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SWITCHED–CAPACITOR POWER CONVERTER (SCC)

Common use cases:

SWITCHED CAPACITOR VOLTAGE CONVERTERS

4.2
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There are certain advantages and disadvantages of using switched capacitor
techniques rather than inductor-based switching regulators. An obvious key
advantage is the elimination of the inductor and the related magnetic design issues.
In addition, these converters typically have relatively low noise and minimal
radiated EMI. Application circuits are simple, and usually only two or three external
capacitors are required. Because there is no need for an inductor, the final PCB
component height can generally be made smaller than a comparable switching
regulator. This is important in many applications such as display panels.

Switched capacitor inverters are low cost and compact and are capable of achieving
efficiencies greater than 90%. Obviously, the current output is limited by the size of
the capacitors and the current carrying capacity of the switches. Typical IC switched
capacitor inverters have maximum output currents of about 150mA maximum.

Switched capacitor voltage converters do not maintain high efficiency for a wide
range of ratios of input to output voltages, unlike their switching regulator
counterparts. Because the input to output current ratio is scaled according to the
basic voltage conversion (i.e., doubled for a doubler, inverted for an inverter)
regardless of whether or not regulation is used to reduce the doubled or inverted
voltage, any output voltage magnitude less than 2VIN for a doubler or less than
|VIN| for an inverter will result in additional power dissipation within the
converter, and efficiency will be degraded proportionally.

Credit: Kester, W., Erisman, B. and Thandi, G., 1998. Switched capacitor voltage converters. In Power 
and Thermal Management Design Techniques Seminars, Section IV, Analog Device Design Center.

Typically switching frequency = 25..400 kHz

Hundreds of other 
designs exists..

Charge Pump (CP)
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pros • Inductor and its associated magnetic design issues can be
eliminated. Capacitors–only design enables monolithic integration and 
miniaturization. Can be implemented using plain CMOS technology.1

• Lower input current peaks, less output voltage ripples

• Simple circuits, low component count, small space requirements

• Good efficiency (~85..95 %) over a wide load range

• Able to operate with < 1 V input voltage

SWITCHED–CAPACITOR POWER CONVERTER

1. Ma, D., & Bondade, R. (2010). Enabling power-efficient DVFS operations on silicon. IEEE Circuits 
and Systems Magazine, 10(1), 14-30.
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cons • Switching emits RFI. The circuit design needs careful bypassing, 
shielding and filtering of both input and output blocks.1

• Efficiency goes down, if output voltage deviates from the ideal
conversion ratio of the circuit. This has slowed the acceptance of this
converter type for a number of applications.2

SWITCHED–CAPACITOR POWER CONVERTER

1. The ARRL Handbook for Radio Communications 2016. American Radio Relay League.
2. Le, H. P. (2013). Design techniques for fully integrated switched-capacitor voltage regulators 

(Doctoral dissertation, UC Berkeley)
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design • Higher switching frequency enables smaller components
• Minimum switching frequency is considered to be 25 kHz, to remain

above human audible range
• Fast switch transition between ON and OFF states is crucial.1

Longer transitions reduce efficiency factor.
• Clocking management.2

- For example, for low power operation, switching frequency 
can be reduced, and results in better efficiency.3

• Adding an extra capacitor to smoothen input current peaks reduces
noise, but requires extra space.3

SWITCHED–CAPACITOR POWER CONVERTER

1. Maniktala, Sanjaya. Switching Power Supplies A-Z. Elsevier, 2012.
2. Ma, D., Su, L., & Somasundaram, M. (2010). Integrated interleaving SC power converters with 

analog and digital control schemes for energy-efficient microsystems. Analog Integrated Circuits and 
Signal Processing, 62(3), 361-372.

3. Allard B. (2016). Design of Power Systems-On-Chip. Wiley. Chapter 7.
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other • Nanosecond control response and wide-range voltage conversion
has been demonstrated.1

SWITCHED–CAPACITOR POWER CONVERTER

1. Allard B. (2016). Design of Power Systems-On-Chip. Wiley. Chapter 7.



SWITCHED CAPACITOR POWER CONVERTER

Example – LED light powered by AC mains:

AC-DC DC-DCHVDC railAC DC Output 
voltage 
regulator

LED
Smooth DC



OUTPUT VOLTAGE RIPPLE

Compared to cross-couple voltage doubler design, the ripple 
voltage is reduced by 50%. With the same operation 
conditions, the simulated efficiency of the converter is 
83.2%.  

 

 
Fig. 8   Simulated output voltage in steady state. 

 

 
Fig. 9   Simulated interleaving clock signals. 

 

The transient performance of the propsed SC power 
converter are also evaluated by HSPICE simulations. Fig. 10 
shows the start-up transient of the output VO, with reference 
to the output voltage of error amplifier. With 10-Ω load, the 
output VO settles at 2.5V with 41-µs start-up transient time.  

 

Fig. 10 Simulated start-up transient waveforms at: (top) the output 
VO, and (bottom) the output voltage of error amplifier. 

   

Fig. 11 shows the load transient performance of the 
proposed SC converter. As shown in the figure, a step 
change occurs at 100 µs in the simulation, resulting in a load 
current increase from 165 mA to 250 mA. Due to the 
interleaving regulation, the output voltage settles within 3 µs 
with a voltage drop of only 22 mV. 

 

Fig. 11 Simulated load transient waveforms at: (top) the output VO, 
(middle) control signal at the load, and (bottom) the close-up look 
at the output VO.    
 

IV. CONCLUSION 

A new SC DC-DC power converter is presented in this 
paper. With the proposed architecture and interleaving 
regulation technique, the converter’s performances on ripple 
voltage and transient response are improved. Detailed control 
scheme and circuit implementation are discussed. The 
simulation results on both steady state and dynamic transient 
are given to verify the design idea. The design provides a 
cost-effective solution in designing low-voltage high-
performance integrated SC power converters. 
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INTERLEAVING REGULATION

Basic idea known already in 1970s:
Split the power converter into N smaller units, 
operating with the same frequency but equally shifted 
N-phases between them. 

1. Reduces output ripple
2. Load transient response is improved
3. Smoothens input current peak demand1

4. Less filtering required for the device
5. Better power conversion density2

1. Allard B. (2016). Design of Power Systems-On-Chip. Wiley. Chapter 7.
2. Miwa, B. A., Otten, D. M., & Schlecht, M. E. (1992, February). High efficiency power factor 

correction using interleaving techniques. In [Proceedings] APEC'92 Seventh Annual Applied Power 
Electronics Conference and Exposition (pp. 557-568). IEEE.



INTERLEAVING REGULATION TERMINOLOGY

Several names used in the literature1

• Interleaving regulation
• Multi-phase conversion
• Staggered phase conversion
• Interdigitating
• Polyphase chopping
• Staggered clock timing
• Ripple current cancellation
• Phase-shifted parallel
• Phase-synchronous

1. Miwa, B. A., Otten, D. M., & Schlecht, M. E. (1992, February). High efficiency power factor 
correction using interleaving techniques. In [Proceedings] APEC'92 Seventh Annual Applied Power 
Electronics Conference and Exposition (pp. 557-568). IEEE.



