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A multi-mode low ripple charge pump with active regulation∗
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Abstract: In order to improve efficiency and reduce the output ripple, a novel multi-mode charge pump is presented.
The proposed charge pump includes dual-loop regulation topology-skip and linear modes. It consumes low quiescent
current in skip mode for light loads, and produces low ripple in linear mode for heavy loads, which closes the gap
between linear mode and skip mode with active regulation; a multi-mode charge pump employing the technique
has been implemented in the UMC 0.6-µm-BCD process. The results indicate that the charge pump works well and
effectively; it has low ripple with special regulation, and minimizes the size of the capacitance, then decreases the
area of the PCB board. The adjustable output of the positive charge pump is 10–30 V, and the maximum output
ripple is 100 mV when the load current is 200 mA. The line regulation is 0.2%/V, and load regulation is 0.075%.
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1. Introduction

In medium and small power charge pump switched
power supplies, the multi-mode controlling technique in
closed loop feedback controlling systems, which achieves bet-
ter dynamic performance, higher precision, larger gain band-
width and protection from transient large current, is widely
utilized.

The electrical equipment needs a specific operating volt-
age with low ripple and good line regulation as well as good
load regulation, therefore a multi-mode efficient charge pump
with low output ripple and low quiescent current is presented
in this paper. Compared with the traditional charge pump, the
proposed circuit can produce a very low output ripple with spe-
cial regulation in linear mode for heavy loads, and consumes
very low quiescent current in skip mode for light loads. The
charge pump can work well and effectively, occupies a small
PCB board space, radiates low EMI and offers high efficiency.
It can compete with inductive converters when the input volt-
age is supplied with battery powered systems.

The paper presents a multi-mode charge pump regula-
tion technique and circuit, which include skip mode and linear
mode. It achieves low output ripple and low power dissipation.
The testing results show that the charge pump works stably and
effectively.

2. Structure of multi-mode charge pump

Figure 1 shows the structure of the proposed charge
pump, which consists of a dual loop regulation technique. It
includes an error amplifier EA, a comparator, a V–I conver-
sion circuit, a reference block REF, an oscillator and logic, a
high side power switch driver bufferp, and a low side power
switch driver buffern inside the chip. Cpump is a flying capac-

itor, Cout is an output capacitor, and D1 and D2 are charging
and discharging diodes.

2.1. Realization of the proposed charge pump circuit

Figure 2 presents the proposed charge pump circuit. The
error amplifier EA amplifies the error between VREF1 and
VFB, and EAOUT is the output signal of EA. We make a V − I
transformation and superimpose it with the reference current
IREF1; the summation is ISUM, so we can find that,

IEA =
VEAOUT − VGSM7

R2
, IREF1 =

VREF2

R3
, IREF2 =

VGSM1

R1
, (1)

ISUM = K2(K1IEA + IREF1) =
(W/L)M13

(W/L)M10

[
IREF1 −

(W/L)M9

(W/L)M8
IEA

]
.

(2)
The active regulation function can be expressed as:

FMODE−SEL = K4ISUM − K3IREF2

=
(W/L)M5

(W/L)M14
ISUM −

(W/L)M25

(W/L)M2
IREF2. (3)

Fig. 1. Function block diagram of multi-mode.
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Fig. 2. Circuit of the proposed charge pump.

In Ref. [1], the charge pump regulates the turn on time
of the power switches M3 and M4; in this paper the proposed
charge pump can detect the load current by the feedback volt-
age VFB, regulate the turn on time in skip mode, and regulate
Rdson of power switches M11and M22 in linear mode; the ef-
ficiency and output ripple has been improved. When the load
is light, VFB↑, VEAOUT↑, ISUM↓, if FMODE−SEL < 0, the charge
pump enters into skip mode; when the load is heavy, VFB↓,
VEAOUT↓, ISUM↑, if FMODE− SEL > 0, the charge pump enters
into linear mode, so, the proposed charge pump works effec-
tively with active regulation.

