
Abstract—Switched-capacitor DC–DC converters are widely 
used for fully integrated on-chip power supplies due to their high 
efficiency and compact footprint. Existing design approaches 
provide effective circuit analysis but limited guidance for 
systematic circuit-level design. This work presents a topology-
independent design methodology based on a static ohmic-loss 
model and the boundary between full and partial transfer. By using 
the boundary as the design target, capacitance allocation, 
MOSFET sizing, and clock period are jointly optimized while 
ensuring simultaneous boundary operation of all flying capacitors. 
The resulting design flow is demonstrated on a telescoping-stage 
converter. Simulation results closely match theoretical predictions 
and confirm minimum-loss operation, providing a practical and 
systematic framework for SC converter design. 

Index Terms—Switched-capacitor dc–dc converters, charge 
pump, power supplies, boost, optimization, design, sizing, low-loss, 
capacitance allocation, clock frequency, low-power, on-chip. 

I. COMPACT & EFFICIENT ON-CHIP POWER SUPPLIES 

With rising demand for compact, low-power devices, system-
on-chip solutions are increasingly used. Switched-capacitor 
(SC) converters outperform switched-inductor ones due to less 
nonideal on-chip capacitors and higher energy density [1], [2]. 
In Fig. 1, SC converters can harvest energy from batteries or 
transducers to power sensors, transmitters, and DSPs [3]–[25]. 

 
Fig. 1. Switched capacitor dc-dc converter for low power IoT systems. 

Existing SC analyses have established transfer regimes and 
loss mechanisms [26]–[33]. Building on these analytical 
foundations, this work develops a topology-independent design 
methodology that uses the boundary as the design target to 
jointly determine capacitance allocation, clock period, and 
MOSFET sizing through closed-form equations. The resulting 
methodology provides a complete design flow rather than 
heuristic parameter selection. 

This paper is organized as follows: Section II presents SC 
topologies. Section III shows the output resistance derivation. 
Section IV explores capacitance allocation. Section V discusses 
the clock:switch design of the SC converter, and Section VI 
provides a design example. Section VII concludes the paper. 

II. SWITCHED-CAPACITOR POWER SUPPLIES 

Over the years, many SC topologies have been proposed for 
various applications. Existing literature typically classifies them 

based on operating principles rather than circuit structure. This 
work focuses on voltage-boosting topologies for IoT systems. 

A. Single Stage 

A single stage converter transfers energy from input to output in 
one step. All flying capacitors CF are first charged in parallel, 
then connected in series to boost the voltage, as shown in Fig. 2, 
with no intermediate stages or cascaded redistribution. 
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Fig. 2. Single stage (parallel–series) topology. 

The nominal voltage boosting gain AV depends on the 
number of CF, NX. 
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where vO and vIN are the output voltage and input voltage 
respectively. The “+1” accounts for the vIN itself. This 
corresponds to the ideal, unloaded voltage gain of the converter. 

B. Multi-Stage 

Multi-stage converters extend the single stage by dividing 
energy transfer into multiple sequential stages. Intermediate 
nodes incrementally boost the voltage to vO, as shown in Fig. 3. 
Its AV matches the single stage case for the same NX. 

 v୓ሺ୑ሻ ൌ v୒ ൅ v୍୒ ൌ Nଡ଼v୍୒ ൅ v୍୒. (2) 
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Fig. 3. Multi-stage topology. 

C. Telescoping  

Telescoping topology further extends the multi-stage approach, 
with sequential charge transfer through cascaded intermediate 
stages. This allows higher voltage gains with fewer CF. For 
instance, the topology in Fig. 4 follows a Fibonacci-like pattern. 

 v୓ሺ୘ሻ ൌ v୒ ൅ v୒ିଵ. (3) 
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Fig. 4. Telescoping topology. 
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D. Reconfigurable  

Reconfigurable stages further extend SC topologies by allowing 
CF to be connected in series or parallel, with stages bypassed or 
merged as needed, as shown in Fig. 5. Unlike fixed-stage 
topologies, they do not increase the maximum conversion ratio 
but enable near-optimal ratio selection over a wide load range. 

CFX

 
Fig. 5. A reconfigurable flying capacitor. 

E. Optimization  

AV is achieved under no-load conditions, when all CF are fully 
charged with no charge flow through intermediate stages. Under 
load iLD′, vO drops as each CF charges and discharges, causing 
ohmic loss. Thus, optimal design depends on a fixed iLD′. 

