852 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 32, NO. 6, JUNE 1997

Efficiency Improvement in Charge Pump Circuits

Chi-Chang Wang and Jiin-chuan Wu

Abstract— Conventional charge pump circuits use a fixed ventional charge pump circuits are designed to operate at a
switching frequency that leads to power efficiency degradation fixed switching frequency with a rated output load current

for loading less than the rated loading. This paper proposes a and voltage. For a CMOS charge pump circuit with a given
level shifter design that also functions as a frequency converter

to automatically vary the switching frequency of a dual charge SWit(?hing frequency, |05_1d_ current, and. output vqltage, to
pump circuit according to the loading. The switching frequency is 0btain the best power efficiency, there exists an optimal value
designed to be 25 kHz with 12 mA loading on both inverting and for the widths of the MOS transistor switches used in the
nodnmv(ejrtmr? O‘ftp‘ét,s- T,h‘T, SA’V'tCh'n,g frequenhcy IS autor]rc}gt.lcally charge pump. In this paper, the optimal width of the transistor
reduced when loading is lighter to improve the power efficiency. - ; - -

The frequency tuning range of this circuit is designed to be switches in the charge pump is s_hown to be proportional to_the
from 100 Hz to 25 kHz. A start-up circuit is included to ensure 10ad current. When the loading is less than the rated loading,
proper pumping action and avoid latch-up during power-up. A  either a smaller transistor width or a lower switching frequency
slow turn-on, fast turn-off driving scheme is used in the clock should be used. Otherwise, the output voltage increases, and
buffer to reduce power dissipation. The new dual charge pump {he power efficiency becomes worse. Because with transistor
circuit was fabricated in a 3-ym p-well double-poly single-metal idth and itching f fixed. the d -

CMOS technology with breakdown voltage of 18 V, the die size width an SW't_C Ing frequency fixed, the yngmlc poyver_ to
is 4.7 x 4.5 mnT. For comparison, a charge pump circuit with charge and discharge the gate of these switches is fixed.
conventional level shifter and clock buffer was also fabricated. However, when load current is less than the rated loading,
The measured results show that the new charge pump has two the power loss in these switches and the power delivered

advantages: 1) the power dissipation of the charge pump is :
improved by a factor of 32 at no load and by 2% at rated to the load decrease proportionally. Thus, the overall power

loading of 500 {2 and 2) the breakdown voltage requirement efficiency decreases. Unfortunately, for most applications, the

is reduced from 19.2 to 17 V. output load current is usually varying, depending on the mode
Index Terms—Charge pump, CMOS analog integrated circuit, of operation. Since it is difficult to dynamically change the
latch-up. widths of the on-chip transistor switches, a large enough

transistor width and high enough switching frequency are
chosen to guarantee the output voltage levels at the maximum
loading. As a result, the power efficiency degrades as load
HE charge pump [1]-[5] and switching regulator [6] areurrent decreases, especially at no load. For applications that
two popular dc—dc converting circuits which are usedperate most of the time at no load, this is a great waste of
to obtain a dc voltage higher than the supply voltage orgwer. Two methods can be used to reduce the power loss,
dc voltage with reverse polarity. Both circuits use a higbne is to regulate the output; the other is to vary the switching
frequency switching action to achieve voltage conversiofrequency according to the loading.
The major difference between these two types of circuits isSince the output of the charge pump is used to operate
the elements used to store energy during switching actiqRe transistor switches in the charge pump, the charging and
Charge pump circuits use capacitors as energy storage @igcharging of the gate capacitance of these switches consume
vices. Switching regulators use inductors or transformers @scertain amount of dynamic power. Regulating the output
energy storage devices. When the power required is sm@, a fixed level keeps the dynamic power from increasing
the capacitors needed by the charge pump circuit could fejight loading. However, precise voltage regulation usually
small enough that the entire charge pump can be integralgguires an operational amplifier and bandgap reference. The
on an integrated circuit to reduce system cost. Therefore, Qi currents in these circuits offset most of the power sav-
chip charge pump converters are widely used in nonvolatigy Rough voltage regulation, e.g., in DRAM applications
memory circuits [1], dynamic random access memory Circuif], does not requires an operational amplifier and bandgap
[2], low voltage circuits [3], continuous time filters [4], andreference, but still requires dc current. Varying the switching
RS-232C transceivers [S]. frequency according to the loading is a more attractive method.
Unlike the switching regulators, the output voltage of th@ynen the switching frequency is changed from high switching
charge pump circuits are usually not regulated. The cofipquency at maximum loading to low switching frequency at