INTERLEAVING POWER CONVERTER

Features:
§ Multiple sub-cells in the power stage1

§ Regulation achieved with interleaving power flow control1

1. Ma, D., Su, L., & Somasundaram, M. (2010). Integrated interleaving SC power converters with
analog and digital control schemes for energy-efficient microsystems. Analog Integrated Circuits and 
Signal Processing, 62(3), 361-372.

2. Perreault, D. J., & Kassakian, J. G. (1997). Distributed interleaving of paralled power converters. 
IEEE Transaction on Circuits and Systems-I, 44(8), 728–734.

proposed by Dickson [4]. Compared to Cockcroft–Walton
voltage multiplier, the Dickson CP is more efficient. In
addition, its driving capability is independent of the num-

ber of multiplier stages. However, due to the voltage drops

across the power devices, Dickson CP is not suitable for
low-voltage applications.

Consequently, in order to adapt to low-voltage VLSI

systems, several cross-coupled CPs were proposed [5–7].
However, an immediate problem arises, due to the poor load

regulation, particularly when the converter has a frequently

changing load. As depicted in Fig. 1, if the charge time of the
pumping capacitors C1 and C2 is much smaller than the

discharge time of the output filtering capacitor COUT, which

is usually true in practice, the output voltage VOUT can be
plotted as in Fig. 1(b). VOUT keeps decreasing during each

half clock cycle, because the charge stored on COUT is con-

tinuously drawn by the load IO. Meanwhile the pumping
capacitor connected to VOUT would not be recharged until the

next half clock cycle begins. If a sudden load change occurs

from IO1 to IO2 at the instant of t1, a large voltage ripple will
be observed at VOUT, because the circuit cannot respond to

this change until the present half clock cycle expires. This

affects the transient response and the output ripple voltage of
the CP. One possible solution is to increase the clock fre-

quency fCLK. However, this also increases switching power

loss and degrades the efficiency. In addition, due to the
parasitic resistances in power components and variations at

input supply and output load, the output voltage of a charge

pump could have a few hundred millivolts offset from the
desired level. Hence, closed-loop regulation is highly desired

to maintain accurate regulation voltage.

To account for the above issues, in this paper, we
introduce two SC power stage topologies with the choice of

either analog or digital closed-loop interleaving regulation

schemes. The work targets at improving ripple voltage and
transient response, without compromising efficiency and

cost. The rest of the paper is organized as follows. We first

propose our circuit architectures and regulation schemes in

Sect. 2. In Sect. 3, issues regarding to power stage opti-

mization and modeling are addressed. Then, closed-loop
system analysis and implementation are discussed in

Sect. 4. To verify the design validity, experimental results

are provided in Sect. 5. Finally, we conclude our research
effort in Sect. 6.

2 System architectures and regulation schemes

2.1 Interleaving regulation in switching converter

In 1997, a switching converter, employing an interleaving

regulation scheme, was reported [8]. As illustrated in
Fig. 2, N buck switching sub-converters are connected in

parallel, sharing the power input and output VIN and VOUT.

Intuitively, if the control signals on power switches S1 to
SN are identical, the entire circuit merges to be a traditional

buck converter. All the power switches are thus turned on/

off simultaneously. The inductor currents in all the sub-
converters reach their peak values at the same time. This

results in a significant in-rush input current at iIN and large

voltage ripple at VOUT, as illustrated in Fig. 3(a). However,
if those power switches in the sub-converters are turned

on/off at different instants, peak input currents and output

(a) (b)

Fig. 1 a Schematic of a cross-coupled voltage doubler, b major waveforms in voltage doubler

Controller

Fig. 2 Schematic of an interleaving switching converter in [8]

362 Analog Integr Circ Sig Process (2010) 62:361–372

123 voltages in the sub-converters will occur separately, mak-
ing significant reductions on ripples and noise. In particu-

lar, the input current iIN(t) was discontinuous with large

dynamic amplitude in the first scenario, but turns into a
continuous one with much smaller ripples in [8]. However,

special cautions must be taken to avoid reverse currents

circulating between the inductors and cross regulation
among the sub-converters [9].

2.2 Architecture 1: interleaving CP ring

With the inspiration of the interleaving regulation in

Sect. 2.1, our first proposed CP architecture is shown in

Fig. 4(a). Four identical voltage doubler cells are con-
nected in a ring. The operation of this SC converter can be

explained with reference to the timing diagram in Fig. 4(b).

Two sets of clock signals with different voltage amplitudes
are employed to effectively control the power transistors.

The amplitude of the 1st set of clocks, CLK1 * CLK4, is

VIN, which represents the input supply voltage. The
amplitude of the 2nd set of clocks, CLK1!CLK4, is set to

be 2VIN to ensure that pMOS transistors, M1P * M4P, can

be fully turned on/off. Each of the clock signals has a duty
ratio of 50%. When the converter reaches the steady state,

each individual voltage doubler cell works as a regular

voltage doubler to pre-charge the pumping capacitors

(a) (b)

Fig. 3 Timing diagrams of the converter in Fig. 2, a without interleaving regulation scheme (N = 4), and b with interleaving regulation scheme
(N = 4)

                       (a) (b)

Fig. 4 The proposed 4-cell CP
ring a circuit architecture, and
b timing diagram

Analog Integr Circ Sig Process (2010) 62:361–372 363
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Multiple CPs a) All clocks in sync
b) Interleaving applied

Image source: [2]

The controller 
enables control 
of VOUT



INTERLEAVING REGULATION

Regulation:
§ Controller enables “smart” control schemes to be implemented.
§ For example, reducing switching frequency increases efficiency and vice versa.

1. Allard B. (2016). Design of Power Systems-On-Chip. Wiley. Chapter 7.
2. Somasundaram, Mohankumar N., and Dongsheng Ma. "Integrated low-ripple-voltage fast-response 

switched-capacitor power converter with interleaving regulation scheme." 2006 IEEE International 
Symposium on Circuits and Systems. IEEE, 2006.

proposed by Dickson [4]. Compared to Cockcroft–Walton
voltage multiplier, the Dickson CP is more efficient. In
addition, its driving capability is independent of the num-

ber of multiplier stages. However, due to the voltage drops

across the power devices, Dickson CP is not suitable for
low-voltage applications.

Consequently, in order to adapt to low-voltage VLSI

systems, several cross-coupled CPs were proposed [5–7].
However, an immediate problem arises, due to the poor load

regulation, particularly when the converter has a frequently

changing load. As depicted in Fig. 1, if the charge time of the
pumping capacitors C1 and C2 is much smaller than the

discharge time of the output filtering capacitor COUT, which

is usually true in practice, the output voltage VOUT can be
plotted as in Fig. 1(b). VOUT keeps decreasing during each

half clock cycle, because the charge stored on COUT is con-

tinuously drawn by the load IO. Meanwhile the pumping
capacitor connected to VOUT would not be recharged until the

next half clock cycle begins. If a sudden load change occurs

from IO1 to IO2 at the instant of t1, a large voltage ripple will
be observed at VOUT, because the circuit cannot respond to

this change until the present half clock cycle expires. This

affects the transient response and the output ripple voltage of
the CP. One possible solution is to increase the clock fre-

quency fCLK. However, this also increases switching power

loss and degrades the efficiency. In addition, due to the
parasitic resistances in power components and variations at

input supply and output load, the output voltage of a charge

pump could have a few hundred millivolts offset from the
desired level. Hence, closed-loop regulation is highly desired

to maintain accurate regulation voltage.

