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from a high potential side of fly back capacitors connected
in series, and a second switching element having a substrate
gate connected to a drain for preventing a current from
flowing back from a high potential side of a catch-up
capacitor to the fly back capacitors connected in series.
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CHARGE PUMP CIRCUIT AND POWER SUPPLY
CIRCUIT

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This patent specification is based on Japanese
patent application, No. 2002-116403 filed on Apr. 18, 2002,
No. 2002-152846 filed on May 27, 2002, and No. 2002-
140442 filed on May 15, 2002 in the Japanese Patent Office,
the entire contents of which are incorporated by reference
herein.

BACKGROUND OF THE INVENTION
[0002] 1. Field of the Invention

[0003] The present invention relates to a charge pump
circuit for use in a power supply circuit, and more particu-
larly to a charge pump circuit which can efficiently power a
load that requires a voltage much higher than a supply
voltage. The present invention also relates to a power supply
circuit using a charge pump circuit which can improve
reliability when it is used for a load which presents large
fluctuations in current consumption, and ensure safety even
in the event of short-circuiting to a ground voltage.

[0004] 2. Description of the Related Art

[0005] When a voltage higher than a supply voltage is
required, an inductance based DC-DC converter is mainly
used as a power supply circuit. The DC-DC converter is used
in many applications because it can generate an arbitrary
voltage and efficiently power a load which consumes a large
current. However, since the DC-DC converter requires a
number of parts such as a transformer, a coil and the like, it
is difficult to reduce the size of the DC-DC converter, and all
the parts of the DC-DC converter cannot be integrated into
a semiconductor integrated circuit.

[0006] For the reason set forth above, a highly efficient
charge pump circuit which can be reduced in size is used for
a power supply circuit for powering a load which consumes
a relatively small current. However, since the charge pump
circuit adds voltages on capacitors charged by a supply
voltage from a DC power supply for boosting, the charge
pump circuit can merely provide output voltages which are
integer multiples of the supply voltage. Depending on the
relationship between the supply voltage and a voltage
required by a load, the load is supplied with an unnecessarily
high voltage, resulting in larger power consumption of the
load and a significantly lower efficiency.

[0007] Laid-open Japanese Patent Application (JP-A-) No.
2001-169537 discloses a charge pump circuit which
improves a drawback of the charge pump circuit which
merely provides output voltages that are integer multiples of
a supply voltage. Specifically, two capacitors having the
same capacitance are disposed closest to a power supply.
The two capacitors are connected in series and charged by
a supply voltage, so that each of the capacitors is charged to
one half of the supply voltage.

[0008] The voltage generated by the two charged capaci-
tors connected in parallel is added to a voltage on another
capacitor which is charged at the same voltage as the supply
voltage or to the supply voltage to generate a voltage
(N+0.5) times as high as the supply voltage, where N is an
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integer larger than zero (N>0). JP-A-2001-169537 also
discloses a circuit which comprises four capacitors disposed
closest to a power supply, and can set output voltages in
increments of a quarter of the supply voltage by adding
voltages on the four capacitors connected in parallel.

[0009] In general, conventional charge pump circuits
employ a plurality of diodes for preventing a current from
flowing back from a high potential side of a capacitor
charged at a high voltage to the DC power supply. Therefore,
a loss caused by forward voltages of the diodes degrades the
efficiency to a non-negligible extent, particularly when the
supply voltage is low. Although the charge pump circuit
disclosed in JP-A-2001-169537 can boost the voltage in
small increments of one quarter of the supply voltage, this
charge pump circuit also employs diodes for preventing a
current from flowing back from a high potential side of the
capacitors charged at a high voltage, seemingly causing a
loss due to the forward voltages of the diodes.

[0010] In addition, a switching element for connecting the
capacitors in series includes a MOS transistor which has a
substrate gate connected to a source. Assuming that these
circuits are integrated into a single IC chip, when the MOS
transistor has a source voltage higher than a drain voltage in
the middle of a boosting operation, a forward current flows
into a parasitic diode of the MOS transistor to cause a
reactive current to flow between the supply voltage and a
ground voltage, possibly resulting in a lower power effi-
ciency. Moreover, if a parasitic transistor of the MOS
transistor latches up, the IC will be heated so as to possibly
cause a failure.

[0011] On the other hand, the charge pump circuit is
generally used for a load which consumes a relatively small
current and supplies a charge accumulated on a capacitor, so
that no protection circuit is provided against an over-current
to the load. Also, since the charge pump circuit includes a
capacitor having a relatively large capacitance, a large rush
current is generated upon power-on.

[0012] JP-A-10-14218 discloses a method of preventing
rush current while limiting a reduction in power conversion
efficiency. Specifically, JP-A-10-14218 employs a P-channel
type MOS transistor which is turned on when a capacitor is
charged. The P-channel MOS transistor is applied with an
inverted version of an output voltage at a gate from a charge
pump circuit. Therefore, when the charge pump circuit
outputs a low voltage, a large rush current can be prevented
from flowing because the P-channel type MOS transistor has
a large impedance.

[0013] Also, the impedance of the P-channel MOS tran-
sistor is reduced as the voltage of the charge pump circuit is
increased, such that the P-channel type MOS transistor is
fully turned on before the output voltage of the charge pump
circuit reaches a predetermined value. With this configura-
tion, a power loss can be reduced even if a resistor is inserted
for preventing the rush current.

[0014] However, the charge pump circuit disclosed in
JP-A-10-14218 can have a long rising time because the
capacitor is applied with a small charging current when the
charge pump circuit outputs a low voltage. Also, when the
output voltage of the charge pump circuit is reduced due to
an over-current from an output terminal, short-circuiting of
a load, or the like, a small current flows from the P-channel
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type MOS transistor. However, because of an unknown load
current at which the output current of the P-channel type
MOS transistor begins decreasing, the charge pump is not
suitable for use with a load which largely fluctuates in
current. Further, the high dependency of the output voltage
of the charge pump circuit on a supply voltage still remains
unsolved.

SUMMARY OF THE INVENTION

[0015] The present invention solves the problems as men-
tioned above, and it is an object of the invention to provide
a highly efficient charge pump circuit which is capable of
generating a voltage (1+1/n) times as high as a supply
voltage, while eliminating a reduced voltage due to a for-
ward voltage of diodes otherwise provided for preventing a
current from flowing back from a high potential side of
capacitors, and reducing a reactive current and latch-up
when the charge pump circuit is integrated into a single IC
chip.

[0016] Tt is another object of the present invention to
provide a power supply circuit based on a charge pump
circuit which is capable of generating a substantially con-
stant output voltage even when a supply voltage gradually
decreases as it is used, as is the case with a DC power supply.

[0017] Tt is a further object of the present invention to
provide a power supply circuit based on a charge pump
circuit which is capable of limiting a rush current flowing
into the charge pump circuit, accurately setting an output
current value at which a protection circuit starts operating to
power a load which presents large fluctuations in current,
and avoiding the influence due to fluctuations in supply
voltage.

[0018] In a first aspect, the present invention provides a
charge pump circuit for boosting an input voltage applied to
a positive power supply input terminal and outputting the
boosted voltage from an output terminal. The charge pump
circuit includes a plurality of first capacitors each charged
with the input voltage, a plurality of first switches each for
connecting a low potential side of a corresponding one of the
first capacitors to the positive power supply input terminal
when the first capacitor is charged, a plurality of second
switches each for connecting a high potential side of the
corresponding one of the first capacitors to the output
terminal when the first capacitor is charged, a plurality of
third switching elements each connected to the capacitor in
series, a fourth switching element for connecting one end of
a series circuit of each first capacitor and each third switch-
ing element to the positive power supply input terminal, a
fifth switching element for connecting the other end of the
series circuit of each first capacitor and each third switching
element to a negative power supply input terminal, a second
capacitor charged with a voltage generated by charging each
first capacitor, and a control circuit for controlling each of
the first switching elements, each of the second switching
elements, each of the third switching element, the fourth
switching element and the fifth switching element in
response to a predetermined clock signal.

[0019] Specifically, each of the second switching elements
includes a MOS transistor having a substrate gate connected
to form a parasitic diode in a direction in which a current
flow is prevented from the second capacitor to the corre-
sponding one of the first capacitors, and the fourth switching
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element includes a MOS transistor having a substrate gate
connected to form a parasitic diode in a direction in which
a current flow is prevented from the first capacitor to the
positive power supply input terminal.

[0020] When the second capacitor is charged with the
voltage charged on the respective first capacitor, the control
circuit turns off each of the first switching elements, each of
the second switching elements, each of the third switching
elements, the fourth switching element and the fifth switch-
ing element in response to a change in a signal level of the
clock signal, turns on each of the second switching elements
after the lapse of a first predetermined time, and turns on
each of the first switching elements after the lapse of a
second predetermined time.

[0021] Also, when the second capacitor is charged with
voltages charged on the respective first capacitor, the control
circuit turns off each of the first switching elements, each of
the second switching elements, each of the third switching
elements, the fourth switching element and the fifth switch-
ing element in response to a change in a signal level of the
clock signal, turns on the fourth switching element and the
fifth switching element after the lapse of a third predeter-
mined time, and turns on each of the third switching
elements after the lapse of a fourth predetermined time.

[0022] Each of the third switching elements may include
a MOS transistor. The charge pump circuit may further
include a plurality of change-over switches each for con-
necting a substrate gate of a corresponding one of the MOS
transistors to a drain or a source of the MOS transistor, and
the control circuit controls the switching of the change-over
switches in response to the predetermined clock signal.

[0023] Specifically, when the second capacitor is charged
with voltages charged on the respective first capacitor, the
control circuit turns off each of the first switching elements,
each of the second switching elements, each of the third
switching elements, the fourth switching element and the
fifth switching element in response to a change in a signal
level of the clock signal, turns on the fourth switching
element and the fifth switching element, and switches each
of the change-over switches after the lapse of a third
predetermined time.

[0024] In this event, the control circuit controls each of the
change-over switches to switch the connection of the sub-
strate gate, after the lapse of the third predetermined time, to
form a parasitic diode in a direction in which a current
generated by a voltage applied to the positive power supply
input terminal is prevented.

[0025] In a second aspect, the present invention provides
a power supply circuit which includes a voltage regulator
circuit for generating a predetermined constant voltage from
a supply voltage supplied from a DC power supply to output
the predetermined constant voltage, and a charge pump
circuit for boosting the output voltage from the voltage
regulator circuit by a scaling factor in accordance with the
value of the supply voltage to supply the boosted voltage for
powering a load. The scaling factor is increased as the
supply voltage is lowered.

[0026] In the power supply circuit described above, the
charge pump circuit may have a first operation mode for
outputting the output voltage of the voltage regulator circuit
as it is, a second operation mode for boosting the output
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voltage of the voltage regulator circuit by a factor of a, and
a third operation mode for boosting the output voltage of the
voltage regulator circuit by a factor of f§, and is operable in
one of the first operation mode, the second operation mode
and the third operation mode in accordance with the supply
voltage.

[0027] Specifically, the charge pump circuit is operated in
the first operation mode when the supply voltage exceeds a
first predetermined value, operated in the second operation
mode when the supply voltage exceeds a second predeter-
mined value smaller than the first predetermined value, and
operated in the third operation mode when the supply
voltage is equal to or lower than the second predetermined
value.

[0028] Alternatively, the charge pump circuit may be
operated in the first operation mode when the supply voltage
exceeds a first predetermined voltage, and operated in the
third operation mode when the supply voltage is equal to or
lower than the first predetermined voltage.

[0029] Also alternatively, the charge pump circuit may be
operated in the first operation mode when the supply voltage
exceeds a first predetermined voltage, and operated in the
second operation mode when the supply voltage is equal to
or lower than the first predetermined voltage.

[0030] Further alternatively, the charge pump circuit may
be operated in the second operation mode when the supply
voltage exceeds a third predetermined value, and operated in
the third operation mode when the supply voltage is equal to
or lower than the third predetermined value.

[0031] Specifically, the voltage regulator circuit outputs
the supply voltage as the output voltage when the charge
pump is operated in the first operation mode.

[0032] The charge pump circuit includes a pair of first
capacitors each charged with the output voltage of the
voltage regulator circuit, a first switching element for con-
necting a low potential side of a corresponding one of the
first capacitors to an input terminal applied with the output
voltage of the voltage regulator circuit when the first capaci-
tors are charged, a second switching element for connecting
a high potential side of the corresponding one of the first
capacitors to an output terminal for outputting the voltage to
the load when the first capacitors are charged, a third
switching element connected to the corresponding one of the
first capacitors in series, a fourth switching element for
connecting one end of a series circuit of the first capacitor
and the third switching element to the input terminal, a fifth
switching element for connecting the other end of the series
circuit of the first capacitor and the third capacitor to a
negative supply voltage of the DC power supply, a sixth
switching element for connecting the high potential side of
the first capacitor to the input terminal, a seventh switching
element for connecting the low potential side of the first
capacitor to the negative supply voltage of the DC power
supply, a second capacitor charged with a voltage generated
by charging each of the first capacitors, a voltage detector
circuit for detecting the supply voltage to output a signal
indicative of the detected voltage value, and a control circuit
for controlling the first to seventh switching elements based
on a predetermined clock signal in response to the signal
from the voltage detector circuit and for controlling the
operation of the voltage regulator circuit.
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[0033] In the charge pump circuit, the control circuit
controls each of the first to seventh switching elements such
that the switching elements connected in series between the
input terminal and the second capacitor are not simulta-
neously turned on when the charge pump circuit boosts the
output voltage of the voltage regulator circuit.

[0034] Also, the control circuit may control each of the
first to seventh switching elements such that the switching
elements connected in series between the input terminal and
the negative supply voltage of the DC power supply are not
simultaneously turned on.

[0035] Each of the third and sixth switching elements
includes a MOS transistor. The power supply circuit further
includes a first and a second change-over switch each for
connecting a substrate gate of a corresponding one of the
MOS transistors to a drain or a source of the corresponding
MOS transistor. The control circuit controls the first and
second change-over switches to connect the substrate gate to
the source of the corresponding MOS transistor when the
corresponding MOS transistor has a source voltage higher
than a drain voltage, and to connect the substrate gate to the
drain of the corresponding MOS transistor when the corre-
sponding MOS transistor has a source voltage lower than a
drain voltage.

[0036] Specifically, each of the second switching elements
includes a MOS transistor which has a substrate gate con-
nected to form a parasitic diode in a direction in which a
current flow is prevented from the second capacitor to the
corresponding one of the first capacitors. The fourth switch-
ing element includes a MOS transistor which has a substrate
gate connected to form a parasitic diode in a direction in
which a current flow is prevented from the first capacitors to
the input terminal.

[0037] Also, the control circuit may turn on each of the
fourth and fifth switching elements and then turns on the
third switching element when each of the first capacitors is
charged with the output voltage of the voltage regulator
circuit.

[0038] In a third aspect, the present invention provides a
power supply circuit for supplying a load with a predeter-
mined voltage. The power supply circuit includes a charge
pump circuit for generating the predetermined voltage, and
a voltage regulator circuit for generating a predetermined
constant voltage from a supply voltage applied thereto from
a DC power supply. The voltage regulator circuit has a
voltage regulator circuit unit for generating the predeter-
mined constant voltage from the supply voltage supplied
from the DC power supply, and outputting the predeter-
mined constant voltage to the charge pump circuit, and a
current limiting circuit unit for limiting an output current of
the voltage regulator circuit unit such that the output current
from the voltage regulator circuit does not exceed a first
predetermined current value.

