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Abstract: Because it is magnet-free and can achieve a high integration level, the switched-capacitor (SC) converter
acting as a direct current transformer has many promising applications in modern electronics. However, designing
an SC converter with large current capability and high power efficiency is still challenging. This paper proposes a
dual-branch SC voltage divider and presents its integrated circuit (IC) implementation. The designed SC converter
is capable of driving large current load, thus widening the use of SC converters to high-power applications. This
SC converter has a constant conversion ratio of 1/2 and its dual-branch interleaved operation ensures a continuous
input current. An effective on-chip gate-driving method using a capacitively coupled floating-voltage level shifter is
proposed to drive the all-NMOS power train. Due to the self-powered structure, the flying capacitor itself is also
a bootstrap capacitor for gate driving and thus reduces the number of needed components. A digital frequency
modulation method is adopted and the switching frequency decreases automatically at light load to improve light
load efficiency. The converter IC is implemented using a 180 nm triple-well BCD process. Experimental results verify
the effectiveness of the dual-branch interleaved operation and the self-powered gate-driving method. The proposed
SC divider can drive up to 4 A load current with 5-12 V input voltage and its power efficiency is as high as 96.5%.
At light load, using the proposed optimization method, the power efficiency is improved by 30%.
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1 Introduction

Compared with switched-inductor converters
like buck or boost converters, the magnet-free
switched-capacitor (SC) converter is superior in size
and power density, and is ideal for integrated imple-
mentation. The charge pump (CP) circuit (Palumbo
and Pappalardo, 2010; Luo et al., 2017), a widely
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known kind of SC converter, has been vastly em-
ployed in nonvolatile memories, energy harvesters,
liquid crystal display drivers, etc. The traditional
use of an SC converter has been confined to low-
power applications or even with pure capacitive
loads. However, in recent years, much work (Sanders
et al., 2013; Andersen et al., 2017) has been done to
widen the use of SC converters to high-power ap-
plications (load current Iy, >1 A). An SC converter
has very high power efficiency when it realizes a
conversion ratio based on its topology. In the di-
rect current (DC) transformer model of an SC con-
verter, as shown in Fig. 1, M is the ideal DC voltage


www.jzus.zju.edu.cn
engineering.cae.cn
www.springerlink.com

318 Liu et al. / Front Inform Technol Electron Eng 2022 23(2):317-327

conversion ratio without load and R..; represents
the loss caused by charge transfer on capacitors and
the resistive conduction loss on MOSFETs.

An SC converter has many promising applica-
tions in modern electronics (Fei et al., 2017; Jong,
2019). In Fig. la, it is an intermediate stage to
supply the point-of-load (POL) regulators that will
finally power system-on-chips (SoCs), microproces-
sors, field programmable gate arrays (FPGAs), etc.
Because the SC converter has already halved the in-
put voltage, the POL regulators can operate at a
higher switching frequency and have a smaller solu-
tion size. MOSFET’s voltage stress is reduced and
the switching loss is lowered for the voltage regula-
tor (VR), resulting in a higher efficiency. In a DC
transformer, the output current is doubled when the
output voltage is halved. As shown in Fig. 1b, with
the help of the voltage divider or current doubler, the
standard type-C™ cable with the maximum cur-
rent of 3 A can still be used for charging current up
to 6 A in a smartphone direct charging application
(DA9318, 2017).

Many methods have been proposed (Seeman
and Sanders, 2008; Zhang et al., 2008; Schaef et al.,
2018) for high-power applications, whereas imple-
menting an SC converter needs more consideration.
An SC converter has a larger number of power
switches than an inductive converter. For a high-
voltage converter (the highest node voltage is larger
than the rated voltage of the MOSFET), it should
be guaranteed that the voltage each transistor with-
stands is within its rated voltage. For a large-current
converter, each phase should be driven indepen-
dently and reasonable dead time must be ensured

to avoid unbearable short-circuit current. An all-
1% stage 2" stage
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W\ box
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NMOS power train is preferred because the PMOS
transistor has inferior mobility, and the bootstrap
drive technique is then usually needed (Liu ZD et al.,
2015; Yuan et al., 2020). All these issues make the
gate driving of large-current SC converters quite in-
tractable. Some researchers (Andersen et al., 2017)
tended to use PMOS transistors when necessary with
the penalty of inferior mobility. Xu et al. (2006)
and Meyvaert et al. (2015) used an all-NMOS power
train; however, the former needed a large number
of bootstrap capacitors, and the latter required an
additional auxiliary rail generator.

