— 4+ j|H|==|e/?
dw dw +J|H|dwle

The squared absolute value can be expressed as
dH> _|dIH||*  |do)? HI? (2-25)
dowl —|dw dw

For standard LC-oscillators |d|H|/dw|? is much smaller than |d®/dw|?. Furthermore,
|H| is close to unity at stationary oscillation. By using these simplifications and inserting
(2-25) in (2-22), the ratio Y and X can be reformulated as

v P w1 1 g\ (2-26)
2 dw

The definition of the loaded Q-factor according to (2-15) is inserted. Under the assumption
that the noise power at input before the active device is |X(jw)|? = kT, the filtered noise
expression becomes

kT 2 2-27
Y@wF = 1o (50) 227

The expression can be normalized to the carrier signal power built up in the same node,
1.e., at the node for the power before the active device, P;,. If a single-sideband signal is
considered, the noise level can be reduced to half of the value, and the noise-to-signal
power ratio for offset frequency f,,, can be expressed as

_lY@w)l* _ kT fy o
L(fm) = 2P; 2P, (ZQLfm)
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2.4.2 Leeson’s equation

Leeson used the linear phase noise theory and incorporated additional parameters for
flicker noise corner f; ¢, the noise floor, and an empirical noise figure F' to (2-28), and
expressed the phase noise as [9]

FkT fo ? f 1/f3l
£(fn) 1%¥NZHJ1+Q&ﬁ)ll+ a

which shows the normalized single-sideband for an offset frequency f,,. Leeson originally
formulated an expression with respects to a feedback oscillator where the power P,
denotes the power at the input of the amplifier after the loss in the resonator. At optimum
resonator coupling, Q; /Q, = 1/2, which later will be derived, the power dissipated in the
resonator P, is half of the total power dissipated in the loop Pgp, or in other words, twice
the power transmitted by the resonator thus P. = 2P;;,. The power at the resonator input is
equal to the output of the amplifier, which is equal to the input power of the amplifier
multiplied by its power gain, thus P,,; = G4P;, = 4P;, = 2P.. The power gain is
calculated from the gain needed for oscillation, G4 = 1/|1 — Q. /Q,|*. The discussed
power level in the feedback loop is illustrated in Figure 2-15 [32].

(2-29)

FKT(BW)

At optimum:
QL/Qo=1/2
P=Pre/2

Gx=1/11-Q/Q,/*
Pin:Pr/Z
GA:4

Pout
% Pout:4Pin:2Pr:PRF

- =Pavo
P.=Q./QoPrr

(P, = dissipated power in the resonator)
(Pgr = total dissipated power in the loop)

Figure 2-15 Power levels in the loop

Using power dissipated in the resonator, the single-sideband phase noise can be expressed
as
(2-30)

2Q1fm fm

Alternatively, if the power at the amplifier output is used, the same single-sideband phase
noise can be expressed as

2FKT 2 ;
D e 5

2
L(f,) = 10logy, %”[H( fo )l 1+Ml

(2-31)

Figure 2-16 (a-b) illustrate the empirical model for different cases: for a high @ -factor, a
low Q,-factor, compared to the f ,s3-factor.
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Figure 2-16 (a) Phase noise behavior, where the resonator bandwidth due to high Q falls inside the flicker
noise corner, fi3. (b) Phase noise behavior, where the bandwidth due to low Q falls outside the flicker noise
corner.

The single-sideband phase noise floor given by the Lgioo = FKT /2Py, is discussed in
[33]. The noise level of -177 dBc/Hz for a 0 dBm signal has been verified in experiments
[34]. The reason for half of the thermal noise energy relatively the carrier is explained by
the definition of single-sideband [32]. Within the resonator bandwidth f,, = f,/2Q;, the
amplitude noise is suppressed by amplitude compression, but the far-out noise floor is
contributed by both phase and amplitude noise in equilibrium [35].

2.4.3 Everard’s model

Everard expressed the phase noise in a closed form as a function of coupling factor
regarding the quote Q,/Q, for feedback type oscillators. For the optimum coupling
condition, the minimum phase noise is expressed both for feedback type and for a reflection
type or a negative resistance type oscillator.

Feedback type oscillator
A phase noise model according to [36], [23] is described as

) FkT fo 2] (2-32)
FUm) = 1000810 | 45007700, /007 — 01700 P <fm)

where for the cases 1-3:

1. N=I1 and 4=1 if P=Pgr and Rour=0, i.e. P is power dissipated in both resonator
and the internal resistance Ry, in Figure 2-17.

2. N=1 and 4=2 if P=Prr and Rour=Rn, i.e. P is power dissipated in both resonator
and the internal resistances, Rour, and Ry in Figure 2-17.

3. N=2and A4=1 if P=P4yo and Rour=R/n, 1.e. P is the available power from the am-
plifier at the output terminated in a matched load in Figure 2-17.

Case 2 can be used with P=Prr, Rour=Rv for the optimum resonator coupling of
01/Qp=1/2 which is derived in 2.5.1.
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The quote is corresponding to P,=Pr#/2 (power dissipated only in the resonator), and it can
be evaluated to an expression for minimum phase noise for a feedback oscillator as

FET (fo\> (2-33)
L(fm) = 10log l— (—) l
m 10 QOZPr fm
which is the same as stated in (2-28) for Qp=20 and B. = 2P;, = P4yo/2.
Negative resistance type oscillator
The minimum phase noise for a reflection type oscillator is in [21] derived to

FkT 2 (2-34)
L(fm) = 1010glO lZQ 2P (;_0) l
0o f'r ¥Ym

where P, is representing the power dissipated only in the resonator.

2.5 Resonator coupling

Physical boundaries as the resonator Q-factor, the device noise factor and power capability
are important figures as earlier discussed. Important is also to find a proper coupling
between the resonator and the active device. This chapter shows the derivation of the
optimum coupling in detail from [8], [37], [32], [38]. The theory assumes only thermal
noise with Q-multiplication effect which is valid close to the phase noise skirts. Other
optimums are found if flicker-noise is considered, and furthermore, a different optimum is
found when minimizing the far out noise. Also, the system noise figure, F, is assumed to
be constant (versus different impedance) during this optimization.

2.5.1 A theory of resonator coupling

Feedback oscillator
Figure 2-17 depicts a model of a feedback type oscillator.

Figure 2-17. Model of a feedback oscillator.
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If Rip = Royut = Zy 1s assumed, the following expression can be written for the loaded Q-
factor

(2-35)
0, = wL _ wL ~ 0 1
k RLoss + Rin + Rout RLoss + 2ZO 0 1+ ZZO
IeLoss

The ratio to the unloaded Q-factor is calculated by defining a coupling factor 8 as

(2-36)
Qu 1 1
Qo - 1+ ﬂ 1+ B
Loss
The rms-voltage over the resonator can be expressed as
R 2-37
Rposs + 22y Qo
Maximum available power from the amplifier at output can be expressed as
V;? (2-38)

p =_5
avo 2'2Z0

and the power dissipated inside the resonator is formulated when inserting (2-37) and
(2-38) as

rZ 52 2 o 2 2 (2_39)
N . szzg;ss; PRL::;O @) =27 (521 )
= 2o (1 50)

If (2-39) is inserted in (2-32) for case 3, the best phase noise is achieved when maximum
power is dissipated in the resonator. The optimum in terms of Q;/Q, is when [21]

Q _1 (2-40)
Qo 2
or if considering the insertion loss expression,
QL 2-41
S;1=(1-7) ( )
Qo

An interpretation of this is that half of the available power is dissipated in the resonator,
one quarter is reflected, and one quarter is transmitted (=|S,;|?) which was illustrated in
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Figure 2-15. The best phase noise according to Everard’s model (2-32) for the feedback
case with R;;=R,u;, can be summarized to

L) = 2FkT (fo )2 (2-42)

PaonO2 fm

or equivalently expressed in the dissipated power in the resonator

p = Vrz _ Pavo (2-43)
" RLoss 2
The phase noise is calculated to
L) = FkT (fo )2 (2-44)
" Ig r Q02 f m

which is the same expression as given in (2-33).

Negative resistance oscillator
Figure 2-18 depicts a model of a reflection type oscillator.

Resonator : Active
Device
VW
Rin
Rs

L i eN:@

CT
L

|

Figure 2-18 Model of a reflection oscillator.

The amplifier is modeled with an internal resistance R;,,, and a voltage noise source. The
loss resistance in the cavity is described by Rs. The ratio of loaded and unloaded quality
factor according to (2-36) can be expressed as

Q. R 1 1 (2-45)

QO‘RS+Rm=1+%=1+ﬁ

N

An expression of the phase noise using (2-32) with P = Pgg, Rour=0, 1.e., case 1 for power
dissipated in both the resonator and in the internal resistance in the amplifier R;,, is stated
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below. The circuit may be seen as a one-port with one port grounded, according to [21],
[39],

FkT ( fo )2 (2-46)

Lfm) = 8(Q0)%(Q1/Q0)*(1 — Q/Q0)Prr E

The equation simplifies when inserting (2-36) in (2-46) to

FkT ( fo )2 (2-47)

LUm) = 50028/ + B Par \fin

It can be shown with differentiation that (2-47) will have a minimum value for

= % (2-48)
or equivalently,

Q. _2 (2-49)

Q 3

This means that the power dissipated in the resonator is B. = 2/3Pgp. If the expression is
inserted in (2-47), it will evaluate the optimum phase noise value as [37], [21],

L) = 9FkT (fo )2 (2-50)

16P.Qy% \fn

Equation (2-50) has been derived from the analytical expression, and it is quite similar to
(2-34) using the approximate derivation in [21]. It can be worth noting that the power
dissipated inside the resonator, P., is only half in the negative resistance oscillator
compared to the feedback oscillator for a given phase noise performance (2-44). Therefore,
it is beneficial to use reflection type oscillators where the resonators are the bottleneck for
power capability, as for power limited crystal resonators or for resonators tuned with
power-limited varactors that will be discussed in 2.6.1.

If the power delivered from the amplifier Pgr is considered, the optimum value of £ is
used, and the efficiency is stated Pgr = nPp, following expression of phase noise can be
written

FkT ( fo )2 (2-51)

£Um) = 50028/ + B 1Poe \frn

which for optimum coupling according to (2-48) simplifies to

27 FKT (fo\? (2-52)
L) = S350 72)

Equation (2-52) can be used to calculate the bound on phase noise for available Pp., and
Qo from the technology.
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2.5.2 Resonator coupling design impact

In this study, two possible methods to match the resonator coupling for a reflection
oscillator are considered; by changing the impedance coupling to the resonator, or by
changing the reflection gain of the amplifier. The following designs exemplify the two
methods.

A cavity oscillator with varied resonator coupling by changing the position of the cavity
from an excitation microstrip line is demonstrated in Paper [C]. The corresponding
resonator resistance, R, and the amplifier gain for the optimum bias point —R at the best
phase noise shows the ratio R /|Ry| is close to unity, which is further discussed in 4.2.1.

The different approach to adjust the resonator coupling R;/|Ry| by changing the gain
represented by —R of the active device is reported in Paper [D]. A reflection amplifier is
used where the gain can be tuned by a passive change using varactors in its termination
network without affecting the bias level of the active transistor. The oscillator with the
electronical gain control is found to give about the same result as a mechanically tuned
coupling factor, which is further discussed in 4.4.2.

There are published results for reflection oscillators where the optimum loss resistance in
the resonator is showed for one third of the absolute value of the negative resistance from
the amplifier, [40], [41] and Paper [F]. That optimum can still be applied as a good design
rule. The optimum resonator coupling which is derived in (2-48) for a reflection oscillator
is f = 1/2,[23]. It corresponds to the ratio of the dissipated power in the resonator to the
power in the loop (Prr) as Q. /Qo = 1/(1 + B) = 2/3. The open loop gain is important
to consider for the optimum coupling. It is found in measurement that high loop gain
compression shall be avoided, due to the non-linear up-conversion of flicker noise and
thermal noise, and consequently, a f close to unity, or Q,/Q, = 1/2 is preferable.
Generally, f = 1/2 to f = 1 should be considered dependent on the design condition, as
due to flicker noise content, or the needed margin for start-up oscillation, etc.

The theoretical effect on phase noise for different coupling expressed in O1/Qp according
to (2-46) is shown in Figure 2-19. Two different definitions of power are used for
calculating the Q1/Qy, as the power dissipated in the loop or as available power. The usage
of the available power requires a matched load, which is not necessary if dissipated power
is used.

