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Abstract

Due to the internal coupling between bonding wires inside RF power amplifiers, the current
across wire arrays becomes non-uniform, causing individual cells to operate under unequal
and non-ideal conditions. Various optimisation approaches enhancing the uniformity have
consistently led to improvements in device performance. The consistent performance gains
across different methods suggest that a common underlying mechanism or variable may
be driving observed improvements. Multiple approaches have been compared to reveal
the underlying mechanism. Simulation results show that optimising the bond wire height
distribution is most effective from the perspective of a voltage-controlled current source.
A uniform voltage distribution over the gate results in increased maximum power output.
Furthermore, the current phase of the drain should be aligned to enhance the efficiency.

Keywords: RF Power Amplifiers, Distribution effect, Scaling effect, Proximity effect, Bond

wire.
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Chapter 1

Introduction

The demand for faster wireless communication has led to significant advances in high-power
amplifier technology and design. High-power amplifiers are used in multiple applications
like broadcasting, industrial, scientific research, medical, heating, (non-cellular) communi-
cations, aerospace and defence operations.

The basic working principle of an amplifier is to increase a weak signal to a signal
with a stronger amplitude [6, 18]. Active devices such as transistors are used to achieve
amplification. Radio Frequency (RF) amplifiers amplify the amplitude of signals operating
at high frequencies, typically in the range of MHz to several GHz. High-power amplifiers
take this principle to the next level by amplifying the signals to hundreds of watts of output
power.

Input Amplifier Output
signal signal

Matching Matching
network network

FIGURE 1.1: Basic operation of a RF amplifier.

Single transistors do not have the capabilities to achieve the power requirements in high-
power applications. Therefore, designers connect multiple transistors in parallel to increase
the output power constructively. The downside is that impedances decrease drastically and
sometimes even approach impedances < 1{2. RF systems require well-matched networks
to ensure efficient and accurate operation, which can be challenging to achieve at low
impedance values [12]. Mismatching can result in excessive heat generation, ultimately
damaging the amplifier or other components. Complex matching structures are therefore
integrated into amplifier packaging to overcome mismatching.

Designers heavily depend on their extensive knowledge of high-power RF amplifiers when
designing complex matching structures. Knowledge that is not always readily available to
the end-user makes it difficult for them to extract optimal performance from the amplifier.
Matching structures are therefore integrated into the amplifier package by the designer.
The integration of matching structures limits the use cases of the specific amplifier. De-
signers, therefore, become more involved in the user application to judge it on a system
level rather than a transistor level.



Based on the requirements, designers can determine the required transistors and technol-
ogy. If possible, designers prefer to choose an existing transistor die model and evaluate
the criteria using an CAD tool. Packaging is then determined based on the die size and
the number of dies required to achieve the desired power output. Parasitics of the pack-
aging can be simulated by EM-simulation software. Then the internal matching network
is designed using package parasitics, requirements and the die impedances. Designing spe-
cific internal matching enhances the overall operation of the device, but limits its range of
applications.

If the matching network is designed, the designer connects all individual parts to per-
form load-pull simulations. The goal of load-pull simulations is to find the optimal perfor-
mance under matched conditions, and the results can be used to verify the requirements
based on performance. This way, the designer can virtually simulate the device’s perfor-
mance before creating a prototype, resulting in shorter design cycles and fewer trial-and-
error iterations. Accurate models of all components are required to provide reliable and
accurate results.
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FIGURE 1.2: Internal components of a power amplifier. The transistor die (in dark
blue) is connected to the matching capacitors (in green) and the package leads via
bond wires (red lines). The metal bars in Yellow connect the bond wires and the
transistors. The left side of the die is the gate side and gate matching structure,
while the right side of the die features the drain matching structure.
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FI1GURE 1.3: Internal side view of a power amplifier.



Figure 1.2 and 1.3 show the internals of a high-power RF amplifier. Typically, the device
consists of four main components:

Die: The die (also referred to as power bar) contains multiple active devices (active
cells) in parallel. The individual cells operate simultaneously to amplify the input signal
present at the gate. Typically, the die is made using Laterally-Diffused Metal-Oxide Semi-
conductor (LDMOS) or Gallium Nitride (GaN) technology. Multiple dies can be placed
inside the package to increase the power output further.

Capacitors: Capacitors are placed inside the packages and function as part of the
matching network. Usually, the capacitors are formed using metallic contacts on top of a
silicon block. A thin oxide layer between the metal and the silicon forms a Metal-Oxide
Semiconductor (MOS) capacitor.

Bondwires: The primary function of the bond wires is to interconnect the devices
with the package lead. In addition to connection, wires are used as inductors to match
the network with capacitors. Bond wires can vary in length, height or diameter to achieve
desirable inductance values. Different materials, like gold or aluminium, form the bond
wires.

Packaging: The package houses the components and ensures that the amplifier can be
mounted on printed circuit boards. The package also acts as the source for the transistors
and is responsible for cooling. Furthermore, the package introduces package parasites such
as lead capacitance and inductance.



Chapter 2

Problem discription

Ampleon specialises in designing and delivering high-quality, high-performance RF power
amplifiers based on LDMOS and GaN technologies. The multimarket department targets
various applications with their RF power amplifier, including broadcasting, industrial,
medical, cooking, communications, aerospace, and defence.

FI1GURE 2.1: Current distribution over the internal bond wire arrays. The current
distribution at the gate lead (bottom left) is assumed to be uniform. Due to the
proximity effect, the current becomes nonlinear at the gate of the power bar. This
non-uniform distribution is then amplified and delivered to the drain package lead
(top right).

Figure 2.1 presents a 3D view of the internals of a power amplifier. The signal is injected
into the device via the gate lead. Bond wires carry the signal from the lead via the matching
capacitor to the gate of the cells in the power bar. Due to the internal coupling between the
bonding wires and distributed effects inside the devices, the current across the wire array
becomes non-uniform. The non-uniformity causes the individual cells in the power bar to
operate under different conditions. Therefore, some cells can generate more power than
their neighbours, while other cells can even start to dissipate power [2]. These effects are



highly undesirable, as they negatively impact the performance of the devices. Especially
in GaN devices, since the performance heavily depends on the operation temperature.
Additional heat generation can activate thermal degradation, reducing the lifespan of the
devices.

RF design engineers carefully design complex matching circuits inside the packaging
to ensure correct operation for their intended use of the power amplifier. Distributed
effects can cause impedance mismatching, resulting in individual cells operating outside
the intended operation region. Furthermore, with the advancements in GaN technology, the
power density of the devices is increasing with each generation. Therefore, bond wires will
carry more current, or the space between bond wires will be reduced, ultimately resulting
in increased mutual coupling and non-uniform current distribution [15, 16].

Ampleon is curious if RF performance is enhanced by optimising the distributed bond
wire height over the bond wire array. Due to coupling effects, not all wires inside the bond-
ing wire arrays have the same inductance, causing the current to distribute non-uniformly.
The height of individual wires can be tweaked to equalise the inductances over all wires in
the bond wire array. Equal inductance should result in a more uniformly distributed cur-
rent over the wire arrays. However, inductance is frequency-dependent. Bond wire height
distribution could be used to optimise for the fundamental frequency, harmonics, current
distribution, and more parameters. This study should therefore result in new insights into
effective optimisation techniques for bond wire height to extract additional performance
from high-power RF amplifiers.



Chapter 3

Related work

3.1 CAD models of bond wires

The accurate modelling is crucial for efficient design and reliable amplifiers. In 2001, the
first comprehensive study was published on the modelling of high-power RF transistors
using CAD tooling [13]| by K. Mouthaan. Mouthaan introduced detailed models for capac-
itors, packages and bond wire arrays, which are implemented in Advanced Design Systems
(ADS). Components are simulated individually and then cascaded using the modelling by
segmentation approach to virtually estimate the performance of RF high-power amplifiers
[1].

During the study, it was observed that the capacitance effects could be neglected for the
bond wires at low frequencies. Consequently, Mouthaans’ bond wire model is based on
Neumann’s inductance equation to calculate the mutual inductances [16]. Self-inductance
is calculated via this equation by mirroring the wire in a perfect ground plane. Mutual
coupling is calculated and added to the self-inductance to acquire the total inductance of
the wire. Furthermore, DC losses (due to the finite conductivity of the wires) and AC
losses (due to the skin effect) are accounted for.

For frequencies above 6GHz, discrepancies between measurements and simulations are
observed [3], which highlights the limitations of the bond wire model in ADS. As frequency
increases, capacitance effects and parasitics become more pronounced, rendering the bond
wire model implemented in ADS incomplete. Three-dimensional EM simulation software
is more accurate at higher frequencies [8, 10]. The benefit of EM simulation includes
the comprehensive modelling of all effects at a higher resolution, although at the cost of
increased computational requirements and increased simulation time. With fast and rapid
prototyping being a priority, this increased simulation time can be undesirable. As a result,
engineers often prefer simulation by lumped elements. A common workaround is to extract
the S-parameters from the EM simulation and use them for further modelling purposes.
Nevertheless, altering the layout or the design of the shape will influence the S-parameter,
necessitating new EM simulations.

In response to these limitations, a physics-based bond wire model was proposed in
2012, accounting for the capacitance between the wires and the ground [14]. A benefit
of this model is its causal nature, which allows it to be used in time-domain simulations.
Additionally, there are fewer restrictions on wire shape compared to Mouthaans’ model.
Agilent therefore implemented this model in ADS as an improved model of Mouthaans’
bond wire model. However, due to differences in shape definition and compatibility issues
with developed tools and scripts, Mouthaans’ bond wire model is still used in some new



designs today in sub-6GHz applications.

3.2 Distribution effects in high-power transistors

The growing interest in higher efficiency and more powerful high-power RF amplifiers
has led to increased complexity in matching structures and enhanced power density. The
increased power density introduced new challenges in distribution effects. To understand
this consequence, Neumann formula is used [15]:

As the power density grows, so does the current flowing over the matching structures within
a smaller area. Equation 3.1 indicates that an increase in current (I) or reduction of area
(r) results in increased mutual coupling between the wires. Consequently, the difference
in wire inductance over the array strengthens, causing currents to concentrate more at the
device’s outer edges. Therefore, the differences in voltages and currents over the transistor
die increase with an increase in power density. In response, operating voltages have been
raised while maintaining power outputs, thereby reducing current demands. However, with
the rise of GaN devices and their increased power densities, modelling distribution effects
is becoming more critical.

The advancements in modelling techniques have provided the engineer with deeper in-
sights into distribution effects, such as the proximity effect, and their impact on overall
device performance. Simulations can accurately predict current and temperature distribu-
tions, allowing designers to make targeted modifications to enhance performance [11, 17].
Individual cell performance and operation conditions can be evaluated and optimised more
accurately. Designers can effectively understand the impact of distribution effects on over-
all device performance and make informed design choices to counter these effects.

Measuring distribution effects can be challenging. Due to the small packages and high cur-
rent densities, a change in the magnetic field can alter the current and disrupt the device’s
operation, rendering all measurement results inaccurate. The potential distribution could,
however, be measured with advanced non-intrusive near-field measurements [9].