 Optimization ൌ fሺi୐ୈ
ᇱሻ. (4) 

III. OUTPUT RESISTANCE 

A. Static Ohmic Model 

As shown in Fig. 6, a static ohmic model characterizes the SC 
converter in steady state. It is modeled as an ideal transformer 
with gain AV and output resistance RO capturing conduction loss 
PR from iLD, appearing as a voltage drop vR. RB denotes bottom-
plate capacitors, is omitted for illustration purposes. 

 Pୖ ൌ i୐ୈ
ଶR୓ ൌ i୐ୈvୖ. (5) 
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Fig. 6. Static ohmic model of switched-capacitor converter. 

As illustrated in Fig. 7, the simulated output voltage vO of the 
SC converter does not reach the ideal value AVvIN under a finite 
load iLD. Instead, a voltage difference vR always exists. 

 vୖ ൌ v୍୒A୚ െ v୓ሺ୅୚ୋሻ ൌ i୐ୈR୓. (6) 

vO exhibits small oscillations due to the combined effects of the 
iLD and charge redistribution from the preceding stage.  
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Fig. 7. Simulated vO with corresponding vR compared against vINAV. 

B. Transfer Loss  

Transfer Regimes: The SC converter operates differently under 
full transfer (FT) and partial transfer (PT) conditions. FT occurs 
when the CF voltage vC reaches its target voltage vT within the 
charging portion of the clock period tCLK, assumed here as 50% 
of tCLK for illustration in Fig. 8. In contrast, PT occurs when vC 

fails to reach vT during this interval. vH is the peak voltage of vC 
during tCLK, and PT occurs when vH is less than vT. 
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Fig. 8. Simulated voltage changes on a CF at full transfer or partial transfer. 

In PT, CF is not fully charged, leading to lower transfer 
currents. This reduces PR as explained in [31]–[33]. However, 
decreasing tCLK rapidly increases switching-related losses. 

Regime Boundary: As established in [26], operation deep in 
FT region increases PR. Therefore, the FT/PT boundary 
provides the optimal operating point and is adopted as the design 
target. Accordingly, tCLK is chosen such that vH reaches 
approximately 99.5% of vT within the charging half-cycle. 
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Beyond this point, further settling only increases transferred 
charge and reduces efficiency. Under this condition,  

 tେ୐୏ ൎ 4.34τୖେ ൌ 4.34C୉୕R୉୕,   (8) 

where CEQ and REQ are effective capacitance and resistance. 
Charge-Sharing Model: The 99.5% criterion approximates 

the boundary with negligible deviation from FT, allowing PR to 
be modeled using FT model. To evaluate it, the charge-sharing 
between C1 and C2, as shown in Fig. 9, is modeled using CEQ,  

 C୉୕ ൌ Cୗ୉ୖ ൌ Cଵ ⊕ Cଶ ൌ
C2C1

C1൅C2
. (9) 

The symbol ⊕ denotes a parallel-resistor-like operation. 
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Fig. 9. Equivalent loss model for charge sharing. 

When C1 and C2, initially charged to v1 and v2, are connected, 
charge redistributes and part of the stored energy is dissipated 
through resistive paths. The resulting ohmic loss equals the 
difference ER between the initial and final stored energies. 
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This loss can be modeled by charging CEQ with v1 − v2, as shown 
in Fig. 9, and iX is the transient current. PR of this transfer is, 

 Pୖ ଡ଼ ൌ
ERX
tCLK

ൌ kୖtେ୐୏.   (11) 

Voltage swing: After iLD discharges CO, preceding stages 
replenish it in cascade. Each CF shows a voltage change ΔvC set 
by iX, an integer multiple, NLD, of iLD set by the topology. 

 ∆vେሺଡ଼ሻ ൌ
qX

CFX
ൌ

iXtCLK
CFX

ൌ
NLDiLDtCLK

CFX
. (12) 

As shown in Fig. 10, ΔvC increases with longer tCLK due to 
increased charge transfer per period, leading to higher PR.  
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Fig. 10. Simulated ΔvC with different tCLK with full transfer. 

C. FT Output Resistance:  

RO, which characterizes the total PR, can be extracted using 
static ohmic model by factoring out the iLD

2 term. 

 R୓ ൌ
PR

iLD
2 ൌ

∑ PRX
ొ౔
౔స1

iLD
2 . (13) 

For an SC converter, the total PR is given by the sum of PRX, 
which corresponds to an individual transfer. Each PRX can be 
calculated as given by (11). 

