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Abstract

This thesis explores a zero-voltage switching (ZVS) method that can be used to de-
crease the frequency dependent losses in a buck converter. The specific application for
this thesis was a buck converter IC with an input voltage of up to 42V. The method
utilizes the addition of an auxiliary circuit composed of a helper inductor and two
helper power MOSFETs that compliment the switching transition of a conventional
synchronous buck converter topology. It is shown in this thesis that by using the
described topology, the switching losses of the high-side power MOSFET in a syn-
chronous buck converter can be reduced by up to 45%. Furthermore, it is shown that
a similar helper circuit could be used to reduce the gate drive losses for both power
MOSFETSs in a synchronous buck converter by up to 60%. Since the method requires
the use of an additional helper inductor with a small value (10-50 nH), various meth-
ods to integrate this inductor into an IC package are investigated. 0.35pum BiCMOS
technology was used to simulate and analyze the merits of the described topology and
compare it to the LT8697, a hard-switched synchronous buck converter 1C.
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Chapter 1

Introduction

The trend towards prevalent and more compact portable electronic devices in our daily
lives means that it is becoming increasingly more important to shrink the physical
size of the power converters inside these devices. Synchronous buck converters, like
that shown in Figure 1-1, are one of the most widespread types of power converters
inside the portable electronics. They generally consist of discrete passive compo-
nents for filtering and feedback and active components for switching and feedback. A
buck converter uses a complimentary PWM input drive to the switches S and Spg
so that the node between them switches between V;y and ground. The voltage on
this switching node is then filtered by the ouput filter formed by L,, Cy and the load
Rpoad- A buck converter integrated circuit (IC) usually contains all of the necessary
active components such as the N-channel power MOSFETs but requires the passive
components to be supplied externally. The realization of Moore’s Law [10] necessi-
tates that buck regulator ICs shrink in size continuously, making the relative bulky
size of the passive components a bottleneck for reducing the overall power converter
size.

One of the most common approaches for shrinking the physical dimensions of the
passive components in a switching converter is to increase the operating frequency of
the converter [11]. A higher operating frequency reduces both the resonant frequency
of an inductor-capacitor filter and the amount of energy stored in the components in

each cycle, thus allowing the usage of inductors and capacitors with smaller physical
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Figure 1-1: A synchronous buck converter

dimensions. Unfortunately, increasing the frequency does not come without draw-
backs. Switching losses-the energy dissipated during the turning on and off of the
power switches in each cycle-increases linearly as the operating frequency increases.
Thus an increased frequency typically results in less efficient converters. Furthermore,
electromagnetic interference (EMI) radiated by the high frequency switching currents
can become an issue as the switching frequency is pushed higher.

Commercial buck converter ICs currently offer operating frequencies ranging be-
tween 100 KHz and 4 MHz for input voltages as high as 40 V. Although pushing this
frequency range higher has the benefits of reducing both the overall size and cost of
the converter, the lower efficiency and thermal issues caused by increased switching
losses makes the use of the synchronous buck converter topology impractical above
these frequencies for this voltage/power level.

The work described in this thesis is motivated by the goal of increasing the switch-
ing frequency in buck converter ICs and focuses specifically on the following three
concepts to accomplish this goal: a zero-voltage switching buck converter topology,
a method to reduce the gate drive losses and integration of the helper inductors into

the IC package.
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1.1 A Zero Voltage Switching Buck Converter

Among the switching losses in a synchronous buck converter IC, the turn on loss of
the top switch is typically the dominating contributor. The body diode conduction
in the bottom switch before turning the bottom switch on enables convenient zero
voltage switching for the bottom switch. As a result the bottom switch does not
dissipate the charge stored in its gate to drain capacitance. In addition the low
gate drive requirements (VGS =~ 3V) of the integrated power MOSFETs means that
the gate drive losses also become less significant in the synchronous buck converter
ICs. Therefore it is most important to address the losses caused by the top switch,
particulalary during its turning on, in order to reduce the overall switching losses and

increase the operating frequency of a synchronous buck converter IC.

This thesis proposes a modified synchronous buck converter topology that aims
to reduce the top switch turn on losses through the addition of helper circuitry. With
the proposed topology shown in Figure 1-2, it is possible to reduce the top switch turn
on losses and push the frequency range of IC buck converters up to 10 MHz. This
achievement would significantly shrink the overall converter size and cost compared

to the ICs currently in the market.

In this proposed topology, after turning the main bottom switch Sp off, there
is a large voltage difference (Vg5 =~ Vi) across the main top switch Sy because the
lower switch, Sg is conducting through its body diode. With such conditions it is
inefficient to turn on the top switch because both the voltage across the switch and
current through it will be high, resulting in large power losses. In order to create a
zero voltage turn on condition for the top switch, before turning St on, first we turn
the top helper switch Sy on, thus charging up some current in the helper inductor
Ly . When the current in Ly exceeds the current in the main inductor L, this excess
current will start charging up the parasitic capacitance (mostly the Drain to Source
Capacitance of Sg) in the main switch node, bringing the voltage up to the input
voltage. Once the main switch node voltage is equal to the input voltage, we can

turn S on with zero voltage across it, hence achieving zero voltage switching. We
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then need to also turn the bottom helper switch Syp on to discharge the current in

the helper inductor Ly.

Vin Vin,
[ "k
H o/
L P Vour
Swe | H Sg
e e
| -t 0 Rioap

Figure 1-2: Proposed buck converter topology that accomplishes zero-voltage switch-
ing (ZVS) on the high side switch with the addition of helper circuitry
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1.2 A Method to Reduce Gate Drive Losses

Energy dissipated when driving the gates of the main switches is another important
source of frequency dependent loss in buck converter ICs. This loss needs to be
addressed in order to achieve higher switching frequency in buck converter ICs. This
thesis proposes a resonant gate driver shown in Figure 1-3, which utilizes a small
valued (1-5 nH) helper inductor, Lg.ier- The inductor forms a resonant tank with
the parasitic gate capacitance of the main switch and reduces the amount of energy

required to charge up the gate.

-
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Figure 1-3: Proposed gate driver circuit (inside dashed lines) that utilizes gate charge
recovery
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1.3 Integration of the Inductors into the IC Package

Methods mentioned above help reducing the frequency dependent losses significantly,
but they require the usage of inductors with fairly small values (Ly ~ 10 — 50
nH and Lg.er = 1 — 5 nH). Making these helper inductors external to the buck
converter IC increases the overall bill of materials and makes the board level design
very difficult, due to the parasitic inductance of the PCB traces. Therefore, it is
desirable to integrate these inductors into the IC package. Two possible methods
for the integration of these inductors are investigated, both which are possible with

flip-chip technology:

