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Abstract

GaN transistors have advantages over conventional Si MOSFETs, such as lower on-
resistance, lower parasitic capacitance, higher break-down voltage, etc. However, due
to the lack of the body diode, when GaN transistors conduct reverse current during dead
time, the source-drain voltage (Vsp) can be very large (up to 4-5 V, depending on the
output current). High reverse conduction voltage leads to large power loss during dead
time for the GaN class D amplifier. In this project, a dead time control circuit is
proposed. With the dead time control circuit, the dead time can be reduced from a large
default value to around 5 ns. The output power of the class D amplifier can be improved,
and the third-order harmonic distortion can also be improved by 5-10 dB for different

corners and temperatures.

Index items: Dead time control circuit; GaN class-D amplifier; monolithic GaN circuit
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Chapter 1

Introduction

1.1 Backgrounds of Class-D Amplifier

Class D amplifier is a good candidate to drive the load impedance of the loudspeakers,

which can be modeled as an R-L series network with a few ohms resistance. Since the

power transistors in class D amplifiers act like switches with a small on-resistance,

compared with conventional class AB amplifiers, class D amplifiers have lower power

dissipation and exhibit high power efficiency, which is typically larger than 90%. In this

chapter, the basic working principle of the class-D amplifier is going to be introduced.

1.1.1 Pulse Width Modulation (PWM)
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Figure 1.1 Natural sampling PWM in (a) time domain and (b) spectrum domain

To encode the input analog audio signal, pulse width modulation (PWM) is usually

used. As shown in Figure 1.1 (a), a square waveform is generated by comparing the

input Vv with a triangle carrier signal, whose frequency fs is usually much higher than

the highest audio frequency [1]. This procedure is called natural sampling PWM. The



output square wave carries the information of the input audio signal by varying duty
cycles. Figure 1.1 (b) shows the spectrum of the PWM signal. By applying an LC low-

pass filter, Vv can be recovered from the PWM signal.

1.1.2 Class D Amplifier Output Stage

Figure 1.2 shows a Bridge-tied-load (BTL) class D amplifier output stage [1]. Power
transistors in the class-D amplifier act like switches and operate in the linear region. The
input audio analog signal is modulated by PWM into the digital domain. The signal at the
switching node Vsw contains high-frequency components, which will be filtered out by
the following LC filter. After the LC filter, the audio signal recovers back to the analog

domain and drives a speaker.
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Figure 1.2 Bridge-tied-load (BTL) class D amplifier output stage
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Figure 1.3 Equivalent half-bridge output stage



If the loudspeaker can be regarded as a resistive load, due to the symmetry of the BTL
configuration, the voltage of the middle point of the resistive load Rj.qs is always at the
middle of the supply voltage Vsup if the two sides are perfectly matched. Therefore, an

equivalent half-bridge output stage can be used for simplicity, as shown in Figure 1.3.

1.1.3 Switching Node Behavior during Dead Time

In the class D output stage, high-side and low-side power transistors cannot be turned
on at the same time, otherwise, the supply is directly connected to the ground, which is
called cross conduction or shoot-through and will induce a huge current and damage the
chip. Cross-conduction can be avoided by applying a break-before-make method [2].
This results in dead time, during which the high-side and low-side power transistors are
both OFF.

(a) Toyr>0 (b) Toyr<0
High Side l ON | OFF | ON High Side ON | OFF I ON I
Lowside |: oFF [ oN|: oFF' Lowside |: oFF [ on | oFF

softlswitching : : haidyswitching

Ve
SW l/S" 4

—

dead time dead time

hard switching soft switching

Figure 1.4 Vs waveform for (a) output current flowing out of Vsw; (b) output current flowing into Vsw

Due to the inductive load, the output current still flows during dead time. In conventional
CMOS technology, this current flows through the body diode of one power transistor,
which induces one diode forward voltage drop added to Vsw, as Figure 1.4 shows. The
reverse conduction principle in GaN technology is quite different, which is going to be
discussed in Section 1.3.2. The transitions of the rising and falling edge of Vs are not
symmetrical. If the transition occurs after the dead time, e.g. the rising edge of Vs when
Iour>0, it is called hard switching; if the transition occurs before the dead time, it is called

soft switching.



1.2 GaN Transistors and Monolithic GaN Class-D Amplifier

Compared with conventional silicon MOSFETs, GaN transistors have uniqueness in
several aspects. This section starts with the comparisons of GaN and Si material
properties. Then in Section 1.2.2, the conduction principle of GaN transistors and the
device structure are introduced. Finally, the strengths of monolithic circuits over discrete
circuits are demonstrated. This part gives explanations of why GaN is chosen to be
explored with the class D amplifier, and why the monolithic circuit is chosen to be

investigated.
1.2.1 GaN Material Property

Table 1.1 lists some material properties of silicon (Si) and Gallium nitride (GaN).
Compared with Si, GaN has a larger bandgap E; and higher critical electric field Ecrit. A
larger bandgap means a higher strength of the chemical bonds between atoms [3]. So GaN
devices can operate under higher temperatures. With a higher critical electric field, GaN
transistors have a larger breakdown voltage [3]. As a result, GaN devices have great

potential in high-voltage applications and extreme-environment applications.

Table 1.1 Material properties of Si and GaN [3]

Parameter Unit Si GaN

Bandgap E, eV 1.12 3.39
Critical electrical field Ecri¢ MV/em 0.23 33

Electron mobility cm?/V/s 1400 1500
Hole mobility cm?/V/s 480 30

From Table 1.1, the electron mobility of GaN is larger than that of Si. Due to the two-
dimensional electron gas (2DEG) formed in the GaN transistor, the electron mobility in
the GaN transistor is even higher, which makes the on-resistance of GaN transistors lower

than Si MOSFETs [3]. Section 1.2.2 will further explain this point.

Another thing that we can figure out from Table 1.1 is that the hole mobility of GaN is
much lower than that of Si, so to make a symmetric inverter, the width of the p-type

transistor should be >50 times larger than the width of the n-type transistor [ 10]. Therefore,



p-type GaN transistors are less promising in circuit design and are absent in the

commercial GaN process.

Table 1.2 shows the comparison between the IMEC 200V GaN transistor and the Infineon
200V power MOSFET. To evaluate the switching behavior of a transistor, a Figure of
Merit (FoM) is defined as follows [4]:

FoM = Rpson X (Qgp + Qgs) (L.1)

It can be discovered that the GaN transistor has much lower FoM compared with Si

MOSFET, meaning a much lower transition loss for GaN transistors theoretically.

Table 1.2 Comparison between GaN transistor and Si MOSFET (200V power transistor)

Rbps,on Ciss Coss Crss FoM
IMEC 200V GaN 6.3 mQ 55 pF 35 pF 0.98 pF 3.66p
Infineon power MOSFET
8.0 mQ 10.72 nF 810 pF 160 pF 856.3 p
IRFP4668PbF

1.2.2 Conduction Principle and Device Structure of GaN Transistors
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Figure 1.5 Typical structure of GaN transistor and 2DEG generation [3, 6]

The conduction of the GaN transistor is due to the 2-dimensional electron gas (2DEQG)
generated at the interface of the GaN/AlGaN heterojunction, as Figure 1.5 shows.
Electrons are confined in a very small region at the interface of the heterojunction so they

are named two-dimensional electrons. The 2DEG is generated by the piezoelectric effect



and spontaneous polarization induced effect, and can further increase the electron

mobility in GaN transistors compared with unstrained GaN material [3, 5].

If an external voltage is applied to the GaN/AlGaN heterojunction as Figure 1.6 shows,
then a large current is induced at the interface. This is the drain-source current formation

principle in the GaN high electron mobility transistor (HEMT).

Because the 2DEG is automatically formed at the interface of AlGaN/GaN [6], to build
an enhancement-mode transistor, an extra layer is needed to deplete out electrons when
the gate voltage is zero, as Figure 1.7 shows. This layer is usually implemented by p-

doped GaN or p-doped AlGaN.

vV
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—_—
v Current Flow

OO0000000000C0000
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Figure 1.6 GaN/AlGaN heterojunction with an externally applied voltage [3]

(b)

Figure 1.7 Structure of enhancement-mode GaN transistors [6]

For GaN transistors, there is no body diode formed inside the device. The lack of the body
diode makes GaN transistors free from reverse recovery loss [3]. This phenomenon
impacts the high-frequency performance of a circuit [7] and will not happen in GaN

transistors.



