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Abstract

Over the past decade, wireless applications have grown exponentially, driven by
demand across sectors like cellular networks, vehicular communication, and industrial
systems. The affordability of sensors and improvements in energy efficiency have fueled
the deployment of billions of connected devices. At the same time, the rise of smart-
phones and wireless internet has created challenges for higher data rates and broader
coverage. The transition from 4G to 5G technology has addressed these needs, with 5G
offering enhanced reliability, low latency, and cost-effective solutions. The introduc-
tion of millimeter-wave frequencies is mandatory to achieve the gigabit-level wireless
traffic required. However, mm-wave signal attenuation requires increased power am-

plification, which adds to network power consumption.

RF power amplifiers (PAs), essential for boosting signals, face challenges with high
peak-to-average-power-ratio (PAPR) signals common in modulated transmissions used
to maximize spectral efficiency. This issue is particularly critical for 6G technology,
which demands extreme linearity, power efficiency, and thermal management to oper-
ate in terahertz (THz) bands and deliver speeds up to 1 Thps. New semiconductor
technologies are expected to address these challenges, particularly Gallium Nitride
(GaN), which offers an overall high power density, particularly promising when high
integration is of interest. In combination with that, the ability to dynamically adjust
the power amplifier performances or the possibility to let the PA operate at multiple
bands is desirable for modern standards. Many topologies and clever solutions already
address this objective but when more bandwidth or higher frequencies are employed,

more challenges prevent these solutions from breaking through the market.

This Thesis addresses these challenges by investigating two key areas to improve
the efficiency of GaN PAs. First, it delves into the impact of trapping effects, which can
significantly degrade device performance, particularly with modern high-modulation
schemes. A new characterization technique is developed, based on drain current tran-
sient (DCT) measurements, to assess figures of merit such as gate and drain lag, trap

activation energy, cross-section, and carrier density reduction. This approach reduces
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characterization time while providing valuable insights into the relationship between
the physical structure of HEMTs and their susceptibility to trapping effects. This al-
lows for more informed decisions when selecting GaN devices for specific applications.

The second area of focus is the integration of varactor devices into the output
matching network of PAs to achieve reconfigurable amplifier architectures. To fulfill
this goal, a preliminary characterization is required before new devices can be adopted.
This study is conducted over existing diodes in GaN-on-SiC technology to assess the
use of integrated solutions instead of discrete ones to reduce the impact of parasitics.
After this preliminary research, the extraction of suitable models to allow CAD simu-
lations is required. A novel automatic modeling procedure, employing vector network
measurements, is developed to accurately characterize and model varactor device be-
havior. This procedure generates a lumped-element circuit representation, facilitating
the simulation and optimization of the matching network for improved PA efficiency
and adaptability. A matching network integrating varactors is also proposed and a

preliminary evaluation of PAs with modified varactor devices is presented.
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Chapter 1

Introduction

1.1 Telecommunication industry and technologies

1.1.1 Telecommunication trends

Over the last ten years, wireless applications have witnessed exponential growth
due to increasing demand across various sectors such as cellular networks, vehicular
communication, and industrial systems. Advances in semiconductor technology facil-
itate new paradigms that were unimaginable a few decades ago. These cutting-edge
technologies have seamlessly integrated into daily life, proving their utility in diverse
domains. For instance, the Internet of Things (IoT) has gained momentum in areas
like agriculture, environmental monitoring, and smart metering, where it now plays
a critical role [5]. The driving forces behind this widespread adoption are the afford-
ability of connected sensors and consistent improvements in energy efficiency. These
developments have enabled the deployment of many battery-powered, cable-free de-
vices. Current estimates suggest that tens of billions of devices [6] are now connected
to the network, prompting IoT standards to evolve to handle the increasing density
of wireless connections. Simultaneously, the proliferation of smartphones and wireless
internet connectivity has introduced new challenges. These include the need for higher
data rates and better network coverage, both in rural areas and densely populated ur-
ban centers. The fourth-generation (4G) system, also known as Long-Term Evolution
(LTE), has been the dominant standard for telecom data and voice traffic. By 2022,
4G surpassed the older third-generation (3G) standard, leading network operators
to shut down 3G base stations in favor of the more advanced fifth-generation (5G)
technology. 5G has now become a well-established commercial solution for wireless

communication, designed to meet the diverse and demanding requirements of mod-
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ern applications. These requirements include reliability, mobility, low latency, and
cost-effectiveness. The versatility and superior performance of 5G are achieved by
leveraging various advanced radio frequency (RF) techniques. These include Time
Division Duplex (TDD) and Frequency Division Duplex (FDD), which were already
employed in LTE, alongside a more sophisticated Orthogonal Frequency Division Mul-
tiplexing (OFDM) modulation scheme. Furthermore, novel approaches like General-
ized Frequency Division Multiplexing (GFDM) [7] and Filtered-Orthogonal Frequency
Division Multiplexing (f~OFDM) [8] have been explored to enhance spectral efficiency.
These techniques reduce out-of-band emissions, thereby increasing the overall power
spectral density and ensuring that 5G can meet the challenges of modern wireless

communication.

5G network architecture relies on the deployment of femtocells, a new network
structure scheme that makes use of multiple smaller base stations to address frequency
reuse and denser layouts [9, 10]. These cells integrate massive MIMO antennas operat-
ing at millimeter-wave frequencies [11] to be able to deliver gigabit-level wireless traffic.
The new frequency range 2 (FR2) makes available K- and Ka-bands for telecommuni-
cation with the advantage of more link capacity but lower range coverage, due to the
degradation of millimeter-wave (mm-wave) signals with the propagation distance. To
be able to maintain the same LTE signal strength, the transmitting power of the base
station must be increased and multiplied for all concurrent amplifiers, which could be
up to 64 [12]. This power consumption cannot be easily tolerated without adopting

smart resource allocation based on network requirements and scheduling algorithms [9].

An important slice of the 5G network power consumption is drained by the RF
power amplifiers driving the antennas. RF power amplifiers (PA) are vital components
of telecommunication infrastructures, with the role of boosting signals to the levels
needed for efficient long-distance transmission while maintaining signal quality and
minimizing power losses. While the trend of the number of possible applications is
increasing, the frequency bands available for new standards struggle to grow at the
same rate. It is then of main importance to exploit at best the reserved bandwidth.
In order to address these requirements, modulated signals are widely adopted for
increasing data rates while exploiting the same spectral occupation. This usually comes
with the generation of signals with high peak-to-average-power-ratio (PAPR), creating
challenges for PAs. This is especially true with new sixth-generation (6G) technology
that requires very advanced linearity performances to fulfill the requirements [13].
Looking at the future of telecommunication, the next 6G is expected to operate in the

terahertz (THz) frequency bands and deliver speeds of up to 1 Thbps with ultra-low
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latency. The shift to such high frequencies will demand unprecedented power efficiency,
thermal management, and robustness from PAs to ensure reliable performance. New
semiconductors aim to address the new requirements as will be explored in Sec. 1.1.2
and 1.1.3.

1.1.2 Semicondutor technologies for telecommunication

When looking at the state-of-the-art, several semiconductor technologies are avail-
able for the design and fabrication of telecommunication PAs and indeed the first
step when target performances are provided is the technology selection. The output
power required from the overall amplifier and the operation frequency are the two
main drivers for the selection of the best solution optimizing the tradeoff between
performances and costs. For low frequency applications, well-established technologies
like CMOS and LDMOS offer good solutions and allow for low production costs and
overall reliability [14]. On the other side, when high output power is required and the
operation frequency enters the mm-wave domain, III-V semiconductors are usually
adopted, as could be seen in Fig. 1.1 [1], thanks to the intrinsic advantages of the
technology. From the late 20th century, Silicon Germanium (SiGe) became the most
promising solution for telecommunication, offering the required processing maturity
and yield, which makes it comparable with conventional Si solutions [15]. Gallium
arsenide (GaAs) rapidly dominated the RF PA scenario because of its higher cut-off

frequencies than silicon due to its high low-field mobility.

While the designers exploit all the performances of GaAs technology, the research
industry started to look at Gallium Nitride (GaN) compound that theoretically can
offer game-changing performances. Despite the promising results, the high produc-
tion costs, due to a generally low yield, and the reliability problems arising with this
new fabrication process, led to late optimization for the high-frequency operation and,
instead, the high-power applications were privileged [16]. This is reasonable when con-
sidering that a PA operating at mm-wave frequencies needs a well-predictable manu-
facturing process, and large areas could be required to also implement all the passive
structures, hence further reducing the yield of the process. In order to fully assess
the advantages of GaN semiconductor and the current technological challenges, a deep

analysis of the stack layer is presented in the following section.
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Figure 1.1: Survey of published works on PA per operational frequency and saturated

power [1].

1.1.3 GalN technology

Many design strategies are investigated to improve the performance of GaN devices
for specific applications. While GaN-on-Si vertical devices are widely adopted for low-
frequency power applications, lateral heterojunction field-effect transistors (HFETS),
also known as high electron mobility transistors (HEMTs), are usually adopted for
high-frequency applications. The advantage of this structure lies in a reduced distance
between drain and source contacts, lowering the resistance that electrons must coun-
teract. The principal feature of this structure is the AlIGaN/GaN heterojunction that
creates a thin layer of electrons known as “two-dimensional electron gas” (2DEG). This
layer is created as a result of the different crystal polarities, namely spontaneous and
piezoelectric polarizations, and creates a conductive path between drain and source
even when no voltage is applied to the device. Spontaneous polarization originates
from the difference in the electronegativity of the group III and V elements, which
creates polar Ga-N bonds. Piezoelectric polarization shows its impact by applying a
stress to the material that, for the HEMT case, comes from the contact of two layers
(AlGaN and GaN layers) with different lattice constants. Devices with this property
are usually denoted as normally-ON devices because the HEMT is fully conductive
when no bias is applied to the gate port. Therefore, no doping is required to create
a fully functional device with this structure, and the threshold voltage (V;,) is only

dictated by material properties.

The 2DEG electron density could be actively controlled by the gate terminal that
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Figure 1.2: Cross section of common GaN HEMT.

acts like a Schottky junction. Applying a negative voltage with respect to source
potential causes the electrons at the GaN-AlGaN interface to deplete, reducing the
carrier concentration and hence the device conductivity. A thin cap layer, usually
realized in silicon-nitride (SiN), could be added on top of AlGaN barrier to help re-
ducing current collapse [17] and gate leakage current and avoiding the oxidation of the
AlGaN, despite slightly reducing the 2DEG concentration.

A common layer stack for GaN HEMTs is depicted in Fig. 1.2, and a detailed

description of layers is provided below.

Substrate

The substrate is the structural element of the whole chip, accommodating all layers
composing the final device. In addition to physical strength properties, Traditionally,
silicon (Si) is used as the main substrate material due to its low production costs while
its physical strength allows the realization of wafers with a diameter of up to 200 mm.
Despite these advantages, Si is not the preferred choice for GaN technology. Since the
GaN layer should be deposited on top of the substrate to realize the HEMT channel,
the lattice mismatch plays an important role. The difference in lattice constants of
Si and GaN forces the latter to break the regular structure and adapt to the material
below. Defects originating from this physical adaptation may induce vertical (drain
to substrate) breakdown and reliability degradation. Moreover, Si has poor thermal
performance, being a limitation for the high power density that GaN solutions address.

One no-brainer solution is to fabricate the entire wafer in GaN so that no defects
are expected when the buffer layer is grown. Moreover, GaN material also offers good
thermal conductivity, as expected from the substrate. Unfortunately, this alternative

turns out to be prohibitively high in realization costs, and its physical properties are
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not as good as the Si counterpart, as far as robustness is concerned. In order to
obtain a compromise between the two alternatives, different materials are proposed,
like sapphire, silicon carbide (SiC), and Al,O3. In particular, SiC offers a very low
lattice mismatch compared to that of GaN and a reasonably low thermal mismatch,
with a thermal conductivity higher than that of both GaN and Si substrates. Even
if the realization cost is fairly high, it is a common adoption from foundries offering

GaN-on-SiC technologies.

Buffer

The buffer layer is of great importance in reducing the number of physical defects in
the GaN channel layer that affect the 2DEG conduction. Electrical properties are also
affected, as the buffer should isolate the channel from the underlying substrate, pre-
venting substrate current leakages and improving the off-state breakdown voltage [18].
It has been demonstrated that current-collapse effects can occur when hot-carriers are
injected into the buffer and then trapped by the lower layers [19].

Intentionally introducing defects in the buffer helps improve its performance, par-
ticularly at RF frequencies. The undoped GaN deposited for the channel creation
typically exhibits unintentional n-type doping characteristics, probably due to the
deposition process and the influence of impurities like Si and oxygen (O) [20]. To
compensate for this effect, acceptor-doping impurities like carbon (C) [21] or iron (Fe)
could be used, demonstrating improvements in buffer charge confinement but worsen-
ing the trapping effects exhibited [22].

In addition to doping compensation, other strategies can be employed to enhance
carrier confinement, like the introduction of buffer layers of different composition. One
of these approaches consist in the introduction of an AlGaN back-barrier layer on top
of the substrate. The additional potential barrier created helps to confine the 2DEG
carriers [23], avoiding the need for a doped GaN buffer. Substantial improvements
are observed at RF with this additional layer [24] despite other properties could be
penalized, like thermal dissipation [25].

1.2 Radio-frequency power amplifiers

1.2.1 Overview

Since the introduction of the 4G standard, reconfigurable PAs have become key

components of wireless front-ends. This reconfigurability was initially intended as
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Figure 1.3: Schematic representation of a RF PA.

the ability to adapt the operative frequency of the amplifier, enabling the support of a
variety of global services with multiple band licenses. Due to the required performance
of the 4G standard, the ability to adapt the bandwidth of the amplifier in addition
to the operational frequency was desirable. The number of available bands in the
LTE technology makes it impossible to include many RF front-ends, each one devoted
to a single carrier. Since designing wide-band circuits is increasingly hard as the
frequency becomes higher [26], the inclusion of reconfigurable elements in the PA
design is mandatory.

The typical block structure of an RF PA is reported in Fig. 1.3. The active ele-
ment in the center is the main enabler of the overall structure, dictating the maximum
performance we could expect from the amplifier and the technology to be used for
the fabrication. The IMN and OMN blocks serve to adapt the input and output
impedance, respectively, to the optimal impedance of the active element. In order to
extract the values of those optimal impedances, measurements tailored to the specific
selected device should be conducted. This is usually performed by the manufacturer,
which provides a PDK that can be imported into the design software. If those data
are not available, load- and source-pull setups can be exploited for the complete char-
acterization [27].

The input and output matching networks usually contain a combination of passive
elements, like resistors, capacitors, inductors, or microstrip lines, as well as active
elements such as diodes or switches to achieve the required impedance adaptation.
These last are exploited to achieve reconfigurable capabilities employing an external
control signal (either current or voltage) directly affecting the circuit. In the next
Section the topic of reconfigurable PAs is addressed, while in Sec. 1.2.3 state-of-the-

art strategies to enhance the amplifier efficiency are presented.

1.2.2 Reconfigurable PAs

Reconfigurability for power amplifiers can be achieved in different ways, depending

on the target application. Multiband operation is widely adopted in telecommuni-
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cations and refers to the ability to operate at multiple central frequencies [28] in a
non-concurrent manner, reducing the number of distinct amplifier circuits required to
cover all operative bands. Since the number of transmitting elements is usually kept
low due to space constraints and a single transmitting antenna is adopted, this solution
allows for a reduction in the size of the switching matrix required for all amplifiers to
operate on a single output connection. Although clever solutions can be adopted to
achieve multiband operation [29], active elements are typically required to obtain the

desired behavior.

In this context, many passive elements in the matching networks-such as resistors or
inductors-are targeted for replacement in favor of reconfigurable implementations [30],
exploiting the active elements available in the same technology. In this way, all PA
components can be integrated on the same chip, reducing parasitics, which are par-
ticularly impactful at high frequencies. This approach is not always straightforward,
as the selected technology may not support these circuit elements, or they may not
be accurately modeled. In [31], RF diodes are integrated into the originally static
output matching network to selectively include or exclude discrete components such
as capacitors or resistors. Switches derived from transistor topologies can also be used
to selectively isolate sections of the matching network, as seen in switched-capacitor

topologies [32].

Frequently, difficulties in integrating diodes or switches in PAs arise from poor
isolation or conduction performance, due to trade-offs made during the design phase.
In particular, when the device is expected to be fully conductive, the lowest possible
parasitic resistance is required, leading to design optimizations such as maximizing
the number of fingers. Conversely, when the device is deactivated, it should behave
as transparently as possible, approximating an open circuit. This requirement often
leads to minimal device sizing to reduce leakage currents that would otherwise degrade
performance. The insertion loss of the device should be critically evaluated, as it must

remain controlled during both on- and off-states.

Reconfigurability in MIMO applications is essential, as the ability to control the
beam steering of an antenna array is of increasing interest in telecommunications.
Circuits such as phase shifters are extensively adopted in MIMO systems, where the
phase of the input signal must be accurately controlled across the transmitting an-
tennas. Reconfigurable phase shifters [33] can then be integrated before the PAs and

controlled by an external signal to properly steer the transmitted beam.
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1.2.3 High-efficiency PAs

In the last section, the reconfigurability of PAs is analyzed with the advantage of
reducing the space occupation of the transmitter front-end when multiple bands should
be supported. In addition to this aspect, the optimization of the amplifier efficiency
should also be considered. Similarly to the results drawn in Sec. 1.1 for the network
infrastructure, also in hand-held devices, the RF transmitter stage is the main energy-
consuming element. Moreover, all the power not employed in wireless communication
is converted to heat that needs to be extracted from the chip, usually drying out more
space from the device.

Classical MMIC PA designs focus on achieving the best power-added efficiency
(PAE) at the peak of the output power that the amplifier should provide. While this
reduces the power loss where the maximum consumption is expected, with modern
signal modulations, the peak output power is rarely achieved. This is particularly true
when the amplifier is operated in class A, B, or AB. In these modes, the bias point
provided to the amplifiers goes in the direction of achieving high linearity performances,
penalizing the power efficiency. As visible in Fig. 1.4, class A bias point is selected in
order to have a current conduction angle of § = 27, therefore producing the maximum
output voltage-current swing. In contrast, class B operation moves the bias point at a
lower current, corresponding to a current conduction angle of 8 = 7, slightly reducing
linearity performances but with substantial power reduction. The ideal efficiencies
expected from the two topologies are 50% and 78.5% for classes A and B, respectively,
which are insufficient for modern PAs.

Several advancements have been made in PA technology to address these challenges,
usually involving additional hardware to adapt the power amplifier to the input signal,
dynamically changing its configuration. Among these, innovations in circuit design,

such as Doherty amplifiers [34], Envelope Tracking [35], and Outphasing techniques,
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have been explored to enhance the efficiency and linearity of RF PAs under dynamic
operating conditions, usually linked to the instantaneous power of the input signal.
Two techniques, in particular, are the object of study in this thesis; therefore, a detailed

analysis is provided below.

Load modulation

At its core, load modulation refers to the dynamic variation of the load impedance
seen by a power amplifier as a function of its output power or signal characteristics. In
traditional fixed-load power amplifiers, the impedance of the load remains constant,
tuned for delivering the optimal performance at the highest output power. While this
approach simplifies design, it often results in inefficiencies, especially for signals with
high peak-to-average power ratios (PAPR). For instance, when the output power is
low, the load impedance can be increased, reducing the current through the device
and thereby minimizing power dissipation. Conversely, at higher output powers, the
impedance is lowered to allow maximum power transfer while maintaining efficiency.
This adaptability enhances overall efficiency across the amplifier’s operational range.

One of the most prominent implementations of load modulation is the Doherty
power amplifier, originally presented in [36], which employs multiple active devices to
modulate the load impedance. In a Doherty architecture, a main amplifier operates
continuously, while one or more auxiliary amplifiers activate only at higher power
levels. The interaction between these amplifiers adjusts the effective load impedance
seen by the main amplifier, allowing efficient operation across a wide dynamic range.

Other techniques, such as outphasing PA [37] split the input signal in two paths,
each one with its own amplifier, and exploit the phase difference of the output current
of the two amplifiers. The combination of the two impacts the load exhibited to the
two amplifiers, adapting the loadline to the desired output power. Despite outphasing
PAs demonstrate better performances than Doherty counterparts, many implemen-
tation drawbacks prevent the diffusion of these solutions in wireless systems. Wide
input signal bandwidth are required, necessitating wideband amplifiers for the two
stages, and the mismatches on the circuit layout could impact heavily on the losses,

particularly on the output combiner.

Supply modulation

Traditional PA design methodologies focus on impedance matching at the maxi-
mum power the amplifier can provide, targeting the worst-case scenario the amplifier

might face. On one hand, this helps to limit the heat generated when maximum current



1. Introduction 11

Envelope
Detector

Envelope Envelope

Detector Shaping

RF Input

RFOutput  RF Input RF Output
{J O {J

Limiter |—| Delay

{a) {b)

Figure 1.5: (a) Block diagram of EER amplifier; (b) block diagram of ET amplifier.

is drawn, but on the other, it reduces efficiency when lower power levels are required.
Adaptively changing the power supply-thus limiting the maximum power the ampli-
fier can deliver-improves performance, especially when modulated signals are involved.
Two architectures are known to achieve this goal, namely Envelope Elimination and
Restoration (EER) [38] and Envelope Tracking (ET). Both designs make use of two
amplifiers, one of which feeds the supply input of the other.

