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Abstract - This work proposes a switched-capacitor (SC)
converter for high voltage generation required for medical
ultrasound imaging system. The SC converter is quite
advantageous for the implementation of an integrated circuit
(IC) in terms of area. Besides, the SC converter has relatively
less conduction loss than an inductive DC-DC boost converter.
For these reasons, the SC converter is suitable for generating
high voltages in ICs. However, the power loss of the SC
converter can be analyzed by dividing it into three major losses.
This work analyzes these losses and applies techniques to
reduce them in order to improve the conversion gain and power
efficiency. As a result, an on-chip Cockcroft-Walton SC
converter using split-phase control for improved soft-charging
with conversion gain 9.72 and power efficiency 70.1% suitable
for the portable ultrasound imaging device is implemented.
However, the measurement results of this study were worse
than the simulation results due to mismatched control clock.

Keywords—Cockcroft-Walton (CW) topology, Split-phase
control, Soft-charging, Switched-Capacitor (SC) converter

1. INTRODUCTION

Step-up DC-DC power converter is electronic circuit that
converts lower dc voltage levels to higher dc voltage levels
by storing the input energy to energy storage components
and transferring the stored energy to the output. These
circuits are essential to several kind of applications that
require higher voltage than supply voltage. Step-up DC-DC
power converters can be largely classified into inductor-
based DC-DC boost converter using inductor as energy
storage and switched-capacitor (SC) converters using
capacitors as energy storage [1]. SC converters have some
advantages and disadvantages compared to inductor-based
DC-DC boost converters.

Capacitor has a greater energy density in the same area
than inductor. Besides, capacitor can be integrated more
easily than inductors. Unlike the inductor-based DC-DC
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boost converter that employs magnetic energy storage, SC
converter employs only switches and capacitors. Inductor-
based DC-DC boost converter requires a bulky power
inductor and high voltage (HV) devices that requires a large
area. Therefore, SC converter is quite advantageous for the
implementation of an integrated circuit (IC) in terms of area.

Also, SC converter has relatively less conduction losses
than inductive DC-DC boost converter [2]. In case of the
DC-DC boost converter, voltage stress of switch is the
difference between input DC voltage (V;y) and output DC
voltage (Voyr). If the conversion gain (Vyyr/Viy) is high,
the switches of DC-DC converter should be used as an HV
devices. However, the voltage stress applied to each switch
of SC converter is the same as 2V, so there is no need to
use HV devices even if the conversion gain increases.
Therefore, the DC-DC boost converter that has to use HV
devices has a relatively high on resistance. And even
considering the number of SC converter switches,
conduction losses of DC-DC boost converter tend to be large
under high conversion gain conditions. For this reason, SC
converter is more advantageous in implementing high
voltage generation into ICs than inductor-based DC-DC
boost converters. And it is widely used in biomedical
applications where chip size is quite important factor [3]-[6].

SC converter has low switch-related losses due to the low
resistance of the switches aforementioned. However, the SC
converter generates a high voltage by accumulating charge
on the capacitors. When flying capacitors are connected to
each other during operation, large current spikes occur
momentarily due to voltage mismatch of flying capacitors,
as seen in Fig. 1. These current spikes are charge
redistribution losses and it is the main reason of deteriorating
power efficiency of SC converters.

Power loss of the SC converter can be analyzed by
dividing it into three major losses. As shown in the Fig. 2,
charge redistribution losses are dominant at low frequencies,
switching losses are dominant at high frequencies and
conduction losses are proportional to total resistance of
switches. Charge redistribution losses are inversely
proportional to the capacitance Cfly. And, the change of
charge in the flying capacitor is proportional to the duration
of the charge & discharge. Thus, these losses are inversely
proportional to the switching frequency fsw [7]. Switching
loss is the switched-related loss and this is proportional to
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the switching frequency (fsw), gate capacitance of switches
(Cgg), the number of switches (Nsw), a width of a switch i
(Wi), a length of switch i (Li), and the square of the gate-
source voltage of switch i (V gs,i). Lastly, conduction losses
are proportional to total resistance of switches (Ron).
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Fig. 1. Simulation results of charge redistribution losses (a) Circuit of SC
converter (b) Node voltage of flying capacitor 1, 2 (¢) Current waveform
in charge redistribution process