[0039] The voltage regulator circuit may further have a
short-circuit protection circuit unit for limiting the current
output from the voltage regulator circuit unit such that the
current is reduced simultaneously with the voltage output
from the voltage regulator circuit unit when the voltage is
reduced from the predetermined constant voltage, wherein
the limited current value presents a second predetermined
value when the output voltage of the voltage regulator
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circuit unit is at the predetermined constant voltage, and the
limited current value presents a third predetermined value
when the output voltage of the voltage regulator circuit unit
is at a ground voltage.

[0040] Another power supply circuit in the third aspect of
the present invention includes a charge pump circuit for
generating the predetermined voltage, and a voltage regu-
lator circuit for generating a predetermined constant voltage
from a supply voltage applied thereto from a DC power
supply. The voltage regulator circuit has a voltage regulator
circuit unit for generating the predetermined constant volt-
age from the supply voltage supplied from the DC power
supply, and outputting the predetermined constant voltage to
the charge pump circuit, a current limiting circuit unit for
limiting an output current of the voltage regulator circuit
unit such that the output current from the voltage regulator
circuit does not exceed a first predetermined current value,
and a short-circuit protection circuit unit for limiting the
current output from the voltage regulator circuit unit such
that the current is reduced simultaneously with the voltage
output from the voltage regulator circuit unit when the
voltage is reduced from the predetermined constant voltage,
wherein the limited current value presents a second prede-
termined value when the output voltage of the voltage
regulator circuit unit is at the predetermined constant volt-
age, and the limited current value presents a third predeter-
mined value when the output voltage of the voltage regulator
circuit unit is at a ground voltage.

[0041] The power supply circuit further includes a switch-
ing circuit for connecting the output terminal of the voltage
regulator circuit to the output terminal of the charge pump
circuit to bypass the charge pump circuit when the output
voltage of the charge pump circuit is reduced lower than the
output voltage of the voltage regulator circuit.

[0042] Specifically, the switching circuit includes a diode
which is connected such that a direction from the output
terminal of the voltage regulator circuit to the output termi-
nal of the charge pump circuit is a forward direction. The
diode may be a Schottky diode.

[0043] The switching circuit may include a transistor
connected between the output terminal of the voltage regu-
lator circuit and the output terminal of the charge pump
circuit, and a control circuit unit for detecting the output
voltage of the charge pump circuit to control the transistor
to turn on when the output voltage of the charge pump
circuit is equal to or lower than a predetermined voltage
value.

[0044] Alternatively, the switching circuit may include a
transistor connected between the output terminal of the
voltage regulator circuit and the output terminal of the
charge pump circuit, and a constant voltage generator circuit
for generating a predetermined constant voltage, and out-
putting the predetermined constant voltage to a control
signal input terminal of the transistor. The predetermined
constant voltage is smaller than the sum of the output
voltage of the voltage regulator circuit when the output
terminal of the charge pump circuit is short-circuited to the
ground voltage and a threshold voltage of the transistor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0045] FIG. 1 is a circuit diagram illustrating an exem-
plary charge pump circuit according to a first embodiment of
the present invention;
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[0046] FIG.2 is a timing chart showing exemplary control
signals output from a control circuit unit (CONT) 4 in FIG.
1

[0047] FIG. 3 is an equivalent circuit diagram illustrating
an exemplary operation of a charge pump circuit unit 2 in a
state a in FIG. 2;

[0048] FIG. 4 is an equivalent circuit diagram illustrating
an exemplary operation of a charge pump circuit unit 2 in a
state b in FIG. 2;

[0049] FIG. 5 is an equivalent circuit diagram illustrating
an exemplary operation of the charge pump circuit unit 2 in
a state ¢ in FIG. 2;

[0050] FIG. 6 is an equivalent circuit diagram illustrating
an exemplary operation of the charge pump circuit unit 2 in
a state d in FIG. 2;

[0051] FIG. 7 is an equivalent circuit diagram illustrating
an exemplary operation of the charge pump circuit unit 2 in
a state e in FIG. 2;

[0052] FIG. 8 is an equivalent circuit diagram illustrating
an exemplary operation of the charge pump circuit unit 2 in
a state f in FIG. 2;

[0053] FIG. 9 is a circuit diagram illustrating an exem-
plary circuit configuration of the control circuit unit 4 in
FIG. 1,

[0054] FIG. 10 is a circuit diagram illustrating exemplary
configurations of a first delay circuit D1, a second delay
circuit D2, a third delay circuit D3, and a fourth delay circuit
D4;

[0055] FIG. 11 is a circuit diagram illustrating an exem-
plary configuration of a fifth delay circuit DS in FIG. 9;

[0056] FIG. 12 is a circuit diagram illustrating another
exemplary configuration of the first delay circuit D1, second
delay circuit D2, third delay circuit D3, fourth delay circuit
D4, and fifth delay circuit D5;

[0057] FIG. 13 is a circuit diagram illustrating an exem-
plary configuration of the charge pump circuit 1 in FIG. 1
when n is equal to two (n=2);

[0058] FIG. 14 is a circuit diagram illustrating an exem-
plary power supply circuit in a second embodiment of the
present invention;

[0059] FIG. 15 is a flow chart illustrating an exemplary
control operation performed by a control circuit unit 33 for
controlling the operation of a charge pump circuit unit 31;

[0060] FIG. 16 is a flow chart illustrating another exem-
plary control operation performed by the control circuit unit
33 for controlling the operation of the charge pump circuit
unit 31;

[0061] FIG. 17 is a flow chart illustrating another exem-
plary control operation performed by the control circuit unit
33 for controlling the operation of the charge pump circuit
unit 31;

[0062] FIG. 18 is a flow chart illustrating another exem-
plary control operation performed by the control circuit unit
33 for controlling the operation of the charge pump circuit
unit 31;
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[0063] FIG. 19 is an equivalent circuit diagram illustrat-
ing states of respective switching elements which make up
the charge pump circuit unit 31 in a first operation mode;

[0064] FIG. 20 is a timing chart showing exemplary
control signals S1-S11 in FIG. 14 in a second operation
mode;

[0065] FIG. 21 is an equivalent circuit diagram illustrat-
ing an exemplary operation of the charge pump circuit unit
31 in a state a in FIG. 20,

[0066] FIG. 22 is an equivalent circuit diagram illustrat-
ing an exemplary operation of the charge pump circuit unit
31 in a state b in FIG. 20;

[0067] FIG. 23 is an equivalent circuit diagram illustrat-
ing an exemplary operation of the charge pump circuit unit
31 in a state ¢ in FIG. 20,

[0068] FIG. 24 is an equivalent circuit diagram illustrat-
ing an exemplary operation of the charge pump circuit unit
31 in a state d in FIG. 20;

[0069] FIG. 25 is an equivalent circuit diagram illustrat-
ing an exemplary operation of the charge pump circuit unit
31 in a state ¢ in FIG. 20;

[0070] FIG. 26 is an equivalent circuit diagram illustrat-
ing an exemplary operation of the charge pump circuit unit
31 in a state f in FIG. 20,

[0071] FIG. 27 is a timing chart showing exemplary
control signals S1-S11 in FIG. 14 in a third operation mode;

[0072] FIG. 28 is an equivalent circuit diagram illustrat-
ing an exemplary operation of the charge pump circuit unit
31 in a state a in FIG. 27;

[0073] FIG. 29 is an equivalent circuit diagram illustrat-
ing an exemplary operation of the charge pump circuit unit
31 in a state b in FIG. 27,

[0074] FIG. 30 is an equivalent circuit diagram illustrat-
ing an exemplary operation of the charge pump circuit unit
31 in a state ¢ in FIG. 27,

[0075] FIG. 31 is an equivalent circuit diagram illustrat-
ing an exemplary operation of the charge pump circuit unit
31 in a state d in FIG. 27,

[0076] FIG. 32 is an equivalent circuit diagram illustrat-
ing an exemplary operation of the charge pump circuit unit
31 in a state ¢ in FIG. 27,

[0077] FIG. 33 is a block diagram generally illustrating an
exemplary power supply circuit according to a third embodi-
ment of the present invention;

[0078] FIG. 34 is a diagram illustrating an exemplary
operation of a current limiting circuit unit 122 in FIG. 33;

[0079] FIG. 35 is a diagram illustrating an exemplary
operation of a short-circuit protection circuit unit 123 in
FIG. 33

[0080] FIG. 36 is a diagram illustrating an exemplary
operation when the current limiting circuit unit 122 operates
together with the short-circuit protection circuit unit 123;

[0081] FIG. 37 is a diagram illustrating an exemplary
circuit configuration of a charge pump circuit 103 in FIG.
33;
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[0082] FIG. 38 is a block diagram generally illustrating an
exemplary power supply circuit according to a fourth
embodiment of the present invention;

[0083] FIG. 39 is a block diagram illustrating another
exemplary power supply circuit in the fourth embodiment of
the present invention; and

[0084] FIG. 40 is a block diagram illustrating a further
exemplary power supply circuit in the fourth embodiment of
the present invention.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0085] In the following, the present invention will be
described in detail with reference to several embodiments
illustrated in the accompanying drawings.

[0086] First Embodiment:

[0087] FIG. 1 is a circuit diagram illustrating an exem-
plary charge pump circuit according to a first embodiment of
the present invention.

[0088] The charge pump circuit 1 illustrated in FIG. 1
boosts a constant voltage Va input to an input terminal IN
from a voltage regulator circuit 10 by a factor of (1+1/n), and
outputs the boosted voltage from an output terminal OUT,
where n is an integer larger than one (n>1). In FIG. 1, a
series regulator is used for the voltage regulator circuit 10 as
an example. The input terminal IN is a positive power supply
input terminal, and FIG. 1 shows, as an example, that a
negative power supply input terminal (not shown) is
grounded.

[0089] The voltage regulator circuit 10 comprises an error
amplifier 11; a reference voltage generator circuit unit
(RVG) 12 for outputting a predetermined reference voltage
Vr; a series circuit comprised of a resistor R1 and a resistor
R2 for dividing a voltage output from the error amplifier 11,
and a capacitor C2. In the voltage regulator circuit 10, the
error amplifier 11 amplifies and outputs an error of a voltage
divided by the resistors R1, R2 with respect to the reference
voltage Vr. This output voltage is stabilized by the capacitor
C2 to generate the constant voltage Va.

[0090] The charge pump circuit 1 comprises a charge
pump circuit unit 2 for boosting the constant voltage Va fed
from the voltage regulator circuit 10 by a factor of (1+1/n)
and outputting the boosted voltage; a clock signal generator
circuit unit (CSG) 3 for generating and outputting a clock
signal CLK at a predetermined frequency; and a control
circuit unit (CONT) 4 for controlling the boosting operation
of the charge pump circuit unit 2 based on the clock signal
CLK fed thereto from the clock signal generator circuit unit
3.

[0091] The charge pump circuit unit 2 comprises n capaci-
tors (hereinafter referred to as the “fly back capacitors™)
FC(1)-FC(F) having the same capacitance; a capacitor (here-
inafter referred to as the “catch-up capacitor”) C1 for
stabilizing the output voltage of the charge pump circuit unit
2; and first switching elements SWA(1)-SWA(n), second
switching elements SWB(1)-SWB(n), third switching ele-
ments SWC(1)-SWC(n), and a fourth switching element
SWD, each of which is comprised of a P-channel MOS
transistor (hereinafter referred to as the “PMOS” transistor).
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[0092] The charge pump circuit unit 2 further comprises a
fifth switching element SWE and change-over switches
SWEF(1)-SWF(n-1), each of which is comprised of an
N-channel MOS transistor (hereinafter referred to as the
“NMOS transistor”). The change-over switches SWF(1)-
SWF(n-1) are changed over in response to control signals
fed thereto. The fly back capacitors FC(1)-FC(n) comprise
first capacitors, and the catch-up capacitor C1 comprises a
second capacitor.

[0093] In the charge pump circuit unit 2, a fourth switch-
ing element SWD, a series circuit having alternately con-
nected fly back capacitors FC(1)-FC(n) and third switching
elements SWC(1)-SWC(n-1), and the switching element
SWE are connected in series between the input terminal IN
fed with the constant voltage Va from the voltage regulator
circuit 10 and the ground voltage. Specifically, in the series
circuit of the fly back capacitors FC(1)-FC(n) and third
switching capacitors FC(1)-FC(n), the fly back capacitors
FC(1)-FC(n) are connected in series with each other through
the third switching elements SWC(1)-SWC(n) correspond-
ing thereto.

[0094] A connection between the fourth switching element
SWD and fly back capacitor FC(1) is designated by P(1),
and a connection point between a fly back capacitor FC(j)
and a third switching element SWC(j) is designated by P(2j),
where j=1-n-1. Also, a connection between the fly back
capacitor FC(n) and fifth switching element SWE is desig-
nated by P(2n). On the other hand, a first switching element
SWA(K) is connected in correspondence between the input
terminal IN and connection P(2k), while a second switching
element SWB(k) is connected in correspondence between
the output terminal OUT and connection P(2k-1), where
k=1-n.

[0095] The change-over switches SWF(1)-SWF(n-1) are
provided in correspondence to the third switching elements
SWC(L) SWC(n-1), respectively. For example, a change-
over switch SWF(j) is provided in correspondence to a third
switching element SWC(j) for switching a connection of a
substrate gate (back gate) of the third switching element
SWC(j) to a source or a drain in response to a control signal
fed thereto. The catch-up capacitor C1 and a load circuit 15
are connected in parallel between the output terminal OUT
and ground voltage. The load circuit 15 is formed, for
example, of a series circuit comprised of a LED 16, a current
regulator circuit 17 and a resistor 18.

[0096] Each of the first switching elements SWA(1)-
SWA(n) receives a control signal Si from the control circuit
unit 4 at the gate, while each of the second switching
elements SWB(L)-SWB(n) receives a control signal S2 from
the control circuit unit 4 at the gate. Also, each of the third
switching elements SWC(1)-SWC(n-1) receives a control
signal S3 from the control circuit unit 4 at the gate, the fourth
switching element SWD receives a control signal S4 from
the control circuit unit 4 at the gate, and each of the
change-over switches SWF(1)-SWF(n-1) receives a control
signal S6 from the control circuit unit 4 at the gate.

[0097] FIG. 2 is a timing chart showing the respective
signals output from the control circuit unit 4, and FIGS. 3 to
8 are equivalent circuit diagrams illustrating exemplary
operations of the charge pump circuit unit 2 for respective
states of the signals shown in FIG. 2. Now, the operation of
the charge pump circuit unit 2 will be described with
reference to FIGS. 2 to 8.

Jan. §, 2004

[0098] The control circuit unit 4 generates the respective
control signals S1, S2, S5, S6 at high (High) level and the
respective control signals S3, S4 at low (Low) level in a state
a where the clock signal CLK is at a high (High) level.

[0099] As illustrated in FIG. 3, in the state a, each of the
first switching elements SWA(1)-SWA(n) and the second
switching elements SWB(1)-SWB(n) is turned off, i.e., in a
shut-off state, whereas each of the third switching elements
SWC(1)-SWC(n), fourth switching element SWD and fifth
switching element SWE is turned on, i.e., in a conductive
state. Each of the change-over switches SWE(1)-SWF(n-1)
in turn connects the substrate gate to the source in the
corresponding third switching element SWC(1)-SWC(n-1).
In the state a, since each of the fly back capacitors FC(1)-
FC(n) connected in series is charged with the input constant
voltage Va, each of the fly back capacitors FC(1)-FC(n) is
charged to 1/n of the constant voltage Va.

