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Abstract: This article presents a power-efficient DC-DC converter based on a switched-capacitor (SC)
cell in power management systems supplied for fully integrated photovoltaic (PV) modules. These
modules shall provide high-performance point-of-load voltage regulation. The primary objective
of this study is to better utilize capacitance and switches by selecting a proper SC topology in order
to improve the power efficiency of SC converters. A general steady-state performance model is
investigated to optimize and compare a variety of SC DC-DC topologies. The investigation method
relies on a charge-multiplier approach and considers the impact of area constraint on capacitors. To
identify the most suitable topology for a given conversion ratio, the performance-limit metrics of
SC converters are calculated. The analysis provides framework to determine optimum switch size
and switching frequency for a two-phase 3:1 series—parallel converter for a target load current of
10 mA implemented on a 22 nm process technology. The results shows that a minimum of 250 MHz
switching frequency is desirable for achieving a target efficiency greater than 85% while maintaining
the minimum output voltage of 0.34 V. The analysis results are verified through MATLAB and
PSpice-based simulations.

Keywords: charge-multiplier; performance metrics; steady-state analysis; switched-capacitor converter;
topology comparison

1. Introduction

In modern electronic products, the SC converter is a preferred choice for power
conversion due to advantages like a reduced size, high efficiency, light weight, and high
power density [1,2]. These converters are also known as charge-pump converters, as
charges can either be delivered to or removed from the load. SC converters consist of switch
capacitor arrays instead of bulky and noisy magnetic components (inductors), making them
suitable for integrated circuit (IC) implementation, MIMO radar, and power management
units (PMU) for photovoltaic (PV) modules [3]. The reduced module size for a fully
integrated application that requires on-chip integration of passive components and PMU
into a single sensor chip is shown in Figure 1 [4]. PV energy is one of the renewable energy
sources that has many advantages due to its abundant supply and minimal maintenance
requirements. The DC-DC converter regulates the constant output voltage under various
operating conditions of PV cells. The performance of an SC converter is significantly
affected by varying operational and environmental conditions, such as variation in PV
module output characteristics and temperature fluctuations. The on-resistance of switches
normally increases with a rise in temperature, resulting in higher conduction losses. In
addition, there is a characteristic change in capacitors as well, like increased equivalent
series resistance (ESR) that limits the overall performance of the converter. Further, the
current-voltage (I-V) characteristics of PV modules deviate with changes in solar irradiance
and temperature. The SC converter requires adapting to these variations by effectively
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addressing these challenges in order to maintain steady output voltage, steady current,
and optimum power delivery. The function of a DC-DC converter is to match the load
to PV source, which adjusts the operating point and continuously regulates the voltage
and current levels. PV cell’s unregulated voltage is dynamically converted to a controlled
DC output voltage using a DC-DC converter. A DC-DC converter with high efficiency
is desirable for this conversion. To optimize the overall energy yield, integrated DC-DC
converter modules can be developed as non-isolated types that are coupled independently
for each PV module. Such modules are available in small packages with minimal external
components that can operate with an extremely low quiescent current.

- PMU

Sensor IC

Figure 1. Fully integrated sensor module comprising PMU.

A high power density and suitability for small-scale integration result in the widespread
use of SC converters. SC converters feature a variety of topologies, such as Ladder, Doubler,
Fibonacci, Dickson, and Series—parallel. For the same number of switches and capacitors,
Fibonacci and Doubler topologies deliver more voltage gain than other topologies. Ladder
and Dickson topologies are employed for driver symmetry and power switching. How-
ever, there is a preference for Series—parallel architecture in order to maximize capacitor
utilization without compromising performance [5]. Capacitor area and performance are the
two important parameters that influence fully integrated SC converter implementations in
today’s CMOS technologies. Therefore, as the most favorable topology, Series—parallel is
used to demonstrate the analysis and design technique in this work.

The steady-state behavioral model is designed to study specific characteristics of SC
converters, such as the open-loop load line and conduction loss, by utilizing the concept of
equivalent output resistance (R,,). The impedances in low- and high-frequency regions
are called slow switching limit (SSL) impedance and fast switching limit (FSL) impedance,
respectively, based on charge-multiplier vectors. The dominant losses for FSL and SSL
impedances are switched conductive and capacitive losses. The limits for the total energy
storage of capacitors and switch conductance are reached by optimizing components
(switch and capacitor) size. This optimization method relies on the total device cost-based
metrics defined in [6]. The reference [7] highlights the use of output impedance models to
establish performance-limit merit for various SC topologies. These design methods allow
for a comparison among several SC topologies, considering only conduction loss while
neglecting switching and parasitic losses.

However, realistic converter designs involve losses beyond conduction, such as switch-
ing, gate-drive, and bottom-plate losses. Incorporating these additional factors ensures
a more accurate representation of the converter’s behavior, leading to more effective de-
sign and optimization strategies for improved efficiency and performance. The work
presented in this paper investigates general steady-state performance models and develops
performance-limit metrics for SC DC-DC converters. Built on an existing analysis of SC
converters, the model is extended to determine the lowest possible power loss performance
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metrics for efficiency enhancement, considering the impact of conduction, switching, and
parasitic losses. We explored various methods to optimize and compare different SC DC-
DC topologies that are valid in both SSL and FSL regions. The output impedances for the
Ladder and Series—parallel topologies are compared in both asymptotic limits based on
evaluated performance metrics to determine the best topology for a given conversion ratio.

