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Abstract: To meet the demands for different supply voltage levels on SOC required by digital modules like CPU core and

analog modules,a novel dual-output charge pump is proposed. The charge pump can output a step-up and a step-down volt-

age simultaneously with a high driving capability. The multiple gain pair technique was introduced to enhance its efficien-

cy. The proposed co-use technology for capacitors and switch arrays reduced its cost. The charge pump was designed and

fabricated in a TSMC 0. 35m mixed-signal CMOS process. A group of analytical equations were derived to model its static

characteristics. A state-space model was derived to describe its small-signal dynamic behavior. Analytical predictions were

verified by Spectre simulation and testing. The consistency of simulated results as well as test results with analytical predic-

tions demonstrated the high precision of the derived analytical equations and the developed models.
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1 Introduction

In modern integrated circuit (IC) design, proces-
sor and other digital modules are usually required to
be integrated onto a chip together with analog mod-
ules to constitute a system on a chip (SOC). In such
cases, very low supply voltages down to 1V are de-
manded by the processor and digital modules'?*,
while power supply voltages as high as 3.3 or 5V'¥
are demanded by the analog modules such as ampli-
fiers. Thus, on-chip power modules capable of provi-
ding two or more supply voltage levels are required by
SOC, which has been recently applied to various port-
able products. Due to these demands, besides multi-
level output and high-efficiency,low-cost and feasibil-
ity of integration are also requested for such power

modules™’ .

Research on high-efficiency multi-rail
power supplies has aroused the interests of modern IC
designers.

An inductor is necessary in traditional step-up/
down switching power supplies, which is huge in vol-
ume, costly, and has weak immunity to electro mag-
netic interference (EMI). Meanwhile, a low dropout
regulator (LDO) is proven to be a low efficiency so-
lution since the voltage drop will give rise to extra
power dissipation'®, especially when a large voltage
difference exists between its input and output termi-
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nals. Therefore, a switched capacitor (SC) DC-DC
converter (charge pump) becomes a good choice for
such applications and has received more attention due
to its low cost, good immunity to EMI,and high effi-
ciency, which is applicable to a high-efficiency multi-
rail power supply.

Recently, charge pumps have been adopted to
constitute some system power supplies'®* . However,
the reported work usually provides just one rail out-
put”” and cannot meet the demand of multi-rail power
supplym
pump based on co-use technology is proposed. By
adopting the capacitor sharing technique, it uses only
four external capacitors and an array of switches to
drive dual-output (step-up/down) and, thus, costs less
than other schemes. Moreover, the use of multi-gain
pairs including fraction gain satisfies the gain de-

. In this paper, a novel dual-output charge

mands under different supply voltages and increases
efficiency.

Although many modeling methods have been de-
rived that include steady state analysis,the state-space
averaging (SSA) method", and discrete time analy-
sis''" ,all of these were mainly applied to analyze the
traditional switched power converter made of induc-
tors. While analyzing an SC charge pump circuit, these
methods are not explicit and accurate enough to de-
scribe the states of the circuit. In this paper,a new

quantitative analytical method is developed for analy-
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- Table 1 Switch sequence of the dual-output charge pump with
Fig.1 Dual-output charge pump implementing 2/3-5/3 gain 2/3-5/3 gain pair combination
pair combination Phase 1 Phase 2 Phase 3
ON switches 1.2,7,8 3.4,9 4,5,6

zing the dual-output SC charge pump. By this method,
a series of analytical equations were derived, which
present the exact relationship among the input and
output parameters and provides designers with an ef-
fective tool to find an optimum solution for a specific
application.

2 Scheme of multi-gain pair’s combina-
tion based on co-use technology

The simplest solution for a dual-output charge
pump is the combination of two single-output charge
pumps. It has a straightforward architecture and weak
mutual interference. However, it needs two arrays of
switched capacitors to realize the different gains.
which demand more external capacitors and on-chip
power switches and, thus, consume more chip area.
Moreover,if regulated output voltages are demanded,
two same regulated loops will be needed, which conse-
quently increases the volume and cost. In this paper,
based on co-use technology, a dual-output charge
pump is proposed, which needs only one array of
switched capacitors to realize the same multi-gain to-
pology. It greatly decreases the number of on-chip
switches and the external capacitors.

