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ABSTRACT

This semiconductor device includes a first regulator that

(21)  Appl. No.: 15/681,850 stabilizes an input voltage to generate a stabilized voltage; a
’ voltage boosting circuit that boosts the stabilized voltage to
(22) Filed: Aug. 21, 2017 generate a boosted voltage; a second regulator that stabilizes
the boosted voltage to generate a first power supply voltage;
(30) Foreign Application Priority Data and a third regulator that is connected to the second regulator
in parallel, and that stabilizes the boosted voltage to generate
Aug. 24,2016 (JP) vt 2016-163443 a second power supply voltage.
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SEMICONDUCTOR DEVICE, POWER
SUPPLY CIRCUIT, AND LIQUID CRYSTAL
DISPLAY DEVICE

[0001] This patent application claims the benefit of Japa-
nese Patent Application No. 2016-163443, filed on Aug. 24,
2016. The content of the aforementioned application is
incorporated herein by reference in its entirety.

BACKGROUND

1. Technical Field

[0002] The present invention relates to a semiconductor
device and a power supply circuit that are used to boost an
input voltage from a battery or the like to generate a desired
power supply voltage. The invention also relates to a liquid
crystal display device or the like that displays an image
using a power supply voltage that is generated by such a
semiconductor device or power supply circuit.

2. Related Art

[0003] For example, a liquid crystal display device
requires a relatively high voltage to drive a liquid crystal
panel. For this reason, in the case of portable devices such
as amobile phone or a mobile information terminal, a power
supply voltage for displaying an image is generated by
boosting an input voltage from a battery. For this purpose,
for example, a plurality of external capacitors are attached to
a semiconductor device that incorporates a voltage boosting
circuit of the charge-pump type to constitute a power supply
circuit. Typically, a liquid crystal display device requires a
plurality of power supply voltages, and a power supply
circuit is configured to generate a plurality of power supply
voltages.

[0004] IJP-A-2002-291232 discloses a related technique,
namely a power supply circuit that generates a plurality of
power supply voltages using a voltage boosting circuit of the
charge-pump type. This power supply circuit includes a first
voltage boosting circuit that boosts a first input voltage, a
second voltage boosting circuit that receives a second input
voltage that is an output voltage of the first voltage boosting
circuit, a first regulator that smooths the output voltage of
the first voltage boosting circuit, and a second regulator that
smooths an output voltage of the second voltage boosting
circuit.

[0005] However, in the power supply circuit in the JP-A-
2002-291232, the first regulator smooths the output voltage
of the first voltage boosting circuit to generate a first power
supply voltage. For this reason, if a load current in the first
regulator increases, there is a concern that the output voltage
of the first voltage boosting circuit decreases. In this case,
since the output voltage of the first voltage boosting circuit
is further boosted by the second voltage boosting circuit, it
is conceivable that the output voltage of the second voltage
boosting circuit significantly decreases, affecting driving
capability (capability to supply voltage or current) of the
second regulator.

[0006] Moreover, a power supply circuit for a liquid
crystal display device is required to meet various needs, such
as expanding the available input voltage range, increasing
voltage conversion efficiency, and adjustable output voltage.
In particular, in the case where a memory liquid crystal panel
is used in a liquid crystal display device, it is necessary to
greatly reduce power consumption in a low power consump-
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tion mode in which the supply of image data to a liquid
crystal driving circuit is stopped and a state is maintained
where a fixed image is displayed on the liquid crystal panel,
compared with the power consumption in a normal opera-
tion mode in which image data is continuously supplied to
the liquid crystal driving circuit to display an image on the
liquid crystal panel.

SUMMARY

[0007] In view of the foregoing points, a first advantage of
the invention lies in a reduction in the influence of an
increase in a load current on a voltage boosting operation,
and an improved capability to drive a load as compared with
the known techniques, in a semiconductor device or a power
supply circuit that is used to boost an input voltage to
generate a plurality of power supply voltages. A second
advantage of the invention lies in expansion of the available
input voltage range, an increase in the voltage conversion
efficiency, adjustable output voltage, and selectable power
consumption levels in such a semiconductor device or power
supply circuit. A third advantage of the invention lies in
provision of a liquid crystal display device or the like that
displays an image using a power supply voltage generated
by such a semiconductor device or power supply circuit.
[0008] A semiconductor device according to a first aspect
of the invention includes: a first regulator that stabilizes an
input voltage to generate a stabilized voltage; a voltage
boosting circuit that boosts the stabilized voltage to generate
a boosted voltage; a second regulator that stabilizes the
boosted voltage to generate a first power supply voltage; and
a third regulator that is connected to the second regulator in
parallel, and that stabilizes the boosted voltage to generate
a second power supply voltage.

[0009] According to the first aspect of the invention, the
boosted voltage that has been boosted to a sufficiently high
level by the voltage boosting circuit is stabilized by the
second and third regulators that are connected in parallel.
Thus, even if a load current has increased, it is possible to
reduce the influence thereof on the voltage boosting opera-
tion, and improve the capability to drive the load compared
with known techniques. In addition, the first regulator sta-
bilizes the input voltage supplied from a battery or the like
to generate the stabilized voltage, and thereafter the voltage
boosting circuit boosts the stabilized voltage to generate the
boosted voltage. Accordingly, the available input voltage
range can be expanded.

[0010] Here, the voltage boosting circuit may include an
N-channel transistor and five P-channel transistors that are
connected in series, and boost the stabilized voltage sub-
stantially three times through a charge-pump operation to
generate the boosted voltage when a plurality of capacitors
are connected to six terminals that are connected, in one-
to-one correspondence, to the N-channel transistor and the
fixe P-channel transistors. With this configuration, a boosted
voltage that is about three times the stabilized voltage
supplied from the first regulator can be generated with a high
voltage conversion efficiency.