To account for the above issues, in this paper, we
introduce two SC power stage topologies with the choice of

either analog or digital closed-loop interleaving regulation

schemes. The work targets at improving ripple voltage and
transient response, without compromising efficiency and

cost. The rest of the paper is organized as follows. We first

propose our circuit architectures and regulation schemes in

Sect. 2. In Sect. 3, issues regarding to power stage opti-

mization and modeling are addressed. Then, closed-loop
system analysis and implementation are discussed in

Sect. 4. To verify the design validity, experimental results

are provided in Sect. 5. Finally, we conclude our research
effort in Sect. 6.

2 System architectures and regulation schemes

2.1 Interleaving regulation in switching converter

In 1997, a switching converter, employing an interleaving

regulation scheme, was reported [8]. As illustrated in
Fig. 2, N buck switching sub-converters are connected in

parallel, sharing the power input and output VIN and VOUT.

Intuitively, if the control signals on power switches S1 to
SN are identical, the entire circuit merges to be a traditional

buck converter. All the power switches are thus turned on/

off simultaneously. The inductor currents in all the sub-
converters reach their peak values at the same time. This

results in a significant in-rush input current at iIN and large

voltage ripple at VOUT, as illustrated in Fig. 3(a). However,
if those power switches in the sub-converters are turned

on/off at different instants, peak input currents and output

(a) (b)

Fig. 1 a Schematic of a cross-coupled voltage doubler, b major waveforms in voltage doubler

Controller

Fig. 2 Schematic of an interleaving switching converter in [8]
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Image source: [2]

voltages in the sub-converters will occur separately, mak-
ing significant reductions on ripples and noise. In particu-

lar, the input current iIN(t) was discontinuous with large

dynamic amplitude in the first scenario, but turns into a
continuous one with much smaller ripples in [8]. However,

special cautions must be taken to avoid reverse currents

circulating between the inductors and cross regulation
among the sub-converters [9].

2.2 Architecture 1: interleaving CP ring

With the inspiration of the interleaving regulation in

Sect. 2.1, our first proposed CP architecture is shown in

Fig. 4(a). Four identical voltage doubler cells are con-
nected in a ring. The operation of this SC converter can be

explained with reference to the timing diagram in Fig. 4(b).

Two sets of clock signals with different voltage amplitudes
are employed to effectively control the power transistors.

The amplitude of the 1st set of clocks, CLK1 * CLK4, is

VIN, which represents the input supply voltage. The
amplitude of the 2nd set of clocks, CLK1!CLK4, is set to

be 2VIN to ensure that pMOS transistors, M1P * M4P, can

be fully turned on/off. Each of the clock signals has a duty
ratio of 50%. When the converter reaches the steady state,

each individual voltage doubler cell works as a regular

voltage doubler to pre-charge the pumping capacitors

(a) (b)

Fig. 3 Timing diagrams of the converter in Fig. 2, a without interleaving regulation scheme (N = 4), and b with interleaving regulation scheme
(N = 4)

                       (a) (b)

Fig. 4 The proposed 4-cell CP
ring a circuit architecture, and
b timing diagram

Analog Integr Circ Sig Process (2010) 62:361–372 363
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Reduced 
ripple also 
increases 
efficiency.1

Closed loop control aids in 
achieving the regulation at 
any precision voltage.2



INTERLEAVING REGULATION ON-CHIP

Benefits:
§ On-chip SCC and power regulation reduces motherboard footprint, since 

external components are not needed.

1. Allard B. (2016). Design of Power Systems-On-Chip. Wiley. Chapter 7.

When implemented on a single die:
§ Flying capacitors can be replaced with multiple smaller capacitors, without 

affecting die size. This enables better interleaving regulation topology.
§ Power density (W/mm2) and efficiency is still not good, compared to in-

package or off-chip methods.

When implemented in-package:
§ Allows different technologies to be used



TOO MANY N IS NOT ENOUGH? 

Adding more sub-cells reduces the ripple.

“.. Because the maximum reduction from the interleaving function occurs over 
the duty ratio range when the ripple is largest, the worst-case interleaved ripple 
amplitude is reduced from the worst-case non-interleaved ripple amplitude by a 
further factor of N, for a total of N2 reduction in worst-case ripple amplitude.” 1

1. Miwa, B. A., Otten, D. M., & Schlecht, M. E. (1992, February). High efficiency power factor 
correction using interleaving techniques. In [Proceedings] APEC'92 Seventh Annual Applied Power 
Electronics Conference and Exposition (pp. 557-568). IEEE.



PROPOSED 4-CELL TYPE BY MA ET AL.

1. Ma, D., Su, L., & Somasundaram, M. (2010). Integrated interleaving SC power converters with
analog and digital control schemes for energy-efficient microsystems. Analog Integrated Circuits and 
Signal Processing, 62(3), 361-372.

Image source: [1]

voltages in the sub-converters will occur separately, mak-
ing significant reductions on ripples and noise. In particu-

lar, the input current iIN(t) was discontinuous with large

dynamic amplitude in the first scenario, but turns into a
continuous one with much smaller ripples in [8]. However,

special cautions must be taken to avoid reverse currents

circulating between the inductors and cross regulation
among the sub-converters [9].

2.2 Architecture 1: interleaving CP ring

With the inspiration of the interleaving regulation in

Sect. 2.1, our first proposed CP architecture is shown in

Fig. 4(a). Four identical voltage doubler cells are con-
nected in a ring. The operation of this SC converter can be

explained with reference to the timing diagram in Fig. 4(b).

Two sets of clock signals with different voltage amplitudes
are employed to effectively control the power transistors.

The amplitude of the 1st set of clocks, CLK1 * CLK4, is

VIN, which represents the input supply voltage. The
amplitude of the 2nd set of clocks, CLK1!CLK4, is set to

be 2VIN to ensure that pMOS transistors, M1P * M4P, can

be fully turned on/off. Each of the clock signals has a duty
ratio of 50%. When the converter reaches the steady state,

each individual voltage doubler cell works as a regular

voltage doubler to pre-charge the pumping capacitors

(a) (b)

Fig. 3 Timing diagrams of the converter in Fig. 2, a without interleaving regulation scheme (N = 4), and b with interleaving regulation scheme
(N = 4)

                       (a) (b)

Fig. 4 The proposed 4-cell CP
ring a circuit architecture, and
b timing diagram

Analog Integr Circ Sig Process (2010) 62:361–372 363
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Requires:
• Two clock inputs
• Vin and 2Vin

Load transient response 
is not optimal

Open-loop (no controller) 



PROPOSED 2-CELL CROSS-COUPLED TYPE BY 
MA ET AL.