The study is organized as follows: Section 2 provides a concise overview of the charge-
multiplier approach and explains the steady-state performance modeling of a two-phase 3:1
SC DC-DC converter. Section 3 presents design considerations for efficiency enhancement
of SC converters. In Section 4, performance-limit metrics are evaluated that are used to
highlight the active-device and capacitance utilization of topologies. Section 5 provides
the comparison results between Series—parallel and Ladder topologies of the SC DC-DC
converter based on evaluated performance metrics. Finally, Section 6 concludes the paper.

2. A Review of Charge-Multiplier Model

In the literature, various analysis methods are presented for deriving converter’s
equivalent output impedance. Two basic methodologies have been explored extensively
for modeling SC converters in general and power stages in particular: state-space modeling
and averaging (steady-state) techniques. The first methodology focuses on manipulating
equations; hence, it primarily utilizes numerical techniques. Alternatively, the charge-
multiplier approach, which is based on similar circuit manipulations and uses an averaging
technique, provides a single equivalent linear circuit model of the power stage, as illus-
trated in Figure 2. This has the unique benefit of offering the circuit designer an intuitive
knowledge of the behavior of the original switched circuit and enabling the most efficient
use of linear circuit analysis and synthesis tools in the design of regulators with switching
converters [8]. This approach is adaptable for comparing different designs since it can be
used systematically to any SC topology.

O

Figure 2. SCVR steady-state model.

The output impedance of a SC power converter determines its steady-state perfor-
mance. Moreover, the converter offers an optimal DC voltage conversion ratio under no
load and the voltage drop resulting from a non-zero load current manifests all the losses
across Royut, as shown in Figure 2. Additionally, using the model shown in Figure 2, the
ratio n, a rational number, defines the charge transfer (in a steady-state) between the input
and output nodes [9]. The charge flow in each capacitor and switch is expressed as the
output charge flow times a constant vector, denoted as a. and a,, referred to as a capacitor
charge-multiplier vector and switch charge-multiplier vector, respectively.

Further, equations for the SSL and FSL impedances are derived using the concept of
charge-multiplier vectors. It is possible to calculate a pair of charge-multiplier vectors, a!
(phasel) and a? (phase2), for any standard two-phase SC converter. The charge flows that
take place immediately following the switches are closed to initiate each phase of the SC
circuit and are represented by the charge-multiplier vectors. According to [10], the KCL
constraints in each topological phase can be used to uniquely compute the charge-multiplier
vectors. Every component of a charge-multiplier vector reflects the charge flow (in each
phase) into a particular capacitor/switch (g}) or independent voltage source, normalized
with respect to the output charge flow (gou¢) as follows:
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al = |:q(lmt lﬁ ce q;lq q}n] /I]out 1)

An SC converter operates in three different regions, namely low frequency, high
frequency, and intermediate regions, when the sub-circuit time constant (7;) is compared
with the switching period (Ts). The two asymptotic limits, namely the SSL and FSL, are
used for a performance analysis of SC converters and have generalized forms of 7; << T
for the SSL and 1; >> T for the FSL, respectively. An empirical approximation is given
for the intermediate region of operation using corner frequency. Paper [11] suggested a
method built on the investigation of switch power loss to develop a generalized model
for the FSL equivalent output impedance of the converter. Afterward, the expressions for
converter output impedance are available for the full switching frequency range.

In an SSL analysis, all resistive components, like switch resistances, are assumed ideal,
while other parasitic losses related to flying capacitors, like equivalent series resistances
(ESR), are ignored [12]. The output impedance related to the SSL is given as follows:

2
Dout (ac,)
Rssp = ———=) . = 2
sst Lout ' Cifsw @
In (2), the capacitance of an ith capacitor is denoted by C;, a., ; = i,/ out represents

the ith value of capacitor charge-multiplier vector (a.), and fs; is the converter switching
frequency of operation. The output impedance related to the FSL is expressed as follows:

Resp = 2Y . Roni(ay;)? (3)

where R,, ; is the ith switch on-resistance and 4, ; is the ith value of charge-multiplier
vector (a,) of a switch. In (2) and (3), all other conductive interconnects were ignored, and
a switching duty cycle value was assumed to be 50%. This method is simpler than the
earlier one suggested in [13], as it considers active and passive elements, namely switches
and capacitors, independently. Further, an SC converter is modeled by employing coupled
charging loops, as in the case of Ladder topology, and there is no need to search for RC sub-
circuits. Therefore, this modeling procedure is used to implement complex SC converters,
as it neglects resistive loss in the SSL and considers only switch conduction loss in the FSL.
During FSL calculation, the flying capacitors’ ESR is utilized, and the converter output
impedance for the intermediate frequency range is revised using a new expression based
on the Minkowski distance formula [14], given as follows:

Rout ~ \/ R, +Rfsp 4

Further, Ry, calculations are more precise for i value 2.54514 instead of 2. This value of
i modifies the expressions presented in [6], where the calculations are performed for i equal
to 2. Since the outcome was determined empirically through hypothesis and validation,
the overall precision for the complete frequency range remained uncertain.

2.1. Modeling of 3:1 Series—Parallel SC Converter

The Series—parallel 3:1 step-down converter, as illustrated in Figure 3a is used to
describe the basic working of SC converters. Each switch in the converter operates at a
50% duty cycle with two phases known as ¢ and ¢,, respectively. The converter operates
between two modes (common and gain) by turning the switches on and off during each
phase [15]. There is a total of seven switches in a single-phase 3:1 SC converter, in which
four SW;, SW3, SW5, and SW¢, operate in gain mode and the remaining three SW1, SWy,
and SW7 operate in common mode, as shown in Figure 3b.
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Figure 3. 3:1 Series—parallel SC converter. (a) Schematic. (b) Modes of operation: common mode (¢1)
and gain mode (¢»).