) ) ) no load, the dynamic power will be greatly reduced and the
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s ) Vps term in the current-voltage equation of the MOSFET can
1 | 2 be neglected. The on-resistanBeof transistor switches is
V+ L
R= 1)

NCOJ;W(VGS - VT)

where . is the surface mobility of the electron or hol€,,.
R, is the capacitance per unit area of the gate oxidiejs the
channel width,L is the channel lengthi/z s is the voltage of
- between gate and source, avid is the threshold voltage.
For two-phase nonoverlapping clock, the duty cycle should

1
-

_MZ—I— ma T Voo be less than 50%, for simplicity in analysis, the clock is
assumed to have 50% duty. At steady state, within a clock
61 ¢2 cycle, the charges delivered to the load must equal the charges
supplied by the power supply. Since load current is always
Fig. 1. A CMOS voltage doubling charge pump circuit. on, the charges delivered to the load in one clock cycle are

Qr = I, = T, where Iy, is the load current and’ is the

proposed a new scheme to vary the switching frequency }pck period. However, these charges can only be supplied
modifying the design of the level shifter circuit. Section If0 C2 and the load in half of the clock cycle. Thus, when
describes the design of the charge pump circuit. Section {ignsistors M3 and M4 are turned on, the average current
discusses the basic operation of a new CMOS dual chat§&ough them must b2/;,. Because these charges are supplied
pump utilizing a novel level shifter/frequency converter, twolfom capacitorC;, when transistord/; and/; are turned on
phase nonoverlapping clock generator and buffer, and starti@gchargeCy, the average current through them must also be

circuit. Measurement results from test chips are described2fz, 1-€., exactlyQr amount of charges are delivered @
Section IV. during this half clock cycle. Assume the output ripple voltage

of charge pump is small compared with the output voltage, i.e.,
Il. CHARGE PUMP CIRCUIT DESIGN Vi > AV,, and the voltages across the capacitdysandCs
can be considered as constant. Assume the on-resistante

The _schematic diagram of a CMOS charge pump circ_ué'ﬂ' the transistors are the same, then the operation of charge
[5], which roughly doubles the supply voltage, is shown i ump circuit can be expressed as following.
Fig. 1. If a p-well process is used, then the substrates of all the

PMOS are connected together. Since the substrate of pmod When ¢, is high and¢, is low, transistorsf, and M,
must be connected to the highest voltage in the circuit, it must are off, Ms and M, are on

be connected td’} instead ofVpp. The power loss of this Vi= Vpp—2I,R+ Ve, —2ILR )
charge pump consists of two parts: one is the resistive power

loss; the second is the dynamic power dissipated. The former and

depends on the on-resistance of the transistor switches and the Vi

load currents. The latter depends on the switching frequency, I = R 3)

gate size, and the output voltage.
whereV is the output voltagey's p is the power supply

A. Conduction Power Loss voltage, R, is the load resistance, and, is the voltage
across capacitof’;. Note that in this half clock period,
the circuit is an RC discharge circuit. When the clock
period is sufficiently small compared with the RC time
constant, the; andV, can be considered as constant
during this half clock period.

i) When ¢, is low and¢- is high, transistors/; and Ms
are on,M; and M, are off,

In Fig. 1, the transistor switches, used to connect and
disconnect capacitor§; and C», are controlled by the two-
phase nonoverlapping clock; and ¢,. When g, is low and
¢o is high, the transistors/; and M, are turned on, and
M3 and M, are turned off. The voltage across capaciris
charged td/pp. Wheng; is high andyp, is low, the transistors
M, and M, are turned off, and\/; and M, are turned on.
CapacitorC is connected in parallel with capacit6k. The Vi = Vop+ Vo, (4)
charge stored otv; is shared with capacitar,, thus pumping
the voltage onl, node higher than the supply voltade .
Note that wher(C; andC, are connected, the current not only
flows through the channel dffs, it can also flow through the
P, /N4y, source junction diode if the voltage on the source of
M3 is larger thanV,. 4+ 0.6 V. The two-phase nonoverlapping
clock must guarantee that the switches are operated in a break- Vi =2Vpp — 8ILR. (6)
before-make fashion to eliminate short-circuit current during
switching. At steady state, these transistors are operated in th# is noted that the second term on the right-hand side of (6)
linear region, i.e.|Vas — Vr| > |Vps| and the second-orderis the total voltage drop across all the transistor switches in