1. Ma, D., Su, L., & Somasundaram, M. (2010). Integrated interleaving SC power converters with
analog and digital control schemes for energy-efficient microsystems. Analog Integrated Circuits and 
Signal Processing, 62(3), 361-372.

Image source: [1]

Requires:
• One clock input
• Vin

Vout = 2Vin

Pumping capacitors are 
always pre-charged to Vin 
which speeds up transient 
response

Fault-tolerant

Open-loop (no controller) 

CPi (i = 1, 2, 3, 4) to VIN. Due to the interleaving clocks,

there always exists a quarter of clock cycle period, in
which one clock’s ‘‘1’’ period overlaps with its adjacent

clock’s. For example, when both CLK1 and CLK2 are ‘‘1’’,

the nodes 1 and 2 are both charged to 2VIN. At the same
time, the clocks CLK1 and CLK2 are ‘‘0’’, turning on the

respective pMOS transistors M1P and M2P. As a result, the

nodes 2 and 4 are shorted to the output VOUT, charging the
output capacitor COUT to 2VIN. On the other hand, the

presence of 2VIN voltage at node 1 will turn on the nMOS
transistors M4N in Cell 4 . Consequently, the node 4 will be

pre-charged to VIN. However, although CLK3 will be the

next clock to be ‘‘1’’ and turning on Cell 3 , the pumping
capacitor CP3 in Cell 3 cannot be fully pre-charged at the

node 3 . This is because the voltage VIN at node 4 is not high

enough, which can only pre-charge the node 3 to VIN - VTN,
where VTN is the transistor’s threshold voltage.

As results, during any quarter of a clock cycle, the pro-

posed CP ring circuit always has two cells to charge up the
output. Compared to the conventional design in Fig. 1, this

work successfully reduces the output ripple. However, in

each quarter of clock cycle, since only one cell’s pumping
capacitor is fully pre-charged and the other one remains

‘‘idle’’, the load transient response is not improved to the full

extent. In addition, it requires two sets of clock signals to
control. Also, the set of CLK1!CLK4 require extra voltage

boosting circuitry to achieve 2VIN voltage amplitude.

2.3 Architecture 2: dual-cell cross-coupled CP

To further improve the transient performance from Archi-
tecture 1 , we propose another CP topology—a dual-cell

cross-coupled interleaving CP. In this design, the CP can

be regarded as two cross-coupled voltage doublers in par-
allel, as illustrated in Fig. 5. Note that, although it seems

that the number of power devices is doubled, in comparison

to the CP in Fig. 1, no extra silicon penalty has been
caused. The reason is that, to supply the equivalent power

load, only half size of power devices are needed in each

new cross-coupled cell to handle the 50% split power.
One advantage of this circuit is that it only requires one

set of clocks CLK1 * CLK4. In addition, the amplitude of
all the clocks is VIN instead of 2VIN. The timing diagram of

the circuit is illustrated in Fig. 5(b). A major change from

Architecture 1 lies in the fact that interleaving regulation
mechanism here makes all the ‘‘idle’’ pumping capacitors

pre-charged, which speeds up transient response and leads to

even smaller ripples at VOUT. For instance, in the steady
state, CLK1 and CLK2 overlap within a quarter cycle period

of ‘‘1’’. As a result, the voltages at nodes 1 and 2 are boosted

to 2VIN. This turns on nMOS power transistors M3N and
M4N, charging the nodes 3 and 4 to VIN. Hence, the gate-to-

source voltages of the pMOS transistors M1P and M2P are

equal to -VIN. The two pMOS transistors are thus turned on
to charge VOUT to 2VIN. Obviously, although the nodes 3 and

4 are not connected to VOUT in this period, they are pre-

charged to VIN and ready for the next quarter cycle. Due to
the symmetrical structure of the circuit, similar operations

occur in other quarter cycles. Hence, while there are two

nMOS-pMOS pairs powering up VOUT, the other two are
well pre-charged for the next quarter cycle, resulting in fast

transient speed. The perpetual presence of two high-voltage

nodes connected to VOUT leads to an improved reliability of
energy sources in the load transient operation scenarios.

VIN

CLK2

CLK2

CP4

CP2
Cross-Coupled

Cell 1

CLK1

CLK1

CP3

CP1
Cross-Coupled

Cell 2

COUT

VOUT

RL

1

3

4

2

M1N M1P

M3N M3P

M2N M2P

M4N M4P

V1

V2

V3

V4

CLK1

CLK2

CLK3

CLK4

90° phase shift
VIN

0

VIN

VIN

T

2

(a) (b)

Fig. 5 The proposed dual-cell
cross-coupled charge pump
a circuit schematic, and
b timing diagram
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PROPOSED 2-CELL CROSS-COUPLED TYPE BY 
MA ET AL.

1. Ma, D., Su, L., & Somasundaram, M. (2010). Integrated interleaving SC power converters with
analog and digital control schemes for energy-efficient microsystems. Analog Integrated Circuits and 
Signal Processing, 62(3), 361-372.

Image source: [1]

350 nm CMOS process

N-well process [16]. Figure 10 shows the chip micrograph.

The entire die area is 3.84 mm2. In this design, the
pumping capacitors and output filtering capacitor are

external, with the values of 1 and 2.2 lF, respectively. At

the nominal operation condition, the input voltage VIN is
1.5 V, while the regulated output voltage VOUT stays at

2.5 V. Figure 11 shows the efficiency of the converter at

different load conditions. With the nominal output voltage
of 2.5 V, the efficiency over a power range from 100 to

800 mW is measured and plotted. At the optimal power
level of 550 mW, the theoretical and the experimental

results agree at the efficiency of 80%. Since the sizes of the

power transistors are optimized at this power level and
remain unchanged at other power levels, the deviation

between the two methods starts increasing as the power

level changes. The maximum efficiency is approximately
82.3% at 625-mW load.

Figure 12 shows the measured interleaving clocks. The

default operating frequency of each clock signal is set

as 1 MHz. To add more freedom in controlling transient

response and switching power loss, the frequency of the
clocks is adaptively variable. For example, at the start-up

stage, the frequency of the four interleaving clocks is set

high to deliver more energy at a shorter time.
The measured output voltage is shown in Fig. 13, with

reference to the interleaving clocks. The top waveform in

the panel shows that the output voltage is well regulated at
2.5 V. Two interleaving clocks are shown in the lower part

of the panel as references. The measurement is conducted
at the full load, when the loading current is 250 mA and the

output power is 625 mW. Some glitches are observed in

the waveforms. These are mainly due to the large equiva-
lent series inductance (ESL) in PCB design. This problem

can be avoided with more careful PCB layout and fabri-

cation. In addition, the glitches can be considerably
reduced by adding a simple passive high pass filter at the

output.

Figure 14 shows the closer view of the regulated output
voltage, with the same full-load measurement conditions as

in Fig. 13. The output voltage is well regulated at 2.5 V

with a maximal peak-to-peak ripple voltage of only 16 mV
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Actual clock signals

and a maximal peak-to-peak glitch of 79 mV. This is

mainly due to the effectiveness of the interleaving regu-
lation scheme.