£ 40

E —Dissipated power
% 30 = Available power
c

220

52

) 10+

S

= 0 ‘
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Q Q/Q,

Figure 2-19 Minimum phase noise versus Qr/Qo with power defined as the dissipated power in the resonator,
and defined as maximum available power for a feedback type oscillator.
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It can be noticed from Figure 2-19 that the deviation in phase noise between coupling factor
B=1/2,(Q,/Q,=2/3) to B =1, (Q,/Qy = 1/2), for constant dissipated power is
about 0.7 dB for this linear model. The different coupling factors corresponds to a variation
in S,; according to (2-41) to about 3.5 dB. In reality, when incorporating the non-linear
up-conversion of noise, the difference in phase noise can be significantly larger. In Table
4-2 in 4.2.1, a phase noise variation of 5 dB is shown due to a variation of about 3.5 dB in
the open loop gain.

Impact of phase condition

The phase condition of n - 360° is desired to be fulfilled for the frequency where the
maximum phase slope occurs, thus at max(0@(Z)/0w) or equivalently at maximum Q-
factor. If a phase error is introduced in the loop, the frequency is changed to meet the phase
condition. For a feedback oscillator the phase error can be written as

ADerror + 4(521(Af)) =0 (2-53)

and generally the transfer function versus offset Af is rolled-off as

S,1(0) (2-54)
S21(Af) = LA]C
1+j2Q, 7
If considering the argument of the expression of (2-54) used in (2-53), the following
expression can be stated

tan(AQerror) = 2Q,Af /7 (2-55)

where the changed oscillation frequency f, = f,- + Af to fulfill the condition from
(2-53). If no phase error, A@,,.» = 0, the oscillation frequency is equal to the original
oscillation frequency f,.

The voltage gain in the loop can be written as [42]

= 152181 = 521 (0)cos* (Aerrer) (220

The phase noise expression can be rewritten with power gain and the phase error in the
open loop, A@,por, consequently showing the degradation in phase noise as [42],[23],

L{m 0) (2-57)
C054(A®error)

L(fin ADerror) X

2.6 Frequency tuning

Frequency tuning can be achieved by changing the equivalent inductance or capacitance
values that define the resonance frequency

£, = 1 (2-58)
o 2nVLC
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A common method uses varactors connected as part of the capacitance C, connected single
or switched from a capacitor bank for generating several sub-bands. These elements can
be integrated with the resonator circuitry to direct affect the resonance condition.
Alternatively, they can be coupled externally to the resonator to change the load of the
resonator or to change the phase condition.

The tuning elements can be implemented as semiconductor devices with junction
capacitance or formed as digital switches of PIN-diodes with connected lumped capacitors.
They can alternatively be implemented in micro-machined structures as MEMS-varactors
or RF-MEMS switches, etc.

The advantage of using switched elements in combination with analog tuning within the
sub-band is that the analog elements can be weakly coupled to enhance a narrow band
tuning and still keep a high loaded Q-factor. The performance of the digital switches are
thus important, and they are preferably implemented as low-loss switches example in RF-
MEMS technology. Tuning with semiconductor varactors is described in 2.6.1 and tuning
with RF-MEMS-switches in 2.6.2.

A frequency tuning by a change in the phase condition, i.e., a change in the group delay
At can be written as

1 6 -
af = — 2 (2-59)
360 At
and the Q as
Q = fot, (2-60)

The phase shift in the signal path does not degrade the Q-factor of the resonator. A
disadvantage is the phase condition may not be fulfilled for the frequency corresponding
to maximum phase slope of the impedance. The introduced phase error degrades the
performance according to (2-57), and therefore this method is often limited to narrow-band
tuning.

A wideband resonator often used in instruments is the yttrium-iron-garnet, (YIQG),
resonator. It consists of a high-Q ferrite of Y,Fe,(Fe0,)3, and normally it has a spherical
form that can be widely tuned by varying the DC-bias of an applied magnetic field [1].
Due to the change in the ferromagnetic resonance, the frequency can be tuned over several
octaves. YIGs are commonly manufactured for center frequencies from about 500 MHz to
50 GHz, and the unloaded Q-factor is normally greater than 1000. The fabrication is quite
difficult with a complex polishing and aligning process of the ferrite sphere to the coupling
loop. Other drawbacks are the high DC-current consumption needed for tuning and their
normally bulky solution (volume of several cm?®) with difficulties for miniaturization and
integration compared to solid state semiconductor tuning elements. However, more
compact solutions using planar YIG-structures have recently demonstrated successful
results [43].

As previously discussed, the resonator coupling is essential for an efficient usage of the
resonator to maintain a high Q-factor as well as keeping a high signal-to-noise ratio. This
task becomes even more challenging for tunable resonators, where the loaded Q-factor has
to remain high over a certain bandwidth with an optimum coupling factor [44]. Another
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impact on the phase noise is that all tuning circuitry itself will cause modulation noise that
will degrade the phase noise. The effect of modulation noise is empirically modeled by
adding an extra term to Leeson’s equation [45],

z 3 2172 2-61
Fle1+( fo )Hl_l_Afl/f _I_Konl ( )

L(Af) = 10log;, [Z_PS 2Q,Af Af 8Af2

where besides the previously defined parameters, K, represents tuning sensitivity (Hz/V)
and ¥, the voltage noise on the varactor.

2.6.1 Varactor based tuning

A varactor may be incorporated in the capacitance value in (2-58) to direct change the
resonance frequency. An example of a varactor tuned serial LC-resonator for a negative
resistance oscillator is studied in this section. The negative resistance, —Ry represents the
transistor gain, and Rs represents the resonator loss. For a steady state —Ry + Ry = 0. A
tuning capacitor, i.e., varactor, is added in serial with the resonator as in Figure 2-20, and
the varactor loss resistance Ry is incorporated in the total loss of the resonator when
dimensioning the coupling factor.

ACti.VG Resonator Varactor
fransiStorte™ ™ 1~ R Rv Gl
| LA LI
Ry | VeV
: | «—V,—
| I

Figure 2-20 Schematic of a reflection oscillator with series varactor [32].

The oscillation frequency is expressed by

1 [e+c, 1 [1 R, (2-62)
fo= 1oz LCc,C, — 2m_|LC,P,Q,

where P is the total power dissipated in the resonator, and P, is the power dissipated in the
varactor. The quality-factor for the complete resonator, i.e., the loss in the resonator
compared to the total capacitance in the resonator, is given by,

0. = Cs+ C, (2-63)
S wORszCs

The quality factor of the varactor, i.e., loss in the varactor compared to its capacitance is
given by

1 (2-64)
wORva

Qv =

The ratio P,/P, = R¢l2,s/R,1%s = Rs/R,, due to the same current in the serial resonator.
The tuning sensitivity with respects to the varactor capacitance is set by [32]
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of _ fo BQy (2-65)
aC,  2C, PQ

which indicates that a wider tuning bandwidth for a given coupling P; /P, and f; is achieved
with a lower varactor capacitance with a higher quality factor. The maximum tuning range
is given when P,Q,/P;Qs — 1, that is when C,/Cs; — 0 for the varactor C,, in serial with
the capacitance Cy of the resonator. The relative tuning sensitivity will also be maximized
to

f aC, _ (2-66)

fO Cv

1
2

Power handling in varactors

The Q-factor of the resonator is limiting the noise performance and tuning-range of the
oscillator. Further, the voltage handling capability of the varactor itself is limiting a
wideband tuning. The varactor is normally modeled as a voltage-controlled capacitor in
serial with a loss resistance, and if Vy is representing the rms-voltage across the loss
resistance in Figure 2-20, the dissipated power is expressed by
Vg 2-67
p_ Vi (2-67)
R,
and the rms-voltage across the varactor capacitor, V., can be expressed as
Ve = QVa (2-68)

The power dissipated in the varactor is equal to
v (2-69)

As the phase noise is minimized by maximizing 1/P,5Qf s in the resonator, the term
VZ/R,, will be a figure-of-merit for a good varactor [23]. This term sets the maximum
power handling of the varactor in the resonator. Equation (2-50) expresses the
corresponding minimum achievable phase noise as

_ 9FKTRy (fy\’ (2-70)
£Um) = 16V, <E)

In this case, the varactor contributes with all loss and power dissipation of the resonator,
and the losses of other parts are neglected. The minimum phase noise given by (2-70) is
valid for a reflection type oscillator. This level would be degraded twice for a feedback
type oscillator (2-44). A feedback oscillator needs twice the dissipated power in the
resonator to achieve the same performance as for a reflection oscillator.

Another effect to consider is that the voltage swing across the varactors increases with a
stronger coupling to the resonator, besides for a higher Q-factor and increased input power
level. The voltage swing can exceed the reverse-bias of the varactor in a case of junction
capacitance based varactors. This effect starts to degrade the Q-factor in a large-signal
condition at a rather low power level and must be considered [36]. Figure 2-21 (a) shows
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the large-signal Q-factor degradation discussed in Paper [G], which demonstrates a
varactor tuned cavity oscillator at 10 GHz. Figure 2-21 (b) shows the corresponding
voltage swing across one single varactor in an anti-serial pair for different power P;,, in the
cavity. Bias level of -2 V is applied on the varactors. For higher power level and thus higher
voltage swing, current leakage in the forward region will cause the Q-factor degradation.

For low power, the voltage swing scales by « Q./P;,, until Q degrades at higher P;,.

1000 o dpm-10dBm | | | —20dBm
s —15dBm
of —12.5dB
s > J0dEm
T 500 3 —odam
g 5 —0dBm
5 . |—-10dBm
s
©
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Frequency (GHz) Time (ps)

(a) (b)

Figure 2-21. Simulated large-signal Q-factor degradation is shown. A shift in frequency due to self-bias of
RF-power is noticeable. (a) Q-factor degradation for different input RF-power in the resonator. (b) Voltage
across one single varactor in the anti-serial pair for different input RF-power.

As the power handling of the varactor can be a bottleneck for the phase noise of wideband
varactors, it is beneficial to use two anti-serial varactors to divide the voltage swing.
Another solution is to use weakly coupled varactors for a narrowband tuning. They can be
used together with high power capable switches e.g. MEMS-switches for sub-band
selection. This solution is proposed in Paper [A].

Generally, VCO tuning characteristics are nonlinear. The C,(V,) characteristic is on the
form

Cyo (2-71)

V;, 14
(1+ 5)

where ¢ is the built-in potential, C,q the capacitance at zero bias and y is the varactor

junction sensitivity. For abrupt varactors y = 0.5, and for hyperabrupt varactors
1 <y < 2. As the C,(V,) from (2-71) has a nonlinear behavior, normally two anti-serial
varactors are used in designs to suppress harmonics from tuned capacitance [32]. Also,
usage of hyperabrupt varactors will give a more linear frequency tuning, e.g., fory = 2, a
completely linear tuning will occur which is seen if using (2-71) in (2-58). This case is
beneficial to suppress non-desired up-converted spuriouses.

W) =

2.6.2 MEMS based tuning

During the recent decades, extensive efforts have been invested in developing micro-
machined structures, as RF-MEMS. They have become good candidates as tuning elements
due to their high power capability and low loss [22]. However, drawbacks are their slow
switching speed and that the moving mechanical structures can be influenced by vibrations.
This causes inevitably electroacoustic coupling. Sensitivity for vibrations around 10-
20 kHz is found in common MEMS with typical modal mass and spring constant for the
moving structure [22], [46]. Rather high voltage is needed for MEMS types using
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electrostatic actuation, around 10 V-30 V. This high voltage are also beneficial for the
power capacity, due to the capable RF-swing before the switch will self-actuate. For a pull-
in voltage of 1-30 V, the RF power required for self-actuation in a 50-ohm system
corresponds to 0.02-18 W. Another application of low voltage MEMS-bridges are power-
limiters, due to the protection capability and survival of high power.

The MEMS-switches can be categorized in several ways, regarding actuation mechanism,
movement type, contact type, the circuit configuration and geometric type. Short
descriptions of each category are discussed in following sections.

Common mechanisms to apply the force to the necessary movement of the membranes are
listed below.

Electrostatic. A bottom electrode beneath a membrane, which is connected to
the RF-path, creates an attraction by an electrostatic force when a voltage is
applied. The membrane bends to the other position, counterbalancing the spring
force of the membrane. It reverts to its original position without the applied
voltage. Figure 2-22 (a-c) show principal drawings.

Thermal. A piece of material that changes shape with temperature causes the
movement of the membrane.

Magnetostatic. There are two different methods. A Lorentz force actuates pat-
terned coils on the membrane by an externally applied magnetic field. The other
method uses a ferromagnetic coating deposited on the membranes, which
interacts with an externally applied magnetic field.