The temperature distribution is relatively easy to calculate using infrared microscopes (al-
though not all heat is radiated from infrared radiation). From this, designers could make
informed estimates about the current distribution and modify their designs accordingly
[19]. Additionally, the bond wires that carry the most current are often the first to mal-
function due to excessive heat caused by high current flow. When these wires melt, they
physically identify where the current is concentrated. By examining which wires in the
array have melted, designers can make educated guesses about which wires carried the
most current. Despite this indirect method, validating the accuracy of simulation results
remains challenging. Direct measurements are often not reliable enough, leaving designers
to rely on advanced modelling techniques and simulation tools to predict and mitigate
these effects.



3.3 Improvement techniques

Engineers often rely on their extensive knowledge and experience when designing high-
power RF amplifiers. However, if critical effects are not adequately known or incorrect
assumptions are made during design, discrepancies can arise between simulated results and
actual measurements obtained from test samples. In such cases, engineers typically seek to
develop a solution that mitigates the specific discrepancies observed. These solutions often
lead to new patents and lack comprehensive scientific validation or a clear rationale for
the solution [20]. The individual solutions could be generalised into the following design
approaches:

- Harmonic terminations: When multiple active devices parallel to each other are
driven with a non-uniform distribution, odd-mode oscillation caused by the harmon-
ics can emerge. As shown in [2], individual cells in the power bar may start to
dissipate power instead of contributing. A harmonically tuned filter can selectively
suppress the harmonics and improve the overall device performance [4].

- Variable Die Pitch: Another approach to addressing non-uniform current distribu-
tion at the gate is by modifying the size of the cells in the power bar. This technique,
known as variable die pitch, involves making the outer cells smaller than those in the
center. By reducing the size of the outer cells, their power output decreases, resulting
in a more uniform overall power output across the power bar. This method effectively
mitigates the non-uniform amplification effects caused by gate current distribution,
resulting in more consistent drain characteristics for the power bar. However, one
major drawback of this technique is that it often results in wasted die area and
decreased power density.

- Power rail design optimisation : The power rail connecting bond wires and gate
leads can behave as transmission lines, allowing signals to propagate in unwanted
directions and varying individual cell characteristics. To mitigate this effect, a simple
yet effective solution is to cut the metal rails. Detailed analyses have shown that
cutting the rails improves voltage distribution across the device, resulting in enhanced
overall performance [7]. This optimisation technique helps to ensure that each cell
operates consistently, resulting in enhanced device performance.

3.4 Improvement techniques considering bond wire length

Another possible improvement technique involves modifying the electrical length of indi-
vidual electrical paths. Studies have shown that adjusting the layout of bond wires can
significantly impact current distributions and heat generation [11, 17, 19, 5, 8|. In [17, 19],
the layout of the drain bond wires is changed to increase the inductance of the outer shunt
bond wires. Therefore, the current distribution is more uniform over the shunt bond wires.
The outer bond wires generate less heat compared to the original design, which prolongs
the product’s life [11]. In [8], the length of the edge bond wires has increased, making
them electrically longer. This makes the phase in the drain more uniform, resulting in an
increased efficiency of 10-15%. In [5], the bond wire array geometry is altered to improve
the power distribution over the die.

The electrical length at the drain is adjusted in the sources above to improve the
distribution. In 2022, I. Vlokhine conducted an internal study at Ampleon to improve the
device’s performance by reducing non-uniformity over the wire array (Figure 3.1). This



study was based on an existing device model in ADS with 21 active cells in the power bar.
The second-most outer bond wires at the gate have been removed, increasing the current
that runs over the outer edges of the bond wire array. It has been observed that the outer
edge cells operate less efficiently, while the efficiency of the centre cells in the power bar
has been improved. The reason for this improvement is unknown, but the outer cells have
likely been sacrificed to enable the device to operate more uniformly.
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FIGURE 3.1: Second outermost bond wires are cut in I Vlokhine’s work. The
picture represents the matching structure at the gate of the device.

Furthermore, M, Ustunel have conducted extensive research at Ampleon in altering the
gate bond wire lengths to mitigate harmonic effects at the drain, by making the voltage
distribution over the gate more uniform. Furthermore, the results indicate that improve-
ments made at the gate can impact the distribution effects at the drain.

3.5 Conclusion

Several strategies to eliminate distribution effects have been proposed and implemented.
However, some solutions are patented and lack comprehensive scientific evidence supporting
their effectiveness. Meanwhile, various optimisation approaches have consistently led to
improvements in device performance. The consistent performance gains across different
methods suggest that a common underlying mechanism or variable may be driving the
observed improvements.

Some techniques have been applied to the gate, while others have been applied to the
drain. Combining these may further improve the device’s performance, but requires the
underlying mechanism to identify effective optimisation methods.



Chapter 4

Methodology

The conclusion of section 3 indicates a research gap in the fundamental understanding of
the elimination of distributed effects. In this chapter, the aim of this work is presented to
fill this gap. Additionally, research questions are formulated using this methodology.

4.1 Aim

Section 3 highlights the diversity of approaches that can be employed to enhance the per-
formance of high-power RF amplifiers. This multiplicity of methods suggests the presence
of an underlying mechanism or principle that requires further investigation beyond the
optimisation techniques themselves. With the growing power densities, understanding and
mitigating these effects becomes increasingly crucial for resolving distribution-related is-
sues in RF high-power amplifiers. Therefore, the purpose and contribution of this study
are to uncover the underlying mechanism and propose effective optimisation strategies.

4.2 Research questions

The main question that the study focuses on is: How can bond wire height optimisation ef-
fectively be used to mitigate the distribution effects in high-power RF amplifiers to improve
device performance?

To answer the question, multiple sub-questions have been formed:

Are existing models accurate enough to model the distributed effects?

Is optimising a specific parameter more effective at the drain or the gate side?

Which distribution effects are encountered more effectively by the bond wire height?
- Is it possible to forecast the change in distributed effects?

These sub-questions will guide the research and analysis conducted throughout this study,
ultimately contributing to a deeper understanding of the relationships between bond wire
height, distribution effects, and high-power RF amplifier performance.
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4.3 Methodology

Given that the primary focus of this work is not on designing high-power RF amplifiers from
scratch, but rather on optimising their performance through bond wire height optimisation,
it was deemed most effective to start with an existing device model that has already been
fully measured and modelled. The benefits of using an existing design include:

e Verified Design: The design has undergone multiple iterations and modifications,
resulting in a working device. This provides a reliable starting point for further
optimisation and modelling;

¢ Existing measurement results and models: The device performance character-
istics are already well-documented, allowing us to build upon this foundation.

With this existing design as the basis, a detailed model can be created to analyse and
quantify the present distribution effects within the high-power RF amplifier. This model
will serve as the foundation for further research and experimentation. Next, the bond
wire heights on both the gate and drain sides will be individually altered to counteract
the observed distributed effects. Different optimisation strategies will be explored on each
side, enabling a comprehensive comparison of their relative effectiveness. Simulation re-
sults from these improvement strategies will then be compiled and analysed to draw overall
conclusions about the impact of bond wire height optimisation on high-power RF amplifier
performance. Figure 4.1 illustrates the Simulation Matrix, which will serve as a compre-
hensive framework for comparing and contrasting various optimisation approaches.

The simulation matrix will be populated with the results of individual approaches used
to optimise for specific parameters. The parameters are on the left of the matrix. Ad-
ditionally, the location of the applied technique is specified. Presenting the results in a
structured matrix format will enable comparison and highlighting of any significant differ-
ences between various optimisation strategies.

Gate Drain Combined

Phase

Inductance,

Rail

FIGURE 4.1: The simulation matrix containing multiple approaches for improve-
ment techniques (on the left) applied at certain locations (on the top).
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Chapter 5

Modelling of distributed
characteristics

In this chapter, the chosen high-power RF amplifier device is rebuilt and simulated in ADS,
creating a full-scale model that serves as the basis for further analysis of the distributed
effects. The device’s performance is evaluated to quantify distributed effects while exploring
modelling choices and limitations to discuss reliability and accuracy.

5.1 CLF24HLS300P RF power amplifier

The CLF24HLS300P from Ampleon is selected as the basis for this work, an active GaN-
SiC HEMT power transistor designed for Continous Wave (CW) applications in the 2400
MHz to 2500 MHz frequency range.

Key features:

* 300W RF power amplifier;
* Drain directly connected to the package lead via a single bond wire array;
* Integrated DLP internal matching network in ceramic package;
* Two dies integrated in the package, separately connected to the package leads;

* The source also acts as a heat sink, located at the bottom of the package.
For more detailed information on the device’s performance, refer to the datasheet or Am-
pleon’s website.

| pwoesot

FIGURE 5.1: CLF24H4LS300P High-Electron-Mobilit Transistor (HEMT).
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5.2 Ampleon Bond Wire Tool model

The performance of RF power transistors relies heavily on matching networks, with bond
wires being a critical component within the matching structures. Several tools assist the
design of bond wires, such as Keysight ADS or Ansys EDT. However, these tools serve
multiple design purposes, making them versatile. This also leads to a repetitive and time-
consuming design process for designing bond wire arrays. Additionally, extracting the
impedance values is not a straightforward process since simulations are required.

To overcome the challenges, Ampleon has developed a software tool called Bond wire Tool
(BWT) for designing and evaluating bond wires. The BWT provides an intuitive graphical
interface which helps to visualise the shape and directly calculate wire inductance. Bond
wire arrays can be created from multiple single wires, where the coupling between wires,
based on frequency, is calculated directly to extract the total inductance of the array.
If numerous arrays are added to a project, a complete assembly can be drawn in this
tool. Based on the location of the bond wires, the tool can calculate the coupling between
individual arrays and wires. To further streamline the design process, the tool can generate
scripts to import bond wire designs directly into ADS and Ansys EDT.

z[pm]

FIGURE 5.2: Assembly of the CLF24H4LS300P power amplifier graphically given
by the Ampleon BWT.

The layout of the CLF24H4LS300P high power amplifier as provided by the BWT (Figure
5.2) shows two dies with identical matching structures. The bond wires are numbered from
the die such that Lgl (Lead gate (Lg)) represents the gate bond wire array connected to
the die and the first capacitor. Lg2 is connected from capacitor 2 to capacitor 1, and Lg3
is the wire array connecting the package lead to the 2nd capacitor. Ld is the bond wire
array connecting the drain of the die to the package lead.

From this model, the inductances of the arrays and the coupling factor between the arrays
are calculated in the BWT. The results are in the table 5.1. Notably, the coupling factor
found is relatively small, indicating that the placement of the second die and the matching
network in the package has a negligible impact on the overall inductance values.

A further comparison (table 5.2) reveals that the presence or absence of the second half

13



of the device makes no difference in array inductance. Since there is no difference in bond
wire inductance, further modelling is done with only one half of the device to reduce the
computational time.

