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Abstract—A fully-integrated switched-capacitor (SC) DC-DC
converter that steps down 3.3 V to 1.5 V with a peak efficiency
of 68% is implemented in a 2P3M 0.6-µm CMOS process with
a 555 pF poly-poly flying capacitor and a 1.34 nF MOS tank
capacitor. This paper demonstrates a means of applying a low-
frequency input clock as part of a time-interleaving technique for
a symmetric charge-discharge topology that reduces the output
voltage ripple. Burst-mode pulse-frequency modulation is used to
maintain high efficiency over a wide range of load currents. A
maximum 27 mV in output voltage ripple is measured for load
current between 590 µA and 8 mA. In response to a load transient
from 560 µA to 5.1 mA, the SC converter shows no undershoot
and an overshoot of only 19 mV. Measured load regulation is
13.2 mV/mA.
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I. INTRODUCTION

Every electronic system needs power. Different circuits
inside these devices need different voltages to power them.
As the feature size of CMOS technology is decreasing, in-
tegrating the entire system on a chip (SoC) decreases the
system cost, size and weight. Though a low footprint profile is
upheld, the performance characteristics of power management
circuits, such as efficiency, load and line transients, and ripple,
cannot be compromised. To achieve high efficiency, DC-DC
converters are implemented with off-chip inductors, which
increase the cost, size and weight of the system. For on-chip
implementation of a DC-DC converter, a low drop-out (LDO)
voltage regulator is widely used. But the efficiency of LDO’s
are high only when the output voltage, VOUT , is slightly lower
than the input voltage, VIN . In particular, for a step-down
converter with a ratio of 2:1, where VOUT is half of VIN ,
an LDO has a maximum theoretical efficiency of 50%.

Nevertheless, LDO’s are necessary to power blocks which
are very sensitive to supply voltage noise, such as ana-
log, mixed-signal, and low-voltage digital circuits. Switched-
capacitor (SC) DC-DC converters are designed to achieve
the high efficiency characteristic of an inductor-based DC-DC
converter, but with no costly off-chip inductor. SC converters
are gaining attention due to the advantage of monolithic
integration of the converter for low-power applications.

In the past, SC converters were popularly used as charge
pumps for low-power applications such as level-shifters but
not as point-of-load (POL) converters for higher power appli-
cations. With recent developments and the increased use of

Fig. 1. On-chip capacitor structures popularly used in switched-capacitor
DC-DC converters. (a) MIM, (b) MOSCAP, (c) poly-poly, (d) deep-trench,
(e) horizontal MOM, and (f) vertical MOM.

low-power microprocessors for Internet-of-things (IoT) appli-
cations, SC converters have gained popularity. The availability
of high-density and low parasitic capacitor technologies in a
CMOS process allows the converter to achieve high efficiency
and high power density with an on-chip implementation.
Referring to Fig. 1, some of the available on-chip capacitor
technologies are metal-insulator-metal (MIM), MOS, poly1-to-
poly2 (poly-poly), deep trench, and metal-oxide-metal (MOM)
capacitors.

The use of a high-density capacitor, such as deep-trench
capacitor, allows for a large capacitor implementation in a
small area, suitable for high-power applications. A capacitor
with low bottom-plate parasitic capacitance, such as a MIM
capacitor, helps to reduce power loss associated with its
charging and discharging during each clock phase, making it
suitable for low-power and high-efficiency applications. Deep
trench and MIM capacitors require special processing steps
with additional metal layers which are not supported by all
process technologies. A capacitor with large separation, such
as MOM, allows holding higher voltages between two plates
and is suitable for high-voltage applications. However, a large
metal plate separation suffers from low capacitance density. A
MOS capacitor or MOSCAP is popularly used as an output or
decoupling capacitor where one terminal is always connected
to ground. Poly1-to-poly2 capacitors are constructed with two
poly layers separated with an insulator. As the poly layer is



Fig. 2. A 2:1 step-down SC converter topology showing (a) conventional asymmetric capacitor charging and discharge during each clock phase and (b) its
output voltage, and (c) symmetric charge-discharge topology with its (d) its output voltage.

close to the substrate, poly-to-poly capacitors suffer from high
bottom-plate parasitic capacitance.