[0011] The first regulator may include a differential ampli-
fier circuit that operates upon receiving a supply of the input
voltage, and amplifies a difference between a reference
voltage and a feedback voltage to generate the stabilized
voltage, a voltage divider circuit that divides the stabilized
voltage to generate the feedback voltage, and a capability
selection circuit that selects a load change response capa-



US 2018/0061342 Al

bility of the first regulator by changing a value of a bias
current flowing through two transistors that constitute a
differential pair in the differential amplifier circuit. With this
configuration, load change response capability and the
power consumption of the first regulator are selected in
accordance with a load state or the like, and thus unneces-
sary power consumption can be reduced.

[0012] Furthermore, the second or third regulator may
include a differential amplifier circuit that operates upon
receiving a supply of the boosted voltage, and amplifies a
difference between a reference voltage and a feedback
voltage to generate the first or second power supply voltage,
a voltage divider circuit that divides the first or second
power supply voltage to generate the feedback voltage, and
a capability selection circuit that selects a load change
response capability of the second or third regulator by
changing a value of a bias current flowing through two
transistors that constitute a differential pair in the differential
amplifier circuit. With this configuration, load change
response capability and the power consumption of the
second or third regulator are selected in accordance with a
load state or the like, and thus unnecessary power consump-
tion can be reduced.

[0013] Otherwise, the second or third regulator may
include a differential amplifier circuit that operates upon
receiving a supply of the boosted voltage, and amplifies a
difference between a reference voltage and a feedback
voltage to generate the first or second power supply voltage,
a voltage divider circuit that divides the first or second
power supply voltage to generate the feedback voltage, and
a voltage adjusting circuit that adjusts the first or second
power supply voltage by selecting a voltage division ratio
for the voltage divider circuit. With this configuration, the
first or second power supply voltage is adjusted in accor-
dance with the temperature or the like, and thus a desired
power supply voltage can be generated.

[0014] In the above configuration, the first regulator may
be able to be set to one of a first state of generating a first
voltage as the stabilized voltage and a second state of
generating a second voltage that is higher than the first
voltage as the stabilized voltage, and the voltage boosting
circuit may be able to be set to one of a first state of boosting
the stabilized voltage substantially three times and a second
state of boosting the stabilized voltage substantially twice.
With this configuration, in the case where the range of input
voltage to be dealt with is not very wide, the first regulator
and the voltage boosting circuit are set to the second state,
and it is thus possible to improve the voltage conversion
efficiency and reduce the number of parts.

[0015] This semiconductor device may further include a
logic circuit that operates upon receiving a supply of the first
or second power supply voltage generated by the second or
third regulator. With this configuration, the logic circuit
incorporated in the semiconductor device can be operated
using the first or second power supply voltage supplied to
the load.

[0016] A power supply circuit according to a second
aspect of the invention includes any of the above-described
semiconductor devices, and a plurality of capacitors that are
connected to the semiconductor device. According to the
second aspect of the invention, it is possible to provide a
power supply circuit with an improved capability to drive
the load as compared with known techniques, and with a
wide available input voltage range.
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[0017] A liquid crystal display device according to a third
aspect of the invention includes any of the above-described
semiconductor devices, a liquid crystal panel, and a liquid
crystal driving circuit that operates upon receiving a supply
of the first and second power supply voltages generated by
the second and third regulators, and drives the liquid crystal
panel to display an image. According to the third aspect of
the invention, a sufficient power supply current can be
supplied to the liquid crystal driving circuit by the semicon-
ductor device with an improved capability to drive the load
compared with known techniques.

[0018] Here, the liquid crystal panel may be a memory
liquid crystal panel, and the semiconductor device may
further include a control unit that sets a load change response
capability of the first, second, and third regulators to a first
level in a normal operation mode in which image data is
continuously supplied to the liquid crystal driving circuit to
display an image on the liquid crystal panel, and sets the load
change response capability of the first, second, and third
regulators to a second level that is lower than the first level
in a low power consumption mode in which the supply of the
image data to the liquid crystal driving circuit is stopped and
a state is maintained where a fixed image is displayed on the
liquid crystal display. With this configuration, power con-
sumption of the first to third regulators can be reduced in the
low power consumption mode in which power consumption
in the liquid crystal driving circuit is small.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] The invention will be described with reference to
the accompanying drawings, wherein like numbers refer-
ence like elements.

[0020] FIG. 1 is a block diagram showing an exemplary
configuration of a power supply circuit according to an
embodiment of the invention.

[0021] FIG. 2 is a circuit diagram showing an exemplary
configuration of a first regulator shown in FIG. 1.

[0022] FIG. 3 is a circuit diagram showing an exemplary
configuration of a voltage boosting circuit shown in FIG. 1.
[0023] FIG. 4 is a diagram showing waveforms of driving
signals used in the voltage boosting circuit shown in FIG. 3.
[0024] FIG. 5 is a circuit diagram showing an exemplary
configuration of a power supply voltage generation circuit
shown in FIG. 1.

[0025] FIG. 6 is a block diagram showing an exemplary
configuration of a liquid crystal display device according to
an embodiment of the invention.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0026] Hereinafter, an embodiment of the invention will
be described in detail with reference to the drawings. Note
that like constituent elements are assigned like reference
numerals to omit redundant descriptions.

[0027] Power Supply Circuit

[0028] FIG. 1 is a block diagram showing an exemplary
configuration of a power supply circuit according to an
embodiment of the invention. As shown in FIG. 1, this
power supply circuit includes a semiconductor device 100
according to an embodiment of the invention, and a plurality
of external capacitors C1 to C7, which are connected to a
plurality of terminals in the semiconductor device 100. The
semiconductor device 100 includes a first regulator 10, a
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voltage boosting circuit 20, and a power supply voltage
generation circuit 30. The power supply voltage generation
circuit 30 includes a second regulator 30a and a third
regulator 305.