1.2.3 Monolithic GaN Circuit

As Figure 1.8 shows, a monolithically integrated circuit integrates gate drivers, power
transistors, etc. in a single chip, while in the discrete circuit, gate drivers and power
transistors are separate, and bonding wires are needed to connect different parts.
Compared with discrete circuits, monolithically integrated circuits have less parasitic
inductance caused by bonding wires, PCB wires, etc., which leads to the two advantages

listed below.

e The transient time of monolithically integrated circuits can be reduced, so circuits
can operate at a higher frequency [9].

e It can prevent ringing at the gate of the power transistor [10].

In consideration of less propagation delay and less ringing, the monolithic GaN class D

amplifier is chosen to be investigated in this thesis.

Vsis {‘; G
IM
M

Driver IC
i ’ — =
=z Monolithic IC i
() Disceere (b) Monolithically integrated

Figure 1.8 Discrete and monolithically integrated GaN circuit [8]

1.3 Problem Statement

In Section 1.2, we conclude that GaN devices have great potential in high-voltage
applications. However, because of the absence of the body diode, GaN transistors suffer

from larger Vps voltage drops when they conduct reverse current compared with Si
MOSFETs.

As the left figure in Figure 1.9 shows, for the St MOSFET, when Vs < Vi, and V;p <

Vin, body diode conducts the reverse current, which has the forward voltage of 0.65 V.



As the right figure in Figure 1.9 shows, for the GaN transistor, when Vs =0, Vsp =
Vep — Vs should be larger than the threshold voltage to turn on the transistor (Vp > Vi
to form 2DEG). Since the threshold voltage is relatively high for GaN transistors, a larger
voltage drop exists between drain and source (Vps) for GaN transistors compared with Si

MOSFETs during the dead time, which leads to larger power loss during the dead time
[7].
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Figure 1.9 Ips vs. Vps curves for Si and GaN transistors in reverse conduction [7]
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Figure 1.10 (a) Vps vs. Isp curve for a power transistor; (b) Vs curve; (c) power loss vs. dead time; (d)

Input duty cycle vs. output duty cycle
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Figure 1.10 (a) shows a typical Vps vs. Isp for the IMEC 200 V GaN power transistor with
Vss = 0, and Figure 1.10 (b) shows the voltage at the switching node Vsw of a class D
amplifier. It can be discovered that when conducting reverse current, |V'ps| is dependent
on the current flowing in the transistor. During dead time, when transistors conduct
reverse current, Vps can reach -4 V or even lower, which results in large power loss during
dead time. Figure 1.10 (c) shows the power loss vs. dead time curve for a power transistor
with 100 mQ and 8 A output current. Considering 2 MHz switching frequency and 20 ns
dead time, the conduction loss for each period is 40 nJ. The power loss due to dead time
is 1.65 pJ, which is huge compared with the conduction loss. Furthermore, due to the dead
time, the output duty cycle deviates from the input duty cycle, which results in distortion

of the output signal, as Figure 1.10 (d) shows.

In order to reduce the loss during dead time and improve the distortion, one possible
solution is to reduce the dead time. So a dead time control system is needed in the GaN
class D circuit to lower the power loss during dead time and achieve better power

efficiency for the circuit.

1.4 Literature Review

There are different ways to modulate dead time. In reference [11], a dead time control
circuit is proposed to modulate the falling edge of Vsw. As Figure 1.11 shows, the dead
time control circuit is used to add a delay time at the rising edge of the low-side input
signal. The delay time is controlled by a voltage Vc. A sample and hold circuit is used to
hold the voltage of Vs at the time when the low-side power transistor is about to turn on
(node B in Figure 1.11). Since the aim of the control is to achieve zero-voltage transition
(ZVS), this voltage indicates whether the dead time is overlong or insufficient. An OTA

is used to convert the sampled voltage to the control voltage Ve.

This circuit has pros and cons in the following aspects. One advantage is that the circuit
is not “real-time”. It samples Vsw at one period and makes adjustments to the delay time
for the next period. Therefore, the speed of the circuit is not demanding. The limitations
of the circuit are that the circuit can only modulate the falling edge of Vsw, and is
implemented by BCD technology. Without p-type transistors in GaN technologyi, it is

difficult to implement the current mirror in Figure 1.11.
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Figure 1.12 “Real-time” dead time modulation [12]

Another kind of dead time control circuit is proposed in [12]. As Figure 1.12 shows, the
dead time control circuit is integrated with a monolithic GaN half-bridge circuit. In this
circuit, a comparator is used to compare the source and drain voltage of the low-side

power transistor. When the circuit enters dead time, the Vps of the power transistor is

10



negative and the Vg is low. A logic circuit is used to make judgments, and after the circuit
enters dead time, this logic circuit can immediately flip and turn on the low-side power

transistor.

Compared with the previous circuit, this circuit can realize “real-time” control of the dead
time. By applying the circuit, the dead time can be reduced to <0.2 ns, which means the
propagation delay time of the comparator, the logic circuit and the gate driver should be
only hundreds of picoseconds. So the speed requirement of each block is very demanding.
Besides, this circuit needs to use depletion-mode GaN transistors, which may not be

available in other GaN processes.

For the dead time control circuits proposed in previous works, there are some common
limitations. First, dead time control circuits can only work for single-edge modulation.
Second, dead time control circuits are realized using BCD technology instead of
integrating with GaN power transistors. Or they need depletion-mode devices, which is
not available in some GaN process. Finally, they are used for fixed duty-cycle input
signals. Regarding these limitations, the design targets of the proposed dead time control

circuit in this project are discussed in the next section.

1.5 Design Targets

In Section 1.3, the significance of the dead time control circuit in a monolithic GaN circuit
is emphasized. To integrate the dead time control circuit in the GaN class D amplifier,

the following specifications should be achieved in the design of the circuit.

e The dead time control circuit should have the capability to handle a default dead time
of 20 ns of the class D amplifier. The input PWM signals of the class D amplifier
have initially 20 ns dead time to prevent shoot-through of power transistors. After
applying the dead time control circuit, the dead time of both rising and falling edges
should be reduced.

e The dead time control circuit should function well for the class D amplifier with a -
3 dBFS sinusoidal input signal at a switching frequency of 2 MHz. This means the
circuit can operate with signals with 15% to 85% of the duty cycle. Some margins
are left because extreme duty cycles lead to very little time for one side power

transistor, which can cause problems in modulating one of the two edges.

11



The dead time control circuit should function well for all the process corners and
temperatures from 25°C (room temperature) to 100°C. Since the current in power
transistors of the class D output stage can reach up to 8.5 A, the chip temperature will
increase for a long working time. The proposed dead time control circuit should also
operate well with high temperatures.

To make sure no shoot-through after dead time modulation for all the process corners,
temperatures and load current conditions, a residual dead time is desired and is set to
be 5 ns. For the case shown in Figure 1.13, at the end of the dead time, it needs 3.25
ns for the gate driver to pull up the low-side Vgs. Therefore, the measured dead time
is larger than the real dead time. In order to avoid the circuit ending up in negative
dead time and suffering conduction for all the cases, the residual dead time is set to

be 5 ns.

75.04

Vsw (V)

" dx:20.2015098ns
1

| & T T T
q v%ﬂMns 73.4 73.48 73.56
! Time (ps)

1
1 Real dead Ilmc: |

- > 1
'Measured dead time!
ot Sl L

Figure 1.13 Measured dead time and real dead time (for the typical corner, 25°C)

After applying the dead time control circuit, both output power and the distortion of
the output signal should be improved, because the output duty cycle gets closer to the
input duty cycle. If the dead time is assumed to be reduced from 20 ns to 5 ns, for
85% or 15% duty cycle input signals, the output power can be improved by 1.2 times
theoretically.
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Chapter 2 Dead Time Control Circuit System-level Design

In Chapter 1, the significance of the dead time control circuit in monolithic class D

amplifiers is analyzed. And the design targets of the dead time control system are listed.