6 Conclusions

The design strategy and analysis on interleaving SC power
converters are presented. With the proposed architectures

and interleaving regulation techniques, the converters’

performance on in-rush currents, ripple voltages and load
transient responses is largely improved. Detailed control

schemes and circuit implementation are discussed. The

ideas are well substantiated by the measurement results.
The designs provide cost-effective solutions to low-voltage

high-performance integrated power converters.
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addition, it requires eight clocks signals to control the power 
stage even for open-loop operation, which complicates the 
control system design. Hence the power stage proposed in 
Fig. 2 is more effective, since it inherits the advantages of 
the cross-coupled structure and adopts interleaving technique 
well. 

B. Closed-Loop System Implementation 
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Fig. 5. Schematic of the proposed SC power converter. 

The open-loop design, described in the previous section, 
actually operates as a voltage doubler. Since there is no 
control on the duration of the transistors’ turn-on time, the 
output voltage cannot be varied, if other desired voltage 
levels are needed. Even for the voltage doubler case, because 
of the existence of parasitic resistance of the power 
transistors, the output level suffers large regulation error.  
The introduction of the closed loop control aids in achieving 
the regulation at any precision voltage.  

Fig. 5 shows the schematic of the proposed SC power 
converter. The closed loop control is implemented using the 
interleaved analog PWM controller. In this circuit, the output 
voltage VO is scaled down by using a voltage divider 
network. The scaled voltage is then compared with the band 
gap reference voltage at the input of the error amplifier. The 
error amplifier amplifies the error with a finite gain, which 
determines the resolution of the output ripple.  The amplified 
error signal is then compared with four 90° interleaving ramp 
signals at the comparator array to produce the reset input for 
the corresponding RS latch. The output signals from RS 
latch determine the ending time of the converter’s duty ratio. 

 During the startup, the output is relaxed with a zero 
voltage, which leads to a large error signal expanding the 

clocks duty ratio close 100%. In that situation all four clocks 
will go high at the same time inhibiting the turn “ON” of 
PMOS in the power stage which happens to be the path for 
the output. In order to limit the clocks duty ratios to the 
maximum turn on time of 50% an AND array is employed at 
the final stage of the control loop. In this case, all four cells 
in the converter will be turned on to deliver the maximum 
power possible to the output and charge up the output 
voltage within a short time. The four interleaving clock 
signals are generated by employing six D flip-flops and a 
few logic gates, which makes the design fast and compact. 
Fig. 6 shows the circuit schematic and the output waveforms.  
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Fig. 6.   Interleaving clock generator with output waveforms. 
 

III. SIMULATION RESULTS 

1.
6m

m

2.2mm

Power Stage Buffer Stage Analog 
Controller

Digital Section

1.
6m

m

2.2mm

1.
6m

m

2.2mm

Power Stage Buffer Stage Analog 
Controller

Digital Section

 
Fig. 7.   Layout of the proposed SC power converter. 

 

The proposed SC power converter has been designed and 
simulated with TSMC 0.35µm CMOS N-well process. The 
layout, as shown in Fig. 7, has been submitted for 
fabrication. The entire design requires a silicon area of 1.6 
mm × 2.2 mm, including all the pads and power transistors. 
Post-layout HSPICE simulation results are shown in due 
course. Fig. 8 shows the output voltage of the SC power 
converter in the steady state. The input voltage of the 
regulated system is designed to be 1.5V. With the switching 
(clock) frequency of 1 MHz, the output is regulated at 2.5 V 
with a ripple voltage of 7 mV and a load current of 250 mA. 
With reference to the interleaving clock signals shown in 
Fig. 9, we can clearly observe four peaks in each single 
switching cycle due to the proposed interleaving operation. 
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Compared to cross-couple voltage doubler design, the ripple 
voltage is reduced by 50%. With the same operation 
conditions, the simulated efficiency of the converter is 
83.2%.  

 

 
Fig. 8   Simulated output voltage in steady state. 

 

 
Fig. 9   Simulated interleaving clock signals. 

 

The transient performance of the propsed SC power 
converter are also evaluated by HSPICE simulations. Fig. 10 
shows the start-up transient of the output VO, with reference 
to the output voltage of error amplifier. With 10-Ω load, the 
output VO settles at 2.5V with 41-µs start-up transient time.  

 

Fig. 10 Simulated start-up transient waveforms at: (top) the output 
VO, and (bottom) the output voltage of error amplifier. 

   

Fig. 11 shows the load transient performance of the 
proposed SC converter. As shown in the figure, a step 
change occurs at 100 µs in the simulation, resulting in a load 
current increase from 165 mA to 250 mA. Due to the 
interleaving regulation, the output voltage settles within 3 µs 
with a voltage drop of only 22 mV. 

 

Fig. 11 Simulated load transient waveforms at: (top) the output VO, 
(middle) control signal at the load, and (bottom) the close-up look 
at the output VO.    
 

IV. CONCLUSION 

A new SC DC-DC power converter is presented in this 
paper. With the proposed architecture and interleaving 
regulation technique, the converter’s performances on ripple 
voltage and transient response are improved. Detailed control 
scheme and circuit implementation are discussed. The 
simulation results on both steady state and dynamic transient 
are given to verify the design idea. The design provides a 
cost-effective solution in designing low-voltage high-
performance integrated SC power converters. 
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4.3 z-Domain closed-loop gain design

Figure 9 shows the control block diagram in the z-domain.

The modeling is based on the analog PWM based con-

troller in Fig. 7, because the hysteresis control in Fig. 8 is
absolutely stable. The proposed controller in Sect. 4.1 is to

accomplish three functions: error detection, resolution

enhancement and PWM modulation. The error amplifier
detects the regulation error between VOUT and Vref. It also

provides a proportional control that enhances the signal

processing resolution and improves the regulation accu-
racy. In this design, a dominant pole in the amplifier is

located at fp = 5 kHz, which gives the pole pe \ 1 in the z
domain. We thus model the error amplifier as

HerrorðzÞ ¼
kerrorz$1

1$ pez$1
: ð24Þ

Another major part of the feedback control is the PWM

modulator. The PWM modulator imposes the computed

error on a reference clock signal to generate the instant
duty ratio. In the z domain, it is modeled as

HPWMðzÞ ¼ kPWM: ð25Þ

By combining with Eq. 22, we obtain the system’s closed-

loop gain as

TðzÞ ¼ HpsðzÞHerrorðzÞHPWMðzÞ

¼ 4akPWMkerrorz$1 1þ z$1ð Þ
1$ pez$1ð Þ bþ z$1ð Þ : ð26Þ

Our analysis shows that the two poles in Eq. 26 are both

less than 1, the controller is naturally stable and no extra
compensation network is needed.