This paper proposes a dual-branch SC voltage
divider to ensure a continuous input current, thereby
greatly reducing the electromagnetic interference
(EMI) noise. An efficient gate-driving method is also
proposed for high-power SC converters. The unique-
ness of this method is to adopt internal nodes of the
power stage as the power supply for the driver and
reuse the flying capacitor as the bootstrap capaci-
tor, thus simplifying the driving circuit and reducing
the cost. A digital frequency modulation method is
adopted and the switching frequency decreases au-
tomatically to improve the light load efficiency. A
chip implemented with a 180 nm triple-well BCD
process is designed and tested to verify the effective-
ness of the proposed dual-branch SC divider and its
gate-driving method.

2 Power stage of the proposed SC
divider and consideration of power
efficiency

There are many SC topologies (Fardahar and
Sabahi, 2020; Liu WL et al., 2020), such as ladder,

High voltage| Low voltage
Low current High current
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* If this buck POL is enabled and when the output voltage of battery is |
extremely low, the battery should directly power it without the 1% stage

@)
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Fig. 1 Application scenarios of the SC converter used as a DC transformer: (a) SC converter used as a high
efficiency first power stage in a distributed power architecture; (b) smartphone direct charging
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series-parallel, Dickson, and Fibonacci.
they can converge to a simple voltage divider when
realizing a 2-to-1 voltage ratio. We use this simple
voltage divider and further extend it to dual-branch
interleaved operation.

However,

2.1 Dual-branch interleaved SC divider and
its operation process

The designed SC DC-DC converter has the func-
tion of halving the input voltage, and features large
current capability and high power efficiency. The
main topology of its power stage uses a dual-branch
structure, as shown in Fig. 2.
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Fig. 2 Main topology of the proposed dual-branch
interleaved SC divider and clock phases to drive the
eight power switches

The main topology is divided into parallel left
and right branches. Fach branch includes four
power switches and one flying capacitor. By rea-
sonably arranging the clock phase which drives the
power switches of branch a (or branch b), the fly-
ing capacitor and the output capacitor are in se-
ries and then in parallel within one clock cycle, thus
achieving the function of halving the input voltage
(Vout = 1/2 X V;n)

Based on the halving function of each branch,
the dual-branch interleaved operation ensures a

continuous input current, and can effectively reduce
the output voltage ripple and increase its driving ca-
pability of large current load.

The clock phases to drive the eight power
switches of the dual-branch SC divider are also
shown in Fig. 2. When the clock signal is high, the
corresponding power switch turns on and vice versa.
The driving clocks of branch a or b are two-phase
non-overlapping clocks, thereby avoiding unbearable
short-circuit current when the power switch changes
its state. Meanwhile, the driving clocks of branches
a and b are interleaved to make sure that during one
entire clock period, at least one of the two power
switches S,1 and Sy is being turned on. Thus, this
divider’s power supply is always connected to the cir-
cuit, and the input current is continuous to reduce

the EMI noise.

The operation phase transition diagram of the
proposed SC divider is shown in Fig. 3. During one
entire clock period, the power stage will go through
eight operation states, of which <1>, <2>, <3>,
and <4> are the main states and will last a relatively
long time. The interval between one main state and
the following one is the dead time of each branch’s
non-overlapping clock.
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Fig. 3 Phase transition diagram of the divider
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2.2 Consideration of power efficiency

In the DC transformer model of an SC converter
as shown in Fig. 1, Ry represents the loss caused
by charge transfer on capacitors and the resistive
conduction loss on MOSFETs. Considering driving
a resistive load Ry, the power efficiency of this SC
converter is

Ry,
n_RL + Rout W)

As Eq. (1) indicates, the smaller the Royt, value
is, the higher the power efficiency will be. Aiming at
a high-efficiency SC converter, key design parame-
ters related to output impedance must be found and
chosen to achieve a small Rgy;.

