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Abstract

The development of the Internet of Things has given rise to enormous new industries and applica-
tions, including automobiles, smart healthcare systems, smart houses, etc, and the power supply
has become the major constraint preventing them from further increasing logic speed. Thus, a
SC(switch-capacitance) DC-DC converter with high efficiency, integration on-chip, and multiple
voltage conversion ratio (VCRs) is significantly important.SAR(successive Approximation Reg-
ister) SC was published in 2013, it realized 2™ — 1 voltage conversion ratios with n 2:1 SC stage
with the cost of charge sharing loss. In 2014, Recursive topology minimized charge-sharing loss
by maximizing the connection to the power rail to improve efficiency. While both topologies only
offer 7 VCRs for 3 stages, the new topology utilizing the voltage negative feedback technique
has expanded this range to 79 ratios, including all p/q rational ratios from 1/2 to 15/16.Each
ratio is written in the form Vout=A * Vpp — B * V¢, and only three voltage negative feedback
module(negators) are to be used :Vpp — Vout,2Vop — Vout,— Vour . This paper presents an improved
design to expand this VCR range to boost operation, achieving VCR from 15/16 to 16 times the
input.

In total,3 2:1 SC stages and 3 negators are applied, with a total capacitance of 1.3nF. The
capacitance of 3 stages and negators are 130p,260p,520p, and 130p respectively. The system
was designed and fabricated in a 180-nm BCD process, the peak efficiency is achieved at a 2:1
ratio @20MHz, with an efficiency of 82.28%, reached load current =6.4mA. The layout area is
approximately 2.084mm?, and the current density estimated is 3.07 mW /mm?.The design has

remarkably expanded the 79 VCR options to both buck operation and boost operation.



Chapter 1

Introduction

The Internet of Things (IoT) has developed rapidly in recent years. It has profoundly influenced
the way people live and various industries, including automobiles, smart healthcare systems,
intelligent houses, as well as numerous sensors industries utilized in these applications. Apart
from that,daily-used electronic devices such as cellphones and personal computers have already
become indispensable parts of people’s lives.

Over the past 60 years, the integrated circuit industry has seen rapid growth due to the
increasing number of transistors on-chip and the speed of logic circuits. However, power has put
a significant design constraint preventing the further increase of logic speed. To overcome this
challenge, designers have applied parallem to face this challenge[I]. It is becoming increasingly
important to optimize total chip power and circuit performance by utilizing an independent
power supply for each core as parallelism increases the number of cores integrated into a chip.

Adding off-chip supplies is not an ideal solution due to the significant degradation of supply
impedance and increased cost due to additional pins, resulting in a larger board size. Thus, fully
integrated voltage conversion on the silicon chip is preferable, resulting in better energy density
and efficiency in general. Meanwhile, separating the voltage supply for each core requires a
flexible power supply that can support multiple voltage output levels, as shown in FigurdI.2)
which grants the necessity of developing minimized, low power cost, multiple conversion ratio
DC-DC converters.

Despite many efforts taken to improve the power density and quality factor of inductor-based
DC-DC converters by co-package and reducing the inductor size[2][3][4], Inductor-based DC-DC
converter still suffers from high parasitic resistance of the inductor and the inductors parasitic
capacitance towards substrate as well as skin effect in winding for system-on-chip design[5].

Switch-capacitor DC-DC converters are still advantageous over inductive DC-DC converters in



terms of integration on-chip, scalability to power requirement[I], especially suitable for fully-
integrated,low-power systems. Meanwhile, the Modular Capacitor-based DC-DC converter can
quickly achieve a balance between performance and energy efficiency through dynamic voltage
scaling (DVS) of individual processing cores following performance needs. Considering these
benefits of SC converters, many techniques are also designed to improve the efficiency and power
rating. such as [6], which applied 16-phase interleaved topology to reach 82% efficiency with only
0.5% ripple voltage of the original design.

However, the Traditional Switch-Capacitor DC-DC converter is not applicable in all scenarios
as the SC converter is only efficient at discrete VCRs, resulting in a system’s lack of flexibility
with variable input or output voltage. Such as the system shown in FigurdI.1]if supplying all
systems with single-VCR converters with VCR=1/4, only memory 1 would be efficient, while the
processor and memory2 would suffer apparent degradation of efficiency. Meanwhile, the battery
is always facing the challenge of voltage degradation, as the battery power is getting lower, the
efficiency might drop drastically if only one VCR is applicable.

In 2013, [7] has proposed a successive-approximation-register(SAR) technique to create a
fine-grained binary conversion ratio resolution of Viy /2" by cascading multiple stages.|8] has
improved this topology by maximizing the connection to VDD or VSS to reduce cascaded losses.
In.2016,[9] has broadened the VCR to 0 < p < ¢ < 2(N 4 1) with the help of 3 kinds of negative
feedback modules generating three voltage levels: VDD-Vout, 2VDD-Vout,-Vout.Utilizing 3 2:1
converters and 2 out of 3 negators, any conversion ratio between 1/2 to 15/16, in total 79 VCRs,
can be generated. However, this previous work only supports buck operation. Thus, this work

expands the previous work to boost function, resulting in 2*79=158 VCRs.