[0100] Next, as the clock signal CLK falls to a low level,
the control circuit unit 3 immediately brings the control
signals 83, S4 to a high level and brings each of the control
signals S5, S6 to a low level, causing a transition to a state
b in FIG. 2. In response to the transition from the state a to
the state b, each of the third switching elements SWC(1)
SWC(n-1), fourth switching element SWD and fifth switch-
ing element SWE is turned off and in a shut-off state, as
illustrated in FIG. 4. Simultaneously, each of the
changeover switches SWF(L)-SWF(n-1) connects the sub-
strate gate to the drain in the corresponding third switching
element SWC(1)-SWC(n-1). In the state b, since the all the
switching elements are turned off and remain in the shut-off
state, each of the fly back capacitors FC(1)-FC(n) remains
charged at the voltage 1/n as high as the constant voltage Va.

[0101] Next, the control circuit unit 3 brings the control
signal S2 to a low level in a predetermined time t1 after the
clock signal CLK falls to a low level, resulting in a transition
to a state ¢ in FIG. 2. In response to the transition from the
state b to the state c, each of the second switching elements
SWB(1)-SWB(n) is turned on and in a conductive state, as
illustrated in FIG. 5. In the state c, the respective second
switching elements are turned on, the remaining switching
elements are turned off, and high potential sides of the
respective fly back capacitors FC(1)-FC(n) are connected to
the output terminal OUT. In this event, when the voltage on
the catch up capacitor C1 is higher than the constant voltage
Va, the fourth switching element SWD has a drain voltage
higher than a source voltage. However, since the fourth
switching element SWD has the substrate gate connected to
the drain, no current will flow through a parasitic diode of
the fourth switching element SWD.

[0102] Also, each of the switching elements SWC(1)-
SWC(n-1) has a drain voltage equal to the voltage on the
catch-up capacitor C1, and a source voltage lower than the
voltage on the catch-up capacitor C1 by Va/n. This causes
each of the third switching elements SWC(1)-SWC(n-1) to
have a drain voltage higher than a source voltage. However,
since each of the change-over switches SWE(1)-SWF(n-1)
has connected the substrate gate to the drain in each of the
third switching elements SWC(1)-SWC(n), no current will
flow through a parasitic diode of each of the third switching
elements SWC(L)-SWC(n).

[0103] The control circuit unit 3 brings the control signal
Si to a low level in a predetermined time t2 after the
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transition to the state ¢, resulting in a transition to a state d
in FIG. 2. In response to the transition from the state c to the
state d, each of the first switching elements SWA(1)-SWA(n)
is turned on and in a conductive state, as illustrated in FIG.
6. In the state d, each of the first switching elements
SWA(1)-SWA(n) and second switching elements SWB(1)-
SWB(n) is turned on, while each of the third switching
elements SWC(1)-SWC(n-1), fourth switching element
SWD and fifth switching element SWE is turned off.

[0104] Consequently, low potential sides of the respective
fly back capacitors FC(1)-FC(n) are connected to the output
terminal OUT. From the foregoing, a voltage on the high
potential side of each of the fly back capacitors FC(1) FC(n)
is (1+1/n) times as high as the constant voltage Va. The
catch-up capacitor C1 is charged with this voltage, and the
voltage on the catch-up capacitor C1 also rises to a level
(1+1/n) times as high as the constant voltage Va.

[0105] Next, as the clock signal CLK rises to a high level,
the control circuit unit 3 brings the control signals S1, S2 to
a high level, resulting in a transition to a state ¢ in FIG. 2.
In response to the transition from the state d to the state e,
each of the first switching elements SWA(1)-SWA(n) and
second switching elements SWB(1)-SWB(n) is turned off
and in a shut-off state, as illustrated in FIG. 7. In the state
e, all the switching elements are turned off, and the fly back
capacitors FC(1)-FC(n) supply charges to the catch-up
capacitor C1, so that the charged voltage is lower than a
voltage 1/n as high as the constant voltage Va.

[0106] Next, the control circuit unit 3 brings the control
signal S4 to a low level and the control signals S5, S6 to a
high level in a predetermined time t3 after the clock signal
CLK rises to a high level, resulting in a transition to a state
f in FIG. 2. In response to the transition from the state ¢ to
the state f, each of the fourth switching element SWD and
fifth switching element SWE is turned on and in the con-
ductive state, as illustrated in FIG. 8. Also, cach of the
change-over switches SWF(1)-SWF(n-1) connects the sub-
strate gate to the source of the third switching element
SWC(1)-SWC(n-1) corresponding thereto.

[0107] In the state f, since each of the fourth switching
element SWD and fifth switching element SWE is turned on
to bring the high potential side of the fly back capacitor
FC(1) to a voltage equal to the constant voltage Va, causing
the low potential side of the fly back capacitor FC(1) to be
slightly higher than Va/n. Also, in the fly back capacitor
FC(n), the low potential side is equal to the ground voltage,
so that the high potential side is slightly lower than Va/n.
From the foregoing, since each of the third switching
elements SWC(L)-SWC(n-1) has the source voltage higher
than the drain voltage, the connection of the substrate gate
in each of the third switching elements SWC(1)-SWC(n-1)
is switched from the drain to the source by the change-over
switch SWF(1)-SWF(n-1) corresponding thereto, thereby
preventing a reactive current which would be otherwise
generated by the parasitic diode of each of the third switch-
ing elements SWC(1)-SWC(n-1) as well as preventing a
reactive current flowing through a parasitic transistor based
on the substrate gate.

[0108] The control circuit unit 3 brings the control signal
S3 to a low level in a predetermined time t4 after the
transition to the state f, resulting in a transition to the state
a in FIG. 2. In response to the transition from the state f to
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the state a, each of the switching elements SWC(1)-SWC(n-
1) is turned on and in a conductive state, as previously
illustrated in FIG. 3.

[0109] Here, description will be made on the reason why
the timing at which each of the first switching elements
SWA(1)-SWA(n) is turned on is shifted from the timing at
which each of the second switching elements SWB(1)-
SWB(n) is turned on after the clock signal CLK falls to a low
level.

[0110] Since the voltage on the high potential side of the
catch-up capacitor C1 is generally higher than the input
voltage Va, the drain voltage is higher than the source
voltage in each of the second switching elements SWB(1)-
SWB(n) when each of the fly back capacitors FC(1)-FC(n)
is charged in the state a.

[0111] For this reason, if the substrate gate is connected to
the source in each of the second switching elements
SWB(1)-SWB(n), a forward current flows into the parasitic
diode of the MOS transistor, thereby causing a reactive
current. To eliminate this inconvenience, when the fly back
capacitors FC(1)-FC(n) are charged, the substrate gate is
connected to the drain in each of the second switching
elements SWB(1)-SWB(n) to reverse the parasitic diode of
the MOS transistor to prevent the reactive current from
flowing.

[0112] When the first switching elements SWA(1)-
SWA(n) are turned on prior to the second switching ele-
ments SWB(1)-SWB(n) in response to the transition from
the state b to the state ¢, the voltage on the high potential side
of each of the fly back capacitors FC(1)-FC(n) is increased
to a voltage (1+1/n) times as high as the input voltage Va. In
response, the source voltage becomes higher than the drain
voltage because the substrate gate is connected to the drain
in each of the second switching elements SWB(1)-SWB(n),
causing a reactive current to flow through the substrate gate
in each of the second switching elements SWB(1)-SWB(n).
Thus, such a reactive current can be prevented by turning on
the second switching elements SWB(1)-SWB(n) prior to the
first switching elements SWA(1)-SWA(n) in response to the
transition from the state b to the state c.

[0113] Next, description will be made on the reason why
the timing at which each of the fourth switching element
SWD and fifth switching element SWE is turned on and the
timing at which each of the third switching elements
SWC(L)-SWC(n-1) is turned on are shifted upon transition
from the state e to the state f and upon transition from the
state f to the state a.

[0114] In the state d, the gate voltage is substantially equal
to the input voltage Va, and the drain voltage is approxi-
mately (1+1/n) times as high as the input voltage Va in each
of the third switching elements SWC(1)-SWC(n-1), so that
a junction capacitance between the gate and source is
charged with a voltage 1/n times as high as the input voltage
Va, where the gate has the minus polarity with reference to
the drain. This can be applied as well to the state e.

[0115] When the fifth switching element SWE is turned on
at the same timing as each of the third switching elements
SWC(1)-SWC(n-1) upon transition from the state e to the
state f, the fifth switching element turned on causes a voltage
at the connection of each of the fly back capacitors FC(1)-
FC(n) with the drain of each of the third switching elements
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SWC(1)-SWC(n-1) to be reduced to approximately 1/n
times as high as the input voltage Va. Consequently, in each
of the third switching elements SWC(1)-SWC(n-1), the gate
voltage is becoming lower due to the influence of a charge
accumulated on the junction capacitance between the gate
and drain.

[0116] In this event, when each of the third switching
elements SWC(L)-SWC(n-1) is applied at the gate with a
signal which changes from a high level to a low level for
turning on each of the third switching elements SWC(1)-
SWC(n-1), each of the third switching elements will be
over-driven due to the influence of the charge accumulated
on the junction capacitance between the gate and drain, as
mentioned above, resulting in an instantaneously minus gate
voltage generated in each of the third switching elements
SWC(1)-SWC(n-1).

[0117] Since the control circuit unit 4 has an output circuit
generally based on CMOS for driving the gates of the
respective third switching elements SWC(1)-SWC(n-1), a
reactive current flows into a base substrate of an NMOS
transistor which comprises the output circuit, causing a
parasitic transistor of the NMOS transistor to turn on to give
rise to latch-up. For preventing the latch-up, the control
circuit unit 4 turns on each of the third switching elements
SWC(1)-SWC(n-1) in the predetermined time t4 after the
fifth switching element SWE is turned on.

[0118] Next, an exemplary operation of the control circuit
unit 4 will be described in greater detail with reference to
FIG. 9 which illustrates an exemplary circuit configuration
of the control circuit unit 4.

[0119] In FIG. 9, the control circuit unit 4 comprises a
three-input AND circuit 21, a four-input NAND circuit 22,
a three-input AND circuit 23, a four-input OR circuit 24, a
two-input OR circuit 25, inverters 26, 27, a first delay circuit
(DELAY 1) D1, a second delay circuit (DELAY 2) D2, a
third delay circuit (DELAY 3) D3, a fourth delay circuit
(DELAY 4) D4, and a fifth delay circuit (DELAY 5) DS.

[0120] The clock signal CLK from the clock signal gen-
erator circuit unit 3 is fed to corresponding input terminals
of the NAND circuits, 21, 22, AND circuit 23, and OR
circuits 24, 25, respectively. An output signal of the OR
circuit 25 is delayed by the first delay circuit D1 by a
predetermined time, and output therefrom as the control
signal Si. An output signal of the OR circuit 24 is delayed
by the second delay circuit D2 by a predetermined time, and
output therefrom as the control signal S2. The control signal
Siis applied to corresponding input terminals of the NAND
circuits 21, 22 and AND circuit 23, while the control signal
S2 is applied to corresponding input terminals of the NAND
circuits 21, 22, AND circuit 23 and OR circuit 25, respec-
tively.

[0121] Each of the NAND circuit 21 and AND circuit 23
is applied with the clock signal CLK and control signals S1,
S2. An output signal of the NAND circuit 21 is delayed by
the fourth delay circuit D4 by a predetermined time, and
output therefrom as the control signal S4. An output signal
of the AND circuit 23 in turn is delayed by the fifth delay
circuit D5 by a predetermined time, and output therefrom as
the control signal S5. The control signal S4 is inverted its
signal level by the inverter 26, and is applied to a corre-
sponding input terminal of the OR circuit 24 as a control
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signal S4B. The control signal S4 in turn is applied to
corresponding input terminals of the NAND circuit 22 and
OR circuit 24, respectively.

[0122] The NAND circuit 22 is applied with the clock
signal CLK and control signals S1, S2, S§. An output signal
of the NAND circuit 22 is output as a control signal S6, and
also is delayed by the third delay circuit D3 by a predeter-
mined time, and output therefrom as the control signal S3.
The signal level of the control signal S3 is inverted by the
inverter 27, and applied to a corresponding input terminal of
the OR circuit 24 as a control signal S3B. The OR circuit 24
is applied with the clock signal CLK and control signals
S3B, S4B, S5. An output signal of the OR circuit 24 is
delayed by the second delay circuit D2 by a predetermined
time, and output therefrom as the control signal S2. The OR
circuit 25 is applied with the clock signal SLK and control
signal S2. An output signal of the OR circuit 25 is delayed
by the first delay circuit D1 by a predetermined time, and
output therefrom as the control signal Si.

[0123] The predetermined time t1 which is the duration of
the state b in FIG. 2 is determined by a delay time provided
by the delay circuit D2, while the predetermined time t2
which is the duration of the state ¢ in FIG. 2 is determined
by a delay time provided by the first delay circuit D1. Also,
the predetermined time t3 which is the duration of the state
e in FIG. 2 is determined by the respective delay times
provided by the fourth and fifth delay circuits D4, DS, while
the predetermined time t4 which is the duration of the state
f in FIG. 2 is determined by a delay time provided by the
third delay circuit D3. The first to fifth delay circuits D1-D5
are required to perform the delay operation only when the
corresponding control signals S1-S5 are asserted, so that the
delay circuits need not perform the delay operation in the
remaining time. Also, the first to fifth delay circuits D1-D5
are set their respective delay times such that they are equal
to or longer than a time required for a switching element,
which is turned on or off earlier to completely turn on or off,
at a switching timing synchronized to the clock signal CLK.

[0124] However, when each of the switching elements in
the charge pump circuit unit 2 turns on or off in a time
shorter than a delay time of a combined logic circuit in the
control circuit unit 4 in FIG. 9, the first to fifth delay circuits
D1-DS may be omitted. When such a condition is satisfied
in each of the first to fifth delay circuits D1-D5, the same
delay time may be set in the respective delay circuits D1-DS5.
Alternatively, different delay times may be set in the respec-
tive delay circuits D1-D35 considering delay differences due
to the gate capacitance (a total of the capacitances between
the gate and source, between the gate and drain, and between
the gate and bulk) in each of the switching elements in the
charge pump circuit unit 2.

[0125] FIG. 10 illustrates an exemplary configuration of
the first delay circuit D1, second delay circuit D2, third delay
circuit D3 and fourth delay circuit D4.

[0126] In FIG. 10, as a signal Si applied to a gate of each
of a PMOS transistor 31 and an NMOS transistor 32 rises to
a high level, the PMOS transistor 31 is turned off and in a
shut-off state, while the NMOS transistor 32 is turned on.
Consequently, a charge accumulated on a capacitor 33 is
discharged by the NMOS transistor 32, causing an input
terminal of the inverter 34 to immediately go to a low level
so that an input signal Si is output as an output signal So
without delay.
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[0127] On the other hand, as the input signal Si falls to a
low level, the PMOS transistor 31 is turned on while the
NMOS transistor 32 is turned off. Consequently, the capaci-
tor 33 is charged through a resistor 35, causing the output
signal So to go to a low level with a delay which is equal to
a time required for the charging. From the foregoing, in the
delay circuit of FIG. 10, the output signal So rises without
delay when the input signal Si rises, and the output signal So
falls after it is delayed by a time which is set by the
capacitance of the capacitor 33 and the resistance of the
resistor 35 when the input signal Si falls. In other words,
desired delay times can be set in the first delay circuit D1,
second delay circuit D2, third delay circuit D3 and fourth
delay circuit D4, respectively, by changing the capacitance
of the capacitor 33 and the resistance of the resistor 35.

[0128] FIG. 11 illustrates an exemplary configuration of
the fifth delay circuit DS.

[0129] In FIG. 11, as a signal Si applied to a gate of each
of a PMOS transistor 41 and an NMOS transistor 42 falls to
a low level, the NMOS transistor 42 is turned off and in a
shut-off state, while the PMOS transistor 41 is turned on.
Consequently, an input terminal of an inverter 44 immedi-
ately goes to the high level, causing the input signal Si to be
output as an output signal So without delay.