5 Experimental verification

The proposed closed-loop SC power converter was
designed and fabricated with TSMC 0.35-lm CMOS

Fig. 8 Block diagram of the digital interleaving regulation scheme
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Fig. 9 z-domain closed-loop control block diagram

Analog Integr Circ Sig Process (2010) 62:361–372 369

123

fOUT and fref are used to 
control duty cycles and 
therefore keep VOUT at a 
design set point
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Abstract 

 
Multi-phase 1GHz charge-pump in 32nm logic process 

demonstrates a compact area (159X42�m2) for boosting 2Vth 
to 3-4Vth.  Self contained clocking with metal-finger 
capacitors enable embedding voltage boost functionality in 
close proximity to digital logic for supplying low current Vmin 
requirement of logic blocks.  Multi-phase operation avoids the 
need for a storage reservoir capacitor, enables fast (5ns) 
ON/OFF output transition, and provides a gated power 
delivery solution for blocks having state-preservation Vmin 
requirements. Charge pump operates as 1V to 2V doubler with 
>5mA capability. 
 

Introduction 
With the continued scaling of VLSI technology, state 

storage elements in logic chips have run into the limitations of 
requiring a minimum supply (Vmin) for operation.  Power 
gated logic blocks – to reduce leakage power – often require 
state retention in SRAM and register-file blocks when the Vcc 
is throttled down fig. 1.  Voltage doubling charge pumps (CP) 
allow a single supply to power logic blocks with Vmin 
requirements being achieved by pumping up the supply.  This 
avoids the need for an additional rail and associated cost with 
providing the external voltage regulator support for this rail. In 
addition, distributing multiple charge pumps allows multiple 
distinct Vmin requirements of logic blocks to be supported  

In applications where the charge-pump provides Vmin for 
storage elements, boost requirements from around 2Vth (avg. 
threshold voltage of P/N device) to 3-4 Vth is needed.  
Additionally, rapid turn-on turn-off and small area is a 
desirable feature for the pumps to work as a gated power 
delivery solution which provide the boosted Vcc only when the 
main Vcc is throttled down.  This work presents a mA level 
small area high-frequency charge pump. Multi-phase 
operation – with phase separation in the order of  process 
buffer delays --  allows low ripple supply for small blocks  
without requiring large reservoir capacitors. Compact mA 
level pump with 1GHz operation is achieved with 32nm logic 
process [1] using metal finger capacitors (MFC). 

Fig 1. Distributed charge-pump 
supporting Vmin requirement 
for digital logic
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Fig 3. Single stage of differential-pump showing in-built  ring oscillator delay stages, 
main and auxilary drivers, commutation switches, gate drive and fail-safe circuits
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Circuit Description 

A. Charge Pump operation 
Classic Dickson style charge pump [2] is used in this work 
with 4-switch per main capacitor.  Fig 2. shows 4 cycles of 
operation initiated by charge-up of capacitor to Vcc, 
commutation of switch, boost of voltage to 2Vcc and discharge 
to the output. Operation in 1-2-3-4-3-2-1 eliminates 
short-circuit paths which prematurely discharge the capacitor 
and allow for efficiency to approach ideal efficiency of 
Vout/(2Vcc).   
B. Pump Configuration 

Fig 3. shows the basic building block, the differential pump 
stage.  It includes main capacitors Cm, caps for level 
translation Ca1/Ca2, inverter-nand 4-phase non-overlap driver 
(indicated in the figure) for switching the caps. Topology is 
similar to that in [3] described by Phang in [4]. However, 
significant differences are present:  output switches P1-P6 are 
P only,  no attempt is made to set wells to high bias (parasitic 
bipolar concerns are low at the 1V voltage levels), main 
devices N2/P2, N1/P1 are turned off by connecting gate to 
source via N3/N4, P3/P4 rather than applying a fixed level 
translated voltage (Vcc to 2Vcc translator) to the gates. 

CP stage embeds the delay elements of the ring oscillator 
and derives all 4 phases through simple inverter-nand 
combination from 2 phase non-overlapped clock CK, CKB.  
Phase can be power-gated by disabling footer device through 
stgen. 

Fig 4. shows the overall multi-phase charge pump comprised 
of 32 stages (159X42�m2). 4 stages are combined with a local 
non-overlap guarantee circuit – actual design allows for 3 of 
the four stages to be gated for operating pump in sustain mode. 
Ring-oscillator is completed by chaining a forward path from 
input (top of fig.) via (FCK/FCKB) and then returning via the 
pump stage buffers.  Selectable 2ip MUX allows 
ring-oscillator path to be shortened in steps of  4-stages, thus 
allowing frequency of the pump – and pump Rout to be 
digitally varied for regulation purposes.  Sel settings for F to 
F/8 are shown in fig. 4. Cm was optimized for achieving best 
performance in the range of  F/2 (1GHz) to F/8, with F 
frequency setting as a high current low-efficiency option.  

Dickson type CPs. Operation in 1-2-3-4-3-2-1 eliminates short-circuit paths which prematurely 
discharge the capacitor and allow for efficiency to approach ideal efficiency



MULTI-PHASE 1GHZ VOLTAGE DOUBLER CHARGE-PUMP IN 32NM LOGIC PROCESS

1. Somasekhar, D., Srinivasan, B., Pandya, G., Hamzaoglu, F., Khellah, M., Karnik, T., & Zhang, K. 
(2010). Multi-phase 1 GHz voltage doubler charge pump in 32 nm logic process. IEEE Journal of 
Solid-State Circuits, 45(4), 751-758.

Image source: [1]

1972009 Symposium on VLSI Circuits Digest of Technical Papers

CP 4 stage

CP 4 stage

CP 4 stage

CP 4 stage

CP Input

CP 4 stage

CP 4 stage

CP 4 stage

CP 4 stage

Pump Logic

0

4

8

12

16

20

24

28

31

Fig 4. Multi-phase pump with in built ring oscillator, frequency control, local 
overlap generation, and startup circuits

F
C

K

C
K

O

C
K

O
B

F
C

K
B

F
C

K
O

C
K

B

C
K

FC
K

O

S
E

L 1 1

f/2

Freq F F/2 F/4 F/8
Sel 0-3 1 0 0 0
Sel 4-7 1 1 0 0
Sel 8-11 1 0 0 0
Sel 12-15 1 1 1 0
Sel 16-19 1 0 0 0
Sel 20-23 1 1 0 0
Sel 24-27 1 0 0 0
Sel 28-31 1 1 1 1

42�m

15
9�

m

Pump logic

P
um

p 0-15
P

um
p 16-31

Tosc 
< N X Tstg

= N X Tstg

> N X Tstg

CP-Input

C
P

-4
S

ta
ge

CP-Startup

de
la

y

d
is

ab
le

C
K

C
K

B

F
C

K

FC
K

B

Vcc

Vo

disable

This multi-phase (32 phase) design allows output power pulses 
to be supplied once every 2 inverter delay at all frequency 
settings. CP output ripple is at a very high frequency and 
extremely low in magnitude.  A specialized input structure 
(CP-input) is used as shown in fig. 4 to allow frequent 
ON/OFF operation.  With pump disabled both sides of the 
differential stages are forced low with Vo shorted to Vcc 
(CP-startup). This ensures that all main caps are charged to 
Vcc-Vth – via N5/N6 in fig 3.  On wakeup one side of the 
differential ring is woken up by CP-input which immediately 
causes capacitors on that side to discharge to the output. 
Predictable wakeup is ensured by preferentially waking up one 
side of the ring-oscillator before the other. For fast wake-up 
pump wakes up at high-freq (all sel lines at 1). The fast forward 
connection from cp-input to all 8 cp-4stages is desirable since 
all 8 stages drive the output simultaneously. Low frequency is 
selected after output voltage is fully ramped.  Switching of sel 
lines is controlled by pump-logic.  Note, a high to a low-freq 
switch can cause a transient mode to be present in the ring-osc. 
CP-input is gated to kill such modes by testing all 8 cp-4stage 
have the same value. 

