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Abstract—This brief addresses inverting switched capacitor
converter (SCC) for driving the white light emitting diodes
(WLEDs). The various voltage conversion ratios (VCRs) are
selected to control the WLEDs blacklights, which helps to save
the battery life. The major contribution are developing maxi-
mum VCRs for power converter integrated circuits (ICs) and
equivalent resistance (Req) accurate calculation which includes
all conduction and ohmic losses. Furthermore, inverting SCC
(ISCC) experimental results are obtained from prototype model.
Accurate Req analyses validates the accuracy of proposed topol-
ogy. It is designed for low voltage of 10 mV to 0.1 V and it
provides the output voltage of −100 mV to −0.5 V. Finally, the
novelty of accurate Req calculation in this brief is that the cal-
culation results are verified with experimental ones, particularly,
at the transition region (between slow switching limit and fast
switching limit). On the other hand, calculation, simulation and
experimental results perfectly coincide with each other. Accurate
equivalent resistance calculation and average current calculation
are compared and some of the recent publications providing the
merits of the proposed converter are explained.

Index Terms—Inverting SCC, WLEDs, accurate equivalent
resistance, voltage ratios, Fibonacci, negative.

I. INTRODUCTION

INVERTING switched capacitor converters (ISCC) are used
to control the blacklights of white light emitting diodes

(LEDs) [1]. Switched capacitor converter (SCC) is a low
power DC-DC circuit, which is used to generate a positive
or negative buck or boost voltage. In some applications, SCC
acts as a voltage regulator or low drop out (LDO) regulator.
White LEDs (WLEDs) [1] provide ideal blacklight color dis-
play for cellular phones and electronic displays. The WLED
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drivers can be implemented either by using switched-inductor
converter or switched-capacitor converter (SCC). Obviously,
the switched-inductor converter provides high efficiency, but
at the same time the inductors are bulky which makes them
unfavorable for on-chip implementation [2]. In contrast, SCC
provides less size, low cost and less battery usage for all low
power applications.

ISCC are used for cellular phones to dim a display after few
seconds of usage. Also, these converters need to maintain high
efficiency in low-light condition to prevent fast-draining of the
battery. There are a few ISCCs available commercially. For
example, TLC555-Q1 converter, which is developed by Texas
Instruments, is used to control the reverse battery voltage pro-
tection. In fact, a normal diode can be used for controlling the
reverse flow, but it causes lower efficiency and voltage drop.
Similarly, LTC3260 is designed for both positive and negative
charge pump, and also used for biomedical applications and
portable equipments. Recently, MAXIM designed a negative
voltage doubler (MAX1681) using three external capacitors.

Moreover, MAXIM designed a variable negative voltage
regulator (MAX1673) with minimum voltage ratios and it
is designed by fixed frequency control. Similarly, MAX1673
negative converters can provide maximum of two voltage
ratios. Shin et al. [3] explains negative DC-DC converter
for driving the organic LEDs (OLEDs) using capacitors
and magnetic components with less VCRs and equiva-
lent resistance (Req) is not calculated. On the other hand,
Mahnashi and Peng [4] discusses the negative ratios using
SCC with multiple input and multiple output but Req for
the proposed circuit is not considered. Therefore, ISCC is
employed in this brief which is able to generate 7 voltage con-
version ratios (VCRs) using 10 switches and 3 capacitors. This
brief addresses theoretical aspects of power management inte-
grated circuit (IC) modelling. The modelling and experimental
setup was performed and validated. Only the IC fabrication
(chip design) of the same topology converter is left for future
work. The main contribution of this brief is development of
negative voltage converter for micro power applications. The
standard Fibonacci topology is feasible for generating max-
imum voltage ratios and provides high efficiency with two
phase switching. On the other hand, generation of negative
voltage ratios using the same topology is difficult because the

1549-7747 c© 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

https://orcid.org/0000-0002-7240-9249
https://orcid.org/0000-0001-8800-4652
https://orcid.org/0000-0002-0804-1371


SUBBURAJ et al.: TWO PHASE (RECONFIGURABLE) ISCC 1447

Fig. 1. Proposed circuit implementation of ISCC.