Using the analysis methods in Seeman and
Sanders (2008) and Schaef et al. (2018), the out-
put impedance Rg, of an SC converter in the slow
switching limit (SSL) case can be expressed as

ag;
Rssr, = Z —Cf , (2)

where C; represents the i'" flying capacitor in each
branch of the SC converter and fs, is the switching
frequency.

For each branch of the divider, there is only
one flying capacitor and ¢ = 1. The parameter o ;
equals 1/2. To achieve a high efficiency for high-
power application (I1,>1 A), Cgy must be very large,
and here we choose Cy = 94 uF (two 47 uF ceramic
capacitors in parallel) with fs, = 500 kHz.

In addition, the output impedance R, of an
SC converter in the fast switching limit (FSL) case
can be expressed as

Rpsy, =2 Z Ria;, 3)

where R; represents the on-resistance of the i*" power
switch in each branch of the SC converter.

For each branch of the divider, there are four
power switches and ¢ = 4. The parameter o, ; equals
1/2. Suppose that all the power switches have the
same on-resistance Rop:

RFSL =2x4x (05)2 X Ron = 2Ron~ (4>

In the design of a large-current SC converter,
the power switch must be chosen especially large to
achieve a small on-resistance (around 20 m$). In our
design, the length of the power switch is 500 nm and

the width of each cell is 50 um. There are tens of
thousands of basic cells in parallel, and as shown later
in the micrograph of the chip, the power MOSFETs
take up a large portion of the whole area.

3 On-chip self-powered bootstrap
gate driver using capacitively coupled
floating-voltage level shifter

The converter integrated circuit (IC) is imple-
mented using 5 V devices and 12 V LDMOS devices
with 5 V gate oxide. In each branch, for S;, S3,
and Sy, Vi, cannot be used to power their drivers,
although it is possible for a low-voltage application
(Vin<<5 V). Because S; is N-type, to switch on it
completely, a voltage higher than Vi, (e.g., 7.5 V
with Vi, being 5 V) is needed. For S; and S3, because
their source potentials (Vgw, and Vaw,) change with
phase, the corresponding driver must also be able to
adapt to the change accordingly.

3.1 Self-powered bootstrap gate driver with
the flying capacitor being reused

Fig. 4 shows the traditional bootstrap gate-
driving method. It has been widely adopted (Liu
ZD et al., 2015; Yuan et al., 2020) to drive the dual-
NMOS power train for a buck converter. Xu et al.
(2006) used the same structure to drive an SC volt-
age divider, and two bootstrap capacitors must be
used because there is one more switching point in
this voltage divider than in a buck converter.
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_IL | PwM_in LG ||;| S,

GND
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Fig. 4 A traditional gate-driving method using the
bootstrap technique

Note that in the power stage of this SC volt-
age divider, nodes Vi,, Vout, and GND (ground) are
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DC potentials, whereas nodes SW; and SW, are two
switching points. SW; alternates its potential be-
tween Vi, and Vout, and SWs alternates its poten-
tial between Vo, and GND. Flying capacitor Chy is
placed between SW; and SWs to shuttle charge from
Vin to Vout, and its capacitance is quite large.

Fig. 5 shows the proposed Cj, reused gate-
driving technique based on the above analysis. By
carefully examining the terminal potentials of the
flying capacitor, its stored charge may be used to
power a suitable power MOSFET. Specifically, in
each branch of this SC 2-to-1 converter, the stored
charge of Cgy can be used to power Ss. Fig. 6
presents the operation of the proposed gate driver.
Because Cjq, now has two roles, during clk_ phi2, it
still has to shuttle charge to Ct, when Cgg is charged.
During clk phil, it is charged and also functions as
the power supply for Ss.