and
Vpp = QILR—i-VCl + 2/ R (5)

whereV,, is the voltage across capacitoh.
Substituting (5) into (2), the output voltage can be written as
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the charge pump circuit. Thus, conduction loss in the charete that the drain/source power loss is proportional to the
pump circuit is given by transistor widthiW and load current/;,, but independent of
the channel length..

Fo =8I R x I From the discussion above, the conduction loss of the charge
=8I’R pump is inversely proportional to the gate width. But the
_ 8IZL . dynamic power loss is proportional to the gate width. Thus,
T uC W (Vas — Vi)' () the minimum total power loss of charge pump occurs when the

conduction loss is equal to the dynamic power loss. Therefore,

Based on (7), the conduction loss of the charge pump is iffire optimal transistor switches width can be expressed as
versely proportional to the transistor widii and proportional

_1y /2
to the square of the load currefit and the channel length. _— AT, CLAV, Cb/s
opt — — 2
B. Dynamic Power Loss HCon(Vas — V)V 4LCoq
(13)

The dynamic power loss during charge pump operation con-

sists of two components, one is the charging and dischargigg.,n pe seen from (13) that the optimal width is proportional

of the_ gates _of the MOS switch.es, the other is tr_]e.char_gn&gthe square root of the load curreht. However, the output
and discharging of the MOS switches’ source/drain junctionSaq current usually varies during normal operation. In a

that are connected to capacitoy. ) ) . typical design, in order to guarantee the output voltage levels
1) MOSFET Gate Power Lossf the sizes of transistors in 5¢ avimum loading, a high enough switching frequency is

Fig. 1 are the same, then the total gate power loss of chaggf,sen first. Then, the optimal transistor switches width for

pump circuit is the rated loading and the chosen switching frequency are used.
P, =4C, fa%: (8) With these parameters, the power efficiency is maximized
g for the rated load current. When the load current is less
whereC, = WLC,, is the gate capacitance of a MOSFETthan the rated current, the power efficiency decreases, with
f is the frequency of clock, andV, = V, is the maximum the worst case occurring at no load. The conduction and
control voltage of the gate. Since the charge pump has dgnamic power losses versus transistor width fof = 1
deliver a current, the output ripple voltageV/, is and 2 KX are shown in Fig. 2(a), withpp =5V, f =25
I kHz, andC;, = 1 pF. As expected, the conduction power
- L (9) decreases rapidly for transistor widths less than 10 mm. The
2fCr dynamic power increases linearly with the transistor width.
The operating frequency must be higher than that given Bye conduction power decreases wignis increased, but the
(9) to guarantee the output ripple voltage is less than tH¥nhamic power does not depend Br. The optimal transistor
specification which may vary depending on the application&idths for B, = 1 and 2 K2 are 12 and 27 mm, respectively.

AV,

Thus, the gate power loss is given by The power efficiency versus transistor width f8g, = 1 and
2 kQ2 are shown in Fig. 2(b). FoRr = 2 k€2, the maximum
P 2W LC,: 1L V7 (10) efficiency (98.0%) occurs af/ = 12 mm. However, fori¥

7 CpAV, ranging from 6 to 44 mm, the efficiency is always above 97%.

It is noted that the gate power loss is proportional to th%imilarly, for_RL =1 T_? the m?ximum effici(?ncy ggs_zog)
transistor widthi, load current/,, and the channel length. occurs at¥’ = 27 mm. However, fod}” ranging from 9 to 5

2) MOSFET Drain/Source Power Lossn  the ~ 3um mm, the efficiency is always above 97%. Thus, for the sake
CMOS process that we used, the drain/source capacitancepfo ie area, a transistor width much smaller than the optimal
a MOSFET is proportional to’ the channel width. L@}, width can be used with very little loss in power efficiency.

