
DESCRIPTION POWER SUPPLY APPARATUS AND VOLTAGE CONVERTER 5   TECHNICAL
FIELD The present invention relates to a power supply apparatus and a
voltage converter suitable for a low power LSI. 10   BACKGROUND ART
Circuits for increasing, decreasing and inverting a direct-current input
voltage value to a different di- rect-current output voltage value include
DC/DC converters. In view of the conversion efficiency and the amount of
heat 15   generated, a DC/DC converter has a better conversion efficiency
and generates a smaller amount of heat than those of a regulator. They have
a smaller device volume in comparison with a transformer. For these
characteristics, they are used in work stations and personal computers,
which 20   are demanding in terms of the conversion efficiency, amount of
heat generated, and device volume. Figures 51A and 51B illustrate a
structure of a conventional DC/DC converter 61. Figure 51A illustrates a 25
section for decreasing and outputting an input voltage.  A power supply
voltage is provided to a voltage input terminal. According to a pulse
signal provided to a signal input terminal A and a signal input terminal B,
NMOS transis- tors 50 and 51 are changed between an open state and a closed
30    state. When the NMOS transistor 50 is closed while the NMOS
transistor 51 is opened, a current is supplied to an LC. section. The
change in the supplied current over time is converted by an inductance L
into a voltage, and a voltage    -2- increases faster at the terminal A
than at an output terminal. 



Next, when the NMOS transistor 50 is opened while the NMOS transistor 51 is
closed, a current is discharged from the LC section. The ratio between the
supplied current and the 5   discharged current determines the output
voltage.  When a period of time for which the NMOS transistor 50 is closed
is longer than a period of time for which the NMOS transistor 51 is closed,
the output voltage increases. When the period of time for which the NMOS
transistor 50 10    is closed is shorter than the period of time for which
the NMOS transistor 51 is closed, the output voltage decreases. For
example, assume that the output voltage is 1.5 V when the period of time
for which the NMOS transistor 50 is closed is equal to the period of time
for which the NMOS 15    transistor 51 is closed.  Then, when the period of
time for which the NMOS transistor 50 is closed is longer than the period
of time for which the NMOS transistor 51 is closed, the output voltage is a
voltage higher than 1.5 V. When the period of time for which the NMOS
transistor 50 is closed 20    is shorter than the period of time for which
the NMOS transistor 51 is closed, the output voltage is a voltage lower
than 1.5 V. As illustrated in Figure 51B, signals instructing 25    the
open/closed states of the NMOS transistors 50 and 51 are input through the
signal input terminals A and B, and pulse signals input to the signal input
terminals A and B are generated by a pulse generation section 55. The cycle
and pulse width of an output pulse of the pulse generation 30    section 55
are controlled by a control section 57.  The control section 57 compares
the voltage output from a reference voltage generation section 56 and the
voltage at a monitor terminal of a voltage conversion section 54 with    



-3- each other, and controls the cycle and pulse width of the pulse signal
output from the pulse generation section so that the voltage at the monitor
terminal is at a target voltage. 5 Recently, it has also been proposed to
use a DC/DC converter in portable apparatuses such as a portable telephone
or a PHS in order to prolong the life of a lithium ion battery. This is
because there is a possibility that, 10    by decreasing the output voltage
of a lithium ion battery, which has a 3 V output voltage, to a voltage near
1 V by means of a DC/DC converter, and by operating an LSI used in a
portable telephone at the voltage near 1 V, the power consumption of the
LSI may be reduced. 15 However, in order to realize such a prolongation of
battery life, it is necessary for the DC/DC converter to simultaneously
solve the following problems (1) and (2). 20    (1) The conversion
efficiency should not decrease even when converting the battery voltage to
a voltage which is half or less than half of the battery voltage. The
output voltage of a lithium ion battery used in 25    a portable telephone
is 3 V. In order to reduce the power consumption of the LSI, it. is
necessary to efficiently decrease the output voltage of the lithium ion
battery to 1 V. However, when it is attempted to effect such a voltage
decrease using the conventional DC/DC converter 61 30    (Figure 51B) ,
theconversionefficiencydecreases. This is because the power consumption of
a control system circuit 58 in the conventional DC/DC converter 61 is
large.  For example, when the power supply voltage is 1 V, the power   



-4- consumption of the LSI is about 10 mW, whereas the power consumption of
the control system circuit 58, which includes the pulse generation section
55, the control section 57 and the reference voltage generation section 56,
is about 100 mW. 5    Thus, a cause of the decrease in conversion
efficiency is that when the power supply voltage is low, the power
consumption of the control system circuit 58 of the DC/DC converter 61 is
larger than the power consumption of the LSI. 10 (2) The voltage conversion
section should have an efficiency of 90% or more. In the conventional DC/DC
converter 61, the de- 15    crease in efficiency of the voltage conversion
section 54 occurs due to currents flowing through the NMOS transis- tors 50
and 51. In the voltage conversion section 54, a doubled decrease in
efficiency results for one cycle.  This is because the NMOS transistors 50
and 51 are opened in a 20    single cycle in the voltage conversion section
54. Moreover, problems associated with the on-chip technique include (3)
below. 25    (3) On-chip implementation should be easy. In the conventional
DC/DC converter 61, the value of the inductor 52 is about 100 [err]H.
However, it is difficult to form an inductor having such a large value on a
silicon 30    substrate.  This is because it is only possible to form an
inductor of about 200 nH, at best, on a silicon substrate. When an inductor
of about 100 [err]H is used, there is a possibility that radiating
electromagnetic noise may cause    



malfunctioning of other LSIs. Moreover, in order to realize a conversion
effi- ciency of 80% or more in the conventional DC/DC converter 61, 5    a
resistance while the NMOS transistors 50 and 51 are closed (ON resistance)
needs to be about 0.1 m[err]. However, it is difficult to form a switch
having such a small ON resistance on a silicon substrate.  This is because
it is only possible to form a switch whose ON resistance is about 500
m[err], at 10   best, on a silicon substrate.  When a switch having an ON
resistance of about 500 m[err] is used, the conversion effi- ciency
decreases to 60% or less. Thus, any of the problems (1)-(3) cannot be
solved 15   with the conventional DC/DC converter 61. An object of the
present invention is to simultaneously solve the above-described problems
(1)-(3) while providing a voltage converter which realizes a 20
high-efficiency voltage conversion even when a small output current is
output. Moreover, the present invention is a basic invention of a power
supply apparatus suitable for a low power LSI. 25   The present invention
has an objective to provide a power supply apparatus which has the
following characteristics: (1) having substantially no energy loss; (2)
being capable of generating various types of voltage waveforms; and (3)
being suitable as a power supply for an LSI. 30 Furthermore, the present
invention has an objective to provide a semiconductor integrated circuit
comprising a power supply apparatus, including an LC resonance circuit,
-6 - and at least one circuit block to which a power supply voltage 



is supplied from the power supply apparatus, wherein it is possible to
reduce noise generated by the operation of the LC resonance circuit. 5
DISCLOSURE OF THE INVENTION A power supply apparatus of the present
invention as defined by claim 1 comprises energy supplying means for
supplying energy at a predetermined timing; and energy 10    preserving
means for receiving the energy supplied from the energy supplying means and
preserving the energy. The energy preserving means includes an inductor, a
first capacitance connected to one end of the inductor at a first node, and
a second capacitance connected to another end of 15    the inductor at a
second node.  The energy is supplied to a load via at least one of the
first node and the second node. According to the present invention as
defined by 20    claim 1, the inductor included in the energy preserving
means, the first capacitance and the second capacitance form a closed
system having substantially no leakage of energy to the outside of the
energy preserving means. Because the energy does not substantially leak to
the outside of the 25    energy preserving means, there is substantially no
loss of energy in the power supply apparatus.  Thus, it is possible to
provide a low power consumption type power supply apparatus. 30
Moreover, according to the present invention as defined by claim 1, by
setting the first capacitance and the second capacitance to predetermined
values, respec- tively, it is possible to supply various types of voltage
7- 



waveforms  from the first node and the second node, respectively, to the
load.  For example, it is possible to supply a direct-current voltage
waveform to the load from one of the first node and the second node.
Alternatively, 5   it is possible to supply an alternating-current voltage
waveform to the load from one of the first node and the second node.
Alternatively, it is possible to supply a direct- current voltage waveform
to the load from one of the first node and the second node, while supplying
an alternat- 10    ing-current voltage waveform to the load from the other
one of the first node and the second node. Alternatively, it is possible to
supply an alternating-current voltage waveform to the load from both of the
first node and the second node. 15 In one embodiment, the load is a
semiconductor circuit having a structure which provides a rectification
function.   The power supply apparatus of the present invention as defined
by claim 1 is suitable for supplying 20    a power supply to such a load.
This is because the power supply apparatus of the present invention as
defined by claim 1 has a structure in which a current never flows to the
load in a concentrated manner. 25            In another embodiment, a
direct-current voltage waveform is supplied to the load from one of the
first node and the second node. In still another embodiment, an
alternating-current 30    voltage waveform is supplied to the load from one
of the first node and the second node. In still another embodiment, a
direct-current    -8- 



voltage waveform is supplied to the load from one of the first node and the
second node, and an alternating-current voltage waveform is supplied to the
load from another one of the first node and the second node. 5 In still
another embodiment, an alternating-current voltage waveform is supplied to
the load from one of the first node and the second node, and an
alternating-current voltage waveform is supplied to the load from another
one 10   of the first node and the second node. In still another
embodiment, the power supply apparatus and the load are formed on a single
semiconductor chip. 15 In still another embodiment, at least a portion of
the energy supplied from the power supply apparatus to the load is returned
to the power supply apparatus for reuse. 20            In still another
embodiment, at least a portion of the energy supplied from the power supply
apparatus to the load is returned to the power supply apparatus via one of
the first node and the second node which is used when supplying the energy
to the load. 25 In still another embodiment, at least a portion of the
energy supplied from the power supply apparatus to the load is returned to
the power supply apparatus via one of the first node and the second node
which is different from 30    one used when supplying the energy to the
load. A voltage converter of the present invention com- prises: a voltage
conversion section for converting a first    -9- 



voltage supplied from a power supply to a second voltage and supplying the
second voltage to a voltage receiving circuit; and a control section for
controlling the voltage conversion section so as to supply from the power
supply 5   to the voltage conversion section a power which is substantially
equal to a power consumed by the voltage receiving circuit, thereby
realizing the above-described objectives. 10            In one embodiment,
the control section comprises a first detector for detecting that the
second voltage output from the voltage conversion section has decreased
below a desired voltage; and the control section controls the voltage
conversion section when the first detector detects 15   that the second
voltage output from the voltage conversion section has decreased below the
desired voltage. Another voltage converter of the present invention
comprises: a voltage conversion section for converting a 20   first voltage
supplied from a power supply to a second voltage and supplying the second
voltage to a voltage receiving circuit; and a control section for
controlling the voltage conversion section, wherein: the voltage conversion
section includes a resonance circuit including 25   an inductor, a first
capacitance connected to one end of the inductor at a first node, and a
second capacitance connected to another end of the inductor at a second
node, and a switch having a first terminal and a second terminal, the first
terminal being connected to the power supply, and 30    the second terminal
being connected to the first node of the resonance circuit; and the control
section controls opening/closing of the switch. Thus, the above-described
objectives are realized.    