For S, an auxiliary rail generator or an extra
bootstrap capacitor must be needed, and here an
external bootstrap capacitor Cgg is used. A power
switch Sp is adopted to charge Cgs. The stimulating
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Fig. 5 Proposed Cpqy, reused bootstrap gate driver
for branch a or b (a) and non-overlapping two-phase
clock signals (b)

signal for Sp is also clk _phi2, but the inverter chain
has an inverting gain.

As shown in Fig. 6, when Sy and Sy are turned
on, Sp is also turned on, and Cgg is charged to the
voltage of about 0.5 x V;,. When S; and S3 are
turned on, the voltage across Cgg, Veps, can be used
to switch on S, and the node potential Vg at the
top plate of Cgg is now about 1.5 X Vi, which ensures
that S can be turned on completely.
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Fig. 6 Operation of the Cpg, reused bootstrap gate
driver: (a) during clk_phi2, Cps is charged, whereas
Chy is discharged; (b) during clk phil, Cgs is the
power supply for S1, whereas Cgy is the power supply
for Ss and it is charged
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The main difference in our method from the pre-
vious driving methods is the sufficient use of internal
nodes of the power stage to power the gate driver.
The features of this self-powered gate driver are as
follows:

1. The traditional bootstrap gate-driving
method uses only the nodes with DC potentials in
the power stage to power the driver. In Fig. 5, SW
and SWy are also used to power the gate driver. As
a result, the flying capacitor Chy itself is also the
bootstrap capacitor for S3. Thus, only one extra
bootstrap capacitor Cpg is needed to drive Sj.

2. A power switch Sp is adopted instead of a
diode, and thus Cgg can be more fully charged. Sp
is controlled to be synchronous with S5 and Sy.

3. Instead of the full-swing level shifter, whose
output voltage and input voltage have the same ref-
erence voltage, a floating-voltage level shifter that
shifts input signal to output signal with a different
reference voltage is designed.

3.2 Capacitively coupled high-speed floating-
voltage level shifter

As shown in Fig. 5, a floating-voltage level
shifter is essential for the gate driver using this self-
powered structure and it must be carefully designed.

Fig. 7 shows the proposed level shifter used in
this design. All the level shifters in Fig. 5 use this
structure, although an LDMOS transistor is needed
only for the driving circuitry related to S;. MN;
and MNjy are used to pull down out-+ or out— in the
floating circuitry between Vppy and Vgsy. MP; and
MP,, whose gates are connected to Vggyr, are used
to clamp the lower voltage of out+ and out— to be
Vssu. In the floating circuitry, latch-based circuits
finally generate the output digital signal using the
internal positive feedback.

Based on the design in Moghe et al. (2011), a ca-
pacitive route from input signal to the output signal
is added to increase the switching speed. C; and Cy
are two metal-oxide-metal (MOM) capacitors con-
structed with routing metals. Using two metal lay-
ers, each of these two capacitors takes up an area of
about 24 pmx12 pm to generate an effective capac-
itance of around 100 fF.

Fig. 8 shows the transient voltage waveforms of
several key nodes with a load capacitance of 100 fF.
The effect of the added coupled capacitors is dis-
tinctively reflected in the waveform of node out-+

as circled in red. Simulation results showed a de-
lay time of around 1.3 ns with Vsg, = 0 V and
Vopr = Voo — Vssa = 4 V. Table 1 shows the per-
formance summary of the proposed level shifter and
the comparison with other state-of-the-art floating-
voltage level shifter designs under similar working
conditions.

4 Frequency modulation to improve
light load power efficiency

Previous consideration of power efficiency in
Section 2 ensures high efficiency at a heavy load.