' S
be the drain/source capacitance per unit channel width. The

total source/drain power loss is ll. A CMOS DUAL CHARGE PumpP
PD To improve power efficiency, a new charge pump control
< = 4CpsfVig, s (11) circuit is proposed. As an example to illustrate the effective-

ness of this new scheme, Fig. 3 is the circuit diagram of a
whereCp,s = WC7, 5 is the drain/source capacitance of ®roposed CMOS dual charge pump for RS-232C applications
MOSFET andVpp,sp = V4/2 is the voltage swing of the which is a popularly used EIA (Electronic Industries Asso-
drain or source. Note that only the four source/drain junctiomsation) standard for serial communication. The circuit of the
connecting to capacitof’; have dynamic power dissipation,positive charge pump in Fig. 3 is the same as the conventional
because the voltages on the other four source/drain junctiehgrge pump, but the clock generation circuit is different.
are constant. Similar to the gate power loss shown in (10), the principle, the operation of the circuit in Fig. 3 is time-
source/drain power can be written as divided into two segments or phases. The operation of the
WIV2C! positive voltage doubling portion is the same as that in Fig. 1.

+-D/S (12) The inverting portion of the charge pump circuit operates as

P = .
b/s 20LAV, follows. The transfer capacitaf; is charged to the positive
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a
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|k § lovel shifier/ |SIKi two phase '%1
frequency clocks & :¢‘
_c_:" converter 'ﬁ butfer _;:
T i 1T T T
100 v- < = v v-
T e Fig. 3. A CMOS dual-charge pump circuit.
? must be as low a¥_. Therefore, a level shifter is needed to
‘E' increase the clock’s voltage swing & and V.
g —— Fig. 4 is the circuit diagram of the level shifter/frequency
E ForRL=2K | converter. Transistord/; to M, form a conventional level
-~ --For RL=1K J shifter, i.e., the signals on nodes 1 and 2 have the same
frequency as that of the input clock sigriak’, but the voltage
swing is increased from O-tbp p to O-toV,.. Transistorsi/;
75 i f — ' ’ -+ * to Mg form another level shifter, i.e., the voltage swing of
o 5 10 15 2025 30 35 40 {he output clock signaCLK is increased from 0-t44, to
Transistor width, W(mm) V_-to-V,. A closer look at the operating principle of this
(b) circuit reveals that the frequency at nodes 1 and 2 is not
Fig. 2. (a) The conduction and dynamic power losses versus transistor widi€cessarily the same as that(ai. Due to the cross coupling
(b) The power efficiency versus transistor width. of transistorsi/; and s, the level shifter is a bistable circuit.

The switching of nodes 1 and 2 is a typical positive feedback

output voltage via the transistoid; and M which are turned process. Assume initiallfg K = 0 V, CK = 5 V, node 1
on during the first phase of operation of the circuit, while the- Vi, and node 2= 0 V, then transistors\/; and M, are
transistorsM; and Mg are turned off. During the second phasen, and transistorsi{/, and Ms are off. This circuit is in
of circuit operation the transistor®; and A are turned off. one of its two stable states. Whenk is changed to 5 V,
The voltage across the transfer capacitgris shared with the CK will be changed to 0 V, thus transistdv/, is turned
reservoir capacitoCy by turning on the transistord/; and off and transistord{, is turned on. Because transistais;
Msg. The positive end of”5 is connected to ground throughand A, are both turned on, the voltage on node 1 decreases
M-z, making the polarity of the output nodé_ negative. The from V. to a voltage decided by the voltage dividing action
magnitude ofV_ is less than that of/; due to the resistive between transistors\/; and AM,. If this voltage is lower
voltage drops across the transistors. Since the operation of tihen V. — Vrp, where Vrp is the threshold voltage of the
inverting charge pump is similar to that of the positive chargeMOS, then transistab/s will be turned on. The voltage on
pump, the analysis in Section Il also applies, i.e., the optimabde 2 will increase from 0 V toward,. As the voltage
transistor width is still given by (13), except thit. should on node 2 increases, the on-resistance of the transigtor
be replaced by_. decreases which causes the voltage on node 1 to decrease