- 10 - In one embodiment, the control section comprises a first detector
for detecting that the second voltage output from the voltage conversion
section has decreased below a 5    desired voltage; and the control section
controls open- ing/closing of the switch when the first detector detects
that the second voltage output from the voltage conversion section has
decreased below the desired voltage. 10            In another embodiment,
the control section controls the opening/closing of the switch in a period
during which a voltage at the first node is smaller than the first voltage
supplied from the power supply and larger than the desired voltage. 15 In
still another embodiment, the control section further comprises: a second
detector for detecting that a voltage at the first node has reached a
predetermined first reference voltage; and a third detector for detecting
that 20    the voltage at the first node has reached a predetermined second
reference voltage which is larger than the predetermined first reference
voltage, wherein: when the second detector detects that the voltage at the
first node has reached the predetermined first reference voltage, the 25
control section controls the switch so that a state of the switch changes
from an open state to a closed state; and when the third detector detects
that the voltage at the first node has reached the predetermined second
reference voltage, the control section controls the switch so that the
state 30    of the switch changes from the closed state to the open state.
In still another embodiment, the first detector initiates operation thereof
in synchronization with a timing    



at which the voltage receiving circuit operates. In still another
embodiment, the control section comprises a fourth detector for detecting
that the second 5   voltage output from the voltage conversion section has
reached a predetermined reference voltage; in response to a reset signal,
the control section controls the switch so that a state of the switch
changes from an open state to a closed state: and when the fourth detector
has detected 10    that the second voltage output from the voltage
conversion section has reached the predetermined reference voltage, the
control section controls the switch so that the state of the switch changes
from the closed state to the open state. 15            In still another
embodiment, the control section further comprises: a clock signal generator
for generating a clock signal according to a voltage change at the first
node; and a circuit for outputting the reset signal when detecting that a
frequency of the clock signal is different 20    from a predetermined
frequency. In still another embodiment, the control section further
comprises a circuit for outputting the reset signal when detecting that a
maximum value of a voltage change at 25    the first node is smaller than a
predetermined reference voltage. In still another embodiment, the control
section further comprises a first reference voltage generator for 30
generating the desired voltage; and the first reference voltage generator
only operates in a period during which the first detector operates.    - 12
- In still another embodiment, the control section further comprises a
first reference voltage generator for 



generating the desired voltage; and the first reference voltage generator
varies the desired voltage according to 5   a signal sent from the voltage
receiving circuit. In still another embodiment, the control section further
comprises a second detector for detecting that a voltage at the first node
has reached a predetermined first 10    reference voltage; when the second
detector detects that the voltage at the first node has reached the
predetermined first reference voltage, the control section controls the
switch so that a state of the switch changes from an open state to a closed
state: and the control section controls 15    the switch so that the state
of the switch changes from the closed state to the open state after passage
of a predetermined time since when the state of the switch has changed from
the open state to the closed state. 20            In still another
embodiment, the control section controls the opening/closing of the switch
in a period during which the voltage at the first node is increasing. In
still another embodiment, the control section 25    controls the
opening/closing of the switch in a period during which the voltage at the
first node is decreasing. In still another embodiment, the voltage
conversion section further comprises storage means for temporarily 30
storing a return current which flows through the switch from the inductor
toward the power supply. Still another voltage converter of the present
- 13 - invention is a voltage converter for converting a voltage supplied
from a power supply to a desired voltage and supplying the desired voltage
to a voltage receiving circuit, the voltage converter comprising: a first
voltage converter 



5   having a first conversion efficiency; a second voltage converter having
a second conversion efficiency which is higher than the first conversion
efficiency when a current smaller than a predetermined current flows from
the voltage converter to the voltage receiving circuit; and a current 10
detector for detecting a current flowing from the voltage converter to the
voltage receiving circuit, wherein the first voltage converter operates
when a.current detected by the current detector is larger than the
predetermined current, whereas the second voltage converter operates when
15   the current detected by the current detector is smaller than the
predetermined current.   Thus, the above-described objectives are realized.
Still another voltage converter of the present 20    invention comprises: a
voltage conversion section for converting a first voltage supplied from a
power supply to a second voltage and supplying the second voltage to a
voltage receiving circuit; and a control section for controlling the
voltage conversion section, wherein the 25    voltage conversion section
includes: a first resonance circuit including a first inductor, a first
capacitance connected to one end of the first inductor at a first node, and
a second capacitance connected to another end of the first inductor at a
second node, a first switch having a 30    first terminal and a second
terminal, the first terminal being connected to the power supply, and the
second terminal being connected to the first node of the first resonance
circuit, a second resonance circuit including a second    - 14 - inductor,
a third capacitance connected to one end of the second inductor at a third
node, and a fourth capacitance 



connected to another end of the second inductor at a fourth node, and a
second switch having a third terminal and a fourth 5    terminal, the third
terminal being connected to the second node of the first resonance circuit,
and the fourth terminal being connected to the third node of the second
resonance circuit; and the control section controls opening/closing of the
first switch and the second switch.  Thus, the 10    above-described
objectives are realized. Still another voltage converter of the present
invention comprises: a voltage conversion section for converting a first
voltage supplied from a power supply to 15    a second voltage and
supplying the second voltage to a voltage receiving circuit; and a control
section for controlling the voltage conversion section, wherein the voltage
conversion section includes: a resonance circuit including a first
inductor, a first capacitance connected 20    to one end of the first
inductor at a first node, and a second capacitance connected to another end
of the first inductor at a second node, a first switch having a first
terminal and a second terminal, the first terminal being connected to the
power supply, and the second terminal being connected 25    to the first
node of the resonance circuit, and a modulation resonance circuit including
a second inductor, a third capacitance, and a second switch having a third
terminal and a fourth terminal, one end of the second inductor being
connected to the second capacitance at a third node, another 30    end of
the second inductor being connected to the second node, the third terminal
of the second switch being connected to the power supply, and the fourth
terminal of the second switch being connected to the third node: and the
control    -15- 



section controls opening/closing of the first switch and the second switch.
Thus, the above-described objectives are realized. 5            Still
another voltage converter of the present invention comprises: a voltage
conversion section for converting a first voltage supplied from a power
supply to a second voltage and supplying the second voltage to a voltage
receiving circuit; and a control section for 10    controlling the voltage
conversion section, wherein the voltage conversion section includes: a
resonance circuit including a first inductor, a first capacitance connected
to one end of the first inductor at a first node, and a second capacitance
connected to another end of the first inductor 15   at a second node, a
first switch having a first terminal and a second terminal, the first
terminal being connected to the power supply, and the second terminal being
connected to the first node of the resonance circuit, and a modulation
resonance circuit including a second inductor, a third 20    capacitance,
and a second switch having a third terminal and a fourth terminal, one end
of the second inductor being connected to the first node, another end of
the second inductor being connected to the third capacitance at a third
node, the third terminal of the secondswitch being connected 25    to the
power supply, and the fourth terminal of the second switch being connected
to the third node; and the control section controls opening/closing of the
first switch and the second switch. Thus, the above-described objectives
are realized. 30 A semiconductor integrated circuit of the present
invention comprises: a power supply apparatus including an LC resonance
circuit; and at least one circuit block to which   



- 16 - a power supply voltage is supplied from the power supply apparatus,
wherein a resonance frequency of the LC resonance circuit is set so that an
intensity of noise which is determined based on the resonance frequency is
equal to or 5    less than a predetermined value within a frequency band
used by the at least one circuit block. Thus, the above-described
objectives are realized. The power supply apparatus and the at least one 10
circuit block may be formed on a single semiconductor chip. The power
supply apparatus and the at least one circuit block may be formed on
different semiconductor chips. 15 The power supply apparatus may supply a
direct- current voltage to the at least one circuit block. BRIEF
DESCRIPTION OF THE DRAWINGS 20            Figure 1 is a diagram
illustrating a structure of a power supply apparatus 200 according to the
present invention. Figures 2A-2E are diagrams schematically illus- 25
trating dynamic energy being kept constant while moving between a
capacitance 223 and a capacitance 225 via an inductor 221 in an energy
preserving circuit 220. Figure 3 is a diagram illustrating an exemplary 30
alternating-current voltage waveform at a node 222 when C[err]>>C[err].
Figures 4A and 4B are diagrams each illustrating an    - 17- exemplary
alternating-current voltage waveform. 



Figure 5 is a diagram illustrating an equivalent circuit when an LSI
including a parasitic diode 250 is 5    connected to thenode 222 of
thepower supply apparatus 200. Figures 6A-6D are diagrams each illustrating
a structure of an energy supplying circuit 210. 10            Figures 7A-7E
are diagrams each illustrating a waveform of a voltage v and a waveform of
a current i[err]. Figure 8 is a diagram illustrating a structure of a power
supply apparatus 1301. 15 Figures 9A and 9B are diagrams each illustrating
a voltage waveform at a node. Figure 10A is a flow chart illustrating a
procedure 20    of a process for detecting dynamic energy. Figure 10B is a
flow chart illustrating a procedure of a process for detecting static
energy. 25            Figure 11A is a diagram illustrating a structure of a
power supply apparatus 1302. Figures 11B and 11C are diagrams each
illustrating a structure of element 391. 30 Figure 11D is a diagram
illustrating a voltage waveform at a node.    - 18 - Figure 12 is a diagram
illustrating a structure of a power supply apparatus 1303. Figure 13A is a
diagram illustrating a structure of 5   a power supply apparatus 1304.
Figure 13B is a diagram illustrating a voltage waveform at a node. 10
Figure 14 is a flow chart illustrating a procedure 



of a process for adjusting dynamic energy. Figure 15 is a diagram
illustrating an exemplary structure of a switch section 212e. 15 Figure 16A
is a diagram illustrating a structure of a DC type power supply apparatus
201. Figure 16B is a diagram illustrating a voltage 20    waveform at a
node. Figure 17A is a diagram illustrating a structure of an AC type power
supply apparatus 202. 25            Figure 17B is a diagram illustrating a
voltage waveform at a node. Figure 18A is a diagram illustrating a
structure of a DC-AC type power supply apparatus 203. 30 Figure 18B is a
diagram illustrating a voltage waveform at a node.    - 19 - Figure 19A is
a diagram illustrating a structure of an AC-AC type power supply apparatus
204. Figure 19B is a diagram illustrating a voltage 5   waveform at a node.
Figure 20A is a diagram illustrating a structure of an AC-AC type power
supply apparatus 205. 10            Figure 20B is a diagram illustrating a
voltage waveform at a node. Figure 21 is a diagram illustrating a structure
of an AC-AC type power supply apparatus 206. 15 Figure 22 is a diagram
illustrating a voltage waveform at a node. 



Figures 23A-23D are diagrams illustrating movement 20    of charges for
periods T[err]-T[err], respectively. Figures 24A and 24B are diagrams each
illustrating a voltage waveform at a node. 25            Figure 25A is a
diagram illustrating a structure of an energy reuse DC type power supply
apparatus 1202. Figure 25B is a diagram illustrating a voltage waveform at
a node. 30 Figure 26A is a diagram illustrating a structure of an energy
reuse AC-AC type power supply apparatus 1203.    - 20 - Figure 26B is a
diagram illustrating a voltage waveform at a node. Figure 27A is a diagram
illustrating a structure of 5    an energy reuse AC-DC type power supply
apparatus 1204. Figure 27B is a diagram illustrating a voltage waveform at
a node. 10            Figure 28A is a diagram illustrating a structure of
an energy reuse DC-AC type power supply apparatus 1205. Figure 28B is a
diagram illustrating a voltage waveform at a node. 15 Figure 29 is a
diagram illustrating a structure of a voltage converter 20 according to the
present invention. Figure 30 is a diagram illustrating a structure of 20
a voltage conversion section 3. Figure 31 is a diagram illustrating an
equivalent circuit of a resonance circuit 140. 25            Figure 32 is a
diagram illustrating an operation of the voltage converter 20. 



Figure 33 is a diagram illustrating an operation of the voltage converter
20 during a steady state operation 30    period. Figure 34 is a diagram
illustrating a voltage change at a terminal 3c of the voltage conversion
section 3    - 21 - (waveform a) and a voltage change at a terminal 3e of
the voltage conversion section 3 (waveform b). Figure 35 is a diagram
illustrating the waveform a 5    and the waveform b in a steady state
operation state. Figure 36 is a diagram illustrating the waveform a and the
waveform b in a steady state operation state. 10            Figure 37A is a
diagram illustrating a structure of a detector 8. Figure 37B is a diagram
illustrating an operation of the detector 8. 15 Figure 38 is a diagram
illustrating a method for reducing an effect of noise when a load 2 is a
digital LSI. Figure 39A is a diagram illustrating a structure of 20    a
detector 15. Figure 39B is a diagram illustrating an operation of the
detector 15. 25            Figure 40  is  a  diagram  illustrating  another
structure of the voltage converter 20. Figure 41 is a control flow
illustrating a procedure of a process of a monitor 661. 30 Figure 42 is a
diagram illustrating an exemplary circuit configuration for implementing
the control flow of Figure 41. 



- 22 - Figure 43 is a diagram illustrating how a voltage Vs output from a
reference voltage generator 14 changes. 5            Figure 44 is a control
flow illustrating a procedure of a process for determining a voltage Vc.
Figure 45 is a diagram illustrating another structure of the voltage
converter according to the present 10    invention. Figure 46 is a diagram
illustrating how a speed of voltage change is increased by combining the
voltage converter 20 and the conventional DC/DC converter 61. 15 Figure 47
is a diagram illustrating that there is a circuit portion which can be
shared by the voltage conversion section 54 of the DC/DC converter 61 and
the voltage conversion section 3 of the voltage converter 20. 20 Figures
48A and 48B are diagrams each illustrating another structure of the voltage
conversion section 3. Figures 49A and 49B are diagrams each illustrating 25
still another structure of the voltage conversion section 3. Figure 50 is a
diagram illustrating another operation procedure of the voltage converter
20. 30            Figures 51A and 51B are diagrams each illustrating a
structure of the conventional DC/DC converter 61. Figure 52 is a diagram
for illustrating a noise    - 23 - generation mechanism of LSI. 