Figure 1 shows the diagram of the proposed dual-
output charge pump with a 2/3-5/3 gain pair combi-
nation. Here a MOSFET switch array (S1~S9) is re-
sponsible for transforming the connections of the two
fly capacitors (C; and C,) that store and transfer
electrical charge. Co; and Co, are the load capacitors,
I, and I, are the load currents, V. and V,, are the
step-down and up output voltage.and 2/3 and 5/3 are
the gains of the two output channels,respectively. The
circuit is controlled by the three-phase non-overlap
clock shown in Fig. 2. The switch sequence is listed in
Table 1. A detailed description of the work states in
different phases is shown in Fig. 3.

Phase 1. MOS switches S1, S2, S7, and S8 are
turned on while the other switches are off. As shown

in Fig. 3(a),paralleled fly capacitors C,,C,,and the
load of the step-down path are in series. In this phase,
C,,C, are charged by source,and the step-down path
is charged by the load current.

Phase 2: Turn on S3. S4, and S9. As shown in
Fig. 3(b).C,,C,,and V,, are in series to drive up the
voltage. Part of the charges in C; and C, are trans-
ferred into the load of the step-up path and provide
the output current.

Phase 3: Turn on S4, S5, and S6. As shown in
Fig. 3(c) ,the series-connected C, and C, are in paral-
lel with output capacitor Co to complete the periodic
electricity balance and prepare for the next period.

In Phase 1 and Phase 3, the step-up path is not
connected to the input source and the load current is
supplied by Co.Similarly,in Phase 2,the load current

down

down up

Fig.3 Working diagram of dual-output charge pump with 2/3-

5/3 gain pair combination (a)Phase 1;(b)Phase 2;(c)Phase 3



573

Zhao Menglian et al. .

Research and Design of an On-Chip High Efficiency Dual-Output Charge Pump

1307

in the step-down path is provided by the charge in
Co: - In this circuitry, the two fly capacitors are shared
by two output channels. The output capacitors Cq and
Co; are also used to establish the charging path in-
stead of an additional fly capacitor. Thus, the total
number of external capacitors is reduced, which re-
sults in lower cost as well as a system volume smaller
than other SC DC-DC converter topologies.

Over an operation period, the capacitors’ volta-
ges hardly change compared with their total electrici-
ty storage. Assuming the fly capacitor voltage is V¢
(equal to V¢, when the two fly capacitors are set sym-
metrical) ,and ignoring the on-resistance of the MOS-
FET switch and the DC fluctuations of capacitor volt-
age.a series of steady-state equations'*’ will yield:

Phase 1: Vin - VCl = Vdown (1)
Va=Ve (2)
Phase 2. Vit Va+t Ve =V, 3
Phase 3: VCI + VCZ = Vdown (4)
The solution is:
-2
Vduwn - 3 Vin (5)
5
VuP = § Vin (6)
_ _1
Va=Ve= ? Via (7

From these results, the converter realizes simulta-
neous step up/down with gain pair of 2/3-5/3, as
shown in Fig. 1. More detailed quantity analysis is giv-
en in section 3.

The power conversion efficiency of a switched
capacitor DC-DC converter is approximately

y = GV—V (8
where G is the power conversion ratio, which is 2/3
for step-down and 5/3 for step-up in the proposed
converter. It is necessary that GV, should be larger
than V. ,and the closer GV, is to V. ,the higher the
conversion efficiency is. By transforming the connec-
tion of the two fly capacitors C, and C,,it is possible
to get more combinations of different gain pairs, in
order to provide more different power supply levels to
meet the needs in the SOC applications. Based on the
co-use technology proposed in this paper,the combi-
nations of gain pairs can be fixed in a regulated power
system with stable input voltage, which results in the
reduction of the number of switches.