[0029] The first regulator 10 is connected to two input
terminals, to which an input voltage (VD-VS) is supplied
from a battery or the like. One of these input terminals is
connected to a reference potential VS interconnect in the
semiconductor device 100. In the following description, it is
assumed that the reference potential VS is a ground potential
of 0V, and the input voltage (VD-VS) is equal to a positive
input potential VD.

[0030] The first regulator 10 stabilizes the input voltage
VD to generate a stabilized voltage VC1. The voltage
boosting circuit 20 boosts the stabilized voltage VC1 to
generate a boosted voltage VC3. The second regulator 30a
stabilizes the boosted voltage VC3 to generate a first power
supply voltage VDH. The third regulator 305 is connected to
the second regulator 30a in parallel, and stabilizes the
boosted voltage VC3 to generate a second power supply
voltage VDL.

[0031] For example, the input voltage VD is in the range
from 1.8 V to 5.5 V. The stabilized voltage VC1 is about 1.8
V. The voltage boosting circuit 20 boosts the stabilized
voltage VC1 about three times to generate the boosted
voltage VC3, which is about 5.4 V. The first power supply
voltage VDH is about 5 V. The second power supply voltage
VDL is about 3 V.

[0032] Thus, the boosted voltage VC3 that has been
boosted to a sufficiently high voltage by the voltage boosting
circuit 20 is stabilized by the second regulator 30a and the
third regulator 305 that are connected in parallel. As a result,
even if a load current has increased, it is possible to reduce
the influence thereof on the voltage boosting operation and
improve the capability to drive the load, compared with
known techniques.

[0033] Since the voltage boosting circuit 20 boosts the
stabilized voltage VC1 to generate the boosted voltage VC3
after the first regulator 10 has stabilized the input voltage
VD supplied from a battery or the like to generate the
stabilized voltage VC1, the available range of the input
voltage VD can be expanded. Accordingly, it is possible to
provide a power supply circuit with an improved capability
to drive a load, compared with known techniques, and with
a wide available range of the input voltage VD.

[0034]

[0035] FIG. 2 is a circuit diagram showing an exemplary
configuration of the first regulator shown in FIG. 1. The first
regulator 10 includes a reference voltage generation circuit
11, a differential amplifier circuit 12, a voltage divider circuit
13, a voltage adjusting circuit 14, and a capability selection
circuit 15.

[0036] The reference voltage generation circuit 11 oper-
ates upon receiving a supply of the input voltage VD, and
generates a reference voltage VRF1 and a bias voltage VBI1.
The differential amplifier circuit 12 operates upon receiving
a supply of the input voltage VD, and amplifies a difference
between the reference voltage VRF1 and a feedback voltage
VFBI to generate the stabilized voltage VC1. The voltage
divider circuit 13 divides the stabilized voltage VC1 to
generate the feedback voltage VFB1. The voltage adjusting
circuit 14 selects a voltage division ratio for the voltage
divider circuit 13, thereby adjusting the stabilized voltage

First Regulator
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VC1. The capability selection circuit 15 selects a load
change response capability for the first regulator 10.

[0037] In the example shown in FIG. 2, the differential
amplifier circuit 12 includes P-channel MOS transistors
QP11 to QP13 and N-channel MOS transistors QN11 to
QN14. The transistors QP11 and QP12 each have a source
that is connected to the input potential VD interconnect, and
a gate that is connected to a drain of the transistor QP12, and
constitute a current mirror circuit.

[0038] The transistors QN11 and QN12 have drains that
are connected to drains of the transistors QP11 and QP12,
respectively, and sources that are connected to each other,
and constitute a differential pair in the differential amplifier
circuit 12. The reference voltage VRF1 is applied to a gate
of the transistor QN11. The feedback voltage VFB1 is
applied to a gate of the transistor QN12.

[0039] The transistors QN13 and QN14 have drains that
are connected to the sources of the transistors QN11 and
QN12, respectively, and gates to which the bias voltage VB1
is applied. A source of the transistor QN13 is connected to
a reference potential VS interconnect. The transistor QN13
supplies the bias current to the two transistors QN11 and
(QN12 that constitute the differential pair.

[0040] The transistor QP13 has a source that is connected
to the input potential VD interconnect, a gate that is con-
nected to the drain of the transistor QP11 and the drain of the
transistor QN11, and a drain that is connected to an output
terminal OUT1 of the first regulator 10, and constitutes an
output stage of the differential amplifier circuit 12. The
differential amplifier circuit 12 generates the stabilized volt-
age VCI1 so that the feedback voltage VFBI1 is substantially
equal to the reference voltage VRF1, and supplies the
generated stabilized voltage VC1 to the output terminal
OUT1.

[0041] The voltage divider circuit 13 includes resistors
R11 to R13, which are connected in series between the
output terminal OUT1 and the reference potential VS inter-
connect. The voltage adjusting circuit 14 includes P-channel
MOS transistors QP15 and QP16, N-channel MOS transis-
tors QN15 and QN16, and an inverter INV. The inverter INV
inverts a selection signal SL1 for selecting a value of the
stabilized voltage VC1, and generates an inverted selection
signal XSL1.

[0042] The transistors QP15 and QN15 constitute a first
analog switch, which turns on in a first state where the
selection signal SL1 is inactivated to a low level, and
connects a node between the resistor R11 and resistor R12
to the gate of the transistor QN12. Thus, the feedback
voltage VFBI that is generated as a result of the stabilized
voltage VC1 being divided by the resistor R11 and the
resistors R12 and R13 is applied to the gate of the transistor
QN12. In the first state, the first regulator 10 generates a
stabilized voltage VC1 of about 1.8 V, for example.

