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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-um-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. Cpymp is a flying capac-
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itor, Coy 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 makea V —1
transformation and superimpose it with the reference current
Irgr1; the summation is Isynm, so we can find that,
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The active regulation function can be expressed as:
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Fig. 1. Function block diagram of multi-mode.
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Fig. 2. Circuit of the proposed charge pump.
; 1A%
In Ref. [l]f the charge pump r.egul.ates the turn on time Roxmit = f(Vapry) = DSMIL (10)
of the power switches M3 and M4; in this paper the proposed ol
_ 1
charge pump can detect the loa.d cu'rrent.by the feedback volt Iy ~ =upcox(Viy — IsumRs — Voup)2 (11
age Vpp, regulate the turn on time in skip mode, and regulate 2
Ryson of power switches M11and M22 in linear mode; the ef- Ve = Vin + VCpump = Vo,
. . . 1
ﬁm.ency and output ripple has b.een improved. When the load — ~ upcox(Vin — IsuniRs - Vi) Rosani1, (12)
is light, VesT, VeaoutT, Isumld, if Fymope-seL < 0, the charge 2
. . . . T
pump enters 1nt0.sk1p mode; when the load is heavy, Vggl, Ie[nT + ty, (n + m)T] = m foud. (13)
Veaout!, IsumT, if Fmope-seL = 0, the charge pump enters mT — fey
into linear mode, so, the proposed charge pump works effec-  Since the transfer energy is constant, so
tively with 2.ICt1VC regulation. . . 1 Lty = Io(mT — tay). L(nT — t) = hogamT. (14)
For a light load, the charge pump enters into skip mode!!!,
which consumes low quiescent current, the output of I, is low, From Egs. (11) and (13), we find that
M?20 and M21 turn off, so M11 turns on and M22 turns off. mT — to, mT =t omT -ty
In the meanwhile, EAOUT is pulled down by M4, whose cur- L= lan I = fah (e + Thoaa) = Lioad-
rent is determined by Iy, and Irgrz. When Iy, is less than (15)
K3 Irgr, the output of 14 is high, M20 and M21 turn on, there- Thus from Egs. (10) and (14), we have
fore M11 turns on, M22 turns off, and EAOUT is pulled up by Vo = 2V v v
M3 at the moment. The actual process can be divided into two p=2Vin = (Vor + Vo)
states, charging state and discharging state. . o 2mT — tep Romaat1 + 2mT — e RONM22) . 16)
Charging state: D1 and M22 turn on, Cpymp 1is mT — tep Teh

charged®3!, charging current is I,, charging time is 7, and
the voltage across Cpump 1S VCpump. Cour supplies current to
load; for the cycle n, the skip period is mT,

Vnprv = IsumR4 — Vosmos + Vasmor = IsumRs,  (4)
1A%
Ronmaz = f(VNpry) = SALILILEEY (5)
ol
1
I, = Zuncox(IsumRs — Viun)?, (6)

2

1
VCoump = Vin — Vb1 — Euncox(ISUMR4 — Vran)*Ronmzzs (7)

®)

Discharging state: M11 and D2 turn on, Cpymp discharges
current and transfers energy from Cpump to C,, neglecting
the dead time effects, the discharge time is mT — fc,, and 1, is
discharging current, so

Ic[nT,nT + ten] = —lioaa-

Veprv = VIN — IsumRs — Vosmio + Vasmzs ® Vin — IsumRs,

©)

The output ripple Vpp can be written as follows:

. 2mT -t
Vpp(skip) = ————— ResrJioad +
mT — t

mT Lipaq

7)

out

When the load is heavy, the charge pump regulates in
linear mode, the amplifier amplifies the difference between
feedback signal Vgg and Vygp, and regulates the conductive
resistance Rpson of M11 and M22 to control the charging and
discharging current, which work in saturation!*-%!.

