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Abstract In this paper, a regulated dual-phase charge
pump with compact size is presented. By means of a nano-
ampere switched-capacitor voltage reference (SCVR) cir-
cuit, the dual-phase charge pump regulator can reduce the
quiescent current and the output ripple. Besides, a new
power stage is proposed to define the stability of the overall
system. Owing to the design of buffer stage, the charge
pump regulator can extend bandwidth and increase phase
margin. Thus, the transient response and driving capability
can be improved. Beside, the proposed automatic body
switching circuit can efficiently drive the bulk of the power
p-type MOSFETs to avoid leakage and potential latch-up.
This chip was fabricated by TSMC 0.35 pm, 3.3 V/5 V
2P4 M CMOS technology. The input voltage range varies
from 2.9 to 4.9 V for the lithium battery and the output
voltage is regulated at 5 V. Experimental results demon-
strate the charge pump can provide 50 mA maximum load
current without any oscillation problems.

Keywords Voltage reference - Charge pump -
Dual-phase power stage - System-on-chip (SoC) -
Fast transient response - Output ripple

1 Introduction

The demand for the portable multimedia devices such as
cellular phones, digital cameras, and personal digital
assistant (PDA), etc., are the emerging market of the
electronic devices, even called the daily essentials. For
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these popular portable devices, the operating time or
standby time almost depends on the battery capacity
and the conversion efficiency of power converters. How-
ever, the capacity of the battery increases at a slow rate and
thus the usage time of these portable devices can be
extended for a little period. In order to further extend the
operating time of portable devices, the efficient power
converters are the major consideration in the design of
portable devices [1-4]. Beside, the size and weight of these
power devices are also important for the users. Therefore,
the miniaturization of the power converters and the reduc-
tion of the external component are essential in portable
devices. That is, the power converters fabricated as a single
chip or integrated into a system-on-chip (SoC) chip needs
compact size and low cost. For the portable multimedia
devices, the reduction of the area on silicon and print circuit
broad (PCB) means lower fabrication cost and tinier size.
A compact size power converter is necessary for the
power supply system of the SoC systems. In DC/DC power
converters, the low drop regulator (LDO) sacrifices power
conversion efficiency and decreases operating time of
portable devices. The inductor-based switching converter
generates high conversion efficiency, but uses a lot of
external components. The charge pump regulator needs
less external components than the inductor-based switching
converter. The advantages of the charge pump regulator are
small, quiet, and moderately efficient. The small board size
and small silicon area are the special competitive advan-
tage in the power converters. Thus, the power converter
implemented by charge pump regulator becomes a good
solution compared to the inductor-based switching circuits
[5-8]. The charge pump provides an efficient approach the
transfer different supply voltage levels. The energy usage
in electronic systems efficiently improved by the charge
pump regulators can extend the life time of the battery.
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Furthermore, the silicon area of the charge pump and the
size of the external components on PCB are also very
economic [9-13].

In order to achieve the compact size charge pump regu-
lator, the switched-capacitor voltage reference (SCVR) cir-
cuit is used to instead of the conventional bandgap reference
circuit and to integrate into the conventional charge pump
regulator [14]. The SCVR circuit determines the output
voltage and generates the regulating signal for charge pump
regulator. Owing to the integration of SCVR circuit and error
amplifier, the structure can effectively reduce the quiescent
current and chip area. However, there is a regulating problem
existed in integration of SCVR circuit and error amplifier.
The output voltage is regulated only for one phase and thus
the output voltage ripple is large. The regulation perfor-
mance is deteriorated since the output voltage is regulated
during only one phase [15]. Furthermore, the output domi-
nate pole depends on load current and thus causes the
unstable issue during load transient due to complex poles,
which reduces bandwidth and phase margin. Thus, in order to
reduce output ripple and ensure phase margin during load
transient, the new proposed method describes a new regu-
lated charge pump regulator with dual-phase regulation. The
dual-phase power stage and the current mode buffer stage are
presented in this paper.