Piezoelectric. A material that changes shape due to piezoelectric phenomenon
causes the movement of the membrane.

The movement direction can be

Vertical

Lateral

The connection type in the RF-path can be

Metal-to-metal. An ohmic connection is established between the membrane and
the disrupted transmission line. The bottom electrode is still isolated.
Figure 2-22 (a) shows a principal drawing.

Capacitive. The distance between the gaps of the membranes and the disrupted
transmission line is changed when the membrane is attracted to the other position.
Figure 2-22 (b) shows a principal drawing.

Varactor. The height of the membrane to the transmission line varies analo-
gously by the voltage forming a controllable capacitance. Figure 2-22 (c) shows
a principal drawing.
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The membrane connecting to the RF-path can be

e Series, shown in Figure 2-22 (a).

e Shunt, e.g., connecting a grounded pad shown in Figure 2-22 (b).
The membrane topology can be

e Cantilever type. No residual stress remains within the membrane, as there is
freedom for the tip to move which diminish static forces. The membrane is fas-
tened only along one side shown in Figure 2-22 (a).

e Fixed-fixed-beams. The beams are fastened on two opposite sides and they will

bend down in the middle in the presence of an actuation force shown in Figure
2-22 (b).

e Circular diaphragms or membrane. This is a production friendly shape.

s

(a) (b) ()

Figure 2-22 Typical MEMS-topologies, depicted with top view and crossection. (a) Ohmic cantilever. (b)
Shunt capacitive. (¢) Varactor with airgap separation to bottom electrode.

2970

(b)

Figure 2-23 Cantilever MEMS from this study. (a) Chip photo. The chip size is 2970 x 1615 um and the
MEMS contains three switch elements. (b) Chip photo. Cantilever in open position for one switch element.

Figure 2-23 (a-b) shows chip photo of the RF-MEMS-switches used in this study. They
are designed by RF Microtech and fabricated at the FBK foundry.

RF-MEMSs have demonstrated good performance due to their high power handling and
low loss. The power capacity is needed for a broad tuning range as the tuning elements
need to be strongly coupled to the resonator. Further, a high power capacity in the resonator
is needed for good phase noise performance. The low loss entails a high Q-factor, which
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not will be suffered from large-signal degradation due to the high power capacity.
However, the side-effects of electroacoustic vibration and some reliability issues are
continuously improved.

2.7 Benchmarking oscillators

Benchmarking oscillators in literature are often a challenging task as several performance
parameters are involved. These parameters can involve output power, power consumption,
center frequency, offset frequency, tunability, etc. It is, therefore, a difficult task to define
a single figure-of-merit for benchmark an oscillator. The figure could either, relate the
performance to the physical boundaries set by the process technology as the Q-factor, and
the device noise floor; or alternatively be dependent on some typical application.

According to Leeson’s equation (2-29), the noise floor is measured relative the RF-power
in the resonator, and therefore increasing the power is beneficial. The power can be
increased by increasing the current density in the transistor, or by scaling the transistor size
for the same current density. Drawbacks are that the close-in flicker noise, as well as shot
noise for a bipolar device are increased with higher drain current, which will
counterbalance the benefit of the increased signal power. The far out noise floor of HEMTs
is improved at increased power.

2.7.1 Figures of merit

The power can be increased by combining several oscillators locked to the same reference.
In general, the carrier power can be increased by N2, if the output signals from N identical
oscillators are added coherently in phase. Their noise power is added by the factor N, as
the noise sources are uncorrelated. The noise to power ratio is improved by the factor N
[25]. This is advantageous e.g., in MIMO systems using several oscillators [47].

The benefit of the increased output power compared to the noise floor implies that
benchmarking oscillators might be measured with a DC-power normalized figure-of-merit.
The figure-of-merit is further normalized with center frequency, and frequency offset for
a fair comparison.

A commonly used key parameter for benchmarking is as previously suggested the power-
normalized figure-of-merit, hereinafter referred to simply as FOM. DC-power normalized
figures-of-merit must be handled with care. An example is that low power consuming
oscillators can still reach high merit figures, although having low or moderate absolute
phase noise performance. For a radio system, the absolute phase noise performance is the
major important merit figure to increase the data capacity. However, if DC-power-
normalized FOM is used together with the absolute phase noise performance to benchmark
oscillators, it becomes a complementary measure of the power efficiency of the oscillator,
and grades the design quality. The DC to RF-power is important to maximize, and the RF-
power in the resonator is beneficial for the phase noise. The maximum FOM will be shown
to be scaled by the unloaded Q-factor of the resonator and the noise floor within the f,/2Q
bandwidth.
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To benchmark the oscillator performance versus different technologies, FOM, is calculated
under the assumption of no flicker noise. This figure was defined by Wagemans [48], and
it was further refined in [49]. It is defined as

fi P (2-72)
FOM = ~Lpeas (fn) + 20 logao  £) — 10l0ga0 (7,207)

where L ,0.s(fin) is the measured phase noise at offset frequency f;,,, fo is the oscillation
frequency and Pp. (mW) the DC-power consumption.

In Leeson’s equation, this is used as a base for scaling the effect of resonator power, and
Q-factor, and to relate the figures to a physical noise floor. The fitting parameter, Fz, can
there be extracted from (2-52) as

f 27kT (2-73)
Fett = Lmeas fn) = 2010810 (£~ — 1010g0 = — 30
fn 32
+ 10log (i) + 20l0g10(Q0)
10\ Tmw 10(lo
Fer can further be expressed with the definition of FOM in (2-72) as
Fegr = 174.6 + 20log,o(Qy) — FOM. (2-74)

In case of no flicker noise and no RF-noise from the active device, and 100 % DC to RF
conversion efficiency, meaning that Fo=0 dB in (2-74), FOM..x is found to be linearly
related to the unloaded Q-factor of the resonator. Normally Fu¢ > 0 dB, and FOM will be
reduced. Obvious reasons for Fegr > 0 dB in (2-74) are the finite efficiency and the effect
of non-ideal resonator coupling. If the effects of finite efficiency and non-ideal resonator

coupling are considered, an operating noise figure can be defined by using the expression
in (2-46) as

8np (2-75)
F,, = 173.9 + 10log;, m + 2010g410(Qp) — FOM

It results that F,, = Fegr in the ideal case n = 100% and ideal coupling f = 1/2.

The best performance that can be achieved at Fo=0 dB in (2-73) for given process
parameters, Q, and power capability, Ppc (mW) can be expressed as

f
Lin(fn) = ~174:6 ~ 101081 (Poc) ~ 2010g10(Qo) + 2010810 ()
m

This equation can be used to show trend lines for the phase noise performance in the used
technology.

(2-76)

Table 2-2 presents process parameters as @y and practical power capability. Calculated
trend lines of the phase noise at 100 kHz for a 10 GHz oscillation frequency are shown.
The power capability values are calculated from an averaged DC-consumption of the
considered MMIC-designs among those from [50]-[65]. The reported results on DC-
consumption in this calculation is used to take care of the practical issues for good bias
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level. For example the choice of transistor size and bias condition to manage the needed
cooling etc., influence on the typically used devices. Typical Q-factors for the respective
process technology are found in textbooks as [51]. Phase noise trend lines and published
results together with designs from this work are shown in Figure 2-24. The phase noise
trend lines are based on calculations from (2-76). For mature processes like CMOS, the
results are fairly well saturated at the phase noise trend line, but for GaN-HEMT there is
still a significant discrepancy between reported values and the theoretical limit. Some
oscillators designed in this work in hybrid technology, as for the cavity oscillators, are also
included in Figure 2-24.

Table 2-2 Phase noise limit at 100 kHz offset from a 10 GHz oscillation frequency, calculated from process
parameters for MMICs. The given bias levels are averaged values from the published oscillators, [50-65]

GaN-HEMT, InGaP-HBT CMOS 90 nm SiGe-HBT
Ve, / Va (V) 30 5 1 3
Ic / la (mA) 120 90 25
Qo 40 40 10 10
Phase noise@1 MHz -142 -133 -104 -113
(dBC/HZ), feenter=10 GHz
InGaP-HBT
-70 510 1.[50]  4.[53]
80 s 0 et A ; Egi 5. [54]
¥ o0 70 ¥¥-5 2 g e 1 CMOS
3 S8 Op otBlo V4 40 6. 55]
E-mo @ % 2.17. 25~ / 7. [56]
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Figure 2-24 Phase noise versus oscillation frequency for oscillators in different MMIC technologies, com-
pared to GaN HEMT oscillators designed in this work. The trend lines are valid for typical MMIC technology
parameters, presented in Table 2-2. Note that two oscillators designed in this work are designed in hybrid
technology and consequently have significantly better Q-factor.

Table 2-3 shows a comparison to other state-of-art fixed frequency oscillators with high-
Q-resonators in different technologies at X-band.
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Table 2-3 State-of-the-art published High-Q oscillators for fixed frequency

Ref £(100 k) fo Pdc FOM@ Active device Resonator
(dBc/Hz) | (GHz) | (mW) | 100 kHz Technology Technology
HMC-C200 -140 8.2 | 700" 209 N/A DRO
8.0-8.3 GHz (Hittite)
[66], fig 9 -1320 9.2 N/A N/A GaAs pHEMT Silver coated cavity
DRO-10.600-FR (PS/)| -137 10.2 | N/A N/A N/A DRO
[67] -118 10.6 | 540" 201 GaN HEMT DRO
[67] -123 10.6 | 46" 207 GaAs pHEMT DRO
[67] -135 106 | N/A N/A SiGe HBT DRO
[68] -149 7.61 | 400 221 GaAs InGaP HBT DRO
[68] -142 7.61 100 220 GaAs InGaP HBT DRO
Paper [C] -145 9.9 200 221 GaN HEMT Aluminum cavity

(The plot in [66] is used to estimate the phase noise. *) A buffer amplifier is included, but output power is
comparable with other output power in this work. ***) calculated from power density and transistor size.

Figure of merit for tunable oscillators

The power-normalized figure of merit, FOM, is physical in the sense of the phase noise
scaling with DC-power consumption, loaded Q-factor, oscillation- and offset frequency. A
figure-of-merit value also including the tunability is more difficult to define. A definition,
commonly used by MMIC designers, is to normalize to 10 % tuning, which is considered
to be a typical tuning range for MMIC VCOs [69],

fi P (2-77)
FOMy = ~Lpseas () + 2010810 () ~ 10l0gso (1,777)
+ 20log,o(TR/10)
or expressed as
FOM; = FOM + 20log,,(TR/10) (2-78)

where the factor 7R is the percentage relative tuning ratio. From (2-78) it is clear that the
FOM7 will be degraded from the FOM-value if tuning range lower than 10 % is achieved.

Another figure-of-merit is using the absolute tuning bandwidth without the DC-power
consumption as [44]

, BW
FOMy = _Lmeas(fm) + 20logyo <f_)

m

(2-79)

A benefit of this definition is that normalizing to the center frequency is not needed
explicitly, as it is already considered when the absolute tuning frequency
BW = TR - f,/100 is used, instead of relative tuning as in (2-77).

However, a complication of the figure-of-merit in (2-77) and (2-79) is that they do not
asymptotic converge to the figure-of-merit of a fixed frequency oscillator as in (2-72) when

the tuning bandwidth decreases to zero.

Table 2-4 presents a comparison between tunable oscillators technologies.
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Table 2-4 State-of-the-art published high-Q tunable oscillators

Ref Phase Phase Phase fc Tuning- Qo FOM [FOM:| Tech-
noise noise noise (GHz) | ratio ) nology
@ @ @ (TR)
10 kHz | 100 kHz | 1MHz (%)
(dBc/Hz) | (dBc/Hz) | (dBc/Hz)
[70] -135 9.84665- | 0.0056 |10k-22k| - - DRO,SiGe
9.8472
[71] -100 -129 -149.5 8.2 1.28 bH10load|211.7| 194 micro-
strip,SiGe
[72] -121.7 -133@ 13.3 0.165 13k - - DRO,GaAs
50k mechanic pHEMT
[73] -78 <-100 -123 11.4033- 1.34 - - - SIW,SiGe
11.5565
[74] -134.5 3.475 6 167.1]162.7| MEMS-
(at 500k) varactor,
microstrip,
SiGe
[75] -95.6 -125.1 11.16 4.1 300 193 | 185 |SIW, GaAs
HEMT
[76] -122 12.2 2.5 189.1| 177 SIW, HJ-FET
mechanic
[43] -100 -130 2-4 67 YIG
[77] -132.7 5.3 0.094 Vt-DRO,
[78] -108.4 -129.4 -152.4 23.12 3.8 214.5| 206 Mobius
strip
SiGe HBT
[79] -109 22.1 20.6 181 | 187 SiGe
Integrated
[80] -117 9.5 4.8 180.9(174.5 SIW,
pHEMT
Paper [A] <-129 <-158 10 5 500 202 | 196 MEMS
(@1mm)
Paper [A] <-123 <153 10 12.3 500 196 | 198 MEMS
(@2.5 mm)
Paper [C] -144 <-165 9.9 - 3800 | 227 - |Cavity fixed
freq
Paper [E] -106 <-132 15 - 40 191 - MMIC
Paper [G] -118 -146 10 1.6 400 201 | 185 |[Cavity with
diode
varactors

) FOMr=-L(Af)+20log(fo/Af)-10log(Ppc/1mW)+20log(TR/10) or
FOM=FOM-+20log(TR/10)






Chapter 3.

