
ABSTRACT

DOTSON, THOMAS OWEN. Layout Optimization Algorithm for Gallium-Nitride-based
Buck Converter Commutation Loop on Printed Circuit Board. (Under the direction of Dr.
Srdjan Lukic).

An optimization algorithm for the layout of a power electronics buck converter using

GaN FETs for a multi-layer printed circuit board is presented and validated. The benefit

of this algorithm is that it solves the layout optimization problem for three-dimensional

interconnect structures and produces variable geometry that hadn’t been demonstrated in

the literature. The subroutines of the algorithm are discussed at length including component

placement and routing of connections.
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CHAPTER

1

INTRODUCTION

Wide bandgap(WBG) semiconductors, such as silicon carbide (SiC) and gallium nitride

(GaN), offer bene�ts such as increased energy ef�ciency, improved performance of elec-

tronic devices and lighting devices (Kamel et al. 2023), high-ef�ciency solar cells(Yamaguchi

2014), and high-performance power electronics (Mantooth et al. 2014). They offer improve-

ments over Silicon (Si) based semiconductors (Glaser et al. 2011), including higher switching

speed, higher voltage, higher power handling capability, improved thermal performance,

higher ef�ciency, and higher power density (Abdelrahman et al. 2018). They are an enabling

technology for several other emerging technologies, including high-speed motors (Han

et al. 2015), electric vehicle fast charging (Tu et al. 2019), the solid-state transformer (She
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et al. 2013), and microgrids (Ballestín-Fuertes et al. 2021).

On a material level, WBG semiconductors are characterized by their high bandgap

energy, which is 3.23 eV for SiC and 3.4 eV for GaN. The bandgap energy for Si is 1.4eV. The

bandgap energy de�nes the energy required for an electron to cross the bandgap of the

semiconductor. The bandgap is the difference in energy between the lowest energy level

occupied by holes, or positive charge carriers, and the highest energy level occupied by

electrons, or negative charge carriers. These charge carriers inhabit the valence electron

orbitals of the semiconductor. WBG devices have high operating voltages and temperatures

because of their high bandgap energy. An additional characteristic of WBG devices is higher

electron mobility than Si technology(Millan 2012). Electron mobility is the ratio of electron

drift velocity with an applied electric �eld. High electron mobility enables faster switching

of WBG semiconductor devices than Si, and GaN has higher electron mobility than SiC.

The drawbacks of WBG semiconductors are their material and manufacturing costs, lim-

ited design compatibility with Si-based circuits, and technological maturity (Dalla Vecchia

et al. 2019). The manufacturing process for WBG devices is more complex, and materials are

more scarce than Si. Finally, designing with WBG circuits presents new design challenges,

including thermal management, high Electromagnetic Interference (EMI) emissions, mod-

eling complexity, and high-speed operation.

It is because of these challenges that design automation has seen growing interest in the

�eld of power electronics. Common design automation tools in power electronics include

circuit simulators like Saber and LTSpice, device simulators such as SmartSpice and HSpice,

specialized design suites like PLECS and Matlab SimPower Systems, �eld solvers like Ansys

Q3D, multi-physics tools like COMSOL, and �nally Electronic Design Automation (EDA)

tools such as Allegro and Altium. There is interest in enhancing this toolset with design

optimization tools (Hermanns et al. 2020), although there are a variety of optimization

2



problems in power electronics. These optimization tools include magnetics optimization

tools like MAGNet(Li et al. 2020) and AI.Mag (Guillod et al. 2020), and power module design

tools like PowerSynth (Al Razi et al. 2021). These optimization tools listed are open-source

and downloadable.

One design optimization problem which does not have a well-rounded design tool is

designing the Printed Circuit Board (PCB) of a power stage. Layout design optimization

algorithms involve using computer simulation and optimization algorithms to �nd the

optimized layout of the circuit. Finding the optimized layout is a process of placing and

routing the components onto a PCB. These algorithms commonly characterize the layout

under different design con�gurations and use an optimization algorithm to �nd the best

one. Some characteristics of a design that are commonly optimized are temperature rise,

size, and parasitic elements of the layout, which are resistance, capacitance, and inductance

(RLC). These characteristics can be in con�ict with each other, such as minimizing temper-

ature rise and reducing size, which can require multi-objective optimization, but parasitic

elements are almost always undesirable. The selection of the optimization algorithm is

based on the scalability requirement of how the design problem is de�ned mathematically,

which can be low enough for a direct search or high enough that a more advanced algorithm

is needed to select its inputs on its own. The most common advanced algorithm is the

genetic algorithm (P. Ning 2020), which models design con�gurations as an evolutionary

population that improves over generations by recombining the input con�gurations. The

most desirable algorithm is the direct search, as genetic algorithms can get stuck in a locally

optimal point and are hard to prove mathematically as optimal.

VL = L
d I L

d t
(1.1)

3



It is, for the reason of commutation loop inductance, that an optimized commutation loop

is necessary for the functionality and best utility of WBG devices. WBG semiconductors

in a power electronics commutation loop are most sensitive to the inductance element of

the circuit layout. The voltage equation for an inductor is Equation (1.1). VL is the voltage

across the inductor, L is the inductance, and d I L
d t is the rate of change of inductor current.

In a WBG commutation loop, d I L
d t is high because the devices turn on and turn off quickly.

Turn-on and turn-off times are given as datasheet parameters for devices, but they are

affected by the load current, type of device, and commutation loop layout. These devices

can be Junction Field-Effect Transistors(JFET) or a Schottky Barrier Diode (SBD), Metal-

Oxide-Semiconductor Field Effect Transistors (MOSFET), Insulated Gate Bipolar Transistors

(IGBT). GaN devices are classi�ed as either Field Effect Transistors (FET) or High Electron

Mobility Transistors (HEMT), and don't share device types with Si or SiC. The turn-on and

turn-off times of Si devices are on the order of hundreds of nanoseconds ( n s), whereas WBG

devices have turn-on times on the order of n s and turn-off times on the order of tens of n s.

Because of the very high turn-on and turn-off times of WBG devices, the voltage across the

commutation loop inductance is much higher than Si. The result of this is a voltage spike

during switching on and switching off of the WBG device. This spike is undesirable as the

voltage spike transient event can produce a voltage high enough to at best worsen circuit

performance and at worst destroy the WBG device (D. Reusch 2014).

1.1 Buck Converter

It is for its foundational role in power electronics, its simplicity of design and operation,

and its key role in the key paper by D. Reusch (2014) that the buck converter is the topology

of choice for this study. The buck converter is a step-down, Direct Current / Direct Current

4



Figure 1.1: Buck Converter Circuit. Components and nets in the commutation loop are
colored in red.

(DC/ DC) converter, with twi swutching devices, an inductor, and a capacitor. The buck

converter is depicted in Figure 1.1. This design is useful for applications where a high input

DC voltage needs to reduce to a lower DC voltage for a low-voltage load that requires an

amount of electricity and high ef�ciency, such as a computer power supply.

The operation of the buck converter is that an input DC voltage Vi n is chopped by the

semiconductor device switching, and then is �ltered through an inductor and a capacitor

in a way that results in a lower output DC voltage Vo ut . The switching is periodic with a

switching period Ts w . The timing of switching between the devices is phase shifted 180o ,

which means that a single device is turned on and the other device is turned off since both

devices on is a failure mode in the buck converter. Switching devices Q1 and Q2 are FET

devices in this schematic.

Circuit analysis of the buck converter in these two switching states is done by Erickson

and Maksimovic (2007). The switching results in the circuits are shown in Figure 1.2. In

Circuit 1, the high-side switch Q1 is turned on, and the low-side switch Q2 is turned off.

Applying Kirchoff's Voltage Law (KVL) to the buck converter results in Equation (1.2). In

Circuit 2, Q1 is turned-off, and Q2 is turned on. A KVL results in Equation (1.3). The ratio of
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time where Circuit 1 is active to Ts w is the Duty Cycle D , and the ratio of time where Circuit

2 is active to Ts w is D ', or 1 � D .

When the switching of the buck converter begins, the circuit goes from an initial con-

dition of zero amps of the inductor current IL and zero output voltage to a steady-state

condition with non-zero IL and non-zero output voltage. The state trajectory to the steady

state is non-linear but settles on a linear value that satis�es the condition (1.4). This con-

dition is called Volt-Second Balance. Satisfying the Volt-Second balance results in the

input-to-output voltage ratio (1.5).

VL,on = VI N � VOU T (1.2)

VL,o f f = � VOU T (1.3)

VL,on D Ts w = VL,o f f D 0Ts w (1.4)

VOU T

VI N
= D (1.5)

The role of the output capacitor in the buck converter operation is to reduce the Alternat-

ing Current(AC) voltage that is not �ltered by the inductor, and the steady-state condition

of the capacitor is based on the balance of capacitor current IC during D Ts w and D 0Ts w .

This condition is called Capacitor Charge Balance and can be similarly derived using KVL

equations and an understanding of the steady-state currents and voltages.