The organization of this paper is as follows. Section 2
describes the structure and behavior of the proposed
dual-phase charge pump regulator. Section 3 shows the
implementation of the proposed dual-phase charge pump
regulator. Experimental results are shown in Sect. 4.
Finally, a conclusion is made in Sect. 5.

2 The structure and behavior of the proposed
dual-phase charge pump circuit

Figure 1 shows the conventional schematic of the compact
charge pump circuit which includes three major circuit
stages. The bandgap stage is used to generate the temper-
ature independent reference voltage and compare with the
feedback signal. The sensor stage is used to monitor the
regulation of output voltage and generate the regulating
signal to power stage. In power stage, the regulating signal
is converted to charging current of fly capacitor Cr and
store energy for demand of output [9-13]. According to the
conventional structure, the compact size charge pump can
be achieved. Thus, the proposed dual-phase charge pump
regulator is depicted as follows.

2.1 The combination of SCVR stage and sensor stage

In traditionally, the conventional bandgap reference circuit
in Fig. 2(a) is used to generate the temperature independent
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Fig. 1 The schematic of the compact charge pump circuit
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Fig. 2 a The conventional bandgap reference circuit and b the
combination of SCVR stage and sensor stage in [13]

reference voltage. The basic of the bandgap circuit is
composed of resistors, operation amplifier (OPA), and
bipolar junction transistors (BJT). Owing to the different
size of BJT, the AVgg is generated to provide the positive
temperature coefficient and expressed as (1) and the ref-
erence voltage Vrgr can be expressed as (2).

AVgg = Vgg1 — Veg2 = VrInN (1)
R,

Vrer = VEB2 + R VrlnN (2)
1

where the Vr is thermal voltage and the factor N is the ratio
of the two BJTs [16]. However, the conventional bandgap
circuit occupies a lot of silicon area and consumes large
quiescent current. The suitable reference circuit for
miniaturization of power converter needs small silicon
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area and low quiescent current. According to the concept of
conventional bandgap reference circuit, the term In N
should be kept at a constant value to minimize the
temperature coefficient of the reference voltage. Thus,
the combination of reference voltage stage and sensor stage
in Fig. 2(b) is used to increase the integration of the
proposed charge pump [14] and generate the regulating
signal for the power stage. In this circuit, the different
emitter-base voltage levels in single BJT are generated by
different bias current during related clock phase. The
voltage reference circuit not only reduces quiescent
current, but also saves much silicon area. It also directly
generates regulating signal for the power stage. During
phase ¢,, the BJT is biased by NIz and thus the voltage
VEgo is stored on the capacitor C,. In the meanwhile, the
operation transconductance amplifier (OTA) is switched to
“reset” mode and the voltage Vrgg is set to low. When the
switches are changed to phase ¢, the BIT is biased by the

problem in the SCVR reference circuit. That is, the refer-
ence voltage only appears during the “amplify” mode,
which is phase ¢;. Thus, the voltage of output only can be
accurately regulated during phase ¢;.

2.2 The control methodology of power stage

Figure 1 shows conventional power stage which is the
charge pump with a fixed switching frequency determines
the output voltage by controlling the on-resistance of the
switching transistors. In phase ¢;, the regulating signal
Vreg is used to control the gate voltage Vgg of the
MOSFET M, and determine the on-resistance and the
charging current Icy. When the power stage switches to
phase ¢,, the flying capacitor Cy, delivers energy to output
loads. The charging current Icy can be expressed as (6),
which depends on the operation region of MOSFET M, and
names as the voltage mode control methodology.

Tcn(wiose) = K"V [(Vas — Vin) — 8] Vps - 0<Vps < (Vas — Vi)

Ien(say = K7 (Vas — Vrn)’

0<(Vas — Vn) < Vbs } (6)

current Ig. The capacitor C; is used to store the value of
Veg1- The OTA is switched to the “amplify” mode and
used to generate the reference voltage from the summation
of the two different voltages with different temperature
coefficients. Since the BJT is biased by the current Iz and
NIg during phases ¢, and ¢,, respectively. The voltage
difference AVgg can be derived and shown in (3). When
the Vgg and Vygg are shorted and after several charge
distributions, the potential on every capacitor comes off its
initial state and the charge at the inverter terminal of the
OTA is stabilized. The reference voltage can be got by (4)
according to the charge balance principle in (5).