In ¢y, the flying capacitors (Cp,/C; and C3) are charged to input potential while
connected in series with the input. In ¢, also known as the discharging phase, Cy,
transfers the charge to the load, resulting in 1/3 gain since the output voltage is equivalent
to one-third of the supply voltage. For the calculation of SSL output impedance, the
charge-multiplier vector for capacitors (taken as a single phase due to charge conservation
principle) is given as follows:

ac=[1/21/2 ] ()
Using (2), the SSL impedance is calculated as follows:

1

RSSL = m (6)

The total Rgg;, will be half of the earlier (which is for a single-phase) in the case of a
two-phase 3:1 Series—parallel converter, given as follows:

1

R = — 7
SSL 1Cpryfom )

For the calculation of FSL output impedance, the charge-multiplier vector for switches
in both phases (common and gain) is given as follows:

ap=[1/21/2 1/2 1/2 1/2 1/2 1/3] (8)
Using (3), the FSL impedance is calculated as follows:
Rpsp =2 7/4 Ron )

As in the case of the Rgg; calculation, the Rggy value is also reduced to half in the case
of a two-phase 3:1 Series—parallel converter as the resistances (in two phases) are connected
in parallel. Therefore, the total Rrsy given by

Rpsp = 7/4 Rop (10)

2.2. Modeling of 3:1 Ladder SC Converter

A single-phase Ladder converter having a conversion ratio of 3:1 is presented in
Figure 4. It comprises two sets (Ladder) of capacitors known as DC-referenced capacitors
and flying capacitors (Cyy, ). The first set of capacitors are charged to supply voltage (DC)
equal to the ratio of the integer multiple of the input voltage and the denominator of the
conversion ratio. While the remaining set of Cy),, transfers the charge from DC-referenced
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capacitors to equalize them [16]. Further, the switches are turned on and off in alternate
phases for establishing a connection between DC-referenced capacitors and Cgy,,.

SWe /@2

SWs / ~

Cs =—
Vi © SWa / D2

[ Ca

Figure 4. A 3:1 SC Ladder converter circuit.

Initially, the two-phase network is drawn excluding the switches from circuit con-
figuration in different phases. Further, charge-multiplier vectors of capacitors between
input and output points are calculated for each node. As depicted in Figures 5 and 6, the
converter operates in two phases, ¢; and ¢;, respectively. To evaluate the charge flow
through capacitors, KCL and multi-step methodology is used [17].

A

qin qin
C2=—= G(C3=

B
‘/iné Zqin Zqin
Vout C:) CisF

&

Figure 5. Capacitor charge flow for 3:1 Ladder converter in phasel (¢1).
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Figure 6. Capacitor charge flow for 3:1 Ladder converter in phase 2 (¢;).

In a steady-state performance analysis, the charge flow in each phase follows the
charge conservation principle, making the charge flow through capacitors in ¢; equal and
opposite to that of @;. In the example circuit shown in Figures 5 and 6, applying KCL at
each node leads to the following:

Phase 2: node C yields 42, : 42, = +qin;

Phase 1: node A yields g5 : g1y = —ql, = +4,,;

Phase 2: node D yields ¢, : 42, = —q2, — 4% = —24,,;
Phase 1: node B yields ql,; : 41, = +24in;

Phase 2: node E yields 2, : 4%, = +qin-

The output charge gour = q.,; + 93, (in both phases) is equal to the input charge
multiplied by three. Therefore, the input charge flow is equal to one-third of go,:, which
depicts the charge conservation for the 3:1 conversion ratio. Therefore, the capacitor charge
vector given as follows:

ac=1[1/3 —1/3 2/3] (11)

Due to charge conservation, the charge multipliers of capacitors in two phases are
equal and opposite, such that a.= al= —a? [6]. Hence, a single charge-multiplier vector of
the capacitor is defined. Further, the Rggy, in (1) is simplified as (11) for the given values of
Cry and fsy, as follows:

2/3

R == 12
SSL Criyfom (12)

When the charge multipliers of the capacitors are calculated, the switches are included
in the network. For the two networks shown in Figures 7 and 8, the orientation of charge
flowing through each closed switch is labeled. After identifying each closed switch charge
flow using KCL constraints, the switch charge-multiplier vector for the 3:1 Ladder circuit is
calculated as follows:

a}l -2/3

agz —2//3

_ ar3 — 1/3
r = a, | | 1/3 (13)

a}5 1/3

a% 1/3
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Figure 7. Switch charge flow for 3:1 Ladder converter in phase 1 (¢1).
Gout/3
+ SWe- L
G
qout/ 3
7 s
v +SWa-
in
Co= Ci==
CD Vout 2 ({ou #3
T
+SWa-
A4

Figure 8. Switch charge flow for 3:1 Ladder converter in phase2 (¢y).