1. Spiral inductors formed by copper traces on a flip-chip die

2. Ferrite chip inductors soldered on a flip-chip die

1.4 Thesis Overview

This thesis is organized as follows. Chapter 2 presents the concept of frequency
dependent losses in a buck converter and makes an analysis of those losses for the
LT8697 [13], a hard-switched synchronous buck converter IC. Chapter 3 describes the
proposed zero-voltage switching buck converter topology and compares the merits of
this topology to the hard-switched LT8967 through simulations on 0.35pum BiCMOS
technology. Furthermore, a closed-loop control circuitry that ensures the right timing
of zero-voltage switching is implemented and simulated on 0.35um BiCMOS technol-
ogy. The results are compared to the open-loop controlled ZVS and LT8697. Chapter
4 describes the proposed resonant gate driver circuit and compares it to the nominal,
hard-switched gate driver of the LT8697 through simulations on 0.35um BiCMOS
technology. Also an analysis for determining the optimal size of driver MOSFETs
and helper inductor is carried out in this chapter. Chapter 5 focuses on the poten-
tial methods for integrating helper inductors into the IC package. Finally, chapter 6

summarizes the contributions of this work and gives a direction for future research.
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Chapter 2

Frequency Dependent Losses in

Synchronous Buck Converters

Synchronous buck converter ICs are one of the most efficient ways for stepping down
a DC input voltage to a lower DC output voltage. However, they require physically
large inductors and capacitors to eliminate the output current ripple and output
voltage ripple that are caused by the switching nature of the converter. The nec-
essary inclusion of large passive components makes synchronous buck converter ICs
undesirable for space-constrained applications, such as portable electronics devices or
automotive power converters.

Increasing the switching frequency of a switching converter is a common approach
to reduce the size of passive components in the converter. This is because, as the
switching frequency increases, the energy that needs to be stored and released by
passive components in each cycle decreases, hence passive components with smaller
values and dimensions can replace larger passive components. On the other hand, as
the switching frequency increases, frequency dependent losses increase proportionally.
Efficiency is affected adversely by the frequency dependent losses, shown in Figure 2-
1 for the LT8610 [12]|, and drops sharply with the increased switching frequency.
Furthermore, thermal issues might become a serious problem if the energy dissipated
due to frequency dependent losses cannot be released out of the system. In order to

limit the frequency dependent losses, semiconductor manufacturers limit the switching
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frequency of their synchronous buck converter ICs.
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Figure 2-1: Efficiency decrease in LT8610, as the switching frequency is increased

2.1 Operation of the Synchronous Buck Converter

A synchronous buck converter like that shown in Figure 2-2 is mainly composed
of two switches in the half bridge configuration, an output inductor and an output
capacitance. It operates by switching the Vsy node between the input DC voltage
(Vin) and ground by periodically turning the two switches on and then off. The The
square wave created at the Vgy, node is then filtered through the output inductor Lo

and capacitor Cp to generate a lower output DC voltage such that (Voyr < Vin).
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Figure 2-2: A synchronous buck converter

Operating waveforms for a synchronous buck converter can be seen in Figure 2-3.
The top switch, which is a MOSFET in this case, is turned on with a duty cycle of D,
during which time the switch node voltage (Vsy/) will be equal to the input voltage
Vin. The bottom switch, also a MOSFET in this case, is turned on with a duty
cyle of 1 — D and during this time the switch node voltage will be zero. The output
voltage, which is the time averaged version of switch node voltage will be given by

the equation:

VOUT =D x V[N (2.1)

Frequency dependent losses in a synchronous buck converter include primarly the
switching losses during the top MOSFET turn-on, switching losses during the bot-
tom MOSFET turn-on, gate drive losses and inductor core losses. Since a typical
synchronous buck converter IC will integrate power MOSFETs and their respective
drivers into the semiconductor die, the energy dissipated due to these three sources
will directly affect the thermal issues related to the IC, whereas the inductor core
losses will not contribute to a significant temperature increase in the IC. Further-
more, it is easier to address the losses generated inside the IC with a smart topology

implementation as shown in this thesis, whereas addressing the core losses would
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Figure 2-3: Operation of the synchronous buck converter

require detailed magnetics design and is outside of the scope of this thesis.

2.2 Switching Losses During the Top MOSFET Turn-
On

During the switching cycle transition when the bottom MOSFET is turned off and
the top MOSFET is turned on, there will be a significant turn-on loss on the top
MOSFET since it will need to conduct some current when its drain to source voltage
is a nonzero value. In order to prevent "shoot through" current as a result of both
the top and bottom MOSFETs being on at the same time, a small time before the
top MOSFET is turned on, known as the dead-time, the bottom MOSFET needs to
be turned off. During this portion of the switching transition, the inductor current is
carried by the body diode of the bottom MOSFET until the top MOSFET is turned
on. This means that right before the top MOSFET is turned on, the voltage on the

22



switch node will be a diode drop below the ground, Vs = —Vjyjioqe, meaning that the
drain to source voltage of the top MOSFET will be large: Vps = Vin + Viiode-
During the turn on of the top MOSFET, until the parasitic capacitance on the
switch node is charged all the way up to the input voltage, Vs = Vin, there will
be a nonzero voltage and nonzero current across the top MOSFET (during time
intervals ¢; and ¢, in Figure 2-4). The amount of loss can be approximately given as
Piopon = Vin * Iour * (t1 +t2) /2. Here t; is the time interval spanning between the
top MOSFET’s gate drive voltage exceeding the threshold voltage (Vs = Vi), until
all of the inductor current (I, = Ipyr) commutes to the top MOSFET. ¢, is the
time interval between the point at which the bottom MOSFET’s body diode stops
conducting current, until the parasitic capacitance on the switch node charges up all

the way to the input voltage V;y.

|D5 /_ \ Driver

Vbs

Vs

AN

I
|
%
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Qap

Figure 2-4: Vg, Ips and Vgg of top MOSFET during its turn on [4]

In addition to the conduction losses described above, during the turn-on of the
top MOSFET there will be reverse recovery losses in the bottom MOSFET as the
inductor current is commutated from the forward biased body diode of the bottom
MOSFET to the drain-source channel of the top MOSFET. Figure 2-5 shows that as
the current through the body diode goes to zero, the diode gets reverse biased. At
this point the top MOSFET is conducting all of the inductor current and the switch
node is being pulled to V;y as the top MOSFET turns fully on. This means that the
parasitic capacitance of the p-n junction in the bottom MOSFET body diode will need

to be charged up to V;y and the inrush of charges to this p-n junction capacitance
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will generate a negative current in the body diode, which is called the reverse recovery
current. As the reverse recovery current becomes zero again, there will be nonzero
voltage and nonzero current across the body diode and the loss generated in the
bottom MOSFET can be approximately given by Pyotom,;; = Vin * Ler(peak) * trr2/2,
where I, (peak) is the peak value of the reverse recovery current and depends on the
minority carrier concentration of the p-n junction as well as the turn on speed of the
top MOSFET. If this switching loss is not properly addressed, reverse recovery can

also become a significant source of losses in a buck converter.
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Figure 2-5: Voltage and current across bottom MOSFET’s body diode during its turn
off [5]

2.3 Switching Losses During the Bottom MOSFET

Turn-on

During the switching cycle transition when the bottom MOSFET is turned on and the
top MOSFET is turned off, there will be some turn-off loss on the top MOSFET due
once again to simultaneous nonzero voltage and nonzero current across it. However
the turn-on loss on the bottom MOSFET will be negligible, since it can be turned on

with near zero voltage switching (ZVS) after its body diode is forward biased because
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the top MOSFET as turned off and the inductor current has commutated its current
to the body diode.

