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As the silicon-based power devices are gradually reaching their performance limits,
new power transistors such as Silicon Carbide (SiC) and Gallium Nitride (GaN) FETs
have been rapidly developed in recent years. GaN devices have been widely accepted by
researchers for its higher speed and efficiency than silicon power devices. However,
despite all its merits, the GaN device faces a more severe problem of electromagnetic
interference (EMI) than the silicon device due to its high performance. Various control
techniques of EMI have been studied so far and many of them require the evaluation of
EMI. Research shows that the EMI level of switching converters is related to the
switching node voltage. Therefore, sensing the switching node could provide a possible

solution for the EMI control.

In this thesis, an EMI evaluation method is proposed. The approach is to evaluate the
EMI by sensing the switching node voltage with a giga-sample per second (GS/s) analog-
to-digital converter (ADC). In order to verify the feasibility of the proposed method, a

synchronous DC-DC step down (buck) converter is built. Measurements are carried out

Vi



in both time and frequency domain. Experimental results proved this evaluation idea is a

possible solution for the EMI evaluation.
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CHAPTER 1
INTRODUCTION

1.1 Background

Approximately 40 years ago, one of the earliest commercially viable silicon
MOSFETSs was introduced by International Rectifier, to take the place of bipolar devices
in switch mode power supplies (SMPS) [1]. Since then, this silicon-based power device
has been thoroughly developed to fit in all sorts of working conditions. However, silicon-
based technology is reaching its performance limit, where the further development is
becoming cost prohibitive. In order to stretch the limit, researchers have studied different
semiconductor materials to take the place of the silicon device. In the field of power
electronics, wide bandgap materials, such as Silicon Carbide (SiC) and Gallium Nitride

(GaN), shows the most potential to meet the requirement of next generation applications.

The first GaN based High Electron Mobility Transistor (HEMT) was a depletion
mode RF transistor made by Eudyna Corporation in Japan in 2004 [2] with its own
merits. Comparing to a conventional silicon power device, it can operate at much higher
frequency with larger power density. Also, the transistor could resist high voltage
because of its high electron mobility. SiC based devices also have the comparable

performance of GaN based devices but GaN is better because of its lower price.

In spite of these advantages, the employment of GaN FETSs also brings a significant

drawback: electromagnetic interference (EMI). EMI in power electronic applications is
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unavoidable because of the discontinuity of current. Research shows that the high slew
rate (di/dt) of current and voltage (dv/dt) would cause ringing and overshooting in signal
[3]. Thus, the higher performance of the GaN device leads to a more severe EMI

problem. As a result, additional care needs to be taken in the GaN device’s driver circuit.

Traditionally, designers use filters to mitigate the EMI effects at the source of the
switching power converters [4] or they just decrease the driving current to ensure a low
slew rate. However, using these methods in SMPS systems either requires extra space for
installation or decreases the efficiency. Moreover, while designing the filter, designers
face the challenge of estimating the EMI level with reasonable accuracy for different
structure and operating conditions. Smart drivers that can supply current based on the
EMI level of GaN FETSs are introduced to increase the efficiency and stability [5]. They
also need to evaluate the EMI level of the system in order change the driving strength.

Hence, the evaluation of EMI in GaN-based SMPS is always critical.

In this paper, I utilize a GS/s high-speed successive approximation register (SAR)
ADC to sense the switching node voltage in order to evaluate the EMI level of a DC-DC
step-down converter (buck converter). According to [6], EMI is related to the voltage
level of the switching node. This evaluation approach has a great advantage that it is
easier to analyze the signal in both the time domain and frequency domain, which can

give the driver designers a better idea of the EMI level.

1.2 Objectives
The aim of this thesis is to verify the feasibility of the proposed EMI evaluation
approach, using a GS/s ADC to sense the switching node voltage of a power converter.

The text focuses on the following objectives:



A detailed study on the high speed GaN-based power devices and the EMI
issues of switching power converters. This includes the control method of
GaN FET drivers.

Construction of a DC-DC step-down (buck) converter with an existing GaN
FET evaluation board.

Measurement of the buck converter’s switching node voltage with a GS/s
ADC and a comparison of the result with the correct value in order to evaluate

the EMI level.

1.3 Outline

This paper is organized in the following way:

Chapter 2 introduces the background of the research. The GaN FET basics,
EMI of the converters and the SAR ADC are discussed with detailed
information.

Chapter 3 illustrates the system thoroughly with schematics and PCB design.
Simulation results are also presented in this chapter.