Recently, there are various SC converters with soft-
charging technique, which can eliminate the transient current
spikes by adding an inductor [8], [7]-[9]. When the inductor
is inserted in the current path, rapid current change does not
occur by the inductor. As a result, lossless regulation is
enabled and the transient current spikes is eliminated in SC
converters. As charge redistribution losses are reduced, the
critical point moves to a lower frequency region. Through
soft-charging operation, switching losses can be reduced by
lowering the switching frequency, and the overall power loss
can be improved by reducing transient current spikes caused
by charge redistribution. Adding inductor also prevents
transient inrush currents which incur significant losses in
conventional SC converters.
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Fig. 2. Power losses of a typical SC converter
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Considering all three main loss, a critical point (f.;;) is
switching frequency with minimal losses. In conventional
SC converter, the critical point is inversely proportional to
capacitance of flying capacitors, resistance of switches R,,,,
and device parameter k

1
21tk (RonCfly)

fcrit = (11)

In soft-charging SC converter, critical point (1.1) is
modified due to the inductor, and a modified critical point is
given by (1.2), as seen in Fig. 3.

’ _ 1
f crit ZEW (12)

Fig. 3. Overall power loss of SC converter with soft-charging operation
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The DC-DC boost converter uses the inductor to store
energy, so it needs high Q power inductor to reduce DC loss
and it can’t use small inductors because of their low Q. But
the SC converters use the inductor to smooth out the current
peak, so do not need such high Q inductor. Thus, SC
converters can use very small inductors. Therefore, by using
soft-charging operation, the power efficiency of SC
converter is improved by reducing the two types of power
loss. The goal of this study is to design an on-chip SC
converter that has greatly improved the power efficiency by
applying soft-charging technique.

Il. DESIGN METHODOLOGY

A. Cockcroft-Walton (C-W) topology

There are several topologies of SC converter with high
conversion gain. When the conversion gain is N, the voltage
stress of the flying capacitors and switches of each topology
is as follows. The voltage stress of capacitors and switches
of Cockcroft-Walton (C-W) topology is 2V, , 2V,
respectively. C-W topology, where the low voltage stress is
applied to all devices regardless of the number of stages, are
most suitable for on-chip high-voltage applications than
other topologies. In the case of this topology, soft-charging
technique is performed by inserting the inductor into the
input node. The reason for inserting the inductor into the
input node is as follows. The only node that the inductor can
serve as a current source without breaking the current path is
the input node. Although there is no previous research that
applied split-phase soft-charging control to Cockcroft-
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Walton topology, it is expected that power loss reduction
would be significant due to a similar structure of Dickson
topology [7]. Therefore, this study applies soft-charging
using the split-phase control to the Cockcroft-Walton SC
converter to create a high voltage and improved the power
efficiency significantly.

B. Soft-charging technique with split-phase control

Before explaining the split-phase control, let’s take a look
at the basic operation of the Cockcroft-Walton SC converter.
In the case of a basic SC converter with conversion gain 6,
the odd-numbered switches and the even-numbered switches
alternately turn on/off and accumulate charge in the flying
capacitor, as seen in Fig. 4 and Fig. 5. The input voltage is 3
V, clock frequency is 10MHz, the size of switches is same
and all flying capacitors are same.
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Fig. 4. Circuit of a basic C-W SC converter with conversion gain 6
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Fig. 6. Transient current spike in conventional C-W SC converter using
two-phase control
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The inductor current of phase 1 flows only through Cs, so
the KVL (Kirchhoff’s Voltage Law) condition is slowly
adjusted by the inductor current even if there is a voltage
mismatches among capacitors and the transient current spike
of capacitor C; is not severe. However, in the case of
capacitors except C;, when transitioning from phase 2 to
phase 1, charge redistribution occurs instantaneously
between capacitors, resulting in a transient current spike over
120mA, as seen in Fig. 6. Therefore, phases that smoothly
match the voltage mismatches between capacitors using the
inductor current are needed.