NI 1
AVEB = VEBZ — VEBl = VT lIlI—— VT 1111— = VT InN

S S
3)

C, C
—=2 Sy N 4
VREF s (VEBZ + C2VT n > (4)
AQ1 +AQ; = AQs (5)

where AQ[ = ClAVEB] = C] VT 1111\]7 AQ2 = CQVEBQ, and
AQ;3 = C3Vggg. Therefore, the parameter (C;/C;)InN is
fine tuned to determine the zero temperature coefficient of
the reference voltage. The parameter C,/C; is used to
determine the scale of the reference voltage. There has one

where K’ is parameter of process. W, and L; are the width
and length of MOSFET M;. The Vrpy is the threshold
voltage. The Vpg is the different drain-source voltage level
in MOSFET M;. Owing to the flying capacitor Cyqy store
energy and increase voltage, the operation region of
MOSFET M, may change from saturation region to triode
region during the phase ¢;. Thus, the expression of the
charging current Iy is a nonlinear function of gate voltage
Vgs. Furthermore, the nonlinear charging current of
MOSFET is difficult to stabilize the control loop and to
increase the reliability in the voltage mode control meth-
odology. Due to the operation of the voltage mode, the
value of the output resistance may become smaller than
that of the load resistance at heavy loads. Thus, it may have
a serious stability problem at heavy loads. The pole at the
output node is defined as (7). Since a large value of Coyr is
selected as the output capacitor, the output pole becomes
the dominant pole at light loads.

1

(ro1//Rroap)Cour  RroapCour

wp = atlightloads (7)
where the R oap is the load resistance and rg, is the output
resistance of the MOSFET M,. However, at heavy loads,
the output pole is smaller than the pole at the drain of
MOSFET M, and becomes the first non-dominant pole.
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That is, there are two low-frequency poles and may cause
the serious stability issue at heavy loads. The simplest
compensation method is to add a fixed dominant pole
compensation at low frequency and thus the system can be
stabilized. However, this method deteriorates the band-
width and results in slow transient response. Besides, the
output pole is moved toward the origin and causes the
phase margin smaller than 60° at light loads. Thus, it has a
minimum load requirement in the dominant pole com-
pensation method.

In order to eliminate the mentioned problem in the
voltage mode control methodology, the buffer stage in
Fig. 3 is proposed to generate the current mode control
methodology to replace the on-resistance control device. A
voltage control current source (VCCS) circuit is used to
instead of the on-resistance control device. That is, the
MOSFET M, operates in the saturation and works as a
current source. Owning to the design consideration of
current mode control methodology, the charging current
Icy can be the linear function of regulating signal Vigg.
The charging current is equal to (8)

Icn = GmVgeg = GmAga(Vrer — Vo) (8)

where the Gm is the transconductance of VCCS circuit,
Ag, is the gain of error amplifier, and the f is the ratio of
feedback resistance which is equal to Rp»/(Rpi + Rp2).
Therefore, the linear charging current becomes easy to
stabilize the controlling loop and to increase the reliability
in the current mode control methodology. In the
meanwhile, the dominant pole is located at the output
node since the output resistance of MOSFET M, is larger
than the equivalent resistance of the switched capacitor,
which is shown in (9).

