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12 Abstract— A high efficiency and variable voltage gain charge  stages.
15 pump to generate negative high voltages is presented based on a As the supply voltage decreases to the threshold voltage, the

cross-cou.pled structure. The problem of shoot-tl}rough current Is  conventional Dickson charge pump can’t function properly
16 solved using a four-clock phase scheme, and a variable voltage gain . . . . .

. . o since its conversion efficiency becomes near zero. As the
17 is obtained by switching the power supply to each stage based on ; ) A
18 the input voltage range. A complete analysis and optimization altérnatlve to chkson charge pump circuits, Cross-c.oupled
19 method of the interaction among the power efficiency, area, and  switched capacitor DC-DC converters are more appropriate for
20 frequency are presented. The proposed negative charge pump is  battery-driven portable applications [6-8]. Since the voltage
2 designed using on-chip capacitors to df*l“’er 40 uA Vf’lth a wide  oai for the cross coupled architecture is higher than that of the
22 i“gﬂ’(’) Sr&tl:,lcglfnofll;)m 2.5V to 5.5V using 0.18um high voltage ;o\ oo charge pump, the number of stages required to reach a
23 &Y. specific output voltage is reduced. This reduces the parasitic
24 Index Terms—Charge pump de-de converter.  capacitances introduced in the circuit.
25 switched-capacitor power converter, voltage multiplier. This paper describes a new charge pump that is able to
26 generate a high negative voltage using on-chip capacitors with a
27 wide supply voltage range. The charge pump is used as the input
28 1. INTRODUCTION stage of an instrumentation amplifier. By using this charge pump in
29 L . combination with a similar positive charge pump, the instrumentation
30 HARC_}E pump  circuits [1'2]. (also called ?Wlt.Ched amplifier can be powered from 2.5-5 V external power supply but will
31 capacitor de-dc converters) provide a voltage that is higher  pe able to process input voltages in +-15V common-mode range
32 than the voltage of the power supply or a voltage of reverse  required for industrial signal processing. The variable voltage gain
33 polarity. Charge pumps have been widely used in the is realized by switching the power supply to each power stage
34 nonvolatile memories, such as EEPROM and Flash memories,  based on the supply voltage Vpp. The proposed negative charge
35 Power IC, and switch capacitor systems. pump is able to deliver 40uA current with a supply range from
36 Among many approaches to the charge pump design, the 2.5V to 5.5V using 0.18um high voltage LDMOS technology.
37 switched capacitor circuits such as Dickson charge pump [3] are
38 very popular, because they can be implemented on the same II.  ARCHITECTURE OF THE PROPOSED HIGH VOLTAGE
39 chip together with other components of an integrated system. NEGATIVE CHARGE PUMP
40 However the voltage drop across the diodes or diode-connected
4 transistors is too lossy for high efficiency applications. Wu et al.
42 [4] presented a static charge transfer switches technology to
43 compensate the inherent transistor threshold voltage drops.
2‘51' Theoretically, the modified charge pump is more efficient than
46 the conventional one, but a major drawback is an undesirable
47 reverse charge leakage, which reduces the voltage pumping
48 gain. An improved design proposed two years later claimed to
49 be capable of solving the leaking problem by adding a pair of
50 auxiliary transistors in each power stage [5]. However the
51
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Fig. 2. Circuit topology of the proposed negative charge pump.

The basic operation of the conventional cross-coupled charge
pump circuits [9-10] is shown in Fig. 1. The non-overlapping
complementary clock phases ®@; and @, are designed to avoid
shoot-through current. V, and Vg swing from Vpp to -Vpp
alternately to charge Cr, to -Vpp. By cascading three such
structures, a voltage gain of -7X can be obtained. Since Cy; is
charged in both phases, the operating frequency is 2 times of the
Dickson charge pump. However, in order to prevent
shoot-through current of the inverters driving C; - Cg, a level
shifter circuit is needed, which consumes static power.
Moreover, the non-overlapping clock phase @, and @, prevent
shoot-through current for M1 and M2, but they also generate
shoot-through current for M3 and M4. This also happens in the
2" and 3" stages. Finally, the conversion ratio of the
conventional charge pump circuit is fixed as soon as the circuit
topology is decided, which results in a limited input voltage
range.