All DC-DC converters have ripple on the output voltage.
Fully-integrated SC converters typically suffer from even
higher ripple in the output voltage due to the area-limited
size of the capacitors. For fully-integrated switched-capacitor
converters there is a trade-off between chip area and output
voltage ripple [1]. Efficiency is limited by the parasitic capaci-
tances associated with the flying capacitor and switches. Pulse
frequency modulation (PFM) is a popular control technique
used in SC converters to maintain high efficiency over a wide
load current range.

This paper presents a fully-integrated switched capacitor
DC-DC converter that converts 3.3 V to 1.5 V. It maintains
>50% efficiency while driving load currents from 590 µA to
8 mA with <27 mV output voltage ripple. The design imple-
ments a time-interleaving technique using a symmetric charge-
discharge topology. This SC converter has the advantage of
using a low input clock rate to achieve low output voltage
ripple. As the efficiency of DC-DC converter is limited by
the parasitic capacitance associated with the flying capacitor
and its switches, a multi-layer layout technique is used for
the flying capacitor in order to reduce the effect of parasitic
capacitances. To achieve better efficiency for a wide range
of load currents, we have implemented a burst-mode pulse-
frequency modulation (PFM) technique in the control loop.

The design of an SC converter with the proposed controller
is described in Section II, which includes detailed descriptions
of the symmetric charge-discharge topology, time-interleaving
with clock generation and burst-mode PFM control loop. The
converter hardware implementation and measurement results
are presented in Section III, along with a comparison to state-
of-the-art SC converters published in the literature. A brief
conclusion follows.

II. SC CONVERTER DESIGN AND CONTROL

A conventional 2:1 SC DC-DC converter, shown in Fig. 2(a),
consists of a single charge transfer capacitor, called the flying
capacitor, that delivers charge to the output load capacitor,
called the tank capacitor. This conventional topology suffers
from asymmetric output voltage ripple due to non-identical
charging and discharging configurations of CFLY during both
phases. In ϕ1, CFLY is charged with its bottom-plate (terminal
B in Fig. 2(a)) connected to CTANK . However, during ϕ2,
the top-plate (terminal A) of CFLY is connected to CTANK .

Also, during ϕ2 observe that CFLY is connected in parallel
with CTANK , increasing the output decoupling capacitance,
which lowers the output voltage ripple, as shown in Fig. 2(b).

The symmetric charge-discharge 2:1 SC topology [2] of
Fig. 2(c) divides the flying capacitor and four switches into
two equal halves, such that each half of the circuit is operated
in anti-phase. In this topology the tank capacitor is charged
during both clock phases generating a reduced, symmetric
output voltage ripple, as shown in Fig. 2(d).

1) Effect of Output Voltage Ripple on Power Loss: High ef-
ficiency demanded in modern power converters is achieved by
a thorough investigation of the various power loss mechanisms
in the power stage, gate drivers and control loop [3]. In SC
converters, the power loss of the gate drivers and control loop
is less critical compared to the loss incurred in the power stage,
due to the large switching capacitances.

Fig. 3. A 2:1 SC converter showing parasitic bottom-plate capacitance.

Referring to Fig. 3, at the end of ϕ1, CFLY is charged
to [(VIN/2) + ∆VOUT ] and at the same time CTANK is
discharged through IL to [(VIN/2) − ∆VOUT ]. At the end
of ϕ2, CFLY and CTANK are both discharged by IL to
[(VIN/2)−∆VOUT ].