Buffer stage

Fig. 3 The buffer stage is used as the output stage of the proposed
regulator
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where the fcpx is switching frequency of charge pump
circuit. According to (6), in order to eliminate the effect of
output resistance ro; on the dominate pole, the value of the
output resistance ro; must much be larger than that of the
output resistance Ryoap. Therefore, the impedance of
the flying capacitor must be set to be much smaller than the
output impedance ro; in (9).
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2.3 The dual-phase charge pump regulator

Since the conventional voltage mode control charge pump
regulator only exports the output current only half period.
The charging or discharging current on the output capacitor
is very drastic. Thus, the transient dip voltage is very large
in case of load wvariations. Therefore, the dual-phase
method is utilized, the output current from the charge pump
regulator to the output load is continuous and thus the
output ripple can be effectively reduced. As depicted in
Fig. 4, owing to the SCVR circuit only provides the reg-
ulating signal Vrgg during the phase ¢;, the asymmetric
dual-phase charge pump regulator is proposed to provide
an effective way to reduce the output voltage ripples and
ensure the stability of charge pump regulator. In phase ¢,
the module 1 stores energy in flying capacitor Cyy; through
VCCS circuit while the module 2 delivers energy stored in
flying capacitor Cqy, to the output load through VCCS
circuit. During phase ¢,, the module 1 delivers storage
energy of flying capacitor Cgy; to output load and the flying
capacitor Cgy, is fully charged in module 2. Owing to the
waveforms of output have different phases to each other,

Module 1\ 'Module 2
Viar (I

Viar

Fig. 4 The proposed asymmetric dual-phase charge-pump regulator
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the output ripples can be reduced. The dual-phase regulator
can provide twice driving current to the load and the output
voltage ripple can be expressed as (10) when the equivalent
series resistance (ESR) is considered.

I oaD
2fcLx Cout

Figure 5(a) and (b) show the equivalent circuits in
steady state during phases ¢; and ¢,. In phase ¢, the
charging current Icy of VCCS circuit is defined as (8) and
the load current I oap is drawn from the module 2. During
phase ¢,, the load current is driven by the module 1 and
flying capacitor Cgy, is fully charged. According to the
equivalent charging current Iy during the two phases, the
charging currents can be expressed as (11) for the two
phases, respectively. Thus, the output voltage expressed in
(12) can be regulated to the multiple of the reference
voltage VREgE-

Icu = GmAga(Vrer — Vo)
Icu = ILoaD

I oaD Rg1 Rp
Vi = [ Vrer — l+— | = (1+— |V
ouUT ( REF — AEA>( + RF2> ( + RF2) REF

(12)

Viipple = + 2ILoapESR (10)

during phase ¢, (11)
during phase ¢,

3 Implementations of proposed dual-phase charge
pump

In Fig. 6, the completely compact size dual-phase charge
pump regulator with current mode control methodology is
illustrated. It includes the SCVR circuit, the buffer stage,
the automatic body switch (ABS) circuit, and the dual-

Fig. 5 The equivalent circuits

of the power stage at the steady Module 1

state a during phase ¢, and b Viar
during phase ¢, G,
+

Module 2
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Fig. 6 The schematic of the compact size dual-phase charge pump
circuit with current mode control methodology

phase charge pump regulator. The complete circuit sche-
matic of each function block is described as follows.

3.1 The SCVR circuit

The complete schematic of SCVR circuit is shown in
Fig. 7(a), which is composed of the start-up circuit, biasing
circuit, a bipolar transistor, capacitors, switches, and an
error amplifier. Transistors Ms; ~ Ms3 function as a start-up
circuit for ensuring the operation of the biasing circuit. In
the biasing circuit, transistors M; and M3 are 5 V-NMOS
transistors with higher threshold voltage and transistors M,
and M, are 3.3 V-NMOS with lower threshold voltage.
Owing to the M, and M; operate in the subthreshold region,
transistors M, and M, operate in the saturation region. The
drain currents of the NMOS operated in the saturation and

Viar
GJ]] ‘

Fo
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Fig. 7 a The complete
schematic of SCVR circuit and
b the high gain error amplifier
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subthreshold regions can be approximated by (13) and (14),
respectively.

1 w
Ips(sa) = EﬂnCOXZ(VGS — Viu)*(1 + AVps) (13)
w VGS — VTH VDS
fossan = Vi e (V) [1 —ewn ()
(14)

where p, is the carrier mobility, C,x is the oxide
capacitance, /4 is the channel length modulation
parameter, m is the subthreshold swing parameter, Vr is
the thermal voltage, W and L are the width and length of
N-type MOSFET, respectively. The channel length
modulation effect is neglected to derive the biasing
current Ig as (15) according to the relationships
Vast = Vasz and Vs = Vass.