An embedded ring-oscillator approach to generate the CP 
frequency is required to prevent increased output ripple.  Fig  4. 
shows the issue of having a separate oscillator which is not 
synchronized to the delays between stages.  For a zero ripple 
situation it is necessary that  Tosc = N X Tstg.  Note, for the 
same reason, while the ckt. allows frequencies other than F/2n 
only F/2n frequencies have zero ripple characteristics. 

Fig 5. shows area and layout of CP 4-stage . MFC cap 
structure has majority of cap coming between diffusion 

Fig 5. Layered capacitor structure for main and auxilary caps highlighting the use of trench to 
poly cap.  Breakdown of charge pump layout usage and placement of components
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trench contacts to metal gates since 1 metal pitch allows 2 
fingers are present at the trench contact gate layer.   
NWELL/trench-contacts form the bottom plate of Cm which 
continues upto met2 with met3-4 implementing Ca1/Ca2.  
10% of the area in the implementation was unused, but is 
included in area numbers. Estimated cap is 8 X 250fF in the 
given area. 

Results and Conclusions 
Fig 6. shows load line superimposed on example leakage 

current draw of inverter loops. Frequency range of F/2 to F/8 is 
shown (F/2 ~ 1GHz) at 2 temperature points and is sufficient to 
cover the leakage variation across temperature. Note 1V 
corresponds to 2.3Vth point for the process. Fig 7. shows pump 
efficiency with ideal efficiency curves. At low loads ring-osc 
& switching losses dominate. High load efficiency approaches 
ideal efficiency. In general efficiency of around 60% can be 
maintained with frequency changes while supplying load 
currents in excess of  5mA at 3Vth (~1.5V) point. Fig 8. shows 
the pump operation as it is enabled. Initial ramp up of voltage 
is slow and linear as capacitors charge from Vcc-Vth to full 
Vcc. Enable time of 5ns is achieved.  Fig. 9. shows 
measurement at -10C of a representative wafer showing good 
functionality of dies demonstrating charge pump as a building 
block for supporting Vmin requirement of logic blocks. 

Fig 8:  Pump non overlap waverforms,  
High speed wakeup is shown

Fig 9:  Single wafer measurement proving 
pump operation at 3Vth point
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Implementation on a die

Self contained clocking

Interleaving enables fast 
(5ns) ON/OFF output 
transition

Operates as 1V to 2V 
doubler with >5mA 
capability

Frequency and Rout of the 
pump can be digitally 
varied for regulation 
purposes
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This multi-phase (32 phase) design allows output power pulses 
to be supplied once every 2 inverter delay at all frequency 
settings. CP output ripple is at a very high frequency and 
extremely low in magnitude.  A specialized input structure 
(CP-input) is used as shown in fig. 4 to allow frequent 
ON/OFF operation.  With pump disabled both sides of the 
differential stages are forced low with Vo shorted to Vcc 
(CP-startup). This ensures that all main caps are charged to 
Vcc-Vth – via N5/N6 in fig 3.  On wakeup one side of the 
differential ring is woken up by CP-input which immediately 
causes capacitors on that side to discharge to the output. 
Predictable wakeup is ensured by preferentially waking up one 
side of the ring-oscillator before the other. For fast wake-up 
pump wakes up at high-freq (all sel lines at 1). The fast forward 
connection from cp-input to all 8 cp-4stages is desirable since 
all 8 stages drive the output simultaneously. Low frequency is 
selected after output voltage is fully ramped.  Switching of sel 
lines is controlled by pump-logic.  Note, a high to a low-freq 
switch can cause a transient mode to be present in the ring-osc. 
CP-input is gated to kill such modes by testing all 8 cp-4stage 
have the same value. 

An embedded ring-oscillator approach to generate the CP 
frequency is required to prevent increased output ripple.  Fig  4. 
shows the issue of having a separate oscillator which is not 
synchronized to the delays between stages.  For a zero ripple 
situation it is necessary that  Tosc = N X Tstg.  Note, for the 
same reason, while the ckt. allows frequencies other than F/2n 
only F/2n frequencies have zero ripple characteristics. 

Fig 5. shows area and layout of CP 4-stage . MFC cap 
structure has majority of cap coming between diffusion 

Fig 5. Layered capacitor structure for main and auxilary caps highlighting the use of trench to 
poly cap.  Breakdown of charge pump layout usage and placement of components
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trench contacts to metal gates since 1 metal pitch allows 2 
fingers are present at the trench contact gate layer.   
NWELL/trench-contacts form the bottom plate of Cm which 
continues upto met2 with met3-4 implementing Ca1/Ca2.  
10% of the area in the implementation was unused, but is 
included in area numbers. Estimated cap is 8 X 250fF in the 
given area. 

Results and Conclusions 
Fig 6. shows load line superimposed on example leakage 

current draw of inverter loops. Frequency range of F/2 to F/8 is 
shown (F/2 ~ 1GHz) at 2 temperature points and is sufficient to 
cover the leakage variation across temperature. Note 1V 
corresponds to 2.3Vth point for the process. Fig 7. shows pump 
efficiency with ideal efficiency curves. At low loads ring-osc 
& switching losses dominate. High load efficiency approaches 
ideal efficiency. In general efficiency of around 60% can be 
maintained with frequency changes while supplying load 
currents in excess of  5mA at 3Vth (~1.5V) point. Fig 8. shows 
the pump operation as it is enabled. Initial ramp up of voltage 
is slow and linear as capacitors charge from Vcc-Vth to full 
Vcc. Enable time of 5ns is achieved.  Fig. 9. shows 
measurement at -10C of a representative wafer showing good 
functionality of dies demonstrating charge pump as a building 
block for supporting Vmin requirement of logic blocks. 

Fig 8:  Pump non overlap waverforms,  
High speed wakeup is shown

Fig 9:  Single wafer measurement proving 
pump operation at 3Vth point
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This multi-phase (32 phase) design allows output power pulses 
to be supplied once every 2 inverter delay at all frequency 
settings. CP output ripple is at a very high frequency and 
extremely low in magnitude.  A specialized input structure 
(CP-input) is used as shown in fig. 4 to allow frequent 
ON/OFF operation.  With pump disabled both sides of the 
differential stages are forced low with Vo shorted to Vcc 
(CP-startup). This ensures that all main caps are charged to 
Vcc-Vth – via N5/N6 in fig 3.  On wakeup one side of the 
differential ring is woken up by CP-input which immediately 
causes capacitors on that side to discharge to the output. 
Predictable wakeup is ensured by preferentially waking up one 
side of the ring-oscillator before the other. For fast wake-up 
pump wakes up at high-freq (all sel lines at 1). The fast forward 
connection from cp-input to all 8 cp-4stages is desirable since 
all 8 stages drive the output simultaneously. Low frequency is 
selected after output voltage is fully ramped.  Switching of sel 
lines is controlled by pump-logic.  Note, a high to a low-freq 
switch can cause a transient mode to be present in the ring-osc. 
CP-input is gated to kill such modes by testing all 8 cp-4stage 
have the same value. 