Nsetl Lgl | Nsetl Lg2| Nsetl Lg3| Nsetl Ldl| Nset2 Lgl | Nset2 Lg2 | Nset2 Lg3 | Nset2 Ldl

Nsetl Lgl| 1 0.0428 -0.0010 -0.0183 0.0007 0.0015 0.0011 -0.0017
Nsetl Lg2| 0.0428 1 -0.0039 -0.0248 0.0015 0.0045 0.0008 -0.0020
Nsetl Lg3 | -0.0010 -0.0039 1 -0.0811 0.0011 0.0008 0.0477 -0.0454
Nsetl Ld1| -0.0183 -0.0248 -0.0811 1 -0.0017 -0.0020 0.0455 0.0706
Nset2 Lgl | 0.0007 0.0015 0.0011 -0.0017 1 0.0428 -0.0010 -0.0183
Nset2 Lg2| 0.0015 0.0045 0.008 -0.0020 0.0428 1 -0.0039 -0.0248
Nset2 Lg3| 0.0011 0.0008 0.0477 0.0455 -0.0010 -0.0039 1 -0.0811
Nset2 Ld1| -0.0017 -0.0020 -0.0454 0.0706 -0.0183 -0.0248 -0.0811 1

TABLE 5.1: Coupling factor k£ table calculated by the BWT.

halve full
LG1 0.059 0.059
LG2 0.168 0.168
LG3 0.174 0.174
LD1 0.114 0.114

TABLE 5.2: Inductance of the bond wire arrays in nH calculated by the BWT.

5.3 ADS simplified model

The BWT can generate a script to import the shapes and layout of the bond wires in ADS.
Usually, these inserted components and definitions of the bond wires are then inserted in
a simplified schematic to model the behaviour of the power amplifier. Figure 5.3 presents
the simplified electric schematic of half the CLF24H4LS300P components shown in Figure
5.2.

-

Ld1
i __/WY\__JWY\—“; Die
Lg3 Lg2 Lg1

f— 07/ _—C1

v

FiGURE 5.3: Simplified electrical schematic of the internal components of the
CLF24HA4LS300P.

The schematic in Figure 5.3 contains a DLP filter, formed by the gate bond wires and the
gate capacitors, and is connected to the gate of the die. The die is a model available in the
Ampleon library constructed from 13 individual cells. The drain of the power bar is then
connected to the package lead via the drain bond wire (Ldl). Each inductor is equal to
the equivalent inductance of the whole array. The behaviour of half of the power amplifier
can therefore be described with the simplified schematic. However, the package parasitics
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are not included, but have a significant impact on the device’s performance due to the
low operating impedances. Fortunately, these parasitics are already known and equivalent
schematics already exist for this device. Figure 5.4 contains the remaining elements to
complete the schematic in ADS.

P2
Num=2
.,_/\/\/\, a2 La'a's"
L L L R L L (o}
Lg3 Lg2 Lg1 R19 Ld1 L6 Cc6
L=0.188 nH L=0.168 nH L=0.059 nH b R=0.04Ohm L=0.114nH L=0.18nH =~ C=2pF
R= R= R= = =
USRI, N, SN, M o E
L
P1 3 c G I_
L5
Num=1  R18 [ c2 -
R=1.5 Ohm 85 ;::0-06 nH L CoispF ™ C=20pF )[2\10 32mm_A1_13xCell2m4
C=2pF

6 P3
Num=3
FIGURE 5.4: Simplified model of half CLF24H4LS300P internals.

Besides the inductors (bond wires), capacitors, and the package’s parasitics, a resistor of
1.502 has been added at the gate. In reality, the package lead resistance will be significantly
smaller. However, the model of the die required some additional resistance to suppress the
total gain of the device and improve the stability of the simulations.

The schematic in 5.4 is used to perform HB-simulations in combination with load

sweeping to determine the large signal behaviour of the device at different load points.
This type of simulation is also known as a load-pull simulation and is discussed in more
detail in Appendix A. Figure 5.5 contains the resulting compression contour lines from the
load-pull simulation.
The compression contour lines are a useful tool, as they provide an overview of the device’s
performance at the 3dB compression point for a specific load. The Maximum Efficiency
point (MXE) is achieved at an impedance Zj, = 1.176 — j1.784(2, reaching a drain efficiency
of 79.42% with a respective output of 208W. A load of Z; = 1.726 — j2.615) reaches
the Maximum Power point (MXP) with a power of 281WW. However, this shift in load
impedance for a higher power output is a trade-off with efficiency, and the drain efficiency
then drops to 75.15%. In both cases, the source impedance is set to 592, Vgg = —5V and
Vps = 50V.

A comparison of the simulation results and the datasheet of the CLF24H4LS300P re-
veals some discrepancies. First, it is important to note that the simulations only cover
half the device. This results in different impedance values and power output values. It
immediately becomes clear that the peak power output of the simulation model is too high.
Furthermore, the drain efficiency of the simulation results is higher than the performance
mentioned in the datasheet (74% compared to 79.42%). Discrepancies between the simu-
lations and measurements are common. Engineers, therefore, measure the response of the
actual device and tune their simulation model accordingly to match the measured data
before making their models available for customers.

Multiple reasons can cause the discrepancies between the simulation and measured results.
One reason may be the assumptions made in the models used in ADS. Another reason
may be the absence of distribution effects since the schematic in Figure 5.4 assumes equal
operating characteristics for each cell. Further investigation into the different operating
characteristics is not possible due to the simplification of bond wire arrays to a single
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Compression contour lines

e T

e

o Pout_compr_WI[ix,iy]
[=} E‘
0'3 207.81
8%
g; DE_max[ix,iy]
< \ 79.42
EE
IL" 8‘ Gp_pout[ix,iy]
o3 15.08

o

GIM (-0.400 to 0.400)

m1

GIM=-6.939E-17
DE_compr_contours_p=0.627 / -138.394
level=79.418, number=1

impedance = 1.303 - j1.786

FIGURE 5.5: Load-pull compression contour lines of the schematic of Figure 5.4.
The impedances are normalised to 52 due to the low impedance values of the device.

inductor. Therefore, in the next section, a model is designed to include all individual bond
wires and rail components.

5.4 Design of the extended simulation model

To simulate the distribution of current, voltage PAE, DE, a model is required which in-
cludes all individual components. Figure 5.6 represents a block diagram for modelling the
distribution effects.
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w - w - v -
LS ] " .
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w "] w |
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FIGURE 5.6: Block diagram of the required components to simulate the distribution
effects.

In this section, the block diagram will be implemented in a schematic for simulation pur-
poses. First, the bond wire model will be explained and discussed in detail. Then, the
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capacitor rails are discussed and implemented in the schematic.

5.4.1 Bond wire model
The CLF24H4LS300P consists of 180 bond wires, 90 for each half of the device, divided

over four arrays. Two models are available in ADS to model these bond wire arrays. The
model based on [13] has a couple of restrictions:

- The model calculated the self- and mutual inductances of coupled bond wires using
Neumann’s inductance equation;

- Each bond wire is segmented into 5 straight segments;

- Bond wires are not allowed to touch or intersect;

- The model assumes a perfectly conducting ground plane;

- Capacitive coupling between bond wires and the ground is not accounted for;

- Loss due to radiation is not considered;

- A change in current distribution due to the proximity of other wires is not included;
- DC losses, due to the finite conductivity of the wires, are included;

- AC losses from the skin effect are included in a zero-order approximation.

The alternative bond wire model implemented in ADS overcomes some of these problems
[14]. Capacitive effects are included, and since it is a physics-based model, the causal
nature allows the model to be used in time-domain simulations. However, since the device
operates at frequencies below 6GHz, the difference between the models is negligible [8,
10]. Therefore, both models are valid candidates for modelling the bond wires in the
CLF24H4LS300P.

Both models allow different shape definitions in a single bond wire array. Additionally,
each bond wire location could be adjusted individually. This is important for defining
multiple different bond wire topologies within a single array to improve distribution across
the die. Defining different bond wire topologies within a single array model ensures that
the coupling between all individual wires is accounted for. Therefore, it is preferred to
specify all 90 bond wires within a single bond wire array to avoid manually adjusting the
coupling factor for each bond wire. The model based on [13] supports up to 50 bond wires,
while the model based on [14]| supports up to 100 bond wires. Since the device contains
90 bond wires, the model based on [14] is preferred.

885858888004

R

FIGURE 5.7: A single bond wire array model [14] of 90 wires in ADS. The single
array is split into four arrays, indicated with the dashed lines, where the colour
corresponds to Figure 5.6.

Figure 5.7 represents a single bond wire model in ADS segmented in multiple arrays where
the colours correspond to the colours in Figure 5.6. The bond wire shape definitions are
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generated by the BWT for each array (Lgl, Lg2, Lg3 and Ld1). Figure 5.8 and 5.9 contain
screenshots of the 3D view, illustrating the location and bond wire shape for the different
arrays.

—

Lg2

g1

y

INEERRRENENE]

—

FIGURE 5.8: Top view in the layout editor in ADS. The bond wire array placement
corresponds to Figure 5.6.

FIGURE 5.9: Side view in the layout editor. The gate lead is located on the left,
and the drain is on the right side of the figure.
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5.4.2 Rail modelling

The rails mainly act as a landing path for the bond wires,

but also as a conductor for the signal to travel in unwanted

directions, resulting in reduced performance of RF amplifiers |y — Hj__
[2, 7]. Integrating this effect while still maintaining the volt- o mswr | ] o
age distribution, sections of transmission line are connected — w=295um c=C2
between the bond wires in the schematic. L7196 um T

Figure 5.10 presents a small section of the capacitor metal — MLIN __c| @—
rail constructed by transmission line. It should be noted that ;t?,;f'MSumu e

the capacitor is formed by the metal rails and ground plane ~~ YZ28um | | e
with the dielectric substrate in between. However, the ac-  — —
tual capacitor used typically includes additional capacitance. '\TA,_L;ZI 1 c =
To account for this, additional lumped capacitors have been a:‘f;;"&“nfum" 8202
added to the model to match the total expected capacitance. L=198 um T

The drain rail is modelled differently. The die contains
13 active cells, while the drain leads are connected using 23
individual bond wires. The transmission line length between
each cell’s output manifold and its corresponding bond wire
varies depending on its position along the power bar. To accurately model the metal drain
rail, transmission lines of varying lengths were added based on the positions of the Ldl
bond wires relative to the output manifolds of the active cells. Furthermore, no additional

FIiGUure 5.10: Ca-
pacitor moddeling.

capacitance is required.

Since the metal bars consist of multiple small transmission line segments, standing
waves caused by oscillations are omitted. The longest metal rail is located on the capacitors
with a length of 5610um. This means that the smallest frequency that fits in the metal
bar is around:

c 299792458
v rHr *
f=o = Yol V2114 93G (5.1)

A A 5610%10-6

This means that the first resonances can exist on half of that, which is 7.47GHz. This is
just above the 3rd harmonic of the device’s operating frequency.

5.5 Reference model results and limitations

To evaluate the model’s performance, two types of simulations have been conducted. First,
the AC-simulation was used to validate the design by the inductance values of the bond
wire arrays. Secondly, Harmonic Balance (HB) simulations, in combination with load
sweeping, have been performed to evaluate the large-signal behaviour of the device. Both
simulation results are included and discussed.

5.5.1 AC simulation results

The first step is to validate the total inductance values of the arrays. It is impossible
to extract the array inductance from the model directly. Therefore, AC simulations are
required to measure the current and voltage drops over the bond wires of each array. Then,
the individual bond wire inductance is calculated using:
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imag(Z)

Lgl = 5.2
JiBWa 2% m* freqx 1079 (52)
where Z = ‘I/ V represents the voltage drop across one bond wire. The total array

inductance is then calculated by:

LngWz

(5.3)

1 - 1

Lgl - Z

=1
where x represents the bond wire number. Results from AC-simulations are plotted in
Figure 5.11. The inductance values are in close agreement with the calculated inductance

value by the BWT shown in table 5.2.
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FIGURE 5.11: Bond wire array inductance of the full-scale reference model
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FI1GURE 5.12: Individual wire inductance over the bond wires in the array. Bond
wire number 0 corresponds to the outer edge bond wire of the array, 14 (or 6 in the
case of Lgl) indicates the center bond wire in the array.