_ ﬂncox(W/L)Nmszz In2 (W/L)ys
2(N—1)? T (WL

where N is\/(W/L)yu/(W/L)y,. The nano ampere of
biasing current can be achieved in the design [5]. In the
SCVR circuit, the switch with minimum size is used to
eliminate the effect of charge injection. Furthermore, the

Iy

(15)
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nano ampere of biasing current is used to eliminate the
voltage drop on the minimum size switches can be ignored.
However, a high-gain error amplifier is needed to make
sure the difference voltage generate the regulating signal
Vreg Wwithout being affected by the offset voltage of the
error amplifier as shown in Fig. 7(b). By means of the auto-
zeroing technique, the offset voltage of the error amplifier
can be cancelled in the switched-capacitor circuit [17].
Therefore, the error amplifier is designed by just a simple
common-source cascode amplifier with gain-boosting
technique for getting a high dc gain. Transistors M3 and
Mos constitute a feedback loop to boost the output
impedance and high gain. The feedback loop controls the
value of the drain-source voltage of Mq;. The drain-source
voltage of Mg, is equal to the difference between the gate-
source voltages of M3 and Mo, by (16).

y _ 2 I &
DS(Mg,) ~ ,LlnCOX (VV/L)M04 B (W/L)Mm

According to (4), the term of C,/C; is used to cancel the
negative temperature coefficient of the voltage Vgg. The

(16)
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Fig. 8 The ratio of C,/C, versus temperature and different supply
voltage

simulation result of SCVR circuit is shown in Fig. 8. It
shows four sets of capacitor ratio (C;/C,) under different
supplying voltages. The ratio that makes the reference
voltage almost constant at high temperature is the better
choice since the operating temperature of the chip is often
higher than the room temperature when the chip operates to
deliver load current. Thus, the ratio C;/C, = 8.4 is
selected.

3.2 The buffer stage

The buffer stage is shown in Fig. 9 [18]. Transistors
M ~ My3 make the buffer stage to be turned off during
phase ¢, by the highest potential HVpp in the whole
charge-pump regulator. In order to speed up the transient
response of the power MOSFETs, the transistor My is used
to pre-charge the gate capacitances of the power MOS-
FETs. When the output current is exported during the phase
¢, the transistor My is turned on to pre-charge the gate of
the power MOSFET until the transistor M5 can fully bias
the transistor Mp. Transistors M, ~ Mg function as the
current mirrors for driving the power MOSFETs at the

Fig. 9 The buffer stage

power stage. The input stage consists of the transistor M,
and the resistor Rg,, as a simple V-I converter. The
transconductance Gm can be expressed as (17) and be
approximated as (18) by the assumptions that the resistor
R, is very smaller than the output resistance rg of
MOSFET and body effect and channel length modulation
are ignored.

_ I _ gmirop
VreG  Rom + [1 + (gmy + gmp)Rgm|ro

Gm (17)

w
Gm =~ gmy ~ p1,Coy <—> (Vrec — Vrn) (18)
M

L

The converted current I; is amplified to generate

charging current by means of the connection of the

current mirrors. The two current mirrors are composed of

the transistors My, M5, M7, and Mp with the aspect ratios k;

and k,. Therefore, the overall transconductance of buffer
stage can be approximated by (19).

Gman) = % = kikagmy
Y (e (WO (9
= FaCor <L>M1 ((W/L)M4> ((W/L)W)
(VreG — Vn)

In (6), when the output resistance rg of power MOSFET
Mp is larger than the load resistance Ry oap, the 7o in (6)
can be eliminated. Thus, the dominate pole depends on the
load resistance Ry oap. Therefore, in order to eliminate the
effect of output resistance ro, the power MOSFET Mp must
be operated in saturation region.