3.3V
Power Management Interface /
L
1.2-1.0V 3.3v 0.8V 1.2v
Processor 1/0 MEM | MEM 1I

Figure 1.1: Power Management system
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1.1 Design Goal

This project aims to develop a buck-boost Switched-capacitor DC-DC Converter based on neg-
ative output feedback(negators). The whole system consists of a VCO(Voltage-Controlled Os-
cillator), Non-overlapping clock generators, three 2-to-1 switch capacitor stages with sizing ra-
tio:4:2:1, as well as three negators producing voltage potential: VDD-Vout,2VDD-Vout,-Vout,
and the corresponding transmission gates enabling each module and control the connection for
each module. It is expected to successfully realize ratios from 1/2 to 15/16 and 15/16 to 2 for
boost, both 79 VCRs, also a peak efficiency of 82%.
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Chapter 2

State of Art
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Figure 2.1: inductor-based converter

2.1 Inductor-based DC-DC Converter

2 most commonly used energy storage elements are respectively inductors and capacitances. The

inductor is favored in many designs because of its high power rating and efficiency in high-power
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Figure 2.3: SC Dickson converter



scenarios. This section will introduce an inductor-based single-stage buck-boost converter that
works in discontinuous conduction mode(DCM). The operation of the system can be separated
into 2 phases; in phase 1, the high-side MOSFET is turned on, and the voltage across the inductor
is Vi, = Vi — Voue, which is constant after the start-up process. Thus, the inductor is charged
with current rising with a constant slope. After an on-time, either defined by constant on-time
or Pulse Width Modulation(PWM), phase 2 would be activated to load the stored energy to the
load. The current flowing through the inductor would decrease linearly as the voltage difference
on the inductor is Vi, = —Vout.In DCM operation, a zero-current detector(ZCD) would be
applied. When the inductor current drops to zero, the ZCD would be activated to start phase
1 to charge the inductor again. This module prevents the inductor from reversely charging,
which will severely reduce the efficiency. The inductor-based DC-DC converter can also work
in Continuous conduction mode (CCM) mode to supply a higher power, in which the inductor
current is always above zero. This control scheme can be achieved by PWM control or the current
Sensor.

As the demand for minimization and integration on-chip rises, Fully integrated Switch-
Capacitor(SC) converters are more welcomed by engineers as inductor-based design relies on the
off-chip inductor; on-chip inductor requires a high-quality factor to have a better efficiency, which
increases the costs on components. Meanwhile, as previously mentioned, parasitic resistance, ca-
pacitance, and skin effect in the winding are also aspects that cannot be ignored. Moreover,
the inductor is difficult to scale with output power; low-power applications might need a larger

inductor to accomplish, which limits the efficiency in terms of low-power applications.

2.2 Switched-Capacitor Power Converter

Capacitor-based DC-DC converters have aroused the interest of power management IC designers,
especially for low-power applications. There are several benefits of Capacitor-based converters
in integrated design. Capacitor-based converters can be implemented using CMOS technology,
allowing them to be integrated directly onto a chip alongside other digital circuitry. This inte-
gration results in space-efficient designs, making them well-suited for miniaturized and portable
devices. Additionally, they can be easily scaled to accommodate various power requirements by
adjusting the number of switches and capacitors. Meanwhile, Capacitor-based converters can
achieve relatively high conversion efficiencies[6] [13]in fully integrated design due to the absence
of magnetic components like inductors. This efficiency can be particularly beneficial in low-power
and energy-constrained applications, where minimizing energy losses is crucial. Moreover, they

can be easily configured to provide multiple output voltage levels using a single topology. This
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modularity is precious in applications where different components or subsystems require varied
voltage levels. Last but not least, the capacitor-based converter is financially beneficial in fully
integrated design as it requires fewer components and a more accessible control loop.

However, because of the intrinsic characteristic of the switches and capacitors used in the
circuit, the efficiency may be limited[T4]. Another challenge lies in regulating the load voltage,
as the duty cycle does not scale with the output voltage, resulting in increased control system
complexity.

SC circuits can also be combined with inductor-based structures to assemble a hybrid con-
verter, improving the load voltage regulation and obtaining more conversion ratios. An example
would be resonant SC converters, which have a higher power output capacity and power den-
sity, as shown in [I5]. As the possible combinational topology of inductor and SC converters is

massive, and as it is not the main topic of this essay, it would not be discussed in depth.

2.2.1 2:1 Dickson SC converter

The 2:1 Dickson Converter, a variant of the Dickson charge pump, is a widely used DC-DC
converter topology with versatile applications in various electronic systems. This converter is
renowned for its simplicity and efficiency, making it a valuable choice for voltage buck-boost
applications. A typical Dickson SC converter stage consists of 4 switches and one capacitor.
There would be 2 phases involved: phase 1 for charging and phase 2 for discharging, each taking
half of the period. The operation is shown in Figur [16]. In phase 1, the top plate is connected
to the input voltage V;,, while the bottom plate is connected to the output voltage V,,;. Thus, a
voltage potential of V;,, — V,; is created between both plates and meanwhile, the input charges
the capacitor, and the charge would flow to the output. In the second phase, the capacitor is
connected between V,,; and Vgg.Thus, the output voltage V,,:=V;n — Vout leads to Vi, = 2V,
called 2:1 buck conversion. At the same time, the previously stored charge would also supply the
output. Therefore, the charge output would be twice that of the current input from the voltage
source, which would be a useful characteristic that can be utilized. Another noteworthy feature
of Dickson 2:1 converters is their scalability. By adding more stages, the voltage multiplication
factor can be further increased. This scalability allows the converter to generate higher output
voltage levels without significantly complicating the design or sacrificing efficiency. Thus, most

multiply-VCRs designs are built upon this structure.