Component characterization

This chapter discusses component and device characterization of sub-blocks used
throughout in the oscillator study.

It initially starts to describe the used active device regarding DC-characteristic for a bare
die and DC and gain behavior for the same device integrated in a MMIC-amplifier. It
further presents a developed low-frequency noise measurement setup for high bias
condition suitable for GaN-HEMTs. The measured characteristics adapt the simulation
models for the oscillator for more accurate noise prediction. Further, the chapter describes
a high-Q resonator of an aluminum cavity with flexibility to adjust the coupling to an
excitation microstrip line. The chapter discusses the cavity modes in detail, and finally, it
reports the characterization of used tuning elements of MEMS and varactors and discusses
a proposal of how to efficiently integrate them in the cavity to enhance tunability.

3.1 Active device characterization

The used reflection amplifier is based on a GaN-HEMT, 8x50 um gate periphery and
0.25 um gate length processed in TriQuint’s 3MI-process. DC-characteristics versus model
for a bare die are shown in Figure 3-1 (a-b).

0.25 © Measurement 0.25
—=Simulation ° M.easurfement V=22V
02 vV ety 0.2 |~ Simulation
UCiay
< 0.15 \\;:;1 '8V
- =18V
= 041 “ v:= 2V
I v =22V
0.05 [z V =24V
Vi=28V
0¢ V=3V

(a) (b)

Figure 3-1 I'V-plots simulated (red square) and measured (blue circle) for the 8x50 um HEMT used in the
design (a) Iq versus Vg, (b) Iq versus Vg

Figure 3-2 (a-c) show bias characteristics I¢ versus Vg, la versus Vg and reflection gain,
respectively, for the MMIC reflection amplifier based on the 8x50 um HEMT.
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(c)

Figure 3-2 MMIC reflection amplifier with HEMT-device 8x50 um. (a) Measured 14 versus V4 compared to
simulations. Vg swept from -2.2 V to -1.7 V. (b) Measured I4 versus V, compared to simulations. Vg is swept
from 4 V to 12 V(c) Measured reflection gain for different bias.

The different IV-characteristic for the complete MMIC compared to the bare die depends
on a source resistance added in the MMIC for bias regulation and for increasing the gain,
as is described in Paper [C].

3.2 Flicker noise characterization

Verification of the low-frequency noise (LFN) spectra will put some specific demands on
the instrumentation setup. The bias tee must have a low cutoff frequency, and it is
necessary to consider the input impedance of the low noise amplifiers not to affect the
DUT, etc. Two measurement methods are analyzed in the study, and they are discussed in
the following sections.

Current-noise amplification

The first method is using a transimpedance preamplifier system, based on a commercial
amplifier (SR570) [81]. For low bias level, <5 mA, the internal bias supply in SR570 has
a satisfying noise performance. A higher bias level will require an external bias-tee. That
may limit the lowest cutoff frequency, because of the practical size of the inductors and
capacitors used for the filtering. Also, large capacitors are often of the electrolyte type,
which themselves contribute to flicker noise, and therefore the system noise level must be
investigated carefully in the setup for clarifying its limitations. Figure 3-3 illustrates the
setup, which is described in detail in [82].
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Figure 3-3. LF-noise setup with current-noise amplification and external bias.

The transimpedance amplifier has low input impedance, around 1 Q. The bias-tee
components, 150 mH, and 22 mF are chosen to be parallel resonant at 3 Hz according to
(3-1) for not short-circuiting the LF-noise from the DUT. On the other hand, they must
make a good conduction for the current noise to the low impedance current amplifier.

1 (3-1)

= = 3 Hz
Jres 2mv0.15 - 0.022

The output of the amplifier is connected to a dynamic signal analyzer, Agilent 35670A,
which measures the voltage of the signal in time domain and calculates the FFT for
frequencies up to 100 kHz.

One disadvantage of the current amplifier method is the settling time to charge the large
capacitor in the DC-block when changing bias which makes these measurements for
different bias very time-consuming.

Voltage-noise amplification

The other method is based on a high-impedance voltage amplifier, SR560 [83]. The bias
to the device is connected through a load resistor, which in the setup is chosen to 100 Q.
This value is suitable for the studied sizes of devices. As there is a lower cutoff-frequency
for the bias components in the signal path for this setup, it can measure noise almost down
to DC. That makes the method very attractive. However, the load resistor must be chosen
carefully, preferably less than the transistor channel resistance, R4, to ensure that the
external load dominates for the total resistance and that it is low enough with an acceptable
low thermal noise contribution. The current noise is calculated by considering the channel
resistance Rys in parallel with the external load resistor which is seen in Figure 3-4.
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SR560
Agilent
Rioma High z 35670A
[ & Ch 1
- — Ch 2
DUT
SR570
Lowz
| I |
+

Figure 3-4. LFN setup with a voltage amplification with SR560 on the drain and with SR570 on the gate,
essentially for biasing purpose.

The SR560 measures the voltage noise terminated by the load resistance, which is the load
resistor, Rioad, in parallel with Rg. The current noise is calculated by normalizing the
voltage noise with the total load impedance. The used voltage gain of the SR560 is about
40 dB (100 V/V), and its noise floor at the input is about 4 nV //Hz. The transimpedance
amplifier SR570 measures the gate noise simultaneously, but main reason in this
measurement is to use its internal supply to bias the gate.

_ < Vmeas noise 35670 = (3—2)
(Rds//Rload) ' Gvoltage gain SR560

< Idrain noise >

The same dynamic signal analyzer, Agilent 35670A, samples the output signal from the
low noise amplifiers. A description of a similar setup is found in [84].

Test bed verification

The system noise level for the different setups is investigated by measuring a BJT
transistor, 2N2222, because it has a relatively low LFN. Low bias (<8 mA, 3 V) makes it
convenient to compare the different setups without introducing too much LFN from the
setup itself. Different bias supplies have been used to control their noise impact in the
voltage-noise measurement setup; a battery and a parameter analyzer, Agilent 4156. In the
current-noise measurement setup, the internal supply in SR570 is used. Figure 3-5 (a)
shows the results of this investigation. Figure 3-5 (b) shows the result of a GaN-HEMT
device measured with the two different methods.
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Figure 3-5 (a). Noise floor characterization by measuring a BJT 2N2222 in the testbed. (b) Comparison
between the setups of the current-method (SR570) and the voltage-method (SR560) measuring a GaN-
HEMT, 4x75 inhouse from the CTH-process, biased at Vo/Vs=-2 V/11 V.

The thermal noise floor of the load resistor (100 €2) used in the SR560-setup is calculated
as

4kT 33
< if 100 >= = = 1.6-107%% (A% /Hz) (3-3)

This is about 10 dB lower than the lowest device noise floor measured in Figure 3-5, and
therefore it is considered to have a negligible effect on the system noise floor in the studied
frequency range.

The study concludes that the noise from the power supply affects more than the
measurement method itself, and therefore, the voltage-noise amplification method is used
for further LFN measurements. Besides, the voltage-noise method provides LFN
measurement almost down to DC, which is shown in Figure 3-5 (b). Paper [H] presents a
detailed comparison between different devices in GaN measured by this setup. Later, a
compliance verification with a commercial system, E4727A, from Keysight Technologies,
was performed, which showed similar results.

LFN at 1 kHz, 10 kHz and 100 kHz normalized to DC power is a relevant benchmark
parameter for oscillator applications. Table 3-1 present measured LFN for GaN-HEMTs
compared to other III-V material (InGaP HBT and GaAs pHEMT).
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The parameters in Table 3-1 are denoted by L, for the gate length, W), base width, F. for
the frequency slope (1/f%), and LFN (A*/Hz)@ 1 kHz, @10 kHz, and @100 kHz for the
measured LFN at the respective offset frequencies. It is obvious that the flicker noise at
<100 kHz is higher for GaN-HEMTs than for InGaP HBTs. GaN-HEMTs are however
better if the power-normalized noise is considered. The active devices for almost all
designed oscillators in this study are based on the GaN-HEMT 8x50 (G3), which is shaded
in Table 3-1. Figure 3-6 (a) shows the measured LFN for this used device versus frequency
compared to simulation model, and Figure 3-6 (b) shows the measured LFN at 100 kHz
versus bias.

* Simulation

. - - 0.05

o2l s —Vd=10V, Id=53mA —_
_ g —Vd=10V, ld=26mA 004t § o - 2
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Figure 3-6 Measured low-frequency noise of (a) measured LFN (A%/Hz) versus frequency. Fixed V=10 V
for different current compared to simulation. (b) Measured LFN (A%/Hz) at 100 kHz versus bias.

3.3 Cavity resonators and modes

The resonator is as previously mentioned a critical component for the oscillator phase noise
performance close to the carrier. Some oscillators designed in this study are based on
external high-Q resonators implemented as aluminum cavities. The following chapters
discuss the theory and the characterizing of the used cavity resonators.

3.3.1 General theory of rectangular waveguide resonators

The propagation property of a waveguide depends on its dimensions. The phase
propagation constant of a rectangular metal waveguide can be expressed

B =kz k2 (3-4)
k = w\ue (3-5)

(3-6)

where

and

In (3-6) a and b are the side lengths of the rectangular cross section. The permittivity € and
the permeability u define the medium properties, w the used angular frequency, and m and
n define the mode number. The waveguide wavelength along z-axis can be written as
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1= 2m _ 2 (3-7)
g
b Jorue - (1) - (2

A cavity resonator can be realized by short-circuiting the waveguide along the z-axis, at
z=0 and at z = d, respectively. The resonances will occur during the following
condition,

A 3-8
1Z=d, 1=123,.. 3-8
2
Figure 3-7 depicts the E-field for mode [=1, and 2, and m=1.
YA
Ey  TE,.-mode
b mnl
m=1
=1
XP
a
JA
d =2
Figure 3-7 TE,,,~-mode shown in a resonator for /=1 and 2, and m=1
By inserting (3-7) in (3-8), the resonance frequencies can be written as [85]
(3-9)

c MiTy 2 nmy2  /lm?
o =g |2 ()

The dominant mode at the lowest frequency will be the TE 91-mode (m = 1,1 = 1), which
evaluates to a=d=MAg/2. It is common to set b=Ay/4 to assure maximum margin to other
resonant modes.

The E-field in y-direction for this mode, Ey(x,z), is creating a standing wave inside the
cavity, which can be expressed as [85]

. Tx | TZ (3_10)
E, = Eysin—sin—
y oSin " sin P

Figure 3-8 illustrates the E\-field-distribution for the TEi01-mode.
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a
X
Figure 3-8 E,-field distribution for the TE10;-mode

The stored electric energy at resonance is calculated by

eabd £ (3-11)
16 °

which at resonance is the same as the stored magnetic energy, W,,, = W,.

&
We=—f E EpdV =
4‘V

The contribution of losses in the cavity is power dissipation in the cavity wall, dielectric
loss in the substrate and radiated power. The power loss due to finite conductivity in the
wall is expressed by [85],

R R EZ22? sab bd a d (3-12)
Ro==t|  IHlras =22 (2 =)

g2 \@ @ 24" 24

where the surface resistivity Ry = /wpy/20, and n? = /e, and H; is the tangential
magnetic field at the wall’s surface.

Q-factor due to the conductive loss is calculated by

2w, W, (3-13)
c Pc
The dielectric loss is expressed by
b lf _ B f abdwe”IE E (3-14)
7 2), J-ErdV = 8

where ¢ = ¢’ — je", for the effective dielectric constant including substrate loss.
The Q-factor due to substrate loss is estimated for " «< &' to

20W, & 1 (3-15)

- P, & tand
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The total unloaded Q-factor for the cavity can be calculated to

wm (e’ o1

In this study, the lowest resonant mode, TEio1-mode, for a rectangular metal cavity is
considered for simplicity. That also makes a large frequency separation to other undesired
modes.