In order to reduce the size of transistors in Fig. 3, thiarther. This is a typical positive feedback process. When
transistors My, M3, My, and M; are P-channel MOSFET, the loop gain exceeds one, the voltages on nodes 1 and
and the transistorsMs, Mg, M7, and Mg are N-channel 2 will quickly change and enter another stable state. Note
MOSFET. The ring oscillator, shown in Fig. 3, generates that in either stable state, there is no static current, because
clock nominally at 25 Hz. The ring oscillator is driven by p  either A4; and M4 or M, and M3 are completely turned off.
instead ofl,. andV_, so that its oscillation frequency will not The time it takes for the loop gain to exceed one (response
be affected by the output voltagés and V_. However, the time) depends on the transistor size ratio between the PMOS
voltage swing of the two-phase nonoverlapping clocks mushd NMOS, capacitance at nodes 1 and 2, and the voltage
be larger than zero té'pp, €.g., to turn off transistoids, difference betweerVppand V4. If the period of the input
the high voltage level of the clock must 3& ; to turn off clock CK is much shorter than the response time, then the
transistorsig and Mg, the low voltage level of the clock level shifter will not switch state. If the period of the input
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1.00E-03 -

1.00E-04 ¢ :: -

1.00E-05

response time(s)

1.00E-06 | :: -

Fig. 4. Circuit diagram of the level shift/frequency converter.
1.00E-07 4 -~
L

clock, CK, is slightly shorter than the response time so that 1.coe-08
after one clock cycle the voltages on nodes 1 and 2 did not 5 58 6 85 7 75 8 85 9 95 1
return to their initial values, then the level shifter will take VHvolts) '

more than one” K’s cycle to switch state. Thus, the outputig. 5. The relationship between the response time of the level shifter in
CLK is still a periodic clock, except that the frequency i§ig- 4 and the voltage$’, and V_.

lower. In a normal level shifter, the sizes a@fl, and M,

are made much larger than that &f; and A3 to reduce 8 f
the response time so th&t'K and CLK have the same
frequency.

In Fig. 4, the transistor sizes of the NMOS /3.5 um) 41
and PMOS (1Q:m/4 ;;m) are purposely made to be about the 211
same so that the response time is comparable to the period § o0l
CK. Fig. 5 shows the relationship between the response time
and the output voltageg, and V_. The three curves are for

[V_| = V4, V2| = V4 —0.5, and|V_| = V; — 1, respectively. 41

The supply voltagé’, p is 5 V. It can be seen that the response 6 ¢

time increases rapidly ag; and|V_| increase. WithCK at 8

25 kHz, theCLK will not change states in one clock cycle 0 10 20 30 40 50
if the values ofV, and V_ correspond to a response time Times(1.5ms+n*10,s)

longer than 20us, the half period of 25 kHz. Whet'LK Fig. 6. Simulation result of the level shifter/frequency converter with
is not switching,V, and V_ will decay due to the current . — p~ — 1 kq.

drawn by the loading. Eventuallyy, and V_ will be low

enough to cause th€ LK to switch and pump/. and V_ . o )
higher than the switching threshold again, and the procd¥dSe nonoverlapping clock generator and buffer circuit which
repeats again. Because the output voltdgeandV_ decrease Produces two-phase nonoverlapping clocks, ¢,, ¢», and
when load current increases, the level shifter effectively variés- However, due to the large gate capacitance of the transistor
its output's frequency according to the load current. Fig. $Witches (660Q:m/4 um for PMOS and 300@:m/3.5 m for
shows the simulation result of the switching of the levdNMOS), large rise/fall ime may cause the two-phase clocks to
shifter/frequency converter circuit witl, = R_ = 1 k. overlap. One solution is to increase the length of the inverter
It can be seen that during the period wheéiLX is high, chain so that the nonoverlapping period is longer than the
V, is pumped to a higher voltage. WheiLK is low, V.  fise/fall time. The other is to use a large buffer to decrease the
decays due to the load current. Wheh decays to a low rise/fall time. Both methods require more power dissipation.
enough voltage to enable the switching of the level shiftéfVe proposed a slow turn-on, fast turn-off method to obtain the