3.3 The dual-phase power stage

The dual-phase power stage is depicted in Fig. 10. The
asymmetric structures are used to synchronize the regu-
lating phase ¢; of the SCVR circuit. In phase ¢, the
module 1 charges the energy on the flying capacitor Cgy;

|
|
|
K
|
|
|
|
|

Buffer ||

—O Vo
e - e _L7 vz onT
ICm-r Rioan

Fig. 10 The proposed asymmetric dual-phase charge pump regulator
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by M 4. In the meanwhile, the transistor M, in the module
2 delivers the charge on the flying capacitor Cgy, to the
output load. During phase ¢,, the module 1 delivers stor-
age energy of flying capacitor Cpy; to output load and the
flying capacitor Cyy, is fully charged in module 2. In order
to set the frequency of the output pole in a controllable
range, the transistors My, and M,, in Fig. 10 must be
operated in saturation region. Therefore, the maximum
voltage across the flying capacitor Cy, should be limited by
(20) and the value of the flying capacitor Cpy can be
decided by (21).

AVe, max = (Vour — Vspmiz) — (Vear — Vspmiz)  (20)

I oapMAX

Cﬂy (21)

Sk AV, Max
where the Vspwmiz and Vsp s are the different source-
drain voltage levels of the power MOSFETSs M, and M3,
respectively. Owning to the limitation of maximum voltage
across the flying capacitor, the output resistances of the
transistors M4 and M,, in saturation region are almost
constant and relatively large. Therefore, the location of the
output pole will be dominated by the load resistance. The
stability of the system is easy to be guaranteed. A small
signal model in Fig. 11 is used to examine the current
mode control methodology in the asymmetric dual-phase
charge pump regulator. Using the state-space averaging
analysis technique [19], the averaged state-space equation
set can be derived:

Xay = AayXay + Byt (22)
Vour = CayXay + Doyt (23)
where

= | -
Module 11 . Module 2

R E—— —O Vour
rl'ﬁ'r
Fioad

I =

Fig. 11 The small signal mode of the asymmetric dual-phase charge
pump regulator
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av | 25 2B, 2B, B> ’
D.. — [ roresrions  BirestToaa+Barestiond
av 2B, 21 B,

In order to obtain the static characteristic, let x,, = 0.
Then, the value of Voyr can be obtained:

-B
VOUT = |:CavAav + Dav:| U= rloadICH (24)
av
The small signal transfer function Top can be expressed
as (25), where [ is unity matrix.

vour(s) _ [C B,y

——+ D, |1 2
VreG(S) sl — Agy +Da } [1 0] (25)

Since the asymmetric structures are used to synchronize
the regulating phase ¢, of the SCVR circuit, the state-
space equation and the transfer function cannot be
simplified. In order to check the frequency response of
the current mode control methodology, the equation is
calculated by the software of Matlab. According to the
maximum and minimum load current, the range of load
resistance Ry oap 18 set from 100 Q to 100 kQ, the values
of the flying capacitors Cyy; and Cyy» are 1 pF, and that of
the output capacitor Coyr is 10 pF. The Bode plot of the
power stage is illustrated in Fig. 12. Obviously, the
proposed power stage sets the location of the output
pole in a narrow range effectively. Figure 13 shows the
simulation result of load transient at Vgat = 3 V during
the load current is set between 1 mA and 50 mA.
Figure 14 shows the comparison of output ripple in
single and dual-phases charge pump regulator. The
simulation result shows the ripple voltage of the
dual-phase charge pump regulator has smaller output
ripple than that of single-phase charge pump regulator.
The output ripples are reduced to half those in single-
phase design.
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3.4 The automatic body switch circuit

In order to avoid leakage current and potential latch-up of
P-MOSFET, the ABS circuit as illustrated in Fig. 15 is
necessary. The common-gate comparator is presented.
The common-gate input stage is used to ensure the wide
bandwidth for the characteristic of fast response and the
simple current mirror is used to achieve low power con-
sumption owing to limited Ig. Transistors M, and M,
constitute the input pair that is used to detect the drain and
source voltage of P-MOSFET. When the value of Vgyr is
larger than that of Vgar, the output Vo of common-gate
comparator is changed from low to high. After the con-
version of level shifter, the transistors Moyt and Moyt are
turned on and the Voyt is connected to HVpp and HV k.