If the switch blocks positive voltage in ¢, then negative current will flow in ¢y,
resulting in a negative value of the charge-multiplier vector. For a given value of Ry, Rrsy
is calculated using (3), given as follows:

RFSL = 4/3R0n (14)

3. Design Considerations (Loss Model)

In general, an SC converter has several components that contribute to the power loss in
various parts of the circuit. Assuming ideal switches with constant on-resistance simplifies
the steady-state analysis of an SC converter. On the other hand, non-idealities, such as
variable resistance and leakage, can significantly affect the performance of a converter. Dur-
ing conduction, larger voltage drops across the switches due to variation in voltage levels
and temperature may result in power losses that are higher than anticipated. Furthermore,
in energy-sensitive designs like PV systems, leakage currents through non-ideal switches
can affect the effective output voltage and current provided to the load, especially under
low-load conditions. This can result in less efficient energy conversion. To enhance the
efficiency of a converter, the impact of these components need to be minimized [18]. The
overall power loss depends upon the following parameters:

Rggr, loss;

Rpsy loss;

MOSEET parasitic capacitance (Cgpy) loss;
Bottom-plate capacitance (Cp,y;) loss;
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e ESRloss.

3.1. Proposed Two-Phase 3:1 Series—Parallel SC Converter Operation

An SC converter transmits the charge from input to the load with the help of flying
capacitors switching between a series and parallel configuration, which act as fixed voltage
sources. To demonstrate the loss analysis and design parameter computation, Figure 9
represents a two-phase 3:1 Series—parallel SC DC-DC converter. There are four flying
capacitors, Cq, C3, C3, and Cy, in the network.

Vin ?%J Lo

o 1 Vourl
sSWwi | SW
3 TG

1
SWs SWi amﬁl

P2
£ S
12 =G 1% Vut
T L ¥L -
SWe SWr

5 ¢l

SWi
o J:Cs SWs
s
10 3 ¢7
SW "
T swy|
&y o
Ci 56
£ T
L SWai SWas

Figure 9. Two-phase 3:1 Series—parallel SC converter schematic.

A non-overlapping clock controls the switching activity of capacitors between two
phases. Flying capacitors charge and discharge as the switching clock operates through
fourteen switches [19]. Out of these fourteen switches, seven are conducting in ¢1, and the
remaining seven are conducting in ¢, as shown in Figure 9. While capacitors C; and C; are
connected in series in ¢ and charged from the input source, the capacitors C3 and Cy4 are in
a parallel configuration and discharging through the load. Further, the capacitor operation
is interchanged in ¢,. To reduce the output voltage ripples, a load capacitor (Cjy,g) is used.

3.2. Loss Model Including Parasitic

An SC converter performance suffers from the various parasitic elements linked to
MOSFET transistors (act as switches) [20]. There are three main losses related to transistors,
namely Cqs (gate to source), Cys (drain to source), and Cgy (gate to drain) capacitances,
respectively. The conductance (or area) of the switches and fs;, are directly correlated with
these losses. The gate capacitance (Csy = Cys + ng) is the main cause of the parasitic loss,
as shown in Figure 10.
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Csw4

ESR_C2 i
c2
Cbott2
Ron, sw6 g SWie
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Figure 10. Two-phase operation of 3:1 Series—parallel converter, including parasitic Csi, Cpos, and
Resr. (a) Phase 1: ¢q; (b) phase 2: ¢,

e
<

Ron, sw5

The SSL impedance is determined by choosing the proper values for the Cy;, and
fsw using (7). Similarly, by selecting suitable values for R,;, the FSL impedance can be
calculated using (10). Since the direct addition provides a value higher than the expected
one, the corresponding impedance is calculated as the quadratic sum of Rgg;, and Rpgr.

Thus, the R,y is given as follows:
Rout &/ Rggy +REgy (15)

The loss associated with SSL and FSL impedances is known as conduction power loss
(Pres)- The SSL power loss (P 10ss,SS L) is determined as follows:

Pioss,ssr. = IouiRsst (16)
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Similarly, FSL power loss (P rs L) is calculated as follows:

Pioss,rsr. = I24Rrst (17)

Hence, the total Pggs is represented as

Pres = \/(Plzoss,SSL> + (Plzoss, FSL) (18)

The conduction (P zf¢) and switching (P, ) power losses are used to approximate
an SC converter’s efficiency. An equivalent output impedance corresponding to both losses
is computed for a target load current (). Further, Ps;, occurs mainly due to parasitic
capacitances associated with switches and flying capacitors, namely Csy, Cpo, and ESR.
For every clock cycle, the charging and discharging of these parasitic capacitances keep
adding to undesired power loss in the converter. The Cy,; is generally fixed for a given
capacitor technology [21]. Therefore, the total parasitic capacitance and voltage swing at a
particular node used to estimate the total Py, is given as follows:

Py = Ploss,swcap + Ploss,bottcup + Ploss,esr (19)

The energy needed to turn on and off the gates of power devices, such as MOSFETs,
also contributes to gate drive losses. The gate charge and operating frequency are taken
into account while calculating these losses. The power loss caused by switch-parasitic
capacitance is expressed as follows:

Ploss,swcup = stswcswvszw,cap (20)

In (20), the variables fsy, Csw, Ns , and Vg, represent switching frequency, switch-
parasitic capacitance, the number of switches (corresponds to the switch size), and switch-
blocking voltage, respectively. For a two-phase 3:1 SC converter, the total power loss is
fourteen times higher compared to the single-switch capacitor loss, as there are a total of
fourteen switches in the circuit configuration shown in Figure 9. Similarly, the switching
power loss resulting from bottom-plate capacitance is calculated as follows:

Ploss,bottcap = NCfswaottVEap (21)