SC converter is built based on capacitors and switches; both of them assemble some non-

idealities that will result in power loss, which can be generally categorized into switching loss
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Figure 2.4: Dickson SC converter

and conduction loss, as well as power cost of clock generation circuit(VCO non-overlap, etc).
Conduction losses of the SC converter can be further modeled into two types of impedance: Slow

Switching Limit Impedance(Rgssy) and Fast Switching Limit Impedance(Rpsy)[17].
2.2.2 switching loss
Ctly

|(
I\

—~ =
C'.:h:-: stz Chotiom-plate

Figure 2.5: Parasitic Losses

In this subsection, switching loss is going to be analyzed. Generally, the switching loss can
be separated into bottom-plate loss and gate-driver loss. To begin with, bottom-plate loss is
caused by parasitic capacitance of flying capacitors, as shown in Figurd2.5} whenever the flying
capacitor is charged, the bottom plate and top plate would also be charged, leading to power loss.
The bottom-plate parasitic capacitance is usually much larger than the top-plate capacitance.
Thus, the top-plate loss and bottom-plate loss can be combined to be called bottom-plate loss.
This loss is proportional to the cascaded stages, switching frequency, parasitic capacitance and

squarely proportional to the voltage drop on the flying capacitors.
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The gate driver loss is another dominant factor in switching loss. In many circumstances,
the driving capability of the clock generation circuit is not enough to drive the power switches.
Therefore, gate drivers would be applied to augment the clock signal’s drive capability to drive
the power switches’ gate capacitance successfully. The parasitic capacitance of each buffer stage
would also be driven when the clock signal flips. This is the reason that each stage of the buffer
consumes enormous power.

Meanwhile, the intrinsic gate capacitance of the Power Switch would also consume a consider-
able amount of power. The switching loss is proportional to the switching frequency. Decreasing
the switching frequency would result in Slow Switching Limit Impedance on the one hand, in-

crease the settling time, and slow the transient response on the other hand.

2.2.2.1 Slow Switching Limit Impedance

If the operation frequency of the system is relatively slow, then the capacitor would be fully
charged during the charging phase. Thus, it can be modeled as an open circuit, where the
capacitance dominates the power loss while R is independent. The power loss during charge

transition can be modeled as

Qout
E=== 2.1
2 (21)
Then, based on the following equation:
Gout = IousT (2 2)
E
P== 2.3
. (23)
We can obtain the following results:
12, T?
P — —out —R 72 2.4
CT SSLLout ( )
Thus,
1
R = — 2.5
ss = g7 (25)

With this derived equation, we can learn that we can decrease the output impedance by either
increasing the capacitance or the switching frequency. The increase in capacitance is directly
translated into an increase in area. A common approach is increasing the switching frequency

until Fast Switching Limit Impedance becomes the dominant factor.

2.2.2.2 Fast Switching Limit Impedance

The previous section implies that the output impedance can be decreased by increasing operation

frequency. However, switch resistance would begin to dominate the impedance at a certain
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frequency. The energy loss at high frequency can be modeled as follows:

2 Dout
E=RI’'t=R ;;‘ (2.6)
The duty cycle is 50%,t=50%T, and there are four switches.
2qgut
E= T (R1+ R2+ R3+ Ry) (2.7)
Also based on equation2.2hnd equation2.3]
P=2(Ri+ R+ R3+ R4)I3ut = RFSngut (2.8)
result:
Rrsy, = 2(R1 + Ry + R3 + R4) (2.9)

As shown above, Rpgy, is independent of capacitance and frequency. To minimize this impedance,
the ON-resistance of power switches should be reduced. Based on the following equation, the
length of MOSFET should be kept at a minimum, and the width of the switches should mitigate
the conduction loss. While increasing MOSFET size results in a trade-off with area, the increased
MOSFET size would result in larger parasitic capacitance, leading to much higher switching loss.
In this design, the area is dominated by capacitance rather than power switches. Thus, the sizing
is mostly based on balancing Conduction loss and switching loss.

L
wCoxW (Vs — Vin)

Rop = (2.10)

The overall impedance is calculated by

Rour = \/Rigp, + Rigp, (2.11)

The diagram below demonstrates the relationship between frequency and overall impedance.
Based on this relationship, we prefer to configure the circuit to operate at f. frequency, as
this frequency minimizes the overall output impedance by reducing the Rggy without further
increasing the switching loss, which is proportional to the switching frequency. The efficiency

also depends on the output current. As the equation shows:

o Pout
"~ Pin+ I2,,Rout + Pswiten

out

" (2.12)

The switching loss would be generally constant if the operation frequency is kept constant.
Increasing the output current may help to improve the efficiency. While as the output current
increases, the conduction loss 12, R,y might dominate the losses. Therefore, there is an optimal

output current with the highest output efficiency.
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2.2.3 Multiple VCR techniques

As previously mentioned, despite the high power density and compatibility on a chip, SC con-
verters are only efficient at a particular power conversion ratio, which leads to a limited input
and output range. In application scenarios of DC-DC converter, multiple loads with different
demanded output voltage or the need to configure output voltage are quite common. Meanwhile,
the battery voltage may degrade over time owing to normal discharge, aging, high temperature,
ete. A fix-VCR converter would not be efficient in such cases or even cannot reach the designated
voltage. As shown in Figure Thus, multiple-VCR is an essential characteristic for SC converters
to meet the requirements for various application situations. The conversion ratio could be ex-
tended by cascading fixed-VCR, stages. For example, we can obtain 5/4 or 4/5 VCR by simply
cascading 2 stages, or utilizing series-Parallel topology to reach multiple VCR while with the

cost of system complexity[I8].