Chapter 4 contains the switching node voltage measurement procedure as well
as the testing results from ADC.

Chapter 5 concludes the overall testing result and states the future

development for this project.



CHAPTER 2
BACKGROUND

2.1 GaN HEMT Basics

2.1.1 Development of Power semiconductor

The development of power semiconductor began around the 1950s when silicon
devices took the place of germanium and selenium devices [7]. Since then, silicon
transistors in power electronics has evolved rapidly. In the 1960s, the first silicon based
bipolar transistor with the capability of handling the power electronics applications was
introduced. Then, with the advancement of semiconductor industry, silicon power
MOSFETs became available in the 1970s as alternatives to bipolar transistors [8]. To
combine the advantages of both power bipolar device and MOSFETS, the Insulated Gate

Bipolar Transistor (IGBT) was fabricated in the early 1980s [9].

Although silicon-based power devices have been dominated the market since the mid-
1990s for its reliability and affordability, they have now reached a theoretical limit
because of the material’s physical properties. Plenty of efforts have been made by the
researchers trying to overcome this problem but most of the solutions came with
substantial cost. As a result, the power industry must now move on to new semiconductor
materials to meet the requirements of the emerging applications. Wide bandgap
semiconductor materials have been studied widely in the recent years as the next
generation material, among which Gallium nitride (GaN) has shown great promise in the

high speed and high voltage designs.



2.1.2 Characteristics of GaN HEMT

Table 2.1 and Figure 2.1 both show the properties of silicon and wide bandgap
materials (SiC, GaN). The bandgap energy is related to the amount of energy it takes to
break the chemical bonds inside the crystal. The harder it is to break the bonds inside the
material, the harder it is to pull out electrons. SiC and GaN have a bandgap energy about
three times that of silicon, so they are called wide bandgap semiconductors. These wide
bandgap materials have a higher critical breakdown electric field. In the case of GaN,
3.3MV/cm means that if two terminals in a GaN device is 1cm apart from each other,
they could withstand 3,300,000V before getting an avalanche. GaN and SiC’s breakdown
electric field is about an order of magnitude higher than silicon. As a result, two electrical
terminals in a GaN or SiC device can be 10 times closer than that in silicon device to

block the same amount of voltage.

The higher mobility of GaN and SiC can reduce the ON-resistance (Ron) of the
transistor, which makes it possible for a smaller size device to obtain the same amount of

current. Higher saturation speed and lower Ron lead to an improvement on efficiency.

Although SiC outperforms GaN in high-temperature conditions due to its higher
thermal conductivity, it suffers from excessively high cost. [12] As a result, among all the
new semiconductor materials, GaN based device is outstanding in high-efficiency, high-

frequency and high-voltage power applications.



Table 2.1 Material properties of GaN, SiC, and silicon [10]

Material Property Si SiC-4H GaN
Band Gap (eV) 1.1 3.26 3.39
Critical Breakdown Electric Field (MV/cm) 0.3 3.0 33
Electron Mobility (em? /V-sec) 1350 700 2000(2DEG)
Electron Saturation Velocity (107cm/sec) 1.0 2.0 2.5
Thermal Conductivity (Watts/cm K) 1.5 49 1.3

—_—

Electric Breakdown field

(MV/em) e o SiC

> ® « GaN

Energy Gap Thermal
(eV) conductivity

(W/em-K)

Saturated
Electron Velocity Electron Mobility
(X107 cm/s) . (X10° cm*/V-s)

Figure 2.1 Comparison of Si, SiC, and GaN for power semiconductor applications [11]



2.1.3 Basic GaN HEMT Structure

The operation of GaN HEMTSs is similar to that of silicon power MOSFETS but their
structure is significantly different. GaN is naturally piezoelectric material [13]. This
means that when a crystal is strained, it will produce a small voltage. If a very thin layer
of AlGaN is added to the surface of GaN, a lot of strain can be created over a very small
distance. This builds up an electric field that attracts electrons to the interface creating the
two-dimensional electron gas (2DEG). This conductive 2DEG have the similar function
as the “channel” in silicon MOSFETs. It can be used to conduct large amount of current,
as shown in Figure 2.2. The 2DEG can be turned off by applying a positive voltage from

the GaN layer to the AlGaN layer which attracts away the electrons in the 2DEG.