Regarding the flying capacitor’s Cp and its voltage, Vg, Nc is the number of
capacitors (corresponds to capacitor area) given in (21). In certain circuit configurations, the
capacitance connected to the bottom-plate of the flying capacitor is the source of bottom-
plate capacitance loss. The impact on efficiency depends on the operating frequency and
the amount of current flowing through the flying capacitors. Flying capacitor ESR reduces
efficiency by producing heat during operation, especially in cases with high loads and
significant current. The power loss resulting from ESR is given as follows:

Pioss esr = 12,1 RESR (22)

In (22), the variables Rgsg and I, represent flying capacitor ESR and converter output
current, respectively, as shown in Figure 10. The overall power loss (P,,,,) of an SC
converter is equivalent to the sum of Ps;, and Pggs, given as

Pioss = Pres + Psw (23)

This new model is efficient for the performance modeling and designing of SC con-
verters, where the impact of parasitic loss is also considered. A precise operating point is
selected to achieve low switching losses while maintaining the smallest possible value of
equivalent output impedance. The output power (P ) is given as follows:
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V2
Paut = —out (24)
Rloud

In (24), the variables V,,; and Ry,,4 represents the nominal output voltage and load
resistance, respectively. Further, the actual output voltage (V, ,.,) at the load is obtained
through the voltage-division method, calculated as follows:

Rloud
V, =Vout—""""-— 25
o,real out (Rload T Rout) ( )

The efficiency (1) of the two-phase 3:1 converter operating in a Series—parallel configu-

ration is given by the following;:
Pout

B Pout + Ploss

To determine the optimum efficiency for an SCVR design that is limited by area, there
is a requirement to minimize losses.

(26)

Pout

S DR (27)
Pout + Ploss, min

Mopt =

In (27), Pyyss, min is the corresponding conversion power loss, including conduction,
switching, and parasitic loss. Using the Matlab optimization function, namely ‘fmincon’,
the minimum power loss is calculated for different load currents and flying capacitance
values using an interior-point algorithm. A DC-DC converter efficiency is significantly
affected by the switch size (or area), which influences both switching and conduction
losses. In general, a lower on-resistance is achievable with a larger switch area, which
improves operational efficiency by minimizing conduction losses. Additionally, if the
switch size (Ns) is too small, it may exhibit greater parasitic capacitances, which results
in higher switching losses during turn-on and turn-off transitions. Optimizing both cost
and performance elements involves finding an appropriate switch size. Figure 11 shows
efficiency variation with switch size (area) under a varying load current of the proposed SC
converter operating at 250 MHz switching frequency. The curves presented are generated
by varying the switch area and subsequently measuring the efficiency of the converter
across different load conditions.

Efficdency (%)=86.02, Ne=65, Iix:(A)=0.01094, Viwemex(V)=0.40888, f==250MHz

Switch size (Nv)

/ —_H_______‘__,_K__—'—C“ﬁ :
~ i -—r:léﬁf —ﬁf—iiwfﬁ

001 003 007

Load current (A)

Figure 11. Efficiency variation with number of switches (Ng) and I;,,; (A) for fs equal to 250 MHz.
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Hence, the optimal efficiencies for the 3:1 SC converter are obtained using (27). The
contour plot of the 3:1 SC converter operating at 250 MHz switching frequency is shown
in Figure 11, which represents the optimal efficiency. At an output voltage of 0.40 V and
10 mA load current, the maximum efficiency of 86.49% is attained, which corresponds to
an N value of 65 equivalent to R, of value 0.76 Q) (of unit cell). Further, it follows that a
minimum 250 MHz switching frequency is required for achieving a target efficiency and
output voltage greater than 85% and 0.34 V, respectively.

4. Development of Performance-Limit Metrics

Using the proposed methodology, design steps were followed to reach a specific
operating point that maximize efficiency. Most SC converters operate at optimum efficiency
when they have a low MOSFET resistance and large capacitance. Hence, the performance
tradeoff exists between fs;, and switch size (Ng) parameters for a specific efficiency. For
a fixed fsy, the increase in Ng leads to reduction in Prrg and an increase in Ps,, due to
increased switch-parasitic capacitance and vice versa. Similarly, for fixed N, the decrease
in fgy leads to increase in Prgs and a reduction in Py, and vice versa [22]. Therefore, the
optimal f;;, and N is essential. In this paper, MATLAB simulation was used to determine
the optimal fs,, and Ng by segmenting the switch into multiple regions. For every region,
the fsy corresponding to maximum efficiency was calculated. The Ng region with the
maximum efficiency was chosen, as shown in Figure 11.

In this section, the two most commonly used topologies, namely Ladder and Series—
parallel, were examined for a 3:1 conversion ratio. Further, the two types of performance
metrics, namely the SSL and FSL, of SC converter for 3:1 conversion ratio were derived
in this section. These matrices were calculated as the ratio of Volt—-Ampere (V-A) product
of each converter and the sum of Switch Conductance-Volt square (G-V?) products of its
sub-components. At a lower conversion ratio (2:1), most converters are modeled into a
Doubler structure, with single stage having the same metric [23]. However, converters
differ significantly at higher ratios in terms of steady-state performance. Since the topolo-
gies comparisons are not dependent upon technology and implementation, therefore, the
performance metrics were evaluated based on component optimization using V-A product
of each component. These performance metrics relate the converter power to the device
metrics based on total V-A product of components, namely one for the SSL impedance
calculation and the other for the FSL output impedance calculation. In SC converters, the
power consumption is inversely related to its equivalent output impedance and directly
related to the square of output voltage for constant output impedance. Therefore, the con-
verter power handling capability is represented by its G-V? product. The SSL performance
metric (Mgg; ) is calculated as follows:

VZ
real
o,rea /RSSL

Msggsy, = 2
fsw Ziecups Ci c,i/2

(28)

In (28), the variables V, ,.;; and Rggy, represents the converter’s actual output voltage
and optimized SSL impedance, respectively. The performance metric’s denominator is
calculated as the product of converter frequency with the total energy stored in network
capacitors. On similar lines, the FSL performance metric (Mpgy) is given as follows:

VZ
real
o,rea /RFSL

Mpsp = =—— 5
2
Zieswitches Givm‘

(29)

In (29), Rrs; denotes optimized resistive output impedance in the FSL region of
operation. The denominator represents the sum G-V? products of switches. The optimized
performance metrics, evaluated based on minimum power loss using charge-multiplier
vectors and components (switch and capacitor) blocking voltage [24], is given as follows:
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42
o,real
Mssp = 5 (30)
n (J\?
Ziecaps U¢,i(rated) Zj:l (ac,i)
VZ
o,real
Mpsp = (31)

2
n ()
n{ Liesw Uy i(rated) Zj:l (ar,i)

Further, the two-phase converters are examined for the comparison of Ladder and
Series—parallel topologies. Hence, both the SSL and FSL metrics are simplified for two-
phase configuration, as given below:

2V2

Mssy = o,real 5 (32)
<Ziecaps Ac,iVy i(rated) D
V2
Mpgp = o,real (33)

2
Ar,iVyi(rated) D

2 (Ziesw
where V,, . is given by (25). Further, the impedances for both topologies are given as follows:
e  Series—parallel topology:

1

— - 4

Rssi1 4C fon N (34)
7 R

Rpsp1 = 1 ;7;5 (35)

e Ladder topology:

1

R e — 36

S512 = 3 7N (36)
4 R

Rpsio = 3 I\Z (37)

Substituting Equations (34)—-(37) in (15), we derive the corresponding R, that is
used to calculate the actual V., using (25). Further, these units with less metrics given
in (32) and (33) are used for comparison of different topologies for switch-limited and
capacitor-limited design spaces. Hence, these matrices are considered ideal for performance
comparisons of converter topologies. The converter with the highest performance metric
gives superior performance. In Section 5, a comparison of two performance metrics on a
logarithmic scale is given for both topologies.

5. Simulation Results

To demonstrate the proposed methodology analyzed in this work, the MATLAB
simulation results are obtained for a two-phase 3:1 Series—parallel SC converter using four
flying capacitors. The basic circuit (unit-cell) comprises fourteen switches and four flying
capacitors, resulting in the two-phase structure of the converter, as shown in Figure 9.
Further, the flying capacitors (Cg,: C1, Cz, C3, and Cy) are realized as MIM capacitors
for better capacitance utilization (area) for enhanced power efficiency. Although MIM
capacitors have reduced capacitance density compared with MOS, they are considered the
most appropriate solution for fully integrated circuits, as they provide nearly ten times
lower bottom-plate capacitance and are also available in a standard CMOS process. We
have used the approach given in Section 3.2 to determine the capacitor and switch size.
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The maximum efficiency is calculated for optimum switch size and switching frequency as
shown in Figure 11.

The 22 nm SoC process technology parameters utilized in the converter’s design are
listed in Table 1. An input voltage of 1.24 V is considered. For the target V,,; of 0.34 V,
the Rjy,q of 34 ) is calculated as equivalent to 10 mA load current. The expression for the
on-resistance (Ro;) of a switch is (Kgr/W), where W is the switching device’s width and
Kg [Q-um] is dependent on the switch type (PMOS or NMOS) [14]. When considering
PMOS/NMOS switch sizes of 0.48 1/0.03 p @110 °C, a Vgs of 0.9 V and an R, value of
50 () are determined. Further, PSpice is used to examine the performance for the various
primary switch value (Roy). It is preferable to have smaller switches in order to reduce the
amount of charge injection and clock feedthrough that arise from the overlap capacitance
present in switches. Cg, accounts for the total gate capacitance for each switch. Flying
capacitors Cq, Cp, C3, and C4 are considered as 0.4 nF each, while Cp,y is calculated as 0.4 pF,
which is equal to the ratio of flying capacitance divided by a constant (Cg, /constant), where
the constant is equal to 1000.

Table 1. Technology parameters.

Input Parameter Value
Vin 124V
Ideal ratio 1/3
Rioad 340
Ry of the unit switch cell 50 O)
Csw 10 {fF
Cay 0.4 nF
Corott Cp constant
ESR (for Cg,) 020

There are various practical challenges with integrating 22 nm process technology into
power-efficient designs, such as a fully integrated 3:1 switching capacitor DC-DC converter.
Power density rises with decreasing transistor sizes, producing a large amount of heat.
Further, leakage currents become a major issue at smaller nodes, affecting total power
efficiency. Parasitic capacitances of 22 nm have the potential to significantly influence
signal integrity, especially in high-frequency applications. These issues have an impact
on scalability since they make it more challenging to attain the required performance and
efficiency in practical applications.

For capacitance modeling, a MIM capacitor of 0.4 nF is considered for each flying
capacitor Cq, Cy, C3, and Cy, resulting in a total capacitance value of 1.6 nF, as shown in
Table 2. PSpice simulations are conducted with the actual extracted netlist of the MIM
capacitor, including the switch and pre-driver parasitic. The frequency response of MIM
tile structure is presented in Figure 12.