This chapter will focus on the system-level design of a proposed dead time control circuit.

In order to meet all design targets suggested in Section 1.5, specific requirements for each

circuit block are discussed.

2.1 Dead Time Control Circuit Structure

Input PWM signal

Gate drivers

Dead time
control circuit

A
YYYy

V.\'u' MmN _l-
E —g
Vsup /2
=
= KRpy

B
——
—
=

AMAA

Vsw 1ow

R[)ll’

VREF_HIGH o—

High-side
comparator

VSW_LOW

VRrEF Low o—

Low-side
comparator

Y

Rising-edge
integrator

Ver
>

Vewnr Low

Y

Falling-edge
integrator

Rising-edge
actuator

— Vour acr i

.| Falling-edge

actuator

° Vour acr i

!

VI’IHI_ HIGH

Figure 2.1 Circuit structure of the proposed dead time control circuit
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In this thesis, a dead time control circuit is proposed, which is integrated with a half-
bridge class D amplifier circuit, as Figure 2.1 shows. The function of the proposed dead
time control circuit is to modulate the dead time at Vs by modulating the dead time of
the input PWM signals, as Figure 2.2 shows. A feedback loop needs to be involved to
reduce the dead time from a large default value (20 ns dead time at the input PWM signals)

to a small stable value.

For class-D amplifiers, the input signal varies over time, which means the duty cycle of
the PWM signal varies all the time. To achieve dead time control in class D amplifiers,
the feedback loop collects information at the switching node Vsw and modulates the dead
time cycle by cycle. That is, collecting dead time information of one period and making

adjustments in the next period.

Vewsr mrca _ :| | _‘_H
Vewsr Low _l_— | I

l/Sll'

dead time before dead time after
modulation modulation

Figure 2.2 Dead time before (black curves) and after (red curves) modulation

The proposed dead time control circuit consists of three blocks: a comparator, an
integrator and an actuator. The basic operation principle of the dead time control circuit

is as follows:

e The inputs of the dead time control circuit are Vsw row, Vrer row, Vrer micH,
Vewsm row and Vewam miGa. Vsw row is an attenuated version of Vs, which is the input
of the comparator and is the output of a voltage divider converting Vsw to a signal in
the low-voltage domain. Vzer row and Vrer mich are comparators’ reference voltages.
Vewm row and Vewar micu are the two inversed PWM input signals to control low-side
and high-side power transistors. The outputs of the dead time control circuit are

Vour acr 1 and Vour acr n, they are PWM signals with modulated falling edges.

e The comparator generates pulses during dead time. There are two comparators in
parallel to cover all the output current conditions. If the output current flows out of

Vsw, during dead time, Vsw row goes below the low reference voltage Vrer row, so
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the low-side comparator generates pulses during dead time, as Figure 2.3 shows; if
the output current flows into Vsw, the high-side comparator generates pulses. For each

comparator, the two outputs separate pulses from rising edges and falling edges.

The integrator is used to convert the information from the comparator to an output
control voltage Vc. The integrator integrates pulses from the comparator. That is,
during dead time, the output of the comparator is high and V¢ increases. For the rest
of the time, V¢ always decreases. Therefore, the integrator needs to have two different
time constants for both charge and discharge. There are two integrators in parallel.

One is used to integrate pulses from rising edges while the other one is used for falling

edges.
Vsu'_l,()u'
Veer row — L . Comparator
— H H H H
Veour r 1 |— |_
Integrator —< P P
Ve i/ Y4
_ ; i
(~ High (before) |
High (after) :| :I
Low (before) <
Actuator —< : :
Low (after)
’/.\'“

Figure 2.3 Operation principle of the comparator, integrator, and actuator

The actuator is a voltage-controlled delay time generation circuit. It adds a delay time
to the falling edge of the input signal. The delay time is positively related to the
voltage Vc. That is, higher V¢ corresponds to longer delay time, and thus smaller dead

time.

From the above analysis, the proposed dead time control circuit is not a “real-time”

system. If the comparator gives a sign telling that the dead time is too large at a certain

time, despite real-time adjustment of V¢, adjustment of the input signal happens at the

next period.
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=
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Figure 2.4 Block diagram of the dead time control circuit

The block diagram of the dead time control circuit is shown in Figure 2.4. The transfer

function of each block can be calculated as follows.

e The transfer function of the comparator is calculated as Figure 2.5 shows. The input
of the comparator is the voltage difference between Vs and the reference voltage.
So it can be seen that the input pulse width is equal to the length of the dead time.
With the ideal comparator, it generates pulses during dead time. So the output pulse
width is equal to the input pulse width and the transfer function of the comparator is
ideally 1.

I/S W

VREF Low
Veer cow= Vsw I I

VCOUT |_|

Figure 2.5 Transfer function of the comparator (input: Vzer row-Vsw; output: Veour)

e For the integrator, it integrates pulses from the comparator during dead time, and
keeps decreasing for the rest of the period. The integrator transfers the pulse width
taeadato the voltage Vcwith two steps. The input pulse width first modulates the current
in a resistor. And then a capacitor Ciyris needed to convert the current to the voltage.

Assume the current in the resistor is a constant value /z and only flows during the
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. av . . . I
dead time, I = Cjyr - So the increase in Veis AVe = tgeqa C—R To make the
INT

circuit converge to a state with residual dead time #.; = 5 ns, the increase of V¢ is

L I .
equal to the decrease of V¢, which is AVpy = t,es C—R Since the decrease of V¢
INT

happens for the whole period, and the decrease speed of V¢ is constant (also defined
by a resistor), the decrease of V¢ for one period is constant all the time and is equal
to AV.

e For the actuator, it provides a delay time at the falling edge T4 uuing for every period.
For simplicity, the delay time is linear with the input voltage Vc. Since V¢ is changing

all the time, for simplicity, V¢ is sampled once for one period with the value which

: . Tafalli
is used for the actuator. So it can be expressed as % =K (s/V).
Cc

In the following sections, each block is designed at the system level to illustrate the

operation principle of the dead time control circuit in detail.

2.2 Comparator

As mentioned in Section 2.1, the comparator generates pulses during the dead time,
indicating that the dead time is too large and needs to be reduced in the next period.
During the dead time, the voltage of the switching node Vs is determined by the direction
and the value of the output current. To take all current conditions into consideration, two

comparators are needed as explained below.

Figure 2.6 shows the design of the low-side comparator used for the case when the output
current flows out of the switching node. The operating principle of the comparator is as

follows.

e The two inputs of the comparator are Vsw row and a reference voltage Vzer row.
Vsw row 1s explained in Section 2.1. The reference voltage Vzer row is from off-chip
and is adjustable. Vzer Low1s set to distinguish the negative Vps of the low-side power
transistor due to dead time. When the low-side power transistor is ON, Vs is low
with the value —I,,+ - R, (R,y 1s the on-resistance of the power transistor). If the

voltage divider reduces the value by K times, to generate pulses during dead time,

the value of Vzer row should be smaller than —% “Lout " Ron-
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Figure 2.6 Low-side comparator

DEMUX

Vee £ LoW o—nod —° Veour r.1

e The comparator compares Vsw row with Vzer row and generates pulses during dead
time. A demultiplexer is connected to the output as a pulse selector. The select signal
Vieleer 1 switches at the middle of Vsw, so that one output signal Vcour r 1 contains
the pulses generated at the rising edge of Vsw, while the other output Veour r 1

contains the pulses generated at the falling edge of Vsw, as Figure 2.6 shows.

e The high-side comparator generates pulses when the output current flows into the
switching node. The working principle of the high-side comparator is almost the
same as the low-side comparator, as Figure 2.7 shows, except that Vsw row is
compared with a high reference voltage Vrer miGu in this case, which is also from
external and is adjustable. Vrer micr is set to distinguish the negative Vps of the high-

side power transistor due to dead time. Since Vsw is Iy * Ron + Vsyp when the

high-side power transistor is ON, Vzer micn should be higher than %(Iout "Ry +

VSUP)'

VRI:I-‘_ HIGH
Vsu’_ Low
Vrer nicn o——
= - =1 E— Veour rn K : :
z V.\'elecl_ H
: : :
Vsw_ow o——F = ° Veour rn I : s
V(‘(II‘T_R_II ! | § —I

lee(‘l_H |_| rl
V(Ol T FH

Figure 2.7 High-side comparator
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For the class D amplifier with 85 V supply voltage and 100 mQ power transistor on-

resistance, if K is chosen to be 44 and the maximum current is lower than 10 A. Vrer row
should be lower than -22.2 mV, while Vzer nicn should be higher than 1.91 V.