Out-

fa € ~ r. ? Qut+ %‘i
A capaciive routq to 5.5 P,
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Fig. 7 Proposed capacitively coupled floating-voltage
level shifter
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Fig. 8 Transient voltage waveforms of key nodes of
the level shifter
Reference to color refer to the online version of this figure

Table 1 Performance comparison of the proposed
floating-voltage level shift circuit with other methods

Vssg Vppu Delay  Verification

M
ethod (V) (V) (ns)  method
Moghe et al. (2011)’s 6.7  10.0 7.7  Measurement
Moghe et al. (2011)’s 6.7 10.0 2.2 Measurement
Lehmann (2014)’s 9.5 12.0 2.0 Simulation
Ours 8.0 12.0 1.3 Simulation
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However, at light load, if the power converter contin-
ues to operate at a high frequency, the switching loss
will become the primary cause of power loss. As a re-
sult, it is necessary to automatically decrease switch-
ing frequency at light load to improve the power
efficiency.

Fig. 9 shows the proposed digital frequency
modulation method to optimize the power efficiency.
With a constant frequency of 500 kHz, the output
voltage will continue to increase as the load de-
creases; at light load, the output voltage will be
very close to half of the input voltage.
the above analysis, a window comparator including
two comparators (Fig. 9a) is used to compare the
sensed output voltage Voug s (0.5 X Vouy) with Vin s,
(0.242 x Vi,) and Vi, s, (0.236 x Vi,). The purpose
is to maintain Vg,¢ between Vi, g, and Viy g,.

Based on

As Fig. 9b indicates, if the output of the window
comparator [SEL1, SEL2] = [1, 1], it means that the
output voltage is too high and that the frequency se-
lection module will decrease the switching frequency
step by step. If [SEL1, SEL2| = [0, 1], it means
that Voue,s is between Vi, g, and Vi, g,, and that

SC converter

o —— 3
—0"0—

4 ‘\Vms‘ Vout.
Gate driver Vv

A

Digital frequency
selection module

Window
comparator

Ll |*MPPsES

Vouts

(a)

SEL1=0

SEL1=0
SEL1=0 [\SEL2=1[\SEL2=1 [\
SEL2=1

SEL1=0 SEL1=0
SEL2=1 SEL2=1

(b)

Fig. 9 Proposed digital frequency modulation method
(a) and control logic of the digital frequency selection
module (b)

the current operation frequency is appropriate. The
power converter will operate with the current switch-
ing frequency. However, when [SEL1, SEL2| = |0, 0],
the frequency selection module will decide that the
output voltage is too low and that the switching fre-
quency must go back to 500 kHz immediately. This
aims to reduce the undershoot voltage, and the con-
trol logic makes sure that the goal of maintaining
Vout near half of V4, has priority to the consideration
of power efficiency.

The proposed frequency modulation method is
digital, and thus is robust. Unlike Souvignet et al.
(2015), Mostacciuolo et al. (2018), or Jawalikar
et al. (2020), no complicated loop stability consid-
eration or complicated modeling of the power stage
is needed.

5 Experimental results

The designed chip and the printed circuit board
(PCB) for testing are shown in Fig. 10. A 180 nm

ParameterValue No. Package
10nF 1 0402
47uF 2 0805
N/A 1 QFN40
10nF 1 0402
47pyF 2 0805
10uF 2 0603
47 uF 1 0805

Cin and C,, are on the bottom side

Fig. 10 Chip micrograph of the designed SC voltage
divider with each function block being enclosed and
the evaluation PCB
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triple-well BCD process is used to design the con-
verter IC. The gate driver and power switches are
all integrated on the chip. For each branch, Ss, S3,
and Sy are regular low-voltage devices, whereas S is
an LDMOS. Ounly in the soft-start process, does Vpg
of S7 need to withstand the full input voltage. Ex-
ternal ceramic capacitors are needed for high-power
applications and Cyqy equals 94 uF (2 x 47 uF) for
each branch. The chosen external bootstrap capaci-
tor Cgg is 10 nF for each branch.

Fig. 11 shows the measured voltage waveforms
of the switching nodes (SW; and SW3) of branches
a and b. For each branch, Vgw, can change between
Vin and Vo successfully, and Vsw, can change be-
tween V¢ and GND successfully. This verifies that
all the eight power switches in the dual branch power
stage can be turned on or off successfully and that
each branch works normally. It is clear from Fig. 11
that these two branches do not work at the same
time, and by carefully examining the waveforms,
SW; of branch a will not change to V5 before SW1
of branch b changes to Vi,, and vice versa. This
verifies that there is at least one of the two power
switches, S, and Sp1, being turned on, and that the
interleaved operation of the dual-branch SC divider
is as described in Section 2.