The selection of semiconductor components for the buck converter is a function of

the device voltage, load current, and operating temperature. The inductor is selected or

designed according to IL,ma x , and switching frequency fs w . The capacitor is selected based
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Figure 1.2: Buck Converter Circuit circuits are formed by the switching of Q1 and Q2 with
component voltages tagged to components. Circuit 1 is formed by the turn-on period of Q1,
and Circuit 2 is formed by the turn-off period of Q1. The input and output capacitors are
assumed to be at a constant voltage and do not affect the operation of these circuits.

on VOU T and fs w . The relationship core loss Pc o r e the inductor is exponentially related to

the fs w is based on the volume of the inductor core V according to Muhlethaler et al. (2011).

This relationship is a motivation use WBG devices that can handle high fs w due to their

short turn-on and turn-off times, since a high fs w would enable a reduction in inductor

volume.

1.1.1 Buck Converter Commutation Loop

The buck converter commutation loop is a sub-circuit of the buck converter that forms when

the buck converter transitions from Circuit 1 of to Circuit 2 of Figure 1.2. The commutation

loop includes the transistors Q1 and Q2 and the input capacitor CI N . For a hard-switched

buck converter, the current through the transistor is non-zero when the device begins

transitioning from an on-state to an off-state, and the voltage across the transistor is non-

zero when transitioning from an off-state to an on-state. The maximum rate of change of

current through the high side device is shown in Figure 1.3 calculated by the maximum

drain-source load current IDS and the transistor turn-off time t o f f in (1.6). Since t o f f is

small, d I DS
d t is large and creates a large voltage spike across the commutation loop inductance
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Figure 1.3: Turn-off waveform for transistor Q1. IDS ramps to zero at rate IDS
to f f

.

calculated by (1.1), with IDS equal to I l .

d I DS

d t
=

IDS

t o f f
(1.6)

The other impact of the computation loop is the impulse response from the turn-off

event. This response causes the voltage VDS across the device to oscillate in the subcircuit

formed by the commutation loop inductance L l oop and the device capacitance of the

transistor Co s s. The ringing loop circuit is shown in Figure 1.4. The capacitor voltage VDS is

initialized at 0V and the inductor current I r i ng is equal to the load current IDS. These initial

conditions cause the magnetic energy WL l oop
in the commutation loop inductor L l oop from
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Figure 1.4: The ringing loop is the path for high-frequency current I l oop formed at the
switching transition between Q1 and Q2.

to be transferred to Co s s, which increases the voltage VDS acrossCo s s. The voltage across

Co s s increases, which changes the �ow of energy in the ringing loop and causes energy

transfer back to the inductor. This oscillation continues until the initial energy is dissipated

in the parasitic resistance Rl oop , and rings at the resonant frequency f r calculated in (1.7).

The impact of ringing on the circuit performance is undesirable for the buck converter,

although it is less than the impact of high d I DS
d t .

f r =
1

2 � � �
Æ

L l oop � Co s s

(1.7)

WL l oop
=

1

2
L l oop I 2

l oop (1.8)

WCo s s
=

1

2
Co s sV

2
DS (1.9)

The effects of the commutation loop can be mitigated with a snubber circuit. Figure

1.5 depicts an RC snubber circuit that suppresses the voltage spike across the high-side

transistor by providing a circuit branch in parallel with the transistor that discharges the

magnetizing current. The capacitive component Csnub �lters the voltage spike, and the

resistive component Rsnub dissipates the energy in the voltage spike. The disadvantage of

the snubber circuit is that it requires additional components in the power stage circuit and

9



Figure 1.5: RC snubber circuit connected in parallel with transistor Q1.

Figure 1.6: Buck Converter Circuit with components and nets in the commutation loop
are colored red.

the energy dissipated in Rsnub is wasted. Minimizing the commutation loop inductance

L l oop should be taken before the prototyping stage of circuit design. There are several

manual techniques for doing so. D. Reusch (2014) has shown several of these techniques

in PCB design, including the use of shield layers which can minimize loop inductance by

using inductive coupling between the commutation loop and the shield layer to create a

reverse magnetic �eld that cancels the self-inductance of the commutation loop, and the

use of vertical stack up of layers to minimize the commutation loop cross-sectional area

and minimize the self-inductance.

Several techniques exist in literature to measure the commutation loop inductance. The

most accurate method uses a vector network analyzer(VNA) by Krishna Moorthy et al. (2020).

The VNA measures the scattering parameters (S-parameters) of the commutation loop by

10



injecting a known stimulus signal and measuring the incident, re�ected, and transmitted

waves at the ports of the VNA. The input VNA port one would be connected to the transistor

D and S terminals, and the output would be connected in parallel with Ci n . This connection

is made by a test �xture PCB which can interface the buck converter terminals. This method

is the most accurate means of measurement, although it is high-cost for the custom PCB

test �xture and the VNA hardware. Other techniques rely on a double-pulse test(DPT) which

excites the circuit with an inductive load to increase the IDS of the low-side device Q2 before

abruptly turning off Q2 and allowing the current to "free-wheel" through the high-side

device Q1. Sun et al. (2018) demonstrates an IDS measurement by using a Rogowski coil

connected to the drain terminal of Q2. This measurement provides data for d I DS
d t , which

can then be used to calculate L l oop from (1.10). The disadvantage of this method is that it

requires part of the buck converter commutation loop to be exposed to wrap the Rogowski

coil, which requires a device large enough to handle or route a circuit trace in such a way

that can collect data from the Rogowski coil. Yang et al. (2017) uses a VDS measurement of

Q2 during the turn-off period to estimate the f r of a circuit and calculate L l oop by using

(1.11). This method requires a high-speed voltage measurement and is not as accurate as a

VNA. Both of the DPT methods have the advantage of being low-cost methods. The method

presented by Yang et al. (2017) is used for measuring L l oop in this work.

L l oop =
VDS
d I DS
d t

(1.10)

L l oop =
1

4� 2Co s sf 2
r

(1.11)
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1.1.2 Double-Pulse Test (DPT)

The DPT circuit is illustrated in Figure 1.7. DPT is a test where the switching loop of a power

electronics circuit is loaded with an inductor LD P T and where VG S pulses are delivered to the

low-side transistor Q2 to turn it on and turn it off at speci�c times. During this, the voltage

VI N is applied across LD P T . This results in a constant ramp d I D P T
d t of the inductor current

ID P T , which can be calculated with the voltage equation across an inductor (1.1), and is

given in (1.12). d I D P T
d t is constant during the Q2 on period. When ID P T reaches a desired test

current, two pulses to VG S will turn off Q2 and then turn it back on. ID P T then travels through

the anti-parallel diode D1 and remains constant during the off period of Q2, assuming that

the diode is lossless. After a time, VG S has pulled high again and Q2 is turned on, reapplying

VI N across LD P T and rerouting ID P T through Q2. The waveforms for VG S, VDS, ID P T , and IDS

are shown in Figure 1.8.

The diode D1 is commonly the body diode of the high-side transistor, which provides the

advantage of characterizing the body diode of the Q2 device as D1 enters reverse recovery

during the turn-on period of Q2. Reverse recovery is the recovery of charge needed to

reverse-bias D1, and it appears as a spike in the voltage across D1. A standalone diode

can substitute D1 if the transistor does not have a body diode. Examples would be IGBT

transistors. GaN devices do not have body diodes.

d I D P T

d t
=

VI N

LD P T
(1.12)

The DPT is useful for characterizing the Device Under Test (DUT) Q2 as well as the layout.

The switching waveforms for VDS and IDS of Q2 during turn-on and turn-off are measured

in this study with high-�delity measurement probes. The switching power for turning on

Ps w,on , and turning off Ps w,o f f can be calculated from these waveforms in (1.13) and (1.14).
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Figure 1.7: Double-pulse test circuit with key branch currents and voltages labeled.

The switching power can be integrated over the turn-on period t on and t o f f to �nd the

switching energy Eon and Eo f f from (1.15) and (1.16). The total switching losses Et o t a l can

then be calculated in (1.17), and then used to calculate the total switching losses Ps w in

(1.18) with knowledge of the switching frequency fs w . Ps w is important for the calculation

of ef�ciency and for sizing a heatsink to attach to the DUT in a prototype circuit. A DPT can

be used to test the DUT at a high current without producing much heat in the device and is

a safe test. At high fs w , switching losses can become a dominant source of loss for the DUT

over conduction losses, otherwise known as I 2R losses, which are created by the resistive

loss of Q2 when it is turned on. Therefore, the DPT is needed to determine the maximum

operating frequency.

Ps w,on (t ) = VDS,on (t )IDS,on (t ) (1.13)

Ps w,o f f (t ) = VDS,o f f (t )IDS,o f f (t ) (1.14)
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Es w,on =

Z ton

0

VDS,on (t )IDS,on (t )d t (1.15)

Es w,o f f =

Z to f f

0

VDS,o f f (t )IDS,o f f (t )d t (1.16)

Et o t a l = Es w,on + Es w,o f f (1.17)

Ps w = Et o t a l fs w (1.18)

The knowledge of VDS enables measurement of the commutation loop inductance

through (1.7), as the DPT excites the ringing circuit of Figure 1.4. With current and voltage

measurements of VDS and IDS, it is possible to use equations (1.10) or ((1.11 to estimate the

loop inductance L l oop .