As shown in Figure 2-6, when the top MOSFET is turning off, the parasitic
capacitance of the switch node, which was charged up to V;y, will be slowly discharged
during the time interval ¢3. During this time the voltage across the top MOSFET is
rising as the switch node voltage falls. Importantly, most of the inductor current is
still being provided by the top MOSFET with only a small portion being provided by
the parasitic capacitance of the switch node. When the capacitance of the switch node
is fully discharged, the voltage of the switch node then goes below zero and the bottom
MOSFET’s body diode turns on and the inductor current begins to commutate its
current to the body diode during time interval t4. The overlap of nonzero voltage
and current across the top MOSFET will generate a loss that can be approximately

given by Pip,,; = Vin * lour * (t3 +t4)/2.

VIhiver -\ |LJ'::'
Vps
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le

Figure 2-6: Vpg, Ips and Vg of top MOSFET during its turn off [4]

2.4 Gate Drive Losses

In order to turn on the top MOSFET and bottom MOSFET at each respective
switching cycle, their gate capacitances, Cgg,,, and Cgs,,,,,.. Will have to be charged
up to the gate drive voltage Vj.ier. This charging of the gate capacitances has

associated gate drive losses that can be given by Pip,... = Cgs,, * Viriver> and

2

Prottomgrsee = CGSporrom * Variver - Half of this loss is incurred during the charging of

25



the gate capacitance because charging a capacitor mandates that the same amount of
energy that is stored on the capacitor, (%CVz), is also dissipated in the series charg-
ing resistance. The stored energy on the gate capacitance is then wasted when the
switch is turned off when the gate drive is brought low. These gate drive losses can
be a significant part of the frequency dependent losses if the gates are driven with a

relatively large voltage.

2.5 Inductor Core Losses

During the operation of the buck converter, the inductor current will increase when
the top MOSFET is on and it will decrease when the bottom MOSFET is on. This
will generate a ripple current in the inductor given by I e = (1 — D) * T * Voyr/L,
where D is the duty cycle in which the top MOSFET is on, T is the switching period,
Vour is the output voltage and L is the inductance. This ripple current causes a swing
in the magnetic flux in the inductor core and thus a frequency dependent core loss
due to magnetic hysteresis, which can be given by the formula P.,.. = a Brippleﬁ * 7
[7], where «, 3, and ~ are based on the magnetic characteristics of the core and are
determined empirically. Byippie = L * Ipippie/A is the magnetic flux density and A is
the cross section of the inductor core. Increasing the switching frequency will reduce
Iippie and thus reduce the magnetic flux ripple B,y for a given inductor value and
since in most cases [3 is larger than ~,the overall core losses will be decreased as the

result of a marginal increase in frequency.

2.6 Distribution of Frequency Dependent Losses

In order to analyze the distribution of frequency losses inside a synchronous buck
converter IC in order to determine the largest contributor to the switching loss, a
SPICE simulation of the hard-switched synchronous buck converter IC LT8697 was
run. The results of this simulation are summarized in Table 2.1. Notice that the

energy stored in the drain to source capacitance of the bottom MOSFET during the
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rising of the switch node voltage is then recycled during the closing of the bottom
MOSFET when the switch node voltage is falling. It should be noted that the charging
of this capacitance during the top MOSFET turn on does dissipate %CVIN2 in the
top MOSFET due to its on resistance.

Table 2.1: Distribution of losses in the LT8697 buck converter, at a typical operating
point with VOUT =5V and IOUT =2A

Vin 40V 25V 15V 9V
Top MOSFET 1 no0 7| 99an.g | 12507 | 5307
Turn On Loss
Bottom MOSFET
Turn Off Loss
Top MOSFET
Gate Drive Loss
Top MOSFET
Turn On Loss
Bottom MOSFET
Turn Off Loss
Bottom MOSFET
Gate Drive Loss

145nJ 62n.J 24nJ InJ

11nJ 11nJ &nJ onJ

68nJ 29nJ 12nJ Snd

—142nJ | —61nJ | =24nJ | —9nJ

16nJ 15nJ 13nJ InJ

The results show that Top MOSFET turn on loss is the main contributor to the
frequency loss and not surprisingly, because of the V2 relation, it becomes even more
significant as the input voltage of the converter is increased. Furthermore, we can see
from these results that the gate drive losses are smaller compared to other frequency
dependent losses, that is because the MOSFETs integrated into the LT8697 IC have
a very low gate threshold value and they are therefore driven with a small gate drive
voltage of Ve = 3V. However, since this gate drive voltage V... is always kept
around 3V, even when the input voltage V;y is reduced, the gate drive losses become
a larger proportion of the overall switching losses at smaller V;y values.

Upon seeing these results it becomes clear that in order to reduce frequency de-
pendent losses and increase the switching frequency of a buck converter, the Top
MOSFET turn on loss is the most important one to tackle. In the next chapter, we
will see a new buck converter topology which uses a helper circuitry to turn on the

top MOSFET with zero voltage switching and thus eliminates the most significant
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contributor to the frequency dependent losses. With the help of this topology, the
frequency of the buck converter IC LT8697 could be increased from 2.2MHz to as high
as SMHz without running into thermal issues and maintaining at least the baseline

efficiency of the converter.
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Chapter 3

Zero Voltage Switching with the New
Helper Circuit Topology

3.1 Topology Concept

As explained in the previous chapter, the main contributor to the switching losses
in the hard switched buck converter LT8697 IC is the turn on losses of the top
MOSFET. In order to eliminate these losses a modified buck converter topology with
two additional helper MOSFETs and a helper inductor are included. The modified
topology that is proposed in this thesis is shown in Figure 3-1. This topology uses
a method similar to described in [3] to accomplish zero voltage turn on of the main
top MOSFET, Sr.

The working principle of this new topology is explained with the help of the
simplified switching waveforms shown in the Figure 3-2. In this figure S, Sg, Sur,
Syp are the gate drive voltages of the main top MOSFET, main bottom MOSFET,
helper top MOSFET and helper bottom MOSFET respectively. [y is the current in
the helper inductor, Ioyr (which is assumed constant for simplicity) is the current
in the main inductor, Vsy, is the voltage of the main switch node and Vg g is the

voltage of the switch node between the helper MOSFETs.
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Figure 3-1: Proposed Topology for Significantly Reducing the Top MOSFET Turn
on Losses

Sr
Sg | [
SHT
SHB I .
____________ 17 . = T, S
IH
/‘1 VIN
Vo \,
VSWH \

Figure 3-2: The waveforms of the zero voltage switching buck converter,

Zero voltage switching turn on of the main top MOSFET is accomplished as a

result of the following sequence:

1- Before the main bottom MOSFET Spg is turned off, At time ¢t = Tj the top
helper MOSFET Sy is turned on.
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2- Because the left end of the helper inductor Ly is connected to the input voltage
source Vi, and the right end is initially at ground, the current in the helper inductor
builds up very quickly.

3- When the current in Ly exceeds the current in the main inductor Lo at time
t = T, the parasitic capacitance in the switch node will start to charge up until the
switch node voltage eventually reaches to the level of input voltage V;n. A short
time after the main inductor current has been commutated from the main bottom
MOSFET to the helper inductor, the main bottom switch is turned off.