c.Discharge

Fig. 7. Example of split-phase control for C-W SC converter

The additional phases are needed that makes the voltage of
C, and Cs the same, and the phase that makes the voltage of
C4 and Cs the same. The phases added and node voltages
when transitioning from phase 2 to phase 1. Phase 1a makes
the voltage of Cs and Cs the same, phase 1b makes the
voltage of C, and Cs. When the voltages of C, and Cs are
same, phase 1c closes S6 and finishes the phase 1. The node
voltage can be smoothly changed by closing the switches
sequentially from the outside. Through this, the transient
current spikes are reduced from above 120mA to below
30mA, as seen in Fig. 8.
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C. Proposed soft-charging C-W SC converter

Target specification is selected by referring to ultrasound
transducer driving that requires high voltage, as seen in Fig.
9. The input voltage is set to 3 V, and the target output
voltage is 30 V. The allowable error of the output voltage is
set to 10%, which is a minimum of 27 V and a maximum of
33 V. When using the RC modeling of the piezo-electrical
transducer referenced, the ultrasound pulser instantaneously
uses 1.5 A for 50 ns, and the period of corresponding pulse
is 50 us. Based on these, the DC average current obtained by
calculating the average output power is 1.25 mA, so this is
selected as the load current target. The switching frequency

is selected between 10 — 60 MHz, which is the operating

frequency band of a general ultrasound imaging system.
When using 1.5 A in the load with an output voltage of 30 V,
the output capacitance that can keep the ripple within 3 V is
about 30 nF, so output capacitance is set to 30 nF. And the
critical point is set to about 20 MHz by setting the inductor
tol uH

The control circuit excluding the SC converter core is
largely as follows: a split-phase clock generation block, a
clock-retimer that synchronizes the generated split-phase
clock, and a level shifter that raises the voltage level so that
split-phase clock can turn on/off the core switch, as seen in
Fig. 10.

The split-phase clock generation block makes control
signals, as seen in Fig. 7. If each clock overlaps when the
phase is changed, short circuit current flow through the
switches and the efficiency is greatly reduced. Since the
probability of the clocks overlapping due to PVT (Process,
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g. 8. Transient current spikes in soft-charging C-W SC converter using
split-phase control
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Fig. 9. Specifications to drive the pulser for ultrasound transducer.
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Voltage, Temperature) variation is high, such a clock timer
is essential. It needs to raise the voltage level to use it in
the soft-charging Cockcroft-Walton SC converter core.
to 3 V. Since the voltage stored in the flying capacitor
of the SC converter core is 6 V, which is twice the input
voltage 3V, a6 V clock is required, and the generated
clock is used in a high voltage level shifter.

LVDD (1.8V HVDDT(3V)
Split-Phase | ®1 o1| Level
" [— | Clock Shifter
o1 Clock Reti .
CLKW Generation |®2|~etmer| o2 :
Driver
Core Node Voltage l
Vi Soft-Charging
(3V) Switched-Capacitor Vour
w Converter l
] o I

Fig. 10. Block diagram of soft-charging Cockcroft-Walton SC converter

I1l. RESULTS AND DISCUSSIONS

The comparison target is divided into three cases: hard-
charging with the two-phase control, soft charging with the
two-phase control, and soft-charging with the proposed split-
phase control. In each case, the switching frequency and load
current are changed and the power efficiency and conversion
gain are calculated and plotted as a graph. The transient
current spikes mentioned in chapter II is compared for 3
cases. In the two-phase control soft-charging that added only
the inductor to the input node, the transient current spikes
improved slightly, as seen in Fig. 11.