2.2.3.1 successive approximation (SAR)SC converter

In 2013, A successive approximation (SAR) SC DC-DC converter topology[7] is presented, which
offers fine-grained control of VCR, thus facilitating effective load in a much broader input and
output range. Successive approximation (SAR) is a common technique used in ADC design.
It usually consists of a comparator and a n-bit DAC, which separate the voltage range into 2™
region; by comparing the input with the current value fed from the DAC, the input can be

quantified to a voltage level[20], as shown by figurd2.8]

When applying this technique to a DC-DC converter, the concept is similar. By cascading n

2:1 stages, the voltage range can be separated into 2" voltage domains; thus, a fine-grained
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2™ — 1 voltage conversion ratio could be obtained by configuring the connection between each
stage.In ﬁgureach stage has two inputs:Vpe, and Viow.Vp,id is a middle voltage equals

to W,in the first stage, this voltage is % and this V,,;q4 in second stage can
(Vbp+Vimia) (VSS+Vmid)
SR 2

generate , in the second stage.In this case, is frac3/4 and fracl/4,3

voltage conversion ratio is generated by 2 stages. Moreover, this V,,,;q in stage 2 can in stage 3
also generate 4 different voltage potentials 1/8,3/8,5/8,7/8. Meanwhile, it enables easy binary
control, and the voltage conversion ratio can be determined by

Vout _A+1

2.1
v 5 (2.13)

Where A is the n-bit configuration signal from a; to a,. As an example, to obtain 7/16 voltage
conversion ratios. The binary code A equals 0110.In this system,0 means connection to Viign
while 1 means connection to Viow, In the first stage,V,,;q1=1/2 * Vpp;The second stage is con-
nected to Vi,iq1 and Vpp to create Vy,i00=3/4 *Vpp;The third stage is connected to Vi,;q2 and
Vbp to generate Vi,,;43=7/8 *Vpp And the final stage, the 2:1 inputs are V;,,;q4 and Vg, in this
way, 7/16 is generated.

The SAR-based SC converter has successfully expanded the voltage conversion ratio to 2™ —1
in an easily fulfilled topology with the cost of a relatively lower peak efficiency of 72%[7]. The

cascaded loss is the dominant factor as the stages are linearly cascaded.

Vbp Vn = Vout
oo 0
Vhigh
2:1 Vinid 2:1 2:1
Converter 1 A Converter 2 Converter N an
‘IIOW
o
Vss

Figure 2.9: SAR SC converter
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2.2.3.2 Recursive SC converter

In order to mitigate the cascaded loss, in 2014, a recursive switch-capacitor (RSC) topology
that can also generate 2" — 1 VCRs with n 2:1 stages was introduced with a higher efficiency
and an even smaller number of devices. Figurd2.11] has demonstrated the simplified topology.
The advantage of RSC topology lies in the maximized connection with the power rails. Each
stage receives input from the previous stage and the other from VDD or VSS, determined by
the binary code a; to ay. The MSB is ay while the LSB is a;. As an example, Figurd2.11] has
demonstrated an example of how to build a 3/8 ratio by three 2:1 stages and the corresponding
current flowing through each stage(or, more precisely, charges). As the binary code of 3 is (011),
the first stage is connected to VDD, and the first stage produces 1/2 VDD; The second stage is
also connected to VDD, and the output of the second stage becomes 3/4 VDD; Then The final
stage is connected to VSS, the previous 3/4 VDD is divided by 2 to generate 3/8 VDD.

To demonstrate the advantage of RSC topology, Figurd2.12] and are the topology di-
agrams showing voltage and current for each stage, both with a VCR of 13/16 of SAR and
Recursive topology. As depicted because both inputs are from the previous stage. Obviously,
more charges are shared between intermediate stages than Recursive topology, which will sig-
nificantly increase the charge-sharing loss. As recursive topology maximizes the connection to
the power rail, each stage took 1/2(N + 1 —n) of the total charge from the power rail and the
previous stage. (N is the total stage number, and n is the stage number). The efficiency of this

topology has been notably improved as the transfer of charge is minimized.

Voo
Vss
d az aN
Vina Vinz2 VinN
20 (M| o2 | V2 | 22 Vv = Vour
Converter 1 Converter 2 Converter N
Vss

Figure 2.10: RSC SC converter[§]

18



1/8 lout l l
VDD 1/4 lout VDD
1/4 lout lout
1/2 lout »
— 3/8 VDD
2:1 Converter > 21 Converter e 2:1 Converter
1/2 VDD _
3/4 VDD
18 lout T VSS 12 IGUTT ves
Figure 2.11: RSC SC converter example
VDD
1316
| N
o —a
—a —a
31e
| e
13/16 VDD
1/2VDD 3/4VDD
2:1 Converter 2:1 Converter 2:1 Converter 2:1 Converter
lsm
316 T I 38 1:'{ 1:'2T
—o
0/07
—————o0 L— o
V&S
Figure 2.12: SAR SC converter VCR=13/16
VDD 1 1716 s 14 voD|| 1/4 VDD | [1/2
> > 5/8 VDD 13/16
2:1 1/2 VDD 2:1 1/4 VDD 2:1 | 2:1 vob
- ’ - " :
Converter Converter Converter | ——» Converter I
1/2

V55 TIHB

V55 TIIS

Figure 2.13: Recursive SC converter VCR=13/16

19




2.2.4 Proposed Topology

The Negator-based Rational Conversion Ratio topology was developed by Wanyeong Jung at the
University of Michigan in 2016[9]. It dramatically increases the rational voltage conversion ratio
range to p/q, 0 < p < ¢ < 2", using n 2:1 SC converters with the help of 3 kinds of negators.
It can generate 79 voltage conversion ratios, while RSC can only generate 7 voltage conversion
ratios with 3 stages and 15 conversion ratios with 4 stages. Every conversion ratio lies between
1/2 and 15/16 can be rewritten into the form of V,ut=A x Vpp-B * V., as shown in figure
Based on this decomposition equation, only 3 kinds of negators are required to realize
all VCRS:Vpp — Vout,2Vpp — Vour, and —V,,¢.Noticeably,2Vpp — Vysand — V¢ would not be
applied simultaneously, as this combination will be simplified to 2 x Vpp — V.