TABLE I
NEGATIVE VCRS

whole design needs to be reconfigured. Therefore, the chip size
varies and capacitor placement needs to be changed accord-
ingly. Finally, it provides low efficiency and also the size of
electronic gadgets is large.

Commonly, SCCs are characterized by equivalent resis-
tance. Equivalent resistance is a concept introduced to describe
power losses through SCC. Power dissipation in all resistive
elements of the circuit is modeled as a loss in some Req due
to average load current passing through it.

II. INVERTED SCC

ISCC plays a vital role in micro power electronics devices.
It is mainly used for driving the WLEDs black-lights in differ-
ent voltage conditions. The ISCC circuit is depicted in Fig. 1.
ISCC is developed using general Fibonacci schematic [5]
using 10 bidirectional switches and three flying capacitors. The
proposed ISCC generates 7 VCRs [4], (−1/2Vin, −1/3Vin,
−1/4Vin, −1Vin, −2Vin, −3Vin and −4Vin) and the switch-
ing sequence of the VCRs are shown in Table I. Two phases,
φ1 and φ2, are used for driving the bidirectional switches
(1 to 10). φ1 and φ2 are 50% duty cycle non-overlapping
clocks, where φ1 is considered as the charging phase and φ2
is the discharging phase. The VCR of the negative outputs [4]
can be quantified as following:

Vin

Vo
= − P

Q
; 1 ≤ max|P, Q| < Fi+2, (1)

where P and Q follow Fibonacci series, and Fi is a Fibonacci
number. The flying capacitors (C1 to C3) are charged through
negative terminal and discharged via positive terminal to gen-
erate negative VCRs. For each VCRs, individual gating is
chosen and used to generate the signals for controlling the
bidirectional switches. For the simplicity, −2Vin VCR is
considered for designing the converter and calculating the cor-
responding Req. The switches 2, 3 and 8 are connected to
charge the flying capacitors in negative directions (Phase 2)
and discharge (Phase 1) using 1, 4, 5, 6 and 9. Equivalent
circuit of ISCC for both Phase 1 and Phase 2 are depicted in
Fig. 3. Accurate calculations for both phases are discussed in
the following Sections.

Fig. 2. (a) ISCC model [7]; (b) Validation model of Req [6].

III. EQUIVALENT RESISTANCE, Req

Req is helpful for SCC to calculate conduction and ohmic
losses in semiconductor components used in proposed ISCC.
Kushnerov [5] explains the equivalent circuit model of ISCC
for an average output voltage (Vout = −n ∗ Vin) where, n
is the target ratio and Vin is the input voltage, which is
shown in Fig. 2(a). Simple way to understand the measure-
ment of Req [6] consists in connecting the current source at
load and setting the input DC source to 0 V as depicted in
Fig. 2(b). Finally, connect the probe to measure the average
output voltage across output capacitor as shown in Fig. 2(b).
Abraham et al. [2] explained the analysis of Req in basic circuit
theory concept using first order RC network. If the switching
frequency is low, the associated time period is large, then,
the flying capacitor may be fully charged and discharged, the
first case is called the slow switching limit (SSL). On the
contrary, if the switching frequency is high, then the time
period is small and consequently, the flying capacitor can-
not be completely charged, this second case is said to be
the fast switching limit (FSL) mode [7], [8]. Req analysis is
studied by many researchers [5], [7]–[9] but assuming infi-
nite filter capacitances, they provided approximate results. The
most popular Seeman [8], who derived the Req formula is
given by,

Req =
[
(RSSL)2 + (RFSL)2

]1/2
. (2)

where RFSL and RSSL are fast switching and slow switch-
ing Req. On the other hand, Makowski [10] explains another
formula for Req, is given by,

Req =
[
(RSSL)2.545 + (RFSL)2.545

]1/2.545
. (3)

According to equation (2) and (3), Req calculations are
approximate. To overcome these issue, accurate equivalent
resistance is calculated and it is validated using ISCC.

Kushnerov [5] explains to identify the charge flow equation
on SCC on each switching intervals. The steps to be followed
for generating linear equation:

1) Consider steady state value as zero.
2) Apply Kirchoff current law (KCL).
3) Total charge is added and equate to linear equations.
According to Kushernov’s solution in [5] charge balance

equations define a relation in magnitude between the charges
flowing during each phase. The last one defines their absolute
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Fig. 3. Equivalent circuit of proposed converter for -2Vin VCR.

value (scale) based on the net charge supplied to the load.
Kushnerov’s method [5] finds accurate equivalent resistance
by computing average phase currents in terms of load current,
based on the charge balance equations. However, this approach
was applicable only for the first order RC circuits.