Two-dimensional electron gas (2DEG)

Figure 2.2 Two-dimensional electron gas (2DEG) in GaN device

The basic GaN transistor structure is based on the simple structure in Figure 2.2. An
important property of GaN is that it could be grown on a thin layer on top of silicon,

which greatly decreases the price of the GaN HEMTSs because the silicon is much more
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inexpensive than GaN [14]. As depicted in Figure 2.3, the GaN layer sits on top of the
silicon substrate (GaN-on-silicon structure). The AlGaN layer introduces strain to the
GaN and forms the 2DEG. Same as silicon transistors, GaN transistors also have gate,
source, and drain node. This type of GaN HEMT serves as a normally on transistor
because the 2DEG always exists when there is no voltage on the gate node. In order to
deplete the 2DEG, a negative voltage needs to be applied to the gate, and then the
transistor could be turned off. This type of transistor is called a depletion mode, or d-

mode transistor.

AlGaN

Two Dimensional
Electron Gas (2DEG)

Aluminum Nitride
Isolation Layer

Figure 2.3 Typical GaN FET structure with three metal-semiconductor contacts for the

source, gate and drain. [15]

2.1.4 eGaN HEMT Structure - Enhancement Mode
Depletion mode devices are not desirable in power electronics because they require a
negative voltage at the gate to turn the device off. If a negative voltage is not first applied

to the gate, the device acts like a short circuit, which may cause a hazard. To build a



normally off device by depletion mode transistors, the cascode structure in Figure 2.4 can

be implemented.

Drain
‘—1 Depletion Mode
GaN HEMT
j: Low Voltage
Gate -1 MOSFET
Source

Figure 2.4 Cascode GaN device [16]

Normally off GaN device without cascode structure is also available recently. For
example, Efficient power conversion (EPC) has developed a proprietary technology for
making a gate electrode which is able to pull away the electrons with zero volts on the
gate, as seen in Figure 2.5 [15]. A positive voltage is needed to form the 2DGE on the

surface of the GaN layer. This type of device is called an enhancement mode device.

Field Plate
AlGaN

Protection Dielectric

D Two Dimensional
<€— Electron Gas (2DEG)
GaN Aluminum Nitride

_ o

Figure 2.5 eGaN HEMT structure [15]




In this thesis, the GaN HEMTs we used are enhancement mode transistors.

2.2 Buck Converter

2.2.1 Basic Configuration

The most basic switch mode switch mode power supplies (SMPS) are buck (DC-DC
step down) and boost (DC- DC step up) converters. These power converters have two
topologies: non-isolated and isolated. Non-isolated means the input and output voltages
share a common ground. The isolated topology has the opposite definition. Each topology
has its unique properties. In this thesis, a non-isolated buck converter is built for the EMI

evaluation.

A buck converter is desired when the output of the power supply needs to be lower than
the input. Comparing to the linear regulator, a circuit with the similar function of buck
converter, the buck converter has a much better power efficiency. A typical buck circuit
with a power MOSFET driver is shown in Figure 2.6. There is an n-type MOSFET (M1)
serves as a switch, controlled by the driver circuit which provide a Pulse Width
Modulation (PWM) signal to the transistor. The diode (D1) is usually called the catch
diode, or freewheeling diode. [17] The inductor (L1) and capacitor (C1) form a LC filter
for the output. The parasitic components are not drawn in the picture, but they will have a
great influence to the EMI of the system. The resistor (R1) on the very right stands for a
load of the power stage. A constant output voltage can be produced at Vout with a
constant input and the step-down ratio is determined by the driver circuit. This type of

buck converter is called asynchronous buck converter.
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& \ L1
W Vour

b1 L
M1 EPC2001
V1

1 D1 Cc1
— Vi —c R1
Driver A §Ioad

|||—-

Figure 2.6 Asynchronous buck schematic

If the diode is replaced by another power MOSFET as seen in Figure 2.7, this buck
converter is called a synchronous buck converter, because M2 switches on and off

synchronously with the M1.

Vsw L1 Vout
Fa gyt
Ly L

M1 EPC 2001

Vi V2

1 c1

—Vin I+ = R1
Driver 3 ; §Ioad

P C2001

|||—-

Figure 2.7 Synchronous buck schematic

Comparing to the asynchronous topology, the synchronous buck converter has a
much less power loss with the low on-resistance of the low side transistor (M2) [18].

Nevertheless, it requires a more complicated driver to control the two power devices.
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Dead time control is needed to prevent the high side switch (M1) and the low side switch

from turning on at the same time.