[0043] The transistors QP16 and QN16 constitute a second
analog switch, which turns on in a second state where the
selection signal SL1 is activated to a high level, and con-
nects a node between the resistor R12 and resistor R13 to the
gate of the transistor QN12. Thus, the feedback voltage
VFBI that is generated as a result of the stabilized voltage
VC1 being divided by the resistors R11 and R12 and the
resistor R13 is applied to the gate of the transistor QN12. In
the second state, the first regulator 10 generates a stabilized
voltage VC1 of about 2.7 V, for example.
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[0044] The transistor QN17 in the capability selection
circuit 15 has a drain that is connected to the source of the
transistor QN14, a source that is connected to the reference
potential VS interconnect, and a gate to which a selection
signal BST for selecting the load change response capability
is applied. The transistor QN17 turns on in a normal
operation mode in which the selection signal BST is acti-
vated to a high level, and connects the source of the
transistor QN14 to the reference potential VS interconnect.
As a result, the bias current flowing through the two tran-
sistors QN11 and QN12 that constitute the differential pair
increases, and the load change response capability (slew
rate, open-loop amplification factor etc.) of the first regulator
10 is set to a first level.

[0045] On the other hand, the transistor QN17 turns off in
a low power consumption mode in which the selection
signal BST is inactivated to a low level. As a result, the bias
current flowing through the two transistors QN11 and QN12
that constitute the differential pair decreases, and the load
change response capability of the first regulator 10 is set to
a second level, which is lower than the first level. The power
consumption also decreases accordingly.

[0046] Thus, the capability selection circuit 15 selects the
load change response capability of the first regulator 10 by
changing the value of the bias current flowing through the
two transistors QN11 and QN12 that constitute the differ-
ential pair in the differential amplifier circuit 12. With this
configuration, the load change response capability and the
power consumption of the first regulator 10 are selected in
accordance with a load state or the like, and thus unneces-
sary power consumption can be reduced.

[0047]

[0048] FIG. 3 is a circuit diagram showing an exemplary
configuration of the voltage boosting circuit shown in FIG.
1. FIG. 4 is a diagram showing waveforms of driving signals
used in the voltage boosting circuit shown in FIG. 3. In the
example shown in FIG. 3, the voltage boosting circuit 20
includes a driving signal generation circuit 21, an inverter
22, level shifters 23 to 26, and an N-channel MOS transistor
QN21 and five P-channel MOS transistors QP21 to QP25,
which are connected in series.

[0049] The voltage boosting circuit 20 performs a voltage
boosting operation through a charge-pump operation when
the plurality of capacitors C1 to C5 are connected to six
terminals (pads) P1 to P6, which are connected respectively
to the transistor QN21 and transistors QP21 to QP25. As a
result, the voltage boosting circuit 20 boosts, about three
times, the stabilized voltage VC1 supplied from the first
regulator 10 shown in FIG. 2 to generate the boosted voltage
VC3.

[0050] The driving signal generation circuit 21 operates
upon receiving a supply of the stabilized voltage VCI, and
generates driving signals T1 and T2 having waveforms
shown in FIG. 4, based on a clock signal CLK. The clock
signal CLK has a frequency of about 32 kHz, for example.
The driving signals T1 and T2 shift between a stabilized
potential VC1 and the reference potential VS.

[0051] The driving signal T1 is supplied to a gate of the
transistor QN21 and an input terminal of the inverter 22. The
inverter 22 inverts the driving signal T1, and outputs the
inverted driving signal T1 to the level shifters 23 and 25. The
driving signal T2 is supplied to a gate of the transistor QP21
and the level shifters 24 and 26.

Voltage Boosting Circuit
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[0052] The level shifters 23 to 26 are each constituted by
a plurality of P-channel MOS transistors and a plurality of
N-channel MOS transistors, for example. The level shifter
23 operates upon receiving a supply of the boosted voltage
VC2, generates a driving signal T3 having a waveform
shown in FIG. 4 by shifting the high level of the inverted
driving signal T1, and supplies the generated driving signal
T3 to a gate of the transistor QP22. The level shifter 24
operates upon receiving a supply of the boosted voltage
VC2, generates a driving signal T4 having a waveform
shown in FIG. 4 by shifting the high level of the driving
signal T2, and supplies the generated driving signal T4 to a
gate of the transistor QP23. The driving signals T3 and T4
shift between a boosted potential VC2 and the reference
potential VS.

[0053] The level shifter 25 operates upon receiving a
supply of the boosted voltage VC3, generates a driving
signal T5 having a waveform shown in FIG. 4 by shifting the
high level of the inverted driving signal T1, and supplies the
generated driving signal T5 to a gate of the transistor QP24.
The level shifter 26 operates upon receiving a supply of the
boosted voltage VC3, generates a driving signal T6 having
awaveform shown in FIG. 4 by shifting the high level of the
driving signal T2, and supplies the generated driving signal
T6 to a gate of the transistor QP25. The driving signals T5
and T6 shift between a boosted potential VC3 and the
reference potential VS.

[0054] The capacitor C1, which serves as a flying capaci-
tor, is connected between the terminal P1 and terminal P3.
The capacitor C2, which also serves as a flying capacitor, is
connected between the terminal P1 and terminal P5. The
capacitor C3, which serves as a smoothing capacitor, is
connected between the terminal P2 and a reference potential
VS interconnect. The capacitor C4, which also serves as a
smoothing capacitor, is connected between the terminal P4
and a reference potential VS interconnect. The capacitor C5,
which also serves as a smoothing capacitor, is connected
between the terminal P6 and a reference potential V3
interconnect.

[0055] The transistors QN21 and QP21 to QP25 perform
a switching operation in accordance with the respective
driving signals T1 to T6, respectively, thereby repeating
charging and discharging of the capacitors C1 and C2.
Electrical charges accordingly move, and a charge-pump
operation is performed. As a result, the boosted potential
VC2 at the terminal P4 gradually rises and reaches about
twice the stabilized potential VC1, in a stationary state. The
boosted potential VC3 at the terminal P6 also gradually rises
and reaches about three times the stabilized potential VC1 in
a stationary state. With this configuration, the boosted volt-
age VC3 that is about three times the stabilized voltage VC1
supplied from the first regulator 10 shown in FIG. 2 can be
generated with a high voltage conversion efficiency.