[0130] On the other hand, as the input signal Si goes to a
high level, the PMOS transistor 41 is turned off, while the
NMOS transistor 42 is turned on. Consequently, the capaci-
tor 43 is charged through a resistor 45, so that the output
signal So goes to a high level after it is delayed by a time
required for the charging. From the foregoing, in the delay
circuit of FIG. 11, the output signal So falls without delay
when the input signal Si falls, and the output signal So rises
after it is delayed by a time set by the capacitance of the
capacitor 43 and the resistance of the resistor 45 when the
input signal Sirises. In other words, a desired delay time can
be set in the fifth delay circuit D5 by changing the capaci-
tance of the capacitor 43 and the resistance of the resistor 45.

[0131] FIG. 12 illustrates another exemplary configura-
tion of the first delay circuit D1, second delay circuit D2,
third delay circuit D3, fourth delay circuit D4 and fifth delay
circuit DS.

[0132] In FIG. 12, as a signal Si applied to a gate of each
of the PMOS transistor 51 and an NMOS transistor 53 rises
to a high level, the PMOS transistor 51 is turned off and in
a shut-off state, while the NMOS transistor 53 is turned on.
Consequently, an NMOS transistor 54 is turned off and in a
shut-off state, a charge accumulated on a capacitor 56 is
discharged by the NMOS transistor 532, and a capacitor 55
is charged through a resistor 57. From the foregoing, the
PMOS transistor 52 is turned on with a delay which is equal
to a time required by the capacitor 55 to be fully charged,
causing an output signal So to rise.

[0133] On the other hand, as the input signal Si falls to a
low level, the PMOS transistor 51 is turned on, while the
NMOS transistor 53 is turned off. Consequently, the PMOS
transistor 52 is turned off and in a shut-off state, a charge
accumulated on the capacitor 55 is discharged by the PMOS
transistor 51, and the capacitor 56 is charged through the
resistor 57. From the foregoing, the NMOS transistor 54 is
turned on with a delay which is equal to a time required for
the capacitor 56 to be fully charged, causing the output
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signal So to fall. While this circuit is advantageous in that a
pass current hardly flows through the NMOS transistor 54
and PMOS transistor 52 because these transistors 52, 54 are
not turned on simultaneously in any period, the circuit still
has a problem that the output is temporarily at a high
impedance.

[0134] From the foregoing, in the delay circuit of FIG. 12,
when the input signal Si rises, the signal So rises after it is
delayed by a time set by the capacitance of the capacitor 55
and the resistance of the resistor 57. Also, in the delay circuit
of FIG. 12, when the input signal Si falls, the output signal
So falls after it is delayed by a time set by the capacitance
of the capacitor 56 and the resistance of the resistor 57. In
other words, desired delay times can be set in the first delay
circuit D1, second delay circuit D2, third delay circuit D3,
fourth delay circuit D4 and fifth delay circuit DS, respec-
tively, by changing the capacitances of the respective capaci-
tors 55, 56 and the resistance of the resistor 57.

[0135] On the other hand, when each of the delay circuits
illustrated in FIGS. 10 to 12 is integrated into an IC chip, the
resistor for use in setting a delay time can be made of
polysilicon, N+ diffusion or P+ diffusion. For accurately
setting a delay time for each delay circuit, the resistor is
trimmed for the setting. The capacitor for use in setting the
delay time can be the gate capacitance of the MOS transistor.

[0136] When n is chosen to be two in the charge pump
circuit 1 of FIG. 1, the resulting circuit is as illustrated in
FIG. 13. While FIGS. 1 and 13 show that a single LED 16
is included as the load circuit 15, a plurality of LEDs may
be included in a similar manner, in which case a plurality of
load circuits 15 are connected in parallel between the output
terminal OUT and ground voltage in FIGS. 1 and 13.

[0137] As described above, the charge pump circuit in the
first embodiment comprises the fourth switching element
SWD having the substrate gate connected to the drain for
preventing a current from flowing back to the input terminal
IN from the high potential side of the fly back capacitors
FC(1)-FC(n) connected in series, and the second switching
element SWB(1) having the substrate gate connected to the
drain for preventing a current from flowing back to the fly
back capacitors FC(1)-FC(n) from the high potential side of
the catch-up capacitor C1. With this strategy, it is possible to
prevent the current from flowing back from the high poten-
tial side of the capacitors without relying on diodes, thereby
eliminating a voltage drop due to forward currents of the
diodes.

[0138] Also, when the fly back capacitors FC(1)-FC(n-1)
are charged with the input voltage Va, each of the third
switching elements SWC(1)-SWC(n-1) are turned on after
the fourth switching element SWD and fifth switching
element SWE are turned on. With this strategy, it is possible
to prevent a reactive current from flowing into the base
substrate of the NMOS transistor which comprises the
output circuit of the control circuit unit 4 for driving the gate
of each of the third switching elements SWC(1)-SWC(n-1),
and to prevent the parasitic transistor of the NMOS transis-
tor from turning on to cause latch-up.

[0139] When charges accumulated on the fly back capaci-
tors FC(1)-FC(n-1) are output to the output terminal OUT,
each of the change-over switches SWF(1)-SWF(n-1) con-
nects the substrate gate to the drain in the corresponding one
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of the third switching elements SWC(1)-SWC(n-1) before
each of the second switching elements SWB(1)-SWB(n) is
turned on, and then, each of the first switching elements
SWA(1)-SWA(n) is turned on. With this strategy, it is
possible to prevent a reactive current from flowing through
a capacitive diode in each of the third switching elements
SWC(1)-SWC(n-1) and to make the source voltage higher
than the drain voltage in each of the second switching
elements SWB(1)-SWB(n), thereby preventing a reactive
current from flowing through the substrate gate of each of
the second switching elements SWB(1)-SWB(n).

[0140] Second Embodiment:

[0141] FIG. 14 is a circuit diagram illustrating an exem-
plary power supply circuit 50 according to a second embodi-
ment of the present invention. FIG. 14 illustrates a three-
mode charge pump circuit 30, given as an example, which
is capable of boosting at three different scaling factors.

[0142] The power supply circuit 50 in FIG. 14 comprises
a voltage regulator circuit 40 for generating a predetermined
constant voltage Va from a supply voltage VDD applied
from a DC power supply (not shown) such as a battery to
output the predetermined constant voltage Va as an output
voltage Vo; and a charge pump circuit 30 for boosting the
voltage Vo applied to an input terminal CPIN from the
voltage regulator circuit 40 and outputting the boosted
voltage from an output terminal CPOUT. A load circuit 11 is
connected to the output terminal CPOUT of the charge pump
circuit 30.

[0143] The voltage regulator circuit 40 comprises an out-
put control transistor 41 which is a P-channel type MOS
transistor (hereinafter referred to as the “PMOS transistor”)
for controlling a current output from the output terminal in
response to a gate voltage; an N-channel type MOS tran-
sistor (hereinafter referred to as the “NMOS” transistor”) 42
for controlling the gate voltage of the output control tran-
sistor 41 in response to a control signal applied to a gate
thereof; and an error amplifier 43 for controlling the opera-
tion of the output control transistor 41.

[0144] The voltage regulator circuit 40 further comprises
a reference voltage generator circuit unit (RVG) 44 for
generating and outputting a predetermined reference voltage
Vr; a series circuit of a resistor 45 and a resistor 46 for
dividing the output voltage Vo; and a capacitor 47. The error
amplifier 43 amplifies and outputs an error of the output
voltage Vo divided by the resistors 45, 46 with respect to the
reference voltage Vr for controlling the operation of the
output control transistor 41. A drain voltage of the output
control transistor 41 is stabilized by the capacitor 47, so that
the output voltage Vo at the constant voltage Va is output
from the output terminal.

[0145] The charge pump circuit 30 comprises a three-
mode charge pump circuit unit 31 for boosting the voltage
Vo applied from the voltage regulator circuit 40 by a factor
of 1, 1.5 or 2 and outputting the boosted voltage; a clock
signal generator circuit unit (CSG) 32 for generating and
outputting a clock signal CLK at a predetermined frequency
(in a range of 100 kHz to 1 MHz); and a control circuit unit
(CONT) 33 for controlling the boosting operation of the
charge pump circuit unit 31 based on the clock signal CLK
applied from the clock signal generator circuit unit 32. The
charge pump circuit 30 further comprises a voltage detector

Jan. §, 2004

circuit unit (VDC) 34 for detecting a supply voltage VDD
and outputting the result of the detection to the control
circuit unit 33. The charge pump circuit unit 31 comprises
two capacitors (hereinafter referred to as the “fly back
capacitors”) FC1, FC2 having the same capacitance; a
capacitor (hereinafter referred to as the catch-up capacitor)
Cl for stabilizing the output voltage of the charge pump
circuit unit 31; a first switching element SW1, a second
switching element SW2, a third switching element SW3, a
fourth switching element SW4, a fifth switching element
SWS5, a sixth switching element SW6 and a seventh switch-
ing element SW7, each comprised of a PMOS transistor; an
eighth switching element SW8 and a ninth switching ele-
ment SW9 each including a NMOS transistor; and change-
over switches SW10, SW11, each of which is switched in
response to a control signal applied thereto.

[0146] The first to ninth switching elements SW1-SW9 are
applied with control signals S1-S9, corresponding thereto,
from the control circuit unit 33 at the bases thereof. The
change-over switches SW10, SW11 are applied with control
signals S10, S11, corresponding thereto, from the control
circuit unit 33. A control signal SO from the control circuit
unit 33 is applied to the gate of the NMOS transistor 42 in
the voltage regulator circuit 40 and to an enable signal input
terminal of the error amplifier 43.

[0147] The charge pump circuit unit 31 boosts the input
voltage Vo by a factor of 1, 1.5 or 2 in response to the control
signals S0-S11 applied from the control circuit unit 33, and
outputs the boosted voltage from the output terminal
CPOUT. The charge pump circuit 30 is operable in the
following three operation modes: a first operation mode for
boosting the input voltage Vo by a factor of 1, i.e., outputting
the output voltage of the voltage regulator circuit 40; a
second operation mode for boosting the input voltage Vo by
a factor of 1.5; and a third operation mode for boosting the
input voltage Vo by a factor of 2.

[0148] In the charge pump circuit unit 31, the fourth
switching element SW4, fly back capacitor FCI1, third
switching element SW4, fly back capacitor FC2 and eighth
switching element SW8 are connected in series between the
input terminal CPIN which is applied with the output
voltage Vo of the voltage regulator circuit 2 and a ground
voltage which serves as a negative supply voltage. Here, a
connection between the fourth switching element SW4 and
fly back capacitor FC1 is designated by P1, and a connection
between the fly back capacitor FC1 and third switching
element SW3 is designated by P2. Further, a connection
between the third switching element SW3 and fly back
capacitor FC2 is designated by P3, and a connection
between the fly back capacitor FC2 and eighth switching
element SW8 is designated by P4.

[0149] The first switching element SW1 is connected
between the input terminal CPIN and connection P2; the
seventh switching element SW7 between the input terminal
CPIN and connection4 P3; and the sixth switching element
SW6 between the input terminal CPIN and connection P4,
respectively. Also, the second switching element SW2 is
connected between the connection P1 and output terminal
CPOUT; the fifth switching element SWS5 between the
connection P3 and output terminal CPOUT; and the ninth
switching element SW9 between the connection P2 and
ground voltage.
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[0150] The change-over switch SW10 is provided in cor-
respondence to the third switching element SW3 for switch-
ing a connection of a substrate gate (back gate) to a source
or a drain in the third switching element SW3 in response to
the control signal S10 applied thereto. Similarly, the change-
over switch SW11 is provided in correspondence to the
seventh switching element SW7 for switching a connection
of a substrate gate to a source or a drain in the seventh
switching element SW7 in response to the control signal S11
applied thereto.

[0151] The catch-up capacitor C1 and load circuit 11 are
connected in parallel between the output terminal CPOUT
and ground voltage. The load circuit 11 is formed, for
example, of a series circuit comprised of a LED 12, a current
regulator circuit 13 and a resistor 14. While FIG. 14 shows
that a single LED 12 is included as the load circuit 11, a
plurality of LEDs may be included in a similar manner, in
which case a plurality of load circuits 11 are connected in
parallel between the output terminal OUT and ground volt-
age in FIG. 14.

[0152] Also, in FIG. 14, the output control transistor 41,
NMOS transistor 42, error amplifier 43, reference voltage
generator circuit unit 44 and resistors 45, 46 in the voltage
regulator circuit 40, the clock signal generator circuit unit
32, control circuit unit 33, and voltage detector circuit unit
34 in the charge pump circuit 30, and the respective switch-
ing elements SW1-SW11 in the charge pump circuit unit 31
may be integrated into a single IC chip. Furthermore, these
components may be integrated into a single IC chip includ-
ing the current regulator circuit 13 in the load circuit 11.
When integrated in this manner, the change-over switches
SW10, SW11 are implemented by electronic circuits instead
of mechanical switches having contacts.

[0153] Now, an exemplary control operation performed by
the control circuit unit 33 for controlling the operation of the
charge pump circuit unit 31 will be described with reference
to a flow chart of FIG. 15.

[0154] In FIG. 15, the control circuit unit 33 first exam-
ines whether or not the supply voltage VDD detected by the
voltage detector circuit unit 34 exceeds a predetermined
value V1, for example, 4.0 V (step ST1). When the supply
voltage VDD exceeds the predetermined value V1 (YES),
the control circuit unit 33 brings the control signal SO to a
high level to turn on the NMOS transistor 42 in the voltage
regulator circuit 40, and to stop operating the error amplifier
43 to output the supply voltage VDD from the voltage
regulator circuit 40 as the output voltage Vo. Then, the
control circuit unit 33 operates the charge pump circuit unit
31 in the first mode (step ST2), followed by the flow
returning to step ST1.

[0155] When the supply voltage VDD is equal to or lower
than 4.0 V at step ST1 (NO), the control circuit unit 33
examines whether or not the supply voltage VDD detected
by the voltage detector circuit unit 34 exceeds a predeter-
mined value V2 smaller than the predetermined value V1,
for example, 3.2 V (step ST3). When the supply voltage
VDD exceeds 3.2 V at step ST3 (YES), the control circuit
unit 33 brings the control signal So to a low level to turn off
the NMOS transistor 42 in the voltage regulator circuit 40,
and to activate the error amplifier 43, and operates the charge
pump circuit unit 31 in the second operation mode (step
ST4). Then, the control circuit unit 33 examines whether or
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not the supply voltage VDD detected by the voltage detector
circuit unit 34 exceeds 4.1 V (sep ST5). The flow proceeds
to step ST2 when the supply voltage VDD exceeds 4.1 V at
step ST5 (YES), or returns to step ST3 when the supply
voltage VDD is equal to or lower than 4.1 V (NO).

[0156] Next, when the supply voltage VDD is equal to or
lower than 3.2 V at step ST3 (NO), the control circuit unit
33 brings the control signal S0 to a low level to turn off the
NMOS transistor 42 in the voltage regulator circuit 40 and
to activate the error amplifier 43, and operates the charge
pump circuit unit 31 in the third operation mode (step ST6).
Subsequently, the control circuit unit 33 examines whether
or not the supply voltage VDD detected by the voltage
detector circuit unit 34 exceeds 3.3 V (sep ST7). The flow
proceeds to step ST4 when the supply voltage VDD exceeds
3.3 V at step ST7 (YES), or returns to step ST6 when the
supply voltage VDD is equal to or lower than 3.3 V (NO).
In this manner, the control circuit unit 33 operates the charge
pump circuit unit 31 in one of the three modes in accordance
with the result of the detection made by the voltage detector
circuit unit 34.