The bond wire inductance distribution is analyzed using equation 5.2, as shown in Figure
5.12. Notably, the outer edge bond wire (labelled as bond wire number 0) has the least
inductance due to the mutual coupling included in the model [14]. The description of
the bond wire model in ADS states that it assumes a uniform current distribution while
calculating the wire inductance. However, Figure 5.13 shows that the majority of the
current is flowing through the outer edge bond wires. The only exception is the bond wire
array connecting capacitor 1 to the gate of the die. Here, the current is concentrated in
the middle. This is most likely due to the discontinuity in the number of bond wires in the
first array compared to the other two arrays. Either way, the distribution over the power
bar is non-uniform, resulting in the cell operating under different conditions. Therefore,
the model can simulate the effect of different operating conditions on the power bar.
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FIGURE 5.13: Current distribution over the bond wires for the gate arrays. Bond
wire number 0 corresponds to the outer edge bond wire.

5.5.2 Load pull simulation results

To investigate large-signal behaviour, load-pull simulations are conducted. The gate bias
is set to Vs = —5V to ensure class AB-operation, and the drain bias is fixed at Vg, = 50V.
The load sweep region of interest is chosen to be approximately the same area as previously
shown in Figure 5.5. Figure 5.14 shows the Drain Efficiency (DE) curves from the load
pull simulation. The DE is expected to increase exponentially with the output power until

the transistor saturates. In Figure 5.14, the graph shows significant efficiency drops along
an increase in output power.

Drain Efficiency

[ o |
|
\\

Drain efficiency (%)
i

42 44 46 48 50 52 54

Output power (dBm)

FIGURE 5.14: Drain efficiency curves unoptimised model.

A drop in DE by increased output power levels is typically caused by unwanted secondary
effects. In Figure 5.15, it is seen that the complex impedances of individual cells act
differently with an increase in input power. The complex impedance is a function of the
current and voltage (including the phase) and therefore contains information about the
operating conditions of each cell. In this case, the impedances are not closely located and
do not follow the same trajectory as a function of input power. If the phase of the output
signal for each cell is different, it can lead to a destructive combination of the signal, which
could explain the drop in DE seen in Figure 5.14.

The datasheet states that the DE of the CLF24HLS300P power amplifier is approximatly
74%. This means that the impedance pulling should not be as significant in the real world.
Therefore, there should be a cause that could explain this discrepancy.

The log file generated by the simulator reveals issues related to the model’s convergence.
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FIGURE 5.15: Complex drain impedance (fundamental frequency) as a function of
the input power across the powerbar seen by each cell. Cell 1 is the outermost cell,
and Cell 7 is the center cell.

Since multiple devices are connected via metal rails (transmission lines), their operating
characteristics influence one another. This means that if their neighbour’s characteristics
change, their characteristics will change. Due to these interactions, the step-by-step calcu-
lations fail to converge on a single solution, resulting in non-converging simulations. The
step-by-step approach of the simulator does not converge, which explains the discrepancy
between the results and the measured data.

5.5.3 Model conclusion and limitations

The background indicated that multiple factors can significantly impact the performance
of high-power RF amplifiers. These factors include impedance pulling [2]|, rail effects
[7], and variations in impedance values of the bond wires [13]. To accurately model these
complex interactions, the bond wire model in ADS was incorporated into a single schematic,
alongside transmission lines to simulate the effects of metal rails.

Simulations of the model show different results compared to the measured data reported
in the device’s datasheet. The main reason for this discrepancy is the impedance pulling
effect, which hindered the simulator from converging on a solution. In addition to this
issue, the model also has further limitations, including the assumption of uniform current
distribution and the absence of temperature influence. Notwithstanding these limitations,
the model offers a significant advantage in uncovering optimisation techniques related to
bond wire heights.
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Chapter 6

Simulation and results of
optimisation strategies

Using the model developed in the previous section, it is possible to adjust the height of
individual bond wires to optimise various operating characteristics. The height is manually
tuned to achieve a uniform distribution in the simulation result. Since the AC simulation
is sufficiently fast, this process does not require a significant amount of time. Load-pull
simulations are then performed with different height distributions to evaluate the device’s
large signal performance.

6.1 Current Phase

Multiple sources have emphasised the significance of current phase distribution in device
performance, indicating that optimising phase characteristics can enhance overall perfor-
mance. Increasing the electrical length of individual bond wires will slightly delay the
signal. The height can, therefore, be altered to achieve a more uniform current phase
distribution.

6.1.1 Gate current Phase

Figure 6.2b shows the red line representing the current phase distribution at the gate (after
the signal passed the wires of Lgl). At the outer edge bond wire (bond wire number 0),
the phase is ahead of the middle bond wire by approximately 50 degrees. The height of the
outer bond wires has been increased to increase the electrical path, delaying the current
at the edges. In the center, the wires have been slightly lowered to reduce the electrical
length. The blue line in Figure 6.2b is the new current phase distribution at the gate. The
height distribution of Lgl is presented in Figure 6.2b and a 3D view in 6.2a.
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Current Phase Lg1 @2.45GHz
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FIGURE 6.1: The original current phase (red line) where the current in the outer
edge cells (on the left) is ahead of the current in the center cells. The gate bond
wire height has been optimised in a way that the current phase is uniform over the
gate (blue line).
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(A) 3D view of Lgl. (B) Bond wire height distribution.

F1GURE 6.2: Lgl bond wire height distribution for gate current phase optimisation.
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From Figure 6.2a, it can be observed that only the bond wire height of array Lgl has been
altered. While Lg2 and Lg3 also introduce phase shifts, modifying their heights could help
mitigate these effects. Nonetheless, adjusting the height of a single array to compensate for
the total delay is a more straightforward approach. Given that Lgl is directly connected
to the gate of the die and shares the same current amplitude and phase, it is preferred for
this optimisation technique.

Performing load pull simulation, including the current phase optimised height distribution,
multiple warnings about convergence issues were reported in the log file. A closer examina-
tion of the impedances of the die itself revealed significant differences along the array as a
function of the available input power (see Figure 6.3). With an available power input of 30
dBm, the gate impedance values are all closely clustered together. However, as the avail-
able input power increases, gate impedance values diverge. Despite convergence problems
rendering the results unreliable, it is worth noting that the fluctuations in the fundamental
drain impedances have decreased substantially compared to the drain impedance reported
in Figure 5.15. This observation suggests some improvements in the uniformity of the
operating characteristics, although further refinements are needed to ensure the simulator
converges.
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(B) Drain impedance seen by the cells.

FIGURE 6.3: Impedance distribution over the cells in the power bar (Zy = 2.075 —
j1.090).
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6.1.2 Drain current Phase

Figure 6.4 displays the new phase current at the drain in blue, and the original current
phase in red. Notably, the original phase difference in the drain bond wire amounts to only
about a couple of degrees. In contrast to the gate matching structure, which features an
Double Lowpass (DLP) filter that introduces significant phase shifts along the array, the
drain matching structure is relatively simple. Consequently, the improvement in uniformity
of the current phase at the drain due to optimised drain bond wire heights is limited, and
only small gains are realised.

Current Phase Ld1 @2.45GHz

Phase (deg)
b

Bond wire number

FIGURE 6.4: The original current phase (red line) where the current in the outer
edge cells (on the left) is ahead of the current in the center cells. The drain bond
wire height has been optimised in a way that the current phase is uniform over the
gate (blue line).

Although the improvement in current phase uniformity is modest, significant increases were
made to the height of the outer edge bond wires, as illustrated in Figure 6.5. Unfortunately,
these increased heights render the bond wires incompatible with the package design and
make them non-producible. Notwithstanding the omission of thermal feedback from the
temperature increase in the bond wires, it is expected that smaller height increases would
be sufficient to achieve a more uniform current phase. Simulations have therefore been
conducted, despite the impracticality of implementing bond wires with such high heights.
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(A) 3D view of Ldl. (B) Bond wire height distribution.

FIGURE 6.5: LD1 bond wire height distribution for drain current phase optimisa-
tion.
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Performing load pull simulations with the new Ldl bond wire height distribution yields
convergence issues. A comparison between Figures 6.6 and 5.15 reveals that there is little
to no improvement in the uniformity of operation characteristics for the power bar. This
suggests that altering the bond wires at the gate has a more significant influence on the
drain impedance characteristics than modifying the bond wire heights at the drain.
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FIGURE 6.6: Impedance distribution over the cells in the power bar (Z; = 2.150 —
j1.081).

6.1.3 Combined current phase

With both the gate and drain bond wire arrays optimised to enhance current phase dis-
tribution uniformity, load pull simulations will be conducted on a device featuring these
optimised configurations. The operating impedances, as shown in Figure 6.7, demonstrate
results that are closer to those in Figure 6.2b than to those in Figure 6.6. This observation
suggests that the modifications made at the gate have a more pronounced impact on the
overall device performance.

Due to the persistence of convergence problems in all load-pull simulations, it is impossible
to plot reliable contour lines to determine the optimal operating load value. Consequently,
drawing a reliable conclusion from current and voltage distributions over the power bar is
challenging.
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FIGURE 6.7: Impedance distribution over the cells in the power bar (7 = 2.196 —
j1.062).

Examination of the Drain Efficiency (DE) curves reveals that impedance oscillations
are still present after optimising for the current phase (see Figure 6.8). The most effective
approach to resolving convergence issues appears to be isolating the individual cells to
mitigate the impedance oscillations. Therefore, the following simulations will be based on
segmenting the rails to increase the isolation between all cells.

28



Drain Efficiency
80

40—

20—

Drain Efficiency (%)

0\|\||‘\||‘||\‘|[\||‘||!
30 32 34 36 38 40 42 44 46 48 50 52 54

Power out (dBm)

60— .

Impedance
oscillations

FIGURE 6.8: Drain efficiency plot indicates impedance oscillations present after

improving the current phase distribution.

6.2 Rail segmentation

The metal rail is segmented into separate pieces to mitigate impedance oscillations, thereby
increasing the isolation between individual cells. This modification aims to prevent the
propagation of signals from one cell to another, as discussed in further detail below.

6.2.1 Drain Rail cuts

In the original device, the drains of all 13 cells are connected
via a common drain rail. This shared metal structure facili-
tates bonding to the package lead using 23 bond wires. Since
the number of cells (13) and bond wires (23) are prime num-
bers, it is impossible to divide the rail into equal sections.
Since the oscillations are extending the simulation time, it
is decided to make as many cuts as possible. There are four
points in the rail where only a transmission line is between two
bond wires (and no drain of a cell is connected). These trans-
mission lines are subsequently deactivated to isolate the indi-
vidual cells from each other. This modification also implies
the disappearance of capacitance between these transmission
lines and ground, which could potentially affect device per-
formance. However, in simulations, the differences were not
significant enough to notice and are therefore assumed to be
negligible.