[0056] The first regulator 10 can be set, using the selection
signal SL1, to one of a first state of generating a first voltage
(e.g. about 1.8 V) as the stabilized voltage VC1 and a second
state of generating a second voltage (e.g. about 2.7 V),
which is higher than the first voltage, as the stabilized
voltage VCI1. The voltage boosting circuit 20 can be set,
based on the connection state of the terminals P1 to P6, to
one of a first state of boosting the stabilized voltage VC1
about three times and a second state of boosting the stabi-
lized voltage VC1 about twice.
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[0057] For example, if the capacitor C1 is connected
between the terminal P1 and terminal P3, while the capacitor
C2 is not connected between the terminal P1 and terminal
PS5, the voltage boosting circuit 20 boosts the stabilized
voltage VC1 about twice to generate the boosted voltage
VC2, but does not boost it three times. Furthermore, the
capacitor C5 does not need to be connected between the
terminal P6 and the reference potential VS interconnect. The
terminal P6 may be short-circuited to the reference potential
VS interconnect to stop the operations of the level shifters 25
and 26.

[0058] Accordingly, if the range of the input voltage VD
to be dealt with is not very wide, the first regulator 10 and
the voltage boosting circuit 20 are set to the second state, and
it is thus possible to improve the voltage conversion effi-
ciency and reduce the number of parts. In this case, the
connection state is changed so as to supply the boosted
voltage VC2 (e.g. about 5.4 V) generated by the voltage
boosting circuit 20 to the power supply voltage generation
circuit 30 (FIG. 1).

[0059]

[0060] FIG. 5 is a circuit diagram showing an exemplary
configuration of the power supply voltage generation circuit
shown in FIG. 1. The power supply voltage generation
circuit 30 includes the second regulator 30a that stabilizes
the boosted voltage VC3 to generate the first power supply
voltage VDH, and the third regulator 305 that stabilizes the
boosted voltage VC3 to generate the second power supply
voltage VDL. The second regulator 30« and third regulator
305 are connected in parallel, and share the reference
voltage generation circuit 31. The reference voltage genera-
tion circuit 31 operates upon receiving a supply of the
boosted voltage VC3, and generates the reference voltage
VRF2 and the bias voltage VB2.

[0061]

[0062] The second regulator 30a includes a differential
amplifier circuit 32, a voltage divider circuit 33, a voltage
adjusting circuit 34, and a capability selection circuit 35. The
differential amplifier circuit 32 operates upon receiving a
supply of the boosted voltage VC3, and amplifies a differ-
ence between the reference voltage VRF2 and a feedback
voltage VFB2 to generate the first power supply voltage
VDH. The voltage divider circuit 33 divides the first power
supply voltage VDH to generate the feedback voltage VFB2.
The voltage adjusting circuit 34 selects a voltage division
ratio for the voltage divider circuit 33, thereby adjusting the
first power supply voltage VDH. The capability selection
circuit 35 selects a load change response capability of the
second regulator 30a.

[0063] In the example shown in FIG. 5, the differential
amplifier circuit 32 includes P-channel MOS transistors
QP31 to QP33 and N-channel MOS transistors QN31 to
QN34. The transistors QP31 and QP32 each have a source
that is connected to a boosted potential VC3 interconnect,
and a gate that is connected to a drain of the transistor QP32,
and constitute a current mirror circuit.

[0064] The transistors QN31 and QN32 have drains that
are conrected to drains of the transistors QP31 and QP32,
respectively, and sources that are connected to each other,
and constitute a differential pair in the differential amplifier
circuit 32. The reference voltage VRF2 is applied to a gate
of the transistor QN31. The feedback voltage VFB2 is
applied to a gate of the transistor QN32.

Power Supply Voltage Generation Circuit

Second Regulator
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[0065] The transistors QN33 and QN34 have drains that
are connected to the sources of the transistors QN31 and
QN32, respectively, and gates to which a bias voltage VB2
is applied. A source of the transistor QN33 is connected to
a reference potential VS interconnect. The transistor QN33
supplies a bias current to the two transistors QN31 and
QN32 that constitute the differential pair.

[0066] The transistor QP33 has a source that is connected
to a boosted potential VC3 interconnect, and a gate that is
connected to the drain of the transistor QP31 and the drain
of the transistor QN31, and a drain that is connected to an
output terminal OUT2 of the second regulator 30q, and
constitutes an output stage of the differential amplifier
circuit 32. The differential amplifier circuit 32 generates the
first power supply voltage VDH so that the feedback voltage
VFB2 is substantially equal to the reference voltage VRF2,
and supplies the generated first power supply voltage VDH
to the output terminal OUT2.

[0067] The voltage divider circuit 33 includes a ladder
resistor R31, which is constituted by a plurality of resistors
that are connected in series between the output terminal
OUT?2 and a reference potential VS interconnect. The volt-
age adjusting circuit 34 includes a selector for selecting one
terminal from among terminals of the plurality of resistors
that constitute the ladder resistor R31 to connect to the gate
of the transistor QN32, in accordance with a selection signal
SL2 for selecting a value of the first power supply voltage
VDH. Thus, the feedback voltage VFB2, which is generated
due to the first power supply voltage VDH being divided by
the ladder resistor R31, is applied to the gate of the transistor
QN32.

[0068] The selector of the voltage adjusting circuit 34
includes eight analog switches, for example. The selector
selects one terminal from among eight terminals of the
ladder resistor R31 to connect to the gate of the transistor
QN32, in accordance with a 3-bit selection signal SL.2. For
example, the first power supply voltage VDH is adjusted
within a range from about 4.4 V to about 5.05 V. Thus, the
first power supply voltage VDH is adjusted in accordance
with the temperature or the like, and a desired power supply
voltage can be generated.