As shown in Fig. 12, in terms of power efficiency, there is
no significant improvement compared to two-phase hard-
charging when using two-phase soft charging control.
However, the power efficiency and conversion gain improve
by applying the proposed split-phase control scheme. Peak
efficiency of hard charging with two-phase control is
43.48% at 0.5- mA load current, 10 MHz switching
frequency. And peak efficiency of soft charging with two-
phase control is 51.11% at 1.5-mA load current, 10 MHz
switching frequency. Lastly, peak efficiency of soft charging
with proposed split-phase control is 75.17% at 0.5-mA load
current, 10 MHz switching frequency. It can be seen that
both soft-charging SC converter with split-phase and two-
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Fig. 11. Charge redistribution loss in SC converter with 3 different control
technique
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phase control reduce charge redistribution losses and
achieved a higher conversion gain than the hard-charging
control. Soft-charging SC converter with split-phase has the
highest power efficiency at all frequency.

*Control Loss is not included
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Fig. 12. Simulation results of power efficiency and conversion gain without
control loss
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Fig 15. Layout of soft-charging Cockcroft-Walton SC converter (without
pads)
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Fig. 13 is the post-layout simulation result. Compared
with the previous simulation, the power efficiency and
conversion gain of the post-layout simulation is inferior. This
is because the interconnection metal wire is too thick. So,
power losses due to parasitic capacitance are severe. From
this result, the switching frequency should be changed from
20 MHz to 30 MHz at 1-mA load current. Compared with
the previous simulation, the power efficiency decreased
from 66.5% to 57.3%, and the conversion gain decreased
from 9.14t0 9.01. As shown in Fig. 14, the two-phase control
does not require blocks related to the split-phase clock, so
most of the power consumption is generated by the level
shifter. Split-phase control consumes about 90% of the
power by the level shifter. The layout of the soft-charging
Cockcroft-Walton SC converter core with pads is 4.37 mm x
2.35mm, as shown in Fig. 15.

TABLE I. Comparison with Other SC Converters

TCAS 112019 [10] APEC 2015[11] ISSCC 2014[12] This Work
Vi 28V BV 275V 3V
Vi 128V (x4 57) M7V (x354) 30V (x109) 2016V (x9.72)*
@1-mAload current | @1.5-Aload curent | @10-uAload current | @0.5-mA load current
Peak Efficiency 84.7% 92% 38% 70.1 %*
@2-mAload current | @1.1-Aload curent | @25-uAload current | @0.5-mA load current
fow 100 kHz 1.2 MHz 8 MHz 20 MHz
lLono Range 05mA~20mA ~225A ~25 A 05mA~25mA
Topology Latched Dickson Doubler + Dickson Cockcroft-Walton
Clocking Scheme 2 phase Split phase 4 phase, 2 phase Split phase
Tg‘:;;'{::g 8x14F (SMD) |4x0.1 uF (SMD-1812)| 400 pF (on-chip) 6 nF (on-chip)
Inductor X " " Q?Smm) X 1 uH (SMD-0603)
Technology 0.18 um 8xGaN FET (Discrete) 65nm 0.18 um BCD

In the case of the first TCAS II 2019 paper [10], the load
current range is similar but conversion gain is 4.57. It is hard-
charging with two-phase control and the total flying
capacitance used as a large value of 8 uF by using the SMD
(Surface Mount Device) type. As a result, the switching
frequency is lowered to 100 kHz, resulting in a high
efficiency 85%. However, this is because the conversion
gain is low, so the number of stages is low and charge
redistribution loss and switch-related loss is low.

In the APEC 2015 paper [11], the split-phase control is
applied to the SC converter with low conversion gain.
Although the topology is different from TCAS 112019 paper,
92% power efficiency is achieved by applying split-phase
control despite using the low flying capacitance. Because
GaN FET with low resistance and SMD type capacitors with
high capacitance, power efficiency is very high. The
disadvantage of this paper is that total area is quite large due
to discrete devices. Comparing these two papers [10]-[11],
differences between the off-chip SC converter with hard-
charging control and the off-chip SC converter with soft-
charging control can be seen.

