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Subtraction-Mode Switched-Capacitor Converters
With Parasitic Loss Reduction

Junmin Jiang ¥, Member, IEEE, Xun Liu

Abstract—In this letter, subtraction-mode switched-capacitor
(SC) converters are proposed and analyzed. When compared to
a conventional summation-mode SC converter, some of the flying
capacitors of the subtraction-mode SC converters have reduced
voltage swings, and hence the switching loss of the corresponding
positive- and negative-plate parasitic capacitors is reduced, and
efficiency is enhanced. The proposed subtraction-mode topologies
use the same number of flying capacitors and switches as the
summation-mode topologies, and they are reconfigured without
using any auxiliary circuits, so there are no tradeoffs in terms of
power density, cost, voltage conversion ratio (VCR), or equivalent
output resistance. A test chip with VCRs of 1/3x, 2/3x, 3/4X,
and 4/5x was fabricated in a 65-nm CMOS process. Efficiency
improvement of more than 10% was achieved when compared to
summation-mode designs.

I. INTRODUCTION

ULLY integrated switched-capacitor (SC) converters are
gaining demands in emerging applications such as low-
power Internet-of-Things and system-on-chips. For low-power
applications, capacitors are readily integrated on-chip, such that
system form factor and cost are reduced. For fully integrated SC
converters, power density, and efficiency are the important con-
siderations, because they have direct impact on the standby time
and the silicon area. A standard CMOS process has low on-chip
capacitance density, and very high switching frequency (tens to
hundreds of MHz) is used to reduce the output impedance and
increase the power density, and results in high switching and
parasitic loss, and degrades efficiency significantly.
Metal-oxide-semiconductor (MOS) capacitors are usually
used in fully integrated SC converters, as they have the highest
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Fig. 1. Top- and bottom-plate parasitic capacitors of on-chip MOS capacitors.

capacitance density among all on-chip capacitors, but they also
have the largest parasitic capacitors. Fig. 1 shows two commonly
used MOS capacitors: the NCAP and the PMOS capacitors.
For the NCAP, the top-plate is the gate and the bottom-plate
is the source/drain, and the main capacitor is Cy. The junction
from P-substrate to N-well should be reverse-biased, forming
the parasitic capacitor C'y across the junction Jy . P-substrate
is connected to ground, and Cyy will be charged and discharged
as C, switches and introduces parasitic loss. Similarly, for the
PMOS capacitor, there are parasitic capacitors Cp and Cyy
across the diodes from drain/source to the N-well and the N-well
to the P-substrate. These parasitic capacitors (C'p and Cyy ) are
around 3%-5% of the gate capacitance. Junction capacitors
are determined by doping concentrations of P-substrate and
N-well, and stay relatively constant across different technology
nodes. Hence, parasitic loss is quite significant as the operating
frequency increases.

Special techniques in achieving high capacitance density were
reported, such as deep-trench capacitors [1], ferroelectric capac-
itors [2], and high-density MIM capacitors, but additional and
costly processing steps are needed. An alternative method to
reduce parasitic loss could be clever circuit design.

In CMOS process, the parasitic capacitance is voltage depen-
dent on the body bias voltage. In [3] and [4], the N-wells of
the MOS capacitors are left floating with a high impedance to
ground or supply voltage, and the two parasitic capacitors are
connected in series with respect to the substrate. If the N-wells
are reverse-biased, then increasing the bias voltage reduces the
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Fig.2.  Operating principle of (a) summation modes and (b) subtraction modes.

junction capacitance, and the high bias voltage can be generated
from an on-chip doubler [5] or an external voltage supply [6].
All the above methods require auxiliary power supplies and extra
circuitry, which introduce extra cost. Besides, when the voltage
conversion ratio (VCR) is small, the flying capacitors have larger
voltage swings, and so do the corresponding parasitic capacitors,
thus still incurring larger parasitic loss.

In this letter, we propose subtraction-mode SC converters that
use the same number of flying capacitors and switches to achieve
the same VCRs and output resistances, with flying capacitors
having smaller voltage swings that result in lower parasitic loss.
A test chip with both summation mode and subtraction mode in
four commonly used VCRs: 1/3x, 2/3x, 3/4x, and 4/5x was
fabricated, for comparison.