[0157] In FIG. 15, the control circuit unit 33 operates the
charge pump circuit unit 31 in one of the three operation
modes in accordance with the result of the detection made by
the voltage detector circuit unit 34. Alternatively, the control
circuit unit 33 may operate the charge pump circuit unit 31
in one of two modes in accordance with the result of the
detection made by the voltage detector circuit unit 34. This
alternative control operation performed by the control circuit
unit 33 for controlling the operation of the charge pump
circuit unit 31 will be described with reference to FIG. 16.
In FIG. 16, wherein the control circuit unit 33 operates the
charge pump circuit unit 31 in the first or third operation
mode, steps at which the same processing is performed as in
FIG. 15 are designated by the same reference letters, and
description thereon is omitted here.

[0158] InFIG. 16, the control circuit unit 33 first performs
the processing at step ST1 in FIG. 15. When the supply
voltage VDD exceeds 4.0 V at step ST1 (YES), the control
circuit unit 33 performs the processing at step ST2 in FIG.
15, followed by the flow returning to step ST1. When the
supply voltage VDD does not exceed 4.0 at step ST1 (NO),
the control circuit unit 33 performs the processing at step
STé6 in FIG. 15, and then performs the processing at step
STS. The flow proceeds to step ST2 when the supply voltage
VDD exceeds 4.1 V at step ST5 (YES), and returns to step
ST6 when the supply voltage VDD is equal to or lower than
4.1 V (NO).

[0159] Next, FIG. 17 illustrates an exemplary operation of
the control circuit unit 33 when it operates the charge pump
circuit unit 31 in the first or second operation mode. In FIG.
17, steps at which the same processing is performed as in
FIG. 15 are designated by the same reference letters, and
description thereon is omitted here.

[0160] InFIG. 17, the control circuit unit 33 first performs
the processing at step ST1 in FIG. 15, and performs the
processing at step ST2 in FIG. 15 when the supply voltage
VDD exceeds 4.0V at step ST1 (YES), followed by the flow
returning to step ST1. On the other hand, when the supply
voltage VDD is equal to or lower than 4.0 V at step ST1
(NO), the control circuit unit 33 performs the operation at
step ST4 in FIG. 15, and performs the processing at step
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ST5 in FIG. 15. The flow proceeds to step ST2 when the
supply voltage VDD exceeds 4.1 V (YES), or returns to step

ST4 when the supply voltage VDD is equal to or lower than
4.1 V (NO).

[0161] FIG. 18 illustrates an exemplary operation of the
control circuit unit 33 when the charge pump circuit unit 31
is operated in the second or third operation mode. In FIG.
18, steps at which the same processing is performed as in
FIG. 15 are designated by the same reference letters, and
description thereon is omitted here.

[0162] In FIG. 18, the control circuit unit 33 first exam-
ines whether or not the supply voltage VDD detected by the
voltage detector circuit unit 34 exceeds a predetermined
value V3, for example, 3.5 V (step ST11). When the supply
voltage VDD exceeds 3.5 V (YES), the control circuit unit
33 performs the processing at step ST4 in FIG. 15, followed
by the flow returning to step ST11.

[0163] When the supply voltage VDD is equal to or lower
than 3.5 V at step ST11 (NO), the control circuit unit 33
performs the processing at step ST6 in FIG. 15, and then
examines whether or not the supply voltage VDD detected
by the voltage detector circuit unit 34 exceeds 3.7 V (step
ST12). The flow proceeds to step ST4 when the supply
voltage VDD exceeds 3.7 V at step ST12 (YES), or returns
to step ST6 when the supply voltage VDD is equal to or
lower than 3.7 V (NO).

[0164] Next, the operation of the control circuit unit 33
and charge pump circuit unit 31 in the respective modes will
be described in greater detail with reference to FIGS. 19 to
32.

[0165] FIG. 19 is an equivalent circuit diagram illustrat-
ing the states of the respective switching elements in the
charge pump circuit unit 31 in the first operation mode. The
operation of the charge pump circuit 30 in the first mode will
be described with reference to FIG. 19.

[0166] As can be seen from FIG. 19, in the first operation
mode, each of the first switching element SW1, second
switching element SW2, third switching element SW3,
fourth switching element SW4, fifth switching element SW5
and seventh switching element SW7 is turned on and in a
conductive state, while each of the sixth switching element
SW6, cighth switching element SW8 and ninth switching
element SW9 is turned off and in a shut-off state. Further, the
change-over switch SW10 connects the substrate gate to the
source in the third switching element SW3, while the
change-over switch SW11 connects the substrate gate to the
source in the seventh switching element SW7.

[0167] In this way, the output voltage Vo of the voltage
regulator circuit 40 is output from the output terminal
CPOUT of the charge pump circuit 30 as it is in the first
operation mode. Since a voltage difference between the
source and drain in each of the third switching element SW3
and seventh switching element SW7 is 0 V, the substrate gate
may be connected either to the drain or to the source in the
respective switching elements. However, since the current is
flowing from the source to the drain, each substrate gate is
connected to the source in FIG. 19.

[0168] Next, the second mode operation will be described
with reference to FIGS. 20 to 26. FIG. 20 is a timing chart
showing the respective control signals S1-S11 in the second
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operation mode, and FIGS. 21 to 26 are equivalent circuit
diagrams each illustrating an exemplary operation of the
charge pump circuit unit 31 in each state of the control
signals S1-S11. The operation of the charge pump circuit 30
in the second operation mode will be described with refer-
ence to FIGS. 20 to 26.

[0169] In a state a in which the clock signal CLK is at a
high (High) level, the control circuit unit 33 brings each of
the control signals S1, S2, S5-S8, S10, S11 to a high level,
and each of the control signals S3, S4, S9 to a low (Low)
level.

[0170] In the state a as mentioned above, each of the first
switching element SW1, second switching element SW2,
fifth switching element SWS5, sixth switching element SW6,
seventh switching element SW7 and ninth switching ele-
ment SW9 is turned off, i.e., in a shut-off state, while each
of the third switching element SW3, fourth switching ele-
ment SW4 and eighth switching element SW8 is turned on,
i.e., in a conductive state, as illustrated in FIG. 21. Further,
the change-over switches SW10, SW11 connect the sub-
strate gate to the source in the third switching element SW3
and seventh switching element SW7, respectively. In the
state a, since each of the fly back capacitors FC1, FC2
connected in series is charged with the input voltage Vo,
each of the fly back capacitors FC1, FC2 is charged to one
half of the voltage Vo.

[0171] Next, as the clock signal CLK falls to a low level,
the control circuit unit 33 immediately brings each of the
control signals S3, S4 to a high level, and brings each of the
control signals S8, S10 to a low level, resulting in a
transition to a state b in FIG. 20. In response to the transition
from the state a to the state b, each of the third switching
element SW3, fourth switching element SW4 and eighth
switching element SW8 is turned off and in a shut-off state,
as illustrated in FIG. 22. Simultaneously, the change-over
switch SW10 connects the substrate gate to the drain in the
third switching element SW3. Since all the switching ele-
ments are turned off and in a shut-ff state in the state b, each
of the fly back capacitors FC1, FC2 remains charged at one
half of the voltage Vo.

[0172] Next, the control circuit unit 33 brings each of the
control signals S2, S5, S11 to a low level in a predetermined
time t1 after the clock signal CLK falls to a low level,
resulting in a transition to a state ¢ in FIG. 20. In response
to the transition from the state b to the state ¢, each of the
second switching element SW2 and fifth switching element
SWS5 is turned on and in a conductive state, as illustrated in
FIG. 23. In the state c, each of the switching elements SW2,
SWS5 is turned on, each of the remaining switching elements
is turned off, and the high potential side of each of the fly
back capacitors FC1, FC2 is connected to the output termi-
nal CPOUT.

[0173] In this event, when a voltage on the catch-up
capacitor C1 is higher than the voltage Vo, the fourth
switching element SW4 has a drain voltage higher than a
source voltage. However, since the substrate gate is con-
nected to the drain in the fourth switching element SW4, no
current will flow through a parasitic diode of the fourth
switching element SW4. Similarly, while the seventh
switching element SW7 has a drain voltage higher than a
source voltage, the substrate gate is connected to the drain
in the seventh switching element SW7 by the change-over
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switch SW11, so that no current will flow through a parasitic
diode of the seventh switching element.

[0174] Inthe third switching element SW3, a drain voltage
becomes equal to the voltage on the catch-up capacitor C1,
and a source voltage becomes equal to a voltage lower than
the voltage on the catch-up capacitor C1 by Vo/2. Therefore,
in the third switching element SW3, the drain voltage is
higher than the source voltage. However, since the substrate
gate is connected to the drain in the third switching element
SW3 by the change-over switch SW10, no current will flow
through a parasitic diode of the third switching element
SW3.

[0175] Next, the control circuit unit 33 brings each of the
control signals S1, S6 to a low level in a predetermined time
t2 after the transition to the state c, resulting in a transition
to a state d in FIG. 20. In response to the transition from the
state ¢ to the state d, each of the first switching element SW1
and sixth switching element SW6 is turned on and in a
conductive state, as illustrated in FIG. 24. In the state d,
each of the first switching element SW1, second switching
element SW2, fifth switching element SW5 and sixth
switching element SW6 is turned on, while each of the third
switching element SW3, fourth switching element SW4,
seventh switching element SW7, eighth switching element
SW8 and ninth switching element SW9 is turned off.

[0176] Therefore, the low potential side of each of the fly
back capacitors FC1, FC2 is connected to the input terminal
CPIN. From the foregoing, a voltage on the high potential
side of each of the fly back capacitors FC1, FC2 is increased
to a voltage 1.5 times as high as the voltage Vo. The catch-up
capacitor C1 is charged with this voltage, so that the voltage
on the catch-up capacitor C1 also increases to the voltage 1.5
times as high as the voltage Vo.

[0177] Next, as the clock signal CLK rises to a high level,
the control circuit unit 33 immediately brings each of the
control signals S1, S2, S5, S6 to a high level, resulting in a
transition to a state e in FIG. 20. In response to the transition
from the state d to the state e, each of the first switching
element SW1, second switching element SW2, fifth switch-
ing element SW35 and sixth switching element SW6 is turned
off and in a shut-off state, as illustrated in FIG. 25. In the
state e, all the switching elements are turned off, and the fly
back capacitors FC1, FC2 have supplied charges to the
catch-up capacitor C1, so that the charged voltages thereon
are reduced to a level lower than the voltage Vo/2.

[0178] Next, the control circuit unit 33 brings the control
signal S4 to a low level, and brings each of the control
signals S8, S10, S11 to a high level in a predetermined time
t3 after the clock signal CLK rises to a high level, resulting
in a transition to a state f in FIG. 20. In response to the
transition from the state e to the state f, each of the fourth
switching element SW4 and eighth switching element SW§
is turned on and in a conductive state, as illustrated in FIG.
26. Also, each of change-over switches SW10, SW11 con-
nects the substrate gate to the source in the third switching
element SW3 or seventh switching element SW7 corre-
sponding thereto.

[0179] In the state f, each of the fourth switching element
SW4 and eighth switching element SW8 is turned on to
bring the high potential side of the fly back capacitor FC1 to
the same voltage as the voltage Vo, causing the low potential
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side of the fly back capacitor FC1 to be at a voltage slightly
higher than Vo/2. Since the low potential side of the fly back
capacitor FC2 is equal to the ground potential, the high
potential side thereof is at a voltage slightly lower than Vo/2.
From the foregoing, the third switching element SW3 has a
source voltage higher than a drain voltage. Therefore, in the
third switching element SW3, the connection of the sub-
strate gate is switched from the drain to the source by the
change-over switch SW10 corresponding thereto, thereby
preventing a reactive current due to the parasitic diode of the
third switching element SW3, and simultaneously prevent-
ing a reactive current from flowing through a parasitic
transistor based on the substrate gate.

[0180] Similarly, the seventh switch SW7 has a source
voltage higher than a drain voltage. Therefore, in the seventh
switching element SW7, the connection of the substrate gate
is switched from the drain to the source by the change-over
switch SW11 corresponding thereto, thereby preventing a
reactive current due to the parasitic diode of the seventh
switching element SW7, and simultaneously preventing a
reactive current from flowing through a parasitic transistor
based on the substrate gate.

[0181] Also, the control circuit unit 33 brings the control
signal 83 to a low level in a predetermined time t4 after the
transition to the state f, resulting in a transition to the state
a in FIG. 20. In response to the transition from the state f to
the state a, the third switching element SW3 is turned on and
in a conductive state, as illustrated in FIG. 21. In this way,
each of the seventh switching element SW7 and ninth
switching element SW9 is not used and remain in a shut-off
state in the second operation mode.

[0182] Here, description will be made on the reason why
the timing at which the first switching element SW1 is
turned on is shifted from the timing at which the sixth
switching element SW6 is turned on after the clock signal
CLK falls to a low level.

[0183] Since the voltage on the high potential side of the
catch-up capacitor C1 is generally higher than the input
voltage Vo, the drain voltage is higher than the source
voltage in each of the second switching element SW2 and
fifth switching element SW5 when each of the fly back
capacitors FC1, FC2 is charged in the state a.

[0184] For this reason, if the substrate gate is connected to
the source in each of the second switching element SW2 and
fifth switching element SW5, a forward current flows into
the parasitic diode of the MOS transistor, thereby causing a
reactive current. To eliminate this inconvenience, when the
fly back capacitors FC1, FC2 are charged, the substrate gate
is connected to the drain in each of the second switching
element SW2 and fifth switching element SWS5 to reverse
the parasitic diode of the MOS transistor to prevent the
reactive current from flowing.

[0185] When the first switching element SW1 and fifth
switching element SW6 are turned on prior to the second
switching element SW2 and fifth switching element SW5
upon transition from the state b to the state ¢, the voltage on
the high potential side of each of the fly back capacitors FC1,
FC2 is increased to a voltage 1.5 times as high as the input
voltage Vo. In response, the source voltage becomes higher
than the drain voltage because the substrate gate is con-
nected to the drain in each of the second switching element
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SW2 and fifth switching element SW5, causing a reactive
current to flow through the substrate gate in each of the
second switching element SW2 and fifth switching element
SWS5. Thus, such a reactive current can be prevented by
turning the second switching element SW2 and fifth switch-
ing element SWS5 prior to the first switching element SW1
and sixth switching element SW6 upon transition from the
state b to the state c.

[0186] Next, description will be made on the reason why
the timing at which each of the fourth switching element
SW4 and eighth switching element SW8 is turned on and the
timing at which the third switching element SW3 is turned
on are shifted upon transition from the state e to the state f
and upon transition from the state f to the state a.

[0187] In the state d, the gate voltage is substantially equal
to the input voltage Vo, and the drain voltage is approxi-
mately 1.5 times as high as the input voltage Vo in the third
switching element SW3, so that a junction capacitance
between the gate and source is charged with a voltage one
half as high as the input voltage Vo, where the gate has the
minus polarity with reference to the drain. This can be
applied as well to the state e.

[0188] When the eighth switching element SW8 is turned
on at the same timing as the third switching element SW3
upon transition from the state e to the state f, the eighth
switching element SW8 is turned on to reduce a voltage at
the connection of the fly back capacitor FC2 with the drain
of the third switching element SW3 to approximately one
half as high as the input voltage Vo. Consequently, the gate
voltage is becoming lower due to the influence of a charge
accumulated on the junction capacitance between the gate
and drain in the third switching element SW3.