The power bar configuration has been revised to a 3-2-
3-2-3 arrangement, with each section connected via 5-4-5-4-5
bond wires, respectively. Since the schematic is too large
to present in this report, only a block diagram is shown in
Figure 6.9. In this configuration, the blocks are isolated from
one another, connected solely through the bond wires and
leads.

SR
3x 5x

0
2x 4x

_|q > —>» Drain lead

3x 5x

- b
2x 4x
- b
3x 5x

FIGURE 6.9: Block
diagram of the seg-
mentation by drain
rail cuts.

Load-pull simulations conducted on the configuration depicted in Figure 6.9 have re-
sulted in further convergence problems. Unfortunately, these issues have prevented the
simulator from finding a solution, rendering the simulation results unusable. As a result,

no reliable data can be presented for this simulation.
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6.2.2 Segmenting capacitor 1 rail

The gate bond wire array (Lgl) does not connect directly
to a shared "gate rail" on the power bar itself. Instead,
each cell features its dedicated landing pad for each bond
wire, isolating all gates from one another. This configu-
ration implies that cells can only interact with each other
through the Lgl bond wires and the capacitor rail.

As discussed in Section 6.1, it has been observed that
device performance is susceptible to small changes on the
gate side of the device. Given this information, further
investigation into the possibility of isolating cells by cut-
ting the rails becomes an intriguing option.

The first candidate for segmentation of the rail is the
metal bar atop capacitor C1. It is essential to note that
this metal bar forms an integral part of the capacitor it-
self, and any cuts made may potentially affect its capac-
itance value. For the sake of this analysis, it is assumed
that the change in the capacitor’s capacitance is negligi-
ble. With this consideration in mind, the metal bar on
capacitor C1 has been cut at four locations, as depicted
by the red dotted lines in Figure 6.10. There is slightly
more flexibility in determining the optimal cut location
for the capacitor’s metal bar than for the drain rail. Var-
ious placements of cuts have been explored, but not all
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FIGURE 6.10: Cuts

made on capacitor 1 rail.

solutions have yielded convergent simulation results. Notably, isolating the outer cells has
proven particularly crucial, as will be demonstrated through load-pull simulation results

later on.

Since the result converged, the MXE and MXP could be identified in the contour lines.
Consequently, the impedance of each cell could be investigated at its peak efficiency point.
The impedances are presented in Figure 6.11. Inspection of this figure reveals that all cells
exhibit very similar impedance characteristics across the entire available power sweep. The
only notable exception is Cell 1, which shows distinct impedance behaviour. Specifically,
the real impedance at the gate of Cell 1 is slightly higher than its counterparts. Conversely,
the drain impedance of Cell 1 exhibits a different trend as input power increases. These
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(B) Drain impedance seen by the cells.

FIGURE 6.11: Impedance distribution over the cells in the power bar (Z;, = 1.923—

j0.252).
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FIGURE 6.12: Voltage and current distributions over the power bar at the gate for
the max efficiency point (Z7, = 1.923 — j0.252).

differences underscore the importance of isolating outer cells via the cuts made in Figure
6.10.

According to [7], cutting the metal rails has been shown to enhance the voltage distribution
within the device, leading to improved overall performance. The complex impedance, as
a function of both voltage and current, provides information about the device’s operation.
Figure 6.12 presents a plot of the voltage and current across the power bar, providing in-
sights into the amplitude and phase characteristics of the device’s operation, which reveals
a more uniform distribution of currents and voltages. To further explore this phenomenon,
Figure 6.12 presents a plot of the voltage and current across the power bar, providing
insights into the amplitude and phase characteristics of the device’s operation at MXE.
An examination of Figure 6.12 reveals that the operating conditions at the gate differ
significantly between he outer cells (cell 1 and 13) and those in the middle region (cells
2-12). The isolation of outer cells via cuts exhibits a similar effect to the work of I.
Volokhine. Despite convergence problems, a direct comparison of the voltage and current
distribution improvements between the original and modified configurations is not feasible.
However, analysing the impedance plots (which are inherently linked to both voltage and
current distributions) reveals convergent results, suggesting that this phenomenon may
indeed translate to a more uniform distribution within the device.

The middle cuts also contribute to the avoidance of convergence problems. Simulations
conducted without these cuts resulted in convergence problems, although the effects are
not immediately apparent from the amplitude plot 6.12a. However, a closer examination
of Figure 6.12b reveals a significant phase difference at cells 4-5 and 9-10. As noted in
[7], segmenting the rail is beneficial up to a certain amount of rail cuts before the gains
diminish. This is evident from the results, as further segmentation would not lead to
significantly improved distribution.

Examine Figure 6.13 reveals that the transistors continue to behave like a voltage-controlled
current source since the shape of the output current amplitude is almost identical to the
voltage shape in Figure 6.12a. The outer cells produce more current compared to the centre
cells due to their difference in operating voltages. The amplitude of the current produced
by the outer cells is significantly higher, approximately % times that of the cells at the
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FIGURE 6.13: Voltage and current distributions over the power bar at the drain
for the max efficiency point (Z, = 1.923 — j0.252).

centre. Moreover, an analysis of the phase angle (figure 6.13b) reveals a substantial phase
difference between the outer and inner cells. While the centre cells exhibit only minor
differences in phase, amounting to a few degrees, the former are 30 degrees off.

An examination of the voltage distribution at the drain reveals minimal differences between
the outer and inner cells. The voltage is off by 1.5V and 2 degrees. Given this similarity in
voltage behaviour, the shape of the output power is primarily determined by the current.
This trend is apparent in Figure 6.14a, which plots the power distribution over the power
bar at maximum efficiency.
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FIGURE 6.14: Power, gain and Power Added Efficiency (PAE) distributions at max
efficiency point (Z7 = 1.923 — j0.252).

The gain and PAE are provided in Figure 6.14b. It is evident from this figure that the
second outermost cells (cell 2 and 12) exhibit the highest PAE, although not providing the
most power. In contrast, the outer cells (cell 1 and 13) generate more power but achieve
this at a slightly lower PAE. Conversely, the cells located in the center of the power bar
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produce less power while operating at slightly lower PAE. Significant differences in PAE
exceeding 15% imply that there is potential for further improvements in the distribution
and operation of the cells.

Until now, only the distributions of the Maximum Efficiency point (MXE) has been dis-
cussed. The device also has a Maximum Power point (MXP), achieved at different load
impedance, specifically Z; = 2.643 — 71.957. Notably, there is minimal difference in the
voltage and current distributions (and therefore output power). However, differences are
observed in terms of PAE and gain, where the distribution becomes more uniform as seen
in Figure 6.15. Due to the minor differences, full distributions and operating characteristics
at MXP are given in Appendix B.
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FIGURE 6.15: Gain and PAE for maximum power output point (Z; = 2.643 —
j1.957).

To provide an overall perspective on the performance of the device with capacitor rail
cuts, Figure 6.16 presents a nose plot. This plot serves as a helpful tool for differentiating
between maximum power output and maximum efficiency operating conditions. The ob-
jective of employing optimisation techniques is to minimise the distribution effects, thereby
enhancing the curve to achieve higher efficiencies or power.
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FIGURE 6.16: Performance trade-off curve of the load-pull simulation with cuts in
Cl1.

The rail cuts have resulted in the first converging simulations and results. Therefore, these
results will be used as a reference when further improvement techniques are employed.
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6.2.3 Combining drain rail and capacitor metal cut

Next, the rail cuts from Figure 6.9 and Figure 6.10 are combined, followed by harmonic bal-
ance simulations to analyse the changes in behaviour. Figure 6.17 presents the impedances
as a function of input power for the MXE (Z7 = 1.916 — j0.234).
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FIGURE 6.17: Impedance distribution over the cells in the power bar (Z;, = 1.916—
70.234).

A comparison of the impedances from Figure 6.17 with that shown in Figure 6.11 reveals
only minor differences. Notably, at the gate, the impedances of cells 6 and 7 exhibit a slight
increase in their real impedance value. For the drain, the spread of the middle cells has
become marginally broader. This subtle variation may indicate a decrease in uniformity
across the device’s output characteristics, which could lead to a corresponding reduction
in overall performance.

Figure 6.18 presents the operating characteristics where the capacitor rail and drain rail
are cut. A closer examination of Figure 6.18a and Figure 6.18b reveals that there are
no significant differences in the gate operation characteristics. However, a more detailed
analysis of the drain characteristics indicates some discrepancies. The implementation of
rail cuts at the drain has resulted in a reduction in the uniformity of voltage distribution
across the cells. This, in turn, results in a decrease in the PAE for cells 6-8 seen in Figure

6.18f.
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FI1GURE 6.18: Distributed characteristics and performance at maximum efliciency

point (Z;, = 1.916 — 50.234).

Furthermore, this drop in performance is also reflected in the overall performance curve
of the device. Figure 6.19 shows a slight reduction in performance along the entire curve
compared to the simulation results, where only capacitor segmentation was included.
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FIGURE 6.19: Performance trade-off curve of the load-pull simulation with cuts in
C1 and the drain rail.

Transistors act as voltage-controlled current sources. Improving the voltage distribution
over the gate will therefore translate into better overall device performance. Additional rail
cuts may enhance the uniformity of the voltage distribution over the power bar, resulting
in better drain impedance characteristics. This can prevent oscillations and improve the
device’s performance.

An attempt was made to improve the uniformity of voltage and current distributions over
small sections of the drain rail by introducing additional cuts. However, this effort did not
yield the desired improvement in device performance. Instead, a slight decrease in overall
device performance was observed.

6.3 Gate capacitor cut combined with phase

Both solutions presented in Section 6.1, which involve modifying the bond wire height to
achieve a more uniform current distribution, and those in Section 6.2, where the capacitor
rail is cut to improve the voltage distribution at the gate, will be combined in this section.
This combination of solutions aims to investigate further the effects of optimising the bond
wire height on the overall device performance.

6.3.1 Gate phase current and capacitor rail cuts

The first configuration considered in this section combines the optimised bond wire height
for a uniform phase current distribution, specifically the Lgl height distribution from Sec-
tion 6.1.1, with the cuts in the capacitor metal rail. Figure 6.20 presents the performance
curve for this combination. Comparing these results directly with those shown in 6.19, it
becomes evident that both the MXE and MXP have improved.

To gain a deeper understanding of why the device’s MXE and MXP are increased, a further
look into the operating characteristics is required. Figure 6.21 examines the operating
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FIGURE 6.20: Nose plot of the combined solution of phase current optimisation
from section 6.1.1 and cuts in C1 according to Figure 6.10.

characteristics for the MXE, specifically at Z; = 2.130 — j0.195. Slight differences in the
voltage and current characteristics can be observed at the gate compared to the case where
only the cuts were placed on the capacitor (dotted lines). Notably, the outer edge cells (cells
1 and 13) exhibit reduced current and correspondingly lower voltages, improving overall
uniformity. Conversely, the amplitude of cells 4 and 10 has decreased slightly, resulting in
a slight degradation in uniformity.

Figure 6.21b reveals that the current and voltage phases are slightly less ahead at the
edges. Furthermore, the increase in phase off cells 3-4 and 10-11 leads to a more uniform
phase distribution over the gate.