From the above analysis, the requirements of the comparator are as follows.

The input common-mode range of the comparator should be larger than -30 mV to 2
V. As analyzed before, the comparator needs to compare Vsw row with both high and

low reference voltages.

The input-referred offset of the comparator should be low. When Vg is reduced to
Vsw Low, the Vps of the power transistor during dead time is also reduced by K times.
For example, if Vpsis -4 V and K is 40, then after the voltage divider, the difference
between the two inputs of the comparator is 100 mV. To make the input-referred
offset 10 times lower than this value, it cannot exceed 10 mV. On the other hand, the
mismatch in GaN technology can reach hundreds of millivolts, which is very large
compared with the desired offset. To achieve this goal, auto-zeroing can be used for

the comparator.

The comparator needs to have a large amplification to convert the small difference at
the input to digital levels at the output. If the difference between the two inputs is
assumed to be 100 mV, as analyzed above, to make the output reach Vpp, which is

6.3 V, the amplification cannot be lower than 63.

The comparator needs to be able to handle 5 ns pulses, which corresponds to a desired
bandwidth of 200 MHz. As mentioned in Section 1.5, the goal of the dead time

control circuit is to reduce the dead time to 5 ns.

2.3 Integrator

2.3.1 Integrator Circuit Topology and Analysis

The function of the integrator is to generate a control voltage V¢ according to the

information from the comparator. During dead time, V¢ gets higher because the integrator

integrates pulses from comparators. For the rest time of the period, V¢ is continuously

decreased.
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An integrator is a good candidate to realize the function mentioned above. Figure 2.8

shows a typical integrator.

I Cinr
Il

R INT

VREF o—

° VOI T

Figure 2.8 Typical integrator circuit topology

The ideal integrator has only one time constant: T = R;yrC;yr. However, according to
the function of the integrator analyzed above, the integrator needs to have two different
time constant values for charge and discharge. Furthermore, since the integrator is
inverting, during dead time, Vv needs to be connected to a low voltage to increase Vour;
and when Vv is connected to a high voltage, Vour will be decreased. Therefore, an

integrator circuit is proposed in Figure 2.9. The operation principle is as follows.

VDD
Cinr I I
Il

R DIS

VIR\'T

Rinr —0Vc

VREF O— +

V('Ol'T_R_L_) S 5 <« V(‘Ol'T_R_II

Figure 2.9 Proposed integrator circuit topology

e Switches S; and S> are controlled by the two outputs of the comparators. When there
are no pulses from comparators, the two switches are both open, and no current flows

through resistor R;yr. With an ideal amplifier, V;yr = Vzgr, and the current flows in
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the resistor Rp;s is equal to the current flowing through the capacitor Ciyr. That is,

w = CinT w. By solving the differential equation we can get the result:
DIS
Vbop = Vrer
pisCInT

, Where V,, is the initial voltage. Therefore, the capacitor is discharged by the

resistor Rpss and Ve is decreased when switches S; and S> are both open.

e During the dead time, one of the switches S; and S> are closed, and current flows

through the resistor R;nr. If Rivr is much smaller than Rpjs, the current flowing in Rivr

is Z’ﬂ, which is approximately equal to the current flowing through Cinr:
INT
C,NTM. By solving the differential equation —UINT Cint M, we
dt RINT dt
can get the results:
%
Ve(®) = Veo + K¢ (2.2)
RintCinr

, where V.q is the initial voltage. Therefore, the capacitor is charged and V¢ is
increased when one of the switches S; and S> are closed, so that pulses from

comparators are integrated.

2.3.2 Residual Dead Time and the Choice of Reference Voltage

With the proposed integrator circuit, there is always a residual dead time. Considering a
circuit starting with a large dead time, the dead time is first reduced as the increase of Vc.
Then when the increase of V¢ is equal to the decrease of V¢ within one period (as Figure
2.10 shows), the circuit reaches a steady state, a small residual dead time remains and
comparators still generate pulses during dead time. The existence of residual dead time

can prevent the circuit from shoot-through.
The expression of the residual dead time #.s can be derived from Equations 2.1 and 2.2:

— RINT (VDD
e RDIS VREF

— 1T (2.3)

From the above equation, the residual dead time decreases as the increase of the reference

voltage Vrer (Vrer cannot be higher than Vpp), if the resistance of Ry and Rpys is fixed.
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In order to make the residual dead time adjustable, the reference voltage is from off-chip,

which is also adjustable.

Vew Low

VREF_L ow ﬂ

Veour r 1 1

Figure 2.10 V¢ is settled with a residual dead time

If the reference voltage is chosen to be Vpp/2 to achieve 5 ns residual dead time, then it

1

can be calculated that ST = —, given the period T = 500 ns.
Rpis 100

2.3.3 Requirements of the Integrator

Y Ideal integrator
Amplifier

N X,

gf:.fdb h!

A -

A\

Gain in dB

Real integrator

Figure 2.11 Bode plot of a real integrator

Because of the finite gain and bandwidth of the differential amplifier, the bode plot of a
real integrator is shown in Figure 2.11. The gain of the amplifier is chosen to be 20 dB
for simplicity (which can be achieved by one-stage amplifier). From theoretical analysis,
the expected residual dead time is increased from 5 ns to 6.1 ns if V¢ is settled to Vpp/2,

because of the limited gain of the amplifier. In order to catch up with the audio signal
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whose frequency is 20-20 kHz, fivr should be at least 20 kHz, so that the unity gain
frequency of the integrator fy is 200 kHz. To get >60° phase margin, the bandwidth of the
amplifier should be at least 1.73 times larger than fy, which is 346 kHz.

With the integrator proposed in Figure 2.9, it can be deduced that the formula of 1y is:
1

= 2.4)
AT RN CinT

fo

The derivation of the formula is presented in Appendix. The basic idea is as follows.

RinT/D

WVDD’ where D = t,..s/T is the

Equation 2.3 can also be written as V;yr =

duty cycle. So Rnris a duty-cycled resistor with equivalent resistance R;vz/D. The change
in the input pulse width leads to the change in the equivalent resistance and thus the

change of the output.

Another requirement for the integrator is that the amplifier should have a low input-

referred offset. With a real amplifier, the expression of the residual dead time is:

RINT VDD
res RDIS (VINT ) ( )

Due to offset, Vivr deviates from Vgzer, resulting deviation of #,.;. Despite of compensation
by adjusting Vger, several hundreds of millivolts input-referred offset is still not
acceptable and is better to be compensated. By reducing the offset from 300 mV to 50
mV, the theoretical residual dead time can be reduced from 6.05 ns to 5.16 ns. Smaller
error can be achieved by reducing the offset within 50 mV. So it is better to involve auto-

zeroing technology.

2.4 Actuator

The function of the actuator is to add a delay time to the falling edge of the input PWM
signal. As mentioned in Section 2.1, the delay time should be positively correlated to the

input control voltage Ve.

Figure 2.12 shows the structure of a kind of actuator, which is based on the pulse-width

adjustment circuit proposed in [1]. The operation principle of the actuator is as follows.
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e At the rising edge of the ON signal, switch S; is closed and S> is open, the capacitor
Cycr gets charged and Vg rises quickly. When Vey goes higher than the threshold

voltage of the first inverter V7 vy, the output voltage Vo4 also flips from low to high.