[0069] The transistor QN335 in the capability selection
circuit 35 has a drain that is connected to the source of the
transistor QN34, a source that is connected to a reference
potential VS interconnect, and a gate to which the selection
signal BST for selecting the load change response capability
is applied. The transistor QN35 turns on in the normal
operation mode in which the selection signal BST is acti-
vated to a high level, and connects the source of the
transistor QN34 to the reference potential VS interconnect.
As a result, a bias current flowing through the two transistors
QN31 and QN32 that constitute the differential pair
increases, and the load change response capability of the
second regulator 30a is set to a first level.

[0070] On the other hand, the transistor QN35 turns off in
the low power consumption mode in which the selection
signal BST is inactivated to a low level. As a result, the bias
current flowing through the two transistors QN31 and QN32
that constitute the differential pair decreases, and the load
change response capability of the second regulator 30a is set
to a second level, which is lower than the first level. The
power consumption also decreases accordingly. With this
configuration, the load change response capability and the
power consumption of the second regulator 30qa are selected
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in accordance with a load state or the like, and thus unnec-
essary power consumption can be reduced.

[0071] Third Regulator

[0072] The third regulator 305 includes a differential
amplifier circuit 36, a voltage divider circuit 37, a voltage
adjusting circuit 38, and a capability selection circuit 39. The
differential amplifier circuit 36 operates upon receiving a
supply of the boosted voltage VC3, and amplifies a differ-
ence between the reference voltage VRF2 and a feedback
voltage VFB3 to generate the second power supply voltage
VDL. The voltage divider circuit 37 divides the second
power supply voltage VDL to generate the feedback voltage
VFB3. The voltage adjusting circuit 38 selects a voltage
division ratio for the voltage divider circuit 37, thereby
adjusting the second power supply voltage VDL. The capa-
bility selection circuit 39 selects a load change response
capability of the third regulator 30.

[0073] In the example shown in FIG. 5, the differential
amplifier circuit 36 includes P-channel MOS transistors
QP41 to QP43, and N-channel MOS transistors QN41 to
(QN44. The transistors QP41 and QP42 each have a source
that is connected to a boosted potential VC3 interconnect,
and a gate that is connected to a drain of the transistor QP42,
and constitute a current mirror circuit.

[0074] The transistors QN41 and QN42 have drains that
are connected to drains of the transistors QP41 and QP42,
respectively, and sources that are connected to each other,
and constitute a differential pair in the differential amplifier
circuit 36. The reference voltage VRF2 is applied to a gate
of the transistor QN41. The feedback voltage VFB3 is
applied to a gate of the transistor QN42.

[0075] The transistors QN43 and QN44 have drains that
are connected to the sources of the transistors QN41 and
QN42, respectively, and gates to which the bias voltage VB2
is applied. A source of the transistor QN43 is connected to
a reference potential VS interconnect. The transistor QN43
supplies a bias current to the two transistors QN41 and
QN42 that constitute the differential pair.

[0076] The transistor QP43 has a source that is connected
to a boosted potential VC3 interconnect, and a gate that is
connected to the drain of the transistor QP41 and the drain
of the transistor QN41, and a drain that is connected to an
output terminal OUT3 of the third regulator 304, and con-
stitutes an output stage of the differential amplifier circuit
36. The differential amplifier circuit 36 generates the second
power supply voltage VDL so that the feedback voltage
VFB3 is substantially equal to the reference voltage VRF2,
and supplies the generated second power supply voltage
VDL to the output terminal OUT3.

[0077] The voltage divider circuit 37 includes a ladder
resistor R32, which is constituted by a plurality of resistors
that are connected in series between the output terminal
OUT3 and a reference potential VS interconnect. The volt-
age adjusting circuit 38 also includes a selector for selecting
one terminal from among terminals of the plurality of
resistors that constitute the ladder resistor R32 to connect to
the gate of the transistor QN42, in accordance with a
selection signal SL3 for selecting a value of the second
power supply voltage VDL. Thus, the feedback voltage
VFB3, which is generated due to the second power supply
voltage VDL being divided by the ladder resistor R32, is
applied to the gate of the transistor QN42.

[0078] The selector of the voltage adjusting circuit 38 is
constituted by eight analog switches, for example. The
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selector selects one terminal from among eight terminals of
the ladder resistor R32 to connect to the gate of the transistor
QN42, in accordance with a 3-bit selection signal SL.3. For
example, the second power supply voltage VDL is adjusted
within a range from about 2.7 V to about 3.4 V. Thus, the
second power supply voltage VDL is adjusted in accordance
with the temperature or the like, and a desired power supply
voltage can be generated.

[0079] The transistor QN45 in the capability selection
circuit 39 has a drain that is connected to the source of the
transistor QN44, a source that is connected to a reference
potential VS interconnect, and a gate to which the selection
signal BST for selecting the load change response capability
is applied. The transistor QN45 turns on in the normal
operation mode in which the selection signal BST is acti-
vated to a high level, and connects the source of the
transistor QN44 to the reference potential VS interconnect.
As a result, the bias current flowing through the two tran-
sistors QN41 and QN42 that constitute the differential pair
increases, and the load change response capability of the
third regulator 305 is set to a first level.

[0080] On the other hand, the transistor QN45 turns off in
the low power consumption mode in which the selection
signal BST is inactivated to a low level. As a result, the bias
current flowing through the two transistors QN41 and QN42
that constitute the differential pair decreases, and the load
change response capability of the third regulator 305 is set
to a second level that is lower than the first level. The power
consumption also decreases accordingly. Thus, the load
change response capability and the power consumption of
the third regulator 305 are selected in accordance with a load
state or the like, and thus unnecessary power consumption
can be reduced.

[0081]

[0082] FIG. 6 is a block diagram showing an exemplary
configuration of a liquid crystal display device according to
an embodiment of the invention. As shown in FIG. 6, this
liquid crystal display device includes, for example, a semi-
conductor device 1004, which serves as a microcomputer, a
plurality of external capacitors C1 to C7, which are con-
nected to a plurality of terminals in the semiconductor
device 100a, and a panel module 200, which is constituted
by a liquid crystal panel 210 and a liquid crystal driving
circuit 220.