In EER systems, the input signal is split into two separate paths: one carrying
the phase information with a constant envelope, and the other containing only the
amplitude (envelope) information [Fig. 1.5.(a)]. This separation allows the amplifica-
tion process to be optimized for efficiency. The phase-modulated path is handled by
a highly efficient non-linear power amplifier, such as a Class D or Class E amplifier,
which excels at amplifying constant-envelope signals. Meanwhile, the envelope path
is processed by a second amplifier, known as the supply modulator, which modulates
the supply voltage or bias of the main amplifier. This process reintroduces the original
amplitude variations into the amplified signal. While EER provides significant effi-
ciency benefits, particularly at high output power levels, it does come with challenges.
One major issue arises at low RF output power, where the envelope amplifier (EA)
can suffer from reduced efficiency, depending on the specific implementation. EA per-
formance is further constrained by the need for high switching frequencies and strict
linearity requirements, as it must accurately reproduce the signal envelope. As signal
bandwidth increases, the output filter design becomes more complex, often requiring
higher-order filters that are sensitive to variations in load impedance. Moreover, the
constant-envelope phase-modulated RF signal can exhibit a bandwidth up to ten times
greater than that of the original input signal, demanding the main amplifier to oper-
ate at significantly higher performance levels. To mitigate these issues, the EA can be
combined with a linear amplifier, which enhances low-power performance at the cost
of increased complexity and reduced overall efficiency. Alternatively, hybrid operat-
ing modes have been developed in which the EER amplifier operates in its standard

configuration for high-power signals but switches to linear behavior at low envelope lev-
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els [39]. Digital control solutions for the EA have also been introduced [40], improving
efficiency by dynamically adjusting the amplifier’s operation. However, these digital
approaches increase system complexity, requiring more silicon area and high-speed
control circuitry. Additionally, the increased complexity can degrade synchronization
between the EA and the main amplifier, introducing distortion in the output signal.
This balance between efficiency, complexity, and performance highlights the trade-
offs inherent in EER designs, particularly as modern communication systems demand
higher bandwidths and more stringent performance requirements.

In ET architectures, the supply voltage of the main amplifier is dynamically adapted
according to the instantaneous power of the input RF signal (Fig. 1.5(b)). For this
technique, the main amplifier typically operates in linear classes, such as Class AB
or Class B, in order to preserve the required linearity performance. The supply volt-
age is continuously adjusted following the envelope of the input signal, allowing the
main amplifier to operate closer to its saturation region, thereby improving overall
efficiency while maintaining acceptable linearity. Unlike EER, where the envelope and
phase components of the signal are separated and handled by two different amplifier
paths, ET maintains a single RF path and modulates only the supply voltage. This
simplifies the signal reconstruction process and reduces the synchronization challenges
commonly associated with EER.

Although ET introduces increased circuit complexity and design challenges, vir-
tually all modern base stations implement power amplifiers composed of more than
one basic amplifier [41]. In particular, ET is considered one of the most promising
candidates due to its superior performance in covering large bandwidths, especially
when compared to narrower-band solutions such as the Doherty amplifier. Moreover,
ET proves advantageous in real-world scenarios where the output power can vary sig-

nificantly over time, such as during different periods of the day.

1.3 Varactor devices

Variable capacitors, also referred to as varactors, represent a valuable choice for
obtaining continuously tunable circuits to achieve PA adaptability. Varactors are
designed to act as non-linear passive components used in replacement of fixed capaci-
tors. They represent the main component in voltage-controlled oscillators (VCOs) [42]
where an input voltage control is responsible for tuning the oscillator frequency. Other
applications include patch antennas [43], filters [44] and phase-shifters [45].

Looking at the qualitative performance reported in Table 1.1, it is evident that
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Tunability | RF losses (Q) | Control | Tuning | Power
voltage | speed | handling

GaAs High Moderate <20V Fast Low
BST Moderate Moderate 10-20 V Fast High
MEMS Low Very good 50-100 V Slow High

Table 1.1: Qualitative performances for three varactor technologies.
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Figure 1.6: Cross-section representation of MEMS varactor from [2]. Two different

states are highlighted, exhibiting different capacitance.

the best technology depends on the specific application. Among these technologies,
MEMS [46] show promising results even at high frequencies. Their realization requires
specialized techniques such as surface micromachining for the fabrication of thin, float-
ing films capable of mechanical motion or actuation characteristics, as illustrated in
Fig. 1.6 [2]. The microelectromechanical operation is used to adjust the position of the
floating element, expressed as its distance from the substrate. This behavior results
in a change in the capacitance exhibited between the device’s ports, thus creating a
varactor element. Due to the presence of mechanical parts, the dynamic response of
the device, referred to as the switching time, can require several microseconds, which
imposes limitations in applications requiring fast reconfiguration, such as those track-
ing the input signal envelope. Moreover, integration into MMIC designs is challenging
for advanced technologies like GaN, necessitating the placement of the MEMS element
outside of the RF circuit.

Other discrete solutions adopt Barium Strontium Titanate (BST) thin-film ferro-
electrics [47], which offer low losses even at RF [48]. Depending on the fabrication
process and material properties, the bias voltage required to control BST devices can
reach up to 120 V [48], limiting their applicability in some target systems. The use of
different electrode configurations has been reported to improve RF performance [49],

with good results achieved at more manageable bias voltages around 30 V. However,
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due to the materials and fabrication steps involved, these devices typically require a
separate chip to be added to the amplifier [50], often using solder paste or gold wire
bonding.

To design reconfigurable circuits operating in the mm-wave frequency range, in-
tegrating varactor devices becomes essential to minimize parasitic effects caused by
bonding wires or packaging. Furthermore, as discussed in Sec. 1.1.2, it is preferable
to implement these varactors using the same GaAs, GaN, or MOS technology as the

rest of the circuit, ensuring seamless on-chip integration.

An MMIC varactor typically exploits a reverse-biased p-n junction, where the con-
centration of electrons and holes is modulated by the voltage difference across the
N-type and P-type semiconductors. In this configuration, the capacitance of the de-
pletion region, referred to as the junction capacitance C;, dominates the overall device
capacitance. The doping profiles of the N and P regions directly influence how C;
varies with the applied bias voltage. Abrupt junctions, while straightforward to fab-
ricate, are less suitable for varactor applications because they do not provide an ideal
relationship between capacitance and voltage. Instead, hyper-abrupt junctions are
preferred, as they exhibit a more linear C-V characteristic and maintain this linearity
across a wider voltage range. This reduces distortion under high-power operation,

making them well-suited for demanding applications.

When scaling is considered, p-n junctions provide a reduced effect when the area is
shrunk. Instead, metal-oxide-semiconductor (MOS) varactors can take advantage of
the device scaling trend as the reduction of the oxide thickness reflects in an increased
oxide capacitance [51]. MOS varactors operate by varying the gate voltage, which
modulates the charge distribution in the semiconductor beneath the gate oxide [52].
This changes the depletion region width and, consequently, the capacitance. Despite
many applications and optimization strategies being documented [53], the losses in-
duced by the ohmic contacts and the resistance of the n-doped semiconductor are

significant and pose limits on the addressable applications.

Schottky diodes appear to be among the most valuable solutions for high-performance
applications. Devices realized with this technology can operate at higher frequencies
and power levels, as the Schottky diode is a majority carrier device and, as such, pro-
vides increased performance compared to a conventional p-n junction. Moreover, their
unipolar nature results in a negligible reverse recovery current during switching. The
idea of using the Schottky junction for the realization of varactors is supported by its
structural similarity to the GaN HEMT layer, where the gate contact effectively forms
a Schottky junction.
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Figure 1.7: (a) Cross section of lateral Schottky diode; (b) lateral Schottky diode with
recessed contact; (¢) HEMT device exploited as Schottky diode.

In Fig. 1.7(a), the typical structure of a lateral AlGaN/GaN Schottky diode is
shown. The cathode terminal is implemented as an ohmic contact, while the Schottky
contact on the anode side enables the rectifying characteristics of the device. A forward
bias voltage greater than the threshold, determined by the metal used and the device
geometry, allows current to flow through the 2DEG channel to the cathode. A variation
of this structure is illustrated in Fig. 1.7(b), known as the recessed diode. In this
version, the AlGaN barrier is etched so that the anode metal is placed in direct contact
with the 2DEG channel. This results in a lower turn-on voltage, reducing on-state

losses, but also causes a higher leakage current in the off-state.

Fig. 1.7(c) presents a typical HEMT structure, which is very similar to that of
Schottky diodes. The HEMT introduces a third metal contact-the gate-positioned
over the 2DEG. This gate has the ability to control the charge density in the depletion
region beneath it, thereby regulating the current flow through the device. As described
in the previous section, the gate forms a Schottky junction, and if forward biased,

current can flow from the gate to the source contact.

The influence of gate voltage on the 2DEG density can be exploited in the realiza-
tion of a varactor device, commonly referred to as a high electron mobility varactor
(HEMVAR) [54, 55, 3]. When the bias is above the pinch-off voltage, charges remain
in the depletion region, and a high capacitance is observed. When a negative voltage
is applied, the depletion region under the gate expands, reducing the charge density
in the 2DEG and thus lowering the capacitance.

Following this concept, the gate metal can be replicated to form a combination of
Schottky contacts, each exhibiting its own junction capacitance. This configuration is

known as a metal-semiconductor-metal (MSM) varactor [56, 57].
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1.4 On-wafer measurements

Figure 1.8: Microscope image of an MMIC diode with coplanar connections. The black

shapes on both the left and right sides are ground-signal-ground (GSG) probes.

On-wafer measurements are a critical step in the characterization and validation of
MMICs, offering a direct means to evaluate device performance without the interfer-
ence of external packaging. These measurements enable testing as close as possible to
the final device, eliminating parasitic effects introduced by elements such as bonding
wires, which can significantly alter the behavior of high-frequency circuits. By directly
probing the device on the wafer, it is possible to obtain a more accurate representation
of the intrinsic performance of the MMIC, which is essential for both design valida-
tion and process development. Ground-signal-ground (GSG) probes are typically used,
providing a matched 50 €2 condition up to the wafer surface. Figure 1.8 shows a typical
MMIC device connected via two GSG probes. In the microscope image, the centrally
located diode features coplanar connections that conveniently create a gold surface to
accommodate the probes. The bright dots at the ends of the coplanar lines are the
contact points of the probe tips. The distance between these contact points varies from
100 pm to 250 pm or more, depending on the selected probes, the minimum process
clearance, and the required trace width. In this example, a pitch of 150 pm is used.

However, the precision of on-wafer measurements relies heavily on proper calibra-
tion of the probing system. Accurate calibration ensures the removal of systematic
errors and parasitic contributions from the measurement setup, enabling the extrac-
tion of reliable data. Without meticulous calibration, the accuracy of the measure-
ments can be compromised, potentially leading to incorrect conclusions about the
device’s capabilities. Multiple calibration methods are available to move the measure-

ment reference plane up to the probe tips, including short-open-load-through (SOLT),
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through-reflection-line (TRL), and other variations. All the measurement campaigns
reported in this thesis make use of SOLT calibration due to the availability of standard
substrates. Moreover, TRL calibration requires inclusion of the calibration structures
on the same tile as the device under test and the use of the same RF pad geometries
as the final structures. In some designs, space constraints make it impossible to ac-
commodate such calibration patterns, but, depending on the layout of the structure,
this is not always feasible. In contrast, SOLT calibration utilizes a dedicated calibra-
tion substrate that was readily available in the laboratory with the required frequency
range capabilities.

In addition to proper calibration, de-embedding procedures play a crucial role in
on-wafer measurements. During measurements, parasitics such as pad capacitances,
resistances, and inductances associated with the probe-to-device interface can be ob-
served. These parasitic effects are especially impactful in high-frequency applications,
where even minor contributions can significantly affect performance metrics. Through-
out this work, two main de-embedding techniques are adopted: one based on open-
short structures [58, 59|, and the other based on electromagnetic (EM) simulations.

The two-step open-short procedure extracts lumped components modeling the ac-
cess structure that can then be removed with post-processing to obtain the intrinsic
parameters. The fundamental assumption is that parallel parasitics originate from the
signal pads while the interconnected lines have an influence on series parasitics. It is
then required to have two separate structures devoted only to the procedure with the
same structural properties as the ones adopted for the device. In Fig. 1.9(a), a copla-
nar structure for a 2-port diode is reported as an example. Access ports are located
on the left and right side,s and the goal of the de-embedding is to move the calibrated

reference plane from the contact points of the RF probes to the very end of the trans-

Device Open structure Short structure H

Port 1 Port 2

T L e IR N

— DUT reference plane
‘- measure reference plane

(a) (b) (©) (d)

Figure 1.9: Structures for open-short de-embedding procedure. (a) Structure with
device; (b) open structure; (c) short structure. (d) Parasitic elements extracted with

the procedure.
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mission lines. The open fixture in Fig. 1.9(b) is then derived from the device structure
by removing the intrinsic device, therefore leaving an open space inside the structure
while preserving the coplanar access. In contrast, the short fixture in Fig. 1.9(c) is
realized by the introduction of a ground pad contacting the two signal lines. First,
S-parameter measurements of the open fixture in Fig. 1.9(b) should be acquired and
converted into Y-parameters in order to extract parasitic capacitances (Fig. 1.9(d)).
The resulting Y-matrix could be subtracted from the measured Y-parameters of the
device to remove the parasitics towards ground and between the two ports. Next, S-
parameters of the short fixture could be converted to an impedance matrix to extract
the parasitic inductances of the access lines and towards the ground (Fig. 1.9(d)). The

combination of the two steps is summed up in the following equation

-1 1 -1\t
Y = ((YDUT - Y:)pen) - (Zs_hort - YOPen) ) (1-1)

where Ypur is the admittance matrix obtained from the measured Spuyr, Yopen is the
measured admittance matrix of the open fixture, Zg. is the measured impedance
matrix of the short fixture, and Y, with terms Y;;, 7,j = 1, 2, is the admittance matrix
of the de-embedded device.

EM-based de-embedding is conducted using Keysight Momentum for the electro-
magnetic simulation of the RF pads, incorporating the full epitaxial stack of the
process, as provided by the foundry. This approach accounts for all EM interac-
tion between different metal layers and back-via-induced effects. Appropriate ports,
i.e., a 50-C2 impedance for probe connections and multiple transmission-line termina-
tions for the internal lines, are applied through simulations for obtaining two two-port
S-parameter matrices (one for each pad). These are then converted into transmission

T-parameter matrices in order to apply:

T = Thar - Tour - Traaw (1.2)

where Tpa}i’L and Tpa}j’R represent the inverted 7T-parameters of left and right pads,

respectively, Tpur is obtained from the measured Spyr, and T is the de-embedded

T-matrix, which can then be converted into the de-embedded admittance matrix Y.

1.5 This work

1.5.1 Objective

This Ph.D. research is dedicated to enhancing PA performance for green telecom-

munication systems, focusing on two main areas of study. The first area explores the
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degradation of performances due to the presence of defects in modern GaN devices.
To address these challenges, a specialized experimental setup has been developed to
accurately capture and analyze performance metrics associated with trapping effects.
These effects can significantly impact device behavior, making it crucial to evaluate
their influence within the context of specific technologies. By identifying and quanti-
fying the impact of these trapping effects, the research enables informed comparisons
of GaN devices for their suitability in targeted applications. Additionally, performing
this detailed characterization on newly fabricated devices can help pinpoint production
defects, potentially improving manufacturing processes. The second area of research
focuses on leveraging varactor devices within the output matching network to design
a reconfigurable amplifier architecture. For this approach to be effective, it is essential
to thoroughly understand and model the behavior of the varactor device under vari-
ous conditions. This is achieved by measuring the performance of diode devices, which
serve as varactors, and subsequently extracting a nonlinear model. A key innovation of
this research lies in the development of a novel automatic modeling procedure here ap-
plied to both single devices and more complex structures. This methodology efficiently
generates a lumped-element circuit representation by analyzing vector measurements,
providing a precise and reliable foundation for simulating and fine-tuning the target
matching network.

A key aspect of this Ph.D. is the diversity of activities carried out, covering the
RF designs in the simulator, the realization of custom fixtures to address RF measure-
ments, and the development of experimental setups tailored to the specific measure-
ment needs of each solution. As such, the effort put on the build and optimization
of such automated setups constitutes an important part of this work. Most of the
measurement campaigns have been carried out by the author in the RF laboratory of
the University of Bologna, Bologna, Italy in the Electronic Design and Measurement
(EDM) Laboratory research group. During the Ph.D. program, 3 months were spent
at the Ferdinand Braun Institut (FBH), Berlin, Germany where access to the internal
foundry resulted in an enriching opportunity for both the development and measure-
ments of custom devices. Moreover, the collaboration of 6 months with Microwave
Electronics for Communications (MEC), Bologna, Italy allowed the author to improve

the RF design experience.

1.5.2 Organization of the text

The Thesis is organized as follows:

o Chapter 2 focuses on the characterization of state-of-the-art GaN HEMT pro-
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cesses. This first assessment is particularly important when a new technology
needs to be evaluated, since trapping effects could play a relevant role in ac-
tive device performances. The extraction of multiple figures-of-merit from many
device samples is addressed. The characterization is carried out with a new
measurement approach, involving the realization of a custom automated setup
capable of reducing the overall characterization time. First, the realized pulsed
board is presented in addition to the custom setup developed. Then, measure-
ment results obtained from many samples are reported, highlighting peculiar

behavior observed from new-concept HEMTs.

Chapter 3 presents the evaluation of Schottky diodes for the exploitation of their
varactor properties. As explained in Sec. 1.3, despite being used in numerous
circuits, not all fabrication processes include varactors in the design kit, making
them available for designers. Therefore, the extraction of the main varactor
metrics for suitable available devices, like diodes, provides information about
the possibility to effectively exploit them as varactors. Two different GaN-on-
SiC technologies are presented with characterization performed up to 50 GHz,
targeting the use in mm-wave circuits. Many peripheries are analyzed to find

the best trade-off between tuning range and losses.

Chapter 4 addresses the next step in varactor characterization, namely the ex-
traction of a circuit model from device measurements for use in the simulation
environment. Despite many models do exist in literature for integrated var-
actors, the procedure usually relies on pre-determined networks, often derived
from physical properties, and measurements targeted for specific network ele-
ments. Instead, a new modeling approach is being developed and presented with
the advantage of being automatic in developing the required network and fully

flexible with respect to the required dataset.

Chapter 5 explores the power amplifier design strategies for the use of varactors as
tunable elements to improve efficiency. Different approaches are evaluated, such
as varactors employed in shunt or series configurations, as well as the introduction
of complex topologies involving more varactors in series-parallel configurations.
Custom amplifiers have been realized in different variants in GaN-on-SiC 150 nm
technology and characterized. Moreover, a custom matching network in 120 nm

GaN-on-SiC technology is proposed.

Finally, in Chapter 6 the main results achieved during the Ph.D. are summarized

and future research goals are discussed.



Chapter 2

GaN HEMT characterization

2.1 Introduction

As discussed in Sec. 1.1.3, GaN technology is widely adopted for high-frequency
applications. Its superior performances include high breakdown voltage and high elec-
tron mobility, both allowing for the reduction of the device size with the same expected
performances. The potential to realize thinner drift regions also allows for the reduc-
tion of the ON-resistance, lowering the dissipated power, and increasing the overall
efficiency of the amplifier. This reduction in size leads to a reduction in parasitic capac-
itances, especially on the gate side, enabling faster commutation and high-frequency
operations. Reducing the gate length below 150 nm requires to properly scale epitax-
ial layers as well as avoiding undesired effects impacting the performances [60]. One
prominent effect of scaling is the short-channel effect. This dynamic directly influences
the channel surface potential by the drain voltage, referring to the drain-induced bar-
rier lowering (DIBL) effect. Neglecting this underestimates the device’s subthreshold

current and its dependence on the drain voltage.

To mitigate these effects, iron (Fe) could be introduced in the GaN buffer [61, 62],
with the advantage of obtaining a semi-insulating buffer layer increasing the blocking
voltage. However, the introduction of dopants comes with the increased presence of
defects that directly affect the current propagation. We usually refer to this effect
as current collapse (CC) leading to decreased output power and PAE. While surface
passivation [63] and/or the adoption of field plates [64] is effective in mitigating the
impact of surface traps, electron trapping in the buffer is still a problem to be ad-
dressed [65]. Both the defects introduced during the layer deposition and the presence
of dispersive effects due to iron doping can limit the performance and reliability of GaN

HEMTs. Hence, accurate characterization of thermal and trapping effects is crucial

21
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for the performance optimization of these solutions.

This chapter presents an extensive characterization of multiple device samples,
focusing on the extraction of various figures-of-merit that quantify the influence of
trapping effects on device performance. To streamline the process, a novel experimen-
tal framework based on drain current transient (DCT) measurements is introduced.
This approach significantly reduces the number of required measurements, thereby ac-
celerating the overall extraction process. By relying on a single type of measurement,
the proposed framework simplifies the procedure and ensures consistency by utilizing
a single configuration for the experimental setup. Additionally, a comparative analysis
with traditional techniques, such as single-pulsed I-V (SPIV) measurements, is pro-
vided to demonstrate the accuracy and reliability of the proposed extraction method.
The result of the work has been published in [66, 67]. This chapter is organized as
follows: the trapping phenomena are deeply addressed in Sec. 2.2 where the state-of-
the-art measurement approaches are presented. In Sec. 2.3 the new strategy for the
complete characterization is discussed for each metric of interest. Sec. 2.4 describes
the custom measurement setup adopted as well as the challenges faced. Measurement
results are presented in Sec. 2.5 for classical structures and in Sec. 2.6 for a new type
of buffer-free devices. Conclusions on the experimentally effects observed are drawn
in Sec. 2.7.

2.2 Trapping phenomena

Trapping effects play a significant role in degrading the dynamic performance of
GaN HEMTs, often manifesting as a reduction in maximum current or high-frequency
gain. These effects can impose critical limitations on both high-frequency and high-
power operations, constraining the overall potential of the device. By analyzing tran-
sient characteristics and pinpointing the location of trapping centers, it becomes pos-
sible to validate the production process and identify areas for optimization. Enhance-
ments in growth techniques and adjustments to processing parameters can then be
implemented to mitigate these adverse effects. The complex, layered structure of GaN
HEMTs inherently allows for the formation of charge trapping centers at various loca-
tions within or between layers. Traps situated near the gate metal are referred to as
surface traps and have a direct influence on the threshold voltage and current collapse.
These traps lead to the accumulation of surface charges, which in turn expand the gate
depletion region, forming a negatively charged virtual gate. This phenomenon signif-

icantly impacts device performance but can be mitigated through surface passivation
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Figure 2.1:  50%-duty-cycle acquired waveforms for different configurations of
gate/drain voltage and corresponding drain current (top to bottom). Full recovery

of the drain current transient is guaranteed by adopting a period T'=5 s.

techniques, as discussed in [68]. Furthermore, electrons in the 2DEG may become
injected into the buffer layer, where they are trapped in dislocations caused by lattice
mismatches or impurities. Once trapped, these electrons disrupt the concentration of
the 2DEG, resulting in a decrease in current density.