For a light load, the charge pump enters into skip mode[1],
which consumes low quiescent current, the output of I4 is low,
M20 and M21 turn off, so M11 turns on and M22 turns off.
In the meanwhile, EAOUT is pulled down by M4, whose cur-
rent is determined by Isum and IREF2. When Isum is less than
K3IREF2, the output of I4 is high, M20 and M21 turn on, there-
fore M11 turns on, M22 turns off, and EAOUT is pulled up by
M3 at the moment. The actual process can be divided into two
states, charging state and discharging state.

Charging state: D1 and M22 turn on, Cpump is
charged[2, 3], charging current is Ia, charging time is tch, and
the voltage across Cpump is VCpump. Cout supplies current to
load; for the cycle n, the skip period is mT ,

VNDRV = ISUMR4 − VGSM24 + VGSM27 ≈ ISUMR4, (4)

RONM22 = f (VNDRV) =
∂VDSM22

∂Ia
, (5)

Ia =
1
2

uncox(ISUMR4 − VTHN)2, (6)

VCpump = VIN − VD1 −
1
2

uncox(ISUMR4 − VTHN)2RONM22, (7)

IC[nT, nT + tch] = −Iload. (8)

Discharging state: M11 and D2 turn on, Cpump discharges
current and transfers energy from Cpump to Cout, neglecting
the dead time effects, the discharge time is mT − tch, and Ib is
discharging current, so

VPDRV = VIN − ISUMR5 − VGSM19 + VGSM23 ≈ VIN − ISUMR5,

(9)

RONM11 = f (VNDRV) =
∂VDSM11

∂Ib
, (10)

Ib ≈
1
2

upcox(VIN − ISUMR5 − VTHP)2, (11)

VP = VIN + VCpump − VD2,

−1
2

upcox(VIN− ISUMR5−VTHP)2RONM11, (12)

IC[nT + tch, (n + m)T ] =
mT

mT − tch
Iload. (13)

Since the transfer energy is constant, so

Iatch = Ib(mT − tch), Ic(mT − tch) = IloadmT. (14)

From Eqs. (11) and (13), we find that

Ia =
mT − tch

tch
Ib =

mT − tch

tch
(Ic + Iload) =

2mT − tch

tch
Iload.

(15)
Thus from Eqs. (10) and (14), we have

VP = 2VIN − (VD1 + VD2)

− Iload

(
2mT − tch

mT − tch
RONM11 +

2mT − tch

tch
RONM22

)
. (16)

The output ripple VPP can be written as follows:

VPP(skip) =
2mT − tch

mT − tch
RESRIload +

mT Iload

Cout
. (17)

When the load is heavy, the charge pump regulates in
linear mode, the amplifier amplifies the difference between
feedback signal VFB and VREF, and regulates the conductive
resistance RDSON of M11 and M22 to control the charging and
discharging current, which work in saturation[4−6].

Charging state: D1 and M22 turn on, Cpump is charged,
charging current is Ia, charging time is T /2, and the voltage
across Cpump is VCpump. Cout supplies current to load; for the
cycle n, the clock period of OSC is T ,

IC[nT, nT + tch] = −Iload. (18)

Discharging state: M11 and D2 turn on, the Cpump dis-
charges current and transfers energy from Cpump to Cout, ne-
glecting the dead time effects, and the discharge time is T /2,
so

IC[nT + T/2, (n + 1)T ] = Ib − Iload = Iload. (19)
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Fig. 3. Model for AC analysis of the charge pump.