IV. OPTIMAL CAPACITANCE ALLOCATION 

A. Limited Total Capacitance 

Using very large capacitors reduces ohmic loss by lowering the 
voltage drop ΔvC on each capacitor. In practice, the total on-chip 
capacitance CTOT is limited and shared between CF and CO. 

 C୘୓୘ ൌ C୓ ൅ ∑ C୊
୒౔
ଡ଼ୀ1 . (14) 

Therefore, increasing CO inevitably reduces the budget for CF, 
requiring an optimal allocation between CO and CF. 

B. Flying Capacitance  

Since the last CF, CFN, directly replenishes CO, it has a reference 
ΔvC′ within one clock cycle. All CF must operate at the FT/PT 
boundary. Thus, each stage is sized to experience the same ΔvC′, 
and each CF is scaled based on CFN and iX based on iLD, 

 C୊ଡ଼ ൌ C୊ሺ୑୍୒ሻ ൬
iX

iLD
൰ ൌ C୊୒N୐ୈ, (15) 

where CFX is the capacitance of the CF at that stage. 

C. Low Loss  

vR, defined in (6), has two components: vRO and vRC. vRO comes 
from the output voltage ripple ΔvO, while vRC is the sum of ΔvC 

across all preceding CF, as shown in Fig. 7. 

       vୖ ൌ vୖ୓ ൅ vୖେ ൎ
1
2Δv୓ ൅ ∑ ∆vେሺଡ଼ሻ

୒౔
ଡ଼ୀ1     

             ൌ
1
2ቆ

0.5qLD
CO൅COEQ

൅ 0.5qLD
CO

ቇ ൅ Nଡ଼
ଶ ൬

qLD
CTOTെCO

൰.  (16) 

Only about half of ΔvO contributes since charge sharing occurs 
only when CO is replenished by the preceding stage. Since vR 
reflects PR, capacitance allocation aims to minimize vR, i.e., 
minimize PR. COEQ is the equivalent capacitance of the CF group 
that directly replenishes CO, and is the only topology-dependent 
parameter in the proposed methodology. For a single stage, all 
CF are connected in series, yielding the minimum COEQ. For a 
multi-stage, a single CF replenishes CO, giving the maximum 
COEQ. Telescoping converters lie between these two limits, 

   C୓୉୕ሺୗሻ ൌ
CTOTെCO

NX
2 ൏ C୓୉୕ሺ୘ሻ ൏ C୓୉୕ሺ୑ሻ ൌ

CTOTെCO
NX

. (17) 

D. Ohmic Loss Minimization  

Increasing CO reduces vRO but, under a limited CTOT, leaves less 
budget for CF, increasing vRC. As a result, CO can be increased 
until the additional vRC cancels the reduction in vRO, yielding a 
minimum vR. With COEQ determined for a given topology and 
CFX scaled by (15), (17) reduces vR to a function of the single 
variable CO. The optimal CO is then obtained from, 
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V. LOW-LOSS CLOCK:SWITCH DESIGN  

A. Boundary Clock:Width Relationship  

After capacitance allocation, given CFX and the resulting CEQ, 
each tCLK uniquely determines REQ, and the MOSFET switch 
width WMOS required based on (8) 

        W୑୓ୗ ൌ
kΩ

NSRSW
≡

kΩ
REQ

ൌ
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ൌ  
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,       (19) 

where NS is number of switches, and kΩ includes all terms 
independent of tCLK and WMOS. This forms the basis for 
systematically minimizing total MOSFET loss PMOS. 

B. Boundary MOS Loss  

PMOS includes the gate-drive loss PG, originating from charging 
and discharging the MOSFET gate capacitances every tCLK. The 
PG of a transfer event, PGX, is, 

 Pୋଡ଼ ൌ vୈୈ ൬
qG

tCLK
൰Nୗ ൌ
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ᇲ
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ൌ

kG
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2. (20) 

Both kR and kG are defined similarly to kΩ. 

C. Optimal Boundary Clock & Width  

To find the optimal WMOS and tCLK that minimize PMOSX, the 
derivative of PMOSX with respect to tCLK is set to zero.  
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Solving (21) gives the optimal clock tCLK′, which increases with 
NS and CEQ, and decreases with iLD. 

                         tେ୐୏ᇱ ൌ ඨ
2kG
kR

3
∝

NSCEQ
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. (22) 

The corresponding optimal MOS transistor width WMOS′ is 

 W୑୓ୗ
ᇱ ൌ

4.34kΩCEQ

tCLK′
∝ i୐ୈ. (23) 

This only illustrates the optimization for a single transfer event. 
In practice, each transfer in the SC topology must be optimized 
individually using the same method. 