Various techniques have been explored for sensing the distribution and properties of
the traps, each one with different capabilities [69]. Traditional SPIV characterization
does not typically allow to study trapping dynamics, although modified PIV-based
approaches like the double-pulse technique [70] in various implementations [71, 72, 73]
have been used for the purpose as well as for nonlinear compact modeling [72, 73]
and for design considerations [74]. Trapping dynamics have most often been studied
by DCT measurements, and a range of DCT-based techniques have been applied to
several types of GaN HEMT process technologies [75, 76, 77, 78, 79].

2.3 Extraction strategy

2.3.1 Overview

The strategy proposed aims to condense different approaches targeting the extrac-
tion of the principal trapping behaviors. The specific DCT-based framework makes
use of square-wave excitations with 50% duty-cycle among different OFF and ON
states. By ensuring that the waveform period (7) is sufficiently long to allow trapped

charge levels to reach equilibrium, the framework effectively performs a step-response
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characterization, as described in [80]. Under these conditions, the transient drain cur-
rent profile observed during the ON state provides valuable insights into the trapping
dynamics at play. A key advantage of this technique lies in its ability to capture
the drain current response immediately after the square-wave transition, before any
self-heating effects occur. This approach ensures that the measured current levels cor-
respond precisely to those obtainable through SPIV measurements under identical ON-
and OFF-state voltage conditions. Consequently, the method facilitates the extrac-
tion of all metrics typically derived from conventional SPIV procedures. Illustrative
examples of the observed voltage and current transients for various ON/OFF state
configurations are presented in Fig. 2.1, showcasing the versatility and reliability of
this characterization approach in analyzing trapping dynamics and associated device
behaviors. In the next Subsections all FoM of interest are described and the extraction

from DCT waveforms is described.

2.3.2 Static IV

The first step to properly characterize active devices is mapping their capabilities
in terms of current and power dissipated. This could also be the first step in the iden-
tification of faulty devices after the wafer manufacturing. It should be noted that RF
transistors usually come in a common source configuration, meaning that the source
contact is directly connected to ground terminal and these connections are optimized
for stability and heat conduction. The extraction is performed by concurrently ap-
plying dc voltages to both the gate and drain ports that will be swept to realize all
the possible combinations of voltages in a given range. Since the voltage is imposed
to each port, the measurement target are the currents that flow through the device.
The gate is expected to show a pure capacitive behavior and, as such, for dc stimuli
the current flow is negligible. The drain current, in contrast, is the primary metric,
from which the power dissipated from the device is also derived. This power perfor-
mance, mathematically obtained by the multiplication of drain voltage and current at
dc, limits the possible combinations of drain voltage and gate voltage the device could
sustain without damage.

The maximum ratings of a device are known as safe-operatig-area (SOA) and de-
clare the possible ranges the device can continuously tolerate without having any
permanent damage. Ranges are usually expressed as voltage limitations for the two
ports (gate and drain inputs) that account for different physical implications for the
device. Gate allowed voltages are usually reported, which are usually related to the

conduction of the metal-insulator interface when a positive voltage is applied. The
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Figure 2.2: Static IV extraction for one sample performed at 30°C

negative voltage limit is also important since the thin insulation layer under the gate
metal can only support few volts. The maximum voltage supported on the drain side
is limited as well to avoid any breakdown effects. Breakdown consists in a rapid in-
crease in drain current, which occurs - in the off-state - when the drain voltage reaches
a critical value. Since usually devices are polarized in voltage-controlled mode, the
current flow is not limited in magnitude, therefore the breakdown condition is usually
destructive. Short-channel effects are sometimes responsible for drain-source leakages
in OFF-state. Power dissipation is also included in SOA definitions and usually ex-
pressed as W/mm where watts represent the power computed from the drain voltage
and current while the length represent the device finger overall length that can be
computed multiplying the finger number and the length of each finger. This metric is
tightly bonded to device technology and layer composition.

During the application of the described voltages and currents, the device will in-
evitably produce heat and the channel temperature will be different from the ambient
temperature or the baseplate one. Each point in the IV characteristic feature a dif-
ferent dissipated power and a different temperature from the points nearby. This fact
has direct implications on the extraction of device electrical characteristics that could

not be properly distinguished from heat impact on the drain current.

The characterization procedure could be time-consuming depending on the number
of points to which measurement will be performed. The steady state condition of
the device must be granted for this metric, and this usually implies maintaining the
polarization condition for some seconds. An example is provided in Fig. 2.2. The

extraction is performed at 30°C baseplate temperature and for a power dissipation
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of maximum of 4W. The effect of the heating is particularly strong on the curves for

higher gate voltage, where high current is drawn.

2.3.3 Gate and drain lag

To address the limitation of static IV characterization, pulsed IV (PIV) is usu-
ally adopted to extract the IV characteristic. The static gate and drain voltages are
replaced by periodic two-level waveforms.

Traditional SPIV measurements are widely adopted by foundries for performance
evaluation of GaN HEMTs. They are implemented by applying different OFF-state
bias conditions for most (e.g. > 99%) of the waveform period, while ON-state con-
ditions are briefly applied in a short pulse, avoiding self-heating. The drain current
acquired during the pulse is used to extract trap-related FoMs of interest, such as
gate/drain lag. The OFF-state points are selected as (Vgs, Vps) = (0,0) V for refer-
ence waveform, as the 0 V bias for both gate and drain grants no charges are present in
the device therefore no trapping is associated. The gate lag metric aims to assess the
trap states in the vicinity of gate contact. Therefore only a gate voltage is applied and
usually selected as the lowest voltage the device can sustain. For this technology the
gate lag point selected is (Vigs, Vps) = (—7,0) V. The gate-lag is computed as the rela-
tive variation (in %) with respect to reference current value. Drain lag metric, instead,
targets the trapping effects related to buffer traps, therefore a large voltage between
source and drain is applied. The bias point selected is (Vis, Vps) = (—7,80) V which
of course requires a negative gate voltage for the device to stay in OFF-state. As the
gate voltage also can influence the current dynamic response (as the gate lag metric
assesses), the same voltage of —7 V is selected and the drain lag is extracted consid-
ering the gate lag waveform as its reference. The ON-state sensing point is taken on
the device knee at (Vis, Vps) = (0,5) V. In particular, the sensing point is selected to
draw the highest current while maintaining the device in the saturation region. While
other definitions for the lag metrics can be found in the literature, the voltage points
and extraction procedures here adopted are compatible to those commonly used by
foundries. The whole extraction is carried out at the lowest user-controlled baseplate
temperature available for this setup (05 = 21°C).

Example drain current waveforms for both classical pulsed extraction and the
proposed DCT methodology are reported in Fig. 2.3(a)-(b) respectively. Only the
ON-state portion of the DCT waveform is visualized as in the OFF-state the current
is negligible and no information is extracted. Considering the DCT case, the current

is acquired across a time-window between 100 ns and 300 ns after the pulse edge,
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Figure 2.3: Example of current waveforms for the gate- and drain-lag extraction based
on (a) classical pulsed characterization and (b) DCT extraction. With DCT only the

first 200 ns are sampled and averaged.

obtaining a reference current of 615 mA, a gate-lag current of 592 mA (4%), and a
drain-lag current of 404 mA (32%). From SPIVs, we obtain a reference current of
620 mA, a gate-lag current of 587 mA (5%), and a drain-lag current of 393 mA (33%),
substantially in line with DCT.

2.3.4 Thermal resistance

Thermal resistance serves as a fundamental metric for quantifying the heat dissi-
pation capabilities of GaN devices, thereby influencing their potential for operating at
higher power levels. Accurate estimation of thermal resistance plays a pivotal role in
device modeling, enabling a comprehensive understanding of the thermal-dependent
trap behavior. As it will be described in Sec. 2.3.5, the accurate evaluation of channel
temperature is a pivotal step for the correct identification of traps [65].

The methodologies described in the literature for determining thermal resistance
can be broadly categorized as direct measurements, indirect deduction, usually through
electrical measurements like currents, and simulation-based approach. Direct measure-
ment techniques involve Raman scattering spectroscopy [81], infrared (IR) imaging,
and more advanced atomic force microscope (AFM) coupled with thermal probe [82],
which are among the most precise methods available, allowing direct measurement of
the local temperature distribution. These approaches, however, come with significant
practical limitations as they often require specialized equipment and dedicated sample
preparation. On the other hand, 3-D finite-element simulations offer a powerful alter-
native by modeling the thermal behavior of the device. This method requires a highly
accurate 3-D representation of the device, including precise geometries and thermal
properties for all constituent materials. However, its implementation depends on hav-
ing access to sensitive proprietary information from the device foundry, which is often

restricted due to confidentiality agreements. As a result, designers may face challenges
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in utilizing this approach unless such information is made available. Moreover, when
the DUT comes over a metal carrier, the thermal properties of the glue and the carrier

itself need to be considered in the simulation as well.

Electrical measurement techniques provide a more practical and noninvasive solu-
tion. These methods use an electrical parameter, such as threshold voltage, drain/collector
current, output conductance, transconductance, or even S-parameters, to monitor
the device’s operating temperature. The temperature sensitivity of these parame-
ters is typically characterized through measurements performed under static multi-
temperature conditions or pulsed/transient regimes. While these techniques can be
carried out relatively quickly with standard laboratory equipment, they have some
limitations. Notably, the temperature estimation is inherently averaged over the ac-
tive region of the device, potentially underestimating the peak temperature, depending
on the specific measurement procedure employed. Despite these drawbacks, electrical

methods are widely favored for their simplicity and accessibility.

Multiple thermal resistances could be identified in GaN transistors between the
2DEG, where current flows and heat is generated, and the thermal pad, usually the
chip carrier. The procedure here adopted follows the one in [83] that results in being
very suitable to the DCT pulses applied. As also suggested in [83], a periodic pulsed
waveform is preferable instead of single-pulse type characterization as it will also allow
to average the measurement over some periods. In doing so, some conditions need
to be checked, as if a wrong configuration is provided, false outcomes are expected.
Particularly, the period of the pulsed waveform has to be long enough to let the device
channel cool down to the baseplate temperature during the Torpr. The downside in

the use of extremely large periods is the overall sweep duration, therefore the tradeoff
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Figure 2.4: (a) Waveforms acquired at multiple baseplate temperatures for Ry, ex-
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The thermal resistance Ry, can be extracted from DCTs acquired at multiple base-
plate temperatures f5. The transition selected is (Vis, Vps) = (0,0) V to (Vgs, Vps) =
(0,5) V. In particular, the drain current is sampled at ¢, = 100 ns just after the
voltage edge and at t,, at the end of the transient, as indicated in Fig. 2.4(a).
Fig. 2.4(b) reports i(ty) for each tested temperature. Then, the relationship F(0p)
as defined in [83] can be interpolated by considering i(to) for each 5. The quantity
AB; = F~(i100) — F~'(iy), i.e., the absolute variation of the junction temperature,
can then be computed along with P = vpg(ts)ips(tes), being vpg and ipg the
time-domain waveforms of the drain voltage and current, respectively. The result is
represented in Fig. 2.4(c). The thermal resistance is then obtained as Ry, = A,/ Pyss
resulting, for the specific DUT, an Ry, ~ 22.5 °C/W.

As a comparison, the Ry, was also extracted from SPIVs as done in [84] by ex-
ploiting the absence of self-heating. Firstly, the reference SPIV provides a mapping
between the pulsed current and ¢;. Then, six SPIV acquisitions from different ON-state
quiescent levels at different dissipated powers were used to extract Ry,. Even if the
waveforms for the extraction could have a low duty cycle and reduced time period,
many additional waveforms need to be applied and sampled for the sole purpose of

this extraction, requiring more measurement time.

2.3.5 Trap Activation Energy and Cross Section

While PIV characterization is a powerful tool to evaluate the impact of traps on
the device current, the information that can be extracted is limited to the magnitude
of the effects and few insights can be deduced for the traps themselves. Moreover,
PIV parameters such as period or duty cycle are taken differently for each technology
under test. This could lead to different effects observed for different characterizations,
as the outcome is usually only a number and not the complete waveform acquired.

Many effects are demonstrated to be involved in the electron conduction and each
effect takes time to manifest, usually an order of magnitude greater than the pulse time
of PIV curves. Depending on the location of the defects and the device fabrication,
detrapping effects can be observed to extinguish in many seconds [85].

One method consists of the analysis of current or capacitance [86] transients re-
sulting from the response of the device to specific voltage steps and is referred to as
deep level transient spectroscopy (DLTS). The current-based DLTS (I-DLTS) variant
assesses the traps characterization by the observation of the drain current after the
application of a voltage step. Since the drain current is dependent on both the gate

and drain voltages, steps could be applied on the gate side, drain side, or both. The



30 2.3 Extraction strategy

dynamic current evolution in time can be exploited to gather valuable insights on the
location and physical causes of the defects. In contrast to PIV measurements, where
only the short pulse time needs to be acquired, in [-DLTS the evolution of the current
during the complete ON-period should be considered. This justifies the required setup
built for this purpose presented in Sec. 2.4. Limitations of this method arise when
information on the traps behavior needs to be evaluated in configurations where the
drain current is negligible. In such states, other methods must be used to complete
the characterization.

Similarly to Current-Deep Level Transient Spectroscopy (I-DLTS) [87], the OFF-state
bias in DCT acts as trap-filling pulse, while the observation of the drain current tran-
sient in the ON-state allows the extraction of de-trapping time constants of charge
emission process. Various methods have been employed for this purpose, including
multi-exponential fitting [75], analysis of the current transient derivative [88], and
stretched exponential fitting. In this work, we apply the logarithmic time derivative
of the current waveform, which yields a peak in the derivative curve corresponding to
the emission process time constant.

The following procedure has been utilized in this work, starting from the device
equations to obtain the final formulation. From [89], the detrapping time-constant for
an electron trapped at a level Ep, such that Ec — Er = E4 where E is the activation

energy, is:

1 Ea
= ————— e 2.1
§ O-nvtthe ( )

where NN, is the effective density of states in the conduction band, vy, is the thermal
velocity of electrons and o, is the capture cross-section of the trap. This comes with
the hypothesis that only thermal processes are in place and the degeneracy factor is
one. The electron thermal velocity is found by equating the thermal energy (%T per
degree of freedom, and electrons have three as they can be treated as point particles)

to their average kinetic energy. The value is:

3kT

my

Vth — (22)
where m,, = m.m; is the effective mass of the electron in the (bottom of) conduction
band, m. is the mass of a standard electron and m; is the relative effective mass.

Similarly, for the effective density of states in the conduction band:

2mm, kT \ ¥/
N, =2 (7”7;2) (2.3)
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Combining 2.2 and 2.3 in 2.1 it results:

Ty = 1 e%
"o (82 (o)
3
" UnTkamnh25/23l/27T3/26% (2.4)
i

mok? 223203 s o,
in which the first term is only a constant value while the second term depends on the

material. Taking the natural logarithm of both sides (assuming SI units):

3
(%) =0 ) ~ ) — o) + B
In(7,T?%) ~ —58.7453 — In(m}) — In(c,) + E - ;T
For Gallium Nitride a value of m? = 0.2 can be considered, finally resulting in:
In(7,T?%) ~ —57.1358 — In(0,) + E4 - le (2.6)

Therefore, the plot of extracted time constants 7,, could be used for the extraction
of both the activation energy E4 and cross-section o, simply by extracting the slope
and intercept of the linear interpolation of the time constants. In fact, if on the z-
axis the quantity % is considered and on the y-axis the term In(7,7?) is computed,
FE 4 is directly mapped to the slope of the interpolation, while o, corresponds to the
intercept once corrected from the constant factor. This type of plot is also known
as Arrhenius plot. It should be considered that o, is expressed in m? with the given

2 as often

constant, therefore a multiplication by 10* is required to obtain a value in cm
is reported in literature.

An example extraction is provided in Fig. 2.5 where Fig. 2.5(a) reports the drain
current waveforms for the the selected transition (Vis, Vps) = (—7,80) V to (Vias, Vps) =
(0,5) V measured at multiple baseplate temperatures from 21°C to 70°C. The current
recovery percentage with respect to static current for each bias-temperature couple is
computed and reported to verify that the Tpy time of 2.5 s is sufficiently long. In
Fig. 2.5(b) the log-time derivative is shown for each temperature. The peak in each
waveform is identified with a star and the corresponding time instant is the de-trapping
time 7, of interest. The couple (T, 7,(7T)) is derived for every tested 6 and used for
the Arrhenius plot in Fig. 2.5(c) to obtain the red non-compensated interpolation.
The dissipation power Py at t = 7, is employed in combination with Ry, to extract
anew Teomp = 0p + Pyiss * Ry, used in the Arrhenius plot in place of 05 to obtain the
compensated interpolation [90]. From this interpolation, recalling Eq. 2.6, F4 and o,

could be extracted.
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Figure 2.5: (a) Drain current waveforms acquired at multiple baseplate temperatures
for transition (Vgs, Vps) = (—=7,80) V to (Vas, Vbs) = (0,5) V and (b) the extracted
time-derivative where selected de-trapping time constants are highlighted with a star.

(c) Arrhenius plot with and without temperature compensation.

2.3.6 Density of Trapped Carriers

As reported in [91], DCT measurements also allow for the estimation of the dy-
namic reduction of the available charges in the two-dimensional electron gas (2DEG)
due to the presence of ionized traps. This parameter is usually only derived from
TCAD simulations and not always considered in the device characterization. For the
extraction, the formulation of drain current can be exploited:

(ns — np)(d + Ad))

€

WyUsqat€

Ips(t) = d—+ Ad

(vGS — &y — AEc -1 (2.7)

where FEo is the conduction band offset at the heterointerface, and n, denotes the
2DEG density (in cm™2) in the channel layer, ®p is the Schottky barrier height, d is
the distance between the gate electrode and the 2DEG channel, and Ad is the effective
depth of the 2DEG channel from the heterointerface. This expression could then be
evaluated in two points: one located at the end of the pulse application (t,) and the
second just after the pulse application t;. At t = t,, the reduction in 2DEG density
caused by trapping (nr) is considered extinguished, therefore a value of ny = 0 is
expected, simplifying the Eq. 2.7. The difference of current at the start and the end

of the pulse can be computed and results in [91]

A[DS = [DS(too) — [DS(tl) = —wgvsatan(d + Ad) (28)
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and if the ratio Ipg(t)|;=. /Alps is considered, it results in

[DS(t)|t:t €
= = t. 2.
Alps e Vas + cons (2.9)

Ips(®)lt=too

slope of the linear interpolation can be tracked down to ny.

If replicated for many gate voltages Vg and is plotted against Vg, the

The transient OFF-state serves as a filling pulse to let the electrons occupy all
the available vacancies, therefore the lowest possible gate voltage is applied, selected
as -10 V for this technology. In contrast, the effect of the drain voltage should be
minimized, therefore a fixed voltage Vpg = 5 V is applied. The gate voltage in the
ON-state is instead selected to achieve a semi-on condition, i.e. to have a low drain
current so as to reduce the impact of self-heating. The extraction results are shown in
Fig. 2.6.

2.4 Measurement setup

The setup required for the generation and acquisition of voltages and currents
as described in last section has to be configured ad-hoc and many adjustments were
needed to achieve the desired performances. A photo of the overall setup is shown in
Fig. 2.7(a) while its schematic representation is provided in Fig. 2.7(c). On the drain
side, both high-voltage and high-bandwidth acquisitions are necessary. The target

voltage for the pulses is up to 100 V and some safety margins need to be taken into
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Figure 2.7: (a) Photo and (c) schematic representation of the measurement setup used

for transient characterization. (b) Close up of the custom pulser board.

account due to spurious effects related to the very low switching time, while currents
up to 1 A can be observed when the device is fully conductive. The high bandwidth
requirement is motivated by the expected fast edges of the signal, in the order of
nanoseconds, on both voltage and current waveforms. A standard high-impedance
voltage probe and a clamp current probe (Keysight 1147A) are selected, offering ad-
equate bandwidth and avoiding calibration procedures since the frequency behavior
is already compensated by the manufacturers either by electronic compensation or
by means of a dedicated internal circuit. On the gate side, due to the low voltages
required, a direct connection to the scope input is in place. A Tektronix MSO56
real-time oscilloscope is responsible for all voltage and current measurements, offering
250 MHz of analog bandwidth and a maximum of 6.25 GSamples/s. An arbitrary
signal generator from Siglent (SDG2122X) provides the voltage control for both drain
and gate side, while an Agilent N6705B power supply is used for the required voltages
on drain side. The probe station baseplate can be arbitrarily controlled in tempera-
ture by a thermo chuck from Temptronic TP03215A. The chuck can only heat up the
baseplate so to achieve a control of #z across the 21°C - 100°C range.

The ability to generate waveforms with fast edges is particularly interesting for
the characterization of trap effects as it allows for isolating the DUT response from
the effects induced by the setup and allows for the identification of very-fast trapping
effects in the order of nanoseconds. If this requirement is paired with the voltages
and currents involved, the selection of adequate hardware is troublesome as custom,

therefore costly, solutions need to be purchased. Moreover, some flexibility is desired,
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Figure 2.8: Schematic representation of the custom board visible in Fig. 2.7(b).

specifically when research is involved, to be able to adapt to peculiar device behaviors,
as will be demonstrated later on in Sec. 2.6. Therefore, a custom two-level pulser board
was developed in the lab. The board makes use of a commercial 5A/200V half-bridge
board EPC9003 equipped with eGaN EPC2010. The adopted configuration, which is
similar to the one recently shown in [92], makes use of fully-isolated gate drivers in
order to provide floating control voltages with respect to the high/low power supply
of the half-bridge. This additional circuitry required is mounted on a motherboard
that includes also the coaxial connection for the GSG probe. In the very proximity
of the connector, both voltage and current probes are accommodated to reduce to the
minimum the influence of cables and parasitic. A schematic of the complete board
is visible in Fig. 2.8. Regarding the half-bridge board, since the target application is
power converters, the circuit is originally tuned to provide the maximum performance
the technology can achieve, resulting in some non-ideal solutions. In order to miti-
gate voltage overshoots and ringing, gate-side series resistances need to be precisely
tuned replacing the original ones. Custom solution makes use of an isolated DC/DC
additional converter to properly power the upper driver of the bridge. Without the
converter, a capacitor is responsible for accumulating the energy during the TyHpp of
the waveform limiting the THy time to some milliseconds. This implementation allows
for accurate two-level pulsed waveforms with arbitrary amplitudes up to 200 V, pulse
widths down to 100 ns, and a slew-rate of up to 20 V/ns. The specific capability to
apply sharp pulse edges accomplishes the goal of observing any transient effects in the
immediate 100-ns to 1-us range after the edge.