Fig. 12 shows the measured voltage waveforms
of nodes BS and SWy of branch a (the same for
branch b). With only one extra bootstrap capac-
itor, the gate driver can successfully bootstrap Vig
to about 1.5x V;,. Asaresult, S,; can be switched on
effectively to achieve high power efficiency and veri-
fies that the proposed on-chip self-powered bootstrap
gate driver with the flying capacitor being reused
and using capacitively coupled floating-voltage level
shifter in Section 3 is feasible.

Fig. 13 shows the measured voltage waveforms
of Vout and node SW5 of branch a. Because the power
converter now works at a heavy load, the switching
frequency is 500 kHz. However, it is clear that the
frequency of the ripple voltage of Vo, is 1 MHz as a
result of the interleaved operation of this dual-branch
SC voltage divider.

Fig. 14 shows the modulation process of the op-
eration frequency at light load. This is observed
from a test pin which can reflect the clock signal
generated by the digital frequency selection module
in Section 4. When the load changes from heavy
to light, the window comparator decides that the

ESW1 of brancha SW; of branc]
'SW, of branch a SW, of branch b

M 1.0ps 12565
# Chl o 20.0mY

BO0ps it

M 10ps 125658
chs  zov 4 Chl o 200mY

B00psiot

Fig. 11 Measured voltage waveforms of switching
nodes (SW; and SW32) of branches a and b with I, =
1Aand V;, =6V

& | g

............................

Fig. 12 Measured voltage waveforms of nodes BS and
SW, of branch a

} ] PN
Vow AV=23 mV
1 % !
Vaw, !
- - F.-_Jz _>H ¥ -
s

‘‘‘‘‘‘

Fig. 13 Measured voltage waveforms of V5, and node
SWs of branch a when I1, =1 A

output voltage is too high and that the frequency
selection module reduces the switching frequency
step by step. This verifies the feasibility of the
proposed digital frequency modulation method in
Section 4.

Fig. 15 shows the measured operation frequency
of this SC divider as load current varies. This is
the modulation result of the switching frequency
with a corresponding load current.
rent decreases, the frequency modulation circuit will
produce a lower switching frequency as analyzed in

As load cur-
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Section 4. This proves the effectiveness of the pro-
posed frequency modulation method, and the con-
verter can decrease the switching frequency auto-
matically at the light load to improve the power
efficiency.

Tek  Stopped 70 Acygs 25 Ogt 18 16:56:67
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U7 36399993
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Fig. 14 Modulation process of the operation fre-
quency at light load (observed from a test pin)
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Fig. 15 Operation frequency variation with load cur-
rent Iy,

Fig. 16 shows the measured power efficiency of
the SC voltage divider under different load condi-
The input voltage is set at 5.2 V, and the
power efficiency can be as high as 96.5%. It should
be noted that with the increase in input voltage, its
power efficiency also increases a little. This is very
different from VRs like the buck converter. The rea-
son is that as the input voltage increases, unlike a

tions.

buck converter whose output voltage should remain
unchanged, the output voltage will also increase and
the gate-source voltage Vg of each power switch in-

creases, resulting in smaller on-resistance and higher
power efficiency.
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Fig. 16 Measured power efficiency with or without
the frequency modulation method

Fig. 16 also shows the effect of frequency mod-
ulation. At low load, with operating frequency fixed
at 500 kHz, the power efficiency will decrease dras-
tically due to the relatively large switching loss. Us-
ing the proposed optimization method, the switching
loss is reduced as the operation frequency decreases,
and the power efficiency is improved by 30%.