4- At time t = T> when the switch node voltage Vsy exceeds Viy, due to the
body diode drop of excess current going into the DC supply, the main top MOSFET
is turned on with approximately zero drain to source voltage, hence we accomplish the
zero voltage switching on this MOSFET. Also at this time the helper top MOSFET
is turned off and the helper bottom MOSFET is turned on to attenuate the current
built up in Ly to zero.

5- Now the right end of the helper inductor Ly is connected to V;y, whereas the
left end is at the ground level and the current Iy will diminish and eventually become

zero at time t = T5.

3.2 Sizing of the Helper MOSFETSs

In order to determine the optimal size for the helper MOSFETSs in the new buck con-
verter topology we ran simulations using the 0.35um BiCMOS process node, which is
also the processing node in which our benchmark IC LT8697 was designed. We mod-
ified the LT8697’s power stage by adding the helper MOSFETSs and a high side/low
side gate driver designed to drive these smaller MOSFETs. Since the turn on and turn
off timing of the helper MOSFETs had to be adjusted very precisely for maximum
efficiency, we initially controlled all the MOSFETs with open loop periodic gate drive
signals.

For the simulations we ran, we chose the DC operating point to be V;y = 15V,

Vour = 5V and Ipoyr = 2A, since this is a typical automotive application of the
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Table 3.1: Additional losses generated by the top helper MOSFET Py and bottom
helper MOSFET Py for different MOSFET widths

;‘f}iﬁfﬁ; Wyr = 11000 | Wy = 22000 | Wip = 33000 | Wy = 44000
WHB — 5500 PHT =T0nJ PHT = 39nJ PHT = 35nJ PHT = 33nJ

benchmark 1C LT8697. We used Ly = 20nH, which is the optimal helper inductor
size as explained later in this chapter. We started with helper MOSFETs that were
significantly smaller compared to the main MOSFETs in the LT8697 and we swept
through increased width sizes of the helper MOSFETSs to determine the optimal size of
the helper MOSFETs. The results of these simulations are summarized in Table 3.1.
Although not shown in the table, the turn on loss of the top MOSFET that was
shown to be 125nJ at this operating point in Table 2.1, was completely eliminated
in each of these different helper MOSFET sizes. This means that even when the
helper MOSFETSs are not sized optimally, (for example Wy p = 44000um and Wy =
11000pum) the additional loss generated by the helper MOSFET was significantly

smaller than the eliminated turn on loss.

In Table 3.1 we can see that the major contributor to the helper MOSFET losses
are in the top helper MOSFET, since unsurprisingly it has high turn on loss just like
the turn on loss of a hard switched buck converter’s top MOSFET. Losses generated
in the gate drivers of the helper MOSFETs were negligible (less than 1n.J) and not
shown in Table 3.1.

One of the trends seen in Table 3.1 is that the helper top MOSFET loss (Pyr)
increases as the width of the bottom helper MOSFET Wy is increased. That is
because the parasitic capacitance on the node between the two helper MOSFETs

increases with increasing Wyp and causes a larger amount of switching loss during
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the turn on of the top helper MOSFET.

Another trend of Table 3.1 is that the loss of the helper top MOSFET (Pyr)
decreases significantly as the helper top MOSFET width Wgr is increased from
Wyr = 11000um to Wy = 22000um, however after that point the loss decreases
only marginally as the width is increased further. That is because when Wy is
11000um most of the losses (50n.J of the total loss of Pyr = 70n.J) are conduction
losses generated due to the top helper MOSFET conducting the helper inductor cur-
rent. Increasing the width to Wypr=22000pm cuts these losses to halve by halving
the Rpsony of the top helper MOSFET. On the other hand, increasing Wy will
increase the turn on loss of the top helper MOSFET due to an increased parasitic
capacitance on the node between the two helper MOSFETs. When Wy is increased
further than 22000um, the increased turn on loss will cancel the benefits of the de-
creased conduction loss and the overall top MOSFET loss Py will only marginally
decrease after this point.

One of the main considerations when sizing the helper MOSFETs was that the
new topology should not increase the die area of the IC significantly, since this would
increase the manufacturing cost of the I1C. Wy = 22000pum and Wy = 5500um
were chosen as the optimal helper MOSFET sizes, which will significantly reduce
the losses during the main top MOSFET’s turn on from 125nJ (when the main top
MOSFET is hard switched) to Pyr + Pyp = 57nJ (which is less than half) while

only requiring a small amount of die area.

3.3 Sizing of the Helper Inductor

In order to determine the optimal size for the helper inductor, we used a similar
approach to determining the optimal helper MOSFET sizes. We ran simulations
using the using the 0.35um BiCMOS process node, where all four MOSFETs were
controlled with open loop periodic gate drive signals.

For the simulations we ran, we again chose the DC operating point to be V;y =

15V, Vour = 5V and Ipyr = 2A, since this is a typical automotive application of
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Table 3.2: Additional losses generated by the top helper MOSFET Py and bottom

helper MOSFET Pyp for different helper inductor sizes

Pyr 36nJ 39nJ 40nJ 42nJ
Pyp 13nJ 18nJ 3lnJ 49nJ

the benchmark IC LT8697. We used top and bottom helper MOSFETs with sizes
Wyr = 22000um and Wgyp = 5500um respectively, since these were the optimal
sizes determined in the previous section (section 3.3). Our optimization started with
helper inductor sizes of Ly = 10nH because inductance values smaller than that
causes significant reverse current issues that will be explained in the next section
(section 3.5). We swept through increasing helper inductor sizes to determine the
optimal sized helper inductor by comparing the losses in the helper MOSFETs to
the efficiency savings in the main top MOSFET. The results of these simulations are

summarized in Table 3.2.

Table 3.2 shows that as the helper inductor size increases, losses in both the helper
top MOSFET and helper bottom MOSFET increase. This is because when the helper
inductor size is larger, it takes a longer time to build up or diminish a certain amount
of current in that helper inductor and this causes higher conduction losses in the
helper MOSFETs since they conduct the current for a longer duration. If the current
in the main inductor Lo is Ip and the input voltage is Vjy, the time it takes for
helper inductor current to exceed Ip and start charging the switch node will be given
by the equation T,.png = Ly * Io/Vin. It is clear from this equation that, when a
larger helper inductor is used, the process to build up a certain amount of current
in the helper inductor will take longer, hence larger conduction losses in the helper

MOSFETs.

Based on the simulation results in Table 3.2, we initially decided to choose Ly =
10nH. However, this inductance value later proved to be extremely hard to do closed
loop control with because of the ns level delays needed in the comparators. We
eventually decided to use Ly = 20nH as our optimal helper inductor size because

this was easier to implement the control with. Furthermore as explained in the
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next section, the reverse current problem becomes worse when the inductor value is

decreased.

3.4 The Problem of Reverse Current in the Helper

Inductor

One of the main problems we discovered with this topology is the occurrence of a
reverse current in the helper inductor. This problem is caused by the fact that after
the zero voltage switching is accomplished on the main top MOSFET, Sr, and the
helper inductor current diminishes to Iy = 0, this inductor will have a larger voltage
on its right end at the main switch node (Vsw = Vi), compared to its left edge at
the helper MOSFET switch node, which will be at the ground level (Vs g = 0). This
voltage difference will induce a current in the helper inductor that is directed towards
the switch node of the two helper MOSFETs. This reverse current becomes an even
larger problem due to the turn off delays in the bottom helper MOSFET as explained
with the help of Figure 3-3, which shows the initially proposed control algorithm that
self-adjusts and finds the right switching time for the helper MOSFETs.