The acquisition of such waveforms also comes with non-straightforward solutions.

The problem lies on the level of detail we are able to capture as the setup is particularly
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Figure 2.9: (a) Voltage and current waveforms for an excitation from (—2.9,50)V to
(0,3.5)V. (b) Alignment of two acquisitions performed at different sampling rates for

the accurate acquisition of the edge.

optimized for fast edges. As a first consideration, the maximum sampling rate should
be considered in order to characterize the behavior of the device in this region accu-
rately. At the same time, since the waveform duration could last as long as 10 s, the
entire waveform should be acquired. If the highest sampling rate is then selected, the
maximum number of points the instrument can collect limits the possible acquisition
time to order of magnitude less than the one required. If opposite considerations are
made, therefore selecting a relaxed sampling rate, less information is collected on the
edge side and, in some cases, the entire edge could be absent from the collected wave-
form. In order to find an intermediate solution, multiple acquisitions are performed
with different configurations for each pulse transition. The collected waveforms could

then be glued one on top of the other as shown in Fig. 2.9(b)

2.5 Measurement results

The full characterization is conducted on multiple samples of GaN-on-SiC devices
with different channel properties, barrier composition and thickness as reported in
Fig. 2.10. The purpose of the investigation is to determine the impact that the different
layers have on the trapping effect of the device. To reduce variability and identify
effects, the layout is fixed between all devices and results in two fingers each 400-um
long, yielding a total gate width of 0.8 mm. A saturation current of 1.2 A/mm is
expected from this type of HEMT and it is capable of providing about 10 W/mm RF
power density at 50 V drain bias when operated in the S-band.
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Figure 2.10: Cross sections of the available samples.

For the tests presented in this work, the drain voltage is pulsed across a minimum
of 5 V (knee voltage) and a maximum of 80 V; the gate voltage is pulsed from a
minimum of —10 V (sub-threshold conditions) to a maximum of 0 V. For all devices
the DCT excitations are performed using Toy = Torr = 2.5 s allowing full current
recovery at the end of Tyy for all transitions and all temperatures. The total DCT
period is therefore T' = 5 s. As expected, the slowest recovery takes place at the coldest
0p = 21°C for transition (—7,80) V. — (0,5) V.

As explained in Sec. 2.3.1, special care has been taken to optimize the number of
acquisitions required for the complete characterization. In doing so, some pulse tran-
sitions are exploited for the extraction of multiple FoMs, taking full advantage of each
waveform stored. A summary of the DCT transitions acquired at each temperature is
reported in Table 2.1.

Temperatures
Transition 21°C | 30°C | 55°C | 70°C Extraction
(-10,5) — (Vs 5) | X Trap density nr
Reference
(0,0) — (0,5) X X X X
Ry,
(-7,0) — (0,5) X GL
DL (only 21°C
(-7,80) — (0,5) X | X | X | X (only 21°C)
EA & On

Table 2.1: Measurement plan for complete HEMT characterization. Voltage couples

expressed as (Vag, Vps) V. V4 indicates many gate voltages as described in Sec. 2.3.6.

Results for gate lag, drain lag and carrier density reduction ny are summarized in

Fig. 2.11. Device T1 could be considered as a reference device and the performances
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for the other devices should then be compared to this one. Since pulses with filling
voltage of 50 V were of interest for the characterization, the obtained results are pre-
sented alongside the 80 V characterization. As can be seen, some improvements are
visible for gate and drain lag in some samples but the correlation with the physical
structure, i.e. presence or absence of some layers or different AlGaN composition, is
not straightforward. For nr, a clear improvement is instead observed with respect to
T1, obtaining values of approximately half of carrier reduction. Regarding Arrhenius
extraction, a single trap signature is identified in all samples, and the corresponding ac-
tivation energies and cross sections reported in Figs. 2.12(c)-(d) are in agreement with
other Fe-doped buffer technologies [93]. Figs. 2.12(a)-(b) report the identified detrap-
ping constants related to the junction temperature 7} corrected taking into account
power dissipation and Ry,. As expected, the increase in junction temperature allows
for a faster detrapping, improving performances if only trap effects are considered. E4
and o, do not point out a clear winner technology, despite T3 shows promising results.
Two identical samples for device T6 were measured and are included in this report,

showing consistent results except for the 50 V activation energy in Figs. 2.12(c).

2.6 Buffer-free devices

2.6.1 Overview

As discussed in Sec. 1.1.3, conventional GaN HEMT structures grown on SiC or
Si substrates require a thick GaN buffer to minimize structural defects caused by the
lattice mismatch with the substrate, thus obtaining a crystal quality sufficient for de-
vice performance. Since the as-grown GaN buffer has a low resistivity, its doping with
acceptor-like impurities, typically Fe or C, is required to suppress parasitic conduction
and ensure buffer insulation. However, as demonstrated in the last section, the inten-
tional acceptors act as electron traps, and therefore a trade-off between dispersion and
insulation is usually made. An alternative approach, denoted as ‘buffer-free’ technol-
ogy, has been proposed in [94] and [95]. The paradigm is to remove the doped channel
and, instead, directly grow over the nucleation layer an unintentionally-doped GaN
epitaxial layer of very-high structural quality, serving as the transistor channel layer.
This technology was shown to have good performance in RF [96] with the potential to
reduce the trapping effects associated with carbon or iron, as no thick Fe- or C-doped
buffer is present, reducing leakage currents, and improving electron confinement now
enforced by the nucleation layer.

The device, denoted as T2 in Fig. 2.13, is compared to a device with the same top
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Figure 2.13: Cross section of the two technologies. T1 is the structure of GaN HEMT
with Fe-doped buffer, while T2 is the structure of the ‘buffer-free’ device

layers (T1 in Fig. 2.13). These devices are 0.4-um-gate-length transistors featuring two
400-pum-long fingers, yielding a total gate width of 0.8 mm. Both are equipped with
source-connected field plates. T1 is manufactured on a conventional GaN structure
featuring a Fe-doped thick buffer (~ 1.4 pm) already presented in previous Section.
As typical, the iron concentration decreases when approaching the barrier, leaving a
lowly-doped high-mobility GaN layer which defines the so-called channel region. The
barrier thickness and composition is such to yield a saturation current of 1.2 A/mm.
Such an HEMT is further capable of providing about 10 W/mm RF power density at
50 V drain bias when operated in the S-band.

2.6.2 Measurement results

First, a dc characterization is performed, exhibiting similar results obtained for the
conventional devices and reported in Fig. 2.2. A small kink effect can be observed for
a drain voltage of about 4 V.

The DCT measurements for gate/drain-lag, shown in Fig. 2.14(b), feature a sub-
stantially different transient behavior with respect to T1 and reported in Fig. 2.3(b).
While the gate-lag transient is comparable to T1 (3% for T1 vs. 1% for T2), the
drain-lag transient does not display a steady recovery. Drain lag current evolution,
also visible in Fig. 2.15(a) for multiple temperatures, is instead characterized by a
prompt current response immediately after the voltage transition, with current levels
already comparable to - or higher than - the corresponding static ones (depicted with
dashed lines in Fig. 2.15(a)). In the ~ 1 — 10 us interval, a slight current increase is
measured, followed in the 10 — 100 us range by a subsequent dynamic reduction of the
current in the order of 50 mA /mm. The final part of the transient features a recovery

with a longer relaxation time with respect to T1. Such a recovery does not fully expire
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for the case with 7' = 5 s (Fig. 2.15(a)), while it is shown to reach the static value
when using 7' = 10 s (Fig. 2.15(b)).

This specific behavior fundamentally impacts the nominal value of the drain-lag
metric, which results in 7%, a much lower value than for T1. Nevertheless, considering
the observed transient behavior, it is worth highlighting that the conventional drain-
lag calculation provides rather incomplete information about the trapping behavior
of T2. A similar transient behavior has been measured for all different 65 tested,
from 0 = 21°C to 70°C (see Figs. 2.15(a)-(b)). As can be seen from Fig. 2.15(c),
the transient relaxation time-constants do not depend on temperature, ruling out any
temperature-assisted detrapping mechanisms.

Notably, the non-monotonic behavior of the measured DCT appears to be com-
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patible with the dynamic threshold voltage characterization performed in [97] under
analogous OFF/ON-state excitation for a thin HEMT featuring a similar ratio be-
tween gate-length and channel thickness. While no specific data or interpretation is
shown for transient values in the immediate ~ 1 — 10 us range, a positive threshold
shift is reported in [97] in the 10 — 100 us range for the ON-state transient, which can
be linked to the drain current reduction shown here. In addition, [97] also reports a
subsequent negative threshold shift in the 1 — 10 ms, which can be linked to the slow
current recovery shown here.

Since traps may still occur in T2 due to residual structural defects or non-intentional
doping during the epitaxial growth, in [97] it is further argued that this non-monotonic
transient behavior can be caused by a combination of two trap-related phenomena. The
slower effect in the 1 — 10 ms can be ascribed to the detrapping of hot electrons due
to impact ionization between highly energetic hot electrons and filled levels. These
levels are supposed to be slowly filled during the half-period where the device is in the
OFF-state (% = 2.58). Conversely, the fast current reduction in the 10 — 100 us range

can instead be caused by trapping of hot electrons.

2.7 Conclusion

This Chapter presents a unified experimental framework tailored to the extrac-
tion of multiple metrics useful for the characterization of GaN HEMT. Efforts have
been made on both the software and hardware sides, tailored to the reduction of the
characterization time for each device. About the hardware, the fabrication and op-
timization of the custom pulser board allowed for excellent results in terms of edge
shape, avoiding unwanted overshoots or ringings, and edge rise and fall time, down to
10 ns. This solution can represent a cost-effective alternative to more sophisticated
commercial systems, with the advantage of increased flexibility when other character-
izations or integration with other systems need to be addressed. This solution comes
with some limitations as well that will be addressed in future improvements. The
introduction of some safety checks could be implemented to properly verify that the
device is working inside its SOA. Erroneous gate/drain voltage configuration or mis-
alignment of the waveforms could quickly kill the device and potentially damage the
setup. Another useful feature is the ability to produce double-pulsed waveforms, which
have the potential to further highlight trapping phenomena as described in [80].

On the software side, the algorithm was designed to automatically perform the

complete characterization thanks to the possibility of remotely controlling all the in-



2. GaN HEMT characterization 43

strumentation. Moreover, starting from the dc characteristic of the device, the extrac-
tion of interesting points is automatically performed and proposed to the operator.
Since the variation of the baseplate temperature is usually the most time-consuming
task, waveforms are organized so that a single temperature sweep is required and the
same waveform is employed for the extraction of multiple features.

The method was shown to be robust and flexible for many use cases, as demon-
strated from the characterization of new-concept devices with very different electrical
characteristics. DCT period was extended up to 10 s and, despite no temperature-
correlated trapping effects being observed, valuable information could be derived from
the current waveforms themselves. Where possible, a comparison with traditional
SPIV measurements has been performed, showing general agreement between the tech-

niques.
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2.7 Conclusion




Chapter 3

Varactor characterization

3.1 Introduction

The use of varactors in monolithic microwave integrated circuit (MMIC) designs is
widespread, and some examples are here reported to highlight the state-of-the-art for
this research area. In [98], a programmable gain amplifier is realized in Silicon Ger-
manium (SiGe) bipolar complementary metal-oxide-semiconductor (BiCMOS) tech-
nology with multi-band switching capabilities. For this application, operation up to
Ka-band has been demonstrated by exploiting an integrated varactor bank. Voltage-
controlled oscillators usually make use of such devices, as demonstrated in [99], where
a W-band VCO in Gallium Nitride (GaN) technology (60-nm process by OMMIC) is
analyzed. In [100], MMIC GaN-on-Silicon Carbide (SiC) HEMTs (0.15-um process by
WIN Semiconductors) operated in a cold-FET topology are exploited as varactors to
design variable delay lines for tunable bandstop filters, with demonstrated operation
up to 4 GHz. Phase shifters usually take advantage of varactors to provide recon-
figurability, as presented in [101] and [102]. For these works, HEMT-based varactors
are investigated using GaN-on-SiC technologies, respectively in the Ka-band (0.1-um
process by Fraunhofer IAF) and in the W-band (40-nm process by HRL). Wideband
applications, as reported in [103], are possible when the varactor layout can be freely
optimized, leading to arrangements with improved linearity performances. What these
solutions usually have in common is the reduced power these devices need to undergo
due to their location inside the circuit. When the varactor instead targets the power
section of an amplifier, all related losses start to heavily impact the efficiency perfor-

mances.

To properly identify suitable varactor devices offering the required performance in

terms of capacitance and parasitics, this Chapter details a comprehensive characteri-
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zation procedure applied to multiple devices across different GaN technologies. Given
that this Thesis focuses on radio-frequency (RF) power amplifiers (PAs), a detailed
analysis in the K- and Ka-bands is also provided. Additionally, custom varactor de-
signs are introduced in Sec. 3.4, aiming to address the limitations of traditional fingered

layouts.

3.2 Figures of merit

As a new technology is considered for use as a varactor, three main figures of merit
could be extracted from small-signal measurements. This characterization directly
impacts the possible use of the device for the target circuit. A low capacitance value
could restrict the implementation in load-modulated networks as well as a low quality

factor.

Equivalent capacitance

%{YQI(VBv f)}

Ceq(‘/B,f) = o f

Quality factor

The quality factor () expresses the losses that should be expected from the device
when an RF signal is injected. It takes into consideration both the parasitic resistance
and the equivalent capacitance. Therefore, when high capacitance is exhibited, i.e.
when low absolute bias voltages are applied, the quality factor is expected to be low.
Usually, this only quality factor is reported for a given device since it represents the
worst performing region for the varactor.

@ value depends from both bias voltage and operative frequency. When a fixed
bias is applied, the depletion region is established and does not depend heavily on the
frequency. In this case, the parasitics acts in a predominant way, showing the effect

on the overall (). The expression used throughout this work is reported below:

Q(VB7f) _ %{}/21<VBaf)}

- R{Yar(Vs, f)} (3:2)

Tuning Range

As the main property of a varactor is its ability to change capacitance with bias
voltage, it becomes important to express the amount of this variation over all bias volt-

age range. A simple way to express this quantity is by a ratio between the maximum
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FBH

Figure 3.1: Microphotographs of varactor diodes by (a) FBH foundry, (b) WIN
foundry.

exhibited capacitance and the minimum one, namely tuning range:

~ Cilvper  Criae

TR = = .

(3.3)

This parameter can be controlled by changing the size of the overall depleted area of
the varactor and is limited by the operating voltage of the device. When operated
with large signals, the tuning range should consider the maximum voltage achieved by
the bias and the RF voltage, therefore Vi7" and V" should be carefully evaluated
depending on the target application.

Alternative definitions can be provided, like the following [104]:

Cmaa: - szn
TR=—"—-— 3.4
Cmax + Omin ( )

which results in a normalized parameter.

3.3 Experimental results

3.3.1 Experimental setup and devices

The diodes under study are realized in two modern GaN-on-SiC MMIC technologies
targeting power diode applications up to the K-band. Notably, no optimization is
performed in the layout, since the study specifically assess the use of already-available
devices for the varactor use. The first one, reported in Fig. 3.1(a) is a planar diode
technology with coplanar (CPW) connections in the 150 nm process by the Ferdinand
Braun Institut (FBH), while the second one in Fig. 3.1(b) is the 120-nm process by
WIN Semiconductors. Despite the technology capabilities, the anode of the diode from
FBH is realized with a length of 250 nm, since this characteristic enables the device to
support more power. The use of the FBH technology was enabled by a collaboration

between the University of Bologna and FBH Institut in Berlin during the three-month
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VNA

DUT iy
*Qél

(©)

Figure 3.2: Photos of small-signal setups for varactor characterization at (a) FBH and
(b) EDM Lab. (c¢) Schematic representation of the setup.

period abroad. Samples from WIN devices are instead realized custom for this study

thanks to the Microwave Engineering Center for Space Applications (MECSA).

The experimental setup required for this characterization consists only of a vector
network analyzer (VNA) and a power supply to provide the required bias voltage.
Although the current flowing through the device should be negligible, in the order
of A, being able to accurately monitor its value could help to identify both the
breakdown voltage and the conduction region. Different VNAs have been used during
the Thesis work. Since both technologies comes in a plain wafer without any carrier
or connectors, a probe station equipped with two GSG RF probes is also required.
For the measurements conducted in the EDM laboratory, a manual probe station was
used for the purpose. The data concerning FBH devices were instead acquired with a
semi-automated probe station available in the RF Lab of FBH. Photos of laboratory

equipment and a schematic representation of the setup are provided in Fig. 3.2.

The devices-under-test (DUTs) are both 2-port on-wafer structures as visible in
Fig. 3.1(a)-(b). Port 2 is located between the cathode of the diode and ground and
is forced to a 0 V potential through the bias-tee. Port 1, instead, located between
the anode of the diode and ground, is used to apply the negative bias voltage V3.
Since V3 is defined as the voltage difference between the cathode and anode terminals,
its value is negative to force the device to operate in the reverse-bias region. The
small-signal data acquired, i.e. S-parameters, are de-embedded from the connection
structures on both ports. Since the layout of the RF pads is different, and so are
the de-embedding structures available, two different strategies have been adopted. In
particular, the open-short methodology described in Sec. 1.4 is applied to samples from
FBH foundry, while the EM de-embedding described in the same Section is exploited
for the WIN technology. The intrinsic S-parameter data obtained after this procedure

are processed for the extraction of the main FoMs described in Sec. 3.2. The results
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Figure 3.3: (a) Q-factor and capacitance extracted for a 50x50 ym? MIM capacitor
and a 8x100 pm Shottky diode for bias Vg = —5 V in WIN technology. (b) Layouts
of the diode (left) and capacitor (right).

are presented in the next Sections.

3.3.2 Comparison with MIM capacitor

As already discussed, minimizing losses is critical in achieving optimal performance
in MMICs. Typically, integrated varactor solutions are compared against discrete
alternatives; however, this approach is impractical for higher frequency bands, such
as C and K bands, where discrete varactor solutions are unavailable. Consequently,
this study evaluates the performance of a diode-based varactor by comparing its Q-
factor to that of a metal-insulator-metal (MIM) capacitor fabricated within the same
WIN MMIC process. The MIM capacitor in this process uses Silicon Nitride (SiN) as
the insulating material, which has a dielectric constant of 6.5. Based on the design
kit model, a theoretical capacitance of 0.53 pF is obtained for a MIM capacitor with
dimensions of 50x50 um?. This value serves as the reference point for comparing the
performance of the varactor diode. For this purpose, a diode varactor with dimensions
of 50x100 pum was selected. It was biased at Vg = —5 V in order to exhibit the same
capacitance value as the MIM capacitor at the lowest available frequency of 1 GHz.

Figure 3.3(a) illustrates the comparative performance of the MIM capacitor and
the diode varactor, highlighting significant differences in their Q-factors across a range
of frequencies. At lower frequencies, the capacitor exhibits a superior Q-factor, exceed-
ing 200 for frequencies below 5 GHz, which underscores its efficiency in minimizing
losses in this range. In contrast, the Q-factor of the diode varactor is considerably
lower in the same frequency range, making it less advantageous for applications re-
quiring minimal energy dissipation at lower operating frequencies. However, as the
frequency increases, the gap in performance between the two devices narrows. Begin-
ning at 18 GHz, the Q-factors of both components become more comparable, with

the MIM capacitor achieving a value of 32 and the diode varactor reaching 16. This
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convergence suggests that, for high-frequency applications, the diode varactor may
present a viable alternative to the MIM capacitor, particularly when other design con-
straints or requirements favor its use. Both devices display a noticeable capacitance
drift as the frequency increases, reflecting a deviation from their nominal capacitance
values. This drift becomes especially pronounced at higher frequencies, where the ca-
pacitance for the diode varactor at 18 GHz doubles its nominal value, while for the
MIM capacitor, the capacitance similarly doubles at 20 GHz. This behavior highlights
a common limitation in high-frequency performance for both devices, necessitating
careful consideration in frequency-sensitive MMIC designs.

In frequency ranges where the losses introduced by the MIM capacitor and the
diode varactor are comparable, it can be reasonably concluded that the varactor is a
viable candidate for integration into MMIC PA designs. In such cases, the varactor
could be incorporated into the matching network, either in series with the RF path or
grounded - similar to the typical application of a MIM capacitor - without incurring a
significant efficiency penalty. This adaptability makes the varactor a practical choice,
provided that its performance aligns with the specific requirements of the design.
However, it is important to account for the differences in the RF current handling
capabilities and voltage breakdown characteristics of these two devices. For the MIM
capacitor, the maximum operating voltage is dictated by its breakdown voltage, which
typically exceeds 100 V in these technologies. This high breakdown voltage allows the
MIM capacitor to tolerate significant voltage levels without risk of damage, making
it robust in high-power applications. In contrast, the diode varactor has inherent
limitations due to its susceptibility to self-tuning effects at high input power levels.
These effects, caused by the nonlinear characteristics of the varactor, can lead to a
shift in its operating point, reducing its effective operating range to voltages well below
the theoretical breakdown threshold. This makes the diode varactor less suitable for
applications where high voltage handling is critical, as its performance can degrade

under such conditions.