Extending the switch network shown in Fig. 1,
more combinations of multi-gain pairs can be ob-
tained to construct the dual-output charge pumps with
programmable gains as shown in Fig. 4. Table 2 lists
the possible dual-output charge pump topologies with
6 different combinations of multi-gain pairs produced

S1
1 S
S1 =,
S6 S9
S7
. S15.°
S12
4
m Sz S]O
S11 =C,
down uj
S3 S8 1 L] ;
1 2
s N
COI COZ

—

Fig.4 Dual-output charge pump implementing multi-gain pairs

combination

Table 2 Switch sequence of the dual-output charge pump im-

plementing multi-gain pair’s combination

Gain pairs Phase 1(ON) Phase 2(ON) Phase 3(ON)
2/3.5/3 1.2.7.8 3.4.9 4,5,6
2/3.4/3 1,2.7,8 3,10 4,5,6
1/3.5/3 1,4,8 3,4,9 5,6,11,12
1/3,4/3 1.4.8 3.10 5.6.11,12
1/2,3/2 1.4.5.,12 2.4.9 5,6,11,12

1,2 1,2,5,6,11 1,3,6,10,11 -
1,3 1,3.10,11.14 5,13,14.15 -
2,3 1.3.10,11 5.6.13,15 -

by different switch sequences.

In order to provide a regulated output,a regula-
ted loop could be added to the circuitry shown in
Fig. 4. Figure 5 shows an example of a regulated out-
put loop constituted by a dual-output charge pump
with implementation of multi-gain pair’s combina-
tion. By dynamically detecting the input voltage/cur-
rent and the load current, the appropriate gain pair’s
combination will be chosen. This regulates the output
according to the on-resistance of the switch. The
structure in broken lines is the proposed design, the
dual-output charge pump with multi-gain pair’s com-
bination.

3 Quantity analysis of dual-output charge
pump

Steady state analysis, the state-space averaging

T
i | Fly capacitors I
| 2
| ™ Clock Switch | Cor
| generator ™ networks | =
[— —_—

Vv
i I

controller

Fig. 5

pump implementing multi-gain pair’s combination

Application to regulated loop of dual-output charge
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(SSA) method,and discrete-time analysis are all clas-
sical methods for analyzing the switching power sup-
plies. These methods use a linear approximation of the
voltage across the capacitor and the current passing
through the inductor to simplify the calculation of
switch power supply circuits. A modeling method of
the charge pump using the linear approximation was
given in Ref.[13]. But it seems unsuitable for the SC
circuit without an inductor like that proposed since
they show low precision in such cases. Therefore, a
new method of analysis is proposed by an example of
a dual-output charge pump with a 2/3-5/3 gain pair.
The accuracy of the results derived by the two meth-
ods is compared.

3.1 Traditional linear model

Applying the method in Ref.[13], assuming the
ripple of the output voltage is far less than the output
voltage in a steady state,which is AV, V,then the
ripple can be ignored and the output voltage and the
voltage across the switch capacitor can be considered
as constant. Set the period time of each phase as T
and the step-down/up voltage as V, and V, respec-
tively, keep both load currents I; and I, constant,and
assume the voltages across the two fly capacitors are
both equal to V.. In addition, set the charge/dis-
charge current of fly capacitor C; (the same as C,) as
Iiws 1o sand Is, in Phase 1,Phase 2,and Phase 3,re-
spectively,and the following equations can be derived
according to the three phases:

Vio— IR, — Ve =V, (M

Vie t2Ve = LR, =V, (10)

2Ve = IRy = V), (1D

where R;, R, R; are the equivalent resistances of the

charge/discharge path in Phase 1,Phase 2,and Phase
3. respectively.

In steady state, the rule of capacitor charge bal-
ance is applied:the net variation of the capacitor volt-
age over one period (equal to three switching periods
in this topology) is zero. So:

LY R T

> (12)
IZchT - Il X 3T (13)
IlchT+ I3C|1T = 12 XST (14)

From Egs. (12) ~ (14), the equations are de-
rived as:

L, = 21, +21, (15
Igch = 313 (16)
Liw =1, - 21, an

Substituting Eqgs. (15) ~ (17) into Egs. (9) ~
(11) ,results in:

2z
3

-2y (frebr - (dr-dr )

(18)

2 29 %
_ 5 (A n 2 _
Vo= SV (BRI BRQA
1 1
(§Rl + 3R +3R2)12 (19)

3.2 New analytical model
3.2.1 Analysis of conservation of charge in the steady
state

Maintaining the same meaning of T, I,, I,,and
I, (i=1,2,3) as before, I, and I, are assumed con-
stant. After the ith phase,the voltage variation across
the switch capacitors C, is marked as AV, (k=1,2,
j=1,2,3) and the voltage variation of the load ca-
pacitor Co; is marked as AVq; (j=1,2,i=1,2,3),
respectively. The changes of the capacitor voltages in
different phases can be analyzed as follows.