Charging state: D1 and M22 turn on, Cpunp is charged,
charging current is I, charging time is 7/2, and the voltage
across Cpump 18 VCpump- Cour supplies current to load; for the
cycle n, the clock period of OSCis T,

Ic[nT,nT + ten] = —loag- (18)

Discharging state: M11 and D2 turn on, the Cpypmp dis-
charges current and transfers energy from Cpymp t0 Coy, nE-
glecting the dead time effects, and the discharge time is 7/2,
)

Ic[nT +T/2,(n+ DT] = Iy — Load = lioad- (19)
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Fig. 3. Model for AC analysis of the charge pump.

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

2

2
Vb = 2ViN — 2]10ad Z Ronmnn — Vbm.- (20)

N=1 M=1

The output ripple of Vp can be calculated as:
Vep(linear) = 21 10aaREsR + fi0ad T/ (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!”=?1,

Vin — IsumRs, nT <t<nT +T/2,

Veprv = (22)

Vin, nT +T/2 <t <nT +T,

0, nT <t<nT+T/2,
VNDRV = (23)
IsumR4, nT +T/2<t<nT +T.

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. R, is the output resis-
tance of gy-stage. Ry, is the output impedance of bufferp, Cpy;
is the parasitic capacitance of power switch M11, the voltage
controlled current source is used for modeling gm of M11,
and Ronmi; is the conduction resistance of M11. The volt-
age source Vpump is used for modeling Cpump. Rr1 and Rp is
the feedback divided resistance, Cy is the output capacitance,
and Rjo,q 1s the load resistance. The voltage source, C, and R,
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:

Rp»

H(s) = gmEaREAZmRogmM11 (RonMmi1//Rioad) 5——— X
Rp1 + Rp2

1+ s/RcCc
[1+ s/(Rea + Ro)Ccl[1 + s/(Ronmii//Rioad)Coutl

(24)
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Fig. 4. Loop gain and phase versus frequency for different loads.
The dominant pole is:

o1 = 1/2n(Rga + Rc)Cc, (25)

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

Jo2 = 1/2n(Ronmi1/ /Ricad)Cout- (26)
The zero of compensation is:
f» = 1/2nRcCe. 27)

The DC open loop gain is:

EmM7
Ay = Rpp———m—
V = §mEAREA 1+ gmrRo
RngMll(RONMll//Rload)ﬂ- (28)
Rp1 + Ry
The parasitic pole is:
Spar = 1/27CpueRy. (29)
The gain bandwidth product (GBW) is:
mMEAZmM7R58&m R R R
GBW = SmEASmM7Rsg Mi1 (Ronmit//Rioad) F2 (30)

2nCou(1 + gmm7) Rpi + Rey

2.3. AC simulation results

Based on the UMC 0.6 um-BCD process, the circuit is
simulated using H-spice. Figure 4 presents the ac simulating
results, and shows gain and phase versus frequency for Ijg,q
= 50 mA and [jp,g = 200 mA in linear mode. When /ljpq =
50 mA, the loop gain can be up to 96 dB, and phase margin is
60.2 °. When 15,4 1s 200 mA, the loop gain is 83 dB, and phase
margin is 66.9 °.The GBW is 164 kHz. When I}y, 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 /; in linear mode is nearly m times

in linear mOde,

Iy(linear) T m
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Fig. 5. Efficiency versus load current.
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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,

_ Po _ Velioap Ve
TP~ Vindw ™ T VN

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 [, < 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 Ij,,q > 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 Egs. (17) and (21) we can find that

(32)

2mT — tChR I + mT L.
VPP(Skip) — mT — Ich FSRfloud Coul ~2m (33)
Vpp(linear) 21102aRESR + Ti0adT/(2Cout) '

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 o, < 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 < jpaq <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 Co, 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 Vix = 6V, Vp = 10 V; Figures 7(c) and 7(d) are
the waveforms when Viy = 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 Coy of 1 uF 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 mm?.

Table 1 shows the proposed dual mode charge pump elec-
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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) I, (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] 1.6-2.4 222-231 — — 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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