The details of the control algorithm will be explained in Section 3.6, however in
this section we will focus on the turning on and off of the bottom helper MOSFET.
In Figure 3-3, we can see that bottom helper MOSFET is turned on with the signal
PWMH ZVS, which is also the turn on signal for the main top MOSFET and
that moment corresponds to time ¢ = T3 in Figure 3-2. After this moment the
current in the helper inductor will eventually diminish to zero due to the larger
voltage on its right side (Vg = Vin), compared to its left side (Vowy = —Iy *
Rpsap), where Rpg(mp) is the on resistance of helper bottom MOSFET). The control
algorithm compares the voltage Vswy = —Ig * Rpsup) to the ground level and then
generates the turn off signal for the bottom helper MOSFET when this voltage crosses
the ground level, meaning that the current in the helper inductor has completely

diminished. In an ideal control structure without any delays that moment corresponds
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Figure 3-3: Initially proposed control algorithm for helper MOSFETs

to time ¢t = T3 in Figure 3-3. However, due to the propagation delay in the critical
path from the ground level comparator to the bottom helper MOSFET driver, which
is shown by the dashed red arrows in Figure 3-3, the bottom helper MOSFET will not
be turned off immediately. During that delay (Tjeqy), the voltage difference on the
helper inductor Vg = Ve — Vswy = Vin will induce a reverse current that is equal
to Irey = Thetay * Vi/Lp. Using the 0.35um BiCMOS process node, we designed
a very fast ground level comparator to reduce Tyeq, as low as possible, however
Theiay = 2.4ns was the smallest value we were able to achieve. This means that, when
the input voltage is V7 = 15V and the helper inductor value is Ly = 20nH (the
optimal value from Section 3.3), a reverse current of I,., = 1.84 is generated. This
reverse current would become even larger when the input voltage of the converter is

close to the maximum range of Vin(mae) = 42V
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This reverse current problem causes an overall efficiency loss in this synchronous
buck converter topology because this significant amount of current will be conducted
through the body diode of the helper top MOSFET, Sy until the main top MOSFET,
St is turned off. Therefore, a solution for the reverse current is necessary to improve

the efficiency of this topology.

3.5 Solution of Reverse Current Problem

In order to minimize the reverse current caused by the turn off delay of the bottom
helper MOSFET we decided to slightly change our topology and use a diode connected
bottom helper MOSFET, as shown in Figure 3-4. This topology will work in a similar
way to the initially proposed topology, but without requiring the delayed control loop
on the bottom helper MOSFET. At the moment when the top helper MOSFET is
turned off, positive current carried by the helper inductor will commutate to the diode
connected Syp. This current will eventually diminish to zero like before, due to the

voltage difference across the helper inductor (Vg = Viy).

Vin Vin
gl glljm
— —
WLH WLO Vour
i' = SB_| : c0 1 Rioap
— T §

Figure 3-4: Proposed topology to minimize the reverse current in the helper inductor

Unfortunately this change in the topology does not completely eliminate the re-

verse current issue. At the moment when the helper inductor current Iy reduces
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to zero, the node between the main MOSFETs will have a voltage of Vs = Vip,
whereas the node between the helper MOSFETs will have a voltage of Vg y = 0.
This voltage difference will still induce a reverse current in the helper inductor, until
the parasitic capacitance of the node between the helper MOSFETs gets charged up
all the way to the input voltage (Vswy = Vin). The circuitry around the helper
inductor can be simplified to that of Figure 3-5. Now, the reverse current can be

calculated by solving the set of differential equations:

Lieo(t) = Capr x 25wl (3.1)
Vin = Vewr(t) = Ly * dl%:(t) (3.2)

Given the initial conditions of I,.,(t = 0) = 0 and Vsw g (t = 0) = 0, the solution
of these equations will be [¢,(t) = w * Viy * sin(wt) and Vswy(t) = Viy — Vin *
cos(wt), where w = 1/y/Lg * Csy . Notice here, however, Vs (t) can never exceed
Vewn(maz) = Vin + Viiode, since it will be clamped to the input voltage source by
the body diode of the top helper MOSFET. Using these results, we can see that the
peak value of the reverse current will be I, = Vin/v/ Ly * Cswi.

The comparison of the reverse current when the bottom helper MOSFET is diode
connected vs when it is on/off controlled, can be seen in Table 3.3. In reality Csw g
will be a function of Vs since the parasitic capacitance of the top and bottom
helper MOSFETs will be dependent on their drain to source voltages and the I,.., will
not be exactly given by the simplified expression I,., = Vin/v/ Ly * Cswyn when the
bottom helper MOSFET is diode connected. Therefore, we used SPICE simulations
to determine the reverse current values in the diode connected case. On the other
hand we used the equation I, = Tyeiay * Vir/Lp, with Tyejey = 2.4ns to determine
the reverse current values in the on/off controlled bottom helper MOSFET case.

After analyzing the results from Table 3.3, we decided to use the bottom helper
MOSFET as a diode connected MOSFET, since this will significantly reduce the
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Figure 3-5: Simplified schematics of the reverse current generation when Sy g is diode
connected

Table 3.3: Reduction of the reverse current values when Sgp is diode connected

Vin 40V 25V 15V 9V
Areo when Sup o g1 41y 794 | 0,974 | 0514
is diode connected
I, when Sgp
is on/off controlled

4.84 | 3.0A | 1.84 | 1.084

reverse current issue and improve the overall efficiency of the converter. This approach
also simplifies the control algorithm of our zero voltage switching buck converter as

will be seen in the next section.

3.6 Control Algorithm

Our benchmark LT8697 IC, is a hard switched synchronous buck converter and it
is controlled through a current mode feedback control loop. Figure 3-6 shows a
simplified block diagram of this current mode control scheme, without going into the
details of each block. The IC has an "internal oscillator" which generates the clock
signal, C' LK, to synchronize the switching cycles. In the figure we can see another

block named "switch logic", which uses the sensed output current and output voltage
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values and generates the gate drive signals, PWMH and PW M L, which in order to
set the output voltage at the desired value. Gate drivers, named "U1" and "U2" in
the figure, take the gate drive signals as an input and turns the MOSFETs, Sy and
Sg on or off.