Figure 53A is a diagram illustrating a relationship between a power
consumption PL of a load and a conversion 5    loss Pt in the conventional
DC/DC converter 61. Figure 53B is a diagram illustrating a relationship
between a power consumption PL of a load and a conversion loss Pt in the
voltage converter 20 according to the present 10    invention. Figure 54A
is a diagram illustrating a relationship between a power consumption PL of
a load and a total loss rate [err]ct in the conventional DC/DC converter
61. 15 Figure 54B is a diagram illustrating a relationship between a power
consumption PL of a load and a total loss rate [err]ct in the voltage
converter 20 according to the present 20    invention. Figure 55 is a
diagram illustrating a structure of a power supply apparatus for supplying
different power supply voltages to a plurality of loads. 25 Figure 56 is a
diagram illustrating a voltage waveform at a node. Figure 57 is a diagram
illustrating a flow of 30    dynamic  energy  and  static  energy  around
the  energy preserving circuit 220. Figure 58A is a diagram illustrating
another    - 24 - structure of energy supplying circuit 210. Figure 58B is
a diagram illustrating a voltage change at the node 222 (waveform (A)) and
a voltage change 5   at the node 224 (waveform (B)). Figure 59 is a diagram
illustrating a structure of 



a voltage converter 1500. 10            Figures 60A and 60B are diagrams
each illustrating a structure of a voltage conversion section 1501. Figures
61A-61C are diagrams each illustrating how a power supply voltage VDD is
decreased. 15 Figure 62A is a control flow diagram illustrating a timing at
which a control section 1518 turns ON/OFF a switch 1502 of the voltage
conversion section 1501. 20            Figure 62B is a control flow diagram
illustrating a timing at which the control section 1518 turns ON/OFF a
switch 1506 of the voltage conversion section 1501. Figures 63A and 63B are
diagrams each illustrating 25    a timing at which the switch 1506 is
turned ON/OFF. Figure 64 is a diagram illustrating a structure of a voltage
converter 1600. 30            Figure 65 is a diagram illustrating a
structure of a voltage conversion section 1601. Figure 66 is a diagram
illustrating voltage changes    - 25 - at respective points in the voltage
conversion section 1601 in a steady state. Figure 67 is a diagram
illustrating how a 5   relationship between a phase of a voltage at a
terminal 1601e and a phase of a voltage at a terminal 1601f is adjusted.
Figures 68A and 68B are diagrams each illustrating how a voltage at the
terminal 1601e (curve E) and a voltage 10   at the terminal 1601f (curve F)
have inverted phases. Figure 69 is a control flow diagram illustrating a
timing at which a control section 1632 turns ON/OFF a switch 1619 of the
voltage conversion section 1601. 



15 Figure 70 is a control flow diagram illustrating a timing at which the
control section 1632 turns ON/OFF a switch 1620 of the voltage conversion
section 1601. 20            Figure 71 is a diagram illustrating a structure
of a voltage converter 1700. Figure 72 is a diagram illustrating a
structure of a voltage conversion section 1701. 25 Figure 73A is a diagram
illustrating a structure of a first fundamental resonance circuit. Figure
73B is a diagram illustrating a structure of 30    a second fundamental
resonance circuit. Figure 74 is a diagram illustrating voltage changes at
respective points in the voltage conversion section 1701    -26- in a
steady state. Figure 75 is a diagram illustrating one embodiment of a
system LSI. 5 Figure 76 is a diagram illustrating a distribution of noise
intensity with respect to a resonance frequency of an LC resonance circuit.
10            Figure 77 is a diagram illustrating an example where a power
supply apparatus 1806, including the LC resonance circuit, and an
intermediate frequency and high frequency analog circuit block 1802 are
formed on different chips. 15            Figure 78 is a diagram
illustrating a distribution of noise intensity with respect to a distance D
between a system LSI 1807 and the intermediate frequency and high frequency
analog circuit block 1802. 



20            Figure 79 is a diagram illustrating a structure of the power
supply apparatus 1806 including an LC resonance circuit having an L-C
structure. BEST MODE FOR CARRYING OUT THE INVENTION 25    1. Basic
Principle of Power Supply Apparatus of the Present Invention Figure 1
illustrates a structure of a power supply apparatus 200 according to the
present invention.  The power supply apparatus 200 includes an energy
supplying 30    circuit 210 and an energy preserving circuit 220. The
energy supplying circuit 210 supplies energy to theenergypreserving circuit
220atapredeterminedtiming.    - 27 - The energy supplied from the energy
supplying circuit 210 may be any energy. For example, the energy supplied
from the energy supplying circuit 210iselectricenergy(power), optical
energy, magnetic energy, or radiation energy. 5 The energy preserving
circuit 220 receives the energy supplied from the energy supplying circuit
210, and preserves the energy.  The energy preserving circuit 220 includes
an inductor 221, a capacitance 223 connected to 10    one end of the
inductor 221 at a node 222, and a capaci- tance 225 connected to the other
end of the inductor 221 at a node 224. Herein, L denotes the inductance of
the inductor 221, C[err] denotes a capacitance value of the capacitance
225, and C2 denotes a capacitance value of the 15    capacitance 223. The
energy preserved in the energy preserving circuit 220 is supplied to a load
(not shown in Figure 1) via at least one of the node 222 and the node 224. 



20 The power supply apparatus 200 and the load may be formed on a single
semiconductorchip. As will be described later, a relatively small value is
sufficient as the value of the inductor used in the power supply apparatus
200. For 25    example, the value of such an inductor is about 100 nH.
Therefore, it is easy to form the power supply apparatus 200 on a silicon
substrate. The power supply apparatus 200 has the following 30
characteristics (1)-(3): (1) there is substantially no energy loss in the
power supply apparatus 200; (2) the power supply apparatus 200 is capable
of generating    - 28 - various types of voltage waveforms; and (3) the
power supply apparatus 200 is suitable as a power supply for an LSI. 5
Characteristic 1: Substantially No Energy Loss As illustrated in Figure 1,
the capacitance 223 has a pole plate 223-1 and a pole plate 223-2.   The
pole plate 223-1 and the pole plate 223-2 are electrically insulated from
each other. The pole plate 223-1 is con- 10    nected to the node 222, and
the pole plate 223-2 is connected to the ground. Similarly, the capacitance
225 has a pole plate 225-1 and a pole plate 225-2. The pole plate 225- 1
and the pole plate 225-2 are electrically insulated from each other.  The
pole plate 225-1 is connected to the 15    node 224, and the pole plate
225-2 is connected to the ground. Energy supplied from the energy supplying
cir- cuit 210 generates a charge in a closed system from the pole 



20    plate 223-1 of the capacitance 223 via the inductor 221 to the pole
plate 225-1 of the capacitance 225. The charge thus generated cannot move
to the outside of the closed system. This is because there is no passage
for the charge to move from the pole plate 223-1 to the pole plate 223-2 25
since the pole plate 223-1 and the pole plate 223-2 are electrically
insulated from each other, and there is no passage for the charge to move
from the pole plate 225-1 to the pole plate 225-2 since the pole plate
225-1 and the pole plate 225-2areelectricallyinsulatedfromeachother. 30
Thus, the amount of charge in the closed system is kept constant. This
means that the amount of static energy is kept constant in the energy
preserving circuit 220.  This    - 29 - is because static energy is
represented by the amount of charge in the closed system. The amount of
static energy preserved in the energy preserving circuit 220 is repre-
sentedbyl/ 2[err] (q[err]+q[err])[err]/ (C[err]+C[err]). Herein, q[err]
denotes the amount 5   of charge stored in the capacitance 225, and q2
denotes the amount of charge stored in the capacitance 223. In other words,
static energy may be considered as energy which the closed system has when
the voltages at the terminals included in the closed system no longer
change and become constant, 10   i.e., when the voltages become stationary,
so to speak. Figures 2A-2E schematically illustrate dynamic energy being
kept constant while moving between the capacitance 223 and the capacitance
225 via the induc- 15    tor 221 in the energy preserving circuit 220.  The
state of the dynamic energy in the energy preserving circuit 220
transitions from the state illustrated in Figure 2A to the 



state illustrated in Figure 2E, and then transitions from the state
illustrated in Figure 2E to the state illustrated 20    in Figure 2A.
Thereafter, such a state change is repeated. The dynamic energy is
classified into energy stored in the inductor 221 and energy based on the
difference in the amount of charge (potential difference) between the 25
capacitance 223 and the capacitance 225.  In Figures 2A- 2E, E[err] denotes
the energy stored in the inductor 221, and E[err] denotes the energy based
on the difference in the amount of charge (potential difference) between
the capaci- tance 223 and the capacitance 225.  (E[err]+E[err]) is kept
con- 30    stant.  E[err]=1/2[err]Li[err]. Herein, i[err] denotes a current
flowing through  the  inductor 221.   EM[err]= [err] 1/2 [err]
q[err]/C[err]-1/2 q[err]/C[err]. Herein, q[err] denotes the amount of
charge stored in the capacitance 225, and q2 denotes the amount of charge
stored    - 30 - in the capacitance 223. In other words, the dynamic energy
may be considered as energy which can make the voltages at the terminals
included in the closed system oscillate, i.e., which can move the voltages,
so to speak. 5 The energy E[err] stored in the inductor 221 acts to move
the charge from the capacitance 223 toward the capacitance 225 (or from the
capacitance 225 toward the capacitance 223). Therefore, until the energy
E[err] stored 10    in the inductor 221 becomes zero, the movement of the
charge from the capacitance 223 toward the capacitance 225 (or from the
capacitance 225 toward the capacitance 223) continues. When the energy
E[err] stored in the inductor 221 is 15    zero, the energy E[err] based on
the difference in the amount of charge  (potential difference)  between the
capaci- 



tance 223 and the capacitance 225 is maximized. Therefore, the charge
starts moving in such a direction as to eliminate the difference in the
amount of charge (potential 20    difference) between the capacitance 223
and the capaci- tance 225. As the charge passes through the inductor 221,
the energy E[err] is stored in the inductor 221. Thereafter, such a process
is repeated. 25            Thus, the energy preserving circuit 220 keeps
the static energy and the dynamic energy substantially constant. In other
words, there is substantially no leakage of static energy and the dynamic
energy to the outside of the energy preserving circuit 220.  Herein,
"substantially" means 30    that there is no energy leakage except for
unintentional energy leakage such as leakage of static energy due to a
leakage current flowing between the pole plates of the capacitances 223 and
225, or leakage of the dynamic energy    - 31 - due to decay based on the
resistance of the inductor 221. This means that there is generally no loss
of energy in the power supply apparatus 200.  Thus, it is possible to
provide a low power consumption type power supply apparatus. 5
Characteristic 2: Capable of Generating Various Types of Voltage Waveforms
By setting the capacitance value of the capaci- tance 223 and the
capacitance value of the capacitance 225 10    so as to satisfy the
relationship C[err]>>C[err], it is possible to generate an
alternating-current voltage waveform at the node 222 and a direct-current
voltage waveform at the node 224. Such voltage waveforms can be obtained
based on resonance in the energy preserving circuit 220.   The 



15    mathematical basis for the voltage waveforms will be de- scribed
later  with   reference   to   (Expression 1)- (Expression 17). Moreover,
by setting the capacitance value of the 20    capacitance 223 and the
capacitance value of the capaci- tance 225 so as to satisfy the
relationship C[err][err]C[err], it is possible to generate an
alternating-current voltage waveform at both the node 222 and the node 224.
25            Furthermore, by adjusting the ratio between a part of the
energy supplied from the energy supplying circuit 210 which is preserved in
the energy preserving circuit 220 as static energy and a part of the energy
which is preserved in the energy preserving circuit 220 as dynamic energy,
it 30    is possible to arbitrarily set the center of the amplitude of the
alternating-current voltage waveform and the amplitude of the
alternating-current voltage waveform. This is because the static energy
determines the center of    - 32 - the amplitude of the alternating-current
voltage waveform, and the dynamic energy determines the amplitude of the
alternating-current voltage waveform. 5            Figure 3 illustrates an
exemplary alternating- current voltage waveform at the node 222 when
C[err]>>C[err]. By appropriately providing the static energy Es and the
dynamic energy EM as described above, it is possible to obtain an
alternating-current voltage waveform such that the center 10   of the
amplitude thereof is at the voltage Vp and the amplitude thereof is 1/2
VDD. Note that the voltage at the node 222 is always higher than or equal
to the ground voltage. 15            When C[err]>>C[err], the voltage
waveform at the node 222 



can be approximated to a sinusoidal wave which oscillates with a cycle
T[err]=2[err]([err]LC2). Therefore, by making the product (LC2) of the
inductance L of the inductor 221 and the capacitance value C[err] of the
capacitance 223 variable, it is 20   possible to adjust the cycle T[err] of
the voltage waveform at the node 222 to any value. LC2 may be previously
adjusted to a predetermined value before the operation of the power supply
apparatus 200, and be fixed to the predetermined value during the operation
of the power supply apparatus 200. 25    Alternatively, LC2 may be
dynamically controlled by a control circuit during the operation of the
power supply appara- tus 200. For example, the control circuit controls
LC[err] so that the cycle T[err] is longer as the energy supplied from the
energy supplying circuit 210 to the energy preserving 30    circuit 220 is
smaller, and controls LC[err] so that the cycle T[err] is shorter as the
energy supplied from the energy supplying circuit 210 to the energy
preserving circuit 220 is larger. By controlling the cycle T[err] as
described above, the number    - 33 - of times in a time unit that the
voltage at the node 222 comes close to the power supply voltage VDD can be
increased as the energy supplied from the energy supplying circuit 210 to
the energy preserving circuit 220 is larger. Therefore, 5    by controlling
the timing of energy supply so that the energy is supplied from the energy
supplying circuit 210 to the energy preserving circuit 220 in a period of
time (period TA in Figure 3) during which the voltage at the node 222 is
close to the power supply voltage VDD, it is possible to 10    minimize the
energy loss which occurs when the energy is supplied from the energy
supplying circuit 210 to the energy preserving circuit 220. This is because
the most efficient 