1.1.3 Gate Driver Circuit

The physics of turning on and turning off a transistor is controlled by applying a voltage

between two device terminals. For FET-type devices and HEMTs, these terminals are the

Gate and Source, whereas in an IGBT these are the Collector and Emitter. The voltage

applied to the gate and source terminals is VG S. The minimum voltage required between

these terminals to turn on the transistor is the threshold voltage Vt h . Transistors that are

designed for high voltage tend to have higher Vt h , and GaN devices have lower Vt h than

Si and SiC. A gate driver circuit is an electronic circuit that provides Vt h and gate current

necessary to charge the gate of a power electronic device. In the circuit of Figure 1.9, Vt h

is applied to CG S to turn on the transistor. The circuit includes a high-side driver and a

low-side driver, which are used to drive VG S and charge and discharge CG S. Figure 1.11
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Figure 1.8: Double-pulse test waveforms for the circuit of Figure 1.7.
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Figure 1.9: Transistor circuit with terminals and internal capacitance labeled.

Figure 1.10: Half-bridge "Totem Pole" gate driver circuit connected to Q2. This circuit has a
high-side driver connected to VBU S to turn Q2 on, and a low-side driver connected to G N D
to turn Q2 off. Rg is used to throttle gate current Ig and control the speed of turn-on and
turn-off.
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Figure 1.11: Bootstrap circuit connected to Q1. Bootstrap capacitor CG and bootstrap
diode D1 are added to the totem-pole topology.

shows a half-bridge "totem pole" gate driver circuit. The high-side driver is formed by the

components QG D1 and RG , and the low-side driver used components QG D1 and RG . The

high-side driver is connected to a DC Bus voltage VBU S that can supply the necessary VG S.

The low-side driver is connected to either the ground G N D of the circuit or to a bootstrap

circuit. Adding a bootstrap diode D1, bootstrap capacitor CG, and a disconnection with the

buck converter GND during the turn-off period of Q2 characterizes the bootstrap circuit.

The bootstrap circuit is shown in Figure 1.11.

The purpose of the bootstrap circuit is to keep the high-side transistor Q1 turned on

during the turn-on period of the transistor. The signi�cance of this period is that the Q1

source terminal is isolated from the ground of the circuit and will self-discharge itself

during the turn-on period. A bootstrap circuit utilizes a capacitor CG to maintain VG S to

prevent self-discharge during this period. Figure 1.12 also illustrates how a bootstrap diode

is needed to protect the VBU S power supply, which can be exposed to the DC Bus voltage of

the buck converter circuit VI N from Figure 1.1. A closed circuit is formed during the turn-on

period, which connects the VBU S, gate drive capacitor CG , the bootstrap diode D1, and VI N .
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A KVL of this circuit is shown in (1.19). If D1 were not in the circuit, there would be a large

voltage of VD C � VBU S across components RG , QG D1, and CG , which would exceed their

datasheet parameters of voltage and current and destroy them. The bootstrap diode D1 is a

Schottky diode, a non-linear semiconductor that can break the conductive path when it is

reverse-biased, or conduct current through the high-side driver when it is forward-biased.

The biasing depends on the polarity and magnitude of VD1
, and is forward biased when the

anode voltage is higher than the cathode voltage by the junction voltage Vj , and reverse

biased when this voltage difference is below Vj . The advantages of choosing a bootstrap

topology are that it uses passive R and C components to implement a high-side gate drive,

which is a low-cost solution. The disadvantage of a bootstrap circuit is that the bootstrap

capacitor needs to be replenished by turn-off periods of Q1, which requires a limit on the

duty cycle D .

For higher power applications, it becomes more economical to replace the bootstrap

circuit with an isolated power supply. The isolated power supply uses a transformer to

isolate the totem pole circuit. By doing so, the gate driver return is not through the buck

converter G N D , but through the isolated power supply. This approach is more robust

and reliable than bootstrap, but adding magnetic components increases the cost. Other

gate drive topologies include full-bridge and resonant gate drivers. Full-bridge topologies

have multiple high-side and low-side drivers and are meant to drive multiple high-side

or low-side devices synchronously. The resonant gate driver uses a resonant tank circuit

to charge CG S faster than a totem pole driver of Figure 1.10, although the resonant tank

circuit requires inductor and capacitors to be manufactured with low inductance L and

capacitance C and high current and voltage to attain operation at the desired resonant

frequency fG D,r e s. The component cost, therefore, increases when using a resonant gate

driver, although resonant gate driver topologies can enable higher frequency operation
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Figure 1.12: During the turn-on period of Q1, the source and drain terminals of Q1 are
connected together, and a path to GND does not exist through Q2. This creates a path
through the bootstrap gate driver through components CG , CG , QG D1, which is blocked by
the series diode QG D1. Since the capacitor CG is charged, there is no current or voltage drop
across gate driver components RG and QG D1

.

(Fujita 2010) and energy recovery (López et al. 2003).

The totem-pole gate driver is used to drive the Buck Converter in this work. This topology

is robust and proven and is therefore a desirable topology. Balogh (2017) provides an in-

depth overview of gate drivers.

VD1
= VBU S � VG S � VD C (1.19)
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1.2 Commutation Loop Simulation

This section focuses on software methods for estimating the commutation loop inductance.

These combine mathematical models of the physical geometry of the layout's conducting

path with mathematical models of the electromagnetic (EM) �elds. The physical geometry is

excited with an electric current and this current shapes the EM �elds. These �elds determine

the LC elements of the commutation loop, and are therefore simulated to estimate the

commutation loop inductance LLoop before developing and testing a hardware prototype.

r � D = � (1.20)

r � B = 0 (1.21)

r � E = �
@B

@t
(1.22)

r � H = J+
@D

@t
(1.23)

The EM �elds are given by the differential form of Maxwell's equations. These describe

the EM �elds and their relationship with charges and currents. Gauss's Law for Magnetism

(1.21), Faraday's Law of Induction (1.22), and Ampere's Law (1.23) provide the data necessary

to calculate inductance. The inductance L of the conductor is the amount of magnetic �ux

� in Webers (Wb) per ampere of current I given in (1.25). The magnetic �ux � is calculated

by multiplying the magnetic �ux density B in Tesla (T) by the cross-sectional area A through

which the �ux travels, given in (1.24). A key assumption of (1.24) is that the area A is normal

(perpendicular) to the vector B.

� = BA (1.24)
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L =
�

I
(1.25)

Modeling �eld equations as they travel through a medium is another consideration.

For a PCB, a common material is glass-reinforced epoxy laminate material (FR-4). The

physical geometry of the PCB could include a model of the epoxy, either as a shape or as the

surrounding space. These �elds may also partially exist in the air outside of the PCB. This

creates a boundary condition within the simulation of the EM �elds. However, simulation of

this boundary condition is not captured in some simulation engines because of its smaller

impact on the circuit and added computational complexity. It is faster to simulate these

�elds as though they were in a continuous medium. The differential forms of Maxwell's

equations are commonly used for this type of simulation.

Since terms in Maxell's equations are time-dependent, the frequency at which they are

simulated is important for accurate results. Estimations of inductance at different frequen-

cies can be achieved with a sweep of a frequency sweep, although this is computationally

expensive. It is practical to sample the frequency of the ringing loop 1.4 for estimating

L l oop . Qi et al. (2020) performed an RLC extraction on a PCB trace using the popular �eld

solver Q3D by ANSYS, which shows that the high-frequency simulations show a lower L

and higher R in circuit traces than lower frequency and that the inductance is constant at

high frequency and low frequency with a transition band in between. This extraction can

be repeated on any circuit trace and show a similar trend, although the inductance and

location of the transition band can be variable.

The �nal consideration is the use of mutual inductance, which is an opportunity to

reduce the magnetic energy stored in the trace current and also the inductance through

magnetic �eld cancellation. Faraday's Law of Induction (1.22) gives the conditions for
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creating an electro-motive force (EMF) r � E in a conductor by a magnetic �ux over time

@B
@t . If another conductor creates B, then a change in current I1 for one conductor results

in a change in current I2 in the other conductor in the opposite direction. The paper by

D. Reusch (2014) details the advantages of designing a commutation loop in a PCB with large

mutual couplings to cancel the magnetic �elds of branch currents in the buck converter,

thereby reducing the total inductance in the circuit. Calculating the mutual inductance of

two conductors L1,2 and L2,1 are given in (1.27).