Vop

Normal inverter QN

Skewed inverter

—0 Vo,

14 TH,INV

Figure 2.12 Actuator circuit topology

e The capacitor C4cr starts to be discharged slowly at the rising edge of the OFF signal,
at which time switch S; is open and S> is closed. The discharge speed is mainly
determined by the resistor R4cr. After Vg is discharged to a value lower than Vg v,
Voa goes low. As a result, Vo4 follows the ON signal, except that a delay time is

induced at the falling edge.

For this circuit, V¢ cannot be lower than V7w vy, otherwise the output voltage Vou will
not flip. Since V¢ cannot go higher than Vpp, the adjustment range of Ve is Vrumvw < Ve
< Vpp. To get a large adjustment range of Vc, the first inverter connected to C4cr in
Figure 2.12 is desired to be a skewed inverter with low inverter threshold voltage
Vruivv. Vru v is designed to be the threshold voltage of a GaN transistor, which is

around 2 V for typical corner.

For the circuit in Figure 2.12, when V¢ is lower than Vry vy, output voltage Vo will not
switch. However, it is supposed that the output voltage follows the input voltage in this
case. To overcome this problem, a logic circuit is added after Voy, as Figure 2.13 shows.
The function is to make the rising edge of the output signal follow the rising edge of the
input signal, and is independent of the ON and OFF signals. As a result, the actuator
only alters the falling edge of the input PWM signal. In this circuit, the falling edge of
the IN_ PWM signal is required to be aligned with the rising edge of the OFF signal.
And the falling edge of the OFF signal (the rising edge of the ON signal) can be

anywhere in one period.
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Figure 2.13 Proposed actuator circuit topology which only alters the falling edge of the input signal

As the delay time at the falling edge T auing 1s expected to be positively correlated with
V¢, the maximum value is achieved when V¢ is equal to Vpp, and the range of 74 fuiing 1S
0 < T fatiing < T faniing (VpD), Which is also the adjustment range of the dead time. This

range should be large enough to compensate for the dead time.
To conclude, the requirements of the actuator are as follows.

e  Vru vy of the skewed inverter should be designed ~2 V for the typical corner. No
special requirements for other logic gates, so the threshold voltage is designed to be

Vpp/2, which is 3 V for typical corner.

®  Tusuing (Vpp) should be larger than the default dead time at the switching node for

all the process corners and temperatures.

2.5 Conclusion

In conclusion, the proposed dead time control system can reduce the default large dead
time. It consists of three blocks: the comparator, the integrator and the actuator. The

comparators generate pulses during dead time. The integrators make adjustments
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according to the pulses from comparators and provide a control voltage V¢ to the actuator,
which determines the delay time added to the falling edge of the input signal. After the
dead time modulation, a residual dead time always exists and is adjustable, due to the

structure of the integrator.

The specific requirements of each block are discussed in this section, and in the next

chapter, each block is designed at the transistor level to fulfill the requirements.

Reference
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Volume Control and Series-Connected DSM," presented at the 2022 IEEE International
Solid-State Circuits Conference (ISSCC), 2022.
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Chapter 3  Dead Time Control Circuit Transistor-level

Design

In Chapter 2, the system-level design of the circuit is discussed. According to the
requirements of each block, in the chapter, the transistor-level design of the circuit is
demonstrated. Sections 3.1 to 3.3 present the design of the comparator, integrator and

actuator separately.

3.1 Comparator Simulation Results

In Section 2.2, the operation principle and the requirements of the comparator are
demonstrated. In this section, the simulation results of the comparator are presented. The

design of the comparator is originally from other’s work.

The circuit structure is shown in Figure 3.1. In order to get a small offset and large
amplification, the comparator is designed to be a two-stage auto-zeroing comparator. To
handle -30 mV to 2 V common-mode input voltage, the ground of the first stage is

connected to Ve, which is -6.3 V.

Vl)l)

VE E

18.8 k2 §§ §§ 18.8k2 Vo Vop
[—jovri- ourr
Y"' [ 24 kQ
Vier 5 Cam I W/L=30/1.3um + oUT
v, Cazyy ¢ e
i S, I ouTI- o—'7| W/L=20/1.3um I'—’o oUTI+
S5 s& W/L=19.3/1.3um
1 I GND GND

Figure 3.1 Implementation of the comparator

By running 100 Monte Carlo simulations, the input-referred offset of the comparator is
listed in Table 3.1. After applying auto-zeroing, the standard deviation of the input offset

is reduced from 253.0 mV to 2.8 mV at room temperature. The offset is small enough to
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sense the voltage difference at the input of the comparator. The gain of the comparator is

larger than the desired value for both 0 V and 2 V common-mode inputs.

Table 3.1 Monte Carlo simulation results of the comparator

25 °C 100 °C
n c n c
Input-referred No AZ 4.06 mV 253.0 mV 4.10 mV 252.9 mV
Offset With AZ 0.86 mV 2.8 mV 1.3 mV 2.7 mV
Veu=0V 82.7 7.3 86.3 8.3
Gain
Veu=2V 83.2 7.2 86.8 8.2

Table 3.2 lists the simulation results of the bandwidth of the comparator for different
corners and temperatures. Due to the auto-zeroing structure, the bandwidth is simulated
with the two stages separately and added manually. It can be discovered that the
bandwidth is lower than the requirement, which results in the deviation of the residual

dead time and is going to be discussed in Section 4.5.

Table 3.2 Bandwidth of the comparator

Bandwidth (MHz)

Typical corner, 25°C 148.5
Typical corner, 100°C 91.4
Slow corner, 25°C 112.4

Slow corner, 100°C 68.1

Fast corner, 25°C 219.6

Fast corner, 100°C 136.8

3.2 Integrator Design

This section will focus on the design of the integrator. The architecture of the integrator
is proposed in Section 2.3.1. In this section, the specific implementation of the integrator

is presented, which includes the following aspects.
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e The implementation of the switches.
e The sizing of the resistors and the capacitor.
e The implementation of the differential amplifier.

3.2.1 Implementation of Switches

The two switches S; and S> in Figure 2.9 are implemented by transistors, as Figure 3.2

shows.
Voo
CINT II
|]
RDIS
Vinr
Rinr —o ¥
X VREF Oo— +
Veour r 1 °_|: . Cx :'_0 Veour r 1
M 1 E M 5)

Figure 3.2 Integrator with switches implemented by transistors

This implementation introduces non-ideality to the circuit due to the parasitic capacitance
at the drain of the transistor. If switches S; and S are ideal, they can be turned on and off
immediately. Considering the circuit is in a steady state with a small residual dead time,

in one period, the charges through Rp;s should be equal to the charges through R;yr during

. . _ _ VoD=VREF pn _ — — VREF
dead time. That is, Qg,,c = Irp,s T = Rors T = Qrinr = IRy~ tres = Rpps LTES?

where t,, ; is the ideal residual dead time.

However, when the switches are implemented by transistors, parasitic capacitance is
induced in node X in Figure 3.2 (denoted as Cx). When one of the transistors is turning
off, the current flowing in R;yr cannot be reduced to 0 immediately, since Cx needs to be
charged up. So the expression of Qg,,, is changed into: Qg,y, = Ir,yr " tres + Qcy =

14 ) ) . .
—REE tresr + Qcy> Where tqs, is the real residual dead time and Qc, is the amount of

Rpjs

charge to charge up the parasitic capacitance at node X.
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Since Qg is the same and not affected by the implementation of the switches, t;.s

is smaller than ¢, ;. And to minimize this effect, the size of the transistors should be as
small as possible to minimize Cy, so that Qc, is also minimized. As a result, the size of
the two transistors M; and M> are the minimum size with W =2 pym and L = 1.3 pm. With
this size, Qc¢, 1s0.18 pC, and Qg,,, 18 1.12 pC, which is around 6 times larger than Qc,,
assuming Vzer is Vpp/2. If the size of transistors is increased by 5 times, then the residual

dead time is reduced from 5.0 ns to only 1.5 ns, since Q, takes a large part of Qg .-

3.2.2 Resistor and Capacitor Sizing

Besides the non-ideality discussed in Section 2.3.4, the implementation of switches also

causes another non-ideality due to the on-resistance of transistors Rox.