[0083] The semiconductor device 100a includes a power
supply unit 110, a control unit 120, a ROM (read only
memory) 130, a RAM (random access memory) 140, an /O
circuit 150, a temperature sensor 160, an internal power
supply circuit 170, and a level shifter 180. The ROM 130
may be a nonvolatile memory such as a flash memory. Note
that some of the constituent elements shown in FIG. 6 may
be omitted or modified. Otherwise, other constituent ele-
ments may be added to the constituent elements shown in
FIG. 6.

[0084] The power supply unit 110 has the same circuitry
as the circuitry of the semiconductor device 100 shown in
FIG. 1, and operates upon receiving a supply of the input
voltage (VD-VS). In the power supply unit 110, the second
regulator 30a generates the first power supply voltage VDH,
and the third regulator 305 generates the second power
supply voltage VDL. The first power supply voltage VDH
and second power supply voltage VDL are supplied to the
panel module 200, which serves as a load.

Liquid-Crystal Display Device
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[0085] The control unit 120 includes a CPU (central
processing unit), for example, and performs various kinds of
signal processing and control processing using image data or
the like that is supplied from the outside, in accordance with
programs stored in the ROM 130. For example, the control
unit 120 generates serial image data SDATA for displaying
various images on the panel module 200, and outputs the
generated serial image data SDATA together with a serial
clock signal SCLK to the level shifter 180.

[0086] The level shifter 180 is, for example, a logic circuit
that is constituted by a plurality of P-channel MOS transis-
tors and a plurality of N-channel MOS ftransistors. For
example, the level shifter 180 receives a supply of the
second power supply voltage VDL from the power supply
unit 110, and shifts the high level of the serial image data
SDATA and serial clock signal SCLK to the high potential
side of the second power supply voltage VDL. The serial
image data SDATA and serial clock signal SCLK output
from the level shifter 180 are supplied to the panel module
200. Thus, the logic circuit incorporated in the semiconduc-
tor device 100a can be operated using the second power
supply voltage VDL (or first power supply voltage VDH)
supplied to the load.

[0087] Programs, data, and the like with which the control
unit 120 performs various kinds of signal processing and
control processing are stored in the ROM 130. The RAM
140 is used as a work area for the control unit 120, and
temporarily stores programs and data that are read out from
the ROM 130, the result of calculations executed by the
control unit 120 in accordance with the programs, or the like.
[0088] The I/O circuit 150 is constituted by a digital
circuit and an analog circuit, for example, and performs I/O
access operations with an external device that is connected
to the semiconductor device 100a. The temperature sensor
160 detects the temperature in and around the semiconductor
device 100a to generate an output voltage, and outputs the
generated output voltage to the control unit 120.

[0089] The internal power supply circuit 170 includes a
regulator, for example, and generates a stabilized internal
power supply voltage VD1 (e.g. 1.5 V) based on the input
voltage (VD-VS). The control unit 120, ROM 130, RAM
140, 1/O circuit 150, and temperature sensor 160 operate
upon receiving a supply of the internal power supply voltage
VD1.

[0090] In the panel module 200, the liquid crystal driving
circuit 220 operates upon receiving a supply of the first
power supply voltage VDH and second power supply volt-
age VDL that are generated respectively by the second
regulator 30a and third regulator 304 in the semiconductor
device 100a. The liquid crystal driving circuit 220 drives the
liquid crystal panel 210 to display an image.

[0091] For example, the first power supply voltage VDH
is supplied to a driving signal generation circuit that gener-
ates a driving signal for driving the liquid crystal panel 210.
The second power supply voltage VDL is supplied to a
signal processing circuit that performs signal processing in
the liquid crystal driving circuit 220. According to this
embodiment, a sufficient power supply current can be sup-
plied to the liquid crystal driving circuit 220 by the semi-
conductor device 100a with an improved capability to drive
the load compared with known techniques.

[0092] A plurality of values of the selection signal SI.2
and a plurality of values of the selection signal SL3 are
stored corresponding to a plurality of temperature ranges, in
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the ROM 130 in the semiconductor device 100a. The control
unit 120 reads out, from the ROM 130, the values of the
selection signals SI.2 and SL3 that correspond to the tem-
perature range, which is specified by the output voltage of
the temperature sensor 160, and outputs the selection signals
SL2 and SL3 representing these values to the voltage
adjusting circuits 34 and 38 shown in FIG. 5. Thus, the first
power supply voltage VDH and second power supply volt-
age VDL are compensated in accordance with the tempera-
ture.

[0093] Otherwise, a configuration may also be employed
in which a person who is watching an image displayed on
the liquid crystal panel 210 transmits, to the I/O circuit 150,
an instruction to change the image quality, such as bright-
ness, using a remote controller or the like, and the control
unit 120 then changes the selection signals SI.2 and SL3 in
accordance with the instruction received by the 1/O circuit
150. The control unit 120 may also change the voltage
boosting efficiency in the voltage boosting circuit 20 (FIG.
2) by selecting the frequency of the clock signal CLK to be
supplied to the power supply unit 110, and adjust the first
power supply voltage VDH and second power supply volt-
age VDL.

[0094] Here, the liquid crystal panel 210 may be a memory
liquid crystal panel. Pixels in the memory liquid crystal
panel are bistable, namely are stable in both a translucent
state and a non-translucent state. The memory liquid crystal
panel requires electric power at the moment of writing an
image signal for displaying an image on the liquid crystal
panel, but does not require electric power at other times.
[0095] Accordingly, it is possible to greatly reduce power
consumption in the low power consumption mode in which
a supply of the serial image data SDATA to the liquid crystal
driving circuit 220 is stopped and a state is maintained where
a fixed image is displayed on the liquid crystal panel 210,
compared with the power consumption in the normal opera-
tion mode in which the serial image data SDATA is con-
tinuously supplied to the liquid crystal driving circuit 220 to
display an image on the liquid crystal panel 210. Power
consumption in the semiconductor device 100a in the low
power consumption mode also needs to be reduced accord-
ingly.