M =
@� 1

@t
= �

@� 2

@t
(1.26)

M =
� 1

I2
=

� 2

I1
(1.27)

1.2.1 Quasi-Three Dimension(Q3D)

Q3D is a well-accepted and well-studied tool for extraction of parasitic RLC elements for

busbars(Krishna Moorthy et al. 2020) devices(Kovacevic-Badstübner et al. 2017), and power

modules (Ke et al. 2021). Q3D simulates a physical geometry by using the Finite Element

Analysis(FEA) method. This method divides the physical geometry into �nite elements

through a process called meshing. A rectangular conductor is depicted in Figure 1.13, which

is processed by a meshing algorithm into the �nite element model of Figure 1.14. The

meshing strategy is to divide the geometry of the conducting path into tetrahedrons, which

are used because they can be combined in various shapes and sizes to make any shape. In

Q3D, meshing is a back-end process with minimal user input, and the mesh generated in

Q3D usually has several hundred or even thousand �nite elements. Within the boundaries

of a �nite element, the material properties and current density are constant, and only
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Figure 1.13: Three-dimensional rectangular conductor
.

Figure 1.14: The rectangular Conductor of Figure 1.13
is divided into �nite elements by a meshing algorithm. These �nite elements take the
shape of tetrahedrons, one of which is labeled. Tetrahedrons can be combined with

varying shapes and sizes to approximate almost any three-dimensional shape, and provide
the boundary conditions for FEA.

change when crossing the boundary into another �nite element.

The excitation current J is simulated traveling through the mesh of �nite elements by

the normal vector at the �nite element edges or faces. Jis initialized and re�ned over several

passes by using a numerical algorithm until Jdoes not change with another pass. The RLC

elements are extracted from the simulation and provided by Q3D. Figure 1.15 shows the

current injected into the three-dimensional mesh and traveling through the �nite elements.

The site of injection is called the source, and the site where the current exits the mesh is

called the sink.

A practical model of the commutation loop in a buck converter can be made by placing

sources and sinks at the lands of the components Q1, Q2, and Cb y pa s s. The advantage of
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Figure 1.15: An approximate volumetric current J travels through the mesh through a
source excitation and exits the mesh through the sink. FEA simulation enables the accurate
estimation of current density in different parts of the mesh, with current

this is that the PCB �le can be imported quickly from another ANSYS tool called SIWave

(Signal Integrity Wave) from a manufacturing �le. The disadvantage of this method is that

the �delity of the model does not include the internal connections of Q1, Q2, and Cb y pa s s

inside their device packages.

Q3D enables an accurate understanding of volumetric current distribution J in the

conducting path. However, Q3D is a detailed simulation and takes time to solve a simulation.

It hasn't been integrated with power electronics layout optimization tools in literature and

has instead been used most commonly to validate other solution techniques, as by Al Razi

et al. (2021), Ren et al. (2020), and Ning et al. (2011).

1.2.2 FastHenry2 (FH2)

FastHenry2 (Kamon et al. 1996)uses the partial element equivalent circuit (PEEC) method

is used for modeling the PCB commutation loop and extracting resistive and inductive

elements. The PEEC method divides the geometry of the PCB into partial elements, models

the partial elements using inductors and resistors, and models the current through these

elements using circuit theory and Maxwell's equations. The distribution of current I within
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the partial elements determines the total resistance and inductance of the commutation

loop. The PEEC method derivation is provided by Heeb and Ruehli (1992). Due to the shape

of partial elements, they are better suited for simulating shapes where the J �ow in one

direction through the partial elements.

The mesh of partial elements created in PEEC simulations is not tetrahedral as in FEA-

based simulation. PEEC considers �laments which are rectangular in shape, and treats these

�laments as the partial elements. Current travels through the �laments in the waveguide

based on the solutions of PEEC equations that model the �nite-element behavior of the

waveguide material and dimensions. The density of �laments is controllable by the user. It

is recommended to have the �lament dimensions be smaller than the skin depth of the

operating frequency as this results in more accurate current distributions in the waveguide.

Indeed, it is left up to the user to create an accurate mesh that meets this criterion. The skin

depth formula is proved in (1.28), where:

• � skin effect(cm)

• � material resistivity( 
 � cm)

• f0 operating frequency(Hz)

• � r material relative permeability

• � 0 Free Space Permeability
H

c m

� =

v
t �

� f0� r � 0
(1.28)

The �eld equation calculations are taken as a superposition of the �eld equations solved

for every �lament. The standard deployment of FH2 utilizes the General Minimal Residual
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Method(GMRES) to iterate the solver until the �eld equations converge around a �eld that

satis�es the GMRES convergence criterion.

A direct comparison between simulation results of Q3D and FH2 is done by Ren et al.

(2020), and shows they can produce similar values of inductance for similarly shaped

PCBs. Q3D bene�ts from having greater commercial support and a larger user community,

whereas FH2 is open source with less commercial support as of this writing. FH2 does not

have open-source tools which can be used to import PCB manufacturing �les for quick

simulation, which Q3D has. FH2 accepts �les in text format, whereas Q3D uses a graphical

user interface to place shapes. The greatest advantage that FH2 has over Q3D is speed, and

comparable simulations done by the author of this dissertation show that Q3D simulates a

geometry in 141s that FH2 simulates in 5s. For solving the inductance for a large design

space with thousands of design points, FH2 is a more desirable tool to use for its speed and

text-based input with a potential tradeoff in accuracy and compatibility with commercial

PCB design tools.

1.3 Optimization

Optimization uses mathematical techniques to �nd a minimum value for an objective

function f0(x ) while satisfying limits given by constraint functions f i (x ) and gi (x ), where x

is a decision variable. There can be multiple decision variables, given by n . The constraint

functions f i (x ) and gi (x ) are the posynomial and monomial constraints and de�ne the

feasible region for f0(x ). Optimization problems may have only posynomial constraints,

only monomial constraints, or a combination of both. They may have multiple posynomial

constraints or monomial constraints, given by m and p . The distinction between posyno-

mial and monomial constraints is that each enables optimization solution methods, which
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can make a solution method computationally ef�cient. These solution methods span the

domains of Linear Programming and Non-Linear programming and are the subject of

cross-domain research. The general formulation of an optimization problem is given by

(1.29).

minimize f0(x )

subject to f i (x ) � 1, i = 1,2, ...,m

gi (x ) = 1, i = 1,2, ...,p ,

xi > 0,i = 1,2, ...,n

(1.29)

Due to the specialized nature of optimization problems, problem formulation is required

to solve them ef�ciently. This involves determining the objective functions ~based and

their mathematical relationship with their input parameters. Delhommais (2020) gives a

summary of optimization techniques used to solve power electronics design problems.

An openly accessible derivation of linear programming to design an inductor for an LC

resonator for a Radio Frequency (RF) circuit is provided by del Mar Hershenson et al. (1999).

Examples of successful design optimization tools include PowerSynth by Al Razi et al. (2021),

which is a layout optimization tool for power modules, and MagNET by Li et al. (2020)

The bene�ts of design optimization are that design knowledge is stored in the algo-

rithm instead of quali�ed personnel, reduced design time, and higher quality engineering

prototypes.
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1.3.1 Commutation Loop Optimization

To optimize the commutation loop inductance L l oop of a buck converter, the decision

variables xi for the layout must �rst be de�ned. They are commonly de�ned as the number

of components n in the layout, the placement P of components in the layout, the rotation R

of components on the layout, and the routed connections C between component terminals.

Thus, L l oop (n ,P,R,C) can be de�ned. The constraint functions that de�ne the feasible

space gi (x ) are used to enforce design rules on the layout. An example design rule can

include a spacing requirement on the rotation of a component Ri such that it is oriented at

a controlled angle for all solutions for L l oop , or that the position of a component Pi is �xed

to the top of all solutions for L l oop .

minimize L l oop (n ,P,R,C)

n = 3,

Ri

8
>>>>>>>>><

>>>>>>>>>:

0o

90o

180o

270o

, i = 1,2, ...,n ,

Pi 2 Z, i = 1,2, ...,n ,

C = Ci (Pi ,Ri ), i = 1,2, ...,m ,

(1.30)

For most commutation loop layout problems, the placement of a component Pi within

the layout is de�ned relative to other components. This is true for the work done by Al Razi

et al. (2021) and in the sequence pair algorithm de�ned by Ning et al. (2011).
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Monomial functions for gi (x ) are used to model the constraints, since the design rules

are linear and based on single parameters, like the distance between components, the

orientation of a single component, or the region of the layout which may be occupied by

a speci�ed net. Posynomial constraint functions are not used in the literature on layout

optimization.

Al Razi et al. (2021) and Ning et al. (2011) approximate the inductance of their commu-

tation loops by using linear mathematical models of the layout. This approach is suitable

and fast for simulating power modules, which are distinguished from PCBs by the single

layer present in power modules. The single layer reduces the mutual inductance between

nets, and so a mathematical model for the commutation loop inductance is linear. PCBs,

with multiple layers in close proximity, have a nonlinear model that is dif�cult to formulate,

and so this approach is not as tenable for PCB commutation loops. Ren et al. (2020) de�nes

an approach of inductance estimation using a script generator and the FH2 solver, which is

capable of estimating the inductance for PCB planar conductors, vias, and traces, although

this method is not applied to solve the gate loop inductance rather than the commutation

loop.

1.4 Proposed Work

This dissertation proposes a new optimization approach that will optimize the PCB commu-

tation loop. This approach is an algorithm that accepts a database of detailed component

models, a list of design constraints, a connection graph detailing how the components are

interconnected, and design vectors for component spacing, rotation, and routing order.