Each switching cycle starts with the rising edge of the C LK signal. After the
rising edge of the C LK, the bottom MOSFET Sp is turned off and the top MOSFET
St is turned on, in a hard switched manner, hence the current in the inductor Lo
will start rising. This current will be continuously sensed and will be compared to
an internal current reference, which is variably set by the "switch logic" block in
order to make the sensed output voltage value as close to the desired output voltage
as possible. Once the sensed current value hits the set current reference, the top
MOSFET S will be turned off and the bottom MOSFET Sp will be turned on until

the beginning of next switching cycle.
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Figure 3-6: Simplified closed loop control of a synchronous buck converter

Our control algorithm that accomplishes zero voltage turn on of the top MOSFET
St can be seen in Figure 3-7. Because of the reverse current problem mentioned in
sections 3.5 and 3.6, we decided to use the bottom helper MOSFET, Syp, in a diode
connected configuration, which significantly simplified the control algorithm. When

we designed the control algorithm, we realized that we can still use the same "switch
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logic" block without any changes. We can use the signal PWMH that is already
generated in the "switch logic" block as a turn on signal for our helper circuitry and
we can turn on the main top MOSFET St with another signal, PWMH ZV S, that
is only generated after the switch node voltage is pulled to the level of the input
voltage source, V;y. Thanks to this design choice, our zero voltage switching helper
circuitry becomes a modular block, that could be easily added to any hard switched

buck converter IC without any changes to the other parts of the IC.
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Figure 3-7: Control algorithm that accomplishes zero voltage switching of Sp

The detailed working principle of our control algorithm and how it accomplishes
the zero voltage turn on of the top MOSFET, S, is explained through the steps
below:

1-) With the rising edge of clock signal, C' LK, the main bottom MOSFET gate
drive signal, PW M L, will transition from high to low, PW M H will transition from
low to high and the output of the "SR latch SR;" will be set.

2-) When PW M H transitions from low to high, the output of the "and gate A1"

will also transition from low to high, turning on the helper top MOSFET, Sgr.
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3-) After Syr is turned on, the current in the helper inductor Ly will start rising
and after this current exceeds the current in the output inductor Lo, the voltage on
the switch node SW will start increasing.

4-) The "comparator Comp" compares the switch node voltage Vg to the input
voltage Viny. When Vg exceeds Viy, the output of this comparator will become
high, meaning that the main top MOSFET St can be turned on with zero voltage
switching.

5-) Once the comparator output becomes high, the output of the "and gate A
will transition from low to high and the output of the "SR latch SRy" will be set.
The output of this SR latch is a signal named PWMH _ZV'S, which is the new turn
on signal for the main top MOSFET, St.

6-) The same PWMH ZV'S signal which turns on the main top MOSFET will
reset the output of the "SR latch SR;" and the output of the "and gate A1" will
transition from high to low, turning off the helper top MOSFET, Syr.

7-) As the helper top MOSFET is turned off, the current in the helper inductor
Ly will commute to the diode connected helper bottom MOSFET, Syp and will
eventually become zero due to the voltage difference between nodes SW and SW H.

With the help of this control algorithm, we designed a closed loop controlled
version of our zero voltage switching buck converter on the 0.35um BiCMOS process
node. However, due to the delays in the control loop, the turn on and turn off timing
of the MOSFETs were not as precise as the open loop controlled version and this
caused a reduction in the efficiency benefits of the new topology as explained in the

next section.

3.7 Results

After determining the optimal helper MOSFET sizes of Sgr = 22000um, Syp =
5500um and the optimal helper inductor size of Ly = 20nH, we used the 0.35um
BiCMOS process node to run full chip simulations of the open loop and closed loop

controlled versions of our proposed zero voltage switching topology. We compared
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the overall power dissipation values from these simulations to our benchmark LT8697
IC. The results of the comparison are shown in Figure 3-8 and Figure 3-9 below. In
these simulations we used the bottom helper MOSFET, Sypg, in a diode connected
configuration since this reduced the reverse current problem and had a greater effi-
ciency benefit. For the closed loop controlled version of our topology we used the

control algorithm described in the previous section.
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Figure 3-8: Comparison of overall power dissipation at varying output currents, for
Vin =15V, Vour =5V, fsw =8MHz

Figure 3-8 shows the overall power dissipation for the different configurations as
the output current Ioyr is varied. We chose Viy = 15V and Voyr = 5V as the DC
operating point, since this is a typical application for automotive applications of the
LT8697 IC. We chose the switching frequency to be fsyw = 8M H z, since we wanted
to highlight the benefits of zero voltage switching at higher frequencies. The results
indicate that our proposed topology performs significantly better than LT8697 at all
output current levels at this higher frequency. At the highest output current level,
Tour = 3A, the open loop controlled version of our topology had a power dissipation
of Pyss = 1.2W, which is a 43% reduction compared to the Py, = 2.11WW power
dissipation of the hard switched LT8697. On the other hand, the closed loop controlled

43



version of our topology had slightly more dissipation (Pyss = 1.37W) compared to
the open loop controlled version, due to propagation delays in the control circuitry
which made the timing of the gate drive signals less precise. However, despite these
delays and imprecise timing, the closed loop controlled version of our topology still

had a much better efficiency compared to the LT8697.
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Figure 3-9: Comparison of overall power dissipation at varying input voltages, for
Vour =5V, Iour = 2A, fsw =8MHz

Figure 3-9 above shows a comparison of the overall power dissipation as the input
voltage V;n was varied. We chose Ipoyr = 2A and Vpyr = 5V as the DC operating
point, since this is a typical automotive application for the LT8697 IC. Although
the efficiency benefits of our proposed topology is relatively small when the input
voltage Vin is less than 10V, as the input voltage is increased, the advantage of
zero voltage switching becomes more clear. This is due to the fact that the turn
on loss of the main top MOSFET in a hard switched buck converter is given by
Proprarnon = VIn * Loy * (t1 +t2)/2 (from Section 2.2), and so as Vjy is increased,
this turn on loss dominates over the conduction losses.

At the highest input voltage level, Vi = 40V, power dissipation of our benchmark
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LT8697 IC is Pyss = 4.75W, which means the overall efficiency of the converter will
be around 68% and more importantly the temperature increase on the die will prevent
the LT8697 from operating at this high frequency of fsyw = 8M Hz. This is because
the junction to ambient thermal resistance of the LT8697 package is 0,4 = 46°C/W
and a power dissipation of Py, = 4.75W would cause a temperature increase of
AT = Pygs x 054 = 218°C' on the die compared to the ambient temperature. Due to
these thermal issues, the maximum switching frequency of the LT8697 is limited to
fsw(mazx) =2.25MHz.

On the other hand, at V;y = 40V, the power dissipation of the open loop con-
trolled zero voltage switching topology will be Py, = 2.14W and the power dis-
sipation of the closed loop controlled version will be Py, = 2.84W. Given the
O;4 = 46°C/W, the thermal resistance of the LT8697 package, these power dis-
sipation values would correspond to a temperature increase of ATy, = 98°C' and
ATer, = 130°C, for open loop and closed loop controlled ZVS buck converters respec-
tively. The actual manufactured ZVS IC would need to have closed loop control and
with an ambient to junction temperature increase of ATy, = 130°C' it would still
be impossible to operate this ZVS buck converter at fsy (max) = 8M Hz. However,
if this IC is packaged with flipchip technology, rather than a wire bound package
as it is currently, then the ambient to junction thermal resistance of the LT8697

package would be significantly reduced and increasing the switching frequency to

fsw = 8M Hz would be possible.
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Chapter 4

Reducing the Gate Drive Losses with
a Helper Circuit

4.1 Concept

Part of the frequency dependent losses in a synchronous buck converter is the gate
drive loss as explained in Section 2.6. As shown in table 2.1, the gate drive losses
become a larger proportion of the overall frequency dependent losses as the input
voltage Viy is reduced. Therefore it is necessary to reduce these gate drive losses, if
we would like to limit the frequency dependent losses to a certain level so that that

the switching frequency of the buck converter can be increased further.

e B

Figure 4-1: A simplified schematic of the hard switched gate driver

47



Figure 4-1 shows a simplified schematic of the hard switched gate driver that is
used to drive the bottom MOSFET in the synchronous buck converter LT8697 IC. It
is a chain of inverters with progressively increasing MOSFET sizes to quickly drive
the larger capacitance in the next stage. Although not shown here, the gate driver
for the top MOSFET can also be simplified as a chain of inverters, with an addition
of the bootstrap circuitry to generate a switch node referenced power supply. In this
gate drive topology, each of the inverters will generate some power loss due to the
charging and discharging of the input capacitance of the next stage. However the
input capacitance of these inverters are very small compared to the gate to source
capacitance, Cgg of the main bottom MOSFET Sg, thus most of the gate drive losses
happen in the last stage.