Noticeably, every negator supply current to V,,; and the other output: Vpp — Vour, 2Vpop —
Vout, or-Voyue. It is a beneficial characteristic of negators that they can supply current to the
output, which can effectively increase the load current capacity and improve the output conduc-
tance for each stage. This topology can also easily realize capacitor sizing as the current flowing
through the latter stage is simply twice that of the previous stage. Therefore, the normalized out-
put impedance is no greater than few-VCR converters even though this topology supports much
more VCR[9].To compare with the beforehand topologies, a topology also realizes VCR=13/16
is shown below in Figure As shown, the 2:1 stages still ensure that the minimum charge
is transferred between 2 stages, and the other half charge is supplied by negators. Besides, it
realizes 13/16 with only 3 stages rather than 4 in SAR and Recursive topologies, even though 2
negators are added while their area on-chip is much smaller than one additional SC stage because

of the capacitive sizing.
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Figure 2.14: VCR equation from 1/2 to 7/12
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Figure 2.15: VCR equation from 11/12 to 14/15
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VDD-Vout

1:16
1 1 1 1 1
Vout = gVDD - zVaut - Zvout ~3 Vour — 8 Vour
3:16
1 1 1 1
Vout = 2 (—Vour) + 2 ((Vop—Vour) + 8 (Vop—Vour) + 3 (—Vour)
5:16
1 1 1 1
Vout = 2 (Vpp—Vour) + 7 (—Vour) + 8 (Vop—Vout) + 3 (—Vout)
7:16
1 1 1 1
Vout = 2 Vop—Vour) + 7 (Voo — Vour) + 3 (Vop—Vour) + 3 (—Vour)
9:16
1 1 1 1
Vour = 2 (Vpp—Vour) + 7 (Vop = Vour) + 8 @Vpp—Vour) + 8 Voo = Vour)
11:16
1 1 1 1 1
Vour =5 Vop=Vour) + 3 @Vop = Vour) +5Vop — 5 Vour +5 (@Vpp — Vour)
13:16
1 1 1 1
Vout = E @Vop—Vour) + Z Voo = Vour) + § @Vop—Vour) + § (Voo — Vour)
15:16
1 1 1 1
Vour = 5 @Vop—Vour) + 3 @Vpp — Voue) +5 @Voo—Vour) ) + 5 Vop—Vour)

Figure 2.16: VCR equation from 1/16 to 15/16
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Figure 2.20: Negator-based SC converter VCR=13/16
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Chapter 3

System Design

The system is shown in Fig[3.1] 3 2:1 SC stages with scaled capacitive sizing is involved, which
means the capacitor in the latter stage is twice that of the former stage in buck operation,
and vice versa for boost operation. Thus, in buck operation, the VM port in the 2:1 SC stage
with a capacitance sizing of 1 would be the input, while the VH of the 2:1 SC stage with a
capacitance sizing of 4 would be the output port. Noticeably, there are 7 connection choices
for each port of the SC stage(actually 8; the additional one is a float connection), which can
conclude every connection choice for all 158 topologies. Each connection choice module contains
a connection to Vj,,Vout,Vss, and A, B, C, D, which are 4 intermediate ports for connection.
The reason why there are 4 intermediate ports lies in the topology diagram of each VCR. shown
earlier. There are no more than 4 intermediate connection nodes required for all topologies.
Meanwhile,V;,,,V,ut,Vss,4 intermediate nodes, and one float connection, in together is 8 choices,
which can be easily represented by 3 bits, enabling an easy and flexible binary reconfiguration.
This system can also optimize capacitive sizing for 1 or 2 stages by freely configuring the input
and output ports. For example, when implementing VCR =2:1, all VMs can be connected to
the input voltage and all VHs are connected to V,,;, which ensures maximum utilization of
capacitance.VVpp — V,yu: would only be connected to A, while 2Vpp — Ve, or-Vyy: would only
be connected to B to reduce the reconfiguration bits, as 2VDD-Vout and -Vout would not be
utilized simultaneously. Moreover, A VCO and non-overlap clock generator,as well as clock
switches, are not shown in the diagram. This chapter will discuss the design procedure of each

block separately.
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Figure 3.1: Simplified Structure of the negator-based system

3.1 SC stages

The specific 2:1 SC stage and corresponding gate driver implementation are shown below: All
NMOS switches are 2V Deep N-well NMOS, as their bulk can connect to other nodes with lower
potential rather than its source to alleviate the bulk effect and prevent current from leaking
through the body diode. This sizing-optimized module can reach 88.7% peak efficiency when
the load current is 64uA with an ideal 20MHz clock signal.Figurd3.4] has demonstrated the
relationship between load current and efficiency of this basic 2-to-1 module. Around 4% of
power is dissipated by output impedance and bottom-plate loss, while 7% of power dissipation
is switching loss. The 5V 2-to-1 stage is also tested, while the intrinsic gate charge loss heavily
limits the efficiency.

Meanwhile, a clock switch module is also integrated to control the activation of each mod-
ule. The clock signal needs to go past the clock switch, followed by gate drivers to drive the
power switches. The switches utilize the Deep N-well model as this specific model allows us to
connect the bulk of NMOS to other voltage potentials rather than the source, which is essential
in the Switch Cap as the source of the switch is not always the node with the lowest voltage
potential, which might cause current leakage through the body diode of the MOSFET, signifi-
cantly damaging the efficiency. The NMOS of gate drivers are also Deep Nwell MOSFET. This
is because the implementations of some voltage conversion ratios involve the operation that VL

or even VH is negative voltage (such as generating -1/2 Vout by inputting -Vout into a 2-to-1
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stage, thus clock needs to support a voltage swing from VH to VL rather than VH to VSS. The
Vobp — Vout,2Vbp — Vout,-Vout, are implemented in a similar way.Only one transmission gate of
the -Vout module is replaced by only NMOS, as -Vout is definitely the lowest voltage in the

module, and a 2V clock can definitely turn the switch on.