These inputs de�ne the design space for the commutation loop optimization problem. The

output of this algorithm is an array of designs with simulation data from FH2 for commuta-
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tion loop inductance. These designs are sorted and searched to �nd the optimal designs.

The high-level algorithm is presented in Figure 1.16. This approach is validated by designing

a buck converter with GaN FETs. A series of buck converters generated by the optimization

algorithm are prototyped. The gate drivers for the GaN FETs are designed of�ine from the

algorithm and are homogenized to reduce the impact of differences in gate driver layout

as much as possible. These designs are bench tested with a DPT, with Vd s data from the

low-side device measured and used to determine the loop inductance L l oop using (1.11).

The results from this experiment are presented and discussed.

This approach �lls a gap in the literature for an optimization algorithm that can rear-

range components on a PCB by combining the sequence pair logic by Ning et al. (2011)

with a novel bounding box algorithm for routing the PCB terminals with multiple layers.

The sequence pair algorithm is proven, although it can generate layouts that are the same

but rotated by ninety degrees. This routing algorithm is capable of generating a multi-layer

commutation loop using simple logic. The design problem for a buck converter has routing

constraints for the bene�t of the of�ine gate driver design, which to the author's knowledge

is not present in the literature.

The approach by Ren et al. (2020) for generating FH2 scripts by means of a Matlab script

generator is adopted by this work. The script generator used in this work is different in that

it accepts a data structure input with matrix objects that de�ne the routed PCB rather than

an array of dimensions and coordinates as seen in Ren et al. (2020). This data structure is

translated into a series of planes, holes, and vias and simulated at a high frequency, with

source and sink excitations de�ned by the directional graph Figure 1.17. Furthermore, the

design challenge faced by this paper was the optimized design of the gate loop inductance

with a 4-stage dynamic switching model of a transistor, whereas this work applies this script

generation tool to solve for the commutation loop inductance of a buck converter.
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Figure 1.16: Flow diagram for the Layout Optimization Algorithm(LOA).

Figure 1.17: The nets and components of the buck converter commutation loop are la-
beled and abstracted as a directional graph that represents the �ow of current within the
commutation loop.
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This work is of interest to layout optimization researchers, PCB designers, PCB design

tool developers interested in layout optimization for power electronics and WBG devices,

and researchers interested in algorithmic solutions to power electronics problems.
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CHAPTER

2

LAYOUT OPTIMIZATION

ALGORITHM(LOA)

This chapter provides high-level details of the LOA algorithms presented in Figure 1.16. The

LOA is divided into three stages: the component placement, the routing algorithm, and the

FH2 script generator. The LOA searches the design space by executing these outputs with

different discrete inputs that are provided by the user. These inputs are visualized in Figure

2.1 as a search tree and include:

• A layout from the sequence pair database.
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Figure 2.1: A search tree visualizes the possible degrees of freedom in the simulation.

• The routing order of nets.

• Spacing requirements for each of the components.

• Rotation requirements for each of the components.

The LOA is coded in MATLAB. The FH2 Script Generator has components in Microsoft

Excel and FH2 that provide data to the LOA.
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2.1 Component Placement

2.1.1 Sequence Pair

The sequence-pair method has been demonstrated as an algorithm for optimal placement

for up to 500 components by Murata et al. (1996) for Very Large Scale Integrated Circuit

(VLSI) applications and by Ning et al. (2011) for layout in power electronics modules.

Sequence vectors are used to de�ne the positions of components relative to each other.

A and B are de�ned as 2 sequence vectors for a layout that contains 3 components, referred

to numerically as 1, 2, and 3. These sequence vectors are decoded according to the relative

positions of one component in reference to another component, which makes up a compo-

nent pair. The indices of each component in the component pair are extracted from each

sequence vector and placed in ascending order, and the contents of each element that the

index points to are placed as a pair in the resulting sequence pair matrix.

A = [1,2,3] (2.1)

B = [1,3,2] (2.2)

To explain an example when applied to A and B, components 1 and 2 are taken as an

example. In A, 1 and 2 occur in the �rst and second element indices. In B, 1 and 2 occur

in the �rst and second element indices, as well. The sequence pair for A would thus be [1,

2], and the sequence pair for B would also be [1, 2]. The sequence matrix SeqAB holds the

results of this logic when applied to the pairs of 1 and 2, 1 and 3, and 3 and 2. Each row is
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de�ned for each sequence pair, and columns are de�ned for each sequence vector.

SeqAB =

2

6
6
6
4

1,2 1,2

1,3 1,3

2,3 3,2

3

7
7
7
5

(2.3)

With the sequence pairs de�ned, they can be decoded according to a sequence pair

truth table. Equation (2.4) shows the convention used in this thesis. Applying this code to

decipher SeqAB results in (2.5). Component 1 is to the left of Component 2, component 1

is to the left of Component 3, and Component 2 is above Component 3. Thus, sequence

pair logic is used to assign a relative position of components 1, 2, and 3 with respect to

each other, and these components can be recon�gured with thirty-six different orientations

according to the O((n !)2) function, with n given as three. This completely de�nes the number

of con�gurations that these components that can be replaced in relation to each other,

assuming that each component is placed as a rectangular block in a grid.

A B Component Order

a, b a, b a to the left of b

a, b b, a a above b

b, a a, b a to the right of b

b, a b, a a below b

(2.4)

A B Component Order

1,2 1,2 1 to the left of 2

1,3 1,3 1 to the left of 3

2,3 3,2 2 above 3

(2.5)
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The sequence pair method is capable of placing components in non-trivial con�gura-

tions with a simple input of sequence vectors, making it a desirable candidate for use in an

optimization algorithm. The weaknesses of the sequence pair algorithm are the number of

computations and the number of redundant data points. The number of computations for

a given number of components n is given as O(n ) and is calculated by Singh et al. (2016) in

2.6. For large numbers of n , it is not feasible to calculate every value of the sequence pair

function output Se qPa i r(n ) becauseO(n ) is too big, even if the amount of time to calcu-

late an individual solution for Se qPa i r(n ) is small. However, the most valuable solutions

are the optimized ones, and it is not necessary to simulate every point if it is not optimal

or advance the algorithm toward the optimal solution. The solution to this problem is to

use a stochastic algorithm, such as a genetic algorithm, which is capable to navigate the

design space of Se qPa i r(n ) to �nd the optimal solutions for Se qPa i r(n ). For a power

electronics commutation loop, n is equal to three because the components are two FET

devices and one bypass capacitor, making O(n ) equal to thirty-six. The other problem of

redundancy with sequence pair is that the solutions it provides can be similar in that two

solutions can be the same, but rotated by ninety degrees, 180o or 270o . This means that as

many as 75%of data points are unnecessary, and any algorithms built with sequence pairs

must be prepared to handle this glut of calculations. The results must also be �ltered to

remove the redundant data points.

O(n ) = (n !)2 (2.6)

37



Figure 2.2: Buck Converter Circuit. Components and nets in the commutation loop are
colored in red.

2.1.2 Rotation

Components are allowed to rotate by 0o , 90o , 180o , or 270o as de�ned by Ri in (1.30) to

explore these options in the design space. The use of these discrete angles allows reduces

the size of the design space, which yields computational bene�ts at the cost of reduced

�delity in the design problem. It is conventional in layout optimization literature, with

Al Razi et al. (2021) and Ning et al. (2011) using these angles for component placement.

Power electronics components are frequently rectangular in shape, as are power electronics

PCBs. The use of multiples of 90o is justi�ed by its practicality and by the precedent set in

literature.

2.1.3 Spacing

Spacing is de�ned by Ning et al. (2011) as the distance from one component to the edges of

the component to its left and bottom. This de�nition means that a two-element vector is

needed to de�ne the spacing for each component. For a power electronics commutation

loop, there are three two-element vectors needed to de�ne the entire layout. The position

vector Pi from (1.30) de�nes the spacing for component i .

An important consideration for spacing is that spacing is continuous. Since the optimiza-

tion algorithm proposed in Figure 1.16 does not solve layouts as a closed-form equation, a

level of discretization is needed to prevent the continuous variables from overwhelming the
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algorithm. The spacing vectors used in this algorithm are de�ned in distances of one mm

due to the small size of the GaN components. The inputs to the LOA are given as integer

multiples of one mm. Therefore, if a component has a position vector P1 de�ned in (2.7),

the distance from the left component edge is one mm and the distance from the bottom

component edge is three mm.

P1 =

2

4
1

3

3

5 (2.7)

In commutation loop design, it is desirable to minimize the space between components

for a number of reasons. It can reduce the material required to manufacture a single PCB,

improve the power density of a PCB, and can minimize the trace length to reduce the

commutation loop inductance. However, for a multi-layer PCB, the relationship between

spacing and commutation loop inductance is nonlinear due to the inductive coupling

between layers. A larger planar conductor could couple with multiple other nets in the

circuit, increasing the mutual coupling M between them. It is important to consider larger

spacing to investigate opportunities to improve commutation loop inductance.