Table 2. Capacitance modeling parameters.

Element No. of Elements Values
Total No. of phases 2 -
Total No. of MIM capacitor 4 0.4 nF (each), 1.6 nF (total)
MIM capacitor per phase 2 (1 for each Cy,) 0.4 nF (for each Cg,))
Tile cap value 96 (=1.6 nF capacitance) 16 pF

Equivalent ESR for 1.6 nF @

250 MHz ) 0.2Q
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Figure 12. Frequency response of MIM capacitor: (a) capacitance and (b) ESR variation with switching

frequency of operation.

SC DC-DC converter applications can benefit from integrated capacitors for low power
applications, and there are many design considerations specific to each capacitor technology.
The initial step in a typical design process would be to determine the charge multipliers for
the desired SC topology. Additionally, capacitors are chosen based on the SSL impedance,
which is the output impedance that is related to the capacitors. To ensure the best possible
utilization of devices, a cost-based constraint is applied to the capacitor optimization.
Understanding the working voltages of the components is necessary for this operation.
The constraint most precisely reflects physical size (area) and cost because the total energy
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storage of all capacitors was kept constant, as indicated by Etot. This constraint is calculated
as follows:

1 2
Ziecap Evc,i(rated)ci = Eiot (38)

where C; and V. ; represents the capacitance and rated voltage of ith capacitor, respectively.
The capacitor’s rated voltage determines its size and cost, not the maximum voltage it
experiences when in use, which in turn affects how much energy it can store. Further, the
operating voltage of the capacitor must be lower than its rated value to prevent damage
to the component. It should also be closer to the rated voltage in order to maximize
the device’s utilization. These design techniques significantly improve the performance
(efficiency) of an SC converter, particularly if it has a high conversion ratio. Further, the
l10ad,max Of 5 MA per phase is taken based on power density considerations, resulting in a
target Ij,,4 of 10 mA for a two-phase 3:1 SC converter, as the target I},,4 is equal to two times
the I;,,4 per phase.

The variation of maximum attainable efficiency and switching frequency with capaci-
tance for Ng equal to 65 (Ro; = 50/65 (), respectively, is shown in Figure 13. For a given
output impedance, the switch silicon area and capacitor energy storage can be used more
effectively by using the optimization approaches described below. First, the SSL impedance
is inversely proportional to the capacitance; hence, an increase in capacitance results in
decreased Rgs, impedance. Moreover, fo, decreases as Cp, increases, which reduces para-
sitic loss and eventually leads to enhanced efficiency. The parasitic device (described in
Section 3.1) determines the maximum feasible f;;, depending on the process technology
used to implement the SC converter. Efficiency improves due to lower parasitic losses
resulting from lower switching frequencies, as shown in Figure 14. The optimal frequency
balances conduction losses (which decrease with a higher frequency due to a smaller ripple)
and switching losses (which increase with frequency). Higher load currents generally favor
lower frequencies to reduce switching losses. Advanced nodes allow for higher frequencies
due to lower parasitic capacitances. Moreover, it offers significant efficiency improvements
but at a higher cost and design complexity.
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Figure 13. Efficiency and switching frequency variation with capacitance.
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Figure 14. Efficiency and output voltage tradeoffs with varying switching frequency for N; = 65
(Ron = 0.76 Q) and ESR = 0.2 Q).

The same total G-V constraints remain valid for fully integrated applications provided
the nominal voltage and transistor length (L) scale in accordance with process generations.
Advanced nodes generally allow for lower R,,; and Cg;, per unit width. Hence, it results in a
reduction in switch size for the same performance. To increase the switch conductivity (G),
many blocks of switches are connected in parallel. Further, the converter design employing
MIM capacitors can greatly improve light load efficiency by varying the MOSFET width
(W). Figure 15 illustrates how efficiency changes as switch size (Ns) increases. The optimal
switch size balances conduction losses and switching losses. It is highly sensitive to load
current variation, as higher load currents favor larger switches to reduce conduction losses
for optimal efficiency. Furthermore, performance does not considerably increase at higher
values of N; because switch gate parasitic loss becomes dominant at these values. As N;
increases, the equivalent switch resistance, or R, /N5, decreases; thereby, increasing switch
conductance finally results in enhanced efficiency. Figure 16 shows the variations in V¢
and efficiency with different load resistances (Rjy;4). For Rj,,4 ranges from 25 () to 50 (), the
converter efficiency increases to 85%.
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Figure 15. Efficiency and output voltage variation with N; (switch size) for fsy = 250 MHz and ESR = 0.2 Q).
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Figure 16. Efficiency and output voltage tradeoff with varying Ry, for fs, = 250 MHz and Ns = 65
(Ron =0.76 Q).

Further, a detailed power loss breakdown of the 3:1 Series—parallel SC DC-DC con-
verter is shown in Figure 17. Converter efficiency is affected by these losses, resulting in
decreased overall system efficiency. Key insights of these losses are as follows:

e  Efficiency is significantly impacted by switching and conductive losses in switches
and capacitors. Overall efficiency is increased by lowering these losses. Improving
efficiency mostly requires choosing low-ESR capacitors and optimizing switch sizes.

e In this design, bottom-plate capacitor losses and gate drive losses have comparatively
less effect on overall efficiency. However, these losses become more important in other
topologies or at higher frequencies.