Thus from Eqs. (4) and (12), VP can be deduced as fol-
lows:

VP = 2VIN − 2Iload

2∑
N = 1

RONMNN −
2∑

M = 1

VDM. (20)

The output ripple of VP can be calculated as:

VPP(linear) = 2IloadRESR + IloadT/(2Cout). (21)

For heavy loads, the charge pump operates in linear
mode, and the output ripple is very low. For the cycle n, when
nT < t < nT + T /2, OSC is high, so M11 turns on and M22
turns off. When nT + T/2 < t < nT + T , the corresponding
state is that M11 turns off and M22 turns on, and it is evident
that[7−9],

VPDRV =

VIN − ISUMR5, nT < t < nT + T/2,
VIN, nT + T/2 < t < nT + T,

(22)

VNDRV =

0, nT < t < nT + T/2,
ISUMR4, nT + T/2 < t < nT + T.

(23)

2.2. Stability analysis of the charge pump in linear mode

Figure 3 shows the model for AC analysis of the charge
pump; the error amplifier EA is realized through a traditional
trans-conductance amplifier. RC and CC are the internal com-
pensation resistance and capacitance. Ro is the output resis-
tance of gm-stage. Rb is the output impedance of bufferp, Cpar

is the parasitic capacitance of power switch M11, the voltage
controlled current source is used for modeling gm of M11,
and RONM11 is the conduction resistance of M11. The volt-
age source Vpump is used for modeling Cpump. RF1 and RF2 is
the feedback divided resistance, Cout is the output capacitance,
and Rload is the load resistance. The voltage source, Ca and Ra

in the dotted line block are used for AC small signal analysis.
From the above it is evident that when M11 turns on, the

modulate loop has two poles within the crossover frequency,
and one pole is far from the crossover frequency, so we can
see that the transmission function can be expressed as:

H(s) = gmEAREAgmRogmM11(RONM11//Rload)
RF2

RF1 + RF2
×

1 + s/RCCC

[1 + s/(REA + RC)CC][1 + s/(RONM11//Rload)Cout]
. (24)

Fig. 4. Loop gain and phase versus frequency for different loads.

The dominant pole is:

fp1 = 1/2π(REA + RC)CC, (25)

where REA is the output impedance of the error amplifier.
The non-dominant pole is:

fp2 = 1/2π(RONM11//Rload)Cout. (26)

The zero of compensation is:

fz = 1/2πRCCC. (27)

The DC open loop gain is:

AV = gmEAREA
gmM7

1 + gmM7R2
×

R5gmM11(RONM11//Rload)
RF2

RF1 + RF2
. (28)

The parasitic pole is:

fpar = 1/2πCparRb. (29)

The gain bandwidth product (GBW) is:

GBW =
gmEAgmM7R5gmM11(RONM11//Rload)

2πCout(1 + gmM7)
RF2

RF1 + RF2
. (30)

2.3. AC simulation results

Based on the UMC 0.6 µm-BCD process, the circuit is
simulated using H-spice. Figure 4 presents the ac simulating
results, and shows gain and phase versus frequency for Iload

= 50 mA and Iload = 200 mA in linear mode. When Iload =

50 mA, the loop gain can be up to 96 dB, and phase margin is
60.2 ◦. When Iload is 200 mA, the loop gain is 83 dB, and phase
margin is 66.9 ◦.The GBW is 164 kHz. When Iload varies from
0 to 200 mA, the load regulation is 0.075%.

3. Experimental results and microphotograph

Comparing skip mode with linear mode, the skip cycle is
m, so the quiescent current Iq in linear mode is nearly m times
in linear mode,

Iq(skip)
Iq(linear)

≈ 1
m
. (31)
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Fig. 5. Efficiency versus load current.

Fig. 6. Output ripple versus load current.

Neglecting the diode and power switch loss, the maxi-
mum efficiency is determined by power supply VIN and output
stage N, and the efficiency of the proposed multi-mode charge
pump can be expressed as,

η =
PO

PIN
=

VPILOAD

VINIIN
, ηmax ≈

VP

VINN
. (32)

The proposed dual mode charge pump is used as a TFT
LCD power supply, and the TFT LCD consumes about 0–200
mA power supply current; when the TFT LCD enters sleeping
mode, the proposed charge pump works in skip mode and con-
sumes a low power supply current, whose efficiency is higher
than linear mode. When the TFT LCD is working in normal
operation, the proposed charge pump can supply 200 mA cur-
rent, which meets the low EMI and low power supply ripple
application of TFT LCD.