II. PROPOSED SUBTRACTION-MODE SC CONVERTERS
A. Summation-Mode Series-Parallel Topologies

Series-parallel topologies are the most commonly used
topologies in state-of-the-art step-down SC converters. Fig. 2(a)
shows the steady-state operations of SC converters with four
typical VCRs (1/3x, 2/3x, 3/4x, and 4/5x). Take the 1/3x
SC converter as an example, and consider the load current is
negligible. In @5 (the series phase), two flying capacitors Cy
and Cs and the loading capacitor C'y, are connected in series and
charged up by the supply voltage Vix, and we have

®y: VIn — Vo = Vo2 + Ve (D

In @, (the parallel phase), Cy, Co, and C, are connected in
parallel and all are discharged by load current, and

Dy: Vea = Ve = Vo (2)
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Fig.3. Operating principle of general (a) 1/(N + 1)x and (b) N/(N + 1)x SC
converters.

Solving (1) and (2) gives Vo = Vo1 = Voo = 1/3 Vin.

The above operations extend to similar 1/(N 4 1) x and N(N +
1) x converters (N is flying capacitor numbers), as shown in Fig.
3(a). Note that in the parallel phase (®1), all N flying capacitors
are connected in parallel so they have same dc voltage 1/(N +
1) x Vin. Then, in the series phase ($5), all N flying capacitors
C;(i = 1...N) are stacked in series with the positive-plate of
C; connected to the negative-plate of C';, such that the voltage
across all C; in series is the “sum” of all capacitor voltages, and
this is the reason of the name “summation mode.” Clearly, for
C1, the voltage swing of the positive-plate and negative-plate is
N/(N + 1) x Vin, and subsequent C; has lower voltage swings.
Hence, the parasitic capacitors of C; contribute the most to the
parasitic loss.

B. Subtraction-Mode Topologies

Next, we propose an alternative method to generate step-down
VCRs (1/3x, 2/3x, 3/4x, and 4/5x) as shown in Fig. 2(b).
Again, take the 1/3x SC converter as an example. In @4, Cj is
connected in series to the parallel-connected Cy and C,, and

O: Vin = Voo + Vo1 = Veor + Vo 3)

In @,, the negative-plate of C; is connected to ground, and
the positive-plate is connected to Co (with a reversed polarity)
and C, in series, and

Doy: Vo1 = Voo +Vo = Vo = Veor — Vea. 4

Solving (3) and (4) gives Vo = 1/3 Vin. Note that in the series
phase (®5), when C; and Cs are viewed as connected in series,
plates of the same polarity are connected together, such that the
voltage across the two capacitors is the “difference” of their
capacitor voltages, and hence the name of “subtraction mode.”
Fig. 2(b) shows the subtraction-mode converters with VCRs of
2/3 %, 3/4x, and 4/5x, and their output voltages are

Vo,2/3x = Vin — (Vo2 — Ver) = 2/3Vin. (5)

Vo.3/ax = Vin — (Vos — Vo2 — Ver) = 3/4Vin. (6)

Vo,uasx = Vin — (Voa — Vez — Voz — Ver) = 4/5Vin.
(7
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TABLE I
COMPARISON OF VOLTAGE SWINGS OF EACH FLYING CAPACITOR
Summation Mode Subtraction Mode
VCRs | Node @, @, AV @, @, AV
Ci+ 13V~ Vin 2/3Vin Vin 2/3Vi~ | 1/3Vin
1/3% Ci- 0 2/3Vin | 23V~ | 13V 0 1/3Vin
Crt+ 13V | 23V | 1/3Viw | 1/3Viw | 2/3Vin | 1/3Vx
C>- 0 13V | 1/3Vin 0 13V | 1/3Vin
Ci+ Vin 13Vin | 2/3Vin | 2/3ViN Vin 1/3Vin
2/3% Ci- 2/3Vin 0 2/3Vin 0 13V~ | 113V~
Crt+ Vin 2/3Vin | 1/3Vin Vin 2/3Vin | 1/3Vin
Cs- 2/3Vin | 1/3Vin | 1/3Vin | 2/3Viw | 1/3Vin | 1/3Vix
Ci+ Vin 1/4Vin | 3/4Vin | 3/4Vin Vin 1/4Vin
Ci- 3/4Vin 0 3/4Vin 0 1/4V~n | 1/4Vn
3/4x Crt+ Vin 12V | 12V Vin 12V | 12V
Cr- 3/4Vin | 1/4Vin | 12Vin | 3/4V N 1/4V N 1/2ViN
Ci+ Vin 3/4Vin | 1/4Vx Vin 3/4Viy | 114V
Cs- 3/4V N 12Vin 1/4ViN | 3/4Vin 1/2ViN 1/4V N
Cit Vin 1/5Vin | 4/5Vin | 4/5Vin Vin 1/5V~n
Ci- 4/5V~ 0 4/5V~ 0 1/5Vin | 1/5Vin
Crt+ Vin 2/5Vin | 3/5Vin Vin 2/5Vin | 3/5Vin
4/5% Cr- 4/5Vin | 15Vin | 3/5ViN | 4/5VIn 1/5Viw | 3/5ViN
Cit+ Vin 3/5Vin | 2/5Vin Vin 3/5Vin | 2/5Vin
Cs- 4/5Vin | 2/5Vin | 2/5Vin | 4/5Vin | 2/5Vin | 2/5ViN
Cyt+ Vin 4/5Vin 1/5Vin Vin 4/5Vin 1/5V N
Cs- 4/5Vin | 3/5Vin | 1/5Vin | 4/5Vin | 3/5Vin | 1/5Vin