[0189] In this event, when the third switching element
SW3 is applied at the gate with a signal which changes from
a high level to a low level for turning on the third switching
element SW3, the third switching element SW3 will be
over-driven due to the influence of the charge accumulated
on the junction capacitance between the gate and drain, as
mentioned above, resulting in an instantaneously minus gate
voltage generated in the third switching element SW3.

[0190] Since the control circuit unit 33 has an output
circuit generally based on CMOS for driving the gate of the
third switching element SW3, a reactive current flows into
a base substrate of an NMOS transistor which comprises the
output circuit, causing a parasitic transistor of the NMOS
transistor to turn on to give rise to latch-up. For preventing
the latch-up, the control circuit unit 33 turns on the third
switching element SW3 in a predetermined time t4 after the
eighth switching element SW8 is turned on.

[0191] Next, the third operation mode will be described
with reference to FIGS. 27 to 32. FIG. 27 is a timing chart
showing the respective control signals S1-S11 in the third
operation mode, and FIGS. 28 to 32 are equivalent circuit
diagrams each illustrating an exemplary operation of the
charge pump circuit unit 31 in each of states of the respective
control signals in FIG. 27. The operation of the charge pump
circuit 30 in the third operation mode will be described with
reference to FIGS. 27 to 32.

[0192] In a state a in which the clock signal CLK is at a
high level, the control circuit unit 33 brings each of the
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control signals S1, S2, S5, S6, S8, S9, S11 to a high level,
and brings each of the control signals S3, S4, S7, S10 to a
low level.

[0193] In the state a as mentioned above, each of the first
switching element SW1, second switching element SW2,
third switching element SW3, fifth switching element SW5
and sixth switching element SW6 is turned off and in a
shut-off state, while each of the fourth switching element
SW4, seventh switching element SW7, eighth switching
element SW8 and ninth switching element SW9 is turned on
and in a conductive state, as illustrated in FIG. 28. Further,
the change-over switch SW10 connects the substrate gate to
the drain in the third switching element SW3, while the
change-over switch SW11 connects the substrate gate to the
source in the seventh switching element SW7. In the state a,
each of the fly back capacitors CF1, CF2 is charged with the
output voltage Vo of the voltage regulator circuit 40.

[0194] Next, as the clock signal CLK falls to a low level,
the control circuit unit 33 immediately brings each of the
control signals S4, S7 to a high level, and brings each of the
control signals S8, S10 to a low level, resulting in a
transition to a state b in FIG. 27. In response to the transition
from the state a to the state b, each of the fourth switching
element SW4, seventh switching element SW7, eighth
switching element SW8 and ninth switching element SW9 is
turned off and in a shut-off state, as illustrated in FIG. 29.
In the state b, all the switching elements are turned off and
remain in a shut-off state. The change-over switch SW10
continuously connects the substrate gate to the drain in the
third switching element SW3, while the change-over switch
SW11 continuously connects the substrate gate to the source
in the seventh switching element SW7. From the foregoing,
each of the fly back capacitors FC1, FC2 remains charged at
the voltage Vo.

[0195] Next, the control circuit unit 33 brings each of the
control signals S2, S5, S11 to a low level in a predetermined
time t5 after the clock signal CLK falls to a low level,
resulting in a transition to a state ¢ in FIG. 27. In response
to the transition from the state b to the state ¢, each of the
second switching element SW2 and fifth switching element
SW5 is turned on and in a conductive state, and the
change-over switch SW11 connects the substrate gate to the
drain in the seventh switching element SW7, as illustrated in
FIG. 30. In the state ¢, each of the second switching element
SW2 and fifth switching element SW35 is turned on, while
each of the remaining switching elements is turned off. The
high potential side of each of the fly back capacitors FC1,
FC2 is connected to the output terminal CPOUT.

[0196] Inthis event, in the third switching element, a drain
voltage becomes equal to a voltage on the catch-up capacitor
C1, and a source voltage becomes equal to a voltage lower
than the voltage on the catch-up capacitor C1 by the voltage
Vo. Therefore, in the third switching element SW3, the drain
voltage is higher than the source voltage. However, since the
substrate gate is connected to the drain in the third switching
element SW3 by the change-over switch SW10, no current
will flow through a parasitic diode of the third switching
element SW3.

[0197] Similarly, in the seventh switching element SW7, a
drain voltage becomes equal to the voltage on the catch-up
capacitor C1, and a source voltage becomes equal to the
voltage Vo. Therefore, in the seventh switching element
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SW7, the drain voltage is higher than the source voltage.
However, since the substrate gate is connected to the drain
in the seventh switching element SW7 by the change-over
switch SW11, no current will flow through a parasitic diode
of the seventh switching element SW7.

[0198] Next, the control circuit unit 33 brings each of the
control signals S1, S6 to a low level in a predetermined time
t6 after the transition to the state c, resulting in a transition
to a state d in FIG. 27. In response to the transition from the
state c-to the state d, each of the first switching element SW1
and sixth switching element SW6 is turned on and in a
conductive state, as illustrated in FIG. 31. In the state d,
each of the first switching element SW1, second switching
element SW2, fifth switching element SW5 and sixth
switching element SW6 is turned on, while each of the third
switching element SW3, fourth switching element SW4,
seventh switching element SW7, eighth switching element
SW8 and ninth switching element SW9 is turned off.

[0199] Therefore, the low potential side of each of the fly
back capacitors FC1, FC2 is connected to the input terminal
CPIN. From the foregoing, a voltage on the high potential
side of each of the fly back capacitors FC1, FC2 is increased
to a voltage twice as high as the voltage Vo. The catch-up
capacitor C1 is charged with this voltage, so that the voltage
on the catch-up capacitor C1 also increases to the voltage
twice as high as the voltage Vo.

[0200] Next, as the clock signal CLK rises to a high level,
the control circuit unit 33 immediately brings each of the
control signals S1, S2, S5, S6 to a high level, resulting in a
transition to a state e in FIG. 27. In response to the transition
from the state d to the state e, each of the first switching
element SW1, second switching element SW2, fifth switch-
ing element SW35 and sixth switching element SW6 is turned
off and in a shut-off state, as illustrated in FIG. 32. In the
state e, all the switching elements are turned off, and the fly
back capacitors FC1, FC2 have supplied charges to the
catch-up capacitor C1, so that the charged voltages thereon
are reduced to a level lower than the voltage Vo.

[0201] Next, the control circuit unit 33 brings each of the
control signals S4, S7 to a low level, and brings each of the
control signals S8, S9 to a high level in a predetermined time
t7 after the transition to the state e, resulting in a transition
to the state a in FIG. 27. In response to the transition from
the state e to the state a, each of the fourth switching element
SW4, seventh switching element SW7, eighth switching
element SW8 and ninth switching element SW9 is turned on
and in a conductive state, as illustrated in FIG. 28.

[0202] As described above, in the third operation mode,
the third switching element SW3 remains in a shut-off state,
so that the change-over switch SW10 will not change the
connection of the substrate gate to the source in the third
switching element SW3. The reason why each of the first
switching element SW1 and sixth switching element is
turned on at a timing shifted from a timing at which each of
the second switching element SW2 and fifth switching
element SWS is turned on is similar to the second operation
mode.

[0203] As will be appreciated from the foregoing, the
power supply circuit according to the second embodiment of
the present invention comprises the charge pump circuit 30
which receives the output voltage Vo of the voltage regulator
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circuit 40 as an input voltage for boosting the voltage Vo in
the first operation mode for boosting by a factor of 1, in the
second operation mode for boosting by a factor of 1.5, and
in the third operation mode for boosting by a factor of 2. The
charge pump circuit 30 is operated in either of the first
operation mode, second operation mode and third operation
mode in response to the value of the supply voltage VDD.
It is therefore possible to supply a load circuit with a
substantially constant voltage even using a DC power supply
such as a battery which provides a gradually decreasing
voltage, thereby making it possible to stabilize the output
voltage from the charge pump circuit and increase the power
efficiency.

[0204] Also, the fourth switching element SW4 having the
substrate gate connected to the drain is provided for pre-
venting a current from flowing back to the input terminal
CPIN from the high potential side of the fly back capacitors
FC1, FC2 connected in series, and the second switching
element SW2 having the substrate gate connected to the
drain is provided for preventing a current from flowing back
to the fly back capacitors FC1, FC2 connected in series from
the high potential side of the catch-up capacitor C1. With
this strategy, it is possible to prevent a current from flowing
back from the high potential side of the capacitors without
using diodes, thereby eliminating a voltage drop due to
forward currents of the diodes.

[0205] Also, when the fly back capacitors FC1, FC2 are
charged with the input voltage Vo, the third switching
element SW3 is turned on after the fourth switching element
SW4 and eighth switching element SW8 are turned on. With
this strategy, it is possible to prevent a reactive current from
flowing into the substrate gate of the NMOS transistor which
comprises the output circuit of the control circuit unit 4 for
driving the gate of the third switching element SW3, and to
prevent the parasitic transistor of the NMOS transistor from
turning on to cause latch-up.

[0206] When voltages charged on the fly back capacitors
FC1, FC2 are output to the output terminal CPOUT, the
change-over switch SW10 connects the substrate gate to the
drain in the third switching element SW3 before each of the
second switching element SW2 and fifth switching element
SWS5 is turned on, and then, each of the first switching
element SW1 and sixth switching element SW6 is turned on.
With this strategy, it is possible to prevent a reactive current
from flowing through a capacitive diode in the third switch-
ing element SW3 and to make the source voltage higher than
the drain voltage in each of the second switching element
SW2 and fifth switching element SWS5, thereby preventing
a reactive current from flowing through the substrate gate of
each of second switching element SW2 and fifth switching
element SWS.

[0207] Third Embodiment:

[0208] FIG. 33 is a block diagram generally illustrating an
exemplary power supply circuit according to a third embodi-
ment of the present invention.

[0209] The power supply circuit 101 in FIG. 33 comprises
a voltage regulator circuit (CVC) 102 for generating a
predetermined constant voltage Va from a supply voltage Ve
applied to an input terminal IN from a DC power supply 110
such as a battery to output the predetermined constant
voltage Va from an output terminal OUT as an output

SK hynix Ex. 1015, Page 46 of 53



US 2004/0004851 Al

voltage Vo; and a charge pump circuit (CPC) 103 for
boosting the output voltage Vo applied to an input terminal
CPIN from the voltage regulator circuit 102 and outputting
the boosted voltage from an output terminal CPOUT. A load
111 is connected to the output terminal CPOUT of the charge
pump circuit 103.

[0210] The voltage regulator circuit 102 comprises a volt-
age regulator circuit unit 121 for generating the predeter-
mined constant voltage Va from the supply voltage Ve
applied to the input terminal IN to output the constant
voltage Va from the output terminal OUT as the output
voltage Vo; a current limiting circuit unit 122 for limiting an
output current io output from the output terminal OUT such
that the output current io does not exceed a predetermined
value ia; and a short-circuit protection circuit unit 123 for
limiting a current output from the voltage regulator circuit
unit 121 such that the current is reduced simultaneously as
the voltage output from the voltage regulator circuit unit 121
is reduced from the predetermined constant voltage Va.
Thus, the limited current has a predetermined value ic when
the output voltage of the voltage regulator circuit unit 121 is
at the constant voltage Va, and has a predetermined value ib
when the output voltage of the voltage regulator circuit unit
121 is at a ground voltage.

[0211] The voltage regulator circuit unit 121 comprises an
output control transistor 131 comprised of a P-channel type
MOS transistor (hereinafter referred to as the “PMOS tran-
sistor”) for controlling the current output from the output
terminal OUT in accordance with a gate voltage; an error
amplifier 132 for controlling the operation of the output
control transistor 131; a reference voltage generator circuit
unit 133 for generating and outputting a predetermined
reference voltage Vr; a series circuit of a resistor 134 and a
resistor 135 for dividing the output voltage Vo; and a
capacitor 136. The error amplifier 132 amplifies an error of
a voltage Vd divided from the output voltage Vo by the
resistors 134, 135 with respect to the reference voltage Vr,
outputs the amplified error, and controls the operation of the
output control transistor 131. The output control transistor
131 has a drain voltage stabilized by the capacitor 136, and
the output voltage Vo at the constant voltage Va is output
from the output terminal OUT.

[0212] The current limiting circuit unit 122 comprises
PMOS transistors 141-143, N-channel type MOS transistors
(hereinafter referred to as the “NMOS transistors”) 144, 145,
and a resistor 146. The PMOS transistors 141, 142 and
NMOS transistor 144 are connected in series between the
supply voltage Ve and ground voltage, and the NMOS
transistors 144, 145 form a current mirror circuit. The PMOS
transistor 141 has a gate connected to an output terminal of
the error amplifier 132, while the PMOS transistor 142 has
a gate connected to an output terminal of an operational
amplifier 154 in the short-circuit protection circuit 123, later
described. Also, between the supply voltage Ve and ground
voltage, the resistor 146 and NMOS transistor 145 are
connected in series, and a connection between the two
components is connected to a gate of the PMOS transistor
143. The PMOS transistor 143 is connected between the
supply voltage Ve and a gate of the output control transistor
131.

[0213] The short-circuit protection circuit 123 comprises
PMOS transistors 151, 152, operational amplifiers 153, 154,
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and a resistor 155. The operational amplifier 153 is applied
with a predetermined offset voltage at a non-inverting input
terminal, such that the predetermined current value ib is
determined by the offset voltage. When the short-circuit
protection circuit 123 is integrated into an IC chip, the offset
voltage can be readily provided by employing transistors
having different sizes at differential inputs, employing dif-
ferent drain resistors for the transistors, and the like in the
operational amplifier 153.4

[0214] The PMOS transistors 151, 152 and resistor 155
are connected in series between the supply voltage Ve and
ground voltage. The PMOS transistor 151 has a gate con-
nected to the output terminal of the error amplifier 132, and
the PMOS transistor 152 has a gate connected to an output
terminal of the operational amplifier 154. The operational
amplifier 153 has a non-inverting input terminal connected
to a connection between the PMOS transistor 152 and
resistor 155 for receiving a voltage V1 across the resistor
155, and an inverting input terminal applied with the divided
voltage Vd. The operational amplifier 153 has an output
terminal connected to the gate of the output control transis-
tor 131.

[0215] The operational amplifier 154 has a non-inverting
input terminal applied with the output voltage Vo, and an
inverting input terminal applied with a drain voltage of he
PMOS transistor 151. The operational amplifier 154 controls
the operation of the PMOS transistors 142, 152 such that the
drain voltage of the PMOS transistor 151 is equal to the
output voltage Vo. Here, the respective PMOS transistors are
formed such that the ratio of the gate size of the PMOS
transistor 142 to the gate size of the PMOS transistor 152 is
the same as the ratio of the gate size of the PMOS transistor
141 to the gate size of the PMOS transistor 142. By
designing the respective PMOS transistors in this manner,
the operational amplifier 154 can control the operation of the
PMOS transistor 142 to make the drain voltage of the PMOS
transistor 141 equal to the output voltage Vo.

[0216] An exemplary operation of the current limiting
circuit unit 122 and short-circuit protection circuit unit 123
will be described in the foregoing configuration.

[0217] First, in the current limiting circuit unit 122, the
gate of the PMOS transistor 141 is commonly connected to
the gate of the output control transistor 131. Therefore, the
PMOS transistor 141 outputs a current proportional to a
current output from the output control transistor 131 to the
NMOS transistor 144 which forms an input transistor of the
current mirror circuit through the PMOS transistor 142.