2.1.4 Component Models

The component models for the LOA are similar to those used by Electronic Design Automa-

tion (EDA) tools such as Altium, EasyEDA, or EagleCAD. These tools are used to create

layouts by placing components on a virtual PCB. The difference between using the LOA

and most EDA tools is that the LOA automates the component placement process. Sev-

eral aspects of the GaN FETs and the bypass capacitor needed for modeling component

placement include:
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• The component landing pattern

• The component terminal locations

The component landing pattern is the PCB area where the component is bonded to the

PCB. This includes the solder mask underneath the component and the exposed copper

pads that bond to the component by a solder joint. Only a single component may be placed

within the landing pattern. The exposed copper pads are the component terminal locations

and are labeled in the algorithm according to which net they connect to in Figure 1.17.

A component object model stores the landing pattern and component terminal loca-

tions, as well as information about the component's rotation angle Ri , relative spacing Pi ,

and necessary methods to manipulate the component. The landing pattern is a 4� 4 matrix,

which translates to 4mm � 4mm with 1mm resolution. This is slightly larger than the size

of the components, with the cap featuring an 0608 package and the EPC 2204 GaN FETs

being roughly 1.5mm � 2.5mm , making the 4mm � 4mm footprint adequate for modeling

the devices for a prototype PCB.

The GaN FET and the capacitor have 2 terminal locations represented in the footprint

which connect to the power stage of the buck converter commutation loop. The GaN FET

has an additional gate connection for the gate driver, which isn't modeled since it does

not interface with the power stage. The terminal locations are at the left and right edges

of the footprint, as shown in Figure 2.3. The FET has �ngers that mate with the Surface

Mount Device (SMD) pads on the bottom of the chip which is broken out from the terminal

locations and not modeled by the LOA. This is justi�ed by their minimal impact on the

commutation loop inductance, the complexity of modeling these �ngers, and that the same

approximation is made for all prototype builds.
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Figure 2.3: The GaN FET and the bypass capacitor component footprints are modeled
by a 4mm � 4mm matrix. The elements of the matrix are colored based on whether the
matrix elements are occupied by voided area or a PCB track for the terminal location. The
terminals are identi�ed by an integer to identify them.

2.1.5 Layout Graph Generation Algorithm

The layout graph is an unrouted model of the PCB layout. The layout graph generation

algorithm takes component object models, sequence vectors, component rotations Ri , and

component spacing Pi , and the directional graph of Figure 1.17 to create a layout graph.

This algorithm performs this by the following routine:

• Apply the Kronecker tensor function (2.8) to expand the sequence pair representation

of Figure 2.2 to the necessary 1mm � 1mm resolution.

• Use Pi to apply space between components.

• Use Ri to rotate the component footprints.

• Insert component landing patterns into the expanded sequence pair representation.

• Replace the terminal identi�ers in the component landing patterns with net identi-

�ers.
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A
O

B =

2

6
6
6
6
6
6
4

A1,1B A1,2B . . . A1,n B

A2,1B A2,2B . . . A2,n B
...

...
... . . .

Am ,1B Am ,2B . . . Am ,n B

3

7
7
7
7
7
7
5

(2.8)

In (2.8), the sequence pair representation of Figure 2.2 is represented by the m � n

matrix A , with m and n equal to two in (2.9). The resolution of A is expanded by applying

(2.8) with a square matrix of ones for B. To expand to a 1mm � 1mm resolution, a 4 � 4

matrix of ones is used to create four elements for each element of A for the 4mm � 4mm

footprint of Figure 2.3. The result is LG which is referred to as a fully masked layout graph,

calculated in (2.11).

A =

2

4
3 2

1 1

3

5 (2.9)

B =

2

6
6
6
6
6
6
4

1 1 1 1

1 1 1 1

1 1 1 1

1 1 1 1

3

7
7
7
7
7
7
5

(2.10)
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LG = A
O

B =
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7
7
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7
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2

6
6
6
6
6
6
4

1 1 1 1
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=

2
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6
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3 3 3 3 2 2 2 2

3 3 3 3 2 2 2 2

3 3 3 3 2 2 2 2
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1 1 1 1 1 1 1 1
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7
7
7
7
7
7
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(2.11)

Step two is to insert spacing based on the spacing vectors P for each of the components

Pi in the fully masked layout graph. The spacing is inserted by adding rows of zeros and

columns of zeros to create spacing in 1mm increments if needed, and by shifting the masks

for the components in the layout graph if there are zeroes above or to the right. From (2.12),

1mm spacing is required for the left and bottom spacing for all of the components. Since

components one and three do not have components to the left and component one does

not have any components below, the terms for P1 and P3,1 can be ignored. The layout graph

LG is rewritten as a function of P and calculated in (2.18).

P =
h
P1 P2 P3

i
=

2

4

2

4
1

1

3

5

2

4
1

1

3

5

2

4
1

1

3

5

3

5 =

2

4

2

4
P1,1

P1,2

3

5

2

4
P2,1

P2,2

3

5

2

4
P3,1

P3,2

3

5

3

5 (2.12)
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LG(P) =

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4
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3 3 3 3 0 2 2 2 2

3 3 3 3 0 2 2 2 2
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0 0 0 0 0 0 0 0 0
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(2.13)

Step three is to apply rotation to the component footprint FPi . The footprint depicted

in Figure 2.3 is given in mathematical form as FPi (0o ) and expressed as a4 � 4 matrix in

(2.14). The set of angles Ri is given by (1.30), and the rotation vector R gives the rotation for

all components in (2.15). The footprints for all of the components are expressed as FP and

given in (2.16).

FPi (0
o ) =

2

6
6
6
6
6
6
4

1 0 0 2

1 0 0 2

1 0 0 2

1 0 0 2

3

7
7
7
7
7
7
5

(2.14)

R =
h
R1 R2 R3

i
=

h
90o 90o 0o

i
(2.15)
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FP(R) =
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T

(2.16)

Step four is to express the layout graph LG(P) with the rotated footprints FP(R) inserted

into the component masks. Since the area occupied by Component 1 in LG(P) is a 4 � 8

matrix, the component landing pattern FP1(90o ) must be modi�ed to match this dimension.

This is accomplished by the PadL,R function, which adds columns to the left and right of

FP1(90o ). The input of 2 adds two columns to each side of FP1(90o ) in order to match this

dimension, resulting in (2.17). After this modi�cation, the footprints FP(R) may be inserted

into LG(P) with a simple unmasking function, and LG(P,FP,R) may be expressed as (2.18).

PadL,R(FP1(90o ),2) =

2

6
6
6
6
6
6
4

0 0 2 2 2 2 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 1 1 1 1 0 0

3

7
7
7
7
7
7
5

(2.17)
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LG(P,FP,R) =
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(2.18)

The �nal step �ve is to re-express LG(P,FP,R) as LGN e t s(P,FP,R), which replaces the ter-

minal identi�er from the component footprint with a net identi�er. The directional graph

of Figure 1.17 is used to identify the net connections of the terminal identi�er. The result is

given in (2.19).

LGN e t s(P,FP,R) =

2
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(2.19)

The steps of generating the layout graph LGN e t s(P,FP,R) are visualized in Figure 2.4.
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Figure 2.4: The steps of the component placement algorithm are visualized as a two-
dimensional, top-down view of a PCB similar to commercial and open-source EDA tools.
The layout graph of Figure 2.2 is �rst expanded to match the resolution of the component
footprints via Kronecker Expansion ( LG), then the components are spaced according to the
spacing vector ( LG(P)), and �nally the component landing patterns are rotated according
to their rotation vectors and inserted into the PCB footprint by a simple unmasking routine
(LG(P,FP,R)).

The matrices presented in this section are abstractions of the buck converter PCB layout

from a top-down perspective, similar to the two-dimensional view in EDA tools like Altium.

2.2 Routing

The routing algorithm makes the connections C in the buck converter commutation

loop layout as de�ned in (1.30). It does this by connecting the nets of the layout graph

LGN e t s(P,FP,R) with an automated and formulaic approach, and in a realistic fashion that

is relevant to power electronics commutation loop layouts. A number of routing algorithms

used in automated layout for power modules are described by P. Ning (2020). The routing

algorithm should be compatible with designing three-dimensional interconnect structures

of a buck converter commutation loop and accurately represent the commutation loop ge-

ometry. The routing algorithm can be expressed mathematically as making the connections

between terminals of the bypass capacitor and FET devices.
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This research investigated the use of the bounding box algorithm in the LOA, which

connects the nets together by using rectangular planar conductors on multiple PCB layers.

This algorithm is simple and capable of generating realistic commutation loop layouts

and is easy to apply as a direct search algorithm, although it restricts the shape of the

interconnect to rectangular structures and can have more layers than is practical, and

does not guarantee the most optimal routing con�guration is generated in the algorithm.

The bounding box is an order-based algorithm in that it requires the order in which nets

are routed to be de�ned. This degree of freedom allows for different nets with similar

component placement con�gurations. The weakness of order-based algorithms is that

they tend to produce higher-quality net connections for nets ordered sooner than later.