3.3.3 Layout considerations

The diode size, intended as the total active area computed as ng - W where np is
the number of fingers and W is the finger width, directly influences the performances.
As expected, devices with larger size exhibit a higher equivalent capacitance as the
area of the 2DEG is greater. At the same time, it is important to also evaluate np
and W separately as the influence on the losses is different. Fig. 3.4 reports C¢, and Q)

values extracted for three FBH devices of different sizes across frequency. Peripheries
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Figure 3.4: (a) Equivalent capacitance and (b) Q-factor extracted at Vg = —30 V for
3 devices from FBH with increasing finger number and fixed width of 75 pym

organized as Nx75 pum are selected where N is the number of fingers. The lowest bias
voltage allowed for the technology is applied, corresponding to Vg = —30 V, which
also gives the lowest capacitance value that could be realized. As can be seen, a Q-
factor lower than 10 is obtained for frequencies above 30 GHz, and further reduces
at higher frequencies, reaching values below 5 when going above 40 GHz. Similar
performances are observed for the three devices, indicating a weak dependence of
losses when modifying the number of fingers. The inset in Fig. 3.4(b) provides a

better representation of the performances in the K-band.
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Figure 3.5: (a) Equivalent capacitance and (b) Q-factor extracted at Vg = —24 V for
two Schottky diodes of size 8 x50 pym and 8x75 pum in FBH technology (solid), and
for two Schottky diodes of size 8x50 pum and 8x100 pym in WIN technology (dashed).

Fig. 3.5 shows the performance concerning the scaling of the finger length (8-finger
devices considered) for both technologies. For the WIN technology, a reduction of
50 pm in finger length entails a reduction of a factor of 3 for the capacitance at
18 GHz, and a concurrent improvement of 17 points for the Q-factor. This is caused
by series losses of the relatively thin gate (anode) metal of the GaN diodes, which
have a greater impact on longer fingers. The improvement is more pronounced in
the X-band, where the Q-factor reaches values of 106 and 50 for the 8 x50 pm and
8100 pum diodes, respectively.

It is worth noting that the larger-sized FBH 8x75 pm and WIN 8x100 pm devices

display a larger capacitance variation over frequency, making them unsuitable for
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wideband PA designs. Indeed, a capacitance value that is constant across the operating
frequency would be preferable in this case. One should also avoid reaching the self-
resonating condition, so that the use of, e.g., the FBH 8x75 um device, could be
intended just up to 30 — 35 GHz. However, a design at these frequencies would result
in being too lossy due to the low Q-factor. On the other hand, smaller devices with
less active area exhibit lower capacitance values that may not be sufficient for the

targeted application.

3.3.4 Evaluation at multiple frequency bands
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Figure 3.6: Equivalent capacitance and Q-factor extracted at Vg = —24 V for two

Schottky diodes of size 8 x50 yum and 8x75 pum in FBH technology (solid), and for two
Schottky diodes of size 8 x50 pum and 8x100 pum in WIN technology (dashed).

Fig. 3.6 shows the bias dependency of the varactor capacitance and the respective
Q-factors in some relevant bands, from the C-band up to the K-band. FBH diodes
are limited to the -30 to 2 V range, while the voltage range for WIN is -24 V and
0 V. All devices show a clear decrease of Q-factor with increasing frequency, but also a
general yet slight increase in capacitance. The WIN devices show a superior Q-factor
performance in the lower frequency bands (C- and X-band), but their degradation is
substantial at 26 GHz, where FBH devices show a positive Q-factor up to 1.2 V.

A low bias voltage creates a narrow depletion region with high capacitance, whereas
increasing the reverse bias increases the width of the depletion region, which in turn
decreases the capacitance. Furthermore, a low reverse bias voltage is especially sensi-
tive to bias variations because of the steep slope of the capacitance at around -2 V.
Moreover, a considerable drop in the Q-factor takes place at low bias values, as shown
in Fig. 3.6.

Considering these trends, one can identify two distinct regions of operation for
the varactors. The first region corresponds to a bias voltage below -2 V, where the
capacitance slowly decays with about a factor 2 with increasing negative bias. The

second region lies above -2 V| where the capacitance abruptly changes by a factor of 4
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to 6, and then reaches a plateau until the diode starts to conduct at around 2 V. For
power applications featuring a large voltage swing over the varactor, the first region
is the only feasible one. However, for small-signal operation, one could in principle
consider exploiting the two distinct capacitance states, the first with low capacitance
and high Q-factor, and the second with up to 3 times more capacitance but a poor
Q-factor.

Table 3.1: Tuning range and Q-factor at multiple frequency ranges for FBH and WIN
diode technologies, where Vg = —24 V for C,,;,, and Qe and Vg = =5 V for C),4z
and Qmm

FBH WIN
Frequency
TR szn Qma:p TR szn Qmam
6 GHz 17% 40 43 25% | 109 151
10 GHz 17% 25 29 27% 57 113
18 GHz 19% 13 18 31% 16 30
26 GHz 22% 8 12 41% 5) 11

The tuning range for the varactors under test, summarized in Tab. 3.1 for the
different bands and technologies considered, can be computed as TR = (Cpazr —
Cinin)/(Craz + Crin). For this evaluation, only the region with Vg < —5 V is consid-

ered, since it is the only feasible one for PAs.

3.3.5 Large signal evaluation

PNA-X
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Figure 3.7: Setup adopted for the large-signal characterization.

The evaluation of the large-signal behavior allows assessing the impact of self-
tuning at high power levels, which is of particular importance when the diode device

is placed in series with the output signal [105, 106, 107]. For this characterization,
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a VNA from Keysight (PNA-X) is adopted and the setup schematic is reported in
Fig. 3.7. The RF power has been calibrated up to the probe input and the impact
of the probe is considered by embedding its S-parameters. Both input and output

impedances are therefore 50 ohm for every harmonic.
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Figure 3.8: (a)-(c) AM/AM and (d)-(f) AM/PM normalized characteristics for three
Schottky diode devices extracted at 18 GHz for multiple bias voltages.

The normalized gain (AM/AM) and phase (AM/PM) characteristics at 18 GHz are
reported in Fig. 3.8 at multiple bias voltages for the 2x75 pym and 8x50 pum devices
from FBH, as well as for the 8x50 um device from WIN. Some level of compression
effects are present, with up to 7 degrees phase deviation when the diodes are biased
at 0 V. The impact of de-tuning at other bias voltages remains rather constant as the

input power is increased, and only a small compression is observed.

3.4 Island varactors

In order to improve the varactor performances, the impact of parasitic resistances
needs to be minimized. In traditional devices based on a fingered structure, this is
usually achieved by reducing the finger length or increasing the finger number, as
explored in the last Section. However, both methods present drawbacks that limit
the amount of resistance reduction expected. Increasing the number of fingers creates
challenges in controlling the path of the RF signal inside the device when the finger
count is greater than 8. The middle fingers tend to be more stressed by the RF
power, and the advantage of introducing more fingers becomes modest. Special layout
optimization strategies should be employed. On the other hand, reducing the width
of the fingers also reduces the power capabilities of the device, hence worsening the
self-tuning effects.

A new Schottky diode design is presented here, aimed at mitigating the described
limitations. The design is realized and fabricated in collaboration with FBH using

their 250 nm GaN-on-SiC process. The new concept involves transitioning from the
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Figure 3.9: Schematic representation of 2x2 island varactor cell.

traditional fingered layout to island layouts, where the Schottky contact is square, and
the GaN layer completely surrounds it. The proposed layout is illustrated in Fig. 3.9,
which provides a schematic representation of both the cross-section and top view.
Although the literature on similar devices is quite limited, some examples have been
reported for MOS island varactors designed with the same objective of improving the
Q-factor [108, 109]. Another study in [110] shows promising results for Schottky devices
grown on SiC substrates, where a similar structure is proposed, utilizing multiple cells

and bonding connections to the anode metal to improve overall capacitance.

anode Schottky contact
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Figure 3.10: Schematic representation of island varactor structures connected in (a)

parallel and (b) series. Layout of (c) parallel and (d) series structures.

With this configuration, the depletion region is distributed across four edges instead
of only two, which, in principle, reduces the parasitic resistance introduced by each

finger. Since diodes in anti-series configurations are commonly employed in PAs, im-
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plementing a device that inherently provides this configuration allows for a reduction
in both the occupied area and the associated parasitics derived from interconnections.
This approach is combined with the implementation of multiple islands to increase the
overall junction capacitance exhibited. However, since the overall area and the edge
length scale differently, designing large islands does not necessarily contribute to size
optimization. Instead, deploying multiple cells over the same GaN channel layer is
preferable and can be addressed in various ways. One strategy involves contacting the
center of the island element from the side, forming a small channel that connects all
the anodes to a single external line. This solution is illustrated in Figs. 3.10(a) and
(c). An alternative, shown in Figs. 3.10(b) and (d), entails creating two rows where
each cell is connected to the next via metalization bonding. This latter approach could
theoretically result in increased losses due to the series connection of islands, as op-
posed to the parallel configuration previously discussed. In both cases the limitation
lies in the capability of the process to realize small areas of gate metal used to form
the Schottky contact. For these devices, the internal area is a square with 20 ym edge
with an additional 0.2 um of recess on top surrounding AlGaN. Additionally, on the
cathode connection, which is realized with ohmic contact, a resistor with a value of
2 k€ is inserted to decouple the RF path. No current is expected to flow through this
bias feed, as only a voltage potential is required to establish the depletion region. It
should be noted that the conceptual sketch shown in Fig.3.10(a)-(b), which depicts the
structure and dimensions of the cells, is translated into the final layout in Figs.3.10(c)-
(d). This translation is performed by designers from FBH, who validate the required

tolerances and ensure the minimal realizable area for each cell.

|
|

(@)

Figure 3.11: Complete island structures from layout with pads for measurement. (a)
Basic 2x2 cell; (b) series structure; (c) parallel structure. The top connection is only

meant for providing bias voltage and includes a series resistance of 2 k(2.

The realized samples are shown in Fig. 3.10 and include a simple 2x2 struc-

ture (Fig. 3.10(a)), a 2x6 structure with the cells in each row connected in series
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(Fig. 3.10(b)), and a 2x6 structure with parallel connections (Fig. 3.10(c)). Prelimi-
nary results have been extracted from some samples to initially verify data consistency
between different devices with the same layout. Given that the layout implemented
here differs significantly from standard diode designs, there is no guarantee that the
manufacturing process will yield a fully functional device. Liftoff problems may arise
when closed metal areas, such as those in this design, prevent the metalization from
fully adhering to the underlying layer. DC characterization was also conducted ini-

tially, with no issues observed. Results are reported in Fig. 3.12 where very good
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Figure 3.12: Equivalent capacitance and quality factor for multiple bias voltages of

(a)-(b) 2x2 island structure; (c)-(d) 2x6 series structure; (e)-(f) 2x6 parallel structure.
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Figure 3.13: (a) Equivalent capacitance and (b) quality factor for all structures ex-

tracted at 10 GHz for full bias range.

agreement is demonstrated for all the samples. Clearly, the applied bias voltage Vg
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spanning -30 V to 0 V has an impact on C,, that demonstrates the effective tunability
of the device. Despite the obtained TR is about 40% at 10 GHz, the absolute maxi-
mum capacitance obtained is 0.11 pF at the lowest useful bias of 2 V. In Fig. 3.13 a
performance comparison for the three structures is reported, where very good agree-
ment is observed for the 2x6 cells both for C, and ). The smaller 2x2 cell exhibits
a 3.3 times lower C,, at 4 V, resulting in a slightly higher reduction if the theoretical
value of 4 is considered. The 2x6 structures, involving 12 cells, should exhibit a 3-times
higher junction capacitance with respect to the 4 cells present in the 2x2 structure.
Parasitic capacitances due to connections could influence this ideal scaling adding a
fixed contribute to the overall capacitance. Furthermore, no evident impact in () value
seems to be added by the bonding metalization as comparable values are observed at

this frequency.

3.5 Conclusions

In this Chapter, a detailed analysis of multiple integrated Schottky diodes in GaN-
on-SiC technology is presented. The characterization aims to evaluate the potential
of these devices as tunable elements in MMICs, specifically in PAs operating at mi-
crowave frequencies. Their absolute performance is compared to measurements of an
integrated MIM capacitor fabricated using the same technology. Since the study fo-
cuses on devices already available within a given technology, comparing them to a
fixed capacitor commonly used in circuit designs can encourage designers to accept a
certain level of increased losses in exchange for reconfigurability.

Since the PA topology and target application heavily affect the amount of ca-
pacitance required, particularly depending on the frequency application, the study is
replicated on many devices with the same finger structure but different organization,
and the effects of increasing the finger number or the finger width is discussed. Re-
sults highlight that different effects could be expected when different technologies are
considered, despite the finger organization evaluated being similar. For some layouts,
increasing the number of fingers or the finger width does not directly implies a degra-
dation in performances, therefore the evaluation of bigger devices to provide more
capacitance is an option.

Given the importance of self-tuning effects, large-signal characterizations of var-
actors are important. In this Chapter, a preliminary large-signal characterization is
provided to display the deviations from the nominal behavior. Despite some insights

could already be inferred, a more accurate measurement campaign is planned, possibly



3. Varactor characterization 59

including active load-pull setups and harmonic tuning.

New devices fabricated at the FBH Berlin foundry facility are also presented, de-
signed with the objective of reducing the parasitic resistance of the diode and thereby
increasing the Q-factor. Although the new layouts differ significantly from traditional
fingered diodes, their effective operation and tunability properties are demonstrated,
and characterization up to 50 GHz is performed. Since the devices are relatively new
at the time of writing, only basic characterizations are presented here, with a more
comprehensive analysis of both S-parameters and large-signal measurements to fol-
low. After this initial technological assessment, further layout improvements may be
proposed and implemented in a subsequent foundry run.

As a main outcome, this research suggests that this technology is sufficiently ma-
ture to be employed as a tunable element in reconfigurable MMIC PAs. Optimizations
remain possible to further enhance performance, particularly for anti-series structures,
where improvements could lead to reduced losses and increased linearity. Additionally,
new layouts could be explored to address specific design challenges, such as minimizing
parasitics or improving integration with existing MMIC processes. These advance-
ments would not only extend the applicability of this technology in high-frequency
applications but also provide valuable insights for extending its use in next-generation

reconfigurable RF systems.
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Chapter 4

Varactor Modeling

4.1 Introduction

A common challenge in microwave engineering is handling the complex frequency-
dependent behaviors of circuits, often represented through scattering parameters (.S-
parameters), impedance, or admittance data. These behaviors can exhibit rapid varia-
tions over frequency, necessitating precise yet computationally efficient modeling tech-
niques [111]. The first step in the characterization of new devices is the acquisition
of S-parameters data sampled at discrete frequency points. These S-parameters are
usually obtained through vector network analyzer (VNA) measurements. Nonlinear
measurements obtained from nonlinear vector network analyzer (NVNA) could also
be exploited for the extraction of voltage and current waveforms, mandatory for the
validation of nonlinear models [112]. Once extracted, these network responses are in-
tegrated into the full PA simulation to properly tune the components and optimize
the circuit through time-domain simulations due to the nonlinearities involved [113].

To carry out this type of simulations, two approaches could be adopted, namely
convolution and macromodeling methods [114]. The first one requires the simulator
to transform the time-domain waveform into the frequency-domain to evaluate S-
parameter data and then back again to the time-domain with inverse Fourier transform.
If a macromodeling-based method is used instead, S-parameters are first approximated
by a rational function, which can be represented in forms such as polynomial ratios,
pole-residue pairs, or state-space descriptions. In this form, the circuit simulator is
more efficient in the convolution of the desired impedance. It is then preferable to
adopt the latter representation to speed up the simulation time.

This chapter is focused on the modeling of Schottky diodes, already characterized

in the reverse-bias region to target the use as varactors in Chapter 3. Conventional
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methods utilize manufacturing data to characterize all the physical phenomena within
the depletion region, contact/pad parasitics, and leakage effects [115, 3, 55, 4, 116].
These phenomena can be effectively modeled using equivalent-circuit models, which
derive their topologies and components directly from the device’s physical properties.
This approach requires an accurate understanding of the manufacturing process as well
as technical properties of the substrate like the sheet resistance value or, in some cases,
carrier mobility. Moreover, parameter identification methods may utilize specialized
experimental setups [3] or standard multibias S-parameter measurements coupled with
optimization-driven extraction algorithms [4]. These methods could result in being

time-consuming as multiple steps between different software could be required.

When commercially-available devices are evaluated, designers could have limited
access to physical properties of the technology, limiting their ability to create a suitable
varactor model if not provided by the foundry. This is also true for MMICs where,
depending on the maturity of the process or the trade agreements, some physical
parameters could only be implemented in the block modeling the component. Addi-
tionally, varactors might be implemented using different layout strategies or include
multiple diodes connected in various topologies to improve performance [117], thereby
complicating the description of the physical effects involved. Given these aspects, var-
actors and related models are not often available in MMIC process design kits (PDKs)
and have to be developed on a case-by-case basis, e.g., starting from the model of the
HEMT device [116].

Behavioral models, in contrast to physical models, do not require detailed knowl-
edge of the device layout, offering a generalized approach that is inherently adaptable
to any varactor topology. Despite their reliance solely on empirical data, these mod-
els can be effectively implemented as equivalent circuits, which demonstrate reliable
convergence behavior in computer-aided design (CAD) tools. Additionally, they in-
herently support features such as scalability with layout parameters, making them

particularly versatile for a wide range of applications.

Building on these principles, this Chapter introduces an innovative two-step method-
ology for automatically generating equivalent-circuit representations for various varac-
tor diodes and structures. First, classical extraction methods are discussed in Sec. 4.3.1
where the basic building blocks of the model are analyzed. Conceptual steps are
graphically represented in Fig. 4.1. The process begins with the extraction of a ra-
tional function from multibias S-parameter data as detailed in Sec. 4.3.1. Following
this, the rational function is converted into a network representation through an au-

tomated synthesis process, as described in Sec. 4.3.2. Finally, the complete modeling
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Figure 4.1: Conceptual steps of the proposed modeling procedure. Step 1 is summa-
rized as the rational fitting procedure while step 2 consists on the network synthesis

starting from the rational function extracted.

framework is validated by applying it to multiple GaN Schottky diodes and related
structures fabricated using the same device technology, with the results and insights
presented in Sec. 4.4. This work has been accepted for publication in the Transactions
on Microwave Theory and Techniques (TMTT).

4.2 'Traditional modeling approaches

This section provides an overview of the modeling techniques adopted for integrated
varactors. This step is crucial to critically assess the outcome of the network synthesis
in Sec.4.3.2 and to highlight possible strengths and weaknesses of the proposed method.

The invariant for all varactor models in the literature is a basic core constituted by
a nonlinear capacitor and a nonlinear resistor in series, modeling the varactor exhibited
capacitance and losses respectively. An additional resistor, usually with large values
in the 100 k2 - 1 G2 range, is added in parallel to account for the parasitic losses
observed at dc. Two varactor networks are reported in Fig. 4.2 from [3] (Fig. 4.2(a))
and [4] (Fig. 4.2(b)) where the fundamental core is visible along with elements that
model the losses. Indeed, the networks are also similar for packaged solutions [115]
where the parasitics from the package mainly influence the linear components that
model the access structures. To better address components during the description of
the extraction procedure, the simplified model in Fig. 4.3 will be used as a reference.

Multi-bias S-parameters are first considered for the extraction of parasitics, and
the common assumption is that at low frequencies (around MHz) capacitances dom-
inate the effect of inductances [115, 4], therefore Ly, is transparent during this step.

Moreover, at very low bias voltages, the resistor in series with the junction capac-
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GV) Ry(v)

b)

Figure 4.2: Equivalent-circuit topologies for Schottky diode varactors reported in a)
[3] and b) [4].

itor Rg(V') is considered negligible. Building on this, principal capacitors could be
evaluated for each bias voltage tested. Since the model includes a series LC (realized
with Le, and C;(V)), the resonant frequency of the structure can be exploited for the
extraction of losses introduced by Rg(V'). Instead, the value of R (V') is usually ob-
tained by dc measurements. In some cases, voltage and current sources can be inserted
in the model, replacing C;(V') component to address large-signal operations [115, 4].
The presented extraction strategy makes use of wideband measurements to properly
identify both low-frequency effects and the high-resonant frequency, restricting the
possible applications to single devices or, at most, highly integrated anti-series struc-
tures. In addition, an optimization step could be required to properly identify the

elements excluded from this extraction [4].

4.3 New Behavioral modeling approach

4.3.1 Rational fitting

Many rational fitting algorithms are available in the literature, being optimized
for different application goals. RKFIT algorithm [118] makes use of Krylov-based
approach for solving nonlinear rational least squares problems; AAA algorithm [119]
was recently presented which makes use of rational barycentric representations for the

extraction of the rational fitting; vector fitting (VF) [120] algorithm was first presented



4. Varactor Modeling 65

Ccompl
| |
|
Lpad Lser Cj (V> RS (V> Lpad
O ) M O
Cpad —L—  Cpag —L— % Cpad —L—  Cpag —L—
2 — 2 — 2 — 2 —
Rleak(v)
\Y4 \Y4 \Y4 \Y4

Figure 4.3: Example of minimal network for varactor diode extracted from literature.

in 1999 and it is widely documented in literature for the modeling of passive networks
like filters [121, 122] or coplanar connections [123]. For the application considered in
this work, VF extraction results in being sufficiently stable and flexible to be adapted
to the varactor measurements. The other presented methods have also been tested
on the available data obtaining similar results. The time required for the fitting to
be performed does not result in any preferred algorithm since the very low number of
poles required for varactor modeling.
VF generates a rational function of the form

P

WVF(S) = Z

T'n

+D + sE; (4.1)

so that its restriction to the imaginary axis Wyp(jw) closely approximates a given
(measured or simulated) harmonic response function W(wy) at a discrete set of K
positive frequencies w . ..wg. The P complex values p,, and r, are referred to as poles
and residues, respectively. Residues in particular appear as either purely real numbers
or as complex-conjugate pairs. D and E are instead purely real parameters. VF is
particularly well-suited for approximating the transfer functions of electrical circuits
as the elements of the immittance (i.e., either impedance or admittance) matrix of a
passive linear lumped-component network, which are known to exhibit the functional
form in (4.1) in the Laplace domain [124]. In these cases, the VF coefficients (pp,
rn, D and E) are directly related to the values of the capacitance, inductance, and
resistance of the network’s lumped components. It is worth noting that D and E
terms can be selectively excluded during the fitting process. Users have the flexibility
to force both D and E to zero, to include only the constant D while setting £ = 0, or
to incorporate both constants into the fitting procedure. Since each term introduces

additional network elements, this flexibility is important when the complexity of the
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final network is considered.