[0096] For this reason, the control unit 120 activates the
selection signal BST to a high level in the normal operation
mode in which the serial image data SDATA is continuously
supplied to the liquid crystal driving circuit 220 to display an
image on the liquid crystal panel 210. Thus, the control umt
120 sets the load change response capability of the first
regulator 10 (FIG. 1), the second regulator 30q, and the third
regulator 306 to the first level, which is sufficient for
displaying a video on the liquid crystal panel 210. At this
time, the power supply current supplied to the liquid crystal
driving circuit 220 is 1 mA at the maximum, for example.
[0097] On the other hand, the control unit 120 inactivates
the selection signal BST to a low level in the low power
consumption mode in which a supply of the serial image
data SDATA to the liquid crystal driving circuit 220 is
stopped and a state is maintained where a fixed image is
displayed on the liquid crystal panel 210. Thus, the control
unit 120 sets the driving capability of the first regulator 10
(FIG. 1), the second regulator 30a, and the third regulator
305 to the second level, which is lower than the first level.
[0098] As aresult, in the low power consumption mode in
which power consumption in the liquid crystal driving
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circuit 220 is small, power consumption in the first regulator
10 (FIG. 1), the second regulator 30q, and the third regulator
305 can be reduced. At this time, the power supply current
supplied to the liquid crystal driving circuit 220 is about 2
pA, for example. The operation current of the power supply
unit 110 is 1 pA, for example.
[0099] The above embodiment has described the case of
supplying a power supply voltage to a liquid crystal driving
circuit that drives a liquid crystal panel. However, the
invention is also applicable to the case of supplying a power
supply voltage to various other circuits. Thus, the invention
is not limited to the above-described embodiment, and may
be modified in various manners within the technical idea of
the invention by a person with common knowledge in the
relevant technical field.
What is claimed is:
1. A semiconductor device comprising:
a first regulator that stabilizes an input voltage to generate
a stabilized voltage;
a voltage boosting circuit that boosts the stabilized volt-
age to generate a boosted voltage;
a second regulator that stabilizes the boosted voltage to
generate a first power supply voltage; and
a third regulator that is connected to the second regulator
in parallel, and that stabilizes the boosted voltage to
generate a second power supply voltage.
2. The semiconductor device according to claim 1,
wherein the voltage boosting circuit includes an N-chan-
nel transistor and five P-channel transistors that are
connected in series, and boosts the stabilized voltage
substantially three times through a charge-pump opera-
tion to generate the boosted voltage when a plurality of
capacitors are connected to six terminals that are con-
nected, in one-to-one correspondence, to the N-channel
transistor and the fixe P-channel transistors.
3. The semiconductor device according to claim 1,
wherein the first regulator includes a differential amplifier
circuit that operates upon receiving a supply of the
input voltage, and amplifies a difference between a
reference voltage and a feedback voltage to generate
the stabilized voltage, a voltage divider circuit that
divides the stabilized voltage to generate the feedback
voltage, and a capability selection circuit that selects a
load change response capability of the first regulator by
changing a value of a bias current flowing through two
transistors that constitute a differential pair in the
differential amplifier circuit.
4. The semiconductor device according to claim 1,
wherein the second or third regulator includes a differen-
tial amplifier circuit that operates upon receiving a
supply of the boosted voltage, and amplifies a differ-
ence between a reference voltage and a feedback volt-
age to generate the first or second power supply volt-
age, a voltage divider circuit that divides the first or
second power supply voltage to generate the feedback
voltage, and a capability selection circuit that selects a
load change response capability of the second or third
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regulator by changing a value of a bias current flowing
through two transistors that constitute a differential pair
in the differential amplifier circuit.

5. The semiconductor device according to claim 1,

wherein the second or third regulator includes a differen-
tial amplifier circuit that operates upon receiving a
supply of the boosted voltage, and amplifies a differ-
ence between a reference voltage and a feedback volt-
age to generate the first or second power supply volt-
age, a voltage divider circuit that divides the first or
second power supply voltage to generate the feedback
voltage, and a voltage adjusting circuit that adjusts the
first or second power supply voltage by selecting a
voltage division ratio for the voltage divider circuit.

6. The semiconductor device according to claim 1,

wherein the first regulator can be set to one of a first state
of generating a first voltage as the stabilized voltage
and a second state of generating a second voltage that
is higher than the first voltage as the stabilized voltage,
and

the voltage boosting circuit can be set to one of a first state
of boosting the stabilized voltage substantially three
times and a second state of boosting the stabilized
voltage substantially twice.

7. The semiconductor device according to claim 1, further

comptrising:

a logic circuit that operates upon receiving a supply of the
first or second power supply voltage generated by the
second or third regulator.

8. A power supply circuit comprising:

the semiconductor device according to claim 1; and

a plurality of capacitors connected to the semiconductor
device.

9. A liquid crystal display device comprising:

the semiconductor device according to claim 1;

a liquid crystal panel; and

a liquid crystal drive circuit that operates upon receiving
a supply of the first and second power supply voltages
generated by the second and third regulators, and that
drives the liquid crystal panel to display an image.

10. The liquid crystal display device according to claim 9,

wherein the liquid crystal panel is a memory liquid crystal
panel, and

the semiconductor device further includes a control unit
that sets a load change response capability of the first,
second, and third regulators to a first level in a normal
operation mode in which image data is continuously
supplied to the liquid crystal driving circuit to display
an image on the liquid crystal panel, and sets the load
change response capability of the first, second, and
third regulators to a second level that is lower than the
first level in a low power consumption mode in which
the supply of the image data to the liquid crystal driving
circuit is stopped and a state is maintained where a
fixed image is displayed on the liquid crystal display.
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