CLK will become high again at the next rising edgecéf. two-phase nonoverlapping clocks. As shown in Fig. 7, each
In Fig. 6, the frequency of LK is half that of CK. When transistor switch is broken into several smaller transistors, and

the load current is smallef/, and V_ will decay slower, resistors are placed in series between the gates of these smaller
and CLK will switch at a lower frequency. When loadingtransistors. Note that these resistors are the effective resistance
increases, the frequency 6fLK will increase until it becomes of the gate poly so that no additional chip area is needed.
the same a€’ K. Thus, this level shifter/frequency converterhere are eight transistor switches in Fig. 3, for clarity, only
circuit changes the input clock’s voltage swing and frequendgur transistor switches are shown here. Additional small
simultaneously. PMOS’ were used to increase the charging speed of the gate
Fig. 7 is the two-phase nonoverlapping clock generator anfl PMOS switches. Similarly, additional small NMOS’ were

buffer circuit. The two-phase nonoverlapping clock guaranteased to increase the discharging speed of the gate of NMOS
the transistor switches in the charge pump are operated isvatches. During discharging of the gate of the PMOS switch,
break-before-make fashion to eliminate short-circuit curretite additional PMOS’ are turned off, and the gate of PMOS
which wastes power and causes reliability problems on tkeitch is an RC delay line, thus the PMOS switch will be
metal lines. The left half of Fig. 7 is a conventional twoturned on slowly. During charging, the additional PMOS’
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400u/4u

CLK 5u/20u 5u/5u
— 4
CLK
T 5u/100u Su/45u 5u/10u
V- ! V-
Fig. 7. Circuit diagram of the two-phase clocks and buffer circuit. Fig. 8. Circuit diagram of the start-up circuit.
are turned on, effectively shorting the resistors, so that the 0 : A + — 1
gate of the PMOS switch is quickly charged ¥ to turn
off the PMOS switch quickly. A similar scheme is used °
for the NMOS switches. With this fast turn-off, slow turn- 851 >
on scheme, a more power-efficient short inverter chain and 87 -
small buffer can be used to obtain two-phase nonoverlappir@ 7.5 4 ::‘1':":_“:16&_'_
clocks. > 41 —a—R+=R=8K
Fig. 8 is the start-up circuit which is needed to ensure 45| ORI
proper pumping action and avoid latch-up during power- | DN
up. As discussed earlier, the two-phase nonoverlapping clock ., | e
generator and buffer circuit must be poweredVy andV_, s ' , , , == messure
otherwise the PMOS and NMOS switches will not be turned 0 5 10 15 20 o5 20
off during pumping, which will preven¥’, from increasing switching frequency(KHz)

beyo.n.d. Vbp. Howe\{er, durmgl power.-up, thé”,. and V- Fig. 9. Simulation and measured positive output voltage of the dual-charge
are initially at 0 V, i.e., pumping action cannot be startegymp at various switching frequencies and loading.
Thus, beforeV, is pumped to a voltage higher tharbp,

all the p-n junctions at the sources of the PMOS in the r"]@gical 1, turning off the PMOS switch so thaf, can be
oscillator and the transistore/, and M, in Fig. 3 are forward nymped up to its final steady state voltage. Thus, this circuit
biased. Currents will be injected into the substrate to charge Ug@mectsv_i_ to Vpp when V, is smaller thanVpp + 0.2
substrate to aboutpp — 0.5 V. If these charging currents arey and disconnectd/, from Vpp otherwise. In this way,
allowed to flow laterally over a large distance, the probability,e charge pump circuit can start up properly and without
of latch-up increases. The circuit in Fig. 8 consists of thrqgtch_up_

inverters and a Iarge PMOS switch. The first inverter is a The Operation of a dual Charge pump circuit with conven-
self-biased inverter with its output tied to input. The first tW@ional level shifter, i.e., it is a conventional Charge pump,
inverters’ transistors are sized so that whénis smaller than \as simulated by HSPICE. The simulation results of the
Vpp+0.2V, the output of the first inverter is a logical zero tqyositive and negative output voltages versus the switching
the second inverter. Therefore, the output of the third invertgequency and output loading are shown in Figs. 9 and 10,
is also a logical zero, which keeps the large PMOS swit¢Bspectively. It can be seen that, for a given load resistance,
turned on once the supply voltage is applied. This providest® output voltage increases with switching frequency and
very low resistance path betweéipp and V... The substrate saturates above a certain frequency. For a given switching
will be charged through this PMOS switch so thHat will  frequency, the output voltage decreases with increasing load
be the same a¥pp whenVpp is ramping up to its steady- current. This circuit is designed to supply up to 12 mA at
state value, i.e., the p-n junctions at the sources of the PM@S and V_ outputs while maintainingy, > 6.5 V and