In order to turn on Sp, its gate to source capacitance, Cgs, has to be charged
to the gate drive voltage (around 3V'), which will happen when the top gate drive
MOSFET, Spr, is turned on and connects the gate of Sg to the gate drive power
source, Vpgrrve. The amount of charge that is pulled from Vpgrpy g will be equal
to Qasy, = Casy * Vprive, and the amount of energy that is pulled from Vpgrive
will be Eprive = Qas, * Vorive = Casy, * Vorive:. However, only half of this
energy (% * Cagy * VDRIVEQ) will be stored in the gate to source capacitance of the
bottom MOSFET, whereas the other half will be dissipated through the on resistance

(Rps,pr) of Spr, and the gate resistance (Rg,) of Sp.

In order to turn off Sg, its gate to source capacitance, Cgs,, needs to be discharged
to the ground, which will happen when the bottom gate drive MOSFET, Spg, is
turned on and connects the gate of Sg to ground. This time all of the energy stored
in Cgs, (which is equal to % * Casy * Vorive®) will be dissipated through the on

resistance (Rps pg) of Spp, and the gate resistance (Rg,) of Sp.

Due to this resistive power dissipation during the charging and discharging of
Cgsy, the total gate drive loss in the bottom MOSFET will be Eross, = Cas,, *
Vprive® and similarly the total gate drive loss in the top MOSFET will be Eross, =
Casy * Vprrve®, during each switching cycle. The total gate drive power dissipation

will be Pprss = fow*(Cas,+Casy) * Vorive®, where fop is the switching frequency.
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Figure 4-2: Proposed gate driver topology for reducing the gate drive losses

In order to reduce these gate drive losses, we decided to use a resonant gate drive
topology with energy recovery, similar to the ones explored in [1], [2], [8], [17].
A simplified schematic of this topology is shown in Figure 4-2. By storing some
portion of the excessive energy in an inductor, Lpgrrve and recovering this stored
energy back to the gate drive power supply, Vprrv e, this topology achieves a better
efficiency compared to the nominal hard switched gate drive topology. The working

principle of this topology is described below.
Sequence of Events During an Efficient Turn on of S

1- Initially, S4 is on and the gate voltage of Sp is held at the ground level. This
means the right side of Lpgrrvg is at the ground level. Then, S4 is turned off and
S1 is turned on connecting the left side of Lpr;ve to Vprive. Because the gate
capacitance of Sp is discharged, the voltage difference across Lprve (initially equal

to Vprrve) will induce a current in this inductor.

2- The current induced in Lpgyyg will charge up the gate of S until it becomes
equal to Vprrv e, meaning it is fully turned on. At this point we turn off 5;.

3- Now that Sp is turned on, we can recover the excess energy stored in LprvE.
This energy is a portion of the % * Casy * Vprive® that was dissipated during Sg’s

turn on in the hard switched topology. To recover that energy back to the source, we
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turn on S, and S3 which gives the inductor current a path to flow back into Vpgrve.

4- When the current in Lpgrve reduces to 0 this means all of the energy stored
in this inductor is recovered and we can turn off S;. We still keep S3 on to hold the

gate voltage of Sp at the Vpgrrve level.
Sequence of Events During an Efficient Turn off of S

1- Initially, S3 is on and the gate voltage of Sp is held at the Vpgr;y g level. This
means that the right side of Lpgrrvg is at the Vprrvg level. Then, Sz is turned off
and S5 is turned on connecting the left side of Lpr;ve to the ground. The voltage
difference across Lprve (initially equal to —Vpgryg) will induce a current in this

inductor.

2- The current induced in Lpg;ye will discharge the gate of Sg until it becomes

equal to ground, meaning it is fully turned off. At this point we turn off Ss.

3- Now that Sp is turned off, we can recover the excess energy stored in LprvE.
This energy is a portion of the % * Cas, * Vprive® that was dissipated during Sp’s
turn off in the hard switched topology. To recover that energy back to the source, we

turn on S; and Sy which gives the inductor current a path to flow back into Vprrvg.

4- When the current in Lpgrrve reduces to 0 this means all of the energy stored
in this inductor is recovered and we can turn off S;. We still keep S on to hold the

gate voltage of Sp at the ground level.

This resonant gate drive topology has the potential to significantly reduce the
gate drive losses depending on the sizing of the inductor. The approximate value of

energy dissipated during Sp’s turn on and turn off is given by [1]:

Rrorar

2
_DTOTAL 4 * .
[E—— Casp * VDRIVE (4.1)

Eprss =

Here Zp = , /ng# is the characteristic impedance of the resonant circuit formed
by Sp’s gate to source capacitance, Cgs,,, and the inductor Lprrvg. Rrorar = Ra,+
R;, + Rpson is the total gate drive resistance, which includes Sp’s gate resistance,
Lprive’s parasitic resistance and the on resistance of driver MOSFETs, S; and Ss.

Notice, it is assumed that S; and Sy are sized as Rpsong, = Rpsong, = Rps,on-
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Table 4.1: Power dissipation of the high side and low side resonant gate drivers for
Varying LDRIVE Values, at ‘/IN = 15V, VOUT = 5V, [OUT =2A

LDRIVE InH 2nH dnH SnH

Power Dissipation of the
High Side Gate Driver 42mW | 3tmW ) 3ImW | 29mW
Power Dissipation of the

Low Side Gate Driver

46mW | 40mW | 35mW | 32mW

4.2 Results

In order to determine the efficiency benefits of the proposed resonant gate driver
topology in the 0.35um BiCMOS process node, we did a full-chip simulation of a
modified LT8697 with the resonant gate drive topology and compared the results to
the LT8697’s regular hard switched gate drive topology as a benchmark. For a fair
comparison, we used resonant gate drive MOSFETs with the same width as the hard
switched gate drive MOSFETS, such that W, = Wy, and Wg, = Wg, .. The results
of the simulation for the resonant gate drive topology are summarized in Table 4.1
below. We used the DC operating point V;y = 15V, Vour = 5V, Ioyr = 2A,
since this is a typical application of the LT8697 and we used the switching frequency
fsw = 8M Hz. At this operating point, the power dissipation of the hard switched
low side gate driver is equal to Pprsscpr = 101lmW and the power dissipation of
the hard switched low side gate driver is equal to Pprssapr = 60mW. We can see
that even using a small inductor value of Lpgr;vg = 1nH, reduces the total gate drive
power dissipation by 45%, from 161mW to 88mW/ .