Parasitic capacitor, CPB , is charged to [(VIN/2)−∆VOUT ]
during ϕ1, and discharges into ground during ϕ2, causing
power loss. The power loss due to the flying, tank and parasitic
capacitances is given by the following:

PLOSS = fCLK(CFLY + CTANK)(∆VOUT )2

+ fCLK(CPB)

(
VIN

2
−∆VOUT

)2

(1)

Parasitic capacitance CPB , associated with CFLY , depends
on the process and type of capacitor used. For an SC con-
verter implemented in newer processes with low bottom-plate
parasitic capacitance, the first term in (1) becomes significant.
CFLY constructed from poly1 and poly2 layers suffers from



a high parasitic capacitance compared to MIM capacitors on
high-level metal layers, making the power loss due to CPB
dominate in (1).

For a poly1-to-poly2 capacitor in a 2P3M process, the
parasitic capacitance, CPB , associated with a flying capacitor,
CFLY , is given by:

CPB =

(
CP1,SUB

CP1,P2

)
CFLY (2)

where CP1,SUB and CP1,P2 are the poly1-to-substrate and
poly1-to-poly2 capacitance per unit area, respectively.

Fig. 4. Multi-layer capacitor layout technique showing the introduction of a
series capacitor through a floating n-well.

In order to ensure the maximum possible converter power
efficiency, the flying capacitor can be implemented using a
multi-layer layout technique with a floating n-well, as shown
in Fig. 4. The bottom-plate parasitic capacitance is thereby
reduced to:

CPB =

(
CP1,NWELL || CNWELL,SUB

CP1,P2 + CP2,M1 + CM1,M2

)
CFLY (3)

where CP1,NWELL and CNWELL,SUB are the poly1-to-n-
well and n-well-to-substrate capacitance per unit area, re-
spectively, and CP2,M1 and CM1,M2 are the poly2-to-metal1
and metal1-to-metal2 capacitance per unit area, respectively.
This multi-layer layout technique reduces the parasitic capac-
itance by roughly 50% in the selected 2P3M 0.6-µm process.
Most of the reduction is due to placing floating capacitance
CP1,NWELL in series with CNWELL,SUB , as described in
the numerator of (3) with the operator ||.

The time-interleaving technique reduces the output voltage
ripple by distributing charge transfer to the tank capacitor over
n phases of the clock period 1/fCLK .

2) Burst-mode PFM Control: The block diagram of a fully-
integrated switched-capacitor DC-DC converter is shown in
Fig. 5. The topology employs four-phase time-interleaving on
a symmetric charge-discharge topology to reduce the output
voltage ripple. Burst-mode PFM is performed in the control
loop to achieve high efficiency at low load current. Input clock
CLKIN is divided into two clocks at half the frequency with
180o phase difference. In turn, they are divided into four clocks
at one-fourth the input frequency named ϕA, ϕB , ϕC and ϕD.

The output voltage is sensed by a continuous-time compara-
tor, which compares the output voltage, VOUT , with a reference
voltage, VREF . This comparator produces a logic high when
VOUT is less than VREF and logic low otherwise. The four

Fig. 5. Fully-integrated SC converter with burst-mode PFM and 4-phase
time-interleaving.

time-interleaved clocks ϕA – ϕD, are given to the RSTB pin
of an asynchronous D-flipflop, delayed using an RC network,
and given to CLK of the same asynchronous D-flipflop. The
output of the comparator is given to the DATA input of the
D-flipflop. When the comparator is high, the output clocks
are ON . They are OFF when the comparator output is low.
After the decision to switch on or off the clocks is made, these
clocks are given as input to two-phase non-overlapping clock
generators, then gate drivers, and then to switches.

III. IMPLEMENTATION AND MEASUREMENT RESULTS

Input VIN= 3.3 V is stepped-down to 1.5 V while driving
a nominal load current of 5 mA at a switching frequency of
15 MHz. Flying capacitor CFLY of 555 pF is used for charge
transfer. The parasitic capacitance associated with CFLY is
reduced from 44 pF computed using (2) to 25 pF computed
using (3) for the selected 2P3M process. An on-chip 1.34 nF
tank capacitor is used to reduce the output voltage ripple. To
integrate more capacitance in less area, the tank capacitor is
implemented as a MOSCAP.