The improvement in phase distribution at the gate results in a more uniform distribution
of current at the drain. Specifically, this results in several notable changes to the current
characteristics. Notably, the outermost cells produce less current (approximately 200mA
less) while the second-most outer cells (cells 2 and 12 in Figure 6.21c) exhibit an increase
in current (approximately 150mA more). Furthermore, there is a notable difference in the
phase characteristics between the drain current and voltage in cells 5-9. This leads to an
increase in output power and PAE respectively.

When investigating and comparing the simulation results for the maximum power point,
similar trends can be observed (see Appendix B). The only difference is the drain current in
the outer cells, where its amplitude remains almost unchanged. This means that the above
improvements may contribute to a more cohesive construction of the output currents,
ultimately leading to higher output powers. Meanwhile, the increased efficiency of the
center cells plays a crucial role in enhancing the overall efficiency at the MXE.
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FIGURE 6.21: Distributed characteristics and performance at maximum efficiency

point (Z, = 2.130 — j0.195).
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6.3.2 Drain phase current and capacitor rail cuts

The performance nose plot for the device with C1 cuts and Ld1 height optimisation for
the current phase (from section 6.1.2) is presented in Figure 6.22. A comparison of this
plot to the nose plot to the device with only the C1 cuts (Figure 6.16) reveals that the
MXP remains virtually unchanged. In contrast, the MXE has improved by approximately
0.7%. Despite the gain in DE, the output power at this point has decreased by roughly
9.6W compared to the MXE in Figure 6.20. Although it still outperforms the device with
a uniform Ld1 height distribution in drain efficiency (Figure 6.16).
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FI1GURE 6.22: Nose plot of combined optimisations of the drain phase current from
section 6.1.2 and cuts in C1 as in figure 6.10.
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39



As might be anticipated, the operating characteristics at the gate in this configuration
are similar to those observed when all bond wire arrays have the same bond wire height
across the entire array. This similarity suggests that modifying the drain bond wire heights
does not significantly impact the operating characteristics at the gate. This is a valuable
insight, as it indicates that the changes made to the drain bond wire heights do not have
a cascading effect on the gate’s operation.

On the contrary, the drain characteristics did exhibit a change. As shown in Figure 6.23,
the voltage and current at the drain are compared to the results from section 6.2 (dotted
lines). Notably, the voltage amplitude has become more uniformly distributed across the
manifolds of the cells in the power bar. As a consequence, the current in the outer edge
cells has been reduced by approximately 200mA. In contrast to the distribution observed
in Figure 6.21c, the second outermost cells maintain their lower current value, resulting in
a more uniform current distribution.

The changes to the current and voltage amplitude distribution are accompanied by rela-
tively small changes in the phase characteristics. Specifically, the voltage phase maintains
its original distribution, albeit with a slight shift of only a couple of degrees. In contrast,
the current retains its shape but exhibits increased phase differences in the middle region.

At first, it might seem surprising that the phase distribution at the drain is nearly identical
to the case where the lead bond wires have the same height. However, this observation is not
as unexpected when considering the measurement location. The signal is being measured
at the drain of the power bar, which means that this is not the current phase distribution
ultimately creating the package lead. Given that the drain efficiency is calculated from
results obtained by combining the signals after the bond wire leads, the actual efficiency
may be higher, despite the similar phase distribution observed here. Figure 6.24b provides
a detailed view of the phase distribution over Ld1 at the side of the packaging lead,
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FIGURE 6.24: Non-optimised and optimised bond wire height distribution for the
phase of the current where Z is taken for the max efficiency point.

The changes observed in Figure 6.23 result in a distinct change in the power output dis-
tribution and operating efficiencies of the device. Figure 6.25b reveals that the efficiency
of the cells in the centre (cells 4-10) has increased. This observation is consistent with the
findings presented in Figure 6.21f, where the optimised Lgl height for the current phase
also resulted in higher efficiency. Notably, in both cases, there is a corresponding increase
in PAE in cells in the center of the power bar. The MXP did not have significant changes
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in its operating characteristics, hence no improvements in the maximum output power are

observed.

6.3.3 Current phase optimisation in combinations with C1 cuts

The simulation results will now be discussed, where both height optimisation distributions
are implemented in combination with the C1 cuts. The performance nose plot is presented
in Figure 6.26, from which it is evident that the performance improves without any trade-off
in maximum efficiency or maximum power output.
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FIGURE 6.26: Nose plot of Ldl and Lgl height optimisation for phase current in
combination with C1 cuts as seen in Figure 6.10.

Figure 6.27 presents the distributions of the MXE, where notable differences are observed
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FIGURE 6.27: Distributed characteristics and performance at maximum efficiency

point.

compared to the case where only C1 is segmented in multiple sections (dotted lines). The
shape of the gate distributions of the voltage and current is relatively similar to the shapes
presented in Figures 6.12a and 6.12b. The similarity in the gate voltage and current
distributions indicates that the changes to the voltage and current are primarily driven by
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the modifications made to the Lgl bond wire array.

Figure 6.27c reveals that the current of the outer edge cells has been reduced by ap-
proximately 300mA, resulting in a more uniformly distributed current. As a result, the
power output distribution changed as seen in Figure 6.27e. Notably, cells 5-9 contribute
more significantly to the overall power output, while cells 1 and 13 (the outer edge cells)
contribute substantially less. A second reason for an improved output power distribution is
the reduction in phase differences between the outer edge cells and the cells in the middle
of the power bar. Consequently, the PAE distribution has improved as shown in Figure
6.271.

Considering the MXP, similar trends are observed to those discussed previously. The
only significant difference is again in the current amplitude of the drain, where the outer
edge cells still contribute significantly more current, as is evident from Figure 14c in Ap-
pendix B. However, due to the reduced phase differences and enhanced power output of
the cells in the middle (cells 5-9), the total output power of the device also increases.

The expanded nose plot indicates that the device can operate at higher power lev-
els while maintaining or improving efficiency. This suggests that there is no trade-off
in combining Lgl and Ldl optimised bond wire heights for the current phase, as both
modifications lead to enhanced performance without compromising the benefits of either.

6.4 Gate capacitor cuts combined with inductance-based height
optimisation

In previous sections, the gate and drain impedances were used as a diagnostic tool to assess
the distribution across the power bar rapidly. This approach is justified since the complex
impedance is a function of both the magnitude and phase of the complex current and the
voltage. Consequently, if all impedances converge and exhibit the same trajectory as a
function of available input power, it suggests that the operating voltage and currents are
likely to be uniformly distributed across the array. To achieve this, the height of the bond
wires is tailored to ensure a uniform inductance distribution over the gate and drain of the
power bar.

The proximity effect causes current accumulation at the edges of the bond wire array,

resulting in lower inductance values for the outer edge bond wires compared to those in the
middle of the array. Increasing the length of the bond wire also increases its inductance.
To achieve a uniform distribution of inductance across the entire array, it is proposed that
the outer edge bond wires be made longer than those in the middle of the array.
An additional consequence of achieving a uniform wire inductance distribution is that the
current distribution becomes uniform. This is because the bond wire model used in ADS
assumes a uniform current distribution when calculating the wire inductance. As a result,
any differences in inductance are also reflected in the current distribution, indicating that
equalising the wire inductance will inherently lead to an equal current distribution.

These optimisations are implemented in combination with the segmentation of the C1
rail to mitigate the convergence issues discussed in previous sections and minimise the
computational time required by the simulations.

6.4.1 Gate inductance and capacitor rail cuts

The device contains a DLP filter at the gate interface, consisting of Lg3, Lg2 and Lgl.
Each array contains multiple bond wires with each different inductance as seen in Figure
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6.28 in red. In contrast to section 6.1.1, where only the height of Lg3 was altered to make
the phase uniform, all bond wires within each gate array will be adjusted to ensure equal
inductance across each gate array.

To achieve uniform inductance across the gate array, AC-simulations were employed as
a rapid tuning method. The results are presented in Figure 6.28, which shows a comparison
of the original inductance values (in red) and those obtained after equalising the inductance
of each bond wire (in blue).
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FIGURE 6.28: Non-optimised (red) and optimised (blue) bond wire height distri-
bution for equal wire inductance of all three arrays at the gate.

Figure 6.28 reveals that the outermost bond wire (wire 0) has undergone the most sig-
nificant change in terms of inductance, as expected. This is further evident in Figure
6.29, which compares the original and new height distributions. Notably, the height of
the outermost bond wires in Lg3 has been almost doubled, indicating a substantial in-
herent difference in inductance. A 3D view of the gate arrays is shown in Figure 6.35,
demonstrating the difference in bond wire height within each array. However, it is worth
noting that this design exceeds the upper height limit (approximately 1200m), making it
unproducible. Despite this limitation, further analysis was performed using HB-simulation
in combination with load sweeping to investigate the implications of equalising the wire
inductance.
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FIGURE 6.29: Height differences of non-optimised and optimised for equal induc-
tance at the gate.
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FIGURE 6.30: Nose plot of equal gate inductance in combination with C1 cuts.

The performance trade-off curve is shown in Figure 6.30. Notably, the MXE has increased
to 80.2% at an output power level of 151W, while the MXP has also been improved to
258W of output power.

The performance enhancements achieved by the modifications implemented in this section
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are relatively small compared to those demonstrated in section 6.3.3. However, upon ex-
amining the operational characteristics, several differences can be observed. Figure 6.31a
shows that the current and voltage of cells 1 and 13 have been reduced while the voltage
and current in cells 3-11 have increased. As a result, the drain current has been reduced
as seen in Figure 6.31c. Furthermore, the current phase distribution has also increased in
uniformity as seen in 6.31d. These modifications have yielded a notable increase in power
output and operating efficiency for cells 3 through 11.

For the MXP, similar improvements are observed. In contrast to the findings discussed
in section 6.3.2, the current amplitude and phase in the outer edge cells 1 and 13 have
been reduced. Notably, the phase of the voltage has shown a slight increase, whereas
the resulting power output has become more uniform across the device. These effects
contribute to a more coherent construction of the output signal, resulting in higher peak
power output.
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6.4.2 Drain inductance and capacitor rail cuts

To achieve uniform inductance across the drain array (Ld1), AC-simulations were employed
as a rapid tuning method. The result is presented in Figure 6.32, where the red line shows
the inductance for each wire in a uniform height distributed array, and blue the inductance
optimised array.

Individual Wire Inductance Ld1 @2.45GHz

Inductance (nH)
[\S)
T

Bond wire number
FIGURE 6.32: Non-optimised (red) and optimised (blue) bond wire height distri-

bution for equal wire inductance of Ldl.

As shown in Figure 6.33, the height of the outermost bond wire has been increased by
nearly a factor of two. This significant increase in bond wire height, as stated earlier,
exceeds the upper limit that can be accommodated within the package. Nonetheless, HB-
simulations are performed in conjunction with load sweeping to investigate the impact of
this configuration on device performance.
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FIGURE 6.33: Height differences of non-optimised and optimised for equal induc-
tance at the drain.
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Figure 6.34 shows the performance curve of the simulation result of the device. Again, it
becomes evident that the peak output power hasn’t increased while the max efficiency point
has increased by a small amount. This result is consistent with the outcomes obtained from
previous simulations, where adjusting the drain bond wire height was found to achieve a
more uniform current phase distribution, ultimately contributing to a more coherent signal
construction.
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FIGURE 6.34: Nose plot of equal drain inductance in combination with C1 cuts.