With no loss of generality, the flying capacitor that has the
largest capacitor voltage, which is also connected to Vin in one
of the phases, is labeled as C; [see Fig. 2(b)].

To summarize, subtraction-mode SC converters with VCR
= N/(N + 1) or 1/(N + 1) can be generated using N flying
capacitors, as shown in Fig. 3(b). In one phase, C; is charged
to Vo1 = N/(N + 1) x Vin, while the other flying capacitors
Cy (M # 1) have Ve = /(N + 1) x Vin. In another phase,
if the negative-plate of C; is grounded, we have

1
N+1

Vo=Vor— Y Vou= Vix. ®)

M#1

And if positive-plate of C; is connected to Vin, we have

N

Vo =Vin — VCI—ZVCM N1l

M#1

Vin. 9

For a subtraction-mode SC converter, C; has a larger Vo1, and
the voltage swings of its positive- and negative-plates (V14 and
Vo1, respectively) are thus lower. In fact, AV and AV
are only 1/N of those of the summation mode counterparts.
Table I summarizes the voltage swings of the positive- and
negative-plates of the flying capacitors of the converters in
Fig. 2. Recall that the parasitic capacitors of C; contribute the
most to the parasitic loss, and now they have much reduced
voltage swings, resulting in significant reduction of parasitic
loss and improvement in efficiency. However, it should not be
higher than the MOS’s breakdown voltage. The voltage swings
of the other flying capacitors remain the same in the two modes.

For two modes of SC converters, since the number of ca-
pacitors and switches, and the charges through each capacitors
and switches are the same, steady-state performance such as
the equivalent output resistance remains the same. In summary,
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@
1/3x Subtraction Mode

Fig. 4. Parasitic capacitors on top- and bottom-plate of 1/3x mode.

subtraction-mode SC converters have lower parasitic loss, and
no performance tradeoff in terms of power density.

III. ANALYSIS OF PARASITIC LOSS

We then turn to the analysis of reduction in parasitic loss. We
assume that the voltages of the flying capacitors are not affected
by the charge introduced by the parasitic capacitors, as they are
much smaller (usually below 5%) than the flying capacitors. No-
load condition is also assumed such that the capacitor voltages
do not change from phase to phase.

Let us consider the 1/3 x SC converter as shown in Fig. 4. The
positive- and negative-plate parasitic capacitors are C'y 4, Cip—,
Copy, and Oy, and their voltage swings in both phases are
indicated. For the summation-mode converter, when @; changes
to @y, C,4 is charged from Vp to Vin with a charge Q1 p.
The energy sourced from Viy is

Eipt,cun=VinQir+ =Vin (Vin—Vo) Cip4 = ;‘/1%\101P+~
(10)
When @, changes to @1, C'y,,+ is discharged from Vin to Vo,
and the energy that is returned to V is

2
Eipypis=VoQip+ =Vo (Vin —Vo)Cipy = §V12NClP+-

(1)
The energy loss due to C'yp is the difference of (10) and
(11), and is given by

4
2
Eipyross = Eip+.cu — Eip+pis = - ViNCipy-

12
9 (12)
For C—, it is charged from 0 to 2/3 Viy in @,
2 4 5
Eip_cu=(Vin — Vo) sVinCip- = —VxCip-. (13)

3 9

In @y, all the charge is dumped back to ground by C'y,—, and
hence the loss is given by
4
Eip_ross = Eip_cu = 6‘/1%\101P—~ (14)
In general, consider the parasitic capacitor C'p that is charged

and discharged between two voltages V7, to V. In the charging
phase, the energy sourced from the system is