W ot |
Bui180n ph1
NMOS 4u120n A
Vo
H_ |
PMOS L J L J
WL 13 WiL
Bui180n P __p 4uM80n
N wiL
NMOS $=| —d . 4u/180n
VL Vo
WL
2u/130n VL
WL
4u/180n

Figure 3.2: 2:1 SC stage implementation

3.2 interleaved SCPC

To mitigate the voltage ripple and increase the power density, interleaved technique is applied.

The interleaved technique separates the 2-to-1 stage into N parallel stages with different clock
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Figure 3.3: gate driver implementation
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Figure 3.4: 2:1 SC stage Efficiency vs output current
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Figure 3.5: VDD-Vout implementation
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Figure 3.6: 2VDD-Vout implementation
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Figure 3.7: -Vout implementation

phases. In this way, the charge injected to V,ut is smaller by N-times. Therefore, the voltage
ripple is reduced by N times. In the meantime, typically, large decoupling capacitors are required
between cascaded stages, which occupy a large chip area, significantly reducing the power density.
While, the interleaved technique utilizes N cells and N phases when one cell is supplying charge
to the output, the other N-1 cells can act as decoupling capacitors; thus, no additional decoupling
capacitor is required for interleaved SCPC, which is also an essential advantage of the interleaved
technique. The implementation of interleaved SCPC in this design is shown in Figurd3.10] The
angle difference between 2 cells is 36 degrees, and in total, there are 10 phases involved with a

capacitance of 130p in total.

3.3 Stage Capacitive Sizing

In this 3-stage design, the load current drive capability is multiplied by 2 in buck operation and
divided by 2 in boost operation. For buck situations in which no negator is applied (working like
an RSC), each stage loads half of the output charge on the input and VDD or VSS. For 3-stage
which

qout
23—

cascaded SC converter, the output charge for each stage can be expressed by qout,i =
giVGS Qout,1,9out,2,q9out,3 are Separately 1/4 QOutal/QCIout7QOut-ThUS;The RSSL and RFSL can be
summarized in the following equations:

1 1 1 1 1 1
64 fscl 16 fsCQ 4f503

Rssr, = (3.1)

29



Converter Unit 1

38°
Converter Unit 2 §

72"
Converter Unit 3 v \/

Y

Y

\|
/1

VCo

Y

360°

| Converter Unit 10

Figure 3.8: interleaved 10-phase SCPC
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Figure 3.9: interleaved 10-phase SCPC

30



1 1 1
Ripsp =2(Ri,1+ R;,2+ R;,3+ Ri,4)Rpst = GZRl,FSL + ERZ,FSL + ZRQ,FSL (3.2)

R;, j indicates resistance of jth switch of i SC stage.
Based on these 2 equations, we can apply Lagrange multiplier to calculate the optimum

Capacitance and Resistance for each stage. Based on the equation [3.I] and [3:3]

C1 + Cs + C3 = Ciotal (3.3)
we can get the following:
ORssp
acC
1 —
T 64fC? T A
1 —
1
~17er = A
thus,
1 1 1
2= 2 = 2 (3.5)
64fC7 16fC5  4fC%
C3 =20y, =4C, (3.6)

C3 = 2Ciotal
Cs = 2Chotal (3.7)
C1 = £Chotal

In similar way, we can get

Ry = 2R, = 4R; (3.8)

Based on the calculation above, we can easily find the solution to minimize the Rpgy, and Rgsy,
that is, to parallel two interleaved stages in the second stage and parallel 4 interleaved stages for
the final stage. each cell has a capacitance of 13p,10 phases in total is 130p, and 14244 units
are required for 2:1 stages, there are also 3 units reserved for negators, therefore, in total, the

system consists of 10 10-phase interleaved stages with total capacitance of 1.3nF.
VH

VH VM
— VH VM
10-phase interleaved| VM } ‘
21 stage 10_phase interleaved - - S‘- -
VL 2:1 stage A =
VL kil valle 4:

10_phase interleaved
----- 2:1 stage

Figure 3.10: 3 stage capacitive sizing
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3.4 VCO

As previously explained,we need 10-phase clock signals to drive interleaved cells. And our de-
signed optimized switching frequency is 20MHz. The VCO applied in this design can realize 5-bit
binary fine-grain control of the switching frequency. It consists of 5 inverter cells to form a ring
oscillator. Ring oscillator is an astable circuit that ties N inverters in a loop to get N phases|21],
and by inverting these N phases, 2N phases can be obtained. The oscillation frequency is de-
termined by the propagation delay of each inverter. Thus, in this design, every inverter cell has
a binary configurable current source to alter the delay of the inverter cell. cn and cp are the

bias voltage of NMOS and PMOS, respectively. The implementation is shown in Figurg3.11| and

Figurd3.13|

_|E 1.6u/800n

—|E 300n/500n

b0_cp |E| bi_cp b2_cp b3_c; b4_cp

Figure 3.11: VCO inverter cell

3.5 Non-overlap Circuit

The SC stages should work in 2 inverse phase with phase difference 180°.Owing to the pro-
pogation delay of clock signal, the clock signal may coincide with each other, this will create
a direct low impedance path from VDD to ground and would leakage significant current and
cause severe power losses.Thus,Non-overlap Circuits are necessary to every clock signal with dif-
ferent phases.The input clock would generate 2 clock signals with inverse phase with a deadtime
lies between them.During dead time, both phases are set to low, preventing both switches from

opening at the same time,thus avoiding the shoot-through current and reducing the power losses.
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3.6 VCR configuration