The dielectric loss and the conductive loss in the cavity walls limit the Q-factor of the
resonator. Therefore, this study uses an air-filled cavity in aluminum with Qy measured to
3800 which is further reported in Paper [C].

Similar calculations appear for dielectric resonators, which might support other more
peculiar modes with several tens of thousands in Q-factor. The Whispery-Gallery mode is
an example of an azimuthal propagation of the wave around the resonator [86], [87], etc.

Other popular modes for dielectric resonators are the evanescent modes where the field
will cut off at the boundary of the high permittivity of a dielectric to the surrounded low
dielectric air. This mode has a decreased height of the resonator, L, and appears lower than
2L/24 < 1, which means that the resonator is reactively terminated at the ends. That mode
is beneficial for having more dense volume, larger spurious-free region, and for being
easier coupled with improved feasibility for monolithic integration.

The frequency tuning of high-Q resonators as metal cavities or ceramic resonators is non-
trivial. A consequence of their high Q-factor is that they will have very limited coupling
possibilities of tuning elements and accessibility to the resonator structure. In particular, if
external loading or phase shifting techniques are used outside the resonator, these will have
limited effect on the frequency tuning. A more efficient method is to directly disturb the
EM-field inside the cavity as proposals presented with tunable ground plane using RF-
MEMS switches as in Paper [A] and Paper [B], or by using GaAs-varactors connected to
field probes inside the cavity as demonstrated in Paper [G].

Furthermore, the tuning elements require very high Q-factors to have minor degradation
of the total Q-factor of the resonator. Also, the power (or voltage) capability can be a severe
problem due to high voltage and current swing in high-Q resonators across the terminals
of the tuning elements. The conversion of modulation noise must be considered, or in the
case of electromechanical tuning as for MEMS-technology, the vibration sensitivity should
be handled with care.

3.3.2 Tuning with an electronically controlled wall

In principle, the resonance frequency can be tuned by changing the distance between the
short-circuiting planes in the z-direction of the cavity resonator. Paper [A] analyzes a
method to do that by using RF-MEMS-switches on a PCB intruded in the cavity close to
the wall as is illustrated in Figure 3-9. This method aims to digitally tune the frequency to
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specific sub-bands, and the analog fine-tuning within the sub-band can be achieved by
weakly coupled varactors.

At L N
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Figure 3-9. E-field contribution with an electrically tunable wall inside the cavity. (a) RF-MEMSs in open
state. (b) RE-MEMS:s in a closed state.

Two effects mainly contribute to the frequency change. The electrical volume is contracted
when the switches are in a closed state, due to the short-circuiting by the switched ground
plane. The change in volume —AV,,, that is obscured by the switches, creates the frequency
change as [85],
w—wy 24V (3-17)
wo Vo

The other effect is when switches are in open state, and they, besides, forming the original
volume V}, also add part of an increased volume AV, beneath the switch elements with other
medium with dielectric constant &, as [85]

W — Wy (&, — DAV, (3-18)

Wy 2V,

The new oscillation frequency is denoted w, and the original resonance frequency is
denoted w, corresponding to the volume V. Figure 3-10 (a) and (b), respectively, show
HFSS-simulations with RF-MEMS switches in open state and closed state for a three-row
configuration of RF-MEMS in parallel. The RF-field penetrates through the RF-MEMS
switches in the open state, but will be shielded by the switches in the closed state.

(a)

Figure 3-10 HFSS-simulations of the E-field. (a) MEMSs are in open state. (b) MEMSs are in closed state.
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3.3.3 Analog cavity tuning with varactors

Tuning technologies performed with varactors integrated on chip-resonator circuitry for
example in MMIC-solutions as Colpitts oscillators are successful for a large tuning-range
[69], but the processes have often poor Q-factors for the resonators. External high-Q
resonators, example DROs, make the varactor coupling difficult to achieve for a broad
tuning range, consequently due to their high Q-factors as previously mentioned. The
discussed method to change a load capacitance outside the resonator is demonstrated in
[72], [88], [71], or to change the phase condition with a drawback to not utilize the
optimum Q-factor of the resonator is showed in [70] and [89]. These techniques provide a
tuning range of only a few tenths of a percent. More attractive is to embed the varactors
inside the resonators, as solid-state varactors integrated with SIW-resonators demonstrated
in [90], or by using high-Q-MEMS varactors in SIW as in [91] and [92], or for lumped LC-
resonators [74].

Paper [G] demonstrates an aluminum cavity with embedded bare die GaAs varactor diodes
inside a cavity. They are exposed directly of the RF-field for most efficient coupling. The
varactors align with the E-field in the waveguide. Their capacitance C,. increases the
electrical length of the waveguide, which is short-circuited at the end by a lid, and the
resonance frequency will decrease. This is illustrated in Figure 3-11, and despite the model
is developed for a two-conductor TEM-transmission line, it can principally model the
behavior at resonance for a waveguide, in particular for the TE191 mode with short-circuited
condition for a A;/2-resonance. The Cy,- is aligned with the E-field, transversally to the
propagation direction.
L

f\/ —Z_ Coar
( TI TI7
ShOl t(@Aq/Z

Figure 3-11 An equivalent circuit of the terminated waveguide with an included varactor.

Two-port S-parameter measurements of the designed cavity have been performed for
different setups. Figure 3-12 (a) and (b) show the reflection coefficient and unloaded Q-
factor, respectively, for intrusion depth of the assembled position of the varactors of 1 mm.
Figure 3-13 (a) and (b) show the reflection coefficient and unloaded Q-factor, respectively,
for an intrusion depth of 2.5 mm. The larger intrusion depth gives a stronger coupling of
the varactor, which increases the tuning range from 1.6 % to 2.0 %. The deviation to the
compared HFSS-simulation depends on parasitic and tolerances for the different assembly
alternatives. The total lower Q-factor of the cavity at higher frequencies, despite the better
Q-factor internally for the varactor at more reversed bias, is explained by the cavity itself
degrades the Q at a larger disturbance from its natural resonance frequency.
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Figure 3-12. Varactors assembled at 1 mm depth in the cavity at different reversed voltages. (a) Measured
reflection coefficient compared to HFSS-simulation in dotted black trace. (b) Measured Q-factor compared
to HFSS-simulation in dotted black traces.
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Figure 3-13. Varactors assembled at 2.5 mm depth in the cavity at different reversed voltages. (a) Measured
reflection coefficient compared to simulation in dotted black trace. (b) Measured Q-factor compared to
simulation in dotted black traces.

3.3.4 Varactor device characterization

The used varactors are manufactured by MA/Com of type MA46H146 bare-die and flip-
chip mounted in GaAs-technology with abrupt y=0.5 doping profile. They are
characterized by a resonant Deloach-structure [93], shown in Figure 3-14 (a) and (b), and
the measured transmission is shown in Figure 3-14 (c). Measurement extracts Ry and C; to
2 ohm and 40 fF, respectively, for a reversed varactor voltage of -24 V. The unloaded Q,
for the varactor, defined as Qo = imag(Z,q,)/real(Z,q,) = 1/wCjRs = 200 at 10 GHz.

Port 2

Varactor model

|1 Cparasiric |
]

Z():50 ohm

Zy=50 ohm, | R, Cy(V) Ly :
0~80deg, “-————————
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Figure 3-14 (a) Schematic of the test-structure. (b) Photo of the PCB test-circuit. (¢) Measured transmission
compared to simulation on the test-structure for different varactor voltages.

3.4 MEMS device properties

The used RF-MEMSs in this study are aimed for a digital sub-band selection for
multichannel oscillators with moderate requirements on switching speed. The switches are
characterized during electrostatic conditions by S-parameters to define a small-signal
model.

However, in the application of the oscillator, the electroacoustic phenomena due to the
electrodynamic behavior affect the phase noise. Particularly sensitiveness is at offset
frequencies corresponding to the mechanical resonances.

3.4.1 Measured electrostatic behavior

The RF-MEMS is a mechanical system where an electrostatic force pulls down a
membrane described as [22], [46], [94],

1A, (3-19)
e — _E? act

where 4 is the membrane area, d the distance between the membrane and the actuator, &,
the dielectric constant and V. the actuation voltage. The electric force F, counteracts a
mechanic force F,, which is described as

F, = kAz (3-20)

where k defines the spring constant of the membrane and Az the displacement towards the
actuator. For small displacements, a stable condition is established for F,, = F,, which
makes a controllable capacitor, thus a varactor. The electric force, F,, increases by larger
displacement and will counterbalance the increased mechanical force, F,. The needed
electric force (or applied voltage V) to create a displacement Az can be expressed as

(3-21)

k
—(dy — Az)?Az

Vact = oA
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Equation (3-21) tells that there exists two possible displacements Az for the same actuation
voltage Vaer lower than the certain voltage, Vi, i—in. At Vpy—in the both states coincide
and instability makes the system collapse. Figure 3-15 illustrates this behavior.
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S
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Figure 3-15 Calculated actuation voltage versus the membrane displacement according to (3-21) for the used
RF-MEMS. The maximum gap for unbiased state, dy = 3 um.

The membrane will then snap to the bottom position. This appears when Az = dy/3,[22],
where d, is the maximum gap in the unbiased state. Typical values for the RF-MEMS used
in this study are 4=0.170x 0.11 mm, d,=3 um and the needed pull-in voltage,
Vpuii-in=20 V. This evaluates to a spring constant of about k=8 N/m. The spring constant
for a cantilever MEMS can also be calculated as [22],

s 1% (3-22)

3-4(7) +(7)

where / is the total length of MEMS-membrane (170 um), and w is the width (110 um), x
is the distance from the anchor edge to where the actuator force starts due to the bottom
electrode (about 20 um, seen in Figure 3-16 (b)) and ¢ the thickness of the MEMS-
membrane (~2 um). The Young’s modulus for gold E = 80 - 10° N/m?. That evaluates to
k~=8.5 N/m, which is approximately the same as previous calculation.

t
kc = 2FEw (?)

(b)

Figure 3-16 Photo of the MEMS-die element. (a) The size of membrane: 170 um x 110 um. (b) A MEMS-
switch where the cantilever membrane has accidently been bent up. The actuator electrode is about
130 um x 110 um and starts about 20 um from the anchor edge to the left.
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A low spring constant is necessary to decrease the needed actuation voltage, but will also
result in a low restoring force and therefore may suffer from stiction problems. For high-
reliability applications, the spring constant should not be designed lower than 10 N/m [22].

3.4.2 RF-MEMS model

Reflection and isolation measurements for different actuation voltage are shown in Figure
3-17 (a,b), where the pull-in voltage is seen where the first switch elements snap-in,
resulting in an isolation degradation in the insertion loss graph (at about 20 V-30 V).
Further increased voltage forces more switches to close. The intermediate state causes an
undesired stub which changes reflection phase rapidly versus frequency and reduces the
isolation.

—— V 0 -0V
— 0V —-10V
—20V = | =—-30v
j5.0| == -30 V _-oy —— 40V
—a 8 —y
— 60V S-20; v
—-70vV 5 oV
—— 80V £ --7 |80V
—— 90V =30 [ g0 V
= = =Simon -7 == Simon
= = = Sim off = = Sim off
40 ‘ : :
6 8 10 12
Frequency (GHz)

(a) (b)
2970

(c) (d)

Figure 3-17 (a) Reflection coefficient for different actuation voltages. (b) Isolation for different actuation
voltages. (¢) Photo of the PCB test-circuit. (d) Chip photo of the MEMS, size 2970 um x 1615 um.

RF-model of the MEMS

Cpar Cpar Cpar
Lpar + Lbond Lpar + Lbond

Ctrl Cipar,a;T

Rsw T Cipdf,G;T Rsw TCipar'a;T Rsw T

Copar, act C opar,act C opar,act

Figure 3-18 Model of the used MEMS.

The components in the model in Figure 3-18 are extracted for L. and Cpar to 0.3 nH and
22 {F, respectively, in open state. In the closed state, the line inductance, Lyq- is increased
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to 0.4 nH due to a prolonged length through the switch region. The ohmic contact
resistance is estimated to 1 ohm in the closed state and infinity in open state, and the
included bond wires are estimated to 1 nH. The parasitic capacitance of the transmission
line to the control wire are found negligible, and more, those lines have a high impedance
to protect further RF-propagation.

