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Abstract—IoT systems operate at low power domain to reduce
energy consumption. Switched-capacitor converters can achieve
high energy conversion efficiency while meeting the load require-
ments. Our proposed work optimizes the conversion efficiency
of the switched-capacitor converters in two stages: in the early
planning stage, we optimize the capacitance allocation among
multiple SCCs considering the load requirements in both the
active state and sleep state; in the runtime stage, we propose to
finely tune the switching frequency and switch width according
to load requirements of the active state. Results show that our
proposed work could improve the energy efficiency by around
13% and 3% in two stages, respectively.

Index Terms—switched-capacitor DC-DC converter, efficiency
optimization

I. INTRODUCTION

Internet of things (IoT) systems are powered by batteries
or energy harvesting systems. These systems should operate
at low power (µW range) to prolong the system lifetime with
limited form factor [1]. To maintain low energy level, function
blocks in IoT systems typically only work at active state
(Vactive, Iactive) for 0.1%− 1% of the whole operation time
(see Fig. 1(b)) [1]. To further reduce the energy consumption,
dynamic voltage scaling (DVS) [2] enables function blocks to
operate at the voltage which minimizes the sum of leakage
power and dynamic power. In addition, different function
blocks in IoT systems such as analog blocks and digital blocks
require independent power domains [3]. Hence, there is a great
demand of efficient voltage converters to down-convert the
input voltage into multiple output voltage levels as shown in
Fig. 1(a).

Compared with low drop-out regulator (LDO) and switched-
inductor converter (SIC), switched-capacitor converter (SCC)
is capable of achieving high power conversion efficiency and
different conversion ratios (see Fig. 1(c)) with relatively small
form factor [4], [5]. However, it still suffers from inherent
series losses and additional shunt losses which are related
to three key design parameters: fly capacitance, switching
frequency and switch width (see Table I). [6] proposes dig-
ital capacitance modulation schemes which can tune the fly
capacitance in the run time stage, but it ignores the total
available capacitance resource. [7], [8] optimize the limited
capacitance resource for power conversion among multiple
cores in a heterogeneous chip, but their work are not targeting
IoT systems. Some other works modulate switching frequency
and switch width for different load requirements [9]–[11].
However, the parameters are tuned in a coarse manner.

Fig. 1. (a) SCCs down-convert the battery voltage for function blocks. (b)
Load requirements in IoT systems. (c) 2:1 (left) and 3:2 (right) SCC topology.

Fig. 2. The output voltage range is divided into several regions representing
different possible selection ratios.

Our work optimizes the overall energy efficiency of the
SCCs for IoT systems in both the early planning stage
and runtime tuning stage. In the early planning stage, we
optimize the capacitance allocation of multiple SCCs with
corresponding selection ratio considering the load requirement
in both active state and sleep state (see Section II). Proper
capacitance allocation and ratio selection will enhance the
SCC efficiency. For example, as shown in Fig. 2, when the
operation voltage is slightly smaller than 0.6V, which falls into
the overlap region marked as red, choosing 2:1 conversion
ratio will demand more capacitance resource than choosing
3:2 conversion ratio (see Section II-A) while achieving higher
conversion efficiency. Since the limited form factor restricts the
available capacitance resource shared by all the SCCs, optimal
trade-off between capacitance allocation and ratio selection of

978-1-6654-8485-5/22/$31.00 ©2022 IEEE 3068

20
22

 IE
EE

 In
te

rn
at

io
na

l S
ym

po
si

um
 o

n 
C

irc
ui

ts
 a

nd
 S

ys
te

m
s (

IS
C

A
S)

 | 
97

8-
1-

66
54

-8
48

5-
5/

22
/$

31
.0

0 
©

20
22

 IE
EE

 | 
D

O
I: 

10
.1

10
9/

IS
C

A
S4

87
85

.2
02

2.
99

37
62

5

Authorized licensed use limited to: ShanghaiTech University. Downloaded on November 16,2022 at 05:06:29 UTC from IEEE Xplore.  Restrictions apply. 



TABLE I
THE MAIN LOSS MECHANISMS FOR A SCC [7], [10], [12].