Table 2 compares the proposed dual-branch SC
divider and the gate-driving method with other high-
power SC converters. The proposed design features
dual-branch interleaved operation and is unique be-
cause it reuses the flying capacitor as the boot-
strap capacitor. Uunlike Xu et al. (2006), in which
the converter was realized with discrete components,
the power switches and driving circuits of this de-
sign are on-chip, verifying the feasibility of a highly
integrated high-power SC converter solution. Be-
cause the power switches in Xu et al. (2006) are
off-chip, power switches with smaller on-resistance
can be chosen conveniently to maximize the power
efficiency. This also indicates that the current con-
sideration of power efficiency in Section 2.2 is not
sufficient, and that there is still room to optimize
the power efficiency of the proposed integrated SC
divider. Compared with Meyvaert et al. (2015), an
auxiliary rail generator is no longer needed, thus sim-
plifying the design of driving circuit, and the chip
area occupied by the rail generator can be saved.
Xu et al. (2006) and Schaef and Stauth (2018) did
not need an auxiliary rail generator either, but they
did need bootstrap capacitors. Because there is no
reuse of flying capacitor, the number of bootstrap
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Table 2 Performance summary and comparison with other methods

Performance Xu et al. (2006) Meyvaert et al. (2015) Schaef and Stauth (2018) This work

Process Discrete components 140 nm SOI, 3.3 V MOS 180 nm CMOS, 5 V MOS, 180 nm BCD, 5 V MOS,
20 V LDMOS with 15 V LDMOS with 12 V LDMOS with
3.3 V gate oxide 5 V gate oxide 5 V gate oxide

Converter topology 2:1 SC 11:1 SC 3:1 ReSC (inductor needed) 2:1 SC (dual-branch)

Cqy number 1 5 2 2

Chy size (uF) 6x22 10 330x10~3 2x47

Gate driver Bootstrapping Auxiliary rail generator Bootstrapping with Cpg Bootstrapping with

with Cpg designed Cgs and Cpy
Reuse of Cyy No No No Yes
Number reduction 0 N/A 0 2
of Cpg

Vin (V) 12-16 37.42 12 5-12

Vout (V) 6-8 3.3 3.7 2.5-6

Maximum Iy, (A) 8 0.042 1.2 4

fsw (kHz) 350 100 1700 500

Efficiency e, 98% 95.5% 87.5% 96.5%

SC: switched-capacitor; ReSC: resonant SC; N/A: not applicable

capacitors cannot be reduced. Xu et al. (2006)
needed two bootstrap capacitors to drive the same
SC 2-to-1 voltage divider. If the power stage is dual-
branch, four bootstrap capacitors are needed, and
thus the solution size and cost will be increased.
Schaef and Stauth (2018) adopted a resonant SC
(ReSC) converter rather than an SC one and the con-
verter worked at a higher operation frequency, mak-
ing it inappropriate to directly compare the power
efficiency. However, the driving technique can be
compared, and because there was no reuse of flying
capacitor in Schaef and Stauth (2018), the number
of bootstrap capacitors and the corresponding cost
and space taken up cannot be reduced. In contrast,
the proposed structure reuses the flying capacitor as
a bootstrap capacitor, thus reducing the number of
needed bootstrap capacitors, simplifying the driving
circuit, and reducing the solution cost.

6 Conclusions

This paper proposes an SC voltage divider with
dual interleaved operation and a self-powered gate-
driving technique for high-voltage high-power SC
DC-DC converters. With the interleaved operation
of the dual-branch power stage, the power supply of
this divider is always connected to the circuit, and
the EMI noise is continuously reduced by the input
current. Using the proposed self-powered structure,
the flying capacitor itself is also a bootstrap capaci-
tor, and the number of needed bootstrap capacitors

is reduced, thus simplifying the driving circuit and
reducing the cost. In addition, a capacitively coupled
high-speed floating-voltage level shifter is designed
to implement the gate driver. A prototype chip us-
ing a 180 nm triple-well BCD process is designed.
Measured power efficiency and experimental results
of the voltage waveforms of key nodes verify the fea-
sibility of the proposed dual-branch power stage and
the self-powered gate-driving method. The digital
frequency modulation method to improve light-load
efficiency is also verified through experiment. The
proposed self-powered gate-driving technique with
the flying capacitor being reused can be readily ap-
plied in other SC DC-DC converter topologies.
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