Order-based maze running algorithms are commonly used in commercial and open-source

EDA tools for their simplicity with many kinds available to solve niche routing problems,

although they are not used in the commutation loop LOA since they tend to produce thinner

traces and require complexity for vertical layouts

To �nd the most optimal layout con�guration, Ning et al. (2011) utilizes a genetic

algorithm to randomly insert small copper squares onto a power module commutation

loop and converge on an optimized module based on solving closed-form equations for

their thermal and inductance equations. This has the potential to simulate a larger design

space for the routing algorithm due to the randomness and the speed of solving closed-form

equations. However, extending this concept to a three-dimensional interconnect doesn't

scale as effectively and the uncertainty of convergence in the genetic algorithm requires

manual tuning of genetic algorithm parameters to �nd the optimal routing con�guration

for each sequence pair. Other layout optimization algorithms like Powersynth (Al Razi

et al. 2021) and the tool by Ren et al. (2020) vary the dimensions of planar conductors

that are provided as input to the simulation, which requires a manual step to route the
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commutation loop before running the algorithm. The manual step does not store design

knowledge as effectively as an automated layout tool. The bounding box method is proposed

as a solution that can automate the commutation loop layout, do so in a scalable way, and

produce realistic and practical layouts for a buck converter commutation loop with planar

conductors, although the routing results are crude and the optimal commutation loop

inductance is not guaranteed due to the stochastic formulation.

2.2.1 PCB Stack-up Model

The routing algorithm creates a PCB stack-up based on a standard four-layer, 1.6mm PCB

stack-up shown in Figure 2.5. This stack-up is taken from a selected manufacturer and uses

one ounce (one oz.) copper, which is a standard convention used in PCB manufacturing

to describe the thickness of a sheet of copper that covers a square foot as the weight of

this sheet. One oz. copper is 0.00137 inches, 1.37 mils, or 0.0348mm. The non-conductive

dielectric layers provide spacing between the conductive copper layers in the PCB.

The bounding box algorithm creates planar conductors on the layers of this PCB stack-

up model. All of the components are placed on Layer 1, the top layer. This necessitates

the use of blind vias and thru vias to connect components to nets on Layer 2 and Layer 3.

Layer 4 is reserved as a ground path for the gate driver circuits for the GaN FETs, although

the example used in this chapter ignores this requirement. The stack-up is expressed

mathematically as a vector-of-matrices SU in (2.20), with L1, L2, L3, and L4 representing
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Figure 2.5: Standard stackup layer structure for a 1.6mm, 4-layer board. Thickness of the
conductive and dielectric layers is given in mm.

the different layers of the stackup and the nets within them.

SU =

2

6
6
6
6
6
6
4

L1

L2

L3

L4

3

7
7
7
7
7
7
5

(2.20)

Vias are centered on the terminal locations of the components. A single via is used per

terminal, which has the advantage of being simple to model at the cost of free placement

of the via in the layout. The number of vias is based on the number of connections to

lower-layer nets and is assigned dynamically by the PCB stack-up model. Vias are given a

�xed diameter of 0.8mm and are allowed to pass through holes in the planar conductors on

lower layers. To prevent a short-circuit from being created by the via to another net, holes

with a diameter of 0.9mm is created in lower-layer conductors of different nets. A hole is

created in each planar conductor the via passes through. Finally, a clearance of 0.2mm

is given between nets on the same layer, which is satisfactory clearance for low-power

levels. These numbers are selected to balance the need to produce a realistic layout with
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Figure 2.6: Stack up structure is modi�ed to include via width, hole width, and net clear-
ance. The clearance between planar conductors on the same layer is 0.2mm, the width of
vias is 0.8mm, and the width of holes is 0.9mm.

the stability of FH2.

2.2.2 Bounding Box Algorithm

The bounding box algorithm draws a virtual bounding box around a net in the layout graph

LG and checks the contents of the box to determine if any other nets are inside. There is a

conditional check to determine whether another net is inside, and the algorithm decides

whether to populate the cells of the bounding box with a planar conductor. The block

diagram of the bounding box algorithm is shared in Figure 2.7. The routing order is given

as a vector RO de�ned in (2.21). In this given RO, the routing algorithm will connect Net

1, then Net 2, and lastly Net 3. Therefore the �rst step is to create the bounding box for

Net 1. The bounding box for Net 1 in the buck converter commutation loop layout graph

LGN e t s is given by B B(LGN e t s,N e t 1) in (2.22). This is a boolean matrix that serves as a

mask of the elements within the bounding box, which can be used in MATLAB to index

LGN e t s to �nd the elements inside. The elements inside the bounding box are given by

LGN e t s[B B(LGN e t s,N e t 1)] in (2.23).
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Figure 2.7: Block diagram for bounding box routing algorithm.
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RO =
h
1 2 3

i
(2.21)

B B(LGN e t s,N e t 1) =
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(2.22)

LGN e t s[B B(LGN e t s,N e t 1)] =

2
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(2.23)

Step two in the routing algorithm is to perform a conditional check for obstacles within the

bounding box. Plausible obstacles in a PCB include cutouts and other nets. The bounding

box detects these obstacles by searching the matrix for any elements of the bounding box

that do not match the selected net. If there aren't any obstacles, the algorithm will create a

planar conductor that will connect the terminals of the net together. In the case of (2.23),

there are two obstacles impeding the bounding box from creating the planar conductor for
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Net 1, which are the Net 2 and Net 3 terminals.

As the case of Net 1 fails the conditional check, the algorithm needs to route around

these obstacles by shifting to a lower layer in the stackup and repeating step two. It will

repeat this process until it identi�es a layer with no obstacles in the bounding box. Layer

two ( L2) has not been populated and has no obstacles, and therefore is selected by the

algorithm to populate the Net 1 connection C1 in (2.24).

C1 =
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(2.24)

The difference between (2.22) and (2.24) is that the former is a logical matrix and the latter

is populated with integers in the bounding box that indicate Net 1 as the connected net.

The matrices C2 and C3 are populated by integer values of two for Net 2 and three for Net 3,

as shown in (2.25) and (2.26). Once these connections are de�ned, the algorithm will exit

the iteration.
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C2 =
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(2.25)

C3 =
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(2.26)

The �nal step is to de�ne the stack-up SU, which can be passed as input to the script

generator in a compact format. For the purpose of this example, each of the layers L1, L2,

L3, and L4 may be de�ned in (2.27) since the top layer makes no changes to LGNets(P,FP,R)

and none of the other layers contain connections for multiple nets.
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SU =

2
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3
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5

(2.27)

Figure 2.8 visualizes the steps of the bounding box algorithm from a two-dimensional

view of the layout, and includes the lower layer nets of the stack-up. This example generates

a layout that occupies four layers of the PCB of Figure 2.5.

2.3 FastHenry2(FH2) Script Generator

The FH2 script generator processes the �nished stackup into a text �le that is readable for

the FH2 engine. The script generator is the most involved component of the LOA since it

involves translating the stack-up SUinto a physical model that requires physical dimensions

for the layers, vias to connect the top layer to lower layers, and holes to be inserted into

the planar conductors based on via locations. The approach taken by Ren et al. (2020)

when designing this script generator is adopted, although the script generator in the LOA

processes the SU into a simulation and Ren et al. (2020) uses a different format for their

simulations. The format of the script used in this work is given in Appendix A.

The output of the script generator for (2.27) is rendered in Figure 2.9. This is a three-

dimensional model of the text �le created by the script generator. The FH2 objects used are

detailed in Figure 2.10.

2.3.1 FH2 Objects

FastHenry2 objects are generated in the following order:
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Figure 2.8: The bounding box algorithm for routing the connections of the layout graph
LGNets(P,FP,R) from Figure 2.4 with the routing order RO to create the stackup (2.27),
visualized here. The algorithm iterates through the nets until all of them are connected,
using the logic of a bounding box to search the layers for a direct connection between the
terminals of the nets. The via locations are indicated at the terminal locations of the layers.
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Figure 2.9: FH2 model for the stack-up SU of (2.27). Rendering is done in FastModel
package.

Figure 2.10: Detail of the FH2 objects rendered along with the FH2 code to create these
objects.
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1. Planes

2. Excitations

3. Vias

4. Holes

This order is handled by a number of custom functions within the MATLAB project being

executed in order.

Planes

Planes can be directly extracted directly from the stack-up (2.27). The Layers L1, L1, L1,

and L1 provide masks for the script generator to convert into rectangular coordinates for

FH2 and this is done in a process to translate the coordinates from one-base to zero-base

indexing and enter the corners of the net mask to generate a basic string. The ground plane

object is created using the "g" keyword in FH2 followed by a string to identify the plane

and the three-dimensional rectangular coordinates of the plane. These coordinates de�ne

the corners of the plane, and only three corners are needed to make a plane. An example

plane is shown in (2.3.1). The corners are de�ned line by line as (2.28), (2.29), and (2.30).