energy supply is to supply the energy from the energy supplying circuit 210
to the energy preserving circuit 220 15    in a period of time (period TA
in Figure 3) during which the voltage at the node 222 is close to the power
supply voltage VDD- Moreover, by making L and C2 variable under a 20
condition that LC2 is kept constant, it is possible to adjust the ratio
between the static energy Es and the dynamic energy EM contained in the
energy supplied from the energy supplying circuit 210 without changing the
cycle T[err]. By decreasing the inductance L of the inductor 221 by 25
increasing the capacitance value C2 of the capacitance 223, it is possible
to increase the energy stored in the capacitance 223 and the capacitance
225 (static energy), and to reduce the energy stored in the inductor 221
(dynamic energy). Conversely, by increasing the inductance L of the 30
inductor 221 by decreasing the capacitance value C2 of the capacitance 223,
it is possible to reduce the energy stored in the capacitance 223 and the
capacitance 225 (static energy), and to increase the energy stored in the
induc-    - 34 - tor 221 (dynamic energy). Exemplary adjustment of the
capacitance value C2 and the inductance L has been described above.
Moreover, by 5    adjusting the capacitancevalue C[err], the
capacitancevalue C[err] and the inductance L, it is possible to more
specifically adjust the ratio between the static energy Es and the dynamic
energy EM. 10            For example, assume that a current i[err] flows
from the node 222 by the energy supplying circuit 210. Assume that a part
of the current i[err] which flows into the capacitance 223 



is a current i[err], and a part of the current i[err] which flows into the
capacitance 225 is a current i2. The ratio between 15    the current i[err]
and the current i[err] can be set to any value by adjusting the capacitance
value C[err], the capacitance value C2 and the inductance L. The energy
stored in the capacitance 223 and the capacitance 225 (static energy) is
represented by 1/2 (q[err]+q[err])[err]/(C[err]+C[err]), and the energy
stored 20    in the inductor 221 (dynamic energy) is represented by 1/2
Li[err]. Herein, q[err] denotes the amount of charge stored in the
capacitance 225, and q2 denotes the amount of charge stored in the
capacitance 223. Therefore, by adjusting the ratio between the current
i[err] and the current i[err], it is 25    possible to adjust the energy
stored in the capacitance 223 and the capacitance 225 (static energy) and
the energy stored in the inductor 221 (dynamic energy). The capability of
freely controlling the center of 30    the amplitude or the amplitude of an
alternating-current voltage waveform as described above is suitable f or
charging a capacitive load utilizing the "principle of adiabatic charging".
The "principle of adiabatic charging" is a    - 35 - principle regarding
charging of a capacitive load using an alternating-current voltage
waveform. It is known that according to the "principle of adiabatic
charging", when the capacitive load is charged over a longer period of
time, 5    the energy loss associated with the charging can be reduced.
Figure 4A illustrates an alternating-current voltage waveform (A) which
oscillates between the power supply voltage VDD and the ground voltage GND
in the cycle T[err] 10    in comparison with an alternating-current voltage
wave- form (B) which oscillates between the power supply volt- 



age VDD and a voltage -VDD in the cycle T[err]. In adiabatic charging from
the power supply voltage VDD to the ground voltage GND, the length of an
adiabatic charging period TA 15    for the alternating-current voltage
waveform (A) is twice as much as the length of an adiabatic charging period
TB for the alternating-current voltage waveform (B).  Therefore, it can be
seen that it is advantageous to perform the adiabatic charging using the
alternating-current voltage 20    waveform (A) because the energy loss is
smaller.  This is similarly true in adiabatic charging from the ground
voltage GND to the power supply voltage VDD. Figure 4B illustrates an
alternating-current 25    voltage waveform (A) which oscillates between the
power supply voltage VDD and the voltage 1/2 VDD in the cycle T[err] in
comparison with an alternating-current voltage wave- form (B) which
oscillates between the power supply volt- age VDD and the voltage -VDD in
the cycle T[err]. In adiabatic 30    charging from the power supply voltage
VDD to the voltage 1/2 VDD, the length of the adiabatic charging period TA
for the alternating-current voltage waveform (A) is about four times as
much as the length of an adiabatic charging period TE    - 36 - for the
alternating-current voltage waveform (B). There- fore, it can be seen shown
that it is advantageous to perform the adiabatic charging using the
alternating-current voltage waveform (A) because the energy loss is
smaller. 5    This is similarly true in adiabatic charging from the voltage
1/2 VDD to the power supply voltage VDD. Moreover, a comparison between
Figure 4A and Fig- ure 4B shows that a smaller amplitude of an alternat- 10
ing-current voltage waveform is more effective in performing 



adiabatic charging. Characteristic 3: Suitable as Power Supply for LSI
Consider a case where an LSI is connected as a load 15    at the node 222
of the power supply apparatus 200. An LSI always  includes  a parasitic
diode.   In the present specification, a parasitic diode is defined to
refer to a semiconductor circuit having a structure which provides a
rectification function. For example, a protection diode 20    which is
provided to protect the inside of an LSI against an inrush current
occurring outside the LSI is a parasitic diode. When the LSI uses a bipolar
transistor, a parasitic diode is formed between the base and the emitter
and between the base and the collector, for example. When the LSI uses 25
a MOS transistor, a parasitic diode is formed between the source and the
well and between the drain and the well, for example. Figure 5 illustrates
an equivalent circuit when an 30    LSI including a parasitic diode 250 is
connected to the node 222 of the power supply apparatus 200.  When the
voltage at the node 222 is lower than the ground voltage GND, a forward
current flows through the parasitic diode 250.    - 37 - Thus, a power is
consumed in the parasitic diode 250. As a result, an energy loss occurs.
Moreover, the flow of the forward current through the parasitic diode 250
may damage the parasitic diode 250. This is because the energy stored 5
in the inductor 221 may be consumed by the parasitic di- ode 250 in a
concentrated manner. On the contrary, with the power supply apparatus 200
according to the present invention, it is possible to control 10    an
alternating-current voltage waveform so that the voltage 



at the node 222 is always higher than or equal to the ground voltage GND,
as described in Characteristic 2. Under such a control, a forward current
never flows through the parasitic diode 250.  Therefore, an energy loss
never 15    occurs due to the parasitic diode 250 included in the LSI.
Moreover, even if a forward current flows through the parasitic diode 250,
it never results in destruction of the parasitic diode 250. This is because
the dynamic 20    energy stored in the inductor 221 is converted to static
energy and preserved in the energy preserving circuit 220. Conventionally,
it has been common to form an LSI by integrating digital circuits, SRAMs
(static random access 25    memories), or ROMs (read only memories). In
recent years, there is a trend to form an LSI by integrating flash
memories, DRAMs (dynamic random access memories) or analog circuits for a
range from a high frequency to a low frequency. It is expected that this
trend will grow further in the future, 30    and we will enter a new
integrated circuit era in ten years. In order for the respective circuit
blocks of such a integrated circuit to operate in a higher control domain,
a power supply is necessary which generates with high    - 38 - efficiency
various voltages required by the respective circuit blocks. This is because
it is possible to realize an improved system operation of an integrated
circuit by reducing the power consumption of various types of circuit 5
block.  Moreover, a low noise characteristic is demanded in certain
frequency domains. The power supply apparatus of the present invention
realizes,  as a single power supply,  high efficiency 10   conversion from
dynamic energy to static energy and high 



efficiency supply of an alternating-current power supply and a
direct-current power supply to a load. By combining a plurality of such
single power supply apparatuses, a multi powersupplyapparatuscanbeobtained.
Amultipowersupply 15   apparatus generates a plurality of power supply
voltages. The multi power supply apparatus may be one obtained by combining
a plurality of power supply apparatuses of the same type, or one obtained
by combining a plurality of power supply apparatuses of different types. 20
Figure 6A illustrates a structure of the energy supplying circuit 210. The
energy supplying circuit 210 supplies electric energy (power) to the node
222 of the energy preserving circuit 220. The energy supplying cir- 25
cuit 210 is connected to the energy preserving circuit 220 at the node 222.
The energy supplying circuit 210 as illustrated in Figure 6A includes a
direct-current power supply 211, and 30    a switch 212 provided between
the direct-current power supply 211 and the node 222. When the switch 212
is turned ON, charge from the    - 39 - direct-current power supply 211 is
supplied to the energy preserving circuit 220 via the switch 212. By
controlling the timing to turn ON the switch 212, it is possible to supply
the charge from the direct-current power supply 211 to the 5   energy
preserving circuit 220 at a predetermined timing. An alternating-current
power supply may be used instead of the direct-current power  supply 211.
By switching the power from the alternating-current power 10    supply at a
predetermined timing, the alternating-current 



power supply can be considered as a direct-current power supply. Moreover,
instead of the direct-current power 15    supply 211, a power supply which
supplies a voltage having a pulse-like waveform may be used. The magnitude
of the power supplied from such a power supply may be controlled by a pulse
width modulation, for example.  When such a power supply is used, the
switch 212 is no longer necessary. 20 Figure 6B illustrates another
structure of the energy supplying circuit 210. The energy supplying cir-
cuit 210 supplies magnetic energy to the inductor 221 of the energy
preserving circuit 220. The energy supplying 25    circuit 210 and the
energy preserving circuit 220 are not in contact with each other. The
energy supplying circuit 210 illustrated in Figure 6B includes an inductor
214, and an alternating- 30    current power supply 215.  A current flowing
through the inductor 214 of the energy supplying circuit 210 generates a
magnetic field, and a current flows through the induc- tor 221 of the
energy preserving circuit 220 due to the    - 40 - magnetic field. Due to
the current flowing though the inductor 221, dynamic energy is stored in
the inductor 221. Thus, the magnetic energy supplied from the energy
supplying circuit 210 is received by the inductor 221 of the energy 5
preserving circuit 220 and is preserved in the energy preserving circuit
220 as dynamic energy. Figure 6C illustrates another structure of the
energy supplying circuit 210. The energy supplying cir- 10    cuit 210
supplies optical energy to at least one of the 



capacitance 223 and the capacitance 225 of the energy preserving circuit
220. The energy supplying circuit 210 and the energy preserving circuit 220
are not in contact with each other. 15 The energy supplying circuit 210
illustrated in Figure 6C includes a light emitting circuit 216 which
radiates light. At least one of the capacitance 223 and the capacitance 225
has a function of converting received light 20    to electricity.  Thus,
optical energy supplied from the energy supplying circuit 210 is received
by the capaci- tance 223 (or the capacitance 225) of the energy preserving
circuit 220 and is preserved in the energy preserving circuit 220 as static
energy. For example, the capaci- 25    tance 223 (or the capacitance 225)
may be a photodiode or a solar battery. Figure 6D illustrates another
structure of the energy supplying circuit 210. 30 The energy supplying
circuit 210 illustrated in Figure 6D includes a power supply 211, a switch
212, a switch 212a, an inverter 212b and a capacitance 212c.    - 41 - In
the energy preserving circuit 220, when the voltage at the node 222 is
increasing, typically, a current is flowing through the inductor 221 from
the capacitance 225 5    toward the capacitance 223. When the switch 212 is
turned ON while such a current is flowing, a current temporarily flows
though the switch 212 from the inductor 221 toward the power supply 211.
Herein, this current is referred to as a "return current". The return
current is stored in the 



10    power supply 211.  However, when the power supply 211 is a power
supply which is not of an energy storing type (e.g., a type of power supply
in which the output stage generally draws in the current and discards it to
the ground), or when the power supply 211 is a power supply, such as a
battery, 15    etc., which has a large parasitic internal resistance (e.g.,
a lithium ion battery), the loss of energy increases. This is because the
return current is discarded through the power supply 211 to the ground in a
power supply which is not of an energy storing type, whereas the energy is
lost due to 20    the parasitic internal resistance in a battery. The
switch 212a and the capacitance 212c are pro- vided to prevent the return
current from flowing into the power supply 211. The switch 212a is provided
between the 25    power supply 211 and the switch 212.  The capacitance
212c is connected to a node 212d between the switch 212a and the switch
212.   The  capacitance 212c  has  a  capacitance value C[err]. 30
When the switch 212 is ON, the switch 212ais turned OFF. In such a case,
the return current is stored in the capacitance 212c. Thus, energy is
stored in the capaci- tance 212c. The energy stored in the capacitance 212c
may    - 42 - be supplied to the energy preserving circuit 220. When the
switch 212 is OFF, the switch 212a is turned ON. As a result, a current
flows from the power 5    supply 211 to the capacitance 212c, and the
voltage at the capacitance 212c becomes equal to the power supply volt- age
VDD The inverter 212b is used to alternately turn ON/OFF 10    the switch
212 and the switch 212a.  The above-described 



operation is repeated by alternately turning ON/OFF the switch 212 and the
switch 212a. Figure 58A illustrates another structure of the 15    energy
supplying circuit 210. The energy supplying circuit 210 illustrated in
Figure 58A includes a power supply 211, a switch 212, a switch 212a and a
capacitance 212c. The capacitance 212c 20    temporarily stores a return
current. Figure 58B illustrates a voltage change at the node 222 (waveform
(A)) and a voltage change at the node 224 (waveform (B)). 25 At time
t[err], a comparator 272a detects that the voltage at the node 222 has
reached the power supply voltage VDD, and outputs a detection signal to a
control circuit 271a. In response to the detection signal, the 30
control circuit 271a causes the switch 212a to change from the OFF state to
the ON state. When there is a return current, the voltage at the    - 43 -
node 222 increases toward a voltage which is higher than the power supply
voltage VDD during a period between time t[err] and time t[err]. Such a
voltage change indicates that a return current flows from the node 222
toward the capacitance 212c 5   and that the return current is temporarily
stored in the capacitance 212c. At time t2, the voltage at the node 222
reaches the peak, and then the voltage at the node 222 starts decreasing.
10 During the period between time t[err] to time t[err], a current starts
flowing from the capacitance 212c to the 



energy preserving circuit 220. 15            At time t3, the comparator
272a detects that the voltage at the node 222 has reached the power supply
voltage VDD again, and outputs a detection signal to the control circuit
271a.  In response to the detection signal, the control circuit 271a causes
the switch 212a to change 20    from the ON state to the OFF state.
Moreover, at time t3, thecontrolcircuit 271causes the switch 212 to change
from the OFF state to the ON state. Then, the switch 212 is kept ONuntil
time t[err].  Intheperiod 25    of time during which the switch 212 is ON,
energy is supplied from the power supply 211 via the switch 212 to the
energy preserving circuit 220. Thus, the return current is temporarily
stored in 30    the capacitance 212c without returning to the power sup-
ply 211. 2. Adjustment of Ratio between Dynamic Energy and Static    - 44 -
Energy When the energy supplying circuit 210 has a structure illustrated in
Figure 6A, it is possible to adjust the ratio between the dynamic energy
and the static energy 5    supplied to the energy preserving circuit 220 by
adjusting the timing to turn ON the switch 212. The period during which the
switch 212 is turned ON is classified into the following four periods in
view of 10   the magnitude of the voltage v at the node 222 and the
directionof thecurrent i[err] flowing through the inductor 221. Herein, it
is assumed that the current i[err] has a positive value when the current
i[err] flows in a direction from the node 224 to the node 222, and the
current i[err] has a negative value when 