2.2.2 Operation of Buck Converter
There are two operating modes for the buck converter: continuous conduction mode

(CCM) and discontinuous conduction mode (DCM).

In both modes, the operation of the buck converter can be divided into two states in
every switching cycle: The ON state is when M1 is ON and the M2 is OFF. The OFF
state is the opposite condition. The simplified circuit for both states is drawn in Figure

2.8, where the transistors are replaced by their equivalent components.

\iz,\z ,\I,'\ln Vout
Ron L
v c1
—Vin —_—c R1
gload
a. ON State
L1
Vout
L
1
V1 c1
. R1
—Vin _—cC
T 1 v2 gload
— Vdiode
b. OFF State

Figure 2.8 Buck operating states
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The time interval of the ON state is D <Ts = Ton, Where D is the duty cycle, set by
the control circuit (typically a PWM signal generator), defined as a ratio of the transistor
M1’s time of switched on to the time of one complete period, Ts. Torr represents the

duration of the OFF state. Since there are only two states per switching cycle for

continuous mode, Torr is equal to (1 - D) X Ts. The quantity (1 - D) is sometimes called

D’ . These time intervals for CCM are shown along with the waveforms in Figure 2.9

[19].

Im1

Im2

A
I Solid
lp Dashed

&

Ve.p Solid
VoDashed |4  _ L

f e e ] e e e . ] . . s e —

ToN “¢—e— Torr —ﬂl
t——— Tg —»

Figure 2.9 Continuous-mode buck power stage waveforms [19]

As shown in Figure 2.8 and 2.9, in continuous current mode, the current passing
through the inductor is always above 0A, which represents “continuous current”. In this

operating mode, the current through the inductor only flows in one direction.
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Assuming the average current flowing through the inductor is constant, it is easy to

find out the relation between input voltage and output voltage:

Vin—Vc Vc
TP DTon = —P x (1 - D)Ton
L L
Therefore,
Vep
D=—
Vin

where Vcp represents the average output voltage.

This equation means the output voltage is only dependent on the duty ratio of the

PWM signal and the input voltage.

For DCM, the current passing the inductor can reduce to 0 while in OFF state, as
shown in Figure 2.10. This results in a much more complicated calculation. In this thesis,

the buck converter is designed to work in CCM mode.

-'-;_f'!') A

! / :

0 DT, T t

1

Figure 2.10 DCM current waveform [19]
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2.3 EMI of Switch Mode Converters

2.3.1 EMI Basics

Switch mode converters always come up with electromagnetic interference (EMI)
problems due to their nature of fast switching voltages (dv/dt) and currents (di/dt). The
rapid changing in current or voltage causes more high-frequency components in their

output spectrum.

The most obvious observation of the EMI is measuring the switching node voltage
(Vsw). A Vsw with EMI issue is shown in Figure 2.11. Instead of a clean pulse wave, the
waveform in the picture has significant overshooting and ringing. The maximum

overshooting value and the ringing frequency is related to the EMI level of the converter

[6].

S0.0rmb 2

Figure 2.11 Observation of the VVsw with EMI presented
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The synchronous buck converter typically generates three types of EMI: low
frequency conducted noise (<30 MHz) as harmonics of the switching frequency,
broadband noise (50 — 300 MHz) from the phase voltage ringing, and high frequency

noise (>300 MHz) as a result of reverse recovery [20].

Figure 2.7 shows the ideal circuit of buck switching converter, while in an actual
circuit, there will always be a lot of stray capacitors and inductors as shown in Figure
2.12. When the high-side transistor is turned on, the energy that is stored in the parasitic
components will lead to resonance in the input loop. This switching loop can be modeled
as an RLC circuit [22]. It is built up of the input capacitor and both high side and low side
transistors. Very small values of stray components could cause resonance frequencies
over several hundred MHz on the switching node. Therefore, evaluation of the EMI level

of power converters can be realized by monitoring the switching node voltage.

Re1
C =N
| Swil B = G
Inplt loop | | |
I 13
oL
= Vin |G I{—MT

3 13 o

) IJ. l ESRK
| S L H R
| SWN) FiLY ( 3; c
o) 3E

| 5 [

Figure 2.12 Buck converter with parasitic components [21]
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2.3.2 EMC Standard

Electromagnetic compatibility (EMC) is the ability of electronic and electrical
systems or components to work properly when they are close together [23]. This indicates
that electronic and electrical equipment should have the ability to lower the noise they
generate so that they won’t disturb others. Also, they ought to be immune to the
interference in the environment. That is saying, electrical devices need protection against
electromagnetic interference (EMI) to guarantee the system’s performance. Meanwhile,
they should not interfere with other devices. Before the electronic devices enter the
market, many nations and standards require all the electronic products to satisfy the EMC

standards.