Loss Mechanisms Formula Definition of Related Parameters

Load power loss Pripple = 1
2
Iout∆V =

I2out
2MtopoCswf

Iout: The load current of a SCC
Mtopo: A topology-dependent parameter
Csw: Total fly capacitance of a SCC
f : The switching frequency of a SCC
∆V : The output voltage ripple of a SCC

Conduction loss Pcond =
I2outMswRon

Wsw
=

I2outMswRon

σγCswf

Wsw: Total switch width
Msw: A topology-dependent parameter
Ron: Equivalent resistance of a switch when it is on
σ: A fitting parameter
γ: A topology-dependent parameter

Bottom plate loss Pbp = MpCswfV 2
dd

Mp: A topology-dependent parameter
Vdd: The supply Vdd to turn on the switch

Gate drive loss Psw = NswCgateWswfV 2
dd = σγNswCgateCswf2V 2

dd
Nsw: Number of switch in a SCC, a topology-dependent parameter
Cgate: The per-unit-width gate capacitance of the switch

all the SCCs will maximize the overall energy efficiency of
SCCs. In the runtime tuning stage, we finely tune the switching
frequency and switch width to adapt to the large range of
load requirements of the active state (see Section III). The
tuning parameters are determined offline by solving convex
problems to increase energy efficiency compared with coarse
tuning methods. Results show that our proposed optimization
could improve the energy efficiency by around 13% and 3%
in two stages, respectively.

II. EARLY PLANNING STAGE OPTIMIZATION

In this section, we first formulate an MINLP problem to
minimize the total energy consumption of multiple SCCs and
then present our method to solve it.

A. Problem Formulation
Assume that there are M function blocks in IoT systems,

and each block is supplied by an individual reconfigurable
SCC [9]. Further, we assume that there are N possible con-
version ratios for each SCC. In order to regulate the dispersed
relationship of the mth SCC and nth conversion ratio in
different states respectively, we use two binary variables Am,n

and Sm,n as the relationship indicators. In active (sleep) state,
if the mth SCC selects nth conversion ratio, we set Am,n

(Sm,n) to 1.

TABLE II
TOPOLOGY-DEPENDENT PARAMETERS [7], [10]. α = 0.1% IS THE RATIO

OF THE PLATE CAPACITANCE TO ITS EFFECTIVE CAPACITANCE

Conversion Ratio Vnl Nsw Mtopo Msw γ Mp

3:1 0.4V 7 9/8 2 3/4 0.2775α
2:1 0.6V 4 2 2 2 1/4α
3:2 0.8V 7 9/8 2 1 1/3α
4:3 0.9V 10 8/9 7/3 2/3 3/8α

Four main loss mechanisms and the corresponding expres-
sions are shown in Table I, which have been shown accurate
in [7], [10], [12]. We can obtain the power loss of a single
SCC by adding up the losses together

Pm
active(Am,n) =

em1 (Am,n)

Cm
sw

+ em2 (Am,n)C
m
sw

Pm
sleep(Sm,n) =

em3 (Sm,n)

Cm
sw

+ em4 (Sm,n)C
m
sw

(1)

where

em1 (Am,n) =
Imactive

2

Mtopo(Am,n)factive
+

Imactive
2Msw(Am,n)Ron

σγ(Am,n)factive

em2 (Am,n) = σγ(Am,n)Nsw(Am,n)Cgatef
2
activeV

2
dd

+Mp(Am,n)factiveV
2
dd

em3 (Sm,n) =
Imsleep

2

Mtopo(Sm,n)fsleep
+

Imsleep
2Msw(Sm,n)Ron

σγ(Sm,n)fsleep

em4 (Sm,n) = σγ(Sm,n)Nsw(Sm,n)Cgatef
2
sleepV

2
dd

+Mp(Sm,n)fsleepV
2
dd

(2)
Note that several parameters followed by Am,n or Sm,n are
related to the conversion ratios (see Table II). The switch width
is set as Wsw = σγfCsw [7].

The energy consumption of a single SCC is the total energy
consumed in both active state and sleep state. Thus, the
average power loss of the mth SCC is

Pm
average(Am,n, Sm,n) = Pactive(Am,n) · β

+Psleep(Sm,n) · (1− β)
(3)

Note that β represents the active state percentage in the whole
operation time and always locates in the range of 0.1%− 1%
in most of IoT applications. In Section IV, we set β to 1%.

To calculate the total power loss of all SCCs, we sum up
the average power loss of M SCCs together:

P total
loss =

M∑
m=1

N∑
n=1

(
Am,n · β · Pactive(Am,n)

+ Sm,n · (1− β) · Psleep(Sm,n)

) (4)

So we should minimize the objective function of Equation (4),
which is subject to the following constraints:

1) each of the M SCC would only choose one conversion
ratio, i.e.,

N∑
n=1

Am,n = 1,

N∑
n=1

Sm,n = 1,∀m = 1, 2, . . . ,M (5)
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2) the corresponding Cm
sw must satisfy the demand of the

maximum load current [7], which can be expressed as

Cm
sw ≥ Imactive

Mtopo(Am,n)(V m
nl (Am,n)− V m

active)f
m
active

Cm
sw ≥

Imsleep
Mtopo(Sm,n)(V m

nl (Sm,n)− V m
sleep)f

m
sleep

(6)