In Phase 1,the capacitors C,, C,,and load capac-
itor Cq, are charged by the input voltage source with
0.511,+0.51 s and I, — I, respectively. The dis-
charge current of Cq, is I,. At the end of Phase 1,the
voltage variations of the capacitors are:

T
AVH = AVZl :J O.5Ilchd[ (20)
0
r
AVon :J (Lew — 1))dt 2D
0
T
AV()gl :_J Izdt (22)
0
Similarly,in Phase 2,they are:
T
Avlz - AVZZ :_J [zchdt (23)
0
T
AV()[Z :_J I]d[ (24)
0
T
AVOZZ :J (Izch_lz)d[ (25)
0
And.,in Phase 3,they are:
-
AV = AV :_J I;.,dt (26)
0
T
AVoy = J (s — 1) dt 27
0
T
0

Using the law of conservation of capacitor charge
in steady state,the solution is

T
J Ladt = 2(1, + IDT (29)
0
*T
J Igchdt = SIQT (30)
0
T
J I,gdt = (I, = 21,)T 3D)
0

3.2.2 Analytical equations of large-signal
Considering the ESR (equivalent series resist-
ance) of the capacitor in the charge/discharge path in
the actual circuit and the on-resistance of power
switch, the charge and discharge currents approxi-
mately attenuated exponentially from the beginning
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of each phase. In order to derive a more accurate
model,the linear approximation is not adopted for the
large-signal analysis of a charge pump.

In this analysis,assume that the fly capacitors C,
and C, are the same as the capacitance of C,R; (i =
1,2,3) is the equivalent resistance of the charge and
discharge path in phase i (including the on-resistance
of power switches and ESR of the capacitors) ,C;, (i
=1,2,3) is the equivalent capacitance in phase i, V¢;
(i =1,2) is the initial voltages of C, and C, at the be-
ginning of phase i,and V;;(j=1,2;i=1,2,3) is the
initial voltages of load capacitors Co; at the beginning
of phase i. I, and I, are still the load currents of the
step-down/up channels,respectively. According to the
circuit superposition theorem, the charge/discharge
current is decided by both input voltage and the load
current. So in Phase 1,the current is:

_ Vew—Va-Vy e 2C
L = R, €R1C1q +72C+C0111 (32)
where,
Cu 1 (33)

T (1/2C+ 1/Co»)
And substituting Eq. (18) into Eq. (15), we ob-

tain:
Clq(vin - Va-Vindad- eﬁ) +
2C _
mIIT—2(11+12)T (34)
Similarly,in Phase 2,we obtain:
Vin + 2VCZ - ng -T O- 5C
ach = R,Cp + ——— 2= B
= R, Moo
(35)
Cy, =1/2/C+1/Co) (36)
Substituting Eq. (21) into Eq. (16),
Cog(Vig + 2V = V) (1 - eFtg) +
0.5C _
O.5C+CO[2T_312T (37)
In Phase 3,we obtain:
_ (2\/63 - V13) ;T O.5C
Igch - Rg eR.%(dq + 40‘5C T C011 (38)
C, =1/2/C+1/Co (39
And substituting Eq. (24) into Eq. (17) .
Co’q(sz‘ - Vlg)(l - Clﬁ) +
0.5C _ B
mllT—(ll 2]2)T (40)

In a steady state, the initial voltage of each ca-
pacitor is in a phase equal to the final voltage of the
last phase. In this design, assuming Co = Co; = 10C,
then the initial voltage of Phase 2 is derived:

JT Ilchdt
2 I, +1,)T
VCZ - VC] + % = VCl + % (41)
Similarly .
_ I, +2I,)T
V]Q = VH +—10C (42)

I. T

Vi = Vi — T0C (43)
Ve = Ve % (44)
Vi, = Vi — 1’62 (45)
Vi = Vi + ZIIOZCT (46)

By substituting Eqgs. (28) ~ (33) into Egs. (21),
(24) ,and (27) ,the relationships among each parame-
ter are acquired, where the initial voltages of fly ca-
pacitors and the output capacitors in each phase are:

1 T /401 221
= Sy (2 g0 - 22N+
Ve 3 Vin 6OOC[< y )Il
(84O—M—O—M—O)12] U7
2 T 401 442
= ‘v, 100 — 291 _ 282
Vi SV‘"+600C[< )[1 *
(84—0—840—@)12} (18)
Y a
5 T 442 802
g = — Vit 400 - —&— + — +
Va 3 v GOOCU a y )Il
(2940_@_@_%>12} (49)
a Y B

-7 -7 -7
where ¢« =1 — eRiCyq ,B: 1—eRCoyq,y=1—eRsCyy .