If Ron 1s taken into consideration, while charging the capacitor, resistor R;vris actually

Rint+ Ron. Therefore, the residual dead time is:

Rint + R V,
o5 = INT on( DD _ l)T (24)
RDIS VREF

From the above equation, for a fixed reference voltage, the real residual dead time is a bit
larger than the calculation result. To minimize this effect, R;vr should be dominant over
Ron. For transistors with the smallest size, Ro, 1s around 1.6 k€ when the transistor
operates in the deep triode region. So R;vr is chosen to be 10 times larger than R,,, which
is 16 kQ. As calculated in Section 2.3.3, Rpssshould be 100 times larger than R;vr, which
is 1.6 MQ.

From Equation 2.4, the integrated capacitor Cnr is calculated to be 25 pF. In the design,
Civr 1s finally chosen to be 15 pF and the unity gain frequency of the comparator is

adjusted to 332 kHz because of the following considerations.

e The size of the capacitor with 25 pF is 304 umx*304 um, which is 1.7 times larger
than the size of the capacitor with 15 pF. By reducing the size of the capacitor, the
area can be effectively saved, regarding the situation that two capacitors are needed

for the rising edge and falling edge integrators and the chip area is limited.

e In order to make V¢ not be disturbed too much when charges are shared between Cinr
and Cycr, the capacitance of Cyvr should be much larger than the capacitance of the
capacitor in the actuator Cycr. As Cycris 1 pF, this requirement can still be satisfied

after reducing the size of Cvr. Further explanations will be given in Section 3.3.3.
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Since the minimum value of f) is 200 kHz, fy = 332 kHz is also acceptable. And f 34
should be 1.73 times larger than fy, which is now 575 kHz.

3.2.3 Differential Amplifier Implementation

As analyzed in Section 2.3.3, to achieve low input-referred offset, the differential
amplifier is designed to be an auto-zero OTA (AZ OTA), as Figure 3.3 shows. The
operation principle of the AZ OTA is as follows.
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Figure 3.3 An AZ OTA is used to implement the differential amplifier

e For every period, there are two working phases: the auto-zeroing phase and the

sensing phase.

e During auto-zeroing phase, switch S3, S4, S7, Ss are closed, switch Ss, Ss, S; are open.
The inputs of the OTA are shorted to the outputs, and the input-referred offset is

sampled on the input capacitors Cyz.

e During sensing phase, switch Ss, Ss, S7 are closed, switch S3, S, S7, Ss are open. Since
capacitors C4z holds the voltage, so the input of OTA can be compensated and get
rid of the offset.

The signal to control auto-zeroing is designed as Figure 3.4 shows. Taking the rising edge
as an example, V4z r is the signal to enable auto-zeroing, and its inverted signal is used
to enable the sensing phase. V4z r is generated by Vv g AND Vus orr, where Viry r 1s
the middle-to-middle signal with transitions at the middle of Vsw, and that Vis orr is the
inverted signal of the high-side PWM signal. The design of the auto-zeroing signal takes

advantage of the following aspects.
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e The sensing clock is the inverted signal of the auto-zeroing clock. So they can make

full use of the whole time of a period.

e In one period, the time for auto-zeroing is always shorter than half of the period since
the duty cycle of the Vv signal is 50%. So the time for sense can be longer, which

1s desired.

e [t guarantees that the OTA is always in the sensing phase when there are pulses from
the comparator. The middle-to-middle signal separates the rising edge and falling

edge, and AZ only happens in half of the period excluding the desired edge.

e For the extreme case, the time for auto-zeroing phase is 70 ns, which is enough for
the input capacitor C4z to settle. From simulation results, the longest settling time

needed is around 50 ns, which is for the slow corner at 100°C.
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Figure 3.4 Sensing and auto-zeroing clock of AZ OTA for rising edge (left) and falling edge (right)

For the auto-zeroing circuit, switches S3 to Ss are all implemented by single transistors
for simplicity. Switch S; is implemented by a bootstrapped switch, which is going to be

discussed in Section 3.3.1.

Table 3.3 Bandwidth and gain of the OTA

Bandwidth (MHz) Gain (dB)
Typical corner, 25°C 234.7 19.2
Typical corner, 100°C 154.5 25.7
Slow corner, 25°C 183.1 25.8
Slow corner, 100°C 110.8 26.4
Fast corner, 25°C 391.5 23.9
Fast corner, 100°C 2454 243
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The design of the OTA is reused from other’s work. The bandwidth and the gain of the
OTA are listed in Table 3.3. It can be discovered that the gain can achieve the requirement

mentioned in Section 2.3.3, and the bandwidth is much larger than the desired value.

3.3 Actuator Design

This section will focus on the design of the actuator. First, the implementation of the
actuator is analyzed in Section 3.3.1. In Section 3.3.2, the simulation results of the
actuator are shown to prove that the actuator can meet the requirements proposed in
Section 2.4. Then in Section 3.3.3, the clock of the actuator is designed, considering the

integrator auto-zeroing clock together.

3.3.1 Implementation of the Actuator
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Figure 3.5 Proposed actuator circuit

Figure 3.5 shows the circuit topology of the proposed actuator. In this circuit, switch S;
is implemented by a bootstrapped switch, so that Vcs can follow Ve when Ve varies

between Vry vy and Vpp. Switch S> is implemented by a transistor with minimum size.

The size of the capacitor C4cr is chosen to be 1 pF. This value should be much smaller
than the capacitor in the integrator Ciyr, which is going to be explained in Section 3.3.3.

On the other hand, C4cr cannot be too small considering the parasitic capacitance in the
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circuit. The resistor R4cr is chosen to be 18 kQ. It needs to be dominant over the on-
resistance of switch S>. Also, R4cr controls the discharging speed of C4cr and thus the
delay time. By using 18 kQ R,cr, the largest delay time provided by the actuator is always

larger than the default dead time, which is going to be shown in Section 3.3.2.

For the skewed inverter, the threshold voltage Vzy vy is desired to be ~2 V. The size of
the resistor is designed to be 20 kQ and the size of the transistor is W/L = 120um/1.3um.
Figure 3.6 shows the voltage transfer curve for different corners and temperatures, and
Table 3.4 lists the Vrw vy

For all the other logic gates, the size of the resistors is 12 kQ, and the size of the transistors
is W/L = 10um/1.3um. The threshold voltage of other inverters in the circuit is around
Vpp/2 for the typical corner, which is also listed in Table 3.4.
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Vin_inv (V)

Figure 3.6 Voltage transfer curve of the skewed inverter

Table 3.4 Threshold voltage of skewed inverter and other inverters in the circuit

Vru,inv (V) Skewed Inverter Other Inverters
Typical corner, 25°C 2.16 3.07
Typical corner, 100°C 2.33 3.21
Slow corner, 25°C 2.60 3.46
Slow corner, 100°C 2.77 3.62
Fast corner, 25°C 1.75 2.73
Fast corner, 100°C 1.92 2.86
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3.3.2 Actuator Simulation Results

A test circuit is built up to simulate the actuator separately. The signals are set as follows.
The ON and OFF signals are inverted with 50% duty cycle. The duty cycle of the
IN _PWM signal is 15%, which is the -3 dB full-scale signal. The rising edge of the OFF
signal is aligned with the falling edge of the IN. PWM signal. V¢ varies from Vg vy to

Vbp.
5.0
.
=2
1.03
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S
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5.0
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>
2.0 —— OUT_ACT

. .-~
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Figure 3.7 Simulation results with the actuator test circuit

Figure 3.7 shows the simulation results. The rising edge of the output signal OUT ACT
follows with the rising edge of the input PWM signal /N PWM, and there is a delay time
added to the falling edge of OUT ACT compared with IN PWM.

Table 3.5 lists the rising edge delay time Tq ising and falling edge delay time T, fatling
between IN PWM and OUT ACT with different V¢ values (typical corner, 25°C).