Upon closer examination of the operating characteristics, it is revealed that there are no
significant changes in the current and voltage at the gate of the device. However, a notable
improvement is observed in the uniformity of the voltage amplitude at the drain compared
to the case where only the C1 rail was cut. Furthermore, the magnitude of the current at
cells 1 and 13 has decreased. As a result, the cells in the middle, cells 4-10, operate at
higher efficiencies. Therefore, only the MXE has improved.

6.4.3 Inductance optimisation in combination with C1 cuts

The height distributions developed in the previous sections are integrated into one design
concept. Figure 6.35 provides a 3D view of this combined design, featuring all arrays with
their inductance optimised height distributions. As explained earlier, it is evident that
this design will exceed the package’s dimensions, resulting in a design that can not be
produced. However, HB-simulations in combination with load sweeping are performed to
study the effects.

Figure 6.36 presents the performance curve of the device where all the inductances in the
array have been equalised. Notably, the curve contains the highest achieved MXE until
now, and the MXP has also improved.
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FIGURE 6.35: 3D view of the bond wire height distribution. The left-hand side is
the gate. On the right is the drain of the package.
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FIGURE 6.36: Nose plot of equal bond wire inductance in combination with C1
cuts.

Upon comparing the operating characteristics, it is evident that the gate optimisation
has had a more pronounced impact on the device performance. The drain bond wire
optimisation, while affecting the drain voltage, primarily contributes to improving the
coherent construction of signals at the drain. A combination of both results in a uniform
PAE and gain distribution over the power bar. While this combined approach yields the
best results, the difference in outcome compared to gate optimisation alone is relatively
small.
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6.5 Simulation matrix results

In previous sections, various bond wire height distributions have been simulated, and their
results have been briefly discussed. A logical step is to compare the overall performance
of each configuration before drawing conclusions from the matrix. To facilitate this com-
parison, Figure 6.37 presents a single plot that combines all the nose plots obtained from
the different configurations.
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FIGURE 6.37: Performance nose plots of multiple bond wire height distributions.

Figure 6.37 reveals that the worst performing configuration is where the bond wire height
distributions are equal and only C1 is segmented. This suggests that optimising the bond
wire height distribution for different parameters can enhance device performance.
Notably, when the height of the drain bond wires is altered to achieve a more uniform
distribution, only the MXE is improved. As discussed in the previous sections, could this
be caused by the almost identical gate distributions. No enhancement in voltage at the
gate will translate to the same power output, since the device acts as a voltage-controlled
current source. Due to the increase in electrical length, the power will be constructed more
coherently. Hence, the MXE increases while the MXP remains unchanged.

The performance curves of the gate optimised height distributions reveal improvements in
both MXE and MXP. The more uniform distributions at the gate result in a slight increase
in average output power per cell, which in turn leads to a higher peak power output.
Additionally, the signal phase is slightly improved, enabling signals to be constructed more
coherently and ultimately increasing overall efficiency.

When combining all bond wire height distributions, it is observed that there is almost
no improvement in overall performance compared to the case where only the gate bond
wire height distribution was optimised. The distribution characteristics at the gate remain
unchanged, while the phase at the drain is slightly enhanced. The gate distribution charac-
teristics remain unchanged, while the phase at the drain experiences a slight enhancement,
leading to an insignificant increase in MXE. However, attributing this difference proves
challenging, since the differences in performance curves are of such small magnitude that
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Uniform PAE and gain distribution.

to summarise the effects of the bond wire height distribution and the additional cuts in

they could be attributed to variations caused by the Zj, step size. Despite this uncertainty,
C1, the simulation matrix from Figure 4.1 is filled in.

this suggests that both solutions could be adopted without a trade-off.

This finding serves as
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6.10. Notably, the impedances converged as seen in 6.3a, indicating that the distributions
within the device have become more uniform. Analysing the operating voltages, it is seen

Several key conclusions can be drawn from these findings. First, it is essential to note that
the simulations only converged after the capacitor metal rail was split, as shown in Figure

that the cells 2-12 operate at approximately the same voltages.



robust evidence to support the claim made in [7] that gate rail segmentation leads to
an improvement in voltage distribution within the device. As a result of the improved
impedance, the oscillations disappeared and the simulation converged.

Separating the drain rail into multiple sections did not make the simulation converge, nor
did this prevent the impedance oscillations from occurring. Combining this approach with
rail cutting techniques ultimately resulted in a slight decrease in performance compared
to dividing only capacitor 1 into multiple sections. Closer examination of the operating
characteristics reveals a notable drop of PAE at cells 6-8. This decline is likely due to a
decrease in uniformity in drain voltage amplitude and phase, resulting in reduced power
output from these cells and ultimately compromising overall performance.

Last, there is a noticeable difference between gate optimisation and drain optimisation.
This disparity becomes particularly evident when the gate-optimised height distribution is
combined with the drain-optimised height distribution. Gate optimisation has a significant
influence on the gate characteristics, as the device operates as a voltage-controlled current
source. As such, variations in gate characteristics have a significant impact on the drain
characteristics as well. In contrast, drain optimisation primarily influences characteristics
at the drain itself, with minimal to no effect on gate operating voltages and currents. Con-
sequently, the drain can only control the coherent construction of signals at the drain lead.
Meanwhile, the gate has a broader impact, not only improving signal construction at the
drain lead but also enhancing power output distribution at the die.

Comparing the results to previous work, similarity could be observed. Notably, the results
align closely with those presented in [7], where improving the voltage distribution over
the gate enhanced overall device performance. The similarities with other works are less
noticeable. The work of M. Ustunel at Ampleon also involved improving the voltage
distribution over the gates to prevent oscillations at the output. I. Volokhine cut the second
outermost bond wires to enhance distribution at the gate, thereby improving overall device
performance. When examining the gate column in the simulation matrix, it is evident
that improving the uniformity of the gate distributions will enhance the overall device
performance.

While previous research has focused primarily on optimising device performance through
modifications at the drain, our study takes a different approach by targeting gate optimi-
sations. Upon analysing the simulation matrix, it becomes evident that our results do
not align closely with those discussed in the related work section. Several factors may
contribute to this discrepancy, including:

- The works mostly used non-optimised devices which were then optimised, while this
study is conducted based on an optimised device that is available on the market;

- The simple output matching circuit, existing only out of a single bond wire array,
only introduces small phase shifts;

- The bond wire array model assumes a uniform current distribution. Due to the high
output currents, this assumption underestimates the distributed effects;

- Temperature is not taken into account, while this might be a significant factor for
the drain.

Furthermore, it is worth noting that the effectiveness of bond wire height optimisation may
also be influenced by the specific matching structure implemented at the gate or drain.
More complex matching structures can contribute to increased non-uniformity, making
bond wire height optimisation an efficient approach in these locations.
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Chapter 7

Conclusion

Several enhancement techniques to address the distributed nature have been proposed and
simulated. The consistent performance gains across different methods suggested that there
might be a common underlying mechanism or variable driving the observed improvements.
This work aims to uncover the underlying effect and reveal effective optimisation methods
to address the distributed effects. To achieve this, research questions have been defined,
and research has been conducted to answer them. The subsequent sections delve into
the answers to the defined research questions, providing a thorough analysis and critical
evaluation of the findings.

7.1 Research questions

Are existing models accurate enough to model the distributed effects?

A variety of models are available to model the bond wires. In this work, the bond wire
model from [14] was chosen due to its ability to account for an array model with 90 bond
wires, as well as their interactions with one another. This model incorporates certain
assumptions, such as the current being uniformly distributed over the array. This simpli-
fication can compromise the accuracy of the simulation results.

Examination of the simulation results reveals some discrepancies between the gate and
drain optimisation techniques. While the simulations for the gate exhibit improved perfor-
mance in line with previous studies, the results for the drain distribution effects show less
significant effects. The effects are still in line with expectations, and therefore, the models
used are accurate enough to model the distributed effects, although they leave some room
for improvement.

Is optimising a specific parameter more effective at the drain or the gate side?
Given that amplifiers act as voltage-controlled current sources, there is a noticeable differ-
ence between the gate and drain optimisation strategies. Optimising voltage distribution
over the gate results in higher average cell power output, due to improved voltage unifor-
mity across the gate. Furthermore, this leads to a more coherent signal construction at
the drain lead, where the phase of the output signal is better aligned. Therefore, the gate
height distribution can be adjusted to enhance the voltage distribution, thereby achieving
improved efficiency and peak power output. In contrast, optimising the drain side does not
yield corresponding improvements in gate distributions. However, enhancing current dis-
tribution does contribute to a more coherent signal construction at the drain lead, thereby
increasing efficiency.
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Which distribution effects are encountered more effectively by the bond wire
height?

This work strongly suggests that improving the bond wire height at the gate to achieve a
more uniform voltage distribution is effective in increasing the uniformity of the current
distribution at the drain. As evident from the height optimisation of the current phase,
the difference in bond wire height between the distributions of L.d1 and Lgl is substantial.
The Ld1 height distribution does not fit within the package, whereas a slight alteration in
Lgl is sufficient to improve the device’s performance significantly.

Is it possible to forecast the change in distributed effects?

Simple AC-simulations have effectively shown to forecast distributed voltages and currents
at low power values. This approach is advantageous as a first optimisation method, re-
quiring less computational power and time compared to HB-simulations. Engineers can
quickly alter the bond wire height and observe its effects on distribution, making it easier
to identify potential design improvements. It’s worth noting that this model assumes uni-
form current distribution over the array and neglects temperature effects. The benefit is
that this model does not depend on power and therefore allows AC-simulations. Therefore,
estimating the change in distributed effects for low-power purposes is possible, as other
effects, such as current distribution and temperature effects, are negligible.

With these findings in mind, it becomes apparent that bond wire height can be optimised
at the gate using AC-simulations of the full-scale device model. Notably, while optimising
gate voltage distribution is crucial, it is also essential to optimise for complex impedance,
as it encompasses both phase and amplitude information regarding current and voltage.
In contrast, optimisation techniques targeting the drain have not yielded practical results.

7.2 Introduction to the broader context

Several studies have been proposed and implemented to address distribution effects, util-
ising various theories. However, some of these solutions lack comprehensive scientific ev-
idence supporting their effectiveness. Meanwhile, various optimisation approaches have
consistently led to improvements in device performance. The consistent performance gains
across different methods suggest that a common underlying mechanism or variable may be
driving the observed improvements.

This study reveals new insights into the distributed effects on device performance and how
multiple optimisation strategies led to the same conclusion. Transistors act as voltage-
controlled current sources, hence, a better voltage distribution will yield higher power
outputs and contribute to the coherent construction of signals at the drain lead. At the
fundamental level lies Ohm’s law, which describes how a more uniform current distribu-
tion at the gate will lead to a more uniform voltage distribution. Therefore, examining the
gate impedance, current, voltage, amplitude, or phase results in a better voltage-controlled
current source, thereby enhancing its performance.

With increasing power density in RF high-power amplifiers, distributed effects are likely
to become increasingly prominent. Engineers must familiarise themselves with available
possibilities to mitigate these effects and optimise device performance without significant
trade-offs.
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Chapter 8

Summery

Due to the internal coupling between bonding wires, the current across the wire array
becomes non-uniform. The non-uniform distribution causes individual cells in the power
bar to operate under different conditions. These effects are highly undesirable and hurt
the performance of RF high-power amplifiers.