To regulate the allowable levels of conducted and radiated emissions generated by a
product, a large amount of Electromagnetic compatibility (EMC) standards have been
introduced, such as CISPR (Commitee International Special des Perturbations Radio)
standard, FCC (Federal Communications Commission) standard, ANSI (American
National Standards Institute) standard, IEC (International Electrotechnical Commission)
standard, etc. [24]. The EMC standard which people choose to comply with is based on
the application area of the electronic products. Different standards have different
requirements for the test setups, measurement equipment, measuring bandwidth, noise

limits and so on.

As an example, Figure 2.13 depicts the CISPR 25 EMI emission standard. It sets a

limit for the magnitude of the signal’s spectrum.

17
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Figure 2.13 CISPR 25 EM emission standard [24]

2.4 GaN FET Driver Controlling

In order to reduce the EMI in switch mode converters, a common approach is to apply
EMI-filters at the input of the converter [25]. However, these filters are bulky and cannot
be integrated on the chip of the power switch. What’s more, in some situations, the EMI
filters play as a role of undesired additional parts on the circuit board as they may cause
extra costs, space and weight. Consequently, the generation of EMI has to be prevented
by other methods. One of the solutions is the active gate current control strategy

implemented on the GaN FET drivers, as discussed in [26] and [27].

Most of the control techniques require voltage or current sensing to provide the
reference for the driver to change its driving strength. Some designers use an oscilloscope
to monitor the EMI level directly [28]. In this thesis, an ADC-based sensing method is

verified to aid the GaN HEMTSs active driving in the future.
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2.5 ADC Used in Voltage Sensing

2.5.1 SAR ADC
Successive-approximation-register (SAR) analog-to-digital converters (ADCs) are
usually the choice of medium-resolution and high-resolution applications because of their

low power consumption and simple structure.

The basic architecture of SAR ADC is presented in Figure 2.14. A track and hold
(T&H) circuit samples the analog input (Vin) and hold the value for the conversion. To
perform the binary search algorithm, the ADC starts by setting the N-bit register to half
of the reference voltage (Vrer), which means setting the MSB to 1 and other bits to 0.
Then the comparator will compare the value of the sampled Vin and the reference
voltage. If Vin is larger than Vrer, the output of the comparator will be a logic high (1)
and the MSB of the register will remain at 1. On the other hand, if Vin is less than Vrer,
the comparator output will be 0 and the MSB of the register will also be reset to 0. This is
the end of the first conversion. The DAC generates the reference voltage (Vrer/2) for the
next conversion. The ADC will repeat this procedure for N times (N is the resolution)
until it achieves the LSB. Once it has the LSB, the conversion is complete and the N-bit
digital output will be available in the register. As illustrated above, the SAR topology can
finish all the conversion with only one comparator, which significantly simplifies the

ADC structure.
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DAC

N-bit Output

Vrer

Analog SAR

Input T&H Va 1 Logic

Figure 2.14 Basic SAR structure.

Figure 2.15 shows an example of the SAR binary search operation (4-bit conversion).
The y-axis represents the reference voltage produced by the DAC. As in the picture, the
first comparison shows that Vin is less than Vrer. Therefore, the MSB is set to 0. The
reference is then set to 0100 and this time, Vin is greater than the reference so the second
bit remains at 1. In the third conversion, Vrer is set to 0110 and the comparison sets the
third bit to 0. In the last comparison, input voltage is larger than the Vrer so the LSB is

set to 1 and the final output is 0101.

The operating scheme of the SAR ADC makes it hard to achieve both high speed and
high resolution at the same time because it has to compare the input and the reference for
each single bit. However, it’s low power and space consumption make the SAR topology

outstanding to be integrated with other larger functions.
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Figure 2.15 SAR operation.

An ADC with SAR topology is selected in this thesis for high accuracy as well as low

power consumption in the measurement.

2.5.2 The ADC implemented in this thesis design

A recent work on a 1GS/s 8-bit SAR ADC has demonstrated that it can operate at
1GS/s with 8-bits with a power consumption of around only 3mW and it has the highest
SNDR (43.6dB) among all single channel SAR ADC reported that operates above 1GS/s

when it is published (2017) [29].