Starting from the measured frequency response function, the VF algorithm can be
used to fit models of variable complexity by changing the number of terms in (4.1),
with higher fitting accuracy expected as the model order increases. In this work, the
order of the VF model is described through the triplet of integers (P, @, R), where P
is the number of poles and @, R € {0, 1} describe the absence or presence, in the fitted

expression, of the terms D and E, respectively.

The rational fit in the form (4.1) is exploited for representing the varactor device
as one-port element. Due to the nonlinear nature of varactors, the fitting procedure is
applied at the small-signal frequency-domain measurements of the varactor at different
dc bias voltages, resulting in the following impedance representation:

rn(VB)

ZVF(S, VB) = Zl #n‘/é) + D(VB) + SE(VB), (42)

where V3 is the dc voltage difference between the anode and the cathode. The fitting
in (4.2) explicitly shows that nonlinear one-ports such as varactors, as opposed to the
standard linear case in (4.1), require bias-dependent VF parameters describing the
local behavior of the linearized circuit across frequency. Due to the focus on varactor
applications, Vg is limited to the reverse-bias voltage region, here resulting in V5 < 0,

where negligible conduction current is observed.

In principle, the model complexity required to closely fit measured frequency-
domain data could result in being different at the different bias voltage points. For
example, impedance functions at different Vg could generally require a different num-
ber of poles for an accurate fit, making P dependent on Vg. Without loss of generality,
this work instead assumes that the varactor small-signal data can be closely approx-
imated with a VF of fixed complexity at all bias voltages. In turn, this fixed model
order has to be selected by empirically evaluating the approximation error of VF at
different bias voltages and complexities, choosing the (P,Q, R) set that provides a
suitable fitting for the whole voltage range of interest.

After VF is applied to the measured small-signal data, the result is a bias-dependent
rational function representing the impedance function in the Laplace domain. While
it is possible to directly implement this type of behavior using bias-dependent poles
and residues [125, 126], the resulting block-diagram implementation does not generally
lead to a straightforward equivalent-circuit topology for the varactor. Instead, specific
network synthesis techniques have to be adopted in order to realize a linear equivalent

circuit that displays a one-port impedance equal to Zyg(s, V) at the bias V.
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4.3.2 Network Synthesis
A generic scalar rational function Z(s) in the form of

bos™ + bys™ by b
Z(s) = 08" + 1S m—18 + Om (4.3)

aps™ + a1s" L. a,_18s+a,

where a; and b; are real constants, can represent the impedance of a one-port linear
passive network under certain conditions [124]. In order to have an implementation
with only positive-value elements, the function should be rational and positive real
(PR). For the latter to hold, some conditions need to be satisfied:

1. the function must be analytic in R{s} > 0, i.e. Z(s) has no poles in the open
right-half s-plane;

2. ®{Z(s)} >0if R{s} >0
3. Z(s) is real for real s

If the rational function is derived from VF procedure, these constraints can be auto-
matically imposed [127] so that any fitted impedance function resulting from VF is
guaranteed to be realizable as a passive linear lumped component network. In the
specific case of the bias-dependent impedance of the varactor in (4.2), the resulting
synthesized network will be bias-dependent as well.

Classical passive network theory provides several well-established methods for syn-
thesizing circuits from a given PR impedance function in rational form [124, 128, 129].
Initially, the term sE(Vg) in (4.2), only present if a model order with complexity R = 1
is selected, can be realized directly as a series inductor with value E(V3). The remain-
ing terms, representing a general impedance in series with the previously extracted

inductor, can be arranged as the ratio of two polynomials of degree P:

ZVF<57 VB) — H L"(VB)

S S + sE(Vp). (4.4)

The product in (4.4) is known as a P-th order function (e.g., 2-nd order or biquadratic
for P =2, 3-rd order or bicubic with P = 3, etc.), with P poles p,, and P zeros z,.
Brune was the first to demonstrate that any PR function can be realized as an
RLC circuit and proposed a specific method for synthesizing an RLC impedance func-
tion, now known as Brune synthesis [130]. The process begins with some preliminary
steps to transform the given PR function into a minimum-reactance and minimum-
susceptance form. A function is considered minimum-reactance if it has no poles on

the jw-axis and minimum-susceptance if it has no zeros on the jw-axis. Following this
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Figure 4.4: Network example of Brune synthesis.

preparation, the synthesis strategy involves systematically removing pairs of poles and
zeros on the jw-axis, a step referred to as the Foster preamble. This process continues
iteratively, reducing the degree of the function by two at each step, until a constant
remainder is obtained. An example outcome of the resulting network is in Fig. 4.4.
If this straightforward procedure fails to hold, a different approach must be applied
resulting in negative-value elements, typically a negative inductor. One solution for
dealing with such negative elements is to transform a T-topology of inductors into an
equivalent ideal 2-port transformer. The total number of circuit elements generated
through Brune synthesis corresponds to the number of coefficients in the PR function,
i.e. Brune network extraction is canonical. The possibility of using transformers or
negative RLC components in the equivalent circuit of the varactor can be tolerated in
terms of a purely empirical description, as long as it guarantees good approximation
performance, but it is certainly unsatisfactory from a physical adherence standpoint.

Since transformers are not desired when a PR function is synthesized, Raoul Bott
and Richard Duffin propose a synthesis technique that does not require transformers
or negative elements in the final network. The Bott-Duffin (BD) [124, 128] synthesis
method allows to implement any P-th order impedance function as a lumped finite
RLC-network, but typically results in an exceedingly large number of reactive elements,
i.e. BD realization is not canonical. For example, for a general biquadratic function
(P = 2), corresponding to a second order state-space model, the minimum number of
energy storage and resistive elements deriving from the BD synthesis is respectively 5
and 2 [131]. The algorithm requires the function to be minimal, that is for a frequency
wp it hold that R{Z(jwy)} = 0. If this is not the case, a resistor could be extracted
with value Ry = R{Z(jwy) } resulting in a series resistance with the rest of the network.
The extraction is then performed on the function Z™"(s) = Z(s) — Rg. The Richard’s

theorem is the applied considering a function R(s) computed as:

kZ(s) — sZ(k)
kZ(k) — sZ(s)

R(s) = (4.5)

It results that, for all real positive values k, R(s) is PR if Z(s) is PR. Extracting Z(s)
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from the expression above results in:

7= (% ! szlzm)_l y <Z<k>1R<s> ¥ k;m)_l' 46)

As Eq. 4.6 represents an impedance, the sum indicates the two elements inside paren-

thesis can be placed in series to obtain the global expression Z(s). Moreover, the terms

p Zk(k) and 7 Zs(k) are indeed an inductor and a capacitor, respectively. The network can
be configured as in Fig. 4.5 where Z,(s) = Z(k)R(s) and Zs(s) = %. A pair of
Z4(s) Z5(s)
| 2112
1 Z(k)
2 ¢ kZ (k) ==
Lo R
. A MW

Figure 4.5: First step of the Bott-Duffin synthesis procedure. Z;(s) and Z5(s) denote

two networks having lower complexity than Z(s)

critical frequencies on the jw axis is then extracted from each of the two new PRFs
Z1(s) and Zs(s) each realized as a resonant circuit. The procedure is repeated up to
the point where Z;(s) and Zs(s) are constants, therefore implementable as dissipative
elements, or have a degree less than 2.

Other classical synthesis techniques, such as Brune’s [129] or Darlington’s meth-
ods [128], require fewer elements (down to the theoretical minimum 2P for a P-order
impedance), but make use of transformers in the resulting circuit.

The large number of elements required by the general BD synthesis of low-order
impedance functions has driven recent research efforts to find specific compact circuit
implementations for the cases of P < 3, under the hypothesis that the impedance
functions display certain specific properties [132, 133, 134]. In particular, the work
in [132] provides a minimal synthesis for all bicubic impedances containing three or less
energy storage elements and displaying a series-parallel structure. These are generally
a subset of the more general bicubic impedances and, as such, can provide a circuit
realization for a reduced number of functions under determined conditions. Given their
relatively simple structure, these compact networks will be directly used whenever
possible. Some examples of such simplified network topologies are shown in Fig. 4.6.
The experimental results in Sec. 4.4 clearly highlight that this simplified low-order

synthesis is sufficient to achieve high-fitting accuracy for the varactors in this study.
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Figure 4.6: Synthesized networks for fitting complexities (P, @, R) = (1,0,0) (N1),
(P,Q,R) = (1,1,0) (N2), (P,Q,R) = (1,1,1) (N3), and (P,Q,R) = (2,1,0) (N4
and N5).
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However, in the general case, the proposed method can provide an equivalent circuit
even for high-order impedances with P > 4 by systematically using the general BD

procedure, as employed in Sec. 4.7.

4.3.3 Complete modeling application

The specific procedure adopted for synthesizing the multibias small-signal equivalent-
circuit model is shown in Fig. 4.7. The first step consists of applying VF at a given
(P,Q, R) complexity to the set of small-signal data points, separately at each bias.
Subsequently, a global fitting error at each bias is evaluated by adopting the following

normalized mean-squared-error (NMSE):
2

Zé{:l ’Z(wk, V) — Zve(s, VB)‘S:jwk )
K Z(wr, VB))? ’

NMSE (V) = 10logy, (4.7)

where K is the number of data points collected at the angular frequencies wy, Z
represents the impedance data to be modeled, and Zyr is the vector-fitted impedance.

If such an error is found to be above a certain user-defined threshold for any
of the Vg values of interest, the VF procedure is repeated with an increased model
complexity. This ensures that the chosen (P, Q, R) values are sufficient to reproduce
the data points at a given V. As varactor technologies might display largely different
physical effects occurring sharply across the bias voltage range, the user might decide
to accept higher fitting errors at given bias voltage or, conversely, enforce a uniform
threshold for the maximum NMSE, across all bias values. Once a satisfactory fitting
error is achieved, either the minimal circuit synthesis approach [131] or a complete BD
synthesis is performed on the impedance function in (4.2). As a result, a complete
RLC network is obtained as a small-signal equivalent circuit of the varactor at each
fixed bias Vg.
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Figure 4.7: Flow chart for the proposed equivalent-circuit model extraction from small-

signal data.

Given that each bias condition is treated separately, there is no guarantee that the
synthesis procedure will result in the same circuit topology for all bias voltages, even
when using VF with the same complexity (P, @, R). However, the relative simplicity of
varactor models adopted in the literature [3, 55, 4], along with basic physical insights,
suggests that a relatively low complexity order is sufficient to achieve satisfactory
model accuracy. This avoids component overfitting and ensures that the same RLC-
network topology can be adopted for all bias values. In this case, the effect of Vg is

realized through bias-dependent network values.

Moreover, it has to be noted that each component value in the synthesized network
is not necessarily controlled by the voltage difference or current at its terminals, but
depends on the external one-port voltage Vi. In other words, it is not guaranteed that
the resulting empirical circuit can be represented as an interconnection of simpler one-
port components that are current /voltage controlled with their own intrinsic variables.
However, this aspect is not critical, as the dependence on the external voltage Vg is

common in many other modeling works [4, 116]. In any case, all possible realizations
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Figure 4.8: (a) Microphotographs of 8x50 pum Shottky diode by FBH (top); 8 x50 um
Shottky diode by WIN semiconductors (bottom). (b) Photo and (c) block diagram of

the measurement setup for performing S-parameter characterization.

of the empirical Vz-dependent lumped component network in CAD, e.g., in terms of
look-up-tables or fitted parametric functions, results in a complete nonlinear model

implementation that is fully compatible with both small- and large-signal simulations.

4.4 Experimental results

The synthesis methodology described in Sec. 4.3.1 has been applied to two GaN-on-
SiC MMIC Schottky diodes, with target applications up to Ka-band, already described
in Sec. 3.3.1. Both devices are derived from planar HEMT structures in which drain
and source terminals are short-circuited (hence Vpg = 0, known as a “cold-FET”
condition). In this way, the stack of materials between the gate metal contact, the
Al,Ga;_,N barrier layer, the GaN channel and the joint source/drain contact are used
to provide a variable capacitance effect [56, 55]. In this configuration, the controlling
voltage Vg is taken as Vs = Vgp < 0 in order to operate the diode in the reverse
region with negligible current. This type of approach is commonly adopted in high-
frequency GaN processes Product Design Kits (PDKs), in which HEMTs are typically
available [4, 116], while standard varactors are not.

The same initial S-parameter data presented in Sec. 3.3.1 are exploited for the
model extraction. Therefore, the same setup is shown in Figs. 4.8(b)-(c) where a
vector network analyzer (VNA, Keysight PNA-X 5247B) is used to acquire the on-
wafer two-port S-parameters at multiple bias points. The bias voltage Vg is applied
through two bias-tees and it is defined as the difference between the voltage applied
on the dc path of the anode and the voltage at the dc path of the cathode, the latter
being always connected to ground. The measured S-parameters for the two-port DUTs

(Sput) are then postprocessed to deembed the access pads as described in Sec. 1.4.
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Figure 4.9: Partitioning of varactor device in three bipoles. The decomposition is valid

if Y-parameters are considered.
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Figure 4.10: Error computed as in Eq. 4.7 for (a) WIN device and (b) FBH device for

multiple bias voltages at increasing complexity.

Since both technologies come in a two-port configuration a 2 x 2 Y-parameters matrix
with terms Yj;, 4,7 = 1,2 could be derived from measured S-parameter matrix. Y-
parameters can then be decomposed into the equivalent m-network shown in Fig. 4.9,
where Y1 = Y11 + Yo1, Yir = Yoo + Yoy, and Yy = —Y5;. This partitioning allows the
three one-port devices to be considered independently, eventually resulting in three
separate networks.

By looking at the physical configurations in Fig. 4.8(c), it is reasonable to as-
sume that the one-port devices Y1 and Yy; can only represent parasitic effects towards
ground, without involving any bias dependency. As expected from layout consider-
ations, each of them simply requires fitting a capacitance in the fF range, without
involving any application of the proposed bias-dependent procedure.

Instead, the full procedure in Fig. 4.7 was applied, at increasing complexity levels,

. . . def
for the measured equivalent impedance function Zy; = ﬁ

Fig. 4.10 reports the resulting NMSE for both the 8 x50 um WIN diode (Fig. 4.10(a))
and 8x50 pm FBH sample (Fig. 4.10(b)) at different complexities at five bias volt-
ages. The complexity levels range from (P,Q, R) = (1,0,0), which corresponds to
a single capacitance with parallel resistance, to (P,Q,R) = (5,1,1), corresponding
to 5 poles/residues as well as the D and E terms. From this analysis, complexities

(1,1,1), (2,1,0), and (3,1, 1) result in good fitting accuracy across all bias voltages.
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Figure 4.11: Measured |Zyy;| impedance (black line) and absolute error across frequency
between Zy1 and its vector-fitted version Zyg for the 8x50 pm diode by WIN. The
extraction is performed at three different complexities for Vg = -22V (a), -16V (b),
-10V (c), -4V (d).
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Figure 4.12: Measured |Zyy;| impedance (black line) and absolute error across frequency
between Zi;; and its vector-fitted version Zyg for the 8x50 um diode by FBH. The
extraction is performed at three different complexities for Vg = -22V (a), -16V (b),
-10V (c), -4V (d).

As the NMSE, is computed as an average across frequency, it is worth evaluating the

deviation across frequency by the following absolute error:

Ey(wy, V) = ’ZIII(wk, VB) — Zvr (S, VB)|s=jui|s VE; (4.8)

where Zyr is the fitting with a given complexity (P, @, R). Fig. 4.11 reports measured
impedance and the computed error for WIN device for the configurations (1,1,1),
(2,1,0), and (3,1,1). In Fig. 4.12 the same results are presented for the FBH device.
The absolute error ranges from a few (2s when the measured impedance is several
ks, and it goes down to the m{ls as the measured impedance is in the Q)-range, thus
displaying consistently small error values across the entire frequency range.

The simplified network synthesis in [132] was applied to a subset of the cases shown

in Fig. 4.11. By using the network labeling in Fig. 4.6, (1,0,0) corresponds to N1,
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Figure 4.13: Network elements for the 8x50 pum varactor by WIN, with component
names referring to Fig. 4.6 (not all components are present for every network). Each
dot corresponds to a given bias value, whereas solid lines are spline approximations

across all bias values.
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Figure 4.14: Network elements for the 8x50 pum varactor by FBH, with component
names referring to Fig. 4.6 (not all components are present for every network). Each
dot corresponds to a given bias value, whereas solid lines are spline approximations

across all bias values.

(1,1,0) to N2, (1,1,1) to N3, and (2,1,0) to N4. The values for the components
for each of these networks are reported in Fig. 4.13 for WIN device, where each point
corresponds to a single-bias VF, while solid lines are the result of spline approximations
across the whole bias voltage range. In Fig. 4.14, similar patterns to those observed for
the WIN varactor can be noticed, such as the sharp change in the C1 value, and the
R1 value in the M(2 range. However, despite the same periphery and similar layout
as the WIN varactor, the FBH device exhibits a higher nonlinear capacitance value, a

higher R3 series resistance, and a lower parasitic inductance.

4.5 CAD implementation and validation

In Sec. 4.4 the model adherence to measured data was evaluated only for the one-
port Yii; element in the impedance domain. In order to implement the model in CAD
environment for simulation, the complete m-network should be implemented, including

Y1 and Y, so as to evaluate the modeling performance for the two-port DUTs. As
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Figure 4.15: Implementation of varactor model for complexity (2,1,0) in ADS envi-

ronment.

already discussed, the capacitor elements This is achieved by considering the two-port
S-parameter matrix S with terms S;;, 7,j = 1,2 as obtained by converting from the
two-port de-embedded admittance matrix Y.

The nonlinear network implemented in Advanced Design System (ADS) environ-
ment is reported in Fig. 4.15. The core circuit is implemented in a symbollically defined
device (SDD) block which has the ability to define the voltage-current equations for
each port evaluated at runtime. In this way, the voltage between port 1 and port 2 is
used to interpolate the value of each element (R1, R2, C1, ...) from a lookup table.
The table contains the value for each element depending on the extraction bias voltage
and ADS performs a cubic interpolation when extracting the values. Y7 and Yy are in-
stead implemented as linear capacitors directly facing the two connection ports. This
methodology has the flexibility to adapt to the device simply considering a different
data file, therefore the same component is adopted for both FBH and WIN solutions.
Moreover, SDD component, being defined by voltage-current equations, fully support
nonlinear simulations, which is desirable for such model.

Fig. 4.16 reports the comparison in terms of S;; and S3; between measurement
and modeling across the whole measured frequency range for the implemented network
N4 at Vg = —20 V, showing accurate model prediction for both DUTs. To allow a
quantitative evaluation of the model accuracy across frequency, the following error

metric is adopted:

g (4.9)

ij Wk, VB S;?Odd(‘ga VB)‘SZJ'WIC

1 2 2
Es(wr, VB) = ZZZ

where S77°%! are the terms of the two-port S-matrix obtained from modeling. Fig. 4.17(a)

reports the error profile across frequency at multiple bias voltages for FBH device,
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Figure 4.16: Comparison between modeled and measured S-parameters at Vg = —20V
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Figure 4.17: Modeling error Eg on the two-port S-parameters for (a) FBH 8x50 um

device and (b) WIN 8x50 pum device across frequency for all available bias voltages.
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Table 4.1: Eg(Vp) in dB as from (4.10) at two selected bias voltages.

Es(Vs) (dB) FBH 8 x 50um WIN 8 x 50um
Complexity | Vg =-20V |/ =-2V |/ =-20V |1 =-2V
(1,0,0) -27.6 -27.9 -22.3 -23.2
(1,1,0) -27.9 -28.3 -22.3 -23.2
(1,1,1) -37.2 -33.2 -32.4 -30.7
(2,1,0) -36.9 -33.3 -32.8 -31.1

showing a slight increase proportional to the frequency, yet remaining below 10~ for
all bias voltages. Similar results are observed for WIN device in Fig. 4.17(b), for which
the error is lower than 2 - 1073. Table 4.1 reports the average error across frequency

calculated as:

Bo(Vi) = ll(kz (e, Vi) (4.10)

for Vg = —20 V and Vg = —2 V at different complexities, generally demonstrating

good model accuracy and increased prediction up to the (2,1,0) case.

4.6 Model scaling

One of the desired properties of a device model is its ability to adapt to different
device sizes and, eventually, being able to predict the performances of smaller or bigger
devices with respect to the ones available for testing. If the prediction is accurate, a
complete PA design could be carried out exploiting the varactor model instead of
fabricating the target device. To assess the robustness of the proposed behavioral
modeling approach and explore its correlation with the physical properties of the
devices, the model fitting procedure was applied to a number of varactor devices
fabricated using the FBH process. Despite all samples sharing a similar layout, finger
configurations are mostly different thought to provide an accurate understanding of
the impact of geometric scaling on device behavior. Specifically, the investigation
focused on two scaling scenarios: one involving variations in the number of gate fingers,
nrg, while maintaining a constant gate finger width of Wy = 75 um; and the other
examining changes in the gate finger width, Wg, for a fixed number of gate fingers,
np = 8 [4]. For this investigation, initially a fixed complexity of (1, 1,0) was employed,
corresponding to the N3 topology, as it is the first complexity exhibiting good fitting

results.