3) the total flying capacitance of all SCCs should not exceed
the total available capacitance Ctotal, i.e.,

M∑
m=1

Cm
sw ≤ Ctotal (7)

B. Solve the Problem

The optimization problem formulated above is an MINLP
with binary variables Am,n and Sm,n. Since the MINLP is
hard to solve [7], we could enumerate the possible conversion
ratios for each SCC in order to eliminate the binary variables
Am,n and Sm,n according to Fig. 2. After we eliminate the
binary variables, minimizing Equation (4) will be simplified
to convex sub-problems which are easier to solve. Hence, the
early planning stage optimization of capacitance allocation and
ratio selection is shown as the following steps:

1) First, we eliminate the binary variables Am,n and Sm,n

according to the knowledge that each SCC has at most
two possible ratios to achieve better efficiency. The rela-
tionship between the load demands and the possible con-
version ratios is shown in Fig. 2. The overlap distance
d is set to 0.1V . For example, if we have M = 4 SCCs
which supply active voltages 0.52V , 0.64V , 0.73V and
0.82V , respectively. The corresponding possible ratios
of these SCCs are {2:1,3:2}, {3:2}, {3:2,4:3} and {4:3}.
So there are K = 2 ∗ 1 ∗ 2 ∗ 1 combinations in this
case. The possible conversion ratio of sleep state can be
obtained in the same way. To conclude, we can simplify
the MINLP problems to K simple sub-problems, where
K ≤ 22M .

2) We could solve each of K sub-problems by CVX [13].
Then we get K optimized loss P total

loss,i, i = 1, 2, . . . ,K.
The optimized ratio selection, capacitance allocation are
obtained when the optimized loss is minimized, i.e.,
P total
loss = min{P total

loss,1, P
total
loss,2, . . . , P

total
loss,K}.

III. RUN TIME TUNING STAGE OPTIMIZATION

The capacitance allocation and ratio selection optimization
in the early planning stage promises the minimum energy
consumption when the load current is maximum. However,
when the load current falls down in the active state, f and Wsw

should also be scaled down to reduce the shunt down losses
consumed by bottom plate capacitor and switch gate capacitor
(see Table I). Coarsely scaling down f and Wsw with the same
scaling amplitude of load current [9], [10] is not considerate
regarding all the loss mechanisms. Thus, we propose a finely
adaptive tuning method minimizing all the energy consumed
by all the SCCs. Finely adaptive tuning method determines
the proper scaling of f and Wsw by offline optimization and
applies the parameters by adaptive tuning circuitry.

A. Offline Optimization

First, we will optimize fm and Wm
sw for 4 different

load currents Iload, which are Iactive, Iactive/2, Iactive/4,
Iactive/8. According to Table I, we consider f and Wsw as
variables while consider Csw and Am,n as constants obtained
in Section II. The power loss consumed by Mth SCC is

Pm
loss(Am,n) =

em5 (Am,n)

fm
+

em6 (Am,n)

Wm
sw

+ em7 (Am,n)W
m
swf

m + em8 (Am,n)f
m

(8)

where

em5 (Am,n) =
ImLoad

2

Mtopo(Am,n)Cm
sw

, em6 (Am,n) = ImLoad
2RonMSW

em7 (Am,n) = CgateV
2
dd, e

m
8 (Am,n) = Mp(Am,n)C

m
swV

2
dd

(9)
For the mth SCC, the objective function during adaptive

tuning can be expressed as

Pm
loss =

N∑
n=1

Am,n · Pm
loss,m(Am,n) (10)

The objective function is subject to the following constraints:
1) switching frequency fm and switch width Wm

sw should
be in a reasonable range, i.e.,

fsleep ≤ fm ≤ factive,∀m = 1, 2, . . . ,M

Wswmin
≤ Wm

sw ≤ Wswmax
,∀m = 1, 2, . . . ,M

(11)

2) switching frequency fm must satisfy the demand of the
load current, which can be expressed as

fm ≥ Imload
Mtopo(xm,n)(V m

nl (xm,n)− V m
load)C

m
sw

(12)

3) switching frequency fm and switch width Wm
sw should

satisfy the relationship shown in [10], which can be
expressed as

Wm
sw

fm
≤ 1

Mtopo(xm,n)RonCm
sw

(13)

We could solve 4 ∗ M problems by CVX [13] for M SCCs
with different current load. After that, we utilize the optimized
f and Wsw for further online tuning in Section III-B.

Fig. 3. Adaptive tuning block diagram
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TABLE III
COMPARISON OF EARLY STAGE OPTIMIZATION APPROACHES.