The architecture of this SAR ADC is shown in Figure 2.16. Modifications have been
made on the comparators. Comparators with different input referred noise (the coarse and
the fine comparators) are employed in order to perform bit decision efficiently. The
calibration time is removed from the timing budget for the implementation of the

reference comparator, which makes it possible for higher speed conversion.
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22

Digital
output



CHAPTER 3

SWITCHING NODE VOLTAGE SENSING

This chapter discusses the ADC-based switching node voltage (Vsw) sensing scheme.

Simulation results are also presented in this chapter.

1
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Figure 3.1 Schematic of the design
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Figure 3.1 shows the overall schematic of the design. As indicated in the Chapter 2, a

DC-DC step down (buck) converter is built to produce the switching node voltage (Vsw)

for the ADC to measure. The voltage divider consists of two sampling resistors, which

can scale down the switching node voltage to the input range of the ADC. The scaled

down voltage Vsawmp is converted into differential outputs by a single-ended to

differential converter for high speed signal transfer. Next, the ADC samples the Vsawvp

and stores the result in the memory on the ADC chip. Then, it feeds the digital data to a

computer to process in digital domain. Both time domain information and the spectrum of

Vsware produced by the computer.
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In this and the following chapters, the measurement of Vsw will be implemented on a
synchronous buck converter which transforms a 40V DC voltage to a 1.2V DC voltage at

1MHz.

3.1 GaN Device Selection
EPC8002 GaN FET is chosen as the switching transistor in this design for it has a
relatively small figure of merit (Qg>Ron). Figure of merit is a generally accepted

performance and efficiency indicator for power MOSFETS [30].

To minimize the influence to the final sensing result from the buck circuit, we use a
pre-produced evaluation board of EPC8002 to build the converter. As shown in Figure
3.2, it already has the optimized set-up for a buck converter without the output stage (the
external circuit in Figure 3.3), which can provide a valid switching node voltage for the
ADC to measure later. An interface board with the output stage of the buck is stated in

the next section.
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Figure 3.2 Block diagram of evaluation board [31]
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Figure 3.3 Proper connection and measurement setup of the evaluation board [31]

3.2 The Interface Board

Figure 3.4 depicts the schematic of the interface board. The interface board consists

of two parts: the output stage of the buck converter and the voltage divider. The board is

Pl L1
) Vsw A
2 Inductor
b3 10uH
Header 2 <TResl
_ Vsawp 3.9k
v 2Rload
oR3 ] ) SResl
::/ J)\ SResl Cap 50
] 15 100uF
—\_
J1
COAXE
GND

Figure 3.4 Schematic of the interface board
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connected to the evaluation board with two headers (Header 2 in the schematic). The
output of the interface board is the scaled down voltage Vsawme. It is fed to the next stage

with an SMA female connector.

3.2.1 The Output Stage of Buck Converter

In Figure 3.4, the inductor (L1), capacitor (C3) and the load resistor build up the
output stage of the buck converter. Figure 3.5 is the simplified schematic of the buck
converter. Additional circuits such as driver and dead time adjustment are not shown in
this picture. The gate control signal of the GaN FETSs is a 1IMHz Pulse Width Modulation

(PWM) signal with a duty cycle of 3%, in order to convert the 40V DC input to a 1.2V

DC output.
u3 /,‘_’3\‘
] drainin + |
gatein . NI
vi sourcein — 0 47
EPCB8002

Vour

c1
100u 50

U4

drainin
sourcein
EPC8002

gatein

Figure 3.5 Schematic of the buck converter (simplified)
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The simulation result from LTspice is plotted in Figure 3.6. It shows the output is
1.2V when the voltage is steady. The converter is working in CCM mode since the
current passing the inductor is always above 0.

V[n004)

Figure 3.6 Simulation result of the buck output voltage

3.2.2 The Voltage Divider

The voltage divider is used to degrade the switching node voltage to meet the
requirement of the ADC input. The ADC’s maximum input value is around 500mV
differential. Hence, we need to scale down the Vsw to around 250mV in amplitude. Both
simple resistive divider and capacitive divider can scale down the voltage theoretically.
However, the PCB testing result indicates that capacitive divider doesn’t work as well as
the resistive one in our case. As a result, a divider consists of two resistors is

implemented here.