4. Varactor Modeling 79

2X75 4X75 8x75 = = 2x75 best fit = = 4x75 best fit 8x75 best fit
3-6 1-8 I
1, 8 N Y 75
S 24 1.2 1 =<1} SIS = ey
= [ | S8 Xs._ T |&e60
— | ™ O e et
_ x4 N R B
x 1.2 0.6 ;;// — 45
- - =
| TV~ |
0 0 D 11 | et el
-30 -20 10 O -30 -20 -10 O -30 -20 -10 O -30 -20 10 O

Vg (V) Vg (V) Vg (V) Vg (V)

Figure 4.18: Network elements fitting (solid lines) for complexity (1,1, 0) for varactors
in FBH technology with different finger numbers but fixed width (75 ym). Values are
linearly interpolated for each bias and the evaluation of the best fitting function is

reported in dashed lines. Element names are referred to network N3 in Fig. 4.6.
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Figure 4.19: Network elements fitting (solid lines) for complexity (1, 1,0) for varactors
in FBH technology with 8 fingers and multiple finger widths. Values are linearly
interpolated for each bias and the evaluation of the best fitting function is reported in

dashed lines. Element names are referred to network N3 in Fig. 4.6.
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Figure 4.20: Network elements fitting (solid lines) for complexity (1,1, 0) for varactors
in FBH technology with different finger numbers but fixed width (75 pm). Values are
linearly interpolated for each bias and the evaluation of the best fitting function is

reported in dashed lines. Element names are referred to network N3 in Fig. 4.6.
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Figure 4.21: Network elements fitting (solid lines) for complexity (2,1,0) for varactors
in FBH technology with 8 fingers and multiple finger widths. Values are linearly
interpolated for each bias and the evaluation of the best fitting function is reported in

dashed lines. Element names are referred to network N4 in Fig. 4.6.

Fig. 4.18 displays the values of the network elements at increasing number of fin-
gers for layouts 2x75 pum, 4x75 pm, and 8x75 pum, whereas Fig. 4.19 reports the
effect of finger-width scaling, reporting 8 x50 pum, 8x75 pum, and 8x150 pum periph-
eries. In general, C1 exhibits a clear increase as the overall periphery (x np x Wg)
is larger, consistent with the fact that the capacitance originates from the depletion
area of the diode. The intrinsic series resistance R3, which directly impacts the quality
factor of the varactor, reduces as np is increased, whereas it is slightly proportional to
Wg. As expected, the parasitic inductance L1 reduces as np is increased, whereas it
is proportional to Wg. The leakage resistor R1, expectedly, decreases its value both
for larger Wr and larger ngp.  The same study was performed adopting the (2, 1,0)
complexity. This particular topology has previously been shown to be sufficiently ac-
curate for capturing the multibias S-parameter behavior of similar devices. Moreover,
slightly better modeling performances are expected if compared to (1,1, 1) complexity.
Results are consistent with the ones already commented for complexity (1,1,1). The

only addition here is the parasitic resistance R2 that barely depends on the layout,



4. Varactor Modeling 81

thus does not show a clear trend.

In order to better quantify these effects, a linear regression was applied for each
RLC component value with respect to nr and Wy, for the corresponding datasets. The
best fit values by this ideal linear scaling law are shown as dashed lines in Figs. 4.18-
4.21. Capacitance C1 displays a linear proportionality with respect to both nr and
W, that is, with respect to the device total anode area. The intrinsic series resistance
R3 and the parasitic L1 inductance show very accurate linear scaling with Wp, while
the trend is only slightly less accurate with respect to ngp. The scaling properties
for R1 are slightly less ideal, but this behavior can be tolerated considering that its
value in the M(2 range only influences the parasitic conduction and the impact on
S-parameters is negligible.

Although the use of an empirical equivalent circuit may result in the identification
of RLC components that do not always correspond directly to intrinsic physical phe-
nomena in the varactors - potentially complicating their interpretation (e.g., the case
of R2) - the findings nonetheless suggest a notable degree of alignment with intuitive
scaling rules for most equivalent elements. This alignment indicates that the modeling
approach captures meaningful physical insights, even though the models themselves
are derived purely through behavioral analysis based on measured data, without any
prior assumptions or detailed knowledge of the device’s internal structure. This ability
to infer physically relevant trends from a data-driven model highlights the robustness

of the approach and its potential utility in guiding design decisions.

4.7 Modeling of complex structures

As explained in Sec. 4.3, the advantages of the proposed modeling strategy lie in
the possibility of applying the same modeling procedure to non-conventional devices
or more complex structures globally acting as varactors. When multiple devices are
involved, the effects extracted for a single structure can mix up with interconnections
or parasitics provided by the bias line, resulting in complex interactions between com-
ponents, as will be demonstrated later. Influences due to short physical distances can
worsen the simulation outcomes when considering the single-device model instead of
a complete electromagnetic simulation. Moreover, wide-band frequency data could
be useless outside a declared bandwidth, being limited by the design of the structure
and not by the setup involved. This is the case of bias feeds realized with A/4 lines
or narrowband inductors coupled with bypass capacitors. In this Section, an equiva-

lent circuit will be extracted for such structures and compared with electromagnetic
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Figure 4.22: Varactor cells under test. C1 Single diode; C2 two diodes in antiseries

configuration; C3 2x2 island configuration.

simulation results.

The varactor cells under consideration (Fig. 4.22) are designed in the commercial
120-nm GaN-on-SiC technology from WIN Semiconductors already presented. The
first cell (C1) is the Schottky power diode with 8 x 50 um periphery already employed
in this Chapter. The second cell (C2) is realized by connecting two C1 cells in
an anti-series configuration; the third cell (C3) is designed by placing two anti-series
structures in parallel referred to as island configuration (not to be confused with island
design presented in Sec. 3.4). All these designs are custom realizations targeting
the evaluation of varactor elements in configurations more suited for the use in PA
designs. This is mostly due by the fact that since a bias is required for the varactor,
anti-series structures allow to handle the RF input without any bias, influencing as
little as possible classical PA design. Given the novelty of the layouts realized in
this technology, and provided that no measurements were a-priori available for the
varactor region of the diode, a complete characterization is worth carrying out for

each fabricated device.

A preliminary evaluation is conducted as described in Chapter 3 to extract the
equivalent capacitance (C.,) and quality (Q)) factor across V4, for any given frequency.
Multi-bias S-parameters are acquired with a Vector Network Analyzer (Keysight) as
2-port data for the single element C1 in Fig. 4.22 and as 1-port data for the cells C2
and C3 in Fig. 4.22. In the last two structures, the second connection is only meant
for the application of the bias voltage and works as an open connection at the diode
level between 16 GHz and 22 GHz. In all cases, the access pad is de-embedded by
EM simulations as described in Sec. 1.4. The results are reported in Fig. 4.23 for the
operation in the reverse bias region as varactors. For this characterization, the bias

voltage Vj, ranges from -20 V to -2 V.
C3 is expected to provide a C,, approximately equal to that of C1 as it is configured



4. Varactor Modeling 83

Diode 8x50 (C1)
= = =Series diodes (C2)

[y

e
o
@

O

————————

Q-factor

-10 -8 -6 -4 -2 0
Bias (V)

Figure 4.23: (a) Equivalent capacitance and (b) quality factor of the three cells in
Fig. 4.22 at 18 GHz.

as two diodes in parallel connected in series. Instead, the resulting capacitance is
higher than the one of C1 (Fig. 4.23(a)), probably caused by the additional structures
required by this configuration. The increased parasitics provided by both the bias
connection and the interconnection metal clearly impact the quality factor, resulting
in the worst performances. Instead, C2 is realized as a single anti-series structure,
thereby creating a varactor device that nominally has half the capacitance of C1.
This is visible in Fig. 4.23(a) as a red dashed line exhibiting values slightly higher
than expected. @) values are close to the ones of C1 and this is particularly good, as

it indicates that such a structure does not add much parasitics.

The modeling procedure described in Sec. 4.3 has been applied to all three cells,
limiting the frequency range from 16 GHz to 22 GHz. Fig. 4.24 reports the NMSE
computed as in Eq. 4.7 for the three cells. Since C2 and C3 are one-port devices, the
decomposition in a m-network is not needed in this case, therefore the error will be
referred to as NMSE without any subscript. As expected, a reduced error is observed
when the complexity is increased, reaching a plateau from complexity (3,1,0) and
beyond. From this analysis, the complexity (2,1,1) is selected as a trade-off between

accuracy and number of network elements.

BD synthesis applied to the three cells for complexity (2,1,1) results in the network
topology reported in Fig. 4.25. This time, the data resulting from measurements do
not allow for the extraction of a minimal network, therefore the full BD algorithm is

applied. In particular, element Ly corresponds to term E in Eq. 4.2 and is therefore
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Figure 4.24: Fitting errors for five bias voltages at increasing complexities for (a) C1,

(b) C2 and (c¢) C3 cells in Fig. 4.22 over the available frequency range of 16 GHz -

22 GHz.

excluded from the BD algorithm. Values for each element are reported in Fig. 4.26.
Similar results could be observed for all cells and similar trend observable in other
varactor models could be identified in C element, probably the main responsible for
the capacitive effect of the varactors. Notably, the two diodes in series exhibit very
low L values, in the order of fF, resolving in a reduced impact of the right part of the
network on the overall S-parameters.

The bias-dependent network was implemented in CAD software as described in

Sec. 4.5 and the error on the S-parameters is evaluated with the following equation:

2

Eg(wr, Vi) = [ St1 (wr, Vis) = ST (s, Vi)l s | (4.11)

As visible in Fig. 4.27, a maximum value of around 1 - 10~* is observed in the worst
case represented by structure C3 for all bias voltages and in the full frequency span
available. Error drops down to 1-107% for structures C1 and C2. Since these errors are
evaluated by comparing the model performances extracted from measurements with
measured data themselves, good agreement is expected. Instead, it could be inter-
esting to compare this error with that obtained by simulating C2 and C3 structures

with data available for the diode. The results combine the S-parameters of the single
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Figure 4.26: Elements value for BD extraction performed on the three cells. Network

element names refer to components in Fig. 4.25.

diode with EM simulations of the interconnections and bias lines to derive a possible
implementation of the structures if the fabrication of test elements is not feasible.
Figure 4.28 shows the model error, resulting from the average of multiple biases, and
the error computed from the simulation results over the complete frequency span. As
visible, the error obtained from the simulator is order of magnitudes greater than the
one achieved with direct structure modeling. This result further supports the advan-
tages related to the new modeling procedure here proposed as traditional modeling

approaches could not easily be adapted for the goal.

4.8 Conclusions

This Chapter presented the implementation of an innovative automated network
synthesis method for equivalent-circuit modeling of integrated varactor diodes operat-

ing in the millimeter-wave frequency range. The proposed model is derived from empir-
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Figure 4.27: Error on S-parameters for (a) single diode, (b) series diodes, (c) island
diodes.

ical multi-bias S-parameter measurements of the device under test (DUT), without im-
posing any predefined circuit topology. This flexibility allows for seamless adaptation
to diverse design requirements. The procedure incorporates a user-defined complexity
level, enabling designers to balance model accuracy with simplicity. By leveraging
the VF algorithm, a rational function representation of the device is extracted with a
specified tolerance, ensuring accurate characterization of its high-frequency behavior
while maintaining control over computational and modeling complexity.

Although behavioral in nature, the model preserves a connection to the physical
properties of the DUT, demonstrating robustness across different device scales and
technologies. Its direct implementation as a bias-dependent lumped-element network
facilitates both linear and nonlinear simulations in any CAD environment. Although
component values are generally bias-dependent, the approach can identify components
that are independent of bias Vg without requiring any prior assumptions. Users can
then decide whether to approximate certain RLC elements as bias-independent, tai-
loring the model to specific application requirements.

The proposed approach overcomes the limitations of traditional layout-dependent
modeling methodologies, which often rely on low-frequency measurements or the de-
termination of the DUT’s self-resonant frequency. Being entirely data-driven, the pro-

posed models can be fitted with increasingly higher approximation orders to meet spe-
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Figure 4.28: Error on S-parameters computed for model and simulation for a) series
diodes, b) island diodes.

cific accuracy requirements. Independent of the device’s layout details, this approach
is not theoretically confined to single-diode devices. It can be seamlessly extended to
more complex bias-dependent configurations, such as varactors with anti-series diode
structures, or to other bias-dependent devices, such as microwave switches. Moreover,
the dataset used for model extraction can be flexibly constrained in the voltage or
frequency domain, enabling the creation of accurate models tailored to the specific
ranges required by the application. These capabilities are demonstrated by apply-
ing the modeling procedure to two structures designed for PA applications, yielding
superior results compared to pure EM simulations.

This modeling approach, at this stage, lacks a proper large-signal verification which
was not possible to carry out given the instrumentation available in the laboratory. In
fact, NVNA measurements are required to properly extract the voltage and current
waveforms for a detailed comparison with the CAD results [111, 115]. This experi-

mental validation will be addressed in a future development.
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Chapter 5

RF Power Amplifier design

techniques

5.1 Introduction

As mentioned in Sec. 1.2, power amplifiers are the main energy-consuming systems
of base stations or wireless devices, and stand-alone applications powered by batteries
adopt clever ways to reduce the impact of the wireless communication. Depending on
the target application, multiple classes of operation are possible [135]. Traditionally,
operating a PA in class A provide the best performances for linearity, with the draw-
back of forcing the circuit to constantly draw power to maintain the set bias point.
On the contrary, class F operation relies on performance optimization, reducing the
overall linearity FoM.

During the conversion process of a generic power amplifier, not all the input power
is provided to the load. Some metrics could be introduced to properly quantify the
quality of the amplifier, defined as the conversion efficiency. Power-added efficiency

(PAE) is usually employed and is defined as:

PAE — Pour — Pix

b (5.1)

where Ppc is the power drawn from the supply, P;y and Ppyr are the RF input
and output power, respectively. If the efficiency of the amplifier is low, more Pp¢ is
required, hence reducing the PAE FoM.

Solutions to improve the performances of PAs are presented in Sec. 1.2.3 where load
and supply modulations are discussed in detail. This work focuses on the improvement
of single amplifiers, therefore no secondary amplifiers will be introduced to modulate

the main one. Instead, the goal is to act on load and supply voltage of the single

89
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main amplifier with varactors and switches, respectively. At the actual state of the
research, no proper solutions are evaluated for the control of the supply voltage that
will be addressed in future developments. When hardware amplifiers are tested, the
voltage is then imposed by the controllable power supply, while in simulation, a voltage
source is used to provide the proper bias on the drain side. The effect introduced by
varactors is instead considered, first targeting the static control, i.e. adapting the
synthesized impedance independently of the input signal.

As mentioned in Sec. 1.2, power amplifiers (PAs) are the primary energy-consuming
components in base stations and wireless devices. In battery-powered stand-alone
applications, energy constraints drive the adoption of strategies to reduce the impact
of wireless communication. Depending on the target application, various classes of
PA operation are available [135]. Traditionally, Class A operation offers the best
linearity performance. However, this comes at the cost of low efficiency, as the circuit
continuously draws current to maintain its bias point, regardless of the signal level.
Between the extremes of Class A and Class F, other amplifier classes — such as Class
AB, B, and C — strike various trade-offs between linearity and efficiency, and are often
selected based on the specific system requirements. In contrast, Class F amplifiers are
optimized for efficiency by shaping harmonic content through output network design,
but they typically sacrifice linearity as a trade-off.

In a generic PA, not all the input power is delivered to the load. To evaluate how
effectively a PA converts input and supply power into useful output power, we can

introduce the concept of efficiency. A commonly used figure of merit is the Power-
Added Efficiency (PAE), defined as:

pAp - Lour — Pix

PIN
Poe

(5.2)

where Ppc is the power drawn from the DC supply, and Py and Poyr are the RF
input and output powers, respectively. A high PAE indicates that the amplifier effec-
tively boosts the signal while minimizing energy losses. Conversely, if the amplifier’s
efficiency is poor, a larger amount of supply power (Pp¢) is required to achieve a given
output. This excess power, not converted into useful RF output, is dissipated as heat,
requiring careful thermal management to prevent performance degradation or damage.

Strategies for enhancing PA performance are discussed in Sec. 1.2.3, focusing on
load and supply modulation techniques. This work emphasizes improving the efficiency
of a single amplifier stage, without relying on additional amplifiers for envelope tracking
or load modulation. Instead, the dynamic control of the load and supply voltage of

the main amplifier is proposed, using varactor elements.



5. RF Power Amplifier design techniques 91

At the current stage of this research, a dedicated control solution for the supply
voltage has not yet been implemented and will be addressed in future work. Dur-
ing hardware testing, the supply voltage is externally controlled via a programmable
power supply. In simulation, voltage sources provide the appropriate drain-side and
varactor biases. The influence of varactor-based load modulation is considered, start-
ing with static control, i.e., adapting the synthesized impedance independently of the
instantaneous input signal.

Other works demonstrate the efficiency improvement due to the integration of
varactors in the OMN at lower frequencies [136, 137, 138, 139]. For this work, Ka-
band is selected with a center frequency of 16.5 GHz, and the goal is the realization
of a completely integrated solution, therefore the use of devices realizable in the same

process is mandatory.

5.2 Design experience at MEC

The required design knowledge for the design of the PAs with varactors has been
gained during the internship period of six months at Microwave Electronics for Com-
munications (MEC) in Bologna. The company specializes in the design and testing
of MMIC in GaN and GaAs processes for a number of applications, including RF
front-ends, low-noise amplifiers, frequency multipliers, and more.

During this industry period, the work focused on the design and optimization of
a PA operating at microwave frequencies and targeting space applications. Since the
design was intended for military purposes, only limited information can be disclosed
in this Thesis. Initial specifications provided included target parameters such as PAE,
gain, output power, and minimal bandwidth, while leaving the selection of appropri-
ate stages to the discretion of the designer. The expertise gained during this period
primarily focused on the design of static matching networks, both for the output stage
and interstages, and their subsequent optimization using EM simulations. These sim-
ulations were critical in refining the matching networks to ensure optimal impedance
performance across the specified operating conditions. Particular attention was de-
voted to ensuring the amplifier met stringent linearity requirements while achieving
the requested PAE. This balance is often challenging in space applications due to the
need for high efficiency without compromising signal integrity. Respecting specific
temperature constraints is also of paramount importance in this field as conservative
limits are usually in place. Another significant challenge came from layout constraints,

which frequently require the designer to reconfigure certain networks to minimize space
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consumption. In many cases, microstrip lines had to be folded or reshaped to fit within
the compact layout. This necessitated an iterative design process involving EM simu-
lations to verify that the realized impedance matched the amplifier’s demands.

The design experience gained and optimization results are crucial for the designs
presented in the next Section, and this experience turns out to be very tailored to this

Ph.D. work since a similar GaN process was available for custom test designs.

5.3 Output matching network design with varac-

tors

The output matching network (OMN) of the varactor has the role of providing
the proper impedance to the transistor drain port while realizing a 50 €2 impedance
on the second port for the external connection. This condition enables to obtain the
ideal maximum power from the active device providing a standard impedance for the
following elements. The optimal impedance is dependent on multiple factors. First,
the technology heavily impacts the approximate location of the target impedance in
the Smith Chart, mostly related to the physical characteristics of the substrate and
metallization, but also to the geometry of the active element. For this work, GaN-
on-SiC technology from WIN Semiconductors was used. Specifically, an initial study
with the 150 nm technology (NP15-00) is conducted, followed by 120 nm technology
already presented in Chapters 3-4. Other factors affecting the best impedance include
the operating frequency, supply voltage, and output power. Since all these factors
vary during the amplifier’s operation, a trade-off should be considered, targeting the

maximization of one performance in particular.
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Figure 5.1: PAE contours for 4x50 pum device at 16.5 GHz for three bias voltages.

When the foundry provides a product design kit (PDK), the optimum impedance
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can be found by load-pull simulations of the target device, where multiple loads are ap-
plied and the resulting performances in terms of power balance are acquired. Usually,
since many output loads are tested, the results are conveniently plotted as contours,
highlighting in the Smith Chart the regions of best operating conditions. Concentric
circles represent the reduction of the selected performance, usually output power or
efficiency, while the center point is located at the impedance that provides the max-
imum performance. An example is reported in Fig. 5.1 where red lines refer to PAE
contours for 16.5 GHz and a target bias drain voltage Vpg of 28 V with bias voltage
adapted to achieve a 100 mA/mm drain current. Blue and pink curves express the
same metric obtained from Vpg = 20 V and 12 V, respectively. As visible, when the
drain voltage is reduced, the optimum loads move to the left, following a constant re-
sistance circle for the case under analysis. Therefore, one should expect a performance
degradation due to the mismatch between the OMN load and the optimal one when
the drain voltage differs from the target one. The goal of a reconfigurable OMN is
to follow this variation and track the impedance as the supply voltage varies. In this
sense, the amplifier achieves static reconfigurability, i.e., when the operation requires
a low output power to be delivered, the supply voltage is varied accordingly and the
varactor control signal is selected for the target impedance. The reduced voltage on
the drain side will reduce dc power dissipation, and the losses are minimized by tuning

the impedance to the optimal one for the specific configuration.
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Figure 5.2: PAE performance extracted at 16.5 GHz for HEMT stage in common-
source configuration. Efficiency envelope obtained with a fixed load but multiple Vpg
is represented with blue dots; red dots are obtained with a fixed Vpg = 28 V but
different loads; pink dots highlight the ideal condition achieved by selecting the best
load for each tested Vpg.

To better assess the expected performances derived from this combination of effects,

a simulation-driven load-pull analysis was conducted. This study involved sweeping
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the load reflection coefficient across the entire Smith chart, in conjunction with a com-
bined sweep of the drain-source supply voltage Vpg (ranging from Vpg = 18 V up to
the nominal Vpg = 28 V) and the available RF input power, extending from small-
signal levels to values sufficient to reach and exceed the peak power-added efficiency
(PAE). Figure 5.2 presents the resulting PAE values, where each black dot corresponds
to a unique operating condition. From this dataset, it is possible to extract the maxi-
mum attainable PAE profile as a function of output power under various optimization
strategies. For instance, the blue dots represent the PAE profile achieved by varying
the supply voltage while maintaining a fixed load, specifically chosen to yield the best
PAE at the maximum Vpg and obtainable through a conventional matching network.
Conversely, the red dots show the performance attained by optimizing the load at each
power level while keeping the supply voltage fixed at its nominal value of Vpg =28 V.
The highest PAE performance is achieved through a joint optimization of both the
load and the supply voltage, indicated by the pink dots. This dual optimization de-
fines target profiles for both the supply voltage and load impedance as functions of
output power. It must be remembered that these performances are achieved by the
only reconfiguration of the OMN with a reduced impact on the starting design due
to the introduction of varactors in the network. This preliminary study motivates the

subsequent realization of test structures and simple amplifiers in this direction.