15    the current  i[err] flows in a direction from the node 222 to the
node 224. Period I: A period during which the difference between the power
supply voltage VDD and the voltage v is 20    smaller than a predetermined
voltage VTH while the current i[err] has a positive value. Period II: A
period during which the difference between the power supply voltage VDD and
the voltage v is 25    smaller than a predetermined voltage VTH while the
current i[err] has a negative value. Period III: A period during which the
difference between the power supply voltage VDD and the voltage v is 30
larger than a predetermined voltage VTH while the current i[err] has a
positive value. Period IV: A period during which the difference    - 45 -
between the power supply voltage VDD and the voltage v is larger than a
predetermined voltage VTH while the current i[err] has a negative value. 5
Figure 7A illustrates the relationship among the periods I-IV, the waveform
of the voltage v, and the waveform of the current i[err]. The waveform of
the voltage v is a sinusoidal waveform which oscillates about the
predetermined voltage VTH which is the center voltage. The 10    waveform
of the current i[err] is a sinusoidal waveform which oscillates about zero
which is the center voltage. In order to minimize the energy loss which
occurs when the energy is supplied from the energy supplying 15    circuit
210 to the energy preserving circuit 220, it is required to turn ON the
switch 212 when the inter-terminal voltage of the switch 212 is as small as
possible. This is 



based on the "principle of adiabatic charging"; when charging a capacitance
with a charge, by minimizing the 20    voltage which is applied across a
resistor existing between the power supply and the capacitance, the energy
loss due to the resistor can be minimized. Therefore, in order to minimize
the energy loss, the switch 212 is preferably turned ON during period I or
period II during which the 25    difference between the power supply
voltage VDD and the voltage v is small. The ratio between the dynamic
energy and the static energy supplied to the energy preserving circuit 220
during 30    period I and period II will now be described. Figure 7B
illustrates the current i[err] flowing through the inductor 221 and the
current i2 flowing through    - 46 - the switch 212 during period I, and
Figure 7C illustrates a timing at which the switch 212 is turned ON during
pe- riod I. 5            As illustrated in Figure 7B, during period I, the
current i[err] flows in a direction opposite to the direction of the
current i[err]. As a result, the current i[err] flows more toward the
capacitance 223 than toward the inductor 221. This means that more static
energy than dynamic energy is 10    supplied to the energy preserving
circuit 220 during pe- riod I. This is because dynamic energy is mainly
generated due to a current flowing through the inductor 221. Figure 7D
illustrates the current i[err] flowing 15    through the inductor 221 and
the current i2 flowing through the switch 212 during period II, and Figure
7E illustrates a timing at which the switch 212 is turned ON during pe-
riod II. 



20            As illustrated in Figure 7D, during period II, the current
i[err] flows in a direction identical to the direction of the current
i[err]. As a result, the current i[err] flows more toward the inductor 221
than toward the capacitance 223. This means that more dynamic energy than
static energy is 25    supplied to the energy preserving circuit 220 during
period II. This is because dynamic energy is mainly generated due to a
current flowing through the inductor 221. By selecting one of period I and
period II as a timing 30    to turn ON the switch 212, as described above,
it is possible to adjust the ratio between the dynamic energy and the
static energy supplied from the energy supplying circuit 210 to the energy
preserving circuit 220.    - 47 - 3. Detection of Dynamic Energy and Static
Energy The energy preserving circuit 220 preserves dynamic energy and
static energy. Depending upon the property of 5   a load connected to the
energy preserving circuit 220 (i. e. whether the capacitive property
thereof is stronger or the resistive property thereof is stronger), the
amount of dynamic energy which is consumed by the load and the amount of
static energy which is consumed by the load vary. 10 In order to keep
constant the amount of dynamic energy and the amount of static energy
preserved in the energy preserving circuit 220, it is necessary to
separately detect the amount of decrease in the dynamic energy and the 15
amount of decrease in the static energy, so as to supply energy from the
energy supplying circuit 210 to the energy preserving circuit 220 according
to the amount of decrease in the dynamic energy and to supply energy from
the energy 



supplying circuit 210 to the energy preserving circuit 220 20    according
to the amount of decrease in the static energy. The detection of the
dynamic energy and the static energy and the supply of dynamic energy and
static energy based on the detection will now be described. Herein, it 25
is assumed that the energy supplying circuit 210 has a structure
illustrated in Figure 6A. However, the method for detecting the dynamic
energy and the static energy and the method for supplying the dynamic
energy and the static energy which will be described below can be applied
in the 30    case where the energy supplying circuit 210 has another
structure (e.g., a structure illustrated in Figure 6B or Figure 6C).    -
48 - Figure 8 illustrates a structure of a power supply apparatus 1301
having a function of detecting dynamic energy and static energy. A load 370
is connected to the power supply apparatus 1301 at the node 224. The load
370 5   includes at least one of a capacitance component and a resistance
component. In addition to the basic elements, i.e., the energy supplying
circuit 210 and the energy preserving circuit 220, 10   the power supply
apparatus 1301 further includes the control circuit 271, reference voltage
generation circuits 371- 374, comparators 375-379 and a clock signal
generation circuit 380. 15            The  capacitance  value C[err] and
the  capacitance value C2 are set so as to satisfy the relationship
C[err]>>C[err]. Thus, an alternating-current voltage waveform is obtained
at the node 222, and a direct-current voltage waveform is obtained at the
node 224. 



20 Figure 9A illustrates an alternating-current voltage waveform (A') in
comparison with the alternat- ing-current voltage waveform (A). Herein, the
alternat- ing-current voltage waveform (A) represents a change in the 25
voltage at the node 222 with respect to time in the case where the dynamic
energy preserved in the energy preserving circuit 220 is kept constant, and
the alternating-current voltage waveform (A') represents a change in the
voltage at the node 222 with respect to time in the case where the 30
dynamic energy preserved in the energy preserving cir- cuit 220 decreases.
As illustrated in Figure 9A, when the dynamic energy preserved in the
energy preserving cir- cuit 220 decreases, the center of the oscillation of
the    - 49 - alternating-current voltage waveform at the node 222 does not
change, but the oscillation amplitude decreases. Figure 9B illustrates the
alternating-current 5   voltage waveform (A') in comparison with the
alternat- ing-current voltage waveform (A). Herein, the alternat-
ing-current voltage waveform (A) represents a change in the voltage at the
node 222 with respect to time in the case where the static energy preserved
in the energy preserving 10    circuit 220 is kept constant, and the
alternating-current voltage waveform (A') represents a change in the
voltage at the node 222 with respect to time in the case where the static
energy preserved in the energy preserving circuit 220 decreases. As
illustrated in Figure 9B, when the static 15   energy preserved in the
energy preserving circuit 220 decreases, the center of the oscillation of
the alternating-current voltage waveform at the node 222 



shifts. 20            Figure 10A illustrates a procedure of a process for
detecting dynamic energy. This process is executed by the control circuit
271 (see Figure 8) for every predetermined period of time.  Herein, VA
denotes avoltage at the node 222, Vp, V[err], V[err] and V[err] denote
reference voltages output from the 25    reference voltage generation
circuits 371-374, respec- tively, and VDD denotes the power supply voltage.
These voltages   satisfy  the  relationship
Vp<Vr[err]<Vr[err]<Vr[err]<VDD. Moreover, a clock signal having a cycle
identical to that of the alternating-current voltage waveforms (A) and (A')
30   is generated by the clock signal generation circuit 380 (see Figure
8). The waveform of the clock signal is illustrated in Figure 9A.    - 50 -
In step S11, it is determined whether the voltage VA has exceeded the
voltage Vr[err] while the voltage VA is increasing. That the voltage VA has
exceeded the volt- age Vr[err] while the voltage VA is increasing is
detected by a 5    change in the output signal of the comparator 379 from L
level to H level. When the voltage VA has exceeded the voltage Vr[err]
while the voltage VA is increasing, the process proceeds to step S12. 10
In step S12, it is determined whether the voltage VA has exceeded the
voltage Vr[err] while  the voltage VA is increasing. That the voltage VA
has exceeded the volt- age Vr[err] while the voltage VA is increasing is
detected by a change in the output signal of the comparator 376 from L 15
level to H level.  When the voltage VA has exceeded the voltage Vr[err]
while the voltage VA is increasing, the process terminates without
supplying dynamic energy from the energy 



supplying circuit 210 to the energy preserving circuit 220. This is because
it is determined that the dynamic energy 20    preserved in the energy
preserving circuit 220 has not so decreased that dynamic energy needs to be
supplied. On the other hand, when a trailing edge of the clock signal is
detected without the voltage VA having exceeded 25    the voltage Vr[err]
while the voltage VA is increasing (step S13), it is determined that
dynamic energy needs to be supplied from the energy supplying circuit 210
to the energy preserving circuit 220. This is because the voltage VA cannot
possibly reach the voltage Vr[err] until the next cycle 30    of the
alternating-current voltage waveform (A'). There- fore, in this case, the
process proceeds to step S14. In step S14, it is determined whether the
voltage VA    - 51 - has decreased below the voltage Vr[err] while the
voltage VA is decreasing. That the voltage VA has decreased below the
voltage Vr[err] while the voltage VA is decreasing is detected by a change
in the output signal of the comparator 378 from 5   H level to L level.
When the voltage VA has decreased below the voltage Vr[err] while the
voltage VA is decreasing, the control circuit 271 turns ON the switch 212
(step S15). In step S16, it is determined whether the voltage VA 10   has
decreased below the voltage Vr3 while the voltage VA is decreasing. That
the voltage VA has decreased below the voltage Vr[err] while the voltage VA
is decreasing is detected by a change in the output signal of the
comparator 379 from H level to L level. When the voltage VA has decreased
below 15    the voltage Vr[err] while the voltage VA is decreasing, the
control circuit 271 turns OFF the switch 212 (step S17). Thus, when the
dynamic energy preserved in the 



energy preserving circuit 220 decreases, the switch 212 is 20    turned ON
in the period T[err] during which the voltage VA is in the vicinity of the
power supply voltage VDD and is decreasing. It is thus possible to supply
dynamic energy from the energy supplying circuit 210 to the energy
preserving circuit 220. 25 Figure 10B illustrates a procedure of a process
for detecting static energy. This process is executed by the control
circuit 271 (see Figure 8) for every predetermined period of time. Herein,
VA denotes a voltage at the node 222, 30   VP, Vr[err], Vr[err] and Vr[err]
denote reference voltages output from the reference voltage generation
circuits 371-374, respec- tively, and VDD denotes the power supply voltage.
These voltages satisfy the relationship Vp<Vr[err]<Vr[err]<Vr[err]<VDD.
- 52 - In step S21, it is determined whether the period T[err] is less than
the period T2. Herein, the period T[err] is defined as a period of time
required from the time when the voltage VA 5   exceeds the voltage Vp to
the time when the voltage VA then decreases below the voltage Vp along the
alternating- current voltage waveform (A). The period T[err] is defined as
a period of time required from the time when the voltage VA exceeds the
voltage Vp to the time when the voltage VA then 10    decreases below the
voltage Vp along the alternating- current voltage waveform (A'). The period
T[err] and the pe- riod T2 are determined by the control circuit 271 by
measuring the period of time from the time when the output signal of the
comparator 375 changes from L level to H level 15   to the time when the
output signal changes from H level to L level. 