VI. TELESCOPING 1 : 5 V BOOSTING EXAMPLE 

A. Architecture and Design Flow 

A telescoping topology is used as a representative SC converter 
with nonuniform CF allocation. The proposed methodology 
consists of five steps: allocate CF ratios, determine CTOT, 



optimize the CO–CF allocation, determine tCLK from the 
boundary, and size the MOSFET by solving kΩ, kR, and kG. Fig. 
11 shows a 1:5 telescoping converter with three CF.  Odd and 
even switches operate on non-overlapping clock phases.  
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Fig. 11. Telescoping stage with boosting ratio of 1 to 5. 

B. Capacitors 

In this topology, shown in Fig. 12, CF1 charges CF2 and CF3 
simultaneously. As a result, its current iX is twice iLD. To reach 
the same ΔvC′, CF is scaled as, 

 C୊ଵ ൌ 2C୊ଶ ൌ 2C୊ଷ. (24) 
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Fig. 12. Pre-charge and supply phases for charging cycles. 

With CTOT of 1 nF, CO′ is 100 pF verified by simulation, as 
shown in Fig. 13, to minimize vR. This results in CF1 being 
450 pF and CF2 and CF3 being 225 pF each. 

 
Fig. 13. ΔvO, vR, ∑ΔvC, and CF across CO at FT showing vR(MIN). 

C. Clock 

With the capacitors set, each transfer can be optimized at the 
boundary. As an example, consider the transfer where vIN 
charges cascaded CF2 and CF3 . CEQ of this transfer event is 

 C୉୕ ൌ C୊ଶ ⊕ C୊ଷ ൌ
CF3

2 ൌ 113 pF. (25) 

Four switches are used, so NS is 4 and corresponding kΩ is, 

 kஐ ൌ Lେୌ ቈ
1
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ᇲ
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Then kR derived from (10) and (12) is  

 kୖ ൎ ቀ
1
2ቁ C୉୕ ൬

2iLD
CF3

൰
ଶ
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F .    (27) 

qG′ indicate amount of charge needed per width, and kG is, 

 kୋ ൌ 4.34vୈୈqୋᇱNୗkஐC୉୕ ൌ 9.95x10ିଶଵ FଶvଶΩ.    (28) 

Using kR and kG, tCLK′ is 355 ns and WMOS′ is 3.24 μm. 

D. MOS 

After the optimal tCLK′ and WMOS′ are determined for one 
transfer, to ensure all transfers operate at the FT/PT boundary 

simultaneously, the remaining transfer paths are designed to 
have the same τRC. Therefore, the MOSFET widths of the 
remaining switches are selected such that, 

 τୖେ ൌ C୉୕୅R୉୕୅ ൌ C୉୕୆R୉୕୆. (29) 

For example, M1 drives two transfers, the one discussed above 
and the recharge of CF1. Since CF1 is twice CF2, the width of M1 
is scaled by a factor of three. 

E. Power Consumption 

Fig. 14 shows PLOSS versus WMOS and tCLK without boundary 
constraints. The analytical design achieves near-minimum loss, 
with ~3% deviation due to slight inaccuracy in the FT 
expression. This leads to less than 0.1% efficiency ηC impact, 
and a local sweep readily identifies the true minimum. 

 
Fig. 14. PLOSS changes with tCLK and WMOS. 

Fig. 15 compares ηC of a fixed-width design ηC′ with the 
optimized case ηI across iLD, along with relative difference. Both 
decrease with increasing iLD due to the quadratic rise in PR. ηI 

exceeds ηC′ except at 10 μA. The gap reaches ~2% as iLD doubles, 
indicating low efficiency loss for the fixed-width design. 
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Fig. 15. ηC falls with iLD of fixed WMOS′ and optimized WMOS′ of changing iLD. 

VII. CONCLUSIONS 

This work presents a topology-independent design 
methodology for switched-capacitor DC–DC converters based 
on a static ohmic-loss model and the FT/PT boundary. By using 
the FT/PT boundary as the design target, the proposed method 
jointly determines capacitance allocation, clock period, and 
MOSFET sizing through a unified design flow. Validation on a 
telescoping 1-V-to-5-V boost converter shows close agreement 
between analytical predictions and circuit simulations, with less 
than 0.1% efficiency difference, demonstrating the 
effectiveness of the proposed methodology. 
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