in the ring oscillator will not be forward biased. Sind§ V_ <« —6 V. In order to guarantee the output voltage
is routed using a metal line to the rest of the chip to maKkevels at maximum loading, a 25 kHz clock signal is chosen
substrate contact, the substrate will be charged/#p by based on Figs. 9 and 10. With a fixed switching frequency,
vertical substrate current, not lateral substrate current, to avaidsubstantial supply current is needed even at no load. For
latch-up. This circuit gived/y an initial voltage to start the applications that operate most of the time at no load, this is
pumping process. However, if the PMOS switch is still oa great power loss. In this paper, the level shifter/frequency
when V. is larger thanVp, then V. will be clamped by converter shown in Fig. 4 was used to reduce the power loss
Vbp. Therefore, oncé’, is pumped to a voltage higher tharby varying the switching frequency according to the load
Vop + 0.2 V, the output of the third inverter becomes aurrent.
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Fig. 10. Simulation and measured negative output voltages of the
dual-charge pump at various switching frequencies and loading.

IV. EXPERIMENTAL RESULTS

The circuit shown in Fig. 3, except the 1-mF capacitors
and load resistors, was fabricated in a8 p-well, double-
poly single-metal CMOS technology with breakdown voltage
of 18 V. Fig. 11 is a chip micrograph, the die size is 4.7
x 4.5 mnt, the majority of the chip area is occupied by
the eight MOS switches. For comparison, a charge pump
circuit with conventional level shifter and clock buffer wasig. 11. A chip micrograph of a CMOS dual-charge pump.

also fabricated. WithVpp, = 5 V, the measured output

voltages aqd S\_Nltchlng frequencies Qf the new chgrge pump TABLE |

are plotted in Figs. 9 and 10 along with the simulation results MEASURED RESULTS OF THE CONVENTIONAL

of the conventional charge pump. For load resistance above AND NEw DuAL-CHARGE PumP CIRCUITS

1 k2, the measured results agree with the simulation, e.g., conventional charge pump

for 1 Q load and 10 kHz switching frequency;, is 7.3 V load V+ V- f(kHz) lde(mA) efficiency(%)

and V_ is —6.8 V for measured results, and; is 7.1 V 05k | 629 -543 186 507 54.5

andV_ is —6.8 V for simulated results. For 750 and 5002 k 075k | 728  -673 189  37.6 69.7

loads, the measured outputs are smaller than the simulation K rr2 T3 9 30.9 788

oaas, p : + 2 | 855 838 193 189 75.8

The measured results of the conventional and new charge 4k 911 -9.03 195 12,5 65.8

pump circuits are also listed in Table I. For the conventional 8é<k g-g; -g-zg 13-3 573-32 4;—)8
. . . 1 . -9. . .

charge pump, the switching frequency is about 20 kHz for all noload | 961 o859 197 6.17 0

loading, less than the designed 25 kHz. For the new charge new charge pump

pump, the switching frequency at no load is 70 Hz, leSsS ~joaq Vr V- f(kHz) Idc(mA) efficiency(%)
than the designed 100 Hz. It increases when loading becomes ™ 0.5k 6.54 585 184 496 62.1
heavier. For load resistance of 500 the switching frequency 075k | 707  -66 169 362 68.9
; : 1k 729 684 979 284 70.4
increases to 18.4 kHz, also less than the designed 25 kHz. 819 79 646 162 79.9
Thus, the proposed level shifter/frequency converter in the new 4 839 826 3.92 8.41 82.4
charge pump does covert the switching frequency according 8k 845 -834 112 434 81.2
to the loading. 16k 849 -839 095 23 77.4
noload | 852 -8.43 0.07  0.19 0

The advantage of the new charge pump in terms of power
dissipation can be viewed in two ways: supply current and
power efficiency; both are shown in Table I. The powegsump is always smaller than that of the conventional charge
efficiency is calculated using the conventional definition gfump. The difference in the supply current increases with
the output power divided by the input power. The powedncreasing load resistance. Thus, the power savings is the
efficiencies of the conventional and new charge pumps ajeeatest at no load. At no load, the supply current is decreased
shown in Fig. 12. At 0.5 R load, the new charge pumpfrom 6.17 to 0.19 mA, about 32 times smaller. Note that
has better power efficiency than that of the conventionat no load, although the charge pump is switching at 70
charge pump. For 0.75(kand 1 K} loads, the conventional Hz, the ring oscillator is still operating at 20 kHz, which
charge pump is better. For load resistance larger thaf,2 kaccounts for the 0.19 mA supply current. The amount of
the new charge pump is much better. Considering supgpwer savings decreases at heavier loading. At the maximum
current, for all loading, the supply current of the new chargeading of 50012, the supply current is still 1.1 mA smaller,
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Fig. 12. The power efficiencies of the conventional and new charge pump

which is more than 2% power savings. The power savings
light loading mainly comes from the lower dynamic powe
dissipation .due to the lower sw|tch|ng frequen(_:y. However, % 13. Measured positive output waveform under a square wave power
heavy loading of 50@2, the switching frequencies of the twosupply.