Various strategies to eliminate distribution effects have been proposed in the literature.
However, some solutions are patented and lack comprehensive scientific evidence support-
ing their effectiveness. Meanwhile, various optimisation approaches have consistently led
to improvements in device performance. The consistent performance gains across different
methods suggest that a common underlying mechanism or variable may be driving the
observed improvements. Additional simulations are required to determine the underlying
mechanism to propose effective distribution enhancement strategies.

To reveal the underlying mechanism, an existing RF high-power amplifier from Ampleon is
chosen, and multiple enhancement methods have been implemented to study the distribu-
tions over the die. Since the distribution effects are hard to measure, a simulation model
was implemented in ADS to simulate the voltages and currents within the package.
Convergence problems caused by oscillation of gate impedances hindered simulations. Seg-
mentation of the gate rail prevents convergence problems by enhancing the uniformity of
the voltage distribution over the gate side of the power bar. Using this technique, bond
wire heights were altered through AC-simulation to ensure the inductance of all wires in
each array was equal and the current phase was uniform. Load-pull simulations were per-
formed on different configurations of bond wire heights.

Results show that altering the bond wire height at the drain results in enhanced efficiency
at the Maximum Efficiency point (MXE). When the height at the gate is optimised, the
MXE and Maximum Power point (MXP) are enhanced. A deeper dive into the distri-
butions has shown that a more equal voltage distribution over the gate will yield higher
current outputs, enhancing the peak power output. While the drain current phase is im-
pacting the overall Drain Efficiency (DE) of the device. Therefore, applying solutions to
the drain will only affect the device’s efficiency. In contrast, applying the solution at the
gate can enhance the peak power output of the device while improving the drain current
phase, resulting in higher DE.

RF high-power amplifiers act as voltage-controlled current sources. Differences in the volt-

age distribution at the gate hurt the overall device performance. Cutting the capacitor rail
and altering the height of the bond wires have proven to enhance the voltage distribution
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at the gate. Even if the Lg array’s height is altered for equal current phase distribution,
the voltage distribution at the gate improves (Ohm’s law). At the drain, the phase of
the current should be aligned to construct the signal coherently for maximum efficiency.
AC-Simulations of bond wire arrays have been proven as an effective method for tuning
the height to improve the distributions accordingly.
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A: Load pull simulation

Load pulling is a technique used to determine the large-signal transistor characteristics as
a function of the matching impedances. Therefore, it is a crucial part of the design process
for high-power amplifiers. Whether simulated or in a measurement setup, a variable load
is presented to the device under test. From these simulations, key characteristics can be
determined, such as output power, efficiency, gain and the optimal operating impedances.
The source can also be swept over different impedances; however, this is less effective, as
it mainly influences the power gain of the device.

— Vds

r
1
1 1
I I : I 1 DUT Load
1
1
Source

F1GURE 1: Simple load-pull simulation block diagram.

Using the setup in Figure 1, the operation currents and voltages can be detrimental under
controlled load impedances. These voltages and currents can then be used to calculate the
large-signal device characteristics, such as gain, Power Added Efficiency (PAE), maximum
power output, Drain Efficiency (DE), and power back-off. These can be calculated for all
measured or simulated load points. These results can then be visualised by contour lines
on the Smith chart over the measured load impedance areas.

From the contour lines, it is not immediately clear whether the device operates in com-
pression. Adding a power sweep will enable the possibility to plot the gain response. Since
the transistor is a non-ideal device, from a certain point, the gain will no longer be linear.
This is also observed in Figure 2, where the output power saturates.

In Figure 2, it becomes clear that for smaller input powers, the transistor behaves linearly.
When the power output is increased significantly, the transistor deviates from the ideal
linear line, and it eventually enters saturation, where adding more input power results in
the same output power. The relation between the input and output power is also referred
to as the gain of the device.

Pout
= 1
“="pm (1)

In Figure 3, the gain is given as a response to the output power. Engineers often choose
a point where the decrease in linearity in the gain response is still acceptable for their
application. This report assumes that the power amplifier is designed for Continous Wave
(CW) applications, such as cooking, industrial, or medical applications that do not require
less linearity. Therefore, a higher compression point of 3 dB is often chosen, as these points
frequently correspond to higher operating efficiency.
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The drain efficiency is calculated by dividing the output power by the DC power:

P, out

~ P (2)

DFE

where P;. = V. - I4.. The input power is also dissipated in the device and, therefore, also
contributes to the overall device performance. Therefore, to calculate the overall efficiency
of the device, the following formula is used:

Pout_B

Pr (3)

PAFE =
Equation 3 is the Power Added Efficiency (PAE) and calculate the overall efficiency of the
device. The PAE must also be a function of the available input power. This means that,
just as the DE, the available input power is determined by the 3dB compression point.
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FIiGURE 3: 3dB compression point on the gain curve related trough the output
power to the efficiency point.
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Each load point has its own DE, PAE, and gain curves, as well as corresponding com-
pression points. From these values, the contour lines could be calculated and plotted in
a Smith chart. This provides the engineer with a clear visual representation of where the
optimal load should be for Maximum Efficiency point (MXE) and Maximum Power point
(MXP). To show the trade-off, a so-called nose plot can be made and is shown in Figure 4.
Here, the outer edge of all operating points for all loads is given, containing the maximum
efficiency and power output. The engineer can then, based on these plots, choose the load
that fits their application.

N
>

Max efficiency
point

Drain efficiency

Max power
point

N
>

Output power

FIGURE 4: Trade off between maximum power output and efficiency.
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B: Operating characteristics from simulations
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B3: Gate current phase optimisation + C1 rail cut
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B4: Drain current phase optimisation + C1 rail cut
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B5: Drain & gate current phase optimisation + C1 rail cut

Gate Amplitude distribution MXE

== Voltage distribution C1 cut
Voltage distribution C1 cut + phase
Current distribution C1 cut
Current distribution C1 cut + phase

5 L L L L L L L L . L L 0.35
1 2 3 4 5 6 7 8 9 10 1 12 13
Cell number
(A) Voltage and current amplitude at
the gate.
o drain amplitude distribution MXE s
""""" Voltage distribution C1 cut
63.5 - Voltage distribution C1 cut + phase {14
""""" Current distribution C1 cut B
" Current distribution C1 cut + phase
63 ':
62.5 E
s
g 62
9]
>
61.5
61
60.5
60
Cell number
(c) Voltage and current amplitude at
the Drain.
; Power distribution MXE 5
O Input Power distribution C1 cut
0.9 [ Input Power distribution C1 cut + phase H
L [ Output Power distribution C1 cut 30
0.8 % = Qutput Power distribution C1 cut + phase :
0.7
% 0.6
9
805
o
304
£
0.3
0.2
0.1

Cell number

(E) In and output power.

Current (A)

Current (A)

w)

Output Power (

Gate Phase distribution MXE

T -58
40 [ Voltage phase distribution C1 cut
B Voltage phase distribution C1 cut + phase
-------- Current phase distribution C1 cut
142 Current phase distribution C1 cut+ phase
-62
B-144
z
2 -64
& -146
=
=%
@ -
&-148 66
o
>
-150 -68
-152 -70
154 , . i \ . . L . T . | 72
1 2 3 4 5 6 7 8 9 10 11 12 13
Cell number
(B) Voltage and current phase at the
gate.
2 Drain phase distribution MXE 180
SR bbb Voltage phase distribution C1 cut ’,~"
kS Voltage phase distribution C1 cut + phase R
28 k ) OV Current phase distribution C1 cut '.."‘ 2170
* Current phase distribution C1 cut+ phase |=** :
2z
=)
]
=)
@26
@
=
[s%
825
S
)
>
24
23
22 L L L L L L L . L L . 120
1 2 3 4 5 6 7 8 9 10 11 12 13
Cell number
(D) Voltage and current phase at the
Drain.
® Gain and PAE distribution MXE o
-------- Gain distribution C1 cut
17.5 Gain distribution C1 cut + phase

PAE distribution C1 cut
PAE distribution C1 cut + phase

65

6 7
Cell number

(F) Gain and PAE over the powerbar.

FIGURE 13: Distributed characteristics and performance at maximum efficiency

point.

71

Current phase (deg)

Current phase (deg)

PAE (%)



_ Gate Amplitude distribution MXP Gate Phase distribution MXP 56
-------- Voltage distribution C1 cut -136 £ ** Voltage distribution C1 cut
12 = Voltage distribution C1 cut + phase 207 H Voltage distribution C1 cut + phase
H = Current distribution C1 cut : A3y [ Current distribution C1 cut
H Current distribution C1 cut + phase : B Current distribution C1 cut + phase
: F 140 £ 3
7\ 3
= -~ T -142 o
= g 3
@© T ©-144 ©
T g 8 &
] 5 o
= 3 -1 S
S 5
> 148 o
-150
-152
6 \ . . \ . . . . . . . 0.35 154 . . | . . . . . : . . 72
1 2 3 4 5 6 7 8 9 10 11 12 13 1 2 3 4 5 6 7 8 9 10 11 12 13
Cell number Cell number
(A) Voltage and current amplitude at (B) Voltage and current phase at the
the gate. gate.
Drain Amplitude distribution MXP e . Drain Phase distribution MXP
........ Voltage distribution C1 cut E =+=+=+= Voltage distribution C1 cut b
535¢% Voltage distribution C1 cut + phase 3812 Voltage distribution C1 cut + phase H
........ Current distribution C1 cut 15 H =s=s=22x Current distribution C1 cut i -175
53 Current distribution C1 cut + phase Current distribution C1 cut + phase
37
-180
g g
s %6 s
:S; Gé -185 ]
@ £35 _g
E o o
8 > -190 5
E’ 34 5
-195
33
32 -200
31 . . . . . . . . . . . 205
1 2 3 4 5 6 7 8 9 0 11 12 13
Cell number Cell number
(c) Voltage and current amplitude at (D) Voltage and current phase at the
the Drain. Drain.
. Powerdistribution MXP s Gain and PAE distribution MXP 2
-------- Input Power distribution C1 cut H .
0.9 - Input Power distribution C1 cut + phase ;'
-------- Output Power distribution C1 cut f
0.8 L: = Qutput Power distribution C1 cut + phase 5 30
0.7
s g
206 T
: g L
5os o o
3 3 &
2 04 i=3
c 5
= (@]
0.3
0.2 : * Gain distribution C1 cut
5 Gain distribution C1 cut + phase B
16.5 3 3 66
0.1+ R PAE distribution C1 cut
PAE distribution C1 cut + phase E
0 . . . . . . . . . . . 10 16 . . L ! ! ’ ; L . . 65
1 2 3 4 5 6 7 8 9 0 11 12 13 1 2 3 4 5 6 7 8 9 10 11 12 13
Cell number Cell number

(E) In and output power.

(F) Gain and PAE over the powerbar.

FIGURE 14: Distributed characteristics and performance at maximum efficiency
point.

72



B5: Gate inductance optimisation
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B5: Drain inductance optimisation 4+ C1 rail cut
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B5: Drain & gate inductance
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FicUre 20: Distributed characteristics and performance at maximum efficiency

point.
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