5.08

5.07 / fl
[ H

5.06 i i 8
=
< 505 ’ V.
RS 504 ImA Y 45mA T "

5.03 ;

< =
5.02 \ ! |
5.01
5+ T
0.9 1 1.1 12 1.3
Time (ms)

Fig. 13 The load transient at Vgar = 3 V during the load current
varies from 1 to 45 mA or vice versa

10' 107 10° 10 10 10 10
Frequency (Hz)

6.1mV Dual phases

9.5m 9.52m 9.54m 9.56m 9.58m

time(s)

9.44m 9.46m 9.48m

Fig. 14 The comparison of output ripples in single- and dual-phase
charge pump regulator

HVyp HVpp

My Moury

1 -|[‘_JM,, M,'E]N—I‘_J:u“_'

Level Shifter

Fig. 15 The schematic of the ABS circuit
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Contrarily, when the value of Vgyr is smaller than that of
ViaT, the HVpp and HV - ¢ are switched to connect to Vgart.
The experimental results in Fig. 16 not only demonstrate the
power dissipation is smaller than that of the previous design
[3] about 54% after the test of triangular and square wave-
forms, but also shows the fast response characteristic when
Viarisclose to Voyr. There are two output nodes, HVpp and
HV¢ k, in this circuit. HVpp supplies the power MOSFETSs
and HV k supplies the driver circuit. The bulk terminals of
the power MOSFETS are connected to the highest potential
HVpp in the chip to eliminate the reverse current. But the
large source-bulk voltage will increase the threshold voltage
of the power MOSFETs M4 and M,, because of the body
effect. Figure 10 shows the additional bulk bias circuit at the
power stage. The bulk terminals of transistors M4 and My,
are biased to their source terminals when M4 and M5, are
turned on. Therefore, small size power MOSFETSs have the
same on-resistance due to the small V. When M4 and M»,
are turned off, their bulk terminals are biased to HVpp to
eliminate the reversed current.

4 Experimental results

The proposed dual-phase charge-pump circuit was fabri-
cated in TSMC double-poly quadruple-metal 0.35-pm
CMOS technology. The threshold voltages of n-MOSFET
and p-MOSFET are 0.55 and 0.65 V, respectively. The chip
micrograph is shown in Fig. 17 and the total silicon area is
about 1820 * 1480 um?, including the testing pads. The
dual-phase charge-pump circuit can operate from 2.9 to
4.9 V with a regulated output voltage of 5 V. The summary
and the comparison of the performance are shown in Table 1.

VOU T

/\ Vu,.r//\ /\ //\\ /\\

Figure 18 shows the regulated output voltage. The wave-
forms of the two terminals of the charge-pump capacitor
demonstrate the correctness of the proposed circuit. Owing
to the large parasitic resistance, the regulated output voltage
is about 5.0 V. Figure 19 shows the performance of load
transient response when load current changes from 1 to
45 mA or vice versa. The output ripple is smaller than
10 mVp_p, which is effectively reduced by the proposed
dual-phase charge-pump circuit. The measured output ripple
of the charge pump with voltage mode control methodology
is about 70 mVp_p. Thus, the output ripple of dual-phase
charge pump is greatly smaller than that of the voltage mode
charge pump. The response time is about 15 ps which is
smoothly rising and falling to related regulated output volt-
age. It means that the phase margin is enough during the
transient of load condition since the current mode control
methodology is applied to the proposed dual-phase charge

« 1820um »

Fig. 17 The chip micrograph and the chip size is 1820 * 1480 um?>
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Vour is triangular wave and Vg, is a constant voltage

AL A= A

Vour is square wave and Vg,r is a constant voltage

Input signal | Ma et al. 2007
Triangular wave| 54.36uW
Square wave 56.33uW

This work | Reduction (%)
25uW 54%
24uW 54.39%

Fig. 16 The experimental results demonstrate the low power and high accuracy characteristics of the ABS circuit
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Table 1 Summary of the performance