Let's look at the case of the SC converter implemented on-

chip. ISSCC 2014 paper [12] is a fully integrated SC
converter. Doubler and Dickson topology is used in
succession, and conversion gain and switching frequency are
similar to this work. However, the peak efficiency is as low
as 38%, and load current range is too low.

However, this work achieves conversion gain of 10 and
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can drive a load current up to 2.5 mA. And a relatively high
efficiency of 70% is achieved as the integrated SC converter.
Disadvantage of this work is that the inductor used in the SC
converter is discrete device.

IV. CONCLUSION

In this work, we proposed a method to improve the soft-
charging of the Cockcroft-Walton SC converter through
split-phase control. The power efficiency and conversion
gain are further improved through optimization of the
switching sequence of the split-phase clock. Through this
method, a conversion gain of 9.7 and a power efficiency of
70% are achieved. As a result of post layout simulation at 1-
mA load current, 53.1% power efficiency and a conversion
gain of 9 are achieved, which is reduced compared to pre-
simulation.

The measurement results of this study were worse than the
simulation results due to mismatched control clock. It should
be designed in consideration of how to prevent this problem.
This chip was designed using TSMC 0.18um BCD process.

ACKNOWLEDGMENT

The chip fabrication and the EDA tools were supported by
the IC Design Education Center (IDEC).

REFERENCES

[1] M. Forouzesh et al., "Step-Up DC-DC Converters: A
Comprehensive Review of VVoltage Boosting Techniques,
Topologies, and Applications,” in IEEE Transactions on
Power Electronics, Dec. 2017.

[2] M. D. Seeman and S. R. Sanders, "Analysis and
Optimization  of  Switched-Capacitor  DC-DC
Converters," in IEEE Transactions on Power Electronics,
vol. 23, no. 2, pp. 841-851, Mar. 2008

[3] X. Qian et al., "A bone-guided cochlear implant CMOS
microsystem preserving acoustic hearing,” Symposium
on VLSI Circuits, June. 2017.

[4] A. Abdi et al., "A High-Voltage Generation Charge-
Pump IC using Input Voltage Modulated Regulation for
Neural Implant Devices,” IEEE Transaction on Circuits
and Systems Il: Express Brief, vol. 66, no. 3, pp. 342-
346, Mar. 2019.

[5] Z. Chen et al., "A Single-Chip Solar Energy Harvesting
IC Using Integrated Photodiodes for Biomedical Implant
Applications,” in IEEE Transactions on Biomedical
Circuits and Systems, vol. 11, no. 1, pp. 44-53, Feb. 2017.

[6] H. Tang, et al., "11.8 Integrated ultrasonic system for
measuring body-fat composition,” presented at IEEE
International Solid-State Circuits Conference - Digest of
Technical Papers, pp. 1-3, Feb. 2015.

[7]1 Y. Lei and R. C. N. Pilawa-Podgurski, "A General
Method for Analyzing Resonant and Soft Charging
Operation of Switched-Capacitor Converters," in IEEE
Transactions on Power Electronics, vol. 30, no. 10, pp.
5650-5664, Oct. 2015.

[8] MAY, Ryan, “Analysis of soft charging switched
capacitor power converters”, Master Dissertation,

45

http://www.idec.or.kr

University of Illinois at Urbana-Champaign, 2014.

[9] VY. Lei, R. May and R. Pilawa-Podgurski, "Split-Phase
Control: Achieving Complete Soft Charging Operation
of a Dickson Switched-Capacitor Converter," in IEEE
Transactions on Power Electronics, vol. 31, no. 1, pp.
770-782, Jan. 2016.