Figures 5(a) and 5(b) show how the efficiency varies with
load current. When Iload < 50 mA, the charge pump works in
skip mode, which consumes a lower quiescent current than lin-
ear mode, so the efficiency for a light load is 8% higher than in
linear mode. When Iload > 50 mA, the proposed charge pump
works in linear mode. As the load varies from 0 to 200 mA, the
maximum efficiency of the proposed charge pump can be up
to 82.3%, so the proposed multi-mode charge pump for TFT
LCD achieves high efficiency from a light load to a heavy load.

From Eqs. (17) and (21) we can find that

VPP(skip)
VPP(linear)

=

2mT − tch

mT − tch
RESRIload +

mT Iload

Cout

2IloadRESR + IloadT/(2Cout)
≈ 2m. (33)

Figures 6(a) and 6(b) show the output ripple variation
with load current. The output ripple is 15–400 mV in skip
mode, and the output ripple is 12–104 mV, when the load cur-
rent varies from 1 to 200 mA. When Iload < 50 mA, the pro-
posed dual mode charge pump works in skip mode, and the
output ripple is comparable with that in linear mode. When 50
mA < Iload < 200 mA, the proposed charge pump works in lin-
ear mode, and the output ripple is reduced to 25% of the output
ripple in skip mode. From Eqs. (17) and (21), it is obvious that
the output cap Cout and operating frequency can reduce output
ripple; the larger the cap and the higher the frequency are, the
lower output ripple we can get. The output ripple is increased
with the load.

Figures 7(a) and 7(b) are proposed charge pump wave-
forms when VIN = 6 V, VP = 10 V; Figures 7(c) and 7(d) are
the waveforms when VIN = 18 V, VP = 30 V. The results show
that the proposed charge pump works well in skip mode when
the load is 40 mA, as well as in linear mode when the load is
100 mA, which is consistent with the curve of output ripple
variation with load.

When a test and verification is made on the chip, the tran-
sient response is tested taking the output wave filtering capac-
itor Cout of 1 µF and the 100 mA square load current whose
rising and falling times are 10 ns. We find that the output volt-
age pulse is in the range of 100 mV at the terminal VP and
there is no ringing in Fig. 8. Figure 9 is the microphotograph
of the proposed charge pump; the area is 0.6025 mm2.

Table 1 shows the proposed dual mode charge pump elec-
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Fig. 7. Waveform of the proposed dual mode charge pump.

Fig. 8. Load transient response of the charge pump. Fig. 9. Microphotograph of the charge pump.

Table 1. Comparison of the proposed dual mode charge pump with references.

Charge pump Supply (V) Output (V) Iq (mA) Ripple (mV/mA) Maximum output current (mA) Peak efficiency

This paper 6–18 10–30 0.4 0.5 200 82.3%
Ref. [1] 1.8–3.6 5 10 0.5 100 —
Ref. [4] 1.8 6.5 — 9 0.35 55%
Ref. [5] 1.6–2.4 2.22–2.31 — — 8 94%

trical characteristics. When compared to Refs. [1, 4, 5], the
proposed charge pump can supply more load current, and the
output ripple is comparable with Ref. [1], although the peak
efficiency is slightly lower than Ref. [5].

4. Conclusion

Based on the analyses of the multi-mode low ripple
charge pump, it is shown that the proposed charge pump works
well in skip mode for light loads, as well as in linear mode for

heavy loads. The testing results show us that, while satisfying
the system stability, the charge pump has a better transient re-
sponse characteristic and load capacity, which produces low
output ripple for heavy loads and consumes low quiescent cur-
rent for light loads. It is suitable for low EMI and low cost
systems, which occupy small PCB spaces.
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