From Table 4.1, we can see that as the inductor value Lpg;v g is increased from
InH to 8nH, the resonant gate drive topology becomes more efficient. This is an
expected result, according to Equation 4.1, which gives the approximate power dissi-
pation for the resonant gate drive topology. However, it should be noted that increas-
ing the inductor value comes with a cost trade-off, since these small valued inductors
will need to be integrated inside the IC package. As the inductor gets larger, it will
require more space and copper to generate on a flip-chip substrate. Chip integration

is explained in the next chapter.
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Chapter 5

Integration of Inductors into an IC

Package

The optimal helper inductor value chosen for the zero voltage switching buck converter
is Ly = 20nH (Section 3.3) and the minimum inductor value required for an efficient
resonant gate drive circuitry is Lpryve = 1InH (Section 4.2). If external inductors
are required for Ly and Lpgrrvg, it will make the buck converter IC less desirable
for customers who want to use it in their application. These three external inductors
(one helper inductor and two resonant gate drive inductors) will not only increase the
bill of materials of the application circuit, but they will also make the PCB design
significantly more complex. That is because the PCB traces connecting these external
inductors to the IC pins need to be kept short or else the parasitic inductance on these
traces can be very large (10’s of nanoHenries) [18], which creates a large difference
between the desired inductance value and the actual inductance value. Therefore, it
is necessary to integrate these three inductors inside the IC package.

A common approach for integrating power inductors inside the IC package is
fabricating them on the silicon die [14], [15], [16]. However, these methods usually
require a significant change of the common CMOS or BiCMOS fabrication methods
and would not be suitable for the 0.35um BiCMOS process node. We therefore
explored a different approach to integrate these inductors inside the IC package by
utilizing the flip-chip packaging technology to accomplish the integration without any

53



change in the silicon fabrication technology.

5.1 Spiral Inductor on a Flip-Chip Substrate

One method for integrating the inductors inside the IC package is fabricating spiral
inductors on the substrate of the flip-chip package. For example, the helper inductor,
Ly = 20nH, can be layed out as a square shaped spiral inductor as shown in Figure 5-
1. One constraint here is to make the outer diameter of the inductor, d,,, as small as
possible so that it does not use much space on the substrate. Another constraint is
to make the overall copper length as short as possible, so that the parasitic resistance

of the inductor would be small.

Figure 5-1: A square shaped spiral inductor with three turns (N, = 3)

Using an online spiral inductor calculation tool [6], we designed a spiral inductor
with Nyyn = 3, dowe = 1.2mm, w = 30um and s = 30um, which yielded an inductance
value of Ly = 19.95nH with monomial fit approximation [9]. Using LT8697’s 3mm
by 5mm package size as a reference, this inductor would only use around 10% of
the package surface. The thickness of the copper traces on the flip-chip substrate
is toy = 3bum, which means the DC resistance of this inductor would be Rps =

Pew * U/ (tew * w) = 0.207€2, where p.,, = 1.68 * 1078Qm is the resistivity of copper and
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= 12.57mm is the total length of the traces that form this inductor. If a smaller
DC resistance is desired, multiple layers of the substrate stack can be utilized. For
example, if we use all 4 layers to fabricate the spiral inductor, the total DC resistance

would be significantly reduced to, Rpc = 0.052).

5.2 Soldering Chip Inductor Inside the Package

Another alternative for integrating the inductors inside the IC package is soldering
an off-the-shelf surface mount inductor on the substrate of the flip-chip package.
Most recent flip-chip ICs from Linear Technology have 0402 sized SMD capacitors
integrated inside the package using this method, which greatly reduces the parasitic
effects of the traces that are present when the capacitors are placed outside the IC
package. Similarly, 0402 sized SMD inductor PFL1005 (REF13) from CoilCraft would
be an ideal choice for integrating the helper inductor inside the package. This inductor
has an inductance value of Ly = 18nH and a DC resistance of Rpc = 0.032€2. One
other constraint of this method is that, the height of the inductor should be very
low such that it would not increase the overall height of the IC package. The chosen
inductor, PFL1005, has a maximum height of ¢tprri005 = 0.71mm, which is smaller

then most of the IC package heights, including LT8697’s height, t;rs697 = 0.75mm.

5.3 Comparison of The Two Methods

We can see that both of these methods would be viable for integrating the helper
inductor Ly = 20nH inside the IC package. However, for the resonant gate drive
inductors, Lprrvg, it is difficult to find off-the-shelf chip inductors with an inductance
of only a couple of nanoHenries. Therefore implementing the two resonant gate drive
inductors as spiral inductors on the package would be a better choice.

The helper inductor, Ly, only conducts current during a short period of time in
each cycle, right before and after the main top MOSFET, S7, is turned on. However,

there will still be some power dissipation during this short period that needs to be
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considered. It is clear that the chip inductor PFL1005’s DC power dissipation will be
lower, since it has a smaller DC resistance. However, on the other hand, the composite
core of PFL1005 will generate significant AC core losses, that will be larger than the
AC losses of the air core spiral inductor.

One last thing to consider when comparing these two methods is the EMI radi-
ated by the pulsating currents in these inductors. In this aspect, the off-the-shelf chip
inductors will be more advantageous, since they will contain most of the magnetic
field in their core, whereas the air cored spiral inductors will almost act as an antenna
radiating EM waves caused by the pulsating current. Since these EMI effects would
significantly affect the working of the buck converter located right next to it, imple-
menting the helper inductor Ly as an off-the-shelf chip inductor would be a better

choice.
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Chapter 6

Conclusion

A zero voltage switching helper circuit to reduce the turn on losses of the high side
MOSFET in synchronous buck converter ICs was explored. Sizes of the two helper
MOSFETs and the helper inductor were optimized using simulation results. A closed
control algorithm to control the helper circuit’s operation was designed and imple-
mented. The problem of reverse current problem in the helper inductor is investigated
thoroughly and a solution to reduce the reverse current is proposed.

A zero voltage switching buck converter with the proposed helper circuit is im-
plemented in 0.35um BiCMOS process node, by modifying the power stage of syn-
chronous buck converter IC, LT8697. Full-chip simulations of this new buck converter
were ran and the results are compared to our benchmark IC, LT8697. Simulation re-
sults revealed that at 8MHz switching frequency the total power dissipation in a buck
converter could be reduced by more than 40% with the help of this topology, which
would eliminate the thermal limitations to clock the commercial buck converter ICs
at this high frequency. This topology could also be implemented with in a process
node with smaller features, which would increase the efficiency by reducing the prop-
agation delays in the control circuitry. Furthermore, a similar helper circuit could be
utilized to reduce the turn on losses of the low side MOSFET in synchronous boost
converter 1Cs.

A resonant gate drive topology was designed and tested in 0.35um BiCMOS pro-

cess node. With a resonant inductor value of 8nH, the simulation results showed a
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62% reduction compared to the hard switched gate driver. This resonant gate drive
topology could be also implemented in other switching power converters, if a high
switching frequency is desired.

Both the zero voltage switching helper circuit and the resonant gate drive circuit
requires the addition of inductors. Two different methods, both of which utilized the
flip-chip packaging technology, were proposed to integrate these additional inductors

inside the IC package and the merits of these two methods were compared.
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