In most applications, the on-resistance of MOS
switches and capacitors could be considered constant,
resulting in constant coefficients «, 3,7, which conse-
quently leads to a linear relationship among output
voltages,input voltage,and load current. Based on the
linear relationship, designers can optimize the charge
pump according to input voltages and load current re-
quirement.

3.2.3 Small-signal model

In order to apply the proposed dual-output
charge pump, the small-signal model is required to
further derive the transfer function of the regulated
loop.

To use state-space averaging, it needs to have an
input vector u=[ vy, s Vg s Vaz s i1012]" »a state vector x
=[vesvis vy 1", and an output vector y = [ vy, vy ]",
where vy, is the input voltage, vg, is the gate voltage
of S1 and SZ, v, is the gate voltage of S9,i, and i,
are load current; vc, vy, v, are the small signal volt-
age of the capacitors C;, Co» Cop » respectively; and
vi, vy are the output voltage of the step-down/up
path. The assumption of C,=10C is still adopted. Fi-
nally,the state equations are expressed as:

x = Ax + Bu,y = Cx + Du
where the coefficients are:

(50)

1 1 & 8s 84
gelgetzar2ezs) —&+ 8 G
A= _ 8 28 _ (g2t gs) 0
30C  30C 30C
285 | 284 0 &

30C " 30C 30C
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The solution of the matrix equation is: tys
y =[C(s[ - A)"'B+ Dlu (51) o7 Tramsi ¢ /3573 suin o .
This is the small-signal model. Based on this. the t,lg' ransient output waves of 2/3-5/3 gain pair combina-
10n
transfer functions between output voltage and con-
trolled gate voltage are derived as: 4.542
v, _ — 48 2 2
= 30C +C(30g;+21g, +20gs)s +g.8;5 >
Ve P(s)[ s (30g;+21g, 8:)S 818 ] T2 4536
(52) 4530 1 1 1 1 1
v, _ — 38 2 .2 1.846
= 20C + C(4g, + 14g5)s + g285
o = Py L20CTs (4g: g:)8 + 885 ] -
(53) G
where 1.830 L L L L
B . , , 979 981 983 985 987 989 991
P(s)=1800C°s’+60C°(21g,+20g,+6g,+21g;)s* + t/us
2C(20 s +26g,8,+41 s +458,85:+20g, +
(20838 828 818 828 8:8:) Fig.8 Simulation results of dual output charge pump under
382818 condition 4

and g,.g; are the transconductance of the switch S1
and S9, and g,, g4, and gs; are the reciprocal of the
equivalent resistance in charge/discharge path in pha-
ses 1,2,3,respectively.

4 Simulation and test results

The proposed dual-output charge
pump was designed and fabricated in a TSMC 0. 35;m
5V mixed-signal CMOS process. [t was simulated by
Cadence Spetre simulator. The topology of the charge
pump with a 2/3-5/3 gain pair is shown in Fig. 1. The
schematic is shown in Fig. 6 in detail,in which C; is a

multi-gain

small on-chip capacitor to provide a body-bias voltage
V'’ for all the pMOS switch transistors and the non-o-
verlapping three-phase clock shown in Fig. 2 is adopt-
ed as the controlled clock sequence.

@,
L LV
1
Co T?l :
.
)

G

o1
TL

1

down

o1

i

Fig.6 Schematic of the dual-output charge pump with 2/3-5/3

gain pair combination

The simulation results prove that the proposed
charge pump realizes the step-up and down dual-out-
put,as shown in Fig. 7. Figure 8 shows the ripples of
the output voltage. In the 2/3-5/3 gain-pair combina-
tion, the ripples are less than 11 and 16mV, respec-
tively,in the step-up/down output, which are within
the acceptable range.