The VCR configuration module includes a decoder that receives 3 binary inputs to control
the node connection from:VDD,Vout,VSS, A,B,C,D, float, in total 8 choices. This scheme can
realize standardized code configuration and involve all possible situations, as there are no more
than 4 intermediate nodes in all 158 VCRs.Take Figure as an example; one of the most
complex VCR topologies of the system, there are still only 4 intermediate nodes. The decoder
setting is as follows:000 represents Vsg,001 represents V,in,010 represents V,:,011 represents
A,100 represents B,101 represents C., 110 represents D,111 represents floating. This only applies
to the 3 2-to-1 stages, and negators only use 2-bit control; 00 stands for not activating the
module.01 config the modules into buck operation, the negators are configured as Vpp — Vous,
2Vpp — Vout,— Vout; while 10 configs the modules into buck operation, the negators are configured
as Vour — Vob, 2Vout — Vpp,—Vpp.In total, 3*3*3+4-3*2 control bits are utilized to configure the
system. The translation rule is summarized in Tablg3.]]

Table 3.1: Connection Configuration Translation

Connection | Code Connection Code Connection Code
VSS 000 Vin 001 Vout 010
Connection | Code Connection Code Connection Code
A 011 B 100 C 101
Connection | Code | Negator Mode | Code | Negator Mode | Code | Negator Mode | Code
D 110 Disable 00 Buck 01 Boost 10

Considering the control code,the situation that VCR =9/16 can be taken as an example.For
2:1 stage 1,VHI is connected to B,thus the code is 100, VL1 is connected to A,the code is 011,VM1
is connected to C,the code is 101;In terms of second stage,VH2 is connected to A, the code is
again 011,VL2 is connected to C, the code is 101,VM2 is connected to D,the code is 110,and
the 2 negators are activated and works in buck operation,thus the code are both 01,—V,,; is not
applied, thus the code is 00.Therefore,The whole controlling sequence is 100 011 101 011 101
110 011 110 010 01 01 00. Figurd3.2)is a more intuitive table demonstrating the configuration of
VCR=9/16
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Table 3.2: Example Configuration of VCR=9/16

VCR \ VHI Code VL1 Code VMI Code
\ B 100 A 011 C 101
\ VH2 Code VL2 Code VM2 Code
\ A 011 C 101 D 110
0/16 \ VH3 Code VL3 Code VM3 Code
\ A 011 D 110  Vout 010
‘ V4 Code V5 Code V6 Code
‘ Buck 01 Buck 01 Disable 00
vop || 178 out
1/16 lout l
oo
2VDD-Vout nagytor vDD i‘f”ﬁ\oul
1186
A \DU['L
nagytor
W 7116 lout VDD-Vout
Vout ¢?HG lout
1/16 e 1/4 lout 29 ¢ 12 fout
lout lout l Converter ., Voul=9/16VDD
112 lout
21
Converter [
1/4 lout D
21
Converter [
1/8 lout

Figure 3.14: Example Connection of VCR=9/16
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Chapter 4

Simulation Result

In this project, all post-layout simulations are done by cadence fabricated in a 180nm BCD
process. FigurdZ.d]is the layout design finished for this project. Noticeably, there are ten columns
of switch capacitor units, which are 3 SC stages with a capacitance ratio of 4:2:1 in addition
to 3 negators. And there are also 10 rows of identical modules, which are 10-phase interleaved
SC cells. The small module on the left hand is the VCO feeding clock signal to SC stages.
There are also VCR Configuration Switches on top to control the connection of stages in each
topology. The total area without the pad is 983y m*19204 m, which is 1.887 mm? without pads.
Considering the pads, a space around 200um should also be included. The total area should be
9831 m*2120 m= 2.084 mm?. All the transistors utilize NMOS2V and PMOS2V model from
the tsmcl8 library, and the supply voltage is a nominal voltage of 2V.

The peak efficiency is obtained at VCR=1/2 with an efficiency of 82.38% @QV},,=1V,I,,;=6.4mA
with an operation frequency of 20MHz.Figurd4.3] has demonstrated the power loss breakdown
of this system. Nearly 10%(9.38%) of the energy is consumed by output impedance, while the
drivers consume 5.69% of the power, the VCO consumes 1.178% of total power, and the non-
overlap circuits consume 1.168%. The conduction loss and switching loss are generally balanced.
The output resistance can be calculated by the slope of the output voltage, which is 15mf).

Figurd4.4] [£.7Hemonstrates the topologies of VCR=7/8 and VCR=13/15 and their
efficiency comparisons both for buck and boosting operation.when the system is configured as
VCR=7/8(0.875),the topology is the same as Recursive topology.13/15(0.867) is the ratio closest
to 7/8 negator-based topology can realize. The respective Peak Efficiencies are 75.77% and
70.45%(72.83% and 65.35% respectively for boost).The negator-based topology has expanded
the VCR range with the cost of an acceptable efficiency drop. This additional loss is the result

of switching loss of negators and cascaded charge-sharing loss,moreover, the output resistance
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Figure 4.1: Layout design of the negator-based 79-VCR buck-boost converter

37



Efficiency vs output current
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Figure 4.2: output voltage and Efficiency vs output current(VCR=1/2)

Pcond(9.38%)
Pclock(2.536%)

Rdriver(5.69%)

Pout(82.38%)

Figure 4.3: output voltage and Efficiency vs output current(VCR=1/2)
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also increases as the stages increases.