Accurate Req method that can deal with higher order RC
circuits was proposed by Mustafa et al. [11]. In this method,
Req is calculated by using the charge balance and partial KVL
equations.

To analyse the ISCC, assumptions are to be considered as
explained in [11]. High order RC circuit are used for each
switching phase. ISCC charged capacitors are determined by
solving linear algebraic equation. Calculation of overall losses
can be solved by considering the exponential currents in the
circuit and then by successively: measuring squared current in
the given time intervals and computing Req. The comparison
between Req methods [8], [10], [11] is made in Section VI.

IV. DETAILED ACCURATE EQUIVALENT

RESISTANCE CALCULATION

Accurate equivalent resistance calculations are derived using
charge flow balance equations using Fig. 3 as given below,

Q21 − Q11 = 0; (4)

Q22 + Q12 = 0; (5)

Q12 = Q, (6)

where Q - net charge delivered to the load. By solving
the (4)–(6) charge flow solution is given by,

Q11 = Q21 = Q22 = −Q; Q12 = Q. (7)

For accurate calculation, equal switch resistances (r) and
switched capacitances (C) are considered. Capacitor ESR was
not considered in calculations, based on the requirement, ESR
can be included. Phase 1 (Fig. 3(a)) is the 2nd order circuit
that has two time constants (T1 and T2). Phase 2 (Fig. 3(b))
has only series connections that correspond to the 1st order
circuit with one time constant (T3) where the time constants

T1, T2 and T3 are given by,

T1 = 1.59rC; T2 = 4.41rC; T3 = (3/2)rC. (8)

Following the methodology in [11] for Phase 1 and methodol-
ogy in [5] for Phase 2, the equivalent resistance (Req) of ISCC
can be calculated.

A. Phase 1 Capacitor Currents

In order to find 4 unknown coefficients of Phase 1 capacitor
currents (9), (10), a set of 4 linear equations are developed as
given in (11), (12),

i1(t) = a11e−t/T1 + a12e−t/T2; (9)

i2(t) = a21e−t/T1 + a22e−t/T2 , (10)

where three equations are developed using capacitor charge
flow methodology as explained in (11). The other two equa-
tions are developed from partial KVL method which is
explained in (12) using Fig. 3(a).

T/2∫

0

i1(t)dt = −
T/2∫

0

(i1(t) + i2(t))dt = −Q; (11)

i1(t)r + 1

C

T/2∫

0

i1(t)dt = i2(t)r, (12)

where T is a switching period.

B. Phase 2 Capacitor Current

To find unknown coefficient of Phase 2 capacitor cur-
rent (13), one equation (14) is sufficient from charge flow
methodology and it is derived using Fig. 3(b) that is given by,

i3(t) = Ae−t/T3; (13)
T/2∫

0

i3(t)dt = −Q. (14)

Req that is calculated by finding power loss (squared currents
integrals) on each segment is given by,

Req = 1

Cf
coth

(
1

6rCf

)
+ 1

6.83Cf
coth

(
1

6.34rCf

)

+ 1

1.17Cf
coth

(
1

17.66rCf

)
, (15)

where f is the switching frequency. The first term of expres-
sion (15) corresponds to Phase 2, while the last two terms
concern Phase 1 (one for each time constant).

V. EXPERIMENTAL VERIFICATION AND DISCUSSION

This is the model for developing a on-chip ISCC. This
experimental setup was verified by designing the converter
using electrical components. The proposed converter is val-
idated using MAX4567 switches [2] with turn-on resistance
(r) of 0.3 �. For the capacitors, 22 μF flying capacitors and
220 μF output capacitor are used, with ESR equals to 100
m�. To drive the backlight WLEDs, minimum output voltage
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Fig. 4. Simulation results of ISCC: (a) Vo time response for all VCRs; (b)
Comparison between Experiment and Simulation results for -2Vin and -3Vin
VCRs.