charge pumps are about the same, and power savings comes

from the level shifter and clock driver. changes from 0 to 5 V, the outpdf, jumps immediately
The other advantage of the new charge pump is that thteém 0 to 5 V instead of 4.4 V, indicating that the outgtt
breakdown voltage requirement is smaller. Note that at00ijs charged byV»p through the PMOS switch in Fig. 8, not
load resistance, the voltage outputs of the new charge putpough the p-n junction. After the initial jump, the output then
are larger than those of the conventional charge pump. Thygadually increases to its steady state value of 8.2 V. The rise
the new charge pump is capable of delivering more current améhe and ripple ofi, are 580us and 0.4 V, respectively. The
voltages at heavy loading. However, for load resistance largefgative output voltagé_, which is not shown in Fig. 13,
than 750¢2, the voltage outputs of the new charge pump akecreases from 0 V te-7.9 V. The fall time and ripple o¥_
smaller than those of the conventional charge pump. In mostare 600us and 0.4 V, respectively. The rise/fall time and ripple
the charge pump applications, this is actually an advantage, 0b@/, and V_ increase with the load current. In applications
a drawback, because when the load circuit draws less currehat can tolerate such a latency during wake-up, the shut-down
the output voltages of the charge pump need not be increasszheme should be used. For applications that require the charge
For example, in the RS-232C applications, no matter hoggpump to stay active, lowering the switching frequency seems
much current the load circuit draws, the load circuit will worko be the best solution.
as long ad/, is larger than 6.5 V andi_ is less than-6.0 V.
Having larger charge pump output voltages only increases the V. CONCLUSIONS

breakdown voltage requirement of the MOS transistor, €.9.,a formula to determine the optimal transistor switch width
for the conventional charge pump, the MOS transistor must gg the charge pump was developed. A level shifter design
able to sustain a voltage of 19.2 V; for the new charge pumpat also functions as a frequency converter to automatically
the breakdown voltage requirement is only 17 V. Therefor@ary the switching frequency of a dual charge pump circuit
the lower output voltages of the new charge pump at lightgtcording to the loading was proposed. The frequency tuning
loading is actually an advantage. In terms of the breakdowange of this circuit was designed to be from 100 Hz to 25 kHz.
voltage requirement, the best solution is to regulate the outptHis circuit is intended to improve the power efficiency of the
voltages. However, this requires more circuit and power, @gnventional charge pump circuits that use a fixed switching
discussed in the introduction. frequency, which leads to power efficiency degradation when
It should be noted that at no-load, the most power efficiefading is less than the rated loading. The switching frequency
scheme is to shut down the entire circuit. However, this leadgs designed to be 25 kHz with 12 mA loading on both
to a latency during wake-up because it takes time for the outperting and noninverting outputs. The switching frequency is
voltages V; and V_ to reach their respective steady statautomatically reduced when loading is lighter to improve the
values from 0 V. The wake-up time depends on the value péwer efficiency. A slow turn-on, fast turn-off driving scheme
the transfer and holding capacitors used. When a square waxg used in the clock buffer to reduce power dissipation.
power supply (amplitude is 5 V and frequency is 300 Hz) i& start-up circuit was included to ensure proper pumping
applied to the charge pump circuit wigth= 1 uF, R, =2 k2 action and avoid latch-up during power-up. The new dual-
and R_ = 2 k{2, the measured waveforms of the positiveharge pump circuit was fabricated in au8 double-poly
output voltagd/, (upper trace) and power supply (lower trace3ingle-metal CMOS technology, the die size being 4.4.5
are shown in Fig. 13. The effect of the start-up circuit camm?. The measured results show that this circuit improves
be seen from the measured result that when supply voltage efficiency of the charge pump, especially at light loading.
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