Varactors can be integrated into the OMN design in two primary configurations:
either in series with the RF path or shunted to ground. Additionally, multiple varac-
tors or varactor cells may be combined to expand the achievable impedance coverage
of the target network [136]. The choice of topology should consider the characteris-
tics of the available devices, particularly their tuning range and quality factor. The
former determines the extent of impedance variation each varactor can contribute,
while the latter becomes especially critical when large capacitance values are needed
for a specific impedance. In fact, at low bias voltages, varactor capacitance becomes
highly sensitive to bias variations (see Sec. 3.3), making the self-tuning effect under

large-signal excitation more pronounced.

Given these considerations, it becomes evident that although multiple network con-
figurations may theoretically achieve the desired impedance coverage, certain topolo-
gies are preferable as they help mitigate non-ideal effects. Due to the preliminary and
investigative nature of this research on integrated varactors, both configurations were
explored to assess the differing impacts that shunt and series arrangements may have
on overall performance. Although a direct and coherent comparison was not feasible,

since different foundry processes were available at different time, several alternative
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approaches, involving various configurations and test structures, were analyzed to gain

as comprehensive an understanding of the technology as possible.

5.3.1 Implementation with shunt varactor

In this Section, the implementation of a shunt varactor topology is addressed,
similar to solutions presented in other works, although at lower frequencies [140, 137,

138, 141, 142]. In Fig. 5.3, a schematic representation of the contribution provided by

T
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Figure 5.3: Impedance synthesized with the matching network and impact of capaci-
tance variation of the varactor element for (a) maximum capacitance and (b) minimum

capacitance.

each component to the MN impedance is shown. Particularly, the impedance trajectory
obtained is visible when the capacitance value of the varactor element is modified. The
movement should mimic the variation observed in load-pull simulations in Fig. 5.1.
When replacing a single capacitor with a varactor, certain considerations regard-
ing the bias feed must be addressed. The varactor device should have one terminal
connected to ground, while the second terminal must accommodate both dc and RF
components. If the varactor is directly connected to the matching network, as shown
in Fig. 5.4(a), the varactor bias must already be integrated within the network. This
necessitates the presence of a dc feed elsewhere, on the MMIC or outside the chip,
and requires a series capacitor to decouple the dc feed of the transistor from that of
the varactor. Alternatively, a fixed capacitor can be inserted between the varactor
and the network to properly isolate the dc path. This configuration is depicted in

Fig. 5.4(b). In principle, the fixed capacitor could be replaced with a second varactor
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Figure 5.4: Possible implementation of varactor in the matching network: (a) direct
connection providing both dc and RF signals; (b) decoupling capacitor and indepen-

dent bias connection.

element, forming an anti-series structure where both devices are tuned by an external
bias. Such a configuration eliminates the need for bias on the network but still re-
quires a series capacitor to isolate the drain voltage, similar to the first solution. For
the variant in Fig.5.4(b), a bias line provides the necessary dc connection via a dedi-
cated pad. For this solution, the line is designed to present an open impedance at the
central frequency of 16.5 GHz. This design uses a fixed capacitor that exhibits a short
impedance at 16.5 GHz, combined with a line of the appropriate length to transform
the short impedance into an open. Since the required length is typically quite long
at this frequency, the line is folded to minimize area usage. Alternative solutions can
include the use of a large resistor, typically in the order of kQs [143, 103], or large
inductors [136, 140].

Since no varactor device was available in the technology, an RF switch is used
for the purpose. The switch is designed with source and drain contacts on opposite
sides and a gate metal that crosses two bond metallizations. The layout is visible
in Fig. 5.5(a) where both source and drain are connected to ground through backvia
access. It should be noted that the switch design, being realized with the same metal
layer as the HEMT gate, could be placed only with the fingers aligned from left to
right. This is a common limitation of foundry processes that are particularly optimized
in one direction. Although this design could work as a varactor, some issues prevent
its use “as it is” and instead some modifications are required. In the first place, each
backvia has a non-negligible occupation area and comes with design limitations like
minimum distance from other elements and metal layers. This will prevent placing the

varactor close to the network, reducing its effective tuning capabilities. The modified
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Figure 5.5: (a) Original layout of the switch device with source and drain grounded

through backvias. (b) Switch layout modified to allow for only one backvia connection.

version, shown in Fig. 5.5(b), is obtained by connecting source and drain together with
internal vias. In this way, only one backvia is required and the gate connection, now
the input RF port, is directly available with a metal connection. The capacitance of
this new structure should be close to that of the original switch, being affected only

by the missing backvia.

The newly designed varactor was implemented in two different PAs designed and
realized in 150 nm GaN-on-SiC technology. The complete tile is shown in Fig. 5.6,
where a total of four PAs are present along with single varactors for characterization.
The amplifiers are organized in the following way: PA1 and PA2 share the same
layout, both for the IMN and the OMN. The only difference is the varactor element
that in PA1 is substituted with a fixed capacitor optimized for best PAE performances
at 28 V of drain bias. The varactor bias is provided through the output RF pad, while
a dedicated dc pad provides the bias for the drain. In this way, the PAs effectively
implement the solution with varactor directly connected to the matching network (see
Fig. 5.4(a)) and the isolation between drain and varactor bias is provided by a series
capacitor also used for obtaining the appropriate matching. In contrast, PB1 and
PB2 implement the variant with decoupled varactors (see Fig. 5.4(b)) and, as such,
the varactor bias is externally provided by two dc pads, one for each varactor, while
the RF output pad is used for the drain bias. Similarly with PA1 and PA2, also PB1
and PB2 share the same layout, although different from PA1 and PA2 since in this

case the series capacitor must be avoided to correctly provide the drain bias.
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Figure 5.6: Layout of the complete manufactured chip containing the four amplifiers

implementing varactors in the OMN.

Although the layout was designed to be tested with dc probe cards, where a total
of six connections are provided interleaved with ground connections, adequate probes
were not available at the time of characterization. Therefore, the development of a
copper fixture with a custom printed circuit board (PCB) for providing appropriate
dc connections was required. A schematic of the realized PCB is visible in Fig. 5.7(a)
where all the wire connections are represented in blue at the bottom and the bonding
wires are highlighted in yellow in the center hole. Since the PCB is thicker than the
GaN chip, a first realization presented issues when contacting the external RF pads
with the probes. Limitations are due to the clearance between the tip of the probe
contacting the chip and the body of the probe; touching the PCB with the probe
body prevents the tip from correctly touching the metalization. Therefore, a second
revision included the milling of the copper block under the two PCBs, only leaving a
raised square area for the chip. In this way, the surface of the chip and the one of the
surrounding PCB are at the same height, increasing the spacing for the probe. The

problem arises since the PCB needs to surround all the chip for all the bondings to be
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Figure 5.7: (a) Schematic representation of PCB fixture for delivering bias voltage up
to the dc pads. (b) Photo of the complete fixture with two PCB boards and amplifier

chip accommodated on a copper block.

in place. The length of the bonding wire is, in fact, limited, and the inner amplifiers

(PA2 and PB1) have contacts too far away from the top and bottom edges.

Drain voltage 28V Drain voltage 12V
T T T T

1 15
PA1
Vvar -10V
Vvar -15V
Vvar -20V

T

PA1

10 | Vvar 10V | |
N Vvar -15V| |

Vvar -20V

Vvar -25V 0}
Vvar -30V
Vvar -35V
— Vvar -40V
Vvar -45V

Vvar -25V
Vvar -30V
Vvar -35V |
Vvar -40V
Vvar -45V | 7
Vvar -50V
Vvar -5V

S21(dB)
S$21(dB)

0 .;) 10 1‘5 2‘0 25 3‘0 35 0 5I 1 1‘5 2‘0 25 30 35
Frequency (GHz) Frequency (GHz)
(@) (b)
Figure 5.8: Sy; performances of PA1 and PA2 as in Fig. 5.6 for two drain bias voltages

of (a) Vps =28 V and (b) Vpg = 12 V and multiple varactor biases.

Small-signal performances measured for the four sample PAs are reported in Figs.5.8-
5.9. Specifically, Fig.5.8 shows the S5, parameter, with the black line representing the
amplifier with a fixed capacitor and the colored lines corresponding to the varactor-
based counterpart for two drain bias voltages Vpg. The impact of different varactor
biases is clearly visible, and the performance of the varactor version surpasses that of
the fixed-capacitor counterpart when a low varactor bias is applied. This trend is also
observed for the lower Vpg = 12 V, indicating that the capacitance value of the var-

actor is slightly detuned from the optimal value for this amplifier. A similar behavior
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Figure 5.9: S performances of PB1 and PB2 as in Fig. 5.6 for two drain bias voltages
of (a) Vps =28 V and (b) Vps = 12 V and multiple varactor biases.

is observed for amplifiers PB1 and PB2 in Fig.5.9, although the absolute variation
of So1 with respect to the varactor bias is smaller. This outcome was expected, as the
additional capacitor introduced for decoupling the dc bias mitigates the effect of the
varactor tuning. The second varactor was included in this case to enhance the overall
capacitance.

Since the improvement is expected to be mainly on the PAE of the amplifier,
Sy1 performance is not fully indicative of the effectiveness of varactors for improving
efficiency. Large-signal measurements are required, but unfortunately, the needed

hardware was not available.

5.3.2 Implementation with series varactor

As demonstrated in [136], varactors in an anti-series configuration can be inserted
into the OMN as an alternative to a shunt solution. This Section proposes a matching
network based on this implementation variant. The design and fabrication, differing
from Sec. 5.3.1, were carried out using a 120 nm GaN-on-SiC process by WIN Semi-
conductors. In this process, a dedicated device optimized for switching applications
was not available. Instead, a power diode is used, providing an alternative approach
for implementing the varactor. The performance of this component is thoroughly dis-
cussed in Chapters 3—4; here, only the behavior of the matching network (MN) is
addressed. It is important to note that only S-parameter measurements of the diode
under reverse bias were available at the time of design, and the model developed in
Chapter 4 was not applied in this case.

Two test structures were designed and are presented in Fig. 5.10. Both Figs. 5.10(a)—
(b) are block elements used within the complete MN and were included on-chip for

more granular characterization. These blocks consist of cells of four varactors arranged
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Figure 5.10: Test structures for the realization of MN with series varactors. Cell with

configuration of 2x2 varactors is realized in (a) shunt version and (b) 2-port version.
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Figure 5.11: Schematic representation of the realized matching network including the

varactor cells.

in a series-parallel configuration. This layout meets specific requirements related to
biasing, as the DC bias voltage is applied internally within the cell, necessitating a
0 V potential on the exterior. Proper RF isolation for biasing is achieved using a large
inductor and capacitor, which offer high attenuation around 16.5 GHz. Due to this
limitation, MN measurements are considered reliable only within the 9-30 GHz fre-
quency range, beyond which the impact of the DC connection becomes non-negligible.
The difference among the cells lies in the presence of a second RF port in Fig. 5.10(b)
replaced with a ground connection in the cell in Fig. 5.10(a). The two implementations
should enable a fine characterization even for using the cell in shunt configuration and
offer a direct comparison with the anti-series structures described in Sec. 4.7. Two
instances of the cell were used in a series configuration to enable bi-dimensional cov-
erage of impedances, as discussed in Sec. 5.3 [136], ultimately resulting in the circuit
topology shown in Fig. 5.11. Figure 5.12 graphically illustrates the resulting load tun-
ability range enabled by the two island varactor cells across the Smith Chart. The

complete layout of the tunable matching network, including two bias networks that
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Figure 5.12: Reflection coefficient I'; synthesized by the matching network at port 1
with the topology in Fig. 5.11. The effect of the two varactor cells (varl and var2)
is highlighted by reporting two extremal tuning configurations in (a) and (b), respec-

tively.

allow independent voltage control of the two island varactor cells, is shown in Fig. 5.13.
This network was fabricated without any HEMT device to evaluate its standalone per-
formance. The complete matching network is designed to present a 50 2 impedance
at the output port (port 2, on the right) and the ideal impedance for the transistor
at the second port (port 1, on the left). Varactor biases are provided independently
through dc pads (Vg1 and Vo).

Figure 5.13: Layout of the designed tunable matching network. The target impedance
is realized at port 1, while port 2 is to be terminated to the 50 €2 load. The two pads

at the bottom allow to provide independent bias voltages to the two varactor cells.

An S-parameter measurement campaign was conducted by sweeping the two bias

control voltages, Vg1, Vs € {—4,—30}, to characterize the full practical tunability
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range. The resulting area covered in terms of load impedances is shown in the Smith
Chart plot in Fig. 5.14, and is found to be sufficient to reasonably cover the target
load profile required for optimal matching of the PA stage under consideration. The
set of control voltages capable of tracking the wanted impedance profile as a function

of power are reported in Fig. 5.15.

e Measured loads
= Optimal impedance

Vos /

Figure 5.14: Loads extracted for all combination of varactor biases (red dots) extracted
at 16.5 GHz and best impedance trajectory (blue line) extracted from load-pull simu-

lations with Vpg swept from 18 V to 28 V.

Finally, Fig. 5.16 shows the insertion loss of the matching network across the se-
lected control voltages for a 1 GHz bandwidth centered at 16.5 GHz. In this case study,
substantial losses are observed across the operating band due to the introduction of
multiple varactors, whereas the variation in loss across the different values of the con-
trol bias voltages Vg;—Vgs at the center frequency of 16.5 GHz is approximately 0.5 dB.
Overall, the lower performance that a tunable matching network generally yields com-
pared to a conventional matching network requires a trade-off evaluation against the

efficiency improvement resulting from load adaptation.

5.4 Conclusion

This work on the implementation of varactors in OMN is in its early stages and
many efforts are required to achieve a fully working PA. The necessity of first including
discrete devices as standalone test structures for the characterization, results in an
increase in the time required for the design phase. The creation of a varactor model
is of main importance for large-signal simulations, required for extracting the PAE

performances for the amplifier. Unfortunately, device models were not available at the
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Figure 5.16: Insertion loss of the designed tunable matching network extracted from

small-signal measurements at selected varactor bias voltages.

time of design due to the strict deadline for the submission of the successive foundry
tape-out.

Despite poor models being used for the design, both complete amplifiers and test
network structures are available for further studies. In particular, large-signal mea-
surements will be conducted on the complete amplifiers to evaluate if the simulation
results respect the observed performances on both variants. The networks realized in
120 nm technology can be fully characterized and used to simulate a complete PA to
properly assess the impact of the losses introduced by series devices.

Overall, for small-signal excitations, an impact on the gain of the amplifier is visible
and for some designs, the performance variation is substantial. If the losses introduced
by the varactors are of modest impact, an improvement in efficiency performance could
be expected. Despite the variant with decoupled varactor demonstrated reduced ef-
fects, a solution with anti-series devices could be tested as better linearity performances

are also expected [144].



Chapter 6

Conclusions

6.1 Main achievements

The aim of this thesis was to introduce new approaches to address the challenges
posed by emerging technologies such as 5G and 6G. These standards demand highly
efficient power amplifiers capable of operating over wide bandwidths and, potentially,
across multiple frequency bands. GaN technology was selected for this work, as it is
one of the leading contenders in current research for applications at microwave fre-
quencies. Thanks to the collaboration between the University of Bologna and the
Microwave Engineering Center for Space Applications (MECSA), the author gained
access to the NP12-00 120-nm GaN-on-SiC process and the NP15-00 150-nm GaN-
on-SiC process provided by WIN Semiconductors. This advanced technology enabled
the design and fabrication of multiple tiles incorporating test structures specifically
tailored to the research objectives. The necessary design competencies were acquired
during a six-month industrial internship at Microwave Electronics for Communications
(MEC) in Bologna, Italy, a leading MMIC design center. Another key opportunity
was the collaboration with the Ferdinand-Braun-Institut (FBH) during a three-month
research period spent at the FBH Power Lab in Berlin. During this time, both the
measurement capabilities and access to the foundry facilities proved to be highly ben-
eficial. As a result of this collaboration, custom varactor designs were fabricated
and evaluated. The whole Ph.D. work is supported by the European Union’s FSE
REACT-EU initiative through the Italian Ministry of University and Research under
D.M. 1061/2021 - PON ‘RICERCA E INNOVAZIONE’ 2014-2020.

These collaborations lead to the improvement of GaN amplifiers for telecommuni-

cation, working on different fronts:
o First, a comprehensive characterization of GaN high-electron mobility transis-
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6.1 Main achievements

tors (HEMTS) is conducted to identify the key figures-of-merit (FoMs) associated
with trapping effects. In this context, a complete measurement framework is pro-
posed with the objective of streamlining the performance evaluation process for
multiple devices. Significant efforts were dedicated to the development of the
pulser board, which, in combination with the measurement setup - including an
oscilloscope, arbitrary signal generator, and power supply - facilitates the gener-
ation of voltage waveforms with fast edges and long periods.

When assessing the impact of the layer composition and the fabrication quality
on the amount of device defects, a robust experimental evaluation is essential
in conjunction with simulations based on device physics. This is particularly
critical for the proposed ‘buffer-free’ devices, whose behavior differs significantly
from that of ‘classical’ devices. Nevertheless, the proposed setup and extrac-
tion strategy proved to be both flexible and well-suited for identifying the main

signatures of these devices. The results are published in [66, 67].

A complete evaluation of integrated diode devices targeting their use as varactors
was proposed. The evaluation objective is to assess whether these devices can be
adopted in power amplifiers to provide some reconfigurability, usually unachiev-
able due to the impact of losses and parasitics. The evaluation includes the study
of integrated capacitors and multiple layout arrangements, showing the impact of
both the equivalent capacitance and the quality factor obtained. A new varactor
device is proposed, exploiting island structures instead of fingers, and realized
in the FBH GaN-on-SiC process. Preliminary results are presented, indicating
that promising performances can be achieved with further optimizations. The

results are published in [145].

A novel modeling approach targeting varactor devices has been presented. This
procedure enables the generation of a lumped equivalent circuit for a varactor
device or structure based on multi-bias S-parameter measurements. The pro-
cess begins with the derivation of a rational function from the available data,
followed by network synthesis using either the Bott-Duffin approach or mini-
mal network synthesis. The successful modeling of multiple Schottky diodes
is demonstrated, with considerations on the model’s scaling properties and ad-
herence to physical characteristics. Additionally, the modeling of more complex
structures is explored, focusing on anti-series diodes and a 2x2 structure designed
for implementation in a matching network. The method showed significant im-

provements in automating model extraction and provides greater flexibility, par-
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ticularly in its ability to work with constrained frequency data. The results
are detailed in a paper published in the IEEE Transactions on Microwave The-
ory and Techniques (TMTT). Furthermore, the application of the method to
more complex structures is discussed in a conference paper presented at the In-
ternational Workshop on Integrated Nonlinear Microwave and Millimetre-wave
Circuits (INMMiC) 2025 in Turin.

o The impact of varactors on the PA gain metric is demonstrated and the com-
parison with the fixed-capacitor version shows that comparable performances
are achieved. Despite sub-optimal tuning apparently worsening the increment
of performances at lower drain biases, varactor bias still has some margins for
trying to tune the impedance properly. The stand-alone matching network has
also demonstrated good adherence with simulations. These preliminary results
could be exploited for establishing the effective PAE improvement relying on

measurement data and proper device models.

6.2 Future work

Many further developments could follow from the results obtained during the Ph.D.
period. Some key improvements will be discussed in this section along with next

research goals.

o Regarding the HEMT characterization, the measurement setup could be further
extended in its capabilities by adding more half-bridges to develop a double-
pulsed setup. This would allow for other types of characterizations [146, 147]
to possibly be added to the current ones. From the extracted signatures, the
improvements of existing models could be addressed [148], including the impact
of traps. In the current state, no bias tees are present in the setup, therefore no
vector measurements could be performed. The extraction of S-parameters after
the pulse application can provide additional insight on the trapping behavior and
location [149, 150]. From the preliminary characterization conducted, it is clear
that ‘buffer-free’ devices need a proper model to replicate the peculiar behavior

and more considerations on trap effects and identification must be made.

o On the characterization of varactors, particularly on the custom island varac-
tors, a more extensive evaluation is worth conducting. The application of the
described modeling procedure could lead to insights about the impact on the

performances of different elements, like the losses introduced by the bonding
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metalization. Comparison with classical fingered designs with similar active area
in the same technology can be pivotal to evaluate improvements on losses, area
occupation or large signal performances. Regarding the latter, a proper large-
signal measurement campaign is already scheduled and it should provide better
description of self-tuning effects when high RF power is injected in the device. If
good results are obtained, possibly with the help of TCAD physical simulations,
further adjustments could be made in the layout and more samples could be
fabricated.

The modeling procedure, at this stage, lacks a proper large-signal validation of
the model with NVNA measurements. This step was not implemented due to the
unavailability of the proper hardware, but is of key importance to obtain accurate
simulations. The development of proper scalable model could also be considered
in order to streamline the CAD simulation and let the model automatically adapt

to the target varactor size.

The PA design is in its early stage and many issues must be addressed. First,
large-signal continuous wave (CW) measurements are required to fully evaluate
the improvement due to the introduction of varactors. The characterization of
losses is of main importance, and it also applies to the standalone matching
network. The available results could be used in simulation to extract the real
impact of the network on PAE performances and, if necessary, the network could
be tuned and re-designed. Since the layout footprint of this first solution is
relatively high, a new version could optimize the cell design by realizing a more
compact anti-series structure. The impact of varactors on the linearity of the
amplifier is also of interest as the PAE performances are not the only driver
for modern RF amplifiers. Linearity characterization will also be tested for the
independent 2x2 cell structure to better correlate the observed distortions to the

self-tuning effects or parasitics of the varactors.
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