For a two-port measurement of a serial MEMS-switch, the total parasitic capacitance in
the open state can be approximated from the isolation as

152112 = 402 Cpartor-Zo” (3-23)

From Figure 3-17 the measured S2;=-27 dB at 10 GHz in open state, and by using (3-23)
it can estimate Cpar0=7 fF, or about 21 fF per switch element which are in serial. That
agrees well with Cpsr in the model in Figure 3-18.

The on-resistance in closed state can be calculated at low frequency as

st on,tot (3'24)
2Z,
if the total impedance of MEMS-switch is Z; = Ry, + jwL, and wL < Ry, .

Sp1=1—

RF-MEMS used in varactor application will, due to the beam instability at //3 of the beam
displacement at the pull-in voltage, have limited capacitance ratio. Normally the
capacitance ratio measures to about 1:1.25 for cantilever beams, and 1:1.4 for fixed-fixed
beams. For a three-plate design, this ratio can be increased to about 1:2. However,
techniques as dual-air-gap can increase the ratio further. An example in [95] shows a
capacitance ratio of 1:3.

3.4.3 Electromechanic behavior
The dynamic response of the mechanical system can be described as
d?x  dx (3-25)

mﬁ+ba+kx=fext

where x is the MEMS cantilever displacement, b the damping coefficient, £ the spring

constant and f..x an externally applied force. This expression is useful to determine the
switching speed as well as potential electroacoustic resonances.

A corresponding transfer function which models the frequency response can be written as

X(w) 1 ( 1 ) (3-26)
F(jw)  k\1—(w/we)?+jw/(Qwy)

where the resonance frequency wy = +/k/My0q4, and Q = k/(wyb) is the quality factor
of the resonant beam and m,,,4 its modal mass about 0.35 to 0.45 times the static mass.
The response of (3-26) is further discussed and analyzed in [22]. If assuming m, = ptA,
and for the used switches in this study, p = 19300 kg/m*® (gold), membrane thickness
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t =3 pm, and A =0.170 x 0.11 mm, evaluates to my = 1.0 - 10~2 kg. By using the earlier
estimated spring constant of 8 N/m from the pull-in voltage measurement, electroacoustic
resonance can be calculated to w, = 137 - 103 rad/s, or 21 kHz.

The mechanical resonance is more obvious in the open state than in the closed state. Figure
3-19 (a) shows the noise hump appearing at slightly above 10 kHz in the open state of the
MEMS with 12.3 %tuning running at a center frequency of 10 GHz. Compared to the phase
noise for the closed state in Figure 3-19 (b) the resonance has diminished.
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Figure 3-19 Phase noise of a MEMS-tuned cavity oscillator with a three-row MEMS configuration measured
at different bias level versus offset frequency as reported in Paper [A]. (a) All switches are in the open state.
(b) All switches are in the closed state.

3.4.4 Potential improvements of used RF-MEMS

This study has found some issues and suggested improvements for the used RF-MEMS
and they are discussed below.

Stiction

The stiction issues and fastened MEMS-membranes became a severe problem during the
analysis. As several switch elements were biased in parallel with a considerable spread in
pull-in voltage, between 20 V to 90 V, the highest voltage was used to enable all elements
to the closed state. That implied a risk for causing bonding effect and damaging the
membrane for those with lower pull-in voltage. Non-conductive capacitive MEMSs, which
probably are more robust for permanent stiction, are in that perspective preferred.

Resonances

Electroacoustic resonance was found for the MEMS in particular in the open state, due to
lack of mechanical stability for the membrane in this position. A redesign of another top
electrode to fix the membrane for the open position would partly solve this problem.

More holes in the membrane and therefore a decreased modal mass would decrease the
switching time or increase the resonance frequency and probably make it less sensitive for
acoustic vibrations. The effect of the squeeze film damping is also reduced with holes in
the membrane which would further decrease the switching time.
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Reliability
A capsulated RF-MEMS would be preferred to avoid contamination of glue and solder
paste in the assembly processes.

The MEMS-switch could be designed to cover an analog tuning as a varactor. In this case,
a combined technology could enhance for both PLL-locking and digital sub-band control.

3.5 Tuning components and technology comparison

Different high-Q tuning techniques compared to methods used in this study are presented
in Table 3-2, regarding tuning range and unloaded Q-factor. In oscillator applications, other
aspects as power handling, power loss, or vibration sensitivity must also be considered.
Semiconductor varactor tuning has previously been discussed with drawbacks of large-
signal degradation of Q-factor when strong coupling and high RF-power are applied. RF-
MEMS varactors are robust for high power, but suffers from poor vibration robustness and
may have non-continuous tuning characteristic due to the pull-in voltage.

Table 3-2 Comparison of different high-Q tuning techniques

Ref fc Tuning-ratio (TR) Qo Technology
(GHz) (%)

[96] 32.5 10 Ferroelectric

[43] 3 67 YIG

[97] 1 28 65 Varactor diode

[98] 12.5 1.23 150 SIW and switchable varactor diode

[91] 3.45 90 300-650 SIW and 3D MEMS varactor/switch

[92] 4.8 33 300-500 SIW and MEMS varactor/switch

[99] 6.425 5.4 140-240 SIW and MEMS varactor/switch
[100], [74]| 3.475 6 MEMS varactor

[101] 23 5 750-1450 MEMS cantilever
Paper [A] | 10.065 2.1 700-1115 MEMS digital (2 steps), one row@1 mm
Paper [A] | 9.915 8.1 400-500 MEMS digital (2 steps), one row@2.5 mm
Paper [A] | 10.085 5 700-1123 | MEMS digital (8 steps), three rows@1 mm
Paper [A] | 10.035 12.3 250-826 | MEMS digital (8 steps), three rows@2.5 mm
Paper [G] 10.2 1.5 300-650 Varactor diode, two rows@1 mm depth
Paper [G] 10.4 2 300-400 Varactor diode, two rows@2.5 mm depth







Chapter 4.

Oscillator Design and Characterization

This section describes the oscillators designed and analyzed in this study. Considerable
efforts are spent on how to optimize the phase noise given the discussed boundary
conditions. Critical conditions for the active device are, as earlier mentioned, the power
handling capacity and RF noise figure. Therefore, GaN has followed as a good choice,
which has been the used technology for all designs. Furthermore, a high-quality resonator
is needed, which in the first design is implemented with a cavity and discussed in Chapter
4.2.1. A design with a hybrid technology implemented with a discrete LC-network is
shown in Chapter 4.3. Besides the importance of a high unloaded quality-factor, the
resonator has to be optimally coupled to take advantage of its potential, which is studied
throughout all oscillator designed. A MMIC-oscillator achieves the optimum coupling by
utilizing an impedance transformed quasi-lumped resonator to match the gain of the
amplifier as is shown in Chapter 4.4.1. A different approach to match the power coupling
to the resonator is by adjusting the gain of the amplifier. Chapter 4.4.2 demonstrates an
electronically adjustable reflection amplifier.

A digitally tunable cavity oscillator using an electronically movable ground plane of
MEMS-switches with minor degradation of the performance is discussed in Chapter 4.2.2.
Analog tuning by using an additional tuning element of semiconductor varactors is
discussed in Chapter 4.2.2.

4.1 Experimental setup

Phase noise measurements have been performed with the PLL-method, using a commercial
signal source analyzer from Rohde & Schwarz, FSUP50 [102]. Figure 4-1 shows a block
diagram of the PLL-method. Only free-running oscillators are tested in this study.

DUT

Low- pass-filter Low- noise  Baseband
(LPF) amplifier analyzer

Reference \
source Detector

(mixer)

PLL Phase-locked
loop

Figure 4-1 A block diagram is showing the used PLL-method [103].
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The noise floor in the instruments may limit when measuring high-performance oscillators,
in particular at a high carrier frequency. Table 4-1 shows the typical phase noise
performance for the used FSUPS50 for different offset and carrier frequencies. An important
test condition in this study is at 100 kHz offset frequency at 10 GHz carrier frequency. The
instrument performance at this condition is not sufficient to measure the cavity oscillator
reported in Paper [C].

Table 4-1 FSUP50 phase noise sensitivity versus input frequency and offset [102].

Offset Input frequency and Input level +10 dBms,
frequency Typical values R&S®FSUP50
(dBc/Hz)
10 MHz 100 MHz 1 GHz 10 GHz 40 GHz
1 kHz -161 -160 -134 -116 -106
10 kHz -168 -168 -143 -126 -114
100 kHz -170 -176 -158 -138 -126
1 MHz -175 -177 -165 -150 -140
10 MHz -179 -172 -167 -155
30 MHz -172 -170 -159

To improve the noise floor in the measurement system, two nearly identical oscillators are
used as is illustrated in Figure 4-2. One of these is slightly shifted in frequency, and the
phase noise measurement is performed on the down converted and significant lower IF-
frequency, which in our study is around 30 MHz.

Signal Source Analyzer
Measured IF-frequency

Attenuator
(isolate for
pulling)
Fo Fot/-IF
DUT Osc Ref Osc

Isolator

Figure 4-2 Setup of mixed measurement.

The effect of combining to equal and uncorrelated oscillators is 3 dB extra noise
contribution. The measured noise figure on the down-converted signal has to be afterward
compensated.

4.2 Cavity based oscillators

A cavity based oscillator is using a testfixture containing a MMIC reflection amplifier on
a PCB for connecting the resonator. The resonator is varied in different designs, as
implementation for fixed frequency, or enhancing tunability by RF-MEMS-switches or by
varactors.

4.2.1 Fixed frequency

The resonator for fixed frequency is simply an empty aluminum cavity dimensioned for
the TEi01-mode. The cavity is placed on top of an exciting microstrip line connected to a
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reflection amplifier. The amplifier is a MMIC-amplifier designed in a 0.25-um GaN-
HEMT process at TriQuint 3MI process. Figure 4-3 (a) shows a photo of the oscillator with

the cavity and Figure 4-3 (b) shows a schematic.
Microstrip %7
Coupli_ng to |
| cavity \

| Transmission
length
inphasing

Load
termination

o

(b)
Figure 4-3 (a) Picture of the cavity oscillator. (b) Schematic.

The setup is very flexible to adjust the cavity coupling by changing the perpendicular
position to the microstrip line, and the phase condition by sliding the cavity along the strip.
The oscillation frequency is about 10 GHz.

Table 4-2 shows the phase noise performance at 100 kHz and 400 kHz, respectively, for
different cavity positions and open loop gain. The best performance is achieved for the
weakest coupling with an open loop gain close to unity. Reason is that high gain will force
the amplifier in deep compression, which is not beneficial for up-converted flicker noise
and thermal noise.

Table 4-2 Measured phase noise versus coupling of the resonator

Cavity | Rs/loss | Optimum phase Phase FoOmM® Fop?  |Gain (dB) Reflection| |Ry|® | Rs |Open loop
position | (Q)/(dB) | noise performance noise |@400 kHz| @400 kHz| Amp @ opt for (Q) |R_N| gain®

offset @100 kHz (dBc/Hz) | @400 kHz (dB) (dB)  |100 kHz bias (V,/Vq) (dB)
(mm) @bias level (V4/V;) | (dBc/Hz)

0.6 8.1/2.8 -139 @4/-1.9 -152.5 219 15 6.8 18.7 0.4 4

3.4 14/5 -141@4/-1.8 -155.5 223 10 7.0 19.1 0.7 2

3.9 19.2/7 -141.5@5/-1.6 -156 221 9 8 21.6 |0.89 1

5.9 20/7.4 -144.5@5/-1.8 -160 227 7 7.9 21.3 |0.94 0.5

M FOM=-£(Af)+20log(fo/Af)-10log(Ppc/ TmW)

@ Fop=173.9+10log[8np/(1+B)*]+20log(Qo)-FOM

&) The negative resistance is the real part after phase compensation to a serial resonator in 50 ohm system.
@ Gioop=20l0g|(Rs-Z0)/(Rs+Z0)|+20l0g|(-|Rn|-Z0)/(-|Rn|+Z0)|

The phase noise for the optimally coupled resonator is shown versus bias at 100 kHz offset
in Figure 4-4 (a) and versus offset frequency for optimum bias in Figure 4-4 (b). Optimum
FOM at 400 kHz offset is measured to 227 dB. Under the same optimum condition, the
power was +5 dBm, the power consumption Pp =200 mW, and the flat noise floor
-165 dBc/Hz.
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Figure 4-4 (a) Phase noise in dBc/Hz at 100 kHz offset versus bias. (b) The phase noise for best bias versus
offset frequency.