Referring to the simulated output voltage waveform shown
in Fig. 6, we observe that the output voltage ripple is reduced
from 77 mV to 12.7 mV with 4-phase time-interleaving.
Applying the time-interleaving technique to the conventional
2:1 topology shown in Fig. 2(a), at least 8 phases are required
to achieve an output voltage ripple less than 15 mV. Instead,
we apply time-interleaving to the symmetric charge-discharge
topology shown in Fig. 2(c). Notice that clock skew from the
time-interleaved clock generator restricts further reduction of
the output voltage ripple.

Fig. 7 shows the measured output voltage waveform while
driving a 5.1 mA current load. It has an average value
<VOUT> of 1.51 V and ripple ∆VOUT of 21.4 mV. We
observe that a major portion of the output voltage ripple is
effected by clock skew, as both edges of the input 60 MHz
clock are used to generate the four 15 MHz interleaved clocks.
And because the duty-cycle is not exactly 50% when it arrives
at the chip, there is some phase error in the interleaved clocks,



Fig. 6. Simulated output voltages using time-interleaving technique where
the effect of parasitic capacitor, CPB associated with fly-capacitor is shown.

Fig. 7. Measured output voltage at 5.1 mA current load. ∆VOUT =15.2 mV
is measured by excluding the clock skew from flip-flops.

increasing the ripple in a particular phase. Along with clock
skew, the output voltage ripple is limited by noise, dead-time of
the non-overlapping clock generators, package parasitics, PCB
parasitics and fringing fields from the top-plate of the capacitor
to the substrate. The vast majority of the output voltage peaks
and valleys lie within the range of 15.2 mV, as shown in Fig. 7,
which is close to the simulated value of 12.7 mV. A peak
efficiency of 68% is measured at 8 mA and maintained >50%
down to a load current 590 µA. As such, this fully-integrated
SC converter outperforms an LDO, with a maximum efficiency
of less than 50%, over more than 1 decade of current range.

Fig. 8. Measured load transient response while switching the load current
between 5.1 mA and 560 µA.

A load transient between 5.1 mA and 560 µA with a rise
time of 20 ns and fall time of 90 ns is shown in Fig. 8. No
undershoot and a small overshoot of 19 mV are observed. The
output settles to an average voltage that changes by 60 mV,
resulting in a load regulation of 13.2 mV/mA. A plot of

measured efficiency at different loads is shown in Fig. 9(a), a
micrograph is shown in Fig. 9(b) and the test PCB in Fig. 9(c).

Fig. 9. (a) Measured efficiency versus load current, (b) die micrograph of
fully-integrated SC converter, and (c) test PCB.

Referring to Table I, observe that in the reported design a
voltage ripple <27 mV is obtained using an on-chip poly1-
poly2 type capacitor in a 2P3M process, whereas the work
in [4] uses large off-chip capacitors.

TABLE I. COMPARISON OF RESULTS

Compare [1] [5] [4] This Work
Process (µm) 0.13 0.045 0.6 0.6

η (%) 70 69 90 68
Fly-Capacitor MIM MIM Ceramic P1-P2

Tank-Capacitor MOSCAP+DMIM MOSCAP Ceramic MOSCAP
CFLY (nF) 0.936 0.534 2200 0.55
CTANK (nF) 5 0.7 2200 1.3

∆V (mV) 50 50 20 27
Area (mm2) 0.97 0.16 5.48 1.71

PD(mW/mm2) 24.5 50 - 6.4
<VOUT> (V) 0.55-0.3 0.8-1 3.3 1.5
IL,MIN (mA) 2 0.1 50 0.59
IL,MAX (mA) 8 8 500 8

IV. CONCLUSION

A 4-phase time-interleaved 2:1 switched-capacitor DC-DC
converter is implemented in a 0.6-µm 2P3M process with a
symmetric charge-discharge topology that converts 3.3 V input
to 1.5 V output. In order to achieve high efficiency at low
load current, a burst-mode PFM technique is implemented.
A multi-layer layout technique for poly1-to-poly2 capacitor
that reduces the parasitic capacitance by roughly 50% in the
selected 2P3M 0.6-µm process is described.
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