When it is determined that the period T[err] is less than period T2, it is
determined that static energy needs to be 20    supplied from the energy
supplying circuit 210 to the energy preserving circuit 220.  Therefore, in
this case, the process proceeds to step S22. In step S22, it is
determinedwhether thevoltage VA 25    has exceeded the voltage V[err] while
the voltage VA is increasing. That the voltage VA has exceeded the volt-
age Vr[err] while the voltage VA is increasing is detected by a change in
the output signal of the comparator 379 from L level to H level. When the
voltage VA has exceeded the 30    voltage Vr3 while the voltage VA is
increasing, the control circuit 271 turns ON the switch 212 (step S23). In
step S24, it is determined whether the voltage VA    - 53 - has exceeded
the voltage Vr[err] while the voltage VA is increasing. That the voltage VA
has exceeded the volt- age Vr[err] while the voltage VA is increasing is
detected by a change in the output signal of the comparator 378 from L 5
level to H level.  When the voltage VA has exceeded the voltage Vr[err]
while the voltage VA is increasing, the control circuit 271 turns OFF the
switch 212 (step S25). Thus, when static energy preserved in the energy 10
preserving circuit 220 decreases, the switch 212 is turned ON in the period
T3 during which the voltage VA is in the vicinity of the power supply
voltage VDD and is decreasing. It is thus possible to supply static energy
from the energy supplying circuit 210 to the energy preserving circuit 220.
15 4. Adjustment of Dynamic Energy Figure 11A illustrates a structure of a
power supply 



apparatus 1302 having a function of adjusting the amount of dynamic energy
preserved in the energy preserving 20   circuit 220.  A load 390 is
connected to the power supply apparatus 1302 at the node 224. The load 390
includes at least one of a capacitance component and a resistance
component. 25            In addition to the basic elements, i.e., the
energy supplying circuit 210 and the energy preserving circuit 220, the
power supply apparatus 1302 further includes the control circuit 271, a
comparator 272 and a reference voltage generation circuit 273. 30 When
dynamic energy is excessively supplied to the energy preserving circuit
220, the oscillation amplitude of the alternating-current voltage waveform
at the node 222    - 54 - increases. The power supply apparatus 1302 is
provided for the purpose of decreasing the oscillation amplitude of the
alternating-current voltage waveform at the node 222 when the voltage at
the node 222 becomes less than or equal to 5    the ground voltage GND.
Element 391 is provided in the energy preserving circuit 220. Element 391
is connected to the node 222. For example, Element 391 is a diode with a
terminal a as 10    a cathode and a terminal b as an anode (see Figure
11B). The diode may be a schottky barrier diode. Alternatively, element 391
may be a PMOS transistor having the terminal a as a drain, the terminal b
as a source and the power supply VDD as a well, with the gate and the
source being connected to 15    each other (see Figure 11C). The threshold
value VT of such a PMOS transistor may be either high or low. 



Figure 11D illustrates an alternating-current voltage waveform (A) at the
node 222. 20 In the case where the diode illustrated in Fig- ure 11B is
used as element 391, the diode is forwardly biased when the voltage at the
node 222 becomes less than or equal to the ground voltage GND. As a result,
the voltage at the 25    node 222 is fixed at a voltage which is lower than
the ground voltage GND by the forward voltage VT of the diode (see, for
example, the period t[err]-t[err] in Figure 11D). Since the diode is
forwardly biased, a forward current flows. The forward current of the diode
is generated by dynamic energy stored 30    in the inductor. Therefore, the
dynamic energy stored in the inductor is consumed by the diode. As a
result, the oscillation amplitude of the alternating-current voltage
waveform at the node 222 decreases. On the other hand, a    - 55 - charge
is supplied to the energy preserving circuit 220 by the forward current of
the diode. Thus, the static energy increases. 5            In the case
where the PMOS transistor illustrated in Figure 11C is used as element 391,
the PMOS transistor becomes conductive when the voltage at the drain
becomes equal to a voltage which is lower than the ground voltage GND by
the threshold voltage VT. As a result, a drain current 10    flows from the
terminal b (source) toward the terminal a (drain) of the PMOS transistor.
The drain current is generated by dynamic energy stored in the inductor.
Therefore, the dynamic energy stored in the inductor is consumed by the
PMOS transistor.   As  a result,  the 15    oscillation amplitude of the
alternating-current voltage 



waveform at the node 222 decreases. On the other hand, a charge is supplied
to the energy preserving circuit 220 by the drain current. Thus, the static
energy increases. 20            Figure 12 illustrates a structure of a
power supply apparatus 1303 having a function of adjusting the amount of
dynamic energy preserved in the energy preserving circuit 220.  The power
supply apparatus 1303 supplies energy from the energy supplying circuit 210
to the energy 25    preserving circuit utilizing magnetic coupling. Element
391 is provided in the energy preserving circuit 220. Element 391 is
connected to the node 222. The structure of element 391 is as described
above. 30 When dynamic energy is excessively supplied to the energy
preserving circuit 220, the dynamic energy stored in the inductor is
consumed by element 391. As a result,    - 56 - the oscillation amplitude
of the alternating-current voltage waveform at the node 222 decreases. On
the other hand, a charge is supplied to the energy preserving cir- cuit 220
by element 391.  Thus, the static energy in- 5    creases. As the excessive
dynamic energy is thus consumed by element 391, the oscillation amplitude
of the alternat- ing-current voltage waveform at the node 222 decays. Thus,
10    the amount of dynamic energy preserved in the energy preserving
circuit 220 is kept constant. Figure 13A illustrates a structure of a power
supply apparatus 1304 having a function of adjusting the amount 15    of
dynamic energy preserved in the energy preserving circuit 220. A load 400
is connected to the power supply 



apparatus 1304 at the node 224. The load 400 includes at least one of a
capacitance component and a resistance component. 20 In addition to the
basic elements, i.e., the energy supplying circuit 210 and the energy
preserving circuit 220, the power supply apparatus 1304 further includes
the control circuit 271, the comparator 272, the reference voltage 25
generation circuit 273, a control circuit 402, compara- tors 403-404 and
reference voltage generation cir- cuits 405-406. When dynamic energy is
excessively supplied to the 30    energy preserving circuit 220, the
oscillation amplitude of the alternating-current voltage waveform at the
node 222 increases. The power supply apparatus 1304 isprovided for the
purpose of decreasing the oscillation amplitude of the    - 57 -
alternating-current voltage waveform at the node 222 when the voltage at
the node 222 becomes less than or equal to the ground voltage GND. 5
A switch 401 is provided in the energy preserving circuit 220. The switch
401 is connected to the node 222. For example, the switch 401 may be a NMOS
transistor. The timing to open/close the switch 401 is controlled by the
control circuit 402. 10 The capacitance value C[err] and the capacitance
value C2 are set so as to satisfy the relationship C[err]>>C[err]. Thus, an
alternating-current voltage waveform is obtained at the node 222, and a
direct-current voltage waveform is 15    obtained at the node 224. 



Figure 13B  illustrates  an  alternating-current voltage waveform (A) at
the node 222 and a direct-current voltage waveform (B) at the node 224. 20
When the voltage at the node 224 decreases below the target voltage Vp, the
control circuit 271 turns ON the switch 212. For example, the control
circuit 271 turns ON the switch 212 in the period between times
t[err]-t[err]. 25    Alternatively, the period to turn ON the switch 212
may be the period between times t[err]-t[err] or the period between times
t[err]-t[err].  Thus, energy is supplied from the energy supplying circuit
210totheenergypreservingcircuit 220. As a result, the oscillation amplitude
of the alternat- 30    ing-current voltage waveform at the node 222
increases. When dynamic energy is excessively supplied to the energy
preserving circuit 220, the voltage at the node 222    - 58 - is less than
or equal to the ground voltage GND. This is similarly true when the static
energy preserved in the energy preserving circuit 220 decreases, and the
center of the oscillation of the alternating-current voltage waveform at 5
the node 222 becomes smaller than 1/2 VDD. In a period during which the
voltage at the node 222 is less than or equal to the ground voltage GND,
the control circuit 402 turns ON the switch 401 in the period between 10
times t[err]-t[err].  Alternatively, the period to turn ON the switch
401maybetheperiodbetweentimes t[err]-t[err] or the period between times
t5-t8. As a result, a current flows from the ground voltage GND toward the
node 222. The current is generated by dynamic energy stored in the
inductor. 15    Therefore, the dynamic energy stored in the inductor is 



consumed by the switch 401. As a result, the oscillation amplitude of the
alternating-current voltage waveform at the node 222 decreases. On the
other hand, a charge is supplied to the energy preserving circuit 220 via
the 20    switch 401.  Thus, the static energy increases. By turning ON the
switch 401 when the voltage at the node 222 is lower than the ground
voltage GND as described above, a portion of the dynamic energy preserved
in the 25    energy preserving circuit 220 is converted to thermal energy
and consumed by a parasitic resistance of the switch 401, and another
portion of the dynamic energy is converted to static energy and is stored
in the energy preserving circuit 220. 30 On the other hand, if the switch
401 is turned ON when the voltage at the node 222 is higher than the ground
voltage GND, the static energy preserved in the energy    - 59 - preserving
circuit 220 is discharged toward the ground voltage GND.  Aportion of
thestaticenergy dischargedfrom the energy preserving circuit 220 is
converted to thermal energy and consumed by the parasitic resistance of the
5    switch 401, and another portion of the static energy is converted to
dynamic energy due to a charge passing through the inductor 221. In
particular, by turning ON the switch 401 at a 10   voltage lower than the
ground voltage GND, it is possible to reduce the dynamic energy preserved
in the energy preserving circuit 220 and to increase the static energy. By
turning ON the switch 401 at a voltage higher than the ground voltage GND,
it is possible to increase the dynamic 



15   energy preserved in the energy preserving circuit 220 and to reduce
the static energy. By adjusting the timing to turn ON the switch 401, as
described above, it is possible to adjust the dynamic 20    energy and the
static energy preserved in the energy preserving circuit 220.   The timing
to  turn ON the switch 401 can be arbitrarily adjusted by adjusting the
reference voltages Vr[err] and Vr[err] output from the reference voltage
generation circuit 406. 25 Figure 14 illustrates procedure of a process for
adjusting the dynamic energy. This process is executed by the control
circuit 271 (see Figure 13A) for every predetermined period of time.
Herein, VA denotes a voltage 30    at the node 222, VB denotes a voltage at
the node 224, Vp denotes a reference voltage output from the reference
voltage generation circuit 273, Vr[err] and Vr[err] denote reference
voltages selectively output from the reference voltage    - 60 - generation
circuit 405, Vr[err] and Vr[err] denote reference voltages selectively
output from the reference voltage generation circuit 406, VDD denotes the
power supply voltage, and GND denotes the ground voltage. These voltages
satisfy the 5   relationship Vr[err]<Vr[err]<GND<Vp<Vr[err]<Vr[err]<VDD. In
step S31, it is determined whether the voltage VB has decreased below the
voltage Vp. That the voltage VB has decreased below the voltage Vp is
detected by a change in 10   the output signal of the comparator 272 from H
level to L level. When the voltage VB has decreased below the volt- age Vp,
the process proceeds to step S32. In step S32, it is
determinedwhetherthevoltage VA, 



15   has decreased below the voltage Vr[err] while the voltage VA is
decreasing. That the voltage VA has decreased below the voltage Vr[err]
while the voltage VA is decreasing is detected by a change in the output
signal of the comparator 403 from L level to H level. When the voltage VA
has decreased below 20    the voltage Vr[err] while the voltage VA is
decreasing, the control circuit 271 turns ON the switch 212 (step S33). In
step S34, it is determined whether the voltage VA has decreased below the
voltage Vr[err] while the voltage VA is 25    decreasing.  That the voltage
VA has decreased below the voltage Vr[err] while the voltage VA is
decreasing is detected by a change in the output signal of the comparator
403 from L level to H level. When the voltage VA has decreased below the
voltage Vr[err] while the voltage VA is decreasing, the 30    control
circuit 271 turns OFF the switch 212 (step S35). In step S36, itis
determinedwhetherthevoltage VA has decreased below the voltage Vr3 while
the voltage VA is    - 61 - decreasing. That the voltage VA has decreased
below the voltage Vr[err] while the voltage VA is decreasing is detected by
a change in the output signal of the comparator 404 from L level to H
level. When the voltage VA has decreased below 5   the voltage Vr[err]
while the voltage VA is decreasing, the control circuit 271 turns ON the
switch 401 (step S37). In step S38, it is determined whether the voltage VA
has decreased below the voltage Vr[err] while the voltage VA is 10
decreasing.  That the voltage VA has decreased below the voltage Vr4 while
the voltage VA is decreasing is detected by a change in the output signal
of the comparator 404 from L level to H level. When the voltage VA has
decreased below the voltage Vr[err] while the voltage VA is decreasing, the