VDD iﬂ!lout

21 7/18VDD
Cl 1 ( —
VDD‘ l1r4lou1 onverter lout
T‘I.’ZIout
21

Converter

VDD l1!8l0ut

241 Tﬂdlou'i
Converter

V§s Tﬂ&lout

Figure 4.4: topology of VCR=7/8)
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magytor
«—
215 lout
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2115 lout 35 lout
2:1 = ou
Converter
Vout=13/15VDD
1115 lout 15 lout
21
Converter
415 lout

21
Converter —
2/15 lout

1/15 lout T VES

Figure 4.5: topology of VCR=13/15)

Figurd4.8| [L.9[4.10]andd.1T] also present another efficiency comparison and respective topology
of similar ratios(3/4 and 10/13 and vice versa for boost operation).The peak efficiencies are

respectively 71.23% and 63.89% for buck conversion and that for boost conversion are separately

39



Efficiency vs output current
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Figure 4.6: output voltage and Efficiency vs output current(VCR=7/8 and VCR=13/15)
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Figure 4.7: output voltage and Efficiency vs output current(VCR=8/7 and VCR=15/13)
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71.67% and 62.73%.1t fit the intuition that a simpler topology has less power loss than a more
complex one.In 3/4 topology, only 2 SC cells are involved. While when the circuit is configured
as 10/13,all 3 SC stages are utilized along with a negator. Therefore,more switches to be switched
and a longer current path to follow, which naturally cause more switching loss and charge sharing

loss and higher output impedance.

VDD i‘l!?lout
1 3/4VDD
Converter —
VDD l1.’4|out lout
1/2lout
2:1 —>
Converter
VSS Tﬂdlout

Figure 4.8: Topology of VCR=3/4)
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1113 lout fiton
21 g
Converter —_—
413 lout
21
Converter —> VsS 213 lout
2/13 lout
1113 lout T V3s

Figure 4.9: Topology of VCR=10/13
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Efficiency vs output current
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Figure 4.10: output voltage and Efficiency vs output current(VCR=3/4 and VCR=10/13)
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Chapter 5

Conclusion

This paper proposes a 3-stage Switch-Capacitor system that can generate 79 Voltage Conversion
Ratios for both buck operation and boost operation. The system consists of 3 SC stages with
a capacitance size ratio 4:2:1 and three negator modules to provide voltage feedback of Vpp —
Vouts2 * Vop — Viour,—Vour . By written the Voltage conversion ratio into the form of AVpp —
BV,,every rational ratio p/q between 1/2"T1 and (2"+! — 1)/2"*! can be realized(79 rather
than 7 in previous multi-VCRs design). The boost operation can be realized by exchanging ports
for Vi, and V,,; because of the duality of Switch Capacitors. The total capacitance included
is 1.3nF.Peak efficiency is obtained at 2:1 ratio @QV;,=1V,[,,;=6.4mA.Thus, output power with
peak efficiency is 6.4mW. As the estimated layout area with pads addon is 2.084 mm?2, the
estimated power density at maximum efficiency would be 3.07 mW /mm?2.The voltage conversion
ratio is successfully expanded with the cost of an acceptable efficiency degradation owing to
switching loss and cascaded charge-sharing loss. With an input voltage of 2V, the output voltage

range can vary from 125mV to 1.875V with fine-grained 79 intermediate voltage choices.

5.1 Future Work

e Self Clock Activation Currently, the VCO of the system is supplied by external power
supplies.An improved edition could offer modes with options to choose between internal
and external supplied clock.The challenge lies in the generation of a higher voltage to sup-
ply the clock signal and allow VCO to operate normally in a much lower voltage range, and
undoubtedly, efficiency is expected to be low as the resistance increase dramatically without
a sufficient supply voltage.Meanwhile, the supply need to be separately generated for each

stage,as each stage has a different dynamic range,resulting in increase of system complex-
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ity. The boosting of clock signal can apply circuit structure like shown in Figurdb.1] There
would be a voltage difference around Vpp stored on both capacitors, whenever CK is
pulled high, the capacitor would boost the clock signal to 2% Vpp, turning on the upperleft
NMOS,charging the capacitor on left with voltage potential of Vpp. When CK is pulled
low, this voltage potential can also open the upperright NMOS to charge the capacitor
on right with voltage potential of Vpp.This module can solve the problem of clock boost-
ing of 2:1 stages, while negators, in many cases, would have a voltage range larger than
2 % Vpp,such as 2 x Vout — VDD with a large VCR, which would be a challenge to be
solved.As a negative feedback system, if the voltage of one module fails to establish, then

the whole system would work incorrectly as expected.

The voltage range can be further expanded to 5V. Currently the system can only
support input and output voltage of 2V owing to the reason that 5V suffers from intrinsic
high parasitic resistance and capacitance.Meanwhile, the voltage range of each SC stage
and negator is not constant in each topology.Thus, the 2V transistors and 5V transistors
need to be switched by off-chip signals, resulting into more pins to be added,increasing the

cost and difficulty of packaging.

Reducing the switching loss Currently, the switching loss of the system is a quite
significant portion of total power loss.Interleaved and capacitive sizing reduces the output
ripple and output impedance, while breaking the system into small modules results into
more phases of signal to be generated and more switches to be driven.The switching loss
may be improved by interleaving 5 phases rather than 10 phases,which may trade better

efficiency with releasing the boundary for voltage ripple.

Closed feedback loop control Currently,the system regulates the output voltage only by
open loop intrinsic voltage conversion ratios,which results in output voltage variation for
different output current.With a closed feedback loop control, the output can be regulated
to constantly supply one voltage.The closed feedback loop control system can be cho-
sen including CFM(Continuous Frequency Modulation),Hysteresis Control,Pulse-skipping

Control, etc.
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