An embedded ring-oscillator approach to generate the CP 
frequency is required to prevent increased output ripple.  Fig  4. 
shows the issue of having a separate oscillator which is not 
synchronized to the delays between stages.  For a zero ripple 
situation it is necessary that  Tosc = N X Tstg.  Note, for the 
same reason, while the ckt. allows frequencies other than F/2n 
only F/2n frequencies have zero ripple characteristics. 

Fig 5. shows area and layout of CP 4-stage . MFC cap 
structure has majority of cap coming between diffusion 

Fig 5. Layered capacitor structure for main and auxilary caps highlighting the use of trench to 
poly cap.  Breakdown of charge pump layout usage and placement of components
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trench contacts to metal gates since 1 metal pitch allows 2 
fingers are present at the trench contact gate layer.   
NWELL/trench-contacts form the bottom plate of Cm which 
continues upto met2 with met3-4 implementing Ca1/Ca2.  
10% of the area in the implementation was unused, but is 
included in area numbers. Estimated cap is 8 X 250fF in the 
given area. 

Results and Conclusions 
Fig 6. shows load line superimposed on example leakage 

current draw of inverter loops. Frequency range of F/2 to F/8 is 
shown (F/2 ~ 1GHz) at 2 temperature points and is sufficient to 
cover the leakage variation across temperature. Note 1V 
corresponds to 2.3Vth point for the process. Fig 7. shows pump 
efficiency with ideal efficiency curves. At low loads ring-osc 
& switching losses dominate. High load efficiency approaches 
ideal efficiency. In general efficiency of around 60% can be 
maintained with frequency changes while supplying load 
currents in excess of  5mA at 3Vth (~1.5V) point. Fig 8. shows 
the pump operation as it is enabled. Initial ramp up of voltage 
is slow and linear as capacitors charge from Vcc-Vth to full 
Vcc. Enable time of 5ns is achieved.  Fig. 9. shows 
measurement at -10C of a representative wafer showing good 
functionality of dies demonstrating charge pump as a building 
block for supporting Vmin requirement of logic blocks. 

Fig 8:  Pump non overlap waverforms,  
High speed wakeup is shown

Fig 9:  Single wafer measurement proving 
pump operation at 3Vth point
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This multi-phase (32 phase) design allows output power pulses 
to be supplied once every 2 inverter delay at all frequency 
settings. CP output ripple is at a very high frequency and 
extremely low in magnitude.  A specialized input structure 
(CP-input) is used as shown in fig. 4 to allow frequent 
ON/OFF operation.  With pump disabled both sides of the 
differential stages are forced low with Vo shorted to Vcc 
(CP-startup). This ensures that all main caps are charged to 
Vcc-Vth – via N5/N6 in fig 3.  On wakeup one side of the 
differential ring is woken up by CP-input which immediately 
causes capacitors on that side to discharge to the output. 
Predictable wakeup is ensured by preferentially waking up one 
side of the ring-oscillator before the other. For fast wake-up 
pump wakes up at high-freq (all sel lines at 1). The fast forward 
connection from cp-input to all 8 cp-4stages is desirable since 
all 8 stages drive the output simultaneously. Low frequency is 
selected after output voltage is fully ramped.  Switching of sel 
lines is controlled by pump-logic.  Note, a high to a low-freq 
switch can cause a transient mode to be present in the ring-osc. 
CP-input is gated to kill such modes by testing all 8 cp-4stage 
have the same value. 

An embedded ring-oscillator approach to generate the CP 
frequency is required to prevent increased output ripple.  Fig  4. 
shows the issue of having a separate oscillator which is not 
synchronized to the delays between stages.  For a zero ripple 
situation it is necessary that  Tosc = N X Tstg.  Note, for the 
same reason, while the ckt. allows frequencies other than F/2n 
only F/2n frequencies have zero ripple characteristics. 

Fig 5. shows area and layout of CP 4-stage . MFC cap 
structure has majority of cap coming between diffusion 

Fig 5. Layered capacitor structure for main and auxilary caps highlighting the use of trench to 
poly cap.  Breakdown of charge pump layout usage and placement of components
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trench contacts to metal gates since 1 metal pitch allows 2 
fingers are present at the trench contact gate layer.   
NWELL/trench-contacts form the bottom plate of Cm which 
continues upto met2 with met3-4 implementing Ca1/Ca2.  
10% of the area in the implementation was unused, but is 
included in area numbers. Estimated cap is 8 X 250fF in the 
given area. 

Results and Conclusions 
Fig 6. shows load line superimposed on example leakage 

current draw of inverter loops. Frequency range of F/2 to F/8 is 
shown (F/2 ~ 1GHz) at 2 temperature points and is sufficient to 
cover the leakage variation across temperature. Note 1V 
corresponds to 2.3Vth point for the process. Fig 7. shows pump 
efficiency with ideal efficiency curves. At low loads ring-osc 
& switching losses dominate. High load efficiency approaches 
ideal efficiency. In general efficiency of around 60% can be 
maintained with frequency changes while supplying load 
currents in excess of  5mA at 3Vth (~1.5V) point. Fig 8. shows 
the pump operation as it is enabled. Initial ramp up of voltage 
is slow and linear as capacitors charge from Vcc-Vth to full 
Vcc. Enable time of 5ns is achieved.  Fig. 9. shows 
measurement at -10C of a representative wafer showing good 
functionality of dies demonstrating charge pump as a building 
block for supporting Vmin requirement of logic blocks. 

Fig 8:  Pump non overlap waverforms,  
High speed wakeup is shown

Fig 9:  Single wafer measurement proving 
pump operation at 3Vth point
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CONCLUSION

§ SCC and interleaving 
regulation can be 
designed into off-chip 
and on-chip circuits

§ Enables large scale 
integration and 
miniaturization

§ Can handle low input 
voltages

§ With large N, very low 
ripple and fast response 
circuit designs are 
possible

Image credit: CBS Television Studios (CTS)
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Homework
Exercise 1:
§ Propose an alternative scheme to the common 2π / N inter-cell phase angle, 

and explain what benefits it might have. You can for example check
”Klaassens, J. B., De Chateleux, W. M., & Van Wesenbeeck, M. P. N. (1988). 
Phase-staggering control of a series-resonant DC-DC converter with 
paralleled power modules. IEEE transactions on power electronics, 3(2), 164-
173”. This paper is available from IEEE Xplore (lib.aalto.fi).

Exercise 2:
§ Shortly explain the benefits of increasing the number of sub-cells N in SCC 

with interleaving regulation