In the simulation, the components are all ideal so there is no interference in the circuit
by stray capacitors and inductors. The final waveform is quite clean as we can see in
Figure 3.7. Nevertheless, due to the EMI effect, the switching node voltage always has an
overshooting problem so the maximum value could reach 50~60V instead of 40V.

Therefore, high voltage resistors are selected for voltage divider. In this case, we are
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using a 3.9k Q resistor and a 12 Q resistor both with 0805 package. They can degrade the

40V input to 120mV as simulated in Figure 3.8.

V(n003)

Figure 3.7 Simulation result of the switching node voltage

V(n006)

Figure 3.8 Simulation result of the voltage divider

These sensing resistors and the parasitic capacitor of the chip’s pad can form a low
pass filter at the input of the ADC. The model of this filter can be depicted by Figure 3.9.

The parasitic capacitor of this chip is about 200fF. By calculation, the cut-off frequency

R1+R2

of this filter is % In our case it is 66.52GHz, which is a lot higher than the Nyquist

frequency (500MHz). So there is no need to worry about this filter may filter out some of

the frequency components.
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Figure 3.9 Low pass filter model

3.2.3 PCB Design of the Interface Board

For high-speed operations, parasitic components of a device are critical to the circuit.
In order to minimize the influence of the parasitic inductors and capacitors, the
components of the interface board are all SMT devices with 0805 package. Also, to
minimize the stray inductors and capacitors of wires, a PCB is designed instead of
soldering components onto a perfboard, as shown in Figure 3.10. The size of the PCB is

not optimized because it is difficult to solder by hand if the PCB is too small.

Figure 3.10 PCB design of the interface board
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Using the fabrication machine on campus, a PCB prototype is produced.

3.3 ADC Sensing Set-up

In order to perform the ADC sensing correctly, the ADC needs to be accurately

configured. The rectangular box in Figure 3.11 depicts the ADC sensing setup.

3.3.1 Single-ended to Differential Converter

Before feeding the Vsawp to the ADC for measurement, a single-ended to differential

signal converter is implemented.

V
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Control ﬁ)az =—c1 § load
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Figure 3.11 ADC sensing setup
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There are two options for this converter: op-amp-based converter and balanced-to-

unbalanced (balun) circuit.
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Figure 3.12 Schematic of op-amp based converter

For the op-amp-based converter, utilizing two op-amps (Figure 3.12) could produce a
neat differential signal as plotted in Figure 3.13. However, most of the op-amps can not
support a very high frequency. The simulation result in Figure 3.13 is based on ideal

devices.
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-600m
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ime (s

Figure 3.13 Simulation result of the single-ended to differential converter
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Therefore, in this project we use a pre-manufactured balanced-to-unbalanced circuit

(balun) as a single-ended to differential signal converter.

0°Port
C
pz:mon (Balanced)
(Unbalanced) 180° Port
(Balanced)

Figure 3.14 Balun

A balun is a three-port device which splits the input into two outputs (Figure 3.14).
Two outputs have the opposite signals, which means they have a 180° phase shift in

phase domain. Since it can transform the input signal into two signals that is negative to

each other, it is able to convert a single-ended signal to differential ones.

L
R o

DATA (180°)

[ ]

kHz to 36 GHz)
}, s Data

DATA (0°)

Figure 3.15 Marki Bal-0036

3.3.2 Communication Between ADC and PC
The communication between ADC and PC is based on the ADC’s motherboard. The

motherboard contains a pre-programmed controller to realize the signal transport from
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the on-chip memory to the computer using UART protocol with the following

parameters.

Table 3.1 Communication Parameters

Parameter Value
Baud Rate 115200
Data Bits 8

Stop Bits 1

Parity No Parity

The connection between the motherboard and the computer is shown in Figure 3.16.

Figure 3.16 Connection between motherboard and PC
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CHAPTER 4
TESTING RESULTS

Testing result of the ADC sensing strategy is discussed in this chapter.

4.1 Testing of the Interface Board

After soldering the interface board, testing of the design is implemented. Figure 4.1
shows the buck converter with the evaluation board and the interface board. Given the
specific input signals, the buck is first measured by oscilloscope to verify that it can work

properly.