When switch S; is open and S is closed, C4cr and R4cr form an RC circuit. It can be

derived that the relationship between Tqfaring and Ve is:
Td,falling =A+B-In VC 3.1

, where A and B are constants. From the equation, Tqfaning 1S positively correlated with

Ve, but not strictly linear with Ve.
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Table 3.5 Delay time of rising edge and falling edge of OUT ACT compared with IN_PWM, and relative

delay time for different V¢ values (typical corner, 25°C)

Ve (V) Td,rising (NS) Td,falling (NS) Relative delay (ns)
2.2 6.00 5.44
3.0 16.39 15.83
3.8 24.38 23.82
0.56

4.6 31.23 30.67
54 37.08 36.52
6.3 42.74 42.18

50 T T T I

Equation y=A+B*In(x)
Plot Typical. 25°C
40 A -3548 =
B 40.32

s R-Square (COD) 0.99998
%)
£ 30 -
]
£
&
=20 :
A

10 .

0 1 1 1 1
2 3 4 6 7
Ve (V)

Figure 3.8 T, falling vs. Vc (black) and logarithm fitting line (red)

Figure 3.8 shows the T faing Vs. V¢ (black line) curve and the logarithm fitting line (red
line). The fitting line uses the expression of Equation 3.1. The coefficient of

determination R? of the logarithm fitting line is around 1, which means perfect fitting.

Figure 3.9 shows the Tq faling vs. Ve for all process corners at 25°C and 100°C. Table 3.6
lists the maximum delay time that the actuator can provide with different cases. In Table
3.6, the default dead time of Vsw is also listed, which will be further explained in Section
4.2. For all the cases, the maximum delay time that the actuator can provide is larger than

the default dead time, which means the actuator satisfies the requirement.
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Figure 3.9 T4 falling vs. Ve for all process corners at 25°C and 100°C

Table 3.6 Vry vy, maximum relative delay time and default rising/falling edge dead time for all process

corners at 25°C and 100°C

Rising/falling edge
Vi (V) Max Delay Time (ns)
default dead time (ns)

Typical corner, 25°C 2.16 422 29.9/20.2
Typical corner, 100°C 2.33 70.2 35.7/25.2
Slow corner, 25°C 2.60 46.8 34.5/24.0

Slow corner, 100°C 2.77 78.2 42.6/31.6

Fast corner, 25°C 1.75 35.4 26.5/17.3

Fast corner, 100°C 1.92 58.5 30.4/20.4

3.3.3 Actuator Clocks

When designing the ON and OFF signals of the actuator, the auto-zeroing clock in the
integrator also needs to be taken into consideration. Figure 3.10 shows the integrator and
the actuator circuit. Figure 3.11 shows the auto-zeroing clock and the actuator control
clock, taking the rising edge as an example. The auto-zeroing signal V47 & is explained in
Section 3.2. For the rising edge, the OFF signal is generated by Vurm r AND Vis orr,
which is also the auto-zeroing signal for the falling edge V4z r. The design of the actuator

clock takes advantage of the following aspects.
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e The rising edge of the OFF signal is aligned with the rising edge of Vis orr, which
is the falling edge of the low-side PWM signal. So that the actuator can add a delay
time to the low-side PWM signal and reduce the dead time at the rising edge.

e The duration of the OFF signal is always less than half of the period, leaving more
time for the ON signal. Since the OTA is not in the loop during the auto-zeroing
phase, V¢ is disturbed and needs some time to settle to the desired value after the
auto-zeroing ends. Figure 3.11 shows the extreme case, the time between the turn-off
of AZ and the turn-on of OFF is very short, which is denoted as 7.4 and is only
around 10 ns. Since the ON signal is turned on before, V¢ does not need to be charged
from 0. Instead, it only needs to be slightly adjusted, which can be achieved within

the time 74q;.

e With 15% duty cycle (extreme value for -3 dB), the duration of the OFF signal is

around 70 ns, which is still enough to discharge C4cr.
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Figure 3.11 Auto-zeroing clock and actuator clock for rising edge (blue dotted line: transitions at the

middle of Vsw; green dotted line: dead time between the high-side and low-side OFF signal)
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Since during auto-zeroing, switch S; is open and charges will be shared between Ciyr and
Cucr. Ve is disturbed. In order to make V¢ adjust to the correct value in a very short time,
the disturbance of V¢ during auto-zeroing cannot be too large, requiring C4cr much

smaller than Cyvr.
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Chapter 4  Simulation Results

This chapter starts with the layout of the circuit in Section 4.1. Section 4.2 introduces the
half-bridge class D amplifier test bench and the start-up of the whole circuit. Then the
circuit is simulated with 15% and 85% fixed duty cycle and the results are shown in
Section 4.3. In Section 4.4, the simulation results with -3 dBFS sinusoidal input are

presented and discussed.

4.1 Layout

Figure 4.1 shows the layout of the proposed dead time control circuit. The size is 2.78
mm % 1.29 mm. The dead time control circuit is integrated into a half-bridge class D

amplifier with an 85 V supply voltage. The chip is taped out using the 200 V GaN process.

2.78 mm

1.29 mm

B EE e

Figure 4.1 Layout of the dead time control circuit

4.2 Test Bench Introduction and Circuit Start-up

As mentioned in Chapter 2, there is a 20 ns default dead time at the input PWM signal,
which is from an external setup. Due to the variation in the performance of blocks like

gate drivers, the default dead time at Vsw varies with corners and temperature. Table 4.1
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shows the simulated default dead time for different cases, using 85% fixed duty cycle as
an example. As Figure 4.2 shows, the dead time is defined as the time when Vs is lower
than -1 V. By applying this measurement method, the real dead time is smaller than the
measured value. Taking the falling edge as an example, after the dead time ends, it takes

some time to pull up the Vs of the low-side power transistor (from node A to B in Figure
4.2).

Table 4.1 Default dead time at Vs for different corners and temperatures

Default Dead Time Rising edge (ns) Falling edge (ns)
Slow corner, 25°C 34.5 24.0
Slow corner, 100°C 42.6 31.6
Fast corner, 25°C 26.5 17.3
Fast corner, 100°C 30.4 20.4
Typical corner, 25°C 29.9 20.2
Typical corner, 100°C 35.7 25.2
7.0
3
>c"5 ! ¥ dx:19.95ns
I

1 ¥ Real dead nmc: ! 73.4 73.56

73.48
Time (ps)

—
! Measured dead tima
—

Figure 4.2 Default dead time at input and Vsy

The start-up of the circuit is shown in Figure 4.3. The supply voltage PVDD is first pulled
up from O to 85 V. Signal RSTB is used to enable the output of the switching node. After
RSTB is switched from low to high, it takes some time for Vsw to output stable pulses with

default dead time. Then the signal ENABLE is switched from low to high, which enables
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the dead time control circuit. After enabling the dead time control circuit, the dead time

is observed to be reduced, and the control voltage V¢ is increased from 0 to a stable value

(for fixed duty cycle input).
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Figure 4.3 Startup of the circuit

4.3 Fixed Duty Cycle Simulation Results

T T T T T T
57.72 57.86 58.01 58.15 58.29 5844
Time (ps)

The proposed dead time control circuit is simulated with the half-bridge class D amplifier

test bench with 15% and 85% duty cycle, which are the
The switching frequency is 2 MHz.

Table 4.2 shows the simulation results of the dead time of

extreme values of -3 dB input.

the rising edge and falling edge

of Vsw before and after modulation. Figure 4.4 shows the Vps curve of the low-side power

transistor before and after dead time modulation for different corners and temperatures.