Figure 9 shows the simulation results of the out-
put response when the load steps,in which I, is the
load current of the step-down channel and V,, is the
output voltage of the step-up channel. The results
show that while the load steps, the fluctuation of the
output voltages in both channels is limited within the
magnitude of tens of multi-volts. Therefore, both
channels of the proposed charge pump can output sta-
ble voltages independently to load fluctuation of ei-
ther its channels.

To further verify the proposed analytical meth-
od, simulations were also carried out under several
typical conditions, which are listed in Table 3. The

4.98V jv

4975 100

Il A |
200 300

t/us

Fig.9 Simulation results of transient response under load step
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Table 3 Simulation conditions of dual output charge pump

Toaa Condition 1 | Condition 2 | Condition 3 Condition 4
I,/mA 10 10 50 50
I;/mA 10 50 10 50

Vm = 3.0V, C1 = Cz = 1],LF, C01 = Coz = 10;11:‘

simulation results are compared with the calculated
results using the proposed model (model 2) and the
traditional model (model 1) . The results listed in table
4 show that the proposed analytical model is more
precise than the traditional one by almost one magni-
tude, and that the simulation results are consistent
with predictions of the new model.

Figure 10 shows the die micrograph of the pro-
posed dual-output charge pump.

The test results are shown in Fig. 11.

The test conditions are:the power supply voltage
Vi =3.25V ., the load current of channel 2 I, = 0mA,
and the load current of channel 1 I, is shifted be-
tween 1 and 100mA at the rise/fall speed of 80mA/ s
and shift frequency of 1000Hz.

In Fig. 11, V,, is the output of channel 2, which is
an altered waveform after a 5V DC offset, Vou 1S the
output waveform of channel 1 with a DC offset of
1.8V,and I, is the load current of channel 1. The top
curve is the digital signal that controls the gain shift.
Compared with Fig. 9,the test results are very close to
the simulation results. Thus, the proposed circuit suc-
ceeded in simultaneously providing two regulated out-
put voltages for step-up and step-down,and that under
large load steps both channels keep output voltages
steady.

Table 4 Simulation results versus model calculation predictions

Condition Simulation| Model 1 Model 2 | Error of |Error of

/V /V /V Model 1 | Model 2

1 1.96622 | 1.97687 | 1.96622 | 0.54% | 0.05%

2 1.91024 | 1.96114 | 1.91061 | 2.66% | 0.02%

Viaoun 3 1.88751 | 1.90010 | 1.89242 | 0.67% | 0.26%
4 1.83026 | 1.88437 | 1.83586 | 2.95% | 0.31%

1 4.90879 | 4.90194 | 4.90700 | 0.14% | 0.04%

v 2 4.50708 | 4.52545 | 4.50644 | 0.41% | 0.01%
v 3 4.93483 | 4.88621 | 4.93056 | 0.99% | 0.02%

4 4.53656 | 4.50972 | 4.53504 | 0.59% | 0.03%

Fig.10 Microphotograph of die

Digital signal ] :
-cor;trollin:g-the-g:?m shift ..

100mV: ¥, 1
LOV: g
TS Y

s I 100mV: 1} - e

100ps

. . 5 A I < > 5 B
1 1 1 1 T 1 | | |

Fig.11 Tested results of transient response under load step

5 Conclusion

In this paper,a novel architecture for a dual-out-
put charge pump based on co-use technology was pro-
posed. It simultaneously provides step-up and a step-
down output voltages with driving capability. A multi-
gain pair is implemented to meet the gain demand of
different input voltages and improve its efficiency.
The co-use technology of switch array and external
capacitors reduce the cost of the chip and the applica-
tion circuitry. Meanwhile, a modeling method was
proposed for analyzing the dual-output charge pump.
Both large-signal and small-signal models were de-
rived to describe explicitly the performances of the
charge pump. The simulation results showed that the
performances of proposed circuit were consistent with
expectations. They also demonstrated that the derived
equations can give accurate predictions for outputs of
the charge pump and that the proposed analytical
model is valid. The proposed circuit was designed and
fabricated in a TSMC 0.35um mixed-signal CMOS
process and all design hypotheses were verified by the
tested results.
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