15    control circuit 271 turns OFF the switch 401 (step S39). Thus, the
switch 401 is turned ON in a period during which the voltage at the node
222 is less than or equal to the ground voltage GND. As the excessive
dynamic energy is 20    consumed by the switch 401, the oscillation
amplitude of the alternating-current voltage waveform at the node 222
decays. Thus, the amount of dynamic energy preserved in the energy
preserving circuit 220 is kept constant. 25   5. Regarding Noise As
illustrated in Figure 6A, in the case where energy is supplied from the
energy supplying circuit 210 to the energy preserving circuit 220 via the
switch 212, the total amount of supply of dynamic energy and static 30
energy (or the amount of conversion of dynamic energy and static energy) is
determined according to the length of the period during which the switch
212 is ON. As the dynamic energy and the static energy supplied from the
energy    - 62 - preserving circuit 220 to the load increase, the switch
212 is controlled so as to be ON for a longer period of time. As the
dynamic energy and the static energy supplied from the energy preserving
circuit 220 to the load decrease, the 5    switch 212 is controlled so as
to be ON for a shorter period of time. When the length of the period during
which the switch 212 is ON changes as described above, the distortion 10
of the sinusoidal wave oscillation at the node 222 also changes.   As a
result, the frequency spectrum of the distortion changes. The sinusoidal
wave oscillation at the node 222 15    conducts a current through the
inductor 221.  The current 



flowing   through   the   inductor 221   generates   an electromagnetic
wave. The frequency of the electromagnetic wave is uniquely related to the
frequency of the sinusoidal wave oscillation. The electromagnetic wave
generated by 20    the current flowing through the inductor 221 influences
a circuit which is connected to another inductor while being coupled to the
other inductor. This is so-called noise. The noise can be removed with a
filter. In order 25    to facilitate noise removal with a filter, it is
preferable that the frequency spectrum of the noise is generally constant
anddoesnotchange.  Bykeepingconstantthelength of the period during which
the switch 212 is ON, it is possible to keep the frequency spectrum of the
noise constant. 30    In order to keep constant the length of the period
during which the switch 212 is ON, the amount of supply, and the amount of
conversion, of the energy can be adjusted by changing the parasitic
resistance of the switch 212.    - 63 - Changing the parasitic resistance
of the switch 212 can be achieved by, for example, providing a plurality of
switches which are serially connected to one another between 5    the
inductor 221 and the node 222, and changing the number of switches among
the plurality of switches which are turned ON concurrently. Figure 15
illustrates an exemplary structure of a 10    switch section 212e.
Theswitchsection 212e includes four switches 212-1 to 212-4 which are
connected in parallel to one another. During one period, only the switch
212-1 is turned ON. During another period, the switches 212-1 and 212-2 are
turned ON. During still another period, the 15    switches 212-1 to 212-3
areturnedON.  During stillanother 



period, the switches 212-1 to 212-4 are turned ON. As the number of
switches to be turned ON concurrently increases, the amount of supply, and
the amount of conversion, of the energy increase. 20 By keeping constant
the length of the period during which the switch 212 is ON, while adjusting
the amount of supply, and the amount of conversion, of the energy by
changing the parasitic resistance of the switch 212, as 25    described
above, it is possible to keep the frequency spectrum of the noise constant.
Thus, the removal of noise with a filter is facilitated. 6. Regarding
Resonance Operation 30            The frequency f of the sinusoidal wave
oscillation at the node 222 of the energy preserving circuit 220 is
represented by f=1/{2[err][err][err](LC[err])} when the relationship
C[err]>>C[err] holds. Herein, L denotes the inductance of the inductor 221,
- 64 - and C[err] denotes the capacitance value of the capacitance 225, and
C[err] denotes the capacitance value of the capacitance 223. As the
capacitance value C[err] is increased, the 5   frequency f decreases.
Moreover, as the inductance L is increased, the frequency f decreases. The
frequency f being low means that the rate of change of a signal input to a
comparator used in various 10    types of power supply circuit is small.
Thus, the comparator can detect the voltage without error. This is because
a comparator has a characteristic that it can detect a voltage more
accurately as the signal to be detected is slower. Moreover, when the
comparator has a capability of detecting 15    a voltage with sufficient
accuracy, it is possible to reduce 



the power consumption of the comparator by reducing the detection accuracy
of the comparator. In addition, the energy can be supplied from the energy
supplying circuit 210 to the energy preserving circuit 220 aiming at a
timing at 20    which a voltage difference between the terminals of the
switch 212 is small, whereby it is possible to avoid generation of noise
due to an inrush current which occurs due to a large voltage difference
occurring between the terminals of the switch 212. 25 Thus, the energy
preserving circuit 220 has a characteristic of being able to increase and
decrease the frequency f of the sinusoidal wave oscillation at the node 222
by changing the capacitance value and/or the 30    inductance.  Therefore,
it is possible to increase and decrease the frequency of the noise in a
resonance operation. When the capacitance value C2 is increased under a
- 65 - condition that the amplitude of the sinusoidal wave oscillation at
the node 222 is kept constant, the amount of charge to be charged in the
capacitance 223 increases. As a result, the current flowing into the
capacitance 223 5    increases. When a charge is supplied to a load using a
sinusoidal wave oscillation, or when a charge is collected from the load,
the amount of charge varies depending upon the load. 10    Therefore, the
circuit design of the energy preserving circuit 220 needs to be made in
consideration of the frequency f and the amount of charge supplied to the
load (and/or the amount of charge collected from the load). 15   7.
Regarding Noise Reduction based on LC Oscillation 



Operation As the integration density of LSIs increases, it is expected that
memory circuits, such as DRAMs, digital circuits and analog circuits will
be formed on a single chip. 20    It is believed that, as these various
circuits are mixed on a single chip, the influence of noise mixed in the
operating frequency band of an intermediate frequency analog circuit on the
characteristics of the analog circuit will gradually become problematic in
the future. 25 Figure 75 illustrates one embodiment of a system LSI. For
example, a system LSI 1801 has a function of receiving and demodulating a
transmitted high frequency radio wave, such as that of a portable
telephone. 30 The system LSI 1801 includes: an intermediate frequency and
high frequency analog circuit block 1802 having a function of receiving a
high frequency signal and    - 66 - demodulating it to an intermediate
frequency; a DRAM block 1803 for storing a program which is required for
the demodulation; a low frequency analog circuit block 1804 for controlling
the demodulation operation and including an A/D 5   converter for
converting the demodulated signal to a digital signal; a digital circuit
block 1805 for performing signal processing such as noise removal of the
digital demodulated signal; and a power supply apparatus 1806 which
includes an LC resonance circuit. The circuit blocks 1802-1805 and 10   the
power supply apparatus 1806 are formed on a single silicon chip. The power
supply apparatus 1806 supplies a power supply voltage to at least one of
the circuit 



blocks 1802-1805. 15            As illustrated in Figure 75, the
intermediate frequency and high frequency analog circuit block 1802 and the
power supply apparatus 1806 are located adjacent to each other, whereby the
noise generated due to the inductance of the LC resonance circuit is
introduced into the 20    intermediate frequency and high frequency analog
circuit block 1802. On the other hand, since the characteristics of the
intermediate frequency and high frequency analog circuit block 1802 are
significantly reduced by noise, the acceptable noise intensity is specified
by the standard for 25    each form of application such as signal
transmission.  For example, one standard prohibits noise equal to or
greater than -60 dBm from being introduced into a 10-20 MHz fre- quency
band. 30            For preventing noise from being introduced, there is a
method which uses a power supply apparatus which does not include an
inductor, e.g., a power supply apparatus using an  operational  amplifier.
However,  a  power  supply    - 67 - apparatus which does not include an
inductor has a large energy loss, and thus is disadvantageous in reducing
the power and heat generated by an LSI. When a power supply apparatus
including an inductor is used, radiation noise 5    is generated by a
current flowing through the inductor. Therefore, it is necessary to ensure
that noise is not introduced which has an intensity greater than the
intensity accepted for the frequency band which influences the
characteristics of the intermediate frequency and high 10    frequency
analog circuit block. In the conventional DC/DC converter 61 having the 



voltage conversion section 54 as illustrated in Figure 51A, when the
current supply from the switch 50 is terminated, 15    the switch 50
changes from the open state to the closed state. When the switch 50 changes
from the open state to the closed state, the current flowing through the
inductor 52 rapidly changes, whereby the voltage at the signal input
terminal A instantly reaches the ground voltage according to the 20
characteristics of the inductor 52. As a result, the noise generated from
the inductor 52 has a noise distribution which reaches a high frequency
according to the rapid change in the voltage at the signal input terminal
A. This may cause introduction of noise having an intensity greater than 25
the intensity accepted for the frequency band which influences the
characteristics of the intermediate fre- quency and high frequency analog
circuit block. On the other hand, in the case of the power supply 30
apparatus 1806 including an LC resonance circuit, it is possible to limit
the change in the current flowing through the inductor by appropriately
setting the resonance fre- quency of the LC resonance circuit. Thus, it is
possible    - 68 - to decrease the frequency of the noise. Figure 77
illustrates a distribution of noise intensity with respect to the resonance
frequency of the 5    LC resonance circuit.  In Figure 77, curves a, b and
c respectively correspond to resonance frequencies fLa, fLb and  fLc of the
LC  resonance  circuit.   Herein,  the relationship fLa<fLb<fLc holds. Each
of the resonance fre- quencies fLa, fLb and fLc of the LC resonance circuit
is set 10    by appropriately setting, during a design process, the
capacitance C (e.g., C2 in Figure 1) and the inductor L (e.g., 



L in Figure 1). Thus, it is possible to appropriately select and set L and
C during the design process. The resonance frequency f is represented by
f=1/2[err][err]LC.  Itcanbeseenthat 15    a frequency band in which noise
is distributed becomes narrower as the resonance frequency of the LC
resonance circuit is decreased.   A curve d represents a noise distribution
by the above-described conventional DC/DC converter 61. 20 Assume that it
is necessary to set the noise intensity in a particular frequency band (a
band from frequency f[err] to frequency f[err]) to be less than or equal to
a predetermined value P[err] for the intermediate frequency and 25    high
frequency analog circuit block 1802. In this case, by setting the resonance
frequency of the LC resonance circuit to fLa or fLb, it is possible to set
the noise intensity in the particular frequency band to be less than or
equal to a predetermined value P2. Thus, it is possible to prevent 30
the characteristics of the intermediate frequency and high frequency analog
circuit block 1802 from becoming lower due to noise. The frequency f[err]
is 10 MHz, for example, and the frequency f[err] is 20 MHz, for example.
The predetermined    - 69 - value P[err] is -60 dBm, for example. Not only
when various circuit blocks are mixed on a single silicon chip, but also
when the LSI packaging 5   density increases, such as in multi-chip modules
or in high density packaging on a substrate, it is necessary to ensure that
noise is not introduced which has an intensity greater than the intensity
accepted for the frequency band which influences the characteristics of the
intermediate fre- 



10    quency and high frequency analog circuit block. Figure 76 illustrates
an example where the power supply apparatus 1806 including the LC resonance
circuit and the intermediate frequency and high frequency analog 15
circuit block 1802 are formed on different chips.  A system LSI 1807
includes the digital circuit block 1805 and the power supply apparatus
1806. The system LSI 1807 and the intermediate frequency and high frequency
analog circuit block 1802 are formed on different silicon chips.  The power
20    supply apparatus 1806 supplies a power supply voltage to at least one
of the circuit blocks 1802 and 1805. Figure 78 illustrates a distribution
of noise intensity with respect to a distance D between the system 25
LSI 1807 and the intermediate frequency and high frequency analog circuit
block 1802. In Figure 78, curves e, f and g respectively correspond to
distances De, Df, and Dg between the system LSI 1807 and the intermediate
frequency and high frequency  analog  circuit  block 1802.    Herein,  the
30    relationship De>Df>Dg holds. It can be seen that a frequency band in
which noise is distributed becomes wider as the distance D between the
system LSI 1807 and the intermediate frequency and high frequency analog
circuit block 1802    - 70 - decreases. As described above, by setting the
resonance fre- quency of the LC resonance circuit to be sufficiently small,
5    it is possible to set noise intensity in a particular frequency band
to be less than or equal to a predetermined value. Thus, it is possible to
prevent the characteristics of the intermediate frequency and high
frequency analog circuit block 1802 from becoming lower due to noise. 



10 As the power supply apparatus 1806 including the LC resonance circuit,
any type of power supply apparatus described in Chapter 8 and Chapter 9 of
this specification can be used.  However, it is not indispensable for the
LC 15    resonance circuit to include a structure in which the first
capacitance is connected to one end of the inductor while the second
capacitance is connected to the other end of the inductor (hereinafter,
referred to as the C-L-C structure). The LC resonance circuit may include a
structure in which 20    a capacitance is connected to only one end of the
inductor (hereinafter, referred to as the L-C structure). Figure 79
illustrates a structure of the power supply apparatus 1806 including an LC
resonance circuit 25    having the L-C structure.  The power supply
apparatus 1806 supplies a direct-current power supply voltage to at least
one of the plurality of circuit blocks. The power supply apparatus 1806 and
the plurality of circuit blocks may be formed on a single semiconductor
chip or on different 30    semiconductor chips. The LC resonance circuit is
formed of an induc- tor 1820 and a capacitance 1821.  A current adjustment
- 71 - circuit 1811 is connected to the LC resonance circuit. The voltage
at a terminal of the inductor 1820 to which the current adjustment circuit
1811 is connected is set to VDD/2. Herein, the power supply voltage is
assumed to be VDD. 5 When the current flowing through the inductor 1820 is
flowing from the current adjustment circuit 1811 toward the capacitance
1821, the voltage at a node 1818 increases. 