[0218] From the foregoing, a current in accordance with a
current output from the output control transistor 131 flows
through the resistor 146, and the supply voltage Ve is
reduced by a voltage drop of the resistor 146 and applied to
the gate of the PMOS transistor 143. As the PMOS transistor
143 is turned on, the gate voltage of the output control
transistor 131 rises, and the output current io from the
voltage regulator circuit unit 121 is limited not to exceed the
predetermined current value ia. When the voltage regulator
circuit 102 is comprised of the voltage regulator circuit unit
121 and current regulator circuit unit 122, the relationship
between the output voltage Vo and output current io is as
shown in FIG. 34.

[0219] Next, in the short-circuit protection circuit 123, the
gate of the PMOS transistor 151 is commonly connected to
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the gate of the output control transistor 131. Therefore, the
PMOS transistor 151 outputs a current proportional to a
current output from the output control transistor 131 to the
resistor 155 through the PMOS transistor 152. As the voltage
V1 increases to the divided voltage Vd or higher, i.e., as the
output current i0 increases to the predetermined current
value ic or more, the operational amplifier 153 increases the
gate voltage of the output control transistor 131 to reduce the
output current io as well as the output voltage Vo, resulting
in the divided voltage Vd equal to the voltage V1. When the
voltage regulator circuit 102 is comprised of the voltage
regulator circuit 121 and short-circuit protection circuit 123,
the relationship between the output voltage Vo and output
current io presents the characteristic as shown in FIG. 35.

[0220] When the voltage regulator circuit 102 is com-
prised of the voltage regulator circuit unit 121, current
limiting circuit unit 122 and short-circuit protection circuit
unit 123 as illustrated in FIG. 33, the current value ic at
which the short-circuit protection circuit unit 123 starts
operating is set slightly larger than the limited current value
ia of the current limiting circuit unit 122, resulting in the
relationship between the output voltage Vo and output
current io as shown in FIG. 36. As can be seen from FIG.
36, the current limiting circuit unit 122 first starts operating,
followed by the operation of the short-circuit protection
circuit unit 123 at the intersection of the output voltage Vo
of the voltage regulator circuit unit 121 with the character-
istic curve of the short-circuit protection circuit unit 123.
Even if the output voltage Vo is reduced to 0 V, the current
ib determined by the input offset voltage of the operational
amplifier 153 flows from the output terminal OUT as the
output current io.

[0221] Next, FIG. 37 is a diagram illustrating an exem-
plary circuit configuration of the charge pump circuit 103 in
FIG. 33.

[0222] In FIG. 37, the charge pump circuit 103 comprises
a charge pump circuit unit 161 for boosting the voltage Vo
applied from the voltage regulator circuit 102 by a factor of
1.5 and outputting the boosted voltage; a clock signal
generator circuit unit (CSG) 162 for generating and output-
ting a clock signal CLK at a predetermined frequency (in a
range of 100 kHz to 1 MHz); and a control circuit unit
(CONT) 163 for controlling the boosting operation of the
charge pump circuit unit 161 based on the clock signal CLK
applied thereto from the clock signal generator circuit unit
162.

[0223] The charge pump circuit unit 161 comprises a pair
of capacitors (hereinafter referred to as the “fly back capaci-
tors”) FC1, FC2 having the same capacitance; a capacitor
(hereinafter referred to as the “catch-up capacitor”) C1 for
stabilizing an output voltage of the charge pump circuit unit
161; and first switching elements SWAB1, SWA2, second
switching elements SWB1, SWB2, a third switching ele-
ment SWC and a fourth switching element SWD each
comprised of a PMOS transistor. The charge pump circuit
unit 161 further comprises a fifth switching element SWE
comprised of an NMOS transistor, and a change-over switch
SWF which switches in response to a control signal S6
applied thereto.

[0224] Each of the first switching elements SWA1, SWA2
is applied with a control signal S1 at a gate from the control
circuit unit 163, while each of the second switching elements
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SWB1, SWB2 is applied with a control signal S2 at a gate
from the control circuit unit 163. Also, the third switching
element SWC is applied with a control signal S3 at a gate
from the control circuit unit 163, the fourth switching
element SWD is applied with a control signal S4 at a gate
from the control circuit unit 163, and the change-over switch
SWEF is applied with the control signal S6 from the control
circuit unit 163.

[0225] When the clock signal CLK is at a high (High)
level, the control circuit unit 163 holds each of the control
signals S1, 82, S5, S6 at a high level, and each of the control
signals S3, S4 at a low (Low) level. In this state, each of the
first switching elements SWA1, SWA2 and the second
switching elements SWB1, SWB2 is turned off and remains
in a shut-off state, while each of the third switching element
SWC, fourth switching element SWD and fifth switching
element SWE is turned on and remains in a conductive state.
Further, the change-over switch SWF connects a substrate
gate (back gate) to a source in the third switching element
SWC. In this state a, since each of the fly back capacitors
FC1, FC2 connected in series is charged with the input
voltage Vo, each of the fly back capacitors FC1, FC2 is
charged to one half of the voltage Vo.

[0226] Next, as the clock signal CLK falls to a low level,
the control circuit unit 163 immediately brings each of the
control signals S3, S4 to a high level, and brings each of the
control signals S5, S6 to a low level, resulting in a transition
to a state b. In response to the transition from the state a to
the state b, each of the third switching element SWC, fourth
switching element SWD and fifth switching element SWE is
turned off and in a shut-off state. Simultaneously, the
change-over switch SWF connects the substrate gate to the
drain in the third switching element SWC. Since all the
switching elements are turned off in the state b, each of the
fly back capacitors FC1, FC2 is charged to one half of the
voltage Vo.

[0227] Next, the control circuit unit 163 brings the control
signal S2 to a low level in a predetermined time t1 after the
clock signal CLK falls to a low level, resulting in a transition
to a state c. In response to the transition from the state b to
the state ¢, each of the second switching elements SWBI1,
SWB2 is turned on and in a conductive state. In the state ¢,
each of the second switching elements SWB1, SWB2 is
turned on, each of the remaining switching elements is
turned off, and a high potential side of each of the fly back
capacitors FC1, FC2 is connected to the output terminal
CPOUT. In this event, when a voltage on the catch-up
capacitor C1 is higher than the voltage Vo, the fourth
switching element has a drain voltage higher than a source
voltage. However, since the substrate gate is connected to
the drain in the fourth switching element SWD, no current
will flow through a parasitic diode of the fourth switching
element SWD.

[0228] Also, in the third switching element SWC, the
drain voltage is equal to the voltage on the catch-up capaci-
tor C1, and the source voltage is equal to one half of the
voltage on the catch-up capacitor C1, causing the drain
voltage to be higher than the source voltage in the third
switching element SWC. However, since the change-over
switch SWF connects the substrate gate to the drain in the
third switching element SWC, no current will flow through
a parasitic diode of the third switching element SWC.
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[0229] The control circuit unit 163 brings the control
signal S1 to a low level in a predetermined time t2 after the
transition to the state c, resulting in a transition to a state d.
In response to the transition from the state ¢ to the state d,
each of the first switching elements SWA1, SWA2 is turned
on and in a conductive state. In the state d, each of the first
switching elements SWA1, SWA2 and second switching
elements SWB1, SWB2 is turned on, while each of the third
switching element SWC, fourth switching element SWD
and fifth switching element SWE is turned off.

[0230] Therefore, a low potential side of each of the fly
back capacitors FC1, FC2 is connected to the input terminal
CPIN. From the foregoing, a voltage on the high potential
side of each of the fly back capacitors FC1, FC2 is 1.5 times
as high as the voltage Vo. The catch-up capacitor C1 is
charged with this voltage, so that the voltage on the catch-up
capacitor C1 is also increased to a voltage 1.5 times as high
as the voltage Vo.

[0231] Next, as the clock signal CLK rises to a high level,
the control circuit unit 163 immediately brings each of the
control signals S1, S2 to a high level, resulting in a transition
to a stat e. In response to the transition from the state d to
the state e, each of the first switching elements SWAI,
SWA2 and second switching elements SWB1, SWB2 is
turned off and in a shut-off state. In the state e, all the
switching elements are turned off, and the fly back capaci-
tors FC1, FC2 have supplied charges thereon to the catch-up
capacitor C1, so that each of the charged voltages on the fly
back capacitors FC1, FC2 is lower than one half of the
voltage Vo.

[0232] Next, the control circuit unit 163 brings the control
signal S4 to a low level and brings each of the control signals
S5, S6 to a high level in a predetermined time t3 after the
clock signal CLK rises to a high level, resulting in a
transition to a state f. In response to the transition from the
state ¢ to state f, each of the fourth switching element SWD
and fifth switching element SWE is turned on and in a
conductive state. The change-over switch SWF in turn
connects the substrate gate to the source in the third switch-
ing element SWC.

[0233] In the state f, each of the fourth switching element
SWD and fifth switching element SWE is turned on to make
the high potential side of the fly back capacitor FC1 equal to
the voltage Vo, causing the low potential side of the fly back
capacitor FC1 to be at a voltage slightly higher than Vo/2.
Also, since the low potential side of the fly back capacitor
FC2 is at the ground potential, the high potential side is at
a voltage slightly lower than Vo/2. From the foregoing, the
third switching element SWC has a source voltage higher
than a drain voltage, causing the change-over switch SWF to
switch the connection of the substrate gate from the drain to
the source in the third switching element SWC, thereby
preventing a reactive current due to the parasitic diode of the
third switching element SWC as well as preventing a
reactive current flowing through a parasitic transistor based
on the substrate gate.

[0234] The control circuit unit 163 brings the control
signal 83 to a low level in a predetermined time t3 after the
transition to the state f, resulting in a transition to the state
a. In response to the transition from the state f to the state a,
the third switching element SWC is turned on and in a
conductive state.
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[0235] Since the charge pump circuit unit 161 charges a
capacitor having a relatively large capacitance with the
voltage Vo applied from the voltage regulator circuit 102, a
large rush current is generated upon power-on. Since the
rush current flows through the first switching elements
SWAL, SWA2, second switching elements SWB1, SWB2,
third switching element SWC, fourth switching element
SWD and fifth switching element SWE in the charge pump
circuit unit 161, and the output control transistor 131 in the
voltage regulator circuit 102, as well as through lead wires
of terminals for connecting the capacitors, these elements
must have high current tolerances. However, since an ele-
ment having a higher current tolerance necessarily results in
a larger size of the element, a large chip area is required
when implemented in an IC chip, causing an increase in the
cost.

[0236] To solve this problem, the power supply circuit
according to the third embodiment comprises the voltage
regulator circuit 102 as an input power supply for the charge
pump circuit 103. The voltage regulator circuit 102 is
provided with the current limiting circuit 122 to reduce the
rush current, thereby making it possible to implement an IC
chip without increasing the size of each element. Further,
even when the output terminal CPOUT of the charge pump
circuit 103 is short-circuited to the ground voltage, the
short-circuit protection circuit unit 123 provided in the
voltage regulator circuit 102 can protect the first switching
elements SWA1, SWA2, second switching elements SWBI1,
SWB2, third switching element SWC, fourth switching
element SWD, fifth switching element SWE, the output
control transistor 31 in the voltage regulator circuit 102, and
the like from a large current.

[0237] Fourth Embodiment:

[0238] In the charge pump circuit 103 shown in the third
embodiment, since each of the switching elements in the
charge pump circuit unit 161 is comprised of a MOS
transistor, a parasitic diode is formed. For example, the
second switching element SWB1 and fourth switching ele-
ment SWD are formed with associated parasitic diodes D1,
D2 as indicated by dotted lines in FIG. 5. Therefore, even
when the output terminal CPOUT of the charge pump circuit
3 is at the ground potential due to short-circuiting of the load
111, the output voltage Vo is applied from the voltage
regulator circuit 102, causing a current to flow through the
parasitic diodes D1, D2.

[0239] From the foregoing, the output voltage Vo of the
voltage regulator circuit 102 upon short-circuiting of the
load amounts to the sum of a forward voltage VF1 of the
parasitic diode D1, a forward voltage VF2 of the parasitic
diode D2, and a voltage calculated by:

Short-Circuit Currentx(RF1+FR2+wiring resistance)

[0240] so that the output voltage Vo is merely reduced to
about 2 V, where RF1 represents a DC resistance component
of the parasitic diode D1, and RF2 represents a DC resis-
tance component of the parasitic diode D2. If the output
voltage Vo of the voltage regulator circuit 102 is reduced
only to a voltage as low as the foregoing upon short-
circuiting of a load, the short-circuit protection circuit unit
123 does not sufficiently act, thereby leaving a large current
to continuously flow from the voltage regulator circuit 102.
To effectively operate the short-circuit protection circuit unit
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123, the output voltage Vo of the voltage regulator circuit
102 should be reduced to near 0 V. A fourth embodiment of
the present invention provides such a configuration for
solving the above-mentioned problem.

[0241] FIG. 38 is a block diagram generally illustrating an
exemplary power supply circuit according to the fourth
embodiment of the present invention. In FIG. 38, compo-
nents identical to those in FIG. 33 are designated the same
reference numerals, and description thereon is omitted. The
following description will be made only on differences with
FIG. 33.

[0242] The power supply circuit illustrated in FIG. 38
differs from that in FIG. 33 in that a switching circuit 170
is provided for controlling a connection of the output
terminal OUT of the voltage regulator circuit 102 to the
output terminal CPOUT of the charge pump circuit 103. This
involves replacement of the power supply circuit 101 in
FIG. 33 with the power supply circuit 1012 in FIG. 38.

[0243] The switching circuit 170 comprises a diode 171
connected in parallel with the charge pump circuit 103 such
that the charge pump circuit 103 has the input terminal CPIN
to the output terminal CPOUT connected in a forward
direction. The diode 171 may be implemented by a MOS
transistor which has a gate and a source or a gate and a drain
connected to each other to have diode characteristics.

[0244] When the output voltage of the charge pump circuit
103 is lower than the output voltage Vo of the voltage
regulator circuit 102 which is applied to the charge pump
circuit 103, a current flows through the diode 71 to reduce
a difference between the input voltage and output voltage of
the charge pump circuit 103. In this way, when the voltage
at the output terminal CPOUT is reduced to 0 V, the
switching circuit 170 can reduce the output voltage Vo of the
voltage regulator circuit 102 to near 0 V. It is therefore
possible to effectively operate the short-circuit protection
circuit unit 123 in the voltage regulator circuit 102.

[0245] Specifically, when the output voltage of the charge
pump circuit 103 is lower than the output voltage Vo of the
voltage regulator circuit 102 applied to the charge pump
circuit 103 by a forward voltage VF71 of the diode 171 or
more, the diode 171 turns on. Therefore, when the output
terminal CPOUT of the charge pump circuit 103 is short-
circuited to be at 0 V, the output voltage Vo of the voltage
regulator circuit 102 is equal to the forward voltage VF71 of
the diode 171, causing the short-circuit protection circuit
unit 123 to act to prevent a large current from continuously
flowing from the voltage regulator circuit 102. When a
Schottky diode having a smaller forward voltage is used for
the diode 171, the short-circuit protection circuit unit 123
acts more effectively, making it possible to reduce the
current output from the voltage regulator circuit 102 when
the output terminal CPOUT is short-circuited to the ground
voltage.

[0246] FIG. 39 is a block diagram illustrating another
exemplary power supply circuit in the fourth embodiment of
the present invention. Components in FIG. 39 identical to
those in FIG. 38 are designated the same reference numerals,
and description thereon is omitted here. The following
description will be made only on differences with FIG. 39.

[0247] A switching circuit 180 in FIG. 39 comprises an
NMOS transistor 181, a comparator 182, a constant voltage
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generator circuit 183, and resistors 184, 185. The NMOS
transistor 181 is substituted for the diode 171 in FIG. 38
such that a voltage at which the NMOS transistor 181 is
turned on can be set in an arbitrary manner with respect to
the output voltage of the charge pump circuit 103.