It can be clearly observed that after modulation, dead time is reduced from a large default

value to a small value of around 5 ns for all the corners and temperatures.
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Table 4.2 Dead time of rising and falling edge of Vs before and after modulation (85% duty cycle)

Rising edge Falling edge
85% duty cycle
Before After Before After
Slow corner, 25°C 34.5 6.5 24.0 7.0
Slow corner, 100°C 42.6 8.8 31.6 7.3
Fast corner, 25°C 26.5 5.8 17.3 6.6
Fast corner, 100°C 30.4 5.4 20.4 6.0
Typical corner, 25°C 29.9 5.8 20.2 6.5
Typical corner, 100°C 35.7 5.9 25.2 6.4
Before
2+ 0 \.\'-;
75.0 ‘
z
=,50.0
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>
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0.0 -L: = 77,(_‘:‘__1_
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== __ IR -
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‘:‘ Fast, 25°C
>‘£ 25.0 Fastj 100°C

Typical, 25°C

oo E’Jv” : i —— Typical, 100°C
B T T T T T T T T T T
78.45 78.5 78.55 78.6 78.65
Time (ps)

Figure 4.4 Vps of low-side power transistor before and after modulation (85% duty cycle)

A similar simulation is conducted for 15% fixed duty cycle input. The dead time of Vw
before and after modulation is listed in Table 4.3. And Vps of the high-side power

transistor before and after modulation is shown in Figure 4.5.
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Table 4.3 Dead time of rising and falling edge of Vs before and after modulation (15% duty cycle)

Rising edge Falling edge
15% duty cycle
Before After Before After

Slow corner, 25°C 34.5 6.4 24.0 6.4
Slow corner, 100°C 42.6 8.2 31.6 8.2
Fast corner, 25°C 26.5 5.7 17.3 6.4
Fast corner, 100°C 30.4 5.1 20.4 5.7
Typical corner, 25°C 29.9 54 20.2 6.2
Typical corner, 100°C 35.7 5.8 25.2 6.1

Before
90,0 A | Imrﬂw
S 60.0
=
2 300

After
90.0 fi _‘ M,,
o r Slow, 25°C
e o Slow, 100°C
:\ Fast, 25°C
2 30.0 Fast, 100°C
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0.0 L‘t?/ = - — Typical, 100°C

I | Ty rrr[rrrrrrrrr[rrrrrrrr [ rrrrrrrr [ rrrrrrrrr[rrrrrrrrr Trrrrr

T T T T T
74.2 74.25 74.3 74.35 744 74.45 745
Time (ps)

Figure 4.5 Vps of high-side power transistor before and after modulation (15% duty cycle)
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4.4 -3 dB Sinusoidal Input Simulation Results

The proposed dead time control circuit is simulated with -3 dB sinusoidal input at 10 kHz.
The switching frequency is 2 MHz. With a 4 Q resistive load, the output power input
power and efficiency of the whole circuit (the proposed dead time control circuit with a
half-bridge class D amplifier circuit) are simulated, which are listed in Table 4.4. It can
be concluded that the output power is significantly increased by 1.20-1.67 times after
dead time modulation. And after dead time modulation, the third-order harmonic

distortion (HD3) is improved by 5-10 dB for all the corners and temperatures.

Table 4.4 Output power, input power and efficiency of the whole circuit before and after dead time

modulation (-3 dB input)

Before After P
-3 dB input e
Pout Pin | Efficiency | Pout | Pin | Efficiency outbefore
Slow corner, 25°C 67.30 | 73.81 91.2% 93.16 | 101.4 91.9% 1.38
Slow corner, 100°C 58.35 | 66.18 88.2% 97.5 | 108.1 90.2% 1.67
Fast corner, 25°C 75.54 | 81.39 92.8% 90.46 | 97.49 92.8% 1.20
Fast corner, 100°C 70.49 | 76.86 91.7% 92.04 | 99.77 92.3% 1.31
Typical corner, 25°C | 71.98 | 78.07 92.2% 91.62 | 98.88 92.7% 1.27
Typical corner, 100°C | 65.62 [ 72.45 90.6% 93.28 | 101.8 91.6% 1.42

Table 4.5 HD3 before and after dead time modulation (-3 dB input)

HD3 (dB) Before After

Slow corner, 25°C -22.84 -32.21
Slow corner, 100°C -21.01 -30.30
Fast corner, 25°C -24.82 -29.07
Fast corner, 100°C -23.67 -30.68
Typical corner, 25°C -23.90 -30.33
Typical corner, 100°C -22.49 -32.32
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4.5 Simulation Results Analysis

From the fixed duty cycle simulation results, it can be discovered that for slow corner
100 °C, the residual dead time is around 8 ns, which is ~60% larger than the desired value.
The main error source is from the comparator. As Section 3.1 shows, the real bandwidth
of the comparator is lower than the required value, which makes the comparator filter out
useful information and induce distortion. After replacing the comparator with ideal
components, the residual dead time is reduced to 6.4 ns. Other error sources include the
charge sharing between Civr and the auto-zeroing input capacitance Cy4z at the beginning
of the sensing phase (when the switch S5 in Figure 3.1 is from OFF to ON). After

removing the auto-zeroing, the residual dead time is further reduced to 5.4 ns.

After dead time modulation, the output power can be increased because of the modulation
in the duty cycle. Taking the typical corner (25 °C) as an example, for a signal with 85%
duty cycle, tpefore in Figure 4.6 is 400 ns, if the average dead time at Vg is estimated at 25
ns. So after the LC filter, the maximum value of Vour is 0.8Vsyp. After dead time
modulation, #4fe- in Figure 4.6 is 420 ns, if the residual dead time is 5 ns. So the maximum
value of Vour can reach 0.84Vsup. As a result, the amplitude of Vour can be increased by

1.13 times, and the output power can be increased by 1.28 times.

From Table 4.4, the output power is increased by 91.62/71.98 = 1.27 times with

simulation. The simulation result matches the calculation result well.

N

[ tbefore

e z after

Figure 4.6 Duty cycle before and after dead time modulation

Figure 4.7 shows the output duty cycle vs. input duty cycle curve before and after dead
time modulation. After dead time modulation, better linearity can be achieved, which

explains better HD3.
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Figure 4.7 Output duty cycle vs. input duty cycle before and after dead time modulation
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Chapter 5  Conclusion and Future Work

This project proposes a new kind of dead time control circuit. The dead time control
circuit is integrated with a monolithic GaN class D amplifier and can work with -3 dB
input signals. With the dead time control circuit, the dead time can be reduced to a small
value of around 5 ns. After dead time modulation, the output power is largely increased.

The third-order harmonic distortion is also improved.

There are several aspects that can be improved in the future work. Methods need to be
explored to lower the errors of residual dead time for different corners, including using
comparators with better performance. Besides, the stability requirements of the whole
circuit needs to be explored. Furthermore, other methods of controlling dead time can be

explored to make the output more linear, so that the HD3 can be further improved.
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Appendix

A. Derivation of Equation 2.3

When the circuit reaches the steady state, the increase of V¢ is equal to the decrease of V¢

in one period.

From Equation 2.1, the decrease in V¢ is:

Vpp — V.
AVgy = — DD REF
RpisCint
where 7 is the period.
From Equation 2.2, the increase of V¢ is:
VREF
AVpy = ———t
¢ RintCinr ' °
where t,.5 1S the residual dead time.
Since |AVi,| = |AV,]|, the residual dead time is:
R 1%
_ Rynt ( DD DT

res —
RDIS VREF

1

B. Derivation of the unity gain frequency of the integrator: f, = P ——
INT“INT
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The gain of the integrator can be calculated as

_ AVoyr
AVpy

Ay

where AV, is the voltage change at output V¢, and AV}y is a small voltage change in

the input.

Since the input signals are the pulses generated by comparators, AV;y can be denoted by
the average value of the pulses, which converts a change in pulse width At into a change

in the voltage.

1

T

So for a small change in the pulse width At, AV;y is

AViy = EVDD
T
So that
At - AVIN : L
Vop

" CINT
1l

RIN T
GND o—%—

VREF

—O Vo UT

The change in pulse width induces the change of equivalent resistance of Rnr.

Rinr
RINT,eq = t/_T

where R;vr is the real resistance, and Ryt 1s the equivalent resistance.

So that
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1 At
A =
RINT,eq Rpeaq " T

For the integrator with an ideal amplifier:

VREF

R = (Vrer — Vour) * SCint
INT,eq

So that
V = Vggr " (1 + ———
our REE SCINTRINT eq

With a small change in the equivalent resistance,

AVoyr =

VrerF -(A 1 )_ Vegr At Vegr AV

SCinT RiNT eq SCint Rrear' T SCint Vpp " Rrear

So the gain of the integrator is

_ AVouyr _ VrEF _ 1
AVy SCint *Vpp " Rint 2SCinrRinT

Ay

if Veer=1/2 Vpp

So the unity gain frequency of the integrator is
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