Fig. 5. Experimental setup of the proposed ISCC.

needs to be 800 mV. But the MAX4567 switch can be vary
from 10 V to −50 mV (single source). In this brief, for sim-
plicity and validation of the converter VCRs the prototype
model is implemented using the input voltage ≈0.01 V. It
is generated using voltage divider circuit and its losses are
not considered for the analysis. On the other hand, accord-
ing to requirement ESR is easy to include for analysis but in
this analysis, ESR is not considered. Simulation results of all
ISCC VCRs are shown in Fig. 4(a). Experimental results for

Fig. 6. Experimental results of −3Vin when Ro is 1 k�.

TABLE II
COMPARISON WITH DIFFERENT ISCC AND Req ANALYSIS

two different input and different VCRs are shown in Fig. 4(b).
From Fig. 4(b) simulation and experimental results are in good
agreement to each other even in larger load conditions. The
switching controller for ISCC CMOS bidirectional switches is
depicted in Fig. 5. Experimental results for (−2Vin) is shown
in Fig. 5. B and Fig. 5. C where the input voltage is ≈0.01 V
and the output voltage −0.019 V. Fig. 5. D shows the overall
prototype of proposed ISCC. On the other hand, tests were also
performed for −3Vin. The corresponding experimental results
are shown in Fig. 6 where the input voltage for this particular
VCR is 16 mV and the output voltage is −40 mV. Comparison
of all VCRs model, simulated and hardware results are dis-
cussed in Fig. 7(a). Fig. 7(b) shows a comparative study and
a discussion between: accurate Req analysis, simulation and
experimental results. The conditions were identical with the 3
approaches: ESR of 0.1 � and Ro = 1 k�. From Fig. 7(b),
we conclude the ISCC accurate Req, the simulation Req and
the experimental Req are in good agreement. Finally, compar-
ison results of recent work related to ISCC are discussed in
Table II.

VI. COMPARISON WITH ACCURATE AND

APPROXIMATE ISCC Req ANALYSIS

Equivalent resistance is calculated for each method and dis-
cussed in this Section. The equivalent resistance of accurate
calculation is derived in Section IV and the final Req equation
is given in (15). Approximate Req using SSL and FSL solution
is given in (16),

RSSL = 2/(Cf ); RFSL = 22r. (16)

Seeman [8] and Makowski [10] approximate equations for
ISCC are discussed in Section III equation (2) and (3).
Comparison result of accurate and approximate method of
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Fig. 7. Comparison between results for ISCC.

Fig. 8. Comparison of ISCC accurate Req with Seeman [8] and
Makowski [10].

ISCC is depicted in Fig. 8. Two cases are plotted in the
Fig. 8. One is for equal flying capacitances C = 10 μF
and switch resistances r = 1 �. Similarly, experimental
data are compared and plotted for equal flying capacitances
C = 22 μF and switch resistances r = 0.3 �. It should be
noted that approximate equivalent resistance calculation coin-
cides with the accurate one only in the FSL and SSL regions.
However, in the transition region the difference is considerable

as shown in Fig. 8. The recent finding of accurate equiva-
lent resistance calculation [11] shows that there is no need to
calculate FSL and SSL separately. Therefore, there is more
elegant way to accurately calculate equivalent resistance over
the whole switching interval by using the approach proposed
in [11].

VII. CONCLUSION

In this brief, the working concept of the ISCC which
are mostly used in micro power applications are analysed
and verified experimentally. Compare to all ISCC methods
proposed ISCC provides high efficiency and maximum volt-
age ratios. ISCC is designed for three stage converter using
ten switches and three flying capacitors which generates seven
voltage ratios. It achieves 95% peak efficiency where the
losses are not considered. Further, the accurate equivalent
resistance analysis of ISCC includes ohmic and conduction
losses, which are analysed and validated using experimental
setup. The proposed ISCC shows good results in theoretical,
simulation and experimental validations. The accurate equiva-
lent resistance calculation and simulation results are almost
overlapping. Finally, accurate equivalent resistance calcula-
tion which is validated for ISCC are compared with two
approximate methods suggested by Seeman and Makowski.
Comparison shows that for the range of frequencies between
SSL and FSL those two methods can be not enough accurate
for modeling losses of SCC.
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