[10] Abdi, Alfian et al., "A High-Voltage Generation
Charge-Pump IC wusing Input Voltage Modulated
Regulation for Neural Implant Devices,” TCAS II, Mar.
2019.

[11] Ismail.Y et al., “A 34V charge pump in 65nm bulk
CMOS technology,” ISSCC, Mar. 2014.

[12] Marcy et al., “A 1.2 MHz, 25 V to 100 V GaN-based
resonant Dickson switched-capacitor converter with
1011 W/in3 (61.7 kW/L) power density,” APEC, 2015

Jong Myeong Lee received the
B.S.degrees in electrical engineering
from Sung Kyun Kwan University
(SKKU), Suwon, Korea, in 2018 and
received the M.S degree in electrical
engineering from Korea Advanced
Institute of Science and Technology
(KAIST), Deajeon, Korea in 2021.

His research interest includes power
management integrated circuit (IC)

;I
“ designs, especially switched-

capacitor converter for biomedical devices.

Min Kyu Je ($'97-M'03-SM'12)

received the M.S. and Ph.D. degrees,
both in Electrical Engineering and
Computer Science, from Korea
Advanced Institute of Science and
Technology (KAIST), Daejeon,
Korea, in 1998 and 2003,
respectively. In 2003, he joined
Samsung  Electronics, Giheung,
Korea, as a Senior Engineer and
worked on multi-mode multi-band RF transceiver SoCs for
GSM / GPRS / EDGE / WCDMA standards. From 2006 to
2013, he was with Institute of Microelectronics (IME),
Agency for Science, Technology and Research (A*STAR),
Singapore. He worked as a Senior Research Engineer from
2006 to 2007, a Member of Technical Staff from 2008 to
2011, a Senior Scientist in 2012, and a Deputy Director in
2013. From 2011 to 2013, he led the Integrated Circuits and
Systems Laboratory at IME as a Department Head. In IME,
he led wvarious projects developing low-power 3D
accelerometer ASICs for high-end medical motion sensing
applications, readout ASICs for nanowire biosensor arrays
detecting DNA/RNA and protein biomarkers for point-
of-care diagnostics, ultra-low-power sensor node SoCs for
continuous real-time wireless health monitoring, and
wireless implantable sensor ASICs for medical devices, as
well as low-power radio SoCs and MEMS interface/control
SoCs for consumer electronics and industrial applications.
He was also a Program Director of Neuro Devices Program




IDEC Journal of Integrated Circuits and Systems, VOL 8, No.3, July 2022

under A*STAR Science and Engineering Research Council
(SERC) from 2011 to 2013, and an Adjunct Assistant
Professor in the Department of Electrical and Computer
Engineering at National University of Singapore (NUS)
from 2010 to 2013. He was an Associate Professor in the
Department of Information and Communication
Engineering at Daegu Gyeongbuk Institute of Science and
Technology (DGIST), Korea from 2014 to 2015. Since 2016,
he has been an Associate Professor in the School of
Electrical Engineering at Korea Advanced Institute of
Science and Technology KAIST), Korea. His main
research areas are advanced IC platform development
including smart sensor interface ICs and ultra-low-power
wireless communication ICs, as well as microsystem
integration leveraging the advanced IC platform for
emerging applications such as intelligent miniature
biomedical devices, ubiquitous wireless sensor nodes, and
future mobile devices. He is an author of 5 book chapters,
and has more than 260 peer-reviewed international
conference and journal publications in the areas of sensor
interface IC, wireless IC, biomedical microsystem, 3D IC,
device modeling and nanoelectronics. He also has more than
40 patents issued or filed. He hasserved on the Technical
Program Committee and Organizing Committee for various
international conferences, symposiums and  workshops
including IEEE International Solid-State  Circuits
Conference (ISSCC), IEEE Asian Solid-State Circuits
Conference (A-SSCC) and IEEE Symposium on VLSI
Circuits (SOVC).

46

http://www.idec.or.kr