#SC Vact Iact Vslp Islp Ctol
No Optimization Ratio Optimization Our proposed Approach

Cm
sw ratio ratio Pm

ave η Cm
sw ratio ratio Pm

ave η Cm
sw ratio ratio Pm

ave η
(V ) (µA) (V ) (µA) (nF ) (nF ) act slp (µW ) (%) (nF ) act slp (µW ) (%) (nF ) act slp (µW ) (%)

SC1 0.52 600 0.28 5

10

2.6 3:2 3:1 1.02

70.48

2.6 2:1⋆ 3:1 1.02

78.77

1.7 2:1⋆ 3:1 1.15

83.89

3:2 3:2
SC2 0.64 400 0.32 20 1.7 3:2 3:1 7.64 1.7 3:2 3:1⋆ 3.35 3.5 3:2 3:1⋆ 3.752:1 2:1
SC3 0.73 800 0.34 15 3.5 4:3 3:1 3.29 3.5 3:2⋆ 3:1⋆ 2.98 3.1 3:2⋆ 3:1⋆ 3.064:3 2:1 4:3 2:1
SC4 0.82 500 0.45 5 2.2 4:3 2:1 0.93 2.2 4:3 2:1 0.93 1.7 4:3 2:1 1.21

B. Online Tuning
Adaptive tuning circuitry is digital and consumes little static

power [9] as shown in Fig. 3. We can use either clock divider
[9] or variable length ring oscillator [11] for switching fre-
quency tuning. Switch width tuning can be simply achieved by
preparing multiple transistors whose widths are preset. Coarse
tuning simply presets the transistors by doubling the width
several times, while fine tuning utilizes the optimized width
produced by offline optimization and applies the parameters
to the circuitry. Once the load current changes, the comparator
generates the counter through enable signals (Enf and EnW)
to tune the frequency and switch width to the next level.

IV. EXPERIMENT RESULTS

In this section, we present results to show the effectiveness
of our optimization work. We test the energy efficiency of
four reconfigurable SCCs which have four possible conversion
ratios to choose (see Fig. 2). The related parameters for the
SCCs are shown in Table II and Table IV.

TABLE IV
PARAMETERS OF SCCS.

Param. Vdd factive fsleep Cgate Ron σ β
Value 1.2V 10MHz 100KHz 3fF/µm 2kΩ · µm 2m/(mF·MHz) 1%

Our work consists of optimization methods in two stages.
The result of our proposed approach for the early planning
stage are shown in Table III. Subscripts slp/act/total are short
for sleep/active/total. The load requirements of both active
state and sleep state are obtained from reasonable scaling
of the values in [3], [11], [14], as shown in column 2-5.
Column 7-11 shows the approach without any ideas proposed
in our work and the capacitance is roughly allocated according
to the load current distribution. Column 12-16 shows the
approach with only conversion ratio optimization proposed in
our work, while the capacitance allocation remains the same
as in ‘No optimization’ approach. All possible ratio choices
are listed in Column 13-14. The voltage in the overlap region
has two possible ratio choices marked with a ‘*’. Optimizing
the conversion ratio selection increases the overall efficiency
by about 8%. Column 17-21 shows our proposed approach.
Capacitance allocation is determined according to the results
of the convex problem as we discussed in Section II. The
overall efficiency increases about 13% and 5% compared to
the former approaches respectively.

The results of the proposed adaptive tuning method are
shown in Fig. 4. The figure shows the relationship between the

Fig. 4. Calculated and simulated results with fine/coarse/no adaptive tuning

efficiency and load current measured by calculation and SPICE
simulation results when the output voltage is 0.52V . Without
applying any adaptive tuning methods, SCCs’ efficiency falls
dramatically as the load currents falls, contributed by large
shunt losses in the non-ideal component such as bottom-plate
capacitor and gate capacitor. Note that simulated results don’t
match calculated ones well without tuning, which is caused by
the misprediction of the gate drive losses when the frequency
is relatively large. The blue line shows the adaptive tuning
method which coarsely determines the switching frequency
and switch width. The black line shows our proposed method
in Section III. The parameters are finely tuned considering
all the loss mechanisms. Compared with the coarse adaptive
tuning method, the results show that our approach increases
the average efficiency by about 3%.

V. CONCLUSION

We propose a two-stage optimization method of SCCs for
IoT systems: In the early planing stage, capacitance allocation
and selection ratio are optimized by formulating and solving
an MINLP for the maximum load requirements. In the run
time tuning stage, we finely tune the switching frequency and
switch width in a large range of load requirements of the active
state to enhance the SCCs energy efficiency. Results show that
our proposed optimization could improve the energy efficiency
by around 13% and 3% in two stages, respectively.
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