The improved negative charge pump design based on
cross-couple structure is shown in Fig. 2. Based on previous
design [11], an improved four-clock phase scheme has been
designed to avoid the shoot-through current. When @, =1 and
®,=0, V4 is pushed up to OV and Vyis pulled down to -Vpp. At
the same time, M3 is turned off and M4 is turned on. As a result,
the output voltage of the 1* stage will be pulled down to —Vpp.
The gate voltage of M5 and M6 is grounded, which makes sure
they are turned on separately only when V4 or Vyis pulled down
to —Vpp. Vgs_limit in the Fig. 2 represents the LDMOS drive
circuit designed to pretect the Vgs breakdown.

In the 2™ stage, the top plate of C2 is pushed up to Vpp when
@, =1 and pulled down to —Vpp when ®; =0. The bottom plate
of C2 is pushed up to —Vpp and pulled down to —3Vpp
separately when the supply voltage of the second stage is

Vout_1st. In this case, the voltage gain of the 2" stage is -3X.
Finally, if Vsupp1y3=V0ut_2“d, this negative charge pump can
provide a maximum voltage gain of -7X. By switching the
supply voltage of the 2™ and 3" stage, a variable voltage gain
(-4X, -5X, and -7X separately) can be realized [12-14].

For process consideration, since the MIM cap has a
maximum voltage across it around 8V, the bottom plate of C5
has been connected to Vout_Ist and capacitor C3 has been
replaced by two capacitors in series. Although fringing
capacitance can be used here, it provides lower power efficiency
due to high parasitic capacitance. The only fringing capacitance
that can't be avoided is C6. By connecting the gate voltage of
M13 and M14 to V12 instead of @3 and @4, we could have a
larger Vgs, which reduces the RC delay. The charge pump
circuit operates at a high-frequency level in order to increase
their output power with in a reasonable size of total capacitance
used for charge transfer. The operating frequency may be
adjusted by compensating for changes in the power
requirements and saving the energy delivered to the charge

pump.
III. CIRCUIT DESIGN ISSUES

A. Clock Scheme

The non-overlapping clock phases ®1 and ®2 prevent
shoot-through current from M1 and M2 as shown in Fig. 2.
However, when these two clock phases are applied to the gates
of M3 and M4, the shoot-through current occurs when both of
them are at high voltage. This results in higher ripple voltage
and power loss.

In order to avoid current flowing from CI1 to the output
while @, is high, M3 should be turned off. The clock phase @5
and @, have been generated as shown in Fig. 3 similar to [15]
The negative delay is realized by adding a buffer between the
inverter and the clock generator. As a result, M3 or M4 will be
turned on only during the time V or Vj is pulled down. Since
C2 is charged and discharged by clock phases @, or @,, the
clock phases in the 2™ stage are the same as those in the 1%
stage. This clocking scheme has two advantages. First, the clock
phases of M9 and M10 are still non-overlapping. Second, the
clock phases of ®; and ®, can still be used to avoid shoot
through current from Vpp to Vout_2nd. This also applies to the