Figure 4.2 depicts the output of the buck converter. It is a rather clean constant
voltage at 1.2V, which meet the requirement as a buck converter. (Comparing with

Figure 3.6)

Figure 4.1 Buck Converter
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Figure 4.2 Waveform of the buck output

While measuring the output voltage and switching node voltage with oscilloscope,
extra cares should be taken for the probes. The standard 3-inch long ground wire (Figure
4.43(a)) of the probe needs to be avoided because the long wire loop will act as an
antenna by picking up any radiated noise from the evaluation board, which can increase
the peak value of the overshooting [6]. The short ground lead in Figure 4.3(b) is the right

one to choose in this measurement.
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(a) (b)
Figure 4.3 Two types of oscilloscope probe’s ground wire

For the input to the ADC, the divider’s output is in Figure 4.4. The testing result in

the picture below is the subtraction of the two balun outputs.

Chz 100myY &

Figure 4.4 Testing result of the Vsamp
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With the help of a signal analyzer, the spectrum of the switching node voltage can be

observed (Figure 4.5).

10g 2/div. Ref 100,00 dBuV

w00 55dBuV
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10.0 l | || I
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#Res BW 270 kHz VBW 270 kHz Sweep 8.33ms (1001 pts)

109d Sidiv. Ref 100.00 dBpV

Start 0 Hz Stop 9.000 MHz
#Res BW 3.0 kHz VBW 3.0 kHz Sweep 1.21 s (1001 pts)

Figure 4.5 Spectrum of the Vsw (second plot is zoomed in)

For comparison, a switching node voltage with larger ringing is generated for

measurement. Figure 4.6 shows its time domain waveform.
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Figure 4.6 Testing result of the Vsawmp (large ringing)

The spectrum is displayed in Figure 4.7. This result indicated that the amplitude of
spectrum didn’t change much at lower frequency but increased by about 5dBuV at high

frequency when a larger ringing appeared at the switching node.
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Figure 4.7 Spectrum of the Vsw with larger ringing (second plot is zoomed in)
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4.2 ADC Sensing Result
After connecting the ADC with correct signal inputs and outputs as illustrated in
Figure 4.8, the ADC sensing can be performed on the PC. If the sensing result of the

ADC is similar to the results in section 4.1, then the proposed EMI evaluation method is

feasible.

Figure 4.8 Overall measuring setup. A: balun with bias-Tees, B: external clock, C: ADC

chip, D: buck converter

The control of the motherboard’s controller is realized by the software Tera Term.
The ADC can sample 16 cycles (16.75us) of the input data each time. The testing result

of ADC returns as digital data as shown in Figure 4.9.
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Figure 4.9 Part of digital data

The digital information is then processed by MATLAB on computer to achieve the
actual waveform of the switching node voltage. Figure 4.10 and 4.11 are the time domain
waveform sampled by the ADC with different ringing level. Comparing with Figure 4.4

and 4.6, these results are almost identical to each other.
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Figure 4.10 ADC measured Vsw (small ringing)

41



250 |

200 [

100 \

150 ‘IM “
i
WM

50 ‘

bl .ﬂw. sl gyl

o

R
U l"nl‘!,lww'v“‘ WP
Ul

-50

-100 |

1.985 1.99 1.995 2 2.005

Figure 4.11 ADC measured Vsw (large ringing)

The spectrum can also be obtained with MATLAB (Figure 4.12 and 4.13). The
spectrum is quite similar to the testing results with signal analyzer in Figure 4.5 and 4.7.
Although they are not exactly the same, the frequency domain information is still good
enough for the evaluation of EMI level because the change in magnitude can be observed
when the ringing level is varying. The 5dBuV drop on the magnitude can easily be

noticed from the ADC result.
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Figure 4.12 Spectrum of the Vsw (second plot is zoomed in)
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CHAPTER 5
SUMMARY

In this thesis, an ADC-based EMI evaluation scheme on GaN device was verified.

By comparing the sensing results of the ADC to the equipment measured results
demonstrated in Chapter 4, it appears that two sets of data are almost identical so that we
can assess the EMI level with the ADC measured switching node voltage. Therefore, the
conclusion can be drawn that it is feasible to evaluate the EMI of GaN-based power

converters with a high-speed ADC.
The proposed evaluation method has the following advantages:

a. The ADC sensing strategy could provide detailed information about the ringing in
both time domain and frequency domain.

b. High-speed evaluation by the ADC offers the possibility to provide the control
signals for the gate current control drivers.

c. The sensing set up is quite simple, so it is easy to change the evaluation point (e.g.

input DC voltage) to evaluate different types of EMI.

For the future development of this project, this method of EMI evaluation can be used
for active GaN FET driver design. The driver can adjust its driving strength based on the
evaluation result from the ADC in order to optimize the switching activity, which would

greatly improve the performance of the GaN device drivers.
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