The phase noise of this oscillator is below the noise floor of the instrument used for
measurement. Therefore, the setup proposed in Chapter 4.1 with two equally oscillators
for down-converting the signal was used. Once the best achievable performance of the two
equally tuned and biased oscillators is determined, one of these oscillators is kept fixed at
this condition as a reference oscillator. Different test conditions have been applied to the
other oscillator. The measured results are compensated for the noise floor of the reference
oscillator. Figure 4-5 shows a photo of the test setup.

Figure 4-5 Photo of the experimental setup

The design is further analyzed in Paper [C].

4.2.2 Tunable frequency

The frequency tunability for the resonator on the first design is implemented by a tunable
ground plane inside the cavity of an intruded PCB of MEMS-switches. In the second
design, semiconductor varactors coupled to the E-field are assembled on the PCB.

Figure 4-6 shows a sketch of the complete setup of the MEMS-tuned oscillator, with the
intruded PCB illustrating the positions of the MEMS-switches and a schematic of the setup.
The setup is further demonstrated in Paper [B].
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Figure 4-6 Cross section sketch of the setup of a cavity oscillator with RF-MEMS-switches forming an elec-
tronically tunable wall.

Different assembly alternatives of the switches, for a one-row configuration and a three-
row configuration are shown in Figure 4-7 (a-b), respectively. Figure 4-7 (¢) shows a photo
of the completely assembled PCB.

(a) (b)

Figure 4-7 Photo of the assembled switches and PCB. (a) One-row configuration. (b) Three-row
configuration. (c) A layout of the PCB. The cavity opening is 20.7 mm x 10.35 mm.

The positions of the MEMS-switches, by varying the intrusion depth of the PCB (1 mm
and 2.5 mm) and the configuration on it (one row or three rows) are analyzed with trade-
offs for tuning-range, frequency resolution, Q-factor and phase noise. The oscillation
frequency is about 10 GHz. Figure 4-8 shows a summary of the studied setups with
frequency tuning versus the bit position of the MEMS-states.

Table 4-3 shows a more detailed analysis of the performance.
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Figure 4-8 Summary of the studied MEMS-configurations versus oscillation frequencies. State “0” equals
open MEMS-state, and “1” equals closed MEMS-state, for the assembled positions, respectively. State “x”
denotes a not assembled position.

Table 4-3 Tuning range, Phase noise and Q-factor, versus simulations for different MEMS-setup.

Setup State Measurement Simulation
Qo Freq Tuning ratio Optimum Phase Noise
(GHz) |Increase/state| @100kHz | @1MHz Qo Freq [Tuning
and total (dBc/Hz) | (dBc/Hz) (GHz) | ratio
(%)) (%)
One-row x0x 1115 9.96 +0 2.1 -140 -159 2309 | 9.96 | 2.0
MEMS @1 | x1x 700 10.17 | +2.1 -139 -160 913 | 10.16
mm depth.
One-row x0x 400 9.51 +0 8.2 -126 -149 2377 9.65 6.7
MEMS @2.5| x1x 500 10.32 | +8.2 -128 -158 775 | 10.32
mm depth.
Three-row | 000 1050 9.84 +0 5 -139 -160 1545 | 9.84 | 4.8
MEMS @1 | 001 700 10.07 | +2.3 -134 -160 702 | 10.08
mm depth. | 011 700 10.22 | +1.5 -129 -158 718 | 10.22
111 | 1123% | 10.33 | +1.1 -140 -159 675 | 10.32
Three-row | 000 300 9.42 +0 | 123 -126 -154 1313 | 9.32 | 13.3
MEMS @2.5| 001 250 10.05 | +6.5 -123 -153 510 | 10.05
mm depth. | 011 350 10.43 | +3.7 N/AC) N/ACY) 700 | 10.44
111 826" | 10.65 | +2.1 -133 -159 821 | 10.65
Empty PCB 1817 | 9.998 -140 -160 3000 | 9.998
@1 mm
depth.
Empty PCB 1602 | 9.925 -140 -160 3000 | 9.941
@2.5 mm
depth.
Empty cavity 3800 9.93 -145 -165 4000 | 9.93
Paper [C]

™ Lower on-resistance measured than assumed in the model.

) Too low loop gain to measure with the used amplifier.

" Tuning range is defined as 2 (fuar~fmin)/(fnax™+fomin)

From Table 4-3 it is obvious that the tunability increases by the intrusion depth of the PCB,
and consequently degrades the phase noise performance. The tuning also compresses,
when the number of MEMSs set in the closed state are increased. This is probably due to
more distorted RF-field, which complicates the positioning of the MEMS to achieve a
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uniform frequency resolution versus the states. However, the concept of using MEMS-
switches to tune the ground plane inside the cavity works in general with good result. They
can be used for digital control of the resonance frequency over a quite broad range, 12 %
with phase noise performance in the range of -133 dBc/Hz to -123 dBc/Hz at 100 kHz
offset frequency. FOM and FOMr are 196 dB and 198 dB, respectively. These results are
further analyzed and reported in Paper [A].

Another oscillator is based on a varactor-tuned cavity which is analyzed in Paper [G]. The
varactors are assembled with similar techniques as reported in Paper [A], on a PCB
intruded inside the cavity. Figure 4-9 shows a picture of the complete setup and including
sub-blocks.

MMIC reflection amplifier Back-to-back
varactors

Cavity with PCB inserted

Figure 4-9 Picture of the oscillator for a varactor-tuned cavity.

The varactors are aligned with the E-field, and their capacitance increases the electrical
length of the waveguide, which is short-circuited at the end by a lid. A model of the tuned
cavity was discussed in Chapter 3.3.3.

PN (dBc/Hz)
3

-140 | |
_1 60 L L L N Mk
103 104 10° 108 107
Offset frequency (Hz)

Figure 4-10. Varactor cavity at | mm depth. Phase noise (dBc/Hz) versus varactor voltage (-20 V to -0.1 V)
for optimum bias V4/V=11.5 V/-1.8 V. Support lines for -20 dB/dec and -30 dB/dec are added.



66 Chapter 4 Oscillator Design and Characterization

-100
ﬁ-11ofv“\ | ¥ 10 ?Eé
% 120 F 1 g 10.3 -.:
Q —100 kHz = 0 g
= -130 —1 MHz = 2
T [ 10.2 0 2
-140 /\’\\—_ ] <3 5
] £
-150 — : : : L 10.1 20 3

10.15 10.2 10.25 10.3 20 15 -0 5 0
Frequency (GHz) Varactor voltage (V)

(a) (b)

Figure 4-11. Varactor cavity at | mm depth. (a) Phase noise at 100 kHz and 1 MHz offset frequency, respec-
tively, versus frequency for optimum bias V¢/Vg=11.5 V/-1.8 V. (b) Frequency and output power versus va-
ractor voltage.

Figure 4-10 shows the phase noise versus offset frequency. The varactor voltage is swept
from 0 to -20 V. Figure 4-11 (a) shows phase noise versus oscillation frequency at offset
frequencies of 100 kHz and 1 MHz, at the bias point V//Vy=11.5 V/-1.8 V. For offset
frequencies lower than 200 kHz the flicker noise contributes to a -30 dB/decade slope. At
offset frequencies in the range 200 kHz to 1 MHz thus for the -20 dB/decade region, the
phase noise variation is minor affected versus varactor voltage and tuning sensitivity. This
indicates that the modulation noise is less dominating, which otherwise should have strong
effect in this region. However, the change in varactor bias and tuning frequency influence
on the total Q-factor due to the large-signal degradation, which contributes to the overall
variation in the phase noise. Figure 4-11 (b) shows the tuning frequency and the output
power versus varactor voltage for the optimum bias, V/Ve=11.5 V/-1.8 V. The best phase
noise is measured at the most reversed varactor voltage, thus at less large-signal
degradation of Q due to most margin for RF-voltage across the varactors and most power
capability.

The optimum phase noise at 100 kHz offset and 1 MHz offset, respectively, measures
-118 dBc/Hz and -146 dBc/Hz. The measured small signal Qo=400, which can be scaled
to the Qo-factor of the fixed frequency cavity oscillator in Paper [C] with expected 20 dB
lower phase noise. A deviation in further degradation of 7 dB from this value indicates that
the phase noise is not primarily limited by the unloaded Qo of the cavity but rather by
modulation noise proportional to the tuning sensitivity and large-signal effects. Previously,
Chapter 2.6.1 discussed the power dependent Q-factor due to the RF-voltage limitation
across the varactors. Further, the measured oscillator has higher bias current and gain for

loss compensation at optimum, which introduces more flicker noise, in particular at
100 kHz offset.

4.3 Flexible hybrid oscillator

An oscillator was developed as a testbed to use LF-noise characterized devices in an
oscillator setup. The oscillation frequency is 1 GHz, and phase noise is studied versus
offset frequency and bias level.

A hybrid oscillator based on GaN-HEMT device and a lumped element resonator
implemented on a low loss PCB has been designed. A photo and a schematic are shown in
Figure 4-12 (a) and Figure 4-12 (b), respectively. The testbed is made flexible so that a
bare die transistor device can be close connected between two pieces of PCB, one with the
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termination network on the gate side, and one with different resonator topologies on the
drain side. Ry is for stabilization and suppresses out-of-band resonances.

Figure 4-12 (a) Photo of the hybrid oscillator. (b) Schematic.
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Figure 4-13 Measured phase noise in dBc/Hz versus bias level for different offset frequency. (a) 100 kHz

offset frequency. (b) 1 MHz offset frequency.

Figure 4-13 (a) and (b), respectively, show measured phase noise at 100 kHz and 1 MHz.
It is found that at 100 kHz offset, the performance is limited by flicker noise, and stays
essentially constant if power is increased. Thus, the benefits with higher power level
counterbalance the increased flicker noise at higher current. At 1 MHz, the increased signal

power due to higher bias level is beneficial for the

40 T

Phase noise (dBc/Hz)
2
S

10° 104 10° 108 107
Frequency (Hz)

(a)

phase noise.

-10
107500 - - 1d=0.2mA
= - = 1d=7.0mA
=z - - |d=26mA
< - - |d=53mA
9 10715 -
S
= S~
w ~2%s
- ~
10.20 I I I I o
10° 10’ 102 10° 104 10°
Frequency (Hz)
(b)

Figure 4-14. (a) Measured phase noise is shown. Support lines for -20 dB/decade and -30 dB/decade are
added. (b) Measured LF noise is shown of the used 8x50 um GaN at V4=10V for different Iy versus

simulation.
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Figure 4-14 (a) shows measured phase noise for all swept bias level, and Figure 4-14 (b)
shows measured LF-noise, fitted to a simulation model, with k==6x10"'° , 47=0.87, and
Fr=1.5 according to (2-11). The noise floor for this component is quite low, compared to
the thermal noise current of a 50 Q resistor that measures 3 - 10722 A%/Hz. Optimum phase
noise is measured for an open loop-gain around 1.5 dB, and the equivalent loss resistance
in the serial resonator is about Rg=11 Q or -4 dB, and Q=49. The measured reflection gain
for the transistor at optimum bias Vg /V;=5V/-2V is about 5.5 dB, or a corresponding

|IRy|=15 Q and Rs/|Ry| = 0.7.

At 1 MHz offset frequency, a phase noise of -150 dBc/Hz is measured from 1 GHz
oscillation frequency, and a power-normalized figure of merit (FOM) of 186 dB is reached.
The noise figure F=21 dB, out of which 2-3 dB is dependent on a none-optimum coupling,
and 2 dB due to a DC to RF-efficiency of 65 %. The noise figure compensated for the finite
efficiency and none-optimum coupling is 17 dB. The results are further analyzed in Paper

[F].

4.4 MMIC based oscillators

This work presents two MMICs, one integrated oscillator discussed in Chapter 4.4.1, and
one reflection amplifier with electronic gain control intended for an external resonator
discussed in Chapter 4.4.2.

4.4.1 Integrated oscillator

The design uses the same active transistor as the previously presented reflection amplifier
for the cavity oscillators and is integrated to a 15 GHz on-chip resonator. The resonator is
implemented as a parallel resonator, that is transformed by a quarter-wavelength
transformer and adjusted to fulfill the phase condition. Figure 4-15 (a) and (b),
respectively, show a chip photo and a schematic of the oscillator.
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I feedback

(a) (b)
Figure 4-15 (a) Chip photo of the oscillator, size 2.0x1.0 mm. (b) Schematic.