@3

@1
Nonoverlapping -
clock generator M ®2
®4
\’IDB
= I L[
0
Vi @2
0
Voo @3

-

o
Fig. 3. Four clock phase generator used to prevent shoot-through current.
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14 current. Since only 6 minimized logic gates are added, the extra b
15 power consumption is negligible. Viu Vi ’
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18 B. LDMOS Drive Circuit Foor | Sel ey \.sz*sv
19 The LDMOS switches [16] (M3-M18) are placed in separate ©
20 isolated high-voltage deep N-wells. In order to prevent forward
o1 biasing of the PW-DNW junction, the actual N-LDMOS is Fig. 5.Non—regularMultiplexer circuit design. (a) Selef;t sigpal genf:rator for
lized as a pair of two identical N-LDMOS devices connected NMOS. (b) Select signal generator for PMOS. (c) Detailed circuit diagram of
22 realize p the Non-regular multiplexer.
23 drain-to-drain in series with each other. The LDMOS devices in
24 the HV process are designed to withstand up to 40V across  equals to zero in order to meet the zero current condition. The
o5 drain-to-source and drain-to-gate terminals, but only up to 6V output voltage level is now pulled down to Vss. Similarly, the
26 across gate-to-source terminals. Therefore, Zener diodes are  output voltage of the PMOS select signal generator, as shown in
27 used to protect the gates from voltage overstress. The Zener  Fig. 5b, is able to swing between Vyig, and Vpi,-5V. The
o8 diode is implemented in a P-well isolated by deep N-well from  reverse breakdown voltage of the Zener diode is 5V.
29 the substrate. Inside the P-well special diffusions are used to The design of the non-regular multiplexer uses GND and Vpp
30 form the Zener diode junction. Although Zener diode diffusions  as the select signal and outputs a voltage level of Viy; or V.
31 require additional masks and process steps, it is required in  As shown in Fig. 5c, Vv, is the 2" stage output voltage and Viy,
32 order to protect the gates of LDMOS devices in this HV  is the 1™ stage output voltage, so we have Viy, < V. When
33 process. select signal S is high, the output voltage of the NMOS select
34 The Vg breakdown protection circuit refered to Vgg limitin  signal generator is Vino+5V, which turns on the NMOS pass
35 Fig. 2 is designed using capacitive coupling technology as transistor and pulls Vout down to Vin,. On the other hand, while
36 shown in Fig. 4. The input signal swings between Vpp and  select signal S is low, Vout is pushed up to Viy; without a
37 ground while the output voltage Vout swings between Vss+Vpp  threshold voltage drop.
38 and Vss. The transistor M1 is added here to ensure that while
39 Vss<Vpeakdown (Zener diode's reverse breakdown voltage), the IV. POWER, AREA AND FREQUENCY CONSIDERATIONS
40 lower DC level of Vout is still able to be pulled down to V. In order to design and implement a viable charge pump, it is
41 C. Non-Regular Multiplexer required to have a minimum area and. high power efficiency in
jé The multiplexer used in this design is used to switch the modern IC tgchnology t(.) save the fabrication cost and power. In
44 power supply of the 2nd and 3rd stage to different voltage levels ?;der to optimize t(t;ef circutt pgrformlancc:,l, the tradeoff among
45 in order to provide a variable voltage gain based on the level of elgowcgr,' ar;il > ar} ifefc.lugngy 15 ana ny (:h. d i
46 the supply voltage Vpp. Since the input voltage level to the h 18- © 15 the .s1m'1z ! lih iﬁgramlto N propofse 7)r(1eg}e; IVE
47 multiplexer is unknown and is based on Vpp as well as the i/[g)rg;}z?fm}?p (Ercul Wi J 1 vot agehgam O't i1 F E;lcl
48 voltage gain, the select signal of this multiplexer has to be as been replaced by two-phase swilch. tor the
designed carefully cross-coupled structure, the operating and charging phases are
49 Fig. 5 shows ’ the circuit diagram of the non-regular switched every half period. For example, suppose the loading
50 . - . . . . . .
51 multiplexer, which consists of NMOS select signal generator, cgrrent is lp, while the left half Paﬂ of the circuit 18 be,m,g
52 PMOS select signal generator, and two pass transistors. For the d1§charged by the load current, the right half P art of the circuit is
53 NMOS select signal generator, as shown in Fig. 5a, while the being chargefi from the power supply.d In this case, the average
54 input voltage is high, transistor M3 is turned off. The current currer;F ﬂovstzlmg flrsqm % to V?ut_CZ 'e%ugls tOhIO dliinﬁg :Ee
55 only flows through M4 and the Zener diode to the ground, which operating phase. Sunultancously, L 15 being charged by the
. same amount of average current I in order to restore the charge
56 outputs a voltage level of Vss+5V. On the other hand, while the . . . . > d
=7 input voltage is low, V; will be pulled down. Transistor M4 that has been dlscharged during the operapng period. At thez
58 operates in the weak inversion region and M6 is in the triode output §tage, the equivalent logd current is now 2, cons1st1r(}g
59 region. The voltage between the drain and source of M6 almost of the discharging currents. flowing from Cs agd Ce o Vout 2.
50 The average current flowing from the capacitors C; and C,4 to
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Fig. 6. Simplified circuit topology for the analysis of power, area, and
frequency interaction