This plane is on the top layer of the PCB, with

Cor1 =
h
x 1 y 1 z1

i
=

h
1 5 0

i
(2.28)

Cor2 =
h
x 2 y 2 z2

i
=

h
5 5 0

i
(2.29)

Cor3 =
h
x 3 y 3 z3

i
=

h
5 1 0

i
(2.30)

g1 x1 = 1 y1 = 5 z1 = 0
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+ x2 = 5 y2 = 5 z2 = 0

+x3 = 5 y1 = 1 z3 = 0

Nodes are placed within the plane to serve as connection points for vias and excitations,

and are determined by the midpoint coordinates of the component terminals on L1. The

FH2 keyword for noses is "n" and the naming convention used in this simulation is given

in (2.31), where XXX and YYY identify the component and terminal which is connected to

the via. The ground plane in 2.3.1 is modi�ed to include a terminal in 2.3.1.

g1 x1 = 1 y1 = 5 z1 = 0

+ x2 = 5 y2 = 5 z2 = 0

+x3 = 5 y1 = 1 z3 = 0

+ ng_Component2Terminal2_GP (1.05, 1.95, 0)

ng_ComponentXXXTerminalYYY_GP (2.31)

Vias

Vias are created dynamically by the bounding box algorithm, and their names are re�ective

of the order in which they were created during the routing algorithm. Vias are created

using the "E" keyword and require two node nodes, the length, and width of a rectangular

cross-section. One of the nodes is always going to connect to one of the nodes on a plane

with a rectangular landing pattern on the top layer of the PCB. In the LOA, all vias have the

same length and width as indicated in Figure 2.6 and have a maximum diameter of 0.8mm

to �t inside any holes created through lower-layer planar conductors, while simultaneously

being small enough such as not to split any planar conductors. The via requires two nodes
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and a width and a height and an example via code is written in 2.3.1, where X is the via ID

in sequence created by the bounding box algorithm and Y is one of the two ends of the via.

Vias are declared and rendered in FH2 as rectangles. The cylindrical shape is suitable for

low-frequency simulations for kHz frequencies common in power electronics, but further

evaluation is required to determine FH2's suitability for high-frequency simulations that

require knowledge of wave re�ection to accurately determine inductance.

ng_ViaXnodeY (2.32)

nVia2node1 x=2.5 y=2.5 z=0

nVia2node2 x=2.5 y=2.5 z=-0.3794

EVia2 nVia2node1 nVia2node2 w=0.8 h=0.8

Holes

Holes are necessary in order to route vias through planar conductors without creating a

short circuit. The routing algorithm commonly creates geometries where planar conductors

of one net on the second layer of the PCB are between terminals of another net on the

top PCB layer and the third layer of the PCB. Breaking the plane with a hole that can

accommodate the vias located at this terminal is a matter of creating a rectangular hole in

the plane at each terminal with dimensions large enough such that the via can be routed

through this hole. Holes are created with the "hole" keyword and are created as part of a

rectangular plane. The plane of 2.3.1 is modi�ed to include a hole in (2.3.1). The holes used

in the LOA are rectangular and require two corners to de�ne. These corners are de�ned in

(2.33) and (2.34) to create a square hole in the center of the plane.
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H1 =
h
2 2 0

i
(2.33)

H2 =
h
3 3 0

i
(2.34)

g1 x1 = 1 y1 = 5 z1 = 0

+ x2 = 5 y2 = 5 z2 = 0

+x3 = 5 y1 = 1 z3 = 0

+ hole rect (2, 2, 0, 3, 3, 0)

Excitations

Excitations inject a uniform volumetric current through the component terminals, which

are manifested as 4mm � 1mm rectangles in FH2. They are declared as source and sink

nodes that use the .extern keyword, which accepts two nodes as input arguments. Current

�ows from the �rst argument to the second argument, and is contingent on a continuous

source-sink connection. These inputs are speci�ed in order based on the directional graph

of Figure 1.17.

Excitations are placed on the terminals in the top layer of the PCB. They are offset from

the surface of the top layer by 1� m to prevent FH2 from treating the entire conductor as

an excitation and causing an unstable simulation. This offset is created by a via with the

appropriate height that connects the 1 � m extrusion with the top layer of the PCB, as shown

in 2.3.1 This connection is done even in the case where the net this terminal is connected

to is routed on a lower layer.

nExc_Via2node1 x=2.5 y=2.5 z=0.01745

nExc_Via2Component2Terminal2 x=2.5 y=2.5 z=-0.01735
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.equiv nExc_Component2Terminal2 ng_Component2Terminal2_GP

EVia2 nVia2node1 nVia2node2 w=1 h=4

Once the extrusion is made, the excitation via is either connected with a planar conduc-

tor on the top layer directly as in 2.3.1 or with another 0.8mm � 0.8mm via to access lower

layers. The source and sink excitations are �nally placed using the ".extern" keyword.

.extern nExc_Via1Node1 nExc_Via2Node1

2.3.2 Generating Inductance Simulations

The �nal step for the LOA is to extract the inductance matrix of a layout as de�ned by

selected branches of the search tree in Figure 2.1 and store it with the input con�guration

in a data lake. This is achieved by interfacing the LOA with an Automation VBA macro that

is included with the FH2 download. This macro loads the �lename of the generated FH2

�le executes the solver, and returns the inductance matrix generated by FH2 to the LOA in

a process illustrated in Appendix B.

The inductance matrix is a 3 � 3 matrix in (2.35). The nets in the commutation loop are

part of the same conductive path and can be added together to �nd the total inductance

L as in (2.36). he mutual elements can be positively or negatively coupled. Negatively

coupled nets can reduce the commutation loop in a phenomenon called �eld cancellation

as documented by D. Reusch (2014), making it advantageous to design commutation loops

to take advantage of �eld cancellation.

L =

2

6
6
6
4

L11 L12 L13

L21 L22 L23

L31 L32 L33

3

7
7
7
5

(2.35)

63



L =
3X

n =1

3X

m =1

Lmn (2.36)
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CHAPTER

3

EXPERIMENTAL VALIDATION AND

CONCLUSION

The LOA is used to design a buck converter GaN prototype. Several sample designs from

the LOA are prototyped and their inductances measured to estimate the LOA's accuracy.

These prototypes are connected with a standardized gate driver layout based on the EPC

UP1966E high-side/ low-side driver with an external RC network. This design is the same

for all layouts to minimize the impact of the gate driver design on the switching dynamics

of the commutation loop. The design space of the commutation loop layout is constrained

to support the of�ine gate driver design effort. The following constraints are applied:
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Figure 3.1: LOA output with constraints on Component 2 and Net 2 placement

1. Component 2 must always be on the left-hand side of the power stage.

2. Component 2 must always be rotated 270 o , such that the gate terminal faces the

left-hand side.

3. Net 2 must always be on L2 since it is in the return path of the gate loop.

With these constraints on the design space, the LOA is executed with thirty-six sequence

vector pairs and the search tree of Figure 2.1. The LOA applies constraints by generating

layouts and performing a logical check for each of them at different stages. Constraint 2

is applied 3.1). Constraint 3 may only be applied after the execution of the bounding box

algorithm. The result of executing the LOA with these constraints is the performance space

of Figure 3.1, and this shows a range of outputs from roughly 2.5nH to 11nH , which is a

realistic range of values for trace inductance in a small buck converter commutation loop.

R2 =
h
270

i
(3.1)

A total of eight designs are selected for prototyping which characterizes designs across
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Figure 3.2: Prototype layouts. These are designed by the LOA with an of�ine gate driver
design process.

the range of the performance space in order to validate the accuracy of the LOA for different

outputs. These designs are labeled by a truncated SHA256 hash function of their respective

inputs to the LOA. These designs are shown in Figure 3.2.

3.1 DPT Setup

The DPT method demonstrated by Yang et al. (2017) is used to measure the loop inductance

of the commutation loop layout prototypes generated by the algorithm. A DPT test harness

is designed according to the schematic of Figure 3.4. The buck converter is designed to step

down 50V to 12V for low-power applications. The high-side device is replaced with diode

D1 to enable the DPT, as the GaN FET does not have a body diode.
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Figure 3.3: Schematic of the DPT experiment. The DPT is conducted with a 400� H in-
ductor and 50V input voltage. A large bulk capacitor CBU LK is used to dampen dynamics
from the power supply control and the connecting wires. The bypass capacitor CB Y P is
experimentally determined to be 300p F and is the same for all layouts. The high-side
device Q1 is replaced with diode D1 because the GaN FETs do not have internal body diodes.

3.2 Experimental Results

The DPT test harness is constructed and tested in the FREEDM Systems Center at NC State

University. The test bench includes :

• The buck converter boards from Figure 3.2.

• 20 MHz oscilloscope with probes for VDS and VG S measurements.

• Power supplies for 50 V input voltage and 12 V for the gate driver circuit

• Arbitrary function generator for DPT pulses to Q2.

The gate voltage VG S for a GaN device is noise-sensitive due to the low threshold voltage

Vt h of GaN at 6V and is prone to failure when the gate voltage exceeds Vt h . VG S is monitored

while the bypass capacitor CB Y P and gate resistor Rg are tuned to prevent this failure mode.

The instruments for the DPT experiment are shown in Figure 3.4. The circuit con�guration

used for the experimental data is shown in Figure 3.5.
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