1% 8%

I P-Bott
I P-ssL
[ 1P-swCap
[ P-FSL
I FESR

43%

48%

<1%

Figure 17. SC converter power-loss breakdown.
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Therefore, it is essential to minimize these losses through design choices in order to
maximize efficiency. Some examples of these design selections include employing capaci-
tors with lower ESR, choosing components with lower gate charges, and controlling the
circuit topology to limit undesired capacitance effects. As demonstrated by Figure 17, this
thorough analysis presents an accurate representation of the converter’s energy dissipation
mechanisms and the loss interpretations that have the most significant impact on efficiency.
Further, SC converter efficiency variation with switching frequency and area is shown
in Figure 18. The area of the converter depends on the size of the components (switches
and capacitors) that are influenced by the switching frequency. As switching frequency
increases, the size of passive components (capacitors) decreases, while the switch area may
need to increase to handle heat dissipation.
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Figure 18. SC converter efficiency variation with switching frequency and area.

This design methodology is relatively robust in terms of scalability for varying power
levels, but it does need specific modifications to accommodate significantly changing the
load currents or voltage levels. Components that handle larger current and voltage ratings,
including switches and capacitors, must be upgraded for higher power applications. For
lower power applications, components can be reduced in size, but caution must be utilized
to ensure that they still function within safe limits. For varying loads, performance can be
optimized by varying the switching frequency. The converter topology can be changed to
achieve a variable voltage conversion ratio based on the desired output voltage level. In
order to handle greater conversion ratios while maintaining efficiency, consider developing
a multi-stage reconfigurable SC converter. The converter architecture can be modified to
produce a different voltage conversion ratio. A comparison of the proposed work with the
existing literature is presented in Table 3. Peak efficiency, load current, switching frequency,
conversion ratio and capacitor technology are some of the performance measures that
were compared.
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Table 3. The proposed work comparison with the existing literature.
Parameters [12] [19] [20] [22] [25] [26] 271 [28] Proposed
Work
Result Simulated Measured Measured Simulated Simulated Measured Simulated Measured Simulated
Technology 180 nm 65 nm 250 nm 65 nm - 0.18 um 0.18 um 0.18 um 22 nm
Capacitor MOS Gate oxide MIM MOS Gate oxide MIM MIM MOS MIM
Gain Ratio 2:1 2:1,3:1,32 21,5343 2:1 16:1 32, gg 21, 2:1 3:1,2:1 31
LoadCurrent 1.5 mA 0.02-5 mA 0.1 mA 138 mA 1A 2mA 11728Hr1:1; 1.4-5 mA 10 mA
Peak 80% 85% 76% 82% 83% 84.2% 80% 74% 86%
Efficiency
Switching 1 MHz- 2 MHz- 220 KHz-
Freq. 10 MHz 12 MHz 5 MHz 250 MHz 500 KHz 20 MHz 49 MHz - 250 MHz

In SSL metric comparison, series-parallel topology performs better having larger
metric compared to the ladder topology as shown in Figure 19. On the other hand, the
performance of the ladder topology is superior at small conversion ratios (nearly equal
to 1). For FSL also known as a switch-based metric, the performance of the ladder converter
is superior to the series-parallel converter, especially at larger conversion ratios as shown
in Figure 20. This is because the high ratio asymptote in the V-A product of switches
approaches a constant value in an SC ladder converter. These figures of merits provides
a quantifiable measure that reflects the efficiency and power handling capabilities of the
active semiconductor and passive components used in the circuit.
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Figure 19. SSL performance matrix (Mggs;) comparison of 3:1 Series-parallel/Ladder converters with
varying N¢ for Ng equal to 65.



Electronics 2024, 13, 4156

22 of 24

e ! ! ! ! ! ! !
0.03

0.025

3 002
=
o3
=)
2 0.015
=
0.01
00008 b ]
; : : : i —— Series-Parallel
: : : : : — Ladder
0 i i i i | i i
0 10 20 30 40 50 60 70 80

Number of switches (N, )

Figure 20. FSL performance matrix (Mpg; ) comparison of 3:1 Series—parallel/Ladder converters with
varying Ng for N¢ equal to 20.

6. Conclusions

This study explored the viability of the two types of SC topologies considering both
conduction and switching losses for chip-scale power management for PV modules. This
work investigates general steady-state performance models and develops minimum attain-
able performance metrics for SC DC-DC converters, including parasitic. Investigations are
conducted on the losses driven by the gate drive, flying capacitor ESR, and the bottom-plate
capacitance. To mitigate the losses, the design optimizes both switch size and converter
operating frequency to maximize the efficiency of the two-phase 3:1 SC converter for a
target load current of 10 mA, implemented in 22 nm process technology. The results shows
that in order to achieve the desired efficiency of more than 85% while keeping the min-
imum output voltage of 0.34 V, a switching frequency of at least 250 MHz is preferred.
Further, a topology comparison is performed using performance-limit metrics of output
impedance to determine the optimal topology for a specific conversion ratio. The converter
with the highest metric will have the lowest output impedance for a given area constraint
and conversion ratio. In the SSL comparison, the Series—parallel topology is the most
advantageous solution, while in the FSL comparison, the Ladder topology is the most
suitable one. Hence, in energy-constrained systems, the Series—parallel topology proved to
be the most advantageous topology in terms of the lowest possible power loss. This design
methodology enables the optimal design of SC converters for a wide range of applications,
such as PV modules, microprocessors, etc. It can further be expandable to reconfigurable
multi-phase converters intended for wide output voltage range for low power SoC.
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