Vout_1" in the 2™ stage equals to 2I,as well. Based on the same
analysis, it is found that the equivalent loading current at the 1*
output stage is 4 Iy and the current flowing through C; and C,
equals to 4], too. Given the analysis above, the output voltage of
the proposed negative charge pump circuit with loading current
Iy can be calculated as follow:

Vout _3rd = =1V, +41t/C, +2I[t/C, +1,t/C;
=V, )+ 14/ G +2/C,+1/C;) (H

For a given area, the lowest output voltage is obtained only
when C =./2¢, =2¢, =2C.

Vout _3rd. =-TVDD+ (3+C‘E)I° @)

For the input power, there are three sources:
B, =4V Iy + 2V, 1, + Vil =TV, )

Given the output voltage V. 34 and load current 4, the
output power is:
2
= Pin _Pres = 7‘/1)1)11011(1 _M (4)
ot
Comparing (4) to (3), the second part is the resistive power loss
P..s. The power efficiency can be calculated as follows:

P, =<Vout_3rd >*I,

oad

B+V2)1,)
7VDD IO - s,
P of

P Vol

in

IIRCERE) M)
Vi Cf

PowerEfficiency =

Equation (5) shows that higher power efficiency can be obtained
by increasing the operating frequency of the charge pump

40

iency (%)

20

Power Effici
Power Efficieny (%)

-20 10

0 2 8 10 0 20 80 100

4 6 40 60
Frequency (MHz) Capacitor (Ce+C) (pf)

(a) (b)

Fig. 7. Numerical simulation of power efficiency as a function of frequency
and area. (a) Power efficiency vs. frequency @ C=2Cc=2Cmos=50pf,
Vpp=2.5V, Ij=40uA, and o=Pp=25%. (b) Power efficiency vs. area @
Vpp=2.5V, Ip=40uA, Cmos=25pf, Freq=SMHz, and a=p=25%

circuit. However, this is not correct since the analysis so far has
neglected the parasitic capacitance. A more accurate calculation
of power efficiency can be approximately expressed as

PowerEffiéency= out
e b+ Byt B
v LG+ G, GHND)AI)
e o Cef Cuvosf
7V[JD10 +(EC,C + EC,MOS)f
1} o)  pl)
Wolyf - G)le 4 2oy Pl
_ C C. Cyy (6)

(EC,C +EC,MOS)f2 +7Vl)l)10f

where Cc and Cyos are the parasitic capacitance of MIM
capacitors and transistors, respectively. Ec.cand Ec.yos are the
corresponding energy consumption due to the voltage switch,
which is constant within one period and is the contribution of
the dynamic power consumption Pgy,,. The resistive power loss
need to be recalculated due to the parasitic capacitance too. As
shown in (6), the value of al, and BI, represents the equivalent
current flowing through the parasitic capacitors and is
determined by the technology used. The power consumption of
function blocks such as the multipliexers and the clock phase
generator is constant which is P, in (6).. The value of C4-6 has
little effect on the power performance. It is chosen based on the
maximum output voltage.

Fig. 7 shows the numerical simulation of power efficiency as
a function of frequency and capacitors area. While the
frequency increases, the power efficiency initially increases and
then decreases as shown in Fig 7a. This means that for a given
area there always exists an optimum switching frequency that
could provide maximum power efficiency. As shown in Fig 7b,
when the area of capacitors increased to a certain value, the
power efficiency starts decreasing since the parasitic capacitors
from the MOS transistors dominate the power performance.
The parameters of the charge pump circuit can be optimized by
sweeping the frequency and area repeatedly until the maximum
power efficiency is obtained.