Epcn = Vu (Vu — VL) Cp. (15)
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Fig. 5.
TABLE II
ENERGY COSTED BY PARASITIC CAPACITORS

VCRs | Summation Mode | Subtraction Mode A%
13% | GIOVadCo +Cp) | QI9OVHCyi + Cy) 60%
23% | (5I9YVACor+ Co) | (2I9)ViA(Cpe + Cy) 60%
34x | (I8)nACo+Cp) | GRVNACy +Cy) | 57.14%
45% | (6/5VHCpt+C) | BISVACpe +Cy) 50%

In the discharging phase, the energy returned to the system is
Ep pis =V (Vg = V) Cp. (16)
Hence, the energy of parasitic loss is

Epross = Epcn — Eppis = (Vir — Vi)’Cp = AVZCp.
a7

The same computation can be applied to the subtraction-mode
converters.

By using (17), parasitic loss of all Cj,+ and Cjy— (i =
1...N) can be calculated using the voltage swings of the
positive- and negative-plates of Table I, and the parasitic
losses with different VCRs are compiled in Table II. Clearly
subtraction-mode SC converters have reduced parasitic loss of
50%—-60% when compared to summation-mode SC converters.

IV. TEST CHIP AND MEASUREMENT RESULTS

To verify the proposed concept and analysis, both summation-
mode and subtraction-mode SC converters were designed and
fabricated using the same circuit parameters for comparison.
Fig. 5 shows the transistor-level schematics of three VCRs in
the two modes. For 4/5x, the similar schematics are used.
For each VCR, the SC converter of each mode uses the same
number of flying capacitors and switches, and each has the
same silicon area. The flying capacitors are implemented with
stacked on-chip MIM, MOM, and MOS capacitors in a vertical
hierarchy, and achieve a capacitance density of ~10 fF/um?.
A 2-phase clock passes through the nonoverlapping block,
and the nonoverlapping phases are then level shifted to the
proper voltage domains. Two voltage domains V7, = 1.2V and

Transistor implementation of both summation and subtraction modes with VCR of (a) 1/3x, (b) 2/3%, and (c) 3/4 .

[
o
o
=
3
| 'sumq Su
i113x & 113x § 200x § 21
SR o Sum 2/3x Sub 2/3x
500 pm: |
Fig. 6. Chip micrograph and the layout of 2/3 x SC converters in two modes.

Viu = Vin — 1.2V are generated by voltage regulators to tackle
the breakdown issues. To have fair comparison, the switches in
both the summation mode and the subtraction mode have almost
the same turn-ON resistance. Test bits are used to individually
enable each topology and select the respective output node for
measuring the efficiency.

The test chip consisted of four VCRs was fabricated in a 65 nm
CMOS process. It occupies a total area of 500 pm x 600 pm,
as shown in Fig. 6. The two types of topologies occupied
the same chip area. Fig. 7 shows the measured efficiencies
of the step-down SC converters in both modes with VCRs of
1/3x, 2/3x, 3/4x, and 4/5x. The output voltages were kept
the same to ensure that both types of converter delivered the
same power. It is confirmed that for all VCRs, the proposed
subtraction-mode converters achieved higher efficiency than the
summation-mode converters across the entire loading range. For
the converters with VCR =1/3 x (Vi =2V, Vo =0.6V),
switching and parasitic loss are most significant at light-load
condition, the improvement in efficiency was as high as 20% [see
in Fig. 7(a)]. For the converters working in different frequencies,
the subtraction-mode converter achieved a 13% peak efficiency
improvement when fsyr = 60 MHz, and an 11% peak efficiency
improvement when fgy = 100 MHz. Similar results were ob-
served for 2/3x, 3/4x, and 4/5x, as shown in Fig. 7(b)-(d).
Efficiency improvement is always larger for converters operating
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Fig. 7. Measured efficiency of summation- and subtraction-mode converters
at 60 and 100 MHz.

at higher switching frequency, and is consistent with the analysis
shown in Section III.

V. CONCLUSION

This letter proposed subtraction-mode SC converters that
use the same number of flying capacitors and switches as the
summation-mode converters, but have reduced positive- and

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 2, FEBRUARY 2020

negative-plate voltage swings. Measurement results verified that
significant efficiency improvement was achieved, thanks to the
reduced parasitic loss, and there are no tradeoffs in terms of
power density, cost, VCR, or equivalent output resistance.
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