[0248] 1In the switching circuit 180, the NMOS transistor
181 is connected between the input terminal CPIN and
output terminal CPOUT of the charge pump circuit 103. The
NMOS transistor 181 has a gate connected to an output
terminal of the comparator 182. On the other hand, a series
circuit of the resistors 84, 85 is connected between the
output terminal CPOUT and ground voltage. The output
voltage of the charge pump circuit 103 is divided by the
resistors 184, 185, and the resulting voltage is applied to an
inverting input terminal of the comparator 182. A constant
voltage Vrl is applied to a non-inverting input terminal of
the comparator 182 from the constant voltage generator
circuit 183. The constant voltage Vrl is set at a voltage
smaller than the output voltage Vo.

[0249] In the configuration as described above, as the
voltage at the output terminal CPOUT is reduced to cause
the voltage divided by the resistors 184, 185 to be lower than
the constant voltage Vrl, the output terminal of the com-
parator 182 rises from a low level to a high level to turn on
the NMOS transistor 181. In this way, the switching circuit
180 can further reduce the output voltage Vo of the voltage
regulator circuit 102 when the output terminal CPOUT of
the charge pump circuit 103 is short-circuited. Moreover, it
is possible to arbitrarily set the output voltage of the charge
pump circuit 103 at which the NMOS transistor 181 is
turned on.

[0250] Alternatively, a predetermined constant voltage
may be applied to the gate of the NMOS transistor 181 in
FIG. 39, in which case the resulting switching circuit 180 is
as illustrated in FIG. 40. Components in FIG. 40 identical
to those in FIG. 39 are designated the same reference
numerals.

[0251] In FIG. 40, the switching circuit 180 comprises an
NMOS transistor 181 and a constant voltage generator
circuit 187 which generates a predetermined constant volt-
age Vr which is output to a gate of the NMOS transistor 181.
The constant voltage Vr2 is set at a voltage lower than the
sum of the output voltage Vo of the voltage regulator circuit
102 and a threshold voltage of the NMOS transistor 181. As
the voltage at the output terminal CPOUT is reduced below
the constant voltage Vr2, the NMOS transistor 181 is turned
on.

[0252] As described above, the power supply circuit
according to the fourth embodiment is provided with the
switching circuit for reducing the output voltage Vo of the
voltage regulator circuit 102 when the output terminal
CPOUT is short-circuited to the ground voltage. From the
foregoing, the output voltage Vo of the voltage regulator
circuit 102 can be reduced upon short-circuiting of a load,
causing the short-circuit protection circuit unit 123 to oper-
ate to prevent a large current from continuously flowing
from the voltage regulator circuit 102.

[0253] In the fourth embodiment, the switching circuit is
connected external to the charge pump circuit 103 for
facilitating the understanding of the description. It should be
understood that this is a mere example, and the present
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invention is not limited to the illustrated particular configu-
ration. Alternatively, the switching circuit may be disposed
in the charge pump circuit 103.

[0254] Numerous additional modifications and variations
are possible in light of the above teachings. It is therefore to
be understood that within the scope of the appended claims,
the disclosure of this patent specification may be practiced
otherwise than as specifically described herein.

What is claimed is:

1. A charge pump circuit for boosting an input voltage
applied to a positive power supply input terminal and
outputting the boosted voltage from an output terminal, said
charge pump circuit comprising:

a plurality of first capacitors each charged with said input
voltage;

a plurality of first switching elements each for connecting
a low potential side of a corresponding one of said first
capacitors to said positive power supply input terminal
when said corresponding first capacitor is charged;

a plurality of second switching elements each for con-
necting a high potential side of the corresponding one
of said first capacitors to said output terminal when said
corresponding first capacitor is charged;

a plurality of third switching elements each connected to
a corresponding one of said first capacitors in series;

a fourth switching element for connecting one end of a
series circuit of each said corresponding one of said
first capacitors and said plurality of third switching
elements to said positive power supply input terminal;

a fifth switching element for connecting the other end of
the series circuit of each said corresponding one of said
first capacitors and said plurality of third switching
elements to a negative power supply input terminal;

a second capacitor charged with a voltage generated by
charging said plurality of first capacitors; and

a control circuit for controlling each of said first switching
elements, each of said second switching elements, each
of said third switching element, said fourth switching
element and said fifth switching element in response to
a predetermined clock signal.

2. A charge pump circuit according to claim 1, wherein:

each of said second switching elements comprises a MOS
transistor having a substrate gate connected to form a
parasitic diode in a direction in which a current flow is
prevented from said second capacitor to the corre-
sponding one of said first capacitors; and

said fourth switching element comprises a MOS transistor
having a substrate gate connected to form a parasitic
diode in a direction in which a current flow is prevented
from each of said plurality of first capacitors to said
positive power supply input terminal.

3. A charge pump circuit according to claim 1, wherein
said control circuit turns off each of said first switching
elements, each of said second switching elements, each of
said third switching elements, said fourth switching element
and said fifth switching element in response to a change in
a signal level of said clock signal, turns on each of said
second switching elements after the lapse of a first prede-
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termined time, and turns on each of said first switching
elements after the lapse of a second predetermined time
when said second capacitor is charged with voltages charged
on each of said plurality of first capacitors.

4. A charge pump circuit according to claim 1, wherein
said control circuit turns off each of said first switching
elements, each of said second switching elements, each of
said third switching elements, said fourth switching element
and said fifth switching element in response to a change in
a signal level of said clock signal, turns on said fourth
switching element and said fifth switching element after the
lapse of a third predetermined time, and turns on each of said
third switching elements after the lapse of a fourth prede-
termined time when said second capacitor is charged with
voltages charged on each of said plurality of first capacitors.

5. A charge pump circuit according to claim 1, wherein:

each of said third switching elements comprises a MOS
transistor;

said charge pump circuit further comprises a plurality of
change-over switches each for connecting a substrate
gate of a corresponding one of said MOS transistors to
a drain or a source of said MOS transistor; and

said control circuit controls the switching of said change-
over switches in response to said predetermined clock
signal.

6. A charge pump circuit according to claim 5, wherein
said control circuit turns off each of said first switching
elements, each of said second switching elements, each of
said third switching elements, said fourth switching element
and said fifth switching element in response to a change in
a signal level of said clock signal, turns on said fourth
switching element and said fifth switching element, and
switches each of said change-over switches after the lapse of
a third predetermined time when said second capacitor is
charged with voltages charged on each of said plurality of
first capacitors.

7. A charge pump circuit according to claim 6, wherein
said control circuit controls each of said change-over
switches to switch the connection of the substrate gate after
the lapse of the third predetermined time to form a parasitic
diode in a direction in which a current generated by a voltage
applied to said positive power supply input terminal is
prevented.

8. A power supply circuit comprising:

a voltage regulator circuit for generating a predetermined
constant voltage from a supply voltage supplied from a
DC power supply to output the predetermined constant
voltage; and

a charge pump circuit for boosting the output voltage from
said voltage regulator circuit by a scaling factor in
accordance with the value of the supply voltage to
supply the boosted voltage for powering a load, said
scaling factor being increased as the supply voltage is
lower.

9. A power supply circuit according to claim &, wherein
said charge pump circuit has a first operation mode for
outputting the output voltage of said voltage regulator circuit
as it is, a second operation mode for boosting the output
voltage of said voltage regulator circuit by a factor of o, and
a third operation mode for boosting the output voltage of
said voltage regulator circuit by a factor of 3, and is operable
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in one of said first operation mode, said second operation
mode and said third operation mode in accordance with said
supply voltage.

10. A power supply circuit according to claim 9, wherein
said charge pump circuit is operated in said first operation
mode when the supply voltage exceeds a first predetermined
value, operated in said second operation mode when the
supply voltage exceeds a second predetermined value
smaller than the first predetermined value, and operated in
said third operation mode when the supply voltage is equal
to or lower than the second predetermined value.

11. A power supply circuit according to claim 9, wherein
said charge pump circuit is operated in said first operation
mode when the supply voltage exceeds a first predetermined
voltage, and operated in said third operation mode when the
supply voltage is equal to or lower than the first predeter-
mined voltage.

12. A power supply circuit according to claim 9, wherein
said charge pump circuit is operated in said first operation
mode when the supply voltage exceeds a first predetermined
voltage, and operated in said second operation mode when
the supply voltage is equal to or lower than the first
predetermined voltage.

13. A power supply circuit according to claim 9, wherein
said charge pump circuit is operated in said second operation
mode when the supply voltage exceeds a third predeter-
mined value, and operated in said third operation mode
when the supply voltage is equal to or lower than the third
predetermined value.

14. A power supply circuit according to claim 8, wherein
said voltage regulator circuit outputs the supply voltage as
the output voltage when said charge pump is operated in said
first operation mode.

15. A power supply circuit according to claim 8, wherein
said charge pump circuit comprises:

a pair of first capacitors each charged with the predeter-
mined constant voltage output from said voltage regu-
lator circuit;

a first switching element for connecting a low potential
side of a corresponding one of said first capacitors to an
input terminal applied with the predetermined constant
voltage output from said voltage regulator circuit when
said first capacitors are charged;

a second switching element for connecting a high poten-
tial side of the corresponding one of said first capacitors
to an output terminal for outputting the voltage to said
load when said first capacitors are charged;

a third switching element connected to a corresponding
one of said first capacitors in series;

a fourth switching element for connecting one end of a
series circuit of said first capacitor and said third
switching element to said input terminal;

a fifth switching element for connecting the other end of
said series circuit of said first capacitor and said third
capacitor to a negative supply voltage of said DC
power supply;

a sixth switching element for connecting the high poten-
tial side of said first capacitor to said input terminal;

a seventh switching element for connecting the low
potential side of said first capacitor to the negative
supply voltage of said DC power supply;
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a second capacitor charged with a voltage generated by
charging each of said first capacitors;

a voltage detector circuit for detecting the supply voltage
to output a signal indicative of the detected voltage
value; and

a control circuit for controlling said first to seventh
switching elements based on a predetermined clock
signal in response to the signal from said voltage
detector circuit and for controlling the operation of said
voltage regulator circuit.

16. A power supply circuit according to claim 15, wherein
said control circuit controls each of said first to seventh
switching elements such that said switching elements con-
nected in series between said input terminal and said second
capacitor are not simultaneously turned on when said charge
pump circuit boosts the output voltage of said voltage
regulator circuit.

17. A power supply circuit according to claim 15, wherein
said control circuit controls each of said first to seventh
switching elements such that said switching elements con-
nected in series between said input terminal and the negative
supply voltage of said DC power supply are not simulta-
neously turned on.

18. A power supply circuit according to claim 15,
wherein:

each of said third and sixth switching elements comprises
a MOS transistor;

said power supply circuit further comprises a first and a
second change-over switch each for connecting a sub-
strate gate of a corresponding one of said MOS tran-
sistors to a drain or a source of said corresponding
MOS transistor; and

said control circuit controls said first and second change-
over switches to connect the substrate gate to the source
of said corresponding MOS transistor when said cor-
responding MOS transistor has a source voltage higher
than a drain voltage, and to connect the substrate gate
to the drain of said corresponding MOS transistor when
said corresponding MOS transistor has the source volt-
age lower than the drain voltage.

19. A power supply circuit according to claim 15,

wherein:

each of said second switching elements comprises a MOS
transistor having a substrate gate connected to form a
parasitic diode in a direction in which a current flow is
prevented from said second capacitor to the corre-
sponding one of said first capacitors; and

said fourth switching element comprises a MOS transistor
having a substrate gate connected to form a parasitic
diode in a direction in which a current flow is prevented
from said first capacitors to said input terminal.

20. A power supply circuit according to claim 15, wherein
said control circuit turns on each of said fourth and fifth
switching elements and then turns on said third switching
element when each of said first capacitors is charged with
the output voltage of said voltage regulator circuit.

21. A power supply circuit for supplying a load with a
predetermined voltage, said power supply circuit compris-
ing:
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a charge pump circuit for generating the predetermined
voltage; and

a voltage regulator circuit for generating a predetermined
constant voltage from a supply voltage applied thereto
from a DC power supply, said voltage regulator circuit
including:

a voltage regulator circuit unit for generating the pre-
determined constant voltage from the supply voltage
supplied from said DC power supply, and outputting
the predetermined constant voltage to said charge
pump circuit; and

current limiting circuit unit for limiting an output
current of said voltage regulator circuit unit such that
the output current from said voltage regulator circuit
does not exceed a first predetermined current value.

22. Apower supply circuit according to claim 21, wherein
said voltage regulator circuit further includes a short-circuit
protection circuit unit for limiting the current output from
said voltage regulator circuit unit such that the current is
reduced simultaneously with a voltage output from said
voltage regulator circuit unit when the voltage is reduced
from the predetermined constant voltage, wherein the lim-
ited current value presents a second predetermined value
when the output voltage of said voltage regulator circuit unit
is at the predetermined constant voltage, and the limited
current value presents a third predetermined value when the
output voltage of said voltage regulator circuit unit is at a
ground voltage.

23. A power supply circuit for supplying a load with a
predetermined voltage, said power supply circuit compris-
ing:

a charge pump circuit for generating the predetermined
voltage; and

a voltage regulator circuit for generating a predetermined
constant voltage from a supply voltage applied thereto
from a DC power supply, said voltage regulator circuit
including:

a voltage regulator circuit unit for generating the pre-
determined constant voltage from the supply voltage
supplied from said DC power supply, and outputting
the predetermined constant voltage to said charge
pump circuit;

current limiting circuit unit for limiting an output
current of said voltage regulator circuit unit such that
the output current from said voltage regulator circuit
does not exceed a first predetermined current value;
and

short-circuit protection circuit unit for limiting the
current output from said voltage regulator circuit unit
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such that the current is reduced simultaneously with
a voltage output from said voltage regulator circuit
unit when the voltage is reduced from the predeter-
mined constant voltage, wherein the limited current
value presents a second predetermined value when
the output voltage of said voltage regulator circuit
unit is at the predetermined constant voltage, and the
limited current value presents a third predetermined
value when the output voltage of said voltage regu-
lator circuit unit is at a ground voltage.

24. A power supply circuit according to claim 21 or 23,
further comprising a switching circuit for connecting an
output terminal of said voltage regulator circuit to an output
terminal of said charge pump circuit to bypass said charge
pump circuit when an output voltage of said charge pump
circuit is reduced lower than the output voltage of said
voltage regulator circuit.

25. A power supply circuit according to claim 24, wherein
said switching circuit comprises a diode which is connected
in a forward direction in which the output terminal of said
voltage regulator circuit is connected to the output terminal
of said charge pump circuit.

26. A power supply circuit according to claim 25, wherein
said diode is a Schottky diode.

27. A power supply circuit according to claim 24, wherein
said switching circuit comprises:

a transistor connected between the output terminal of said
voltage regulator circuit and the output terminal of said
charge pump circuit; and

a control circuit unit for detecting the output voltage of
said charge pump circuit to control said transistor to
turn on when the output voltage of said charge pump
circuit is equal to or lower than a predetermined voltage
value.

28. A power supply circuit according to claim 24, wherein

said switching circuit comprises:

a transistor connected between the output terminal of said
voltage regulator circuit and the output terminal of said
charge pump circuit; and

constant voltage generator circuit for generating a
predetermined constant voltage, and outputting the
predetermined constant voltage to a control signal input
terminal of said transistor, said predetermined constant
voltage being smaller than the sum of the output
voltage of said voltage regulator circuit when the
output terminal of said charge pump circuit is short-
circuited to the ground voltage and a threshold voltage
of said transistor.
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