V. CIRCUIT SIMULATION AND OPTIMIZATION

Based on the analysis shown above, in order to have the
maximum voltage gain, the capacitors from the 1% to the 3™

stage should be sized as 2:4/2:1, The capacitors in the third
stage are connected in series in order to divide the voltage droop
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19 ) o ) Fig. 10. Output voltage and efficiency of the negative charge pump circuit as a
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22
23 meets well with the numerical simulation results in Fig. 7b.
24 N I 2000 3000 4000 5000 oo Simulation of the charge pump shows an optimized overall chip
o5, 4 area of 0.5 mm” as shown in Fig. 8 by taking into consideration
26 s o of both output voltage and power efficiency.
o7 ER Another important issue in charge pump operation is the
o8 e operating frequency. Fig. 9 shows the output voltage and
29 161 Meeere e 0 0 . efficiency as a function of operating frequency. The output
30 " Frequency (kHz) voltage is inversely proportion to the switching frequency as
31 () shown in Fig. 9a as expected from (2). The charge pump has a
32 6 maximum efficiency of 50% at around 1MHz switching
33 % frequency as shown in Fig. 9b. A maximum efficiency is also
34 Sl 4 e, expected from Fig. 7a, but the values are not the same as we
35 2 I e discussed above. Taking both output voltage and efficiency as a
w . . . . . .
36 ) . function of operating frequency into consideration, the
37 €.l d optimized frequency of 1MHz is selected.
38 ° 0 1(;00 2(;00 3(;00 4(;00 50‘00 6000
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41 2]
42 Fig. 9. Output voltage and Efficiency as a function of operating frequency @ s 84
43 0.5 mm?” area with 40uA load current and 3V power supply. (a) Output voltage 3 :Z 1
44 vs. frequency. (b) Efficiency vs. frequency. g e \/\/\
45 across the caps by 2. As a result, the area of the capacitors has 19
46 increased by 4 times. In order to reduce the parasitic vdd (v)
47 capacitance, we resized the cap ratio to 8:4:1. @
48 In order to verify the effect of capacitance on the output 40
49 voltage and power efficiency, the proposed charge pump is g ZZ
50 simulated at IMHz with a current load of 40uA using 0.18um g
51 high voltage LDMOS technology. The parameters used in the £ 2
52 numerical simulation depend on the process technology. Those g 12
53 values may not be exactly the same as in this specified design. & 5
54 As a result, we compare the relationship between the power T e v e s e s .
55 efficiency and frequency & area only. The area discussed below vdd (v)
56 is the overall area of the negative charge pump circuit which is (b)
57 proportion to the on-chip capacitance. As shown in Fig. 8a, the ] . ' o
58 output voltage is inversely proportional to the area . The relation Fig. 1.1. Output voltage and e.fflc1ency of the negative charge pump circuit as a
. " . . function of supply voltage with 40 uA load current. (a) Output voltage vs. Vpp
59 between the power efficiency and area, as shown in Fig. 8b, g (25 mm? area (b) Efficiency vs. Vpp @ 0.25 mm? area.
60
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Given the optimized parameters, the proposed charge pump
circuit is simulated with 40uA load current at IMHz operating
frequency. Fig. 10 shows the performance of the negative
charge pump with the area of 0.5mm” and supply voltage range
from 2.5V to 5.5V. The output voltage is within -15+3V with
variable voltage gains of -4X, -5X, and -7X selected based on
the supply voltage Vpp. The power efficiency of the proposed
negative charge pump circuit varies from 30% to 50%, which is
lower than the typical power efficiency of charge pumps using
off-chip capacitors due to the high parasitic capacitances in the
on-chip charge pump. In order to reduce the fabrication cost, the
area is further reduced to 0.25mm’ In this case, the output
voltage is within -14.5+3.5V and the power efficiency is from
18% to 38% as shown in Fig. 11.

VI. CONCLUSION

In this work, a negative voltage charge pump circuit with
variable voltage gain is designed and implemented using
0.18um high voltage LDMOS technology. The proposed charge
pump circuit operates at IMHz frequency with 40 uA load
current with a wide power supply range from 2.5V to 5.5V. The
losses caused by overlapping clock phases are eliminated by
four clock phase scheme. In order to have a fixed output voltage
within -15+3V, the voltage gain of the charge pump circuit is
variable from -4X to -7X depending on the supply voltage. The
proposed negative charge pump uses on-chip capacitors unlike
the conventional charge pump. The measured results confirmed
the functionality and performance of the proposed charge
pumps. The proposed charge pump can be used as regulated
power converter for applications that require high voltage

supply.
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