Specification Proposed [3] [8] [14]

Process TSMC 0.35 pm CMOS AMS 0.6 pm CMOS 3.3V 0.13 pum CMOS 0.5 pm CMOS (2 poly)
Pumping capacitor 1 uF 1 uF 1 uF

Output capacitor 2.2 uF 2.2 uF 2 uF 10 pF
Switching frequency 2 MHz 0.5 MHz 0.4-0.6 MHz 90 kHz

Input voltage 2949V 1525V 33V 1.8-35V
Output voltage 5V 3-5V 45-5V 33V
Maximum oyt 48 mA 50 mA 30 mA 20 mA

Ripple (Vin =3 V) 30 mV/45 mA 10 mV/1 mA 56 mV/50 mA 33.8 mV/30 mA 57 mV/20 mA
Load regulation 1.7 mV/mA - - 9.3 mV/mA
Line regulation 9.3 mV/V - - 11 mV/V
Temperature drift 17.8 ppm/°C - - -

pump. Furthermore, the over-shoot and under-shoot voltages
in the proposed charge pump disappear during load transient
compared to the load transient in voltage mode charge pump.
The drop voltage is about 70 mV due to the large parasitic
resistance of the bonding and PCB wires. In Fig. 20(a), it
demonstrates the driving capability of the proposed circuit is
about 48 mA. When the load current is higher than 48 mA,
the output voltage is drastically decreased due to the
unregulated results. When the load current is smaller than
48 mA, the efficiency is decreased and proportional to the
increase of the input voltage, which is described by the
charge-pump theory. The efficiency chart versus different
supply voltage is shown in Fig. 20(b).

5 Conclusions

A dual-phase charge-pump circuit by means of the SCVR
and the current mode control methodology is presented in
this paper. The size of the regulated block in this structure is
very small and the most area on silicon is the power device.
It helps the design of the minimum size and low cost
application. The low output ripple and high system stability
of the dual-phase charge pump regulator are demonstrated
by the test chip, which was fabricated by TSMC 0.35 um
3.3/5 V 2P4 M CMOS technology. Owing to design of the
buffer stage in current mode control methodology, the
system can have better bandwidth and phase margin.

Fig. 18 The measured . [ Vour=5.0V C.=2.3V { IR LA L
waveforms of Vour and the two I I K L T I 1 § et ) I 1
terminals of the charge-pump i
capacitor when Vgar =3 V ' i 8
and Ioyr = 20 mA . i ;
c2 Y
e r

Fig. 19 The load transient
waveform when Vgar = 3.0V
and I oap change from 1 to
45 mA, or vice versa

LeCroy

50 mVidiv|
-5.150 V ofst

200 psidivl Auto 210 mv
100 kS 50 MSis|Edge  Negative|
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Fig. 20 The experimental
result in different supply

100%

YT~
voltages and load conditions. a —~ 90% \ A _
The output voltage versus load < _ 80% _t%;\\ : Theoretical result
current at different supply §° X 70% —1 \
voltage from Vgar = 2.9 to S V. 2949V B 60% — =%
4.9 V and b the efficiency = g L N ig;/“ T s
versus input voltage with g é s 3
different load current from g 35 R Low=ImA~50mA
ILoap = 1 to 50 mA 10%
3 . . . ' 7 A
0 10 20 40 50 24 27 3 33 36 39 42 45 48 51 54
Load Current (mA) Input Voltage (V)
(a) (b)

Therefore, the transient response and driving capability can
be improved. Besides, only one closed-loop regulation is
utilized to generate the dual-phase charge pump regulator in
order to improve the power conversion efficiency. Besides,
the proposed ABS circuit can efficiently drive the bulk of
the power p-type MOSFETsS to avoid leakage and potential
latch-up. The input voltage range varies from 2.9 to 4.9 V
and the output voltage is regulated at 5 V. Experimental
results demonstrate this charge pump can provide 48 mA
maximum load current without any oscillation problems.
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