The transformer gives flexibility to match the coupling factor, or the impedance, to the
active device. Matching the gain of the amplifier, or equivalently the negative resistance
Ry, to the equivalent serial resistance Rg of the resonator according to (2-45) and (2-47),
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is difficult by scaling the width of an open quarter-wavelength microstrip stub. Schematic
of such resonator is depicted in Figure 4-16 (a), and calculation of achievable Rs is

G | o o

Rc =~
ST AW |oe f

where ¢ is the free space velocity, €, relative permittivity, po permeability, W is the width
of the microstrip line, ¢ the metal conductivity, and f the frequency. If connected to a
lumped parallel resonator as a quarter-wavelength transformer shown in Figure 4-16 (c),
the dimensions will be more feasible for the lumped resonator as

L Z2 (4-2)
R;QOJOQ

C= 2sQ (4-3)
Zcwg

where L and C are the corresponding lumped resonator components and Q-factor to achieve
a certain R using a transformer with characteristic impedance Z.. Another topology to
match the coupling can be achieved by a coupled 4/2 resonator as in Figure 4-16 (b). The
separation between lines in the coupler-resonator can be used to set the desired coupling
factor. However, the topology is quite area consuming.

A/4— Parallel
Open stub T Coupler resonator
, RPN ol
Lin D o 0O T D
Zin . )
J_ J_ 4 Microstrip
N - A2— piece
A/d—
resonator
Tin D o transformer
o Zin

= |

(a) (b) ()
Figure 4-16 (a) Open quarter wavelength stub-resonator. (b) Coupler-resonator. (¢) Transformed resonator.

Phase noise results from the oscillator with the transformed resonator is shown in Figure
4-17 (a-b), versus offset frequency for all measured bias, and at a fixed offset of 100 kHz
versus bias, respectively. The optimum phase noise measures -106 dBc/Hz at 100 kHz for
an oscillation frequency of 15 GHz with a corresponding FOM=191 dB. The results are
further reported in Paper [E].
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Figure 4-17 (a) Phase noise (dBc/Hz) versus offset frequency for all bias is shown. Support lines for
-20 dB/decade and -30 dB/decade are added. (b) Phase noise at 100 kHz offset versus bias is shown.

4.4.2 Reflection amplifier with adjustable gain

An oscillator with the feature to optimize the resonator coupling by adjusting the gain of
the reflection amplifier is reported in Paper [D]. The two different methods by optimizing
the gain in comparison to a change in the coupled impedance of the resonator was discussed
earlier in Chapter 2.5.2. The amplifier is made for 8.5 GHz, with an adjustable gain
between 0 dB to +7 dB, and it is designed and fabricated in a 0.25-um GaN-HEMT process
at UMS, GH25-10 process.
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Figure 4-18 (a) Photo of the reflection amplifier, size 1.0 mm x 1.0 mm. (b) Schematic

A connected cavity locks the frequency to 8.5 GHz, and for different varactor voltages, the
reflection gain is changed along the black line in Figure 4-19 (a). Figure 4-19 (b) shows
the corresponding phase variation at the fixed frequency of 8.5 GHz, which is less than
+/-10 deg, and have minor impact on the resonator phase condition.
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Figure 4-19 (a) Magnitude of the reflection gain versus varactor voltage. (b) Polar plot of the reflection gain.

In Figure 4-20 (a), the starting position is a strong coupling (low R,) which means that the
amplifier gain —Ry, has to be lowered by a higher varactor voltage, compared to the
situation in Figure 4-20 (b). In Figure 4-20 (b) the starting position of the cavity is weak
coupling (R; = |Ry|), and the gain increases with a lower varactor voltage. In both cases
the optimum phase noise performance appears at the same bias level, showing that the gain
tuning has a minor impact on the bias level of the active transistor.

Center placed cavity for high open loop Offset placed cavity for low open loop gain
gain (Ry < |Ryl). Strong coupling. Phase (R; = |Ry|). Weak coupling. Phase noise
noise optima at low amplifier gain optima at high amplifier gain.
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Figure 4-20 Two different cases of resonator coupling discussed in Paper [D].

The minimum phase noise reached for optimum gain setting is -136 dBc/Hz, which can be
compared to -139 dBc/Hz that was obtained with the mechanical tuning of the resonator
impedance, i.e., by moving the cavity. Despite the slight degradation due to the
electronically controlled circuitry, the design is motivated as it easily can be made adaptive
to compensate for process and temperature variations. The loop-gain can also be adjusted
to ensure a proper start-up condition, and then be optimized for the stationary condition.

FOM at 100 kHz for an electronically gain control and manual gain control measures to
212 dB, and 215 dB, respectively.






Chapter 5.

Conclusions

The thesis has demonstrated optimization of oscillators targeting low phase noise. Choice
of technology for the active device and the resonator is important, but as crucial is to utilize
and combine the included parts to form a well-designed oscillator. Parameters as the power
capacity, RF noise floor, and flicker noise for the amplifying part and the unloaded quality-
factor for the resonator circuitry set boundaries for the theoretically achievable
performance.

In this work, an effective noise figure is defined to measure the performance against the
theoretical noise level. It has been shown that the performance in the 20 dB region is
limited by the Q-factor and the DC-power efficiency. This means that the commonly used
power-normalized figure-of-merit figure, FOM, is only limited by the unloaded quality-
factor of the resonator and the thermal noise floor. To reach the noise floor, the resonator
must be optimally coupled to the active device, which means a trade-off between power
coupled to the resonator and loaded Q-factor. Experimentally, the optimal coupling factor
is found to be =1, in contrast to f=1/2 which is predicted by a small-signal linear model.
One reason for the deviation is that the model does not consider non-linear noise up-
conversion.

The thesis reports on several state-of-the-art oscillators. A cavity based oscillator shows an
excellent phase noise of -145 dBc/Hz at 100 kHz from a 9.9 GHz oscillation frequency. A
MMIC oscillator demonstrates a phase noise of -106 dBc/Hz at 100 kHz from a 15 GHz
carrier. The two oscillators present an effective noise figure of about 16 dB above the
theoretical noise floor. A substantial contribution to the effective noise figure is the finite
DC to RF efficiency, which for the cavity oscillator and MMIC oscillator measures around
6 % and 8 %. Compensation for the efficiency shows operational noise figures for the
cavity oscillator and MMIC-oscillator of 4 dB and 5 dB, respectively, extracted in the 1/
region.

One of the factors most critical for the operational noise figure is the resonator coupling
factor, which may be tuned in different ways, e.g., mechanically or by changing the bias
condition to control the gain of the reflection amplifier. The thesis also reports on a
reflection amplifier with separate electronic gain control. It demonstrates electronic tuning
with phase noise within 3 dB from the performance of a mechanically tuned cavity
oscillator based on the same technology. The electronic tuning function can be used for
compensation of assembly tolerances and temperature spread.

73
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Beside low-phase-noise fixed frequency oscillators, different tuning technologies are also
considered. It is investigated how the tuning elements limit the performance of tunable
oscillators. High-Q tuning elements with good power capacity are for this reason, RF-
MEMSs. We have demonstrated digital tuning by using switches forming an electronically
tunable ground plane inside a cavity resonator. The position of the MEMSs on a PCB
intruded at different depth in the cavity are investigated regarding the tuning range,
frequency resolution, Q-factor, and phase noise. The design demonstrates a 12.3 % digital
tuning with phase noise varying from -133 dBc/Hz to -123 dBc/Hz at 100 kHz offset
frequency around an oscillation frequency of 10 GHz.

For analogue tuning, solid state varactors are investigated. The setup is very similar as for
the MEMS setup, with GaAs varactors assembled on the PCB. The varactors are aligned
with the E-field of the TE 101 resonant mode inside the cavity to form an efficient coupling
for varied positions. The coupling is chosen for or a compromise between tunability and
noise performance. A tuning range of 1.6 % around a 10 GHz oscillation frequency is
recorded with a phase noise down to -118 dBc/Hz at 100 kHz offset. A problem with the
varactors are their finite power capability limiting the large-signal Q-factor. Measurements
of the cavity for low excitation power show significantly higher Qo than for the power
levels valid in the resonator under oscillation condition. The large-signal Q-degradation is
identified as the main reason why the measured phase noise is worse compared to
simulations based on small-signal Q-factor. This motivates usage of high power capacity
varactors as SiC-varactors for tuning of high Q-resonators.

The RF-MEMS tuning has shown some issues regarding electroacoustic conversion, i.e.,
microphony. In particular, for MEMS-switches in the open state with no forces applied on
the membrane, mechanical resonances can appear and modulate the signal. For this reason,
MEMS-based varactors are not preferable, despite their extremely high power capability.
A remedy to suppress the resonances is to prevent the membrane from motion in the static
states. A secondary electrode, which could fix the membrane in the open state, would be
beneficial. Further investigation also includes some reliability issues regarding stitching
and bonding effect of the membranes.

This work has demonstrated optimization and analysis of oscillators. Parameters to
influence by design are discussed to optimally utilize the performance of the including
parts and achieve performance close theoretical bounds. By combining different
technologies, excellent phase noise and good tunability are demonstrated. The thesis has
shown methods and strategies to build optimized oscillators, which are needed to meet the
demands of cutting edge technology in future communication systems.



75

Summary of appended papers

Paper [A]

Analysis of a MEMS Tuned Cavity Oscillator on X-band

In this paper, a cavity oscillator on X-band with an electronically tunable wall of RF
MEMS-switches are analyzed in detail regarding the position of the MEMSs’ for best
tuning range, phase noise, and digital resolution.

My contribution is design and implementation of the oscillator, verification, and analysis
of the result. I have been the first author of the paper.

Paper [B]

RF-MEMS Tuned GaN HEMT based Cavity Oscillator for X-band

In this paper, a cavity oscillator on X-band with an electronically tunable wall of RF
MEMS-switches shows a digital tuning capability of 5 %, maintaining good phase noise
of about -140 dBc/Hz at 100 kHz offset. A novel building practice of an aluminum cavity
with an intruded PCB of MEMS switches coupled to a microstrip line connected to a GaN-
HEMT reflection amplifier is demonstrated.

My contribution is design of the oscillator with MEMS-tuning, verification, and analysis.
I have been the first author of the paper.

Paper [C]

Phase Noise Analysis of an X-Band Ultra-low Phase Noise GaN HEMT based
Cavity Oscillator

In this paper, a state-of-the-art cavity oscillator for fixed frequency on X-band is presented.
It reports an analysis to find the best resonator coupling, by changing the position of the
cavity.

My contribution is design of the oscillator, verification, and analysis of the results. I have
been first author of the paper.

Paper [D]

A GaN HEMT X-band Cavity Oscillator with Electronic Gain Control

This paper presents a novel method to change the gain of a MMIC-reflection amplifier in
GaN-HEMT, without degrading the Q-factor for a connected resonator. By an electronic
change of the gain, the optimum coupling to the resonator can always be maintained, which
is essential for a well-designed oscillator.

My contribution is MMIC-design, verification, and analysis of the oscillator. I have been
the first author of the paper.
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Paper [E]

Low phase noise power-efficient MMIC GaN-HEMT Oscillator at 15 GHz based on
a Quasi-lumped on-chip resonator

This paper reports on a fixed frequency MMIC oscillator, with an integrated resonator of
lumped LC, which is optimally coupled by an impedance transformation to the active
transistor. It shows a state-of-the-art performance of a fixed frequency oscillator in GaN-
HEMT.

My contribution is verification and analysis of the design. I have been the first author of
the paper.

Paper [F]

Phase noise analysis of a tuned-input/tuned-output oscillator based on a GaN
HEMT device

This paper reports on a hybrid oscillator, with a GaN-HEMT device connected to a lumped
LC-resonator on a PCB. By changing the resonator impedance, an optimal coupling is
found, and the optimum bias for best phase noise is analyzed for different frequency offset
to show the effect of flicker noise. The GaN-HEMT device is characterized regarding
flicker noise.

My contribution is designing the oscillator, measuring, and analyzing the results. I have
been the first author of the paper.

Paper [G]

An X-band varactor-tuned cavity oscillator

This paper reports on a varactor tuned cavity oscillator. An embedded PCB with mounted
varactors inside the cavity demonstrates a tuning capacitance efficiently coupled to the RF-
field. This method enhances a rather large tuning-range and maintaining good Q-factor of
the resonator.

My contribution is designing the oscillator, measuring and analyzing the results. I have
been the first author of the paper.

Paper [H]

Low-Frequency Noise Measurements - A Technology Benchmark with Target on
Oscillator Applications

This paper reports on low-frequency noise measurements of different devices, as GaN-
HEMT, InGaP HBT, and GaAs pHEMT with high bias level in the saturated region for
targeting oscillator application.

My contribution is developing the measurement setup.
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