When the current flowing through the inductor 1820 is 10    flowing from
the capacitance 1821 toward the current adjustment circuit 1811, the
voltage at the node 1818 decreases. The current adjustment circuit 1811
adjusts in- 15    put/output of a current while monitoring the voltage at
the node 1818 so that the voltage at the node 1818 oscillates in an LC
oscillation with a predetermined voltage amplitude. In order to convert the
oscillation voltage at the node 1818 to a direct-current voltage,
comparators 1813 and 1819, a 20    reference voltage generation circuit
1814 and a control circuit 1812  are  provided.    By  opening/closing  the
switch 1815 by means of the control circuit 1812, the voltage at a node
1816 of a load 1817 is converted to a direct-current voltage.   Such a
conversion method is 25    similar to the conversion method for a power
supply apparatus which will be described below with reference to Figure
17A. The control circuit 1812, the comparators 1819 and 1813, the switch
1815, the load 1817 and the reference voltage generation circuit 1814
illustrated in Figure 79 respec- 30    tively correspond to acontrol
circuit 283, comparators 284 and 285, a switch 282, a load 280 and a
reference voltage generation circuit 286 illustrated in Figure 17A.    - 72
- 8. Type of Power Supply Apparatus 200 The power supply apparatus 200 is
generally classified into the following four types (1)-(4). 5    (1) DC
Type: A type which uses a direct-current voltage waveform supplied from one
of the node 222 and the node 224 of the energy preserving circuit 220. (2)
AC Type: A type which uses an alternating-current 



10    voltage waveform supplied from one of the node 222 and the node 224
of the energy preserving circuit 220. (3) DC-AC Type: A type which uses a
direct-current voltage waveform supplied from one of the node 222 and the
node 224 15    of the energy preserving circuit 220 and an alternat-
ing-current voltage waveform supplied from the other one of the node 222
and the node 224. (4) AC-AC Type: A type which uses an alternating-current
20    voltage waveform supplied from one of the node 222 and the node 224
of the energy preserving circuit 220 and an alternating-current voltage
waveform supplied from the other one of the node 222 and the node 224. 25
8.1 DC Type Power Supply Apparatus Figure 16A illustrates a structure of a
DC type power supply apparatus 201 which supplies a direct-current voltage
waveform to a load 270 connected to the node 224. The load 270 includes at
least one of a capacitance component 30    and a resistance component. In
addition to the basic elements, i.e., the energy supplying circuit 210 and
the energy preserving circuit 220,    - 73 - the power supply apparatus 201
further includes the control circuit 271, the comparator 272 and the
reference voltage generation circuit 273.  In the example illustrated in
Figure 16A, the energy supplying circuit 210 employs the 5    structure as
illustrated in Figure 6A. However, any of the structures illustrated in
Figures 6A-6D and 58A may be employed as the structure of the energy
supplying cir- cuit 210. The structure as illustrated in Figures 11A, 11B
or 13A may be employed as means for adjusting the dynamic 10   energy. 



The capacitance value C[err] and the capacitance value C2 are set so as to
satisfy the relationship C[err]>>C[err]. Thus, an alternating-current
voltage waveform is obtained 15   at the node 222, and a direct-current
voltage waveform is obtained at the node 224. Figure 16B illustrates an
alternating-current voltage waveform (A) at the node 222 (indicated by a
broken 20    line), and a direct-current voltage waveform (B) at the node
224 (indicated by a solid line). Strictly speaking, the voltage waveform at
the node 224 is also an alternating-current voltage waveform. However, the
volt- age waveform at the node 224 can be considered as a di- 25
rect-current voltage waveform.  This is because the voltage oscillation at
the node 224 is sufficiently smaller than the voltage oscillation at the
node 222. As described above, by appropriately adjusting the 30    ratio
between static energy and dynamic energy supplied from the energy supplying
circuit 210, it is possible to obtain the alternating-current voltage
waveform (A) such that the center of the oscillation thereof is at the
voltage Vp and    - 74 - the amplitude thereof is 1/2 VDD.  The
direct-current voltage waveform (B) is generally equal to the center of the
oscillation of the alternating-current voltage wave- form (A). 5 An
operation of the power supply apparatus 201 will now be described. The
comparator 272 compares the voltage at the 10   node 224 with the voltage
Vp output from the reference voltage generation circuit 273 so as to detect
whether the 



voltage at the node 224 has decreased below the voltage Vp. When the
voltage at the node 224 is equal to or greater than the voltage Vp, the
output signal of the comparator 272 is 15   at H level. When the voltage at
the node 224 is lower than the voltage Vp, the output signal of the
comparator 272 is at L level. When the voltage at the node 224 decreases
below the 20   voltage Vp at time t[err], the output signal of the compara-
tor 272 changes from H level to L level. In response to the change in the
output signal of the comparator 272, the control circuit 271 turns ON the
switch 212. Thus, the supply of energy to the energy preserving circuit 220
is 25   initiated.  As a result, the voltage at the node 224 in- creases.
When the voltage at the node 224 becomes equal to or greater than the
voltage Vp at time t[err], the output signal 30   of the comparator 272
changes from L level to H level.  In response to the change in the output
signal of the comparator 272, the control circuit 271 turns OFF the switch
212.  Thus, the supply of energy to the energy    - 75 - preserving circuit
220 is terminated. Similarly, the supply of energy to the energy preserving
circuit 220 is initiated at time t3, and the 5    supply of energy to the
energy preserving circuit 220 is terminated at time t[err]. Thus, the
energy consumed by the load 270 is de- tected by a decrease in the energy
preserved in the energy 10    preserving circuit 220.  Energy is supplied
to the energy preserving circuit 220 so as to recover the decreased energy.



Thus, the DC type power supply apparatus 201 can 15    provide a voltage
lower than the power supply voltage VDD to the load 270. 8.2 AC Type Power
Supply Apparatus Figure 17A illustrates a structure of an AC type 20
power supply apparatus 202 which charges the voltage at a node 281 in the
load 280, which is connected to the node 222, to a desired voltage. The
load 280 includes at least one of a capacitance component and a resistance
component, and the switch 282. 25 In addition to the elements of the power
supply apparatus 201 illustrated in Figure 16A, the power supply apparatus
202 further includes the control circuit 283, the comparator 284, the
comparator 285 and the reference 30    voltage generation circuit 286.  The
structure illustrated in Figure 11A, 11B or 13A may be employed as means
for adjusting dynamic energy.    - 76 - The capacitance value C[err] and
the capacitance value C2 are set so as to satisfy the relationship
C[err]>>C[err]. Thus, an alternating-current voltage waveform is obtained
at the node 222, and a direct-current voltage waveform is 5   obtained at
the node 224. Figure 17B illustrates an alternating-current voltage
waveform (A) at the node 222, a direct-current voltage waveform (B) at the
node 224, and a voltage 10    waveform (C) at the node 281. As described
above, by appropriately adjusting the ratio between static energy and
dynamic energy supplied from the energy supplying circuit 210, it is
possible to obtain 



15   the alternating-current voltage waveform (A) such that the center of
the amplitude thereof is at the voltage Vp and the amplitude thereof is 1/2
VDD. The direct-current voltage waveform (B) is generally equal to the
center of the oscillation of the alternating-current voltage wave- 20
form (A). An operation of the power supply apparatus 202 for setting the
voltage at the node 281 from the voltage V[err] to the voltage Vr[err],
which is lower than the voltage V[err], will now 25   be described.  It is
assumed that the node 281 is charged to the voltage V[err] at time t=0. The
comparator 284 compares the voltage at the node 222 with the voltage at the
node 281 so as to detect 30   whether the voltage at the node 222 has
reached the voltage V[err] while the alternating-current voltage wave- form
(A) is decreasing, or whether the voltage at the node 222 has reached the
voltage V[err] while the alternat-    - 77 - ing-current voltage waveform
(A) is increasing. When the voltage at the node 222 has reached the voltage
V[err] while the alternating-current voltage waveform (A) is decreasing,
the output signal of the comparator 284 changes from L level 5   to H
level.  When the voltage at the node 222 has reached the voltage V[err]
while the alternating-current voltage waveform (A) is increasing, the
output signal of the comparator 284 changes from H level to L level. 10
When the voltage at the node 222 reaches the voltage V[err] at time t[err]
while the alternating-current voltage waveform (A) is decreasing, the
output signal of the comparator 284 changes from L levelto H level. In
response to the change in the output signal of the comparator 284, 



15    the control circuit 283 turns ON the switch 282.  Thus, the voltage
at the node 281 changes along the alternating- current voltage waveform
(A). The comparator 285 compares the voltage at the 20    node 281 with the
voltage Vr[err] output from the reference voltage generation circuit 286 so
as to detect whether the voltage at the node 281 has reached the voltage
Vr[err]. When the voltage at the node 281 reaches the 25    voltage V[err]
at time t[err], the output signal of the compara- tor 285 changes from L
level to H level. In response to the change in the output signal of the
comparator 285, the control circuit 283 turns OFF the switch 282. Thus, the
voltage at the node 281 is kept at the voltage Vr[err]. 30 Next, when
setting the voltage at the node 281 from the voltage Vr[err] to the voltage
Vr[err], which is higher than the voltage Vr[err], the increasing change of
the alternating-    - 78 - current voltage waveform (A) is utilized. When
the voltage at the node 222 reaches the voltage Vr[err] at time t[err]
while the alternating-current voltage 5   waveform (A) is increasing, the
output signal of the comparator 284 changes fromH levelto L level. In
response to the change in the output signal of the comparator 284, the
control circuit 283 turns ON the switch 282.  Thus, the voltage at the node
281 changes along the alternating- 10    current voltage waveform (A). The
comparator 285 compares the voltage at the node 281 with the voltage
Vr[err] output from the reference voltage generation circuit 286 so as to
detect whether the 15   voltage at the node 281 has reached the voltage
Vr[err]. Thus, 



the reference voltage generation circuit 286 outputs the voltage Vr[err]
and the voltage Vr[err] which are alternated at a predetermined timing. 20
When the voltage at the node 281 reaches the voltage Vr[err] at time t4,
the output signal of the compara- tor 285 changes from H level to L level.
In response to the change in the output signal of the comparator 285, the
control circuit 283 turns OFF the switch 282. Thus, the 25    voltage at
the node 281 is kept at the voltage Vr[err]. The voltage at the node 281 of
the load 280 can be charged to any voltage by adjusting the voltage output
from the reference voltage generation circuit 286. 30 As in the DC type
power supply apparatus 201, the energy consumed by the load 280 is detected
by a decrease in the energy preserved in the energy preserving circuit 220.
- 79 - Energy is supplied to the energy preserving circuit 220 so as to
recover the reduced energy. Thus, the AC type power supply apparatus 202
can 5    charge the voltage at the node 281 of the load 280, which is
connected to the node 222, to a desired voltage, using an
alternating-current voltage waveform. The charging of the load 280, which
includes a capacitance component, using an alternating-current voltage
waveform is based on the 10    above-described  "principle  of  adiabatic
charging". Therefore, the energy which is consumed by the load 280 when
charging the load 280 is extremely little. 8.3 DC-AC Type Power Supply
Apparatus 15            Figure 18A illustrates a structure of a DC-AC type
power supply apparatus 203. The structure of the power 



supply apparatus 203 is identical to the structure of the power supply
apparatus 202 illustrated in Figure 17A except that the load 270 is
connected to the node 224. 20 By connecting the load 270 to the node 224,
it is possible to supply a direct-current voltage waveform to the load 270.
Moreover, by connecting the load 280 to the node 222, it is possible to
charge the voltage at the 25    node 281 of the load 280 to a desired
voltage using an alternating-current voltage waveform. Figure 18B
illustrates an alternating-current voltage waveform (A) at the node 222, a
direct-current 30    voltage waveform (B) at the node 224,  and a voltage
waveform (C) at the node 281. 8.4 AC-AC Type Power Supply Apparatus
(Variation 1)    - 80 - Figure 19A illustrates a structure of an AC-AC type
power supply apparatus 204. The power supply apparatus 204 charges the
voltage at the node 281 of the load 280, which is connected to the node
222, to a desired voltage, using 5    a first alternating-current voltage
waveform, and charges the voltage at a node 291 of a load 290, which is
connected to the node 224, to a desired voltage, using a second
alternating-current voltage waveform whose phase is different from that of
the first alternating-current voltage 10    waveform by 180 degrees.  The
load 290 includes at least one of a capacitance component and a resistance
component, and a switch 292. In addition to the elements of the power
supply 15    apparatus 201 illustrated in Figure 17A, the power supply
apparatus 204 further includes a control circuit 293, a 



comparator 294 and a comparator 295. The function of the control circuit
293 is identical to the function of the control circuit 283. The function
of the comparator 294 is 20    identical to the function of the comparator
284.  The function of the comparator 295 is identical to the function of
the comparator 285. The structure illustrated in Fig- ure 11A, 11B or 13A
may be employed as means for adjusting dynamic energy. 25 The reference
voltage generation circuit 286 out- puts the voltage Vr[err] and the
voltage Vr[err] which are alternated at a predetermined timing. The
reference voltage genera- tion circuit 286 outputs the voltage Vr[err] to
the compara- 30    tor 285 while outputting the voltage Vr[err] to the
compara- tor 295. Moreover, the reference voltage generation cir- cuit 286
outputs the voltage Vr[err] to the comparator 285 while outputting the
voltage Vr[err] to the comparator 295.    - 81 - The capacitance value
C[err] and the capacitance value C2 are set so as to satisfy the
relationship C[err][err]C[err]. Thus, an alternating-current voltage
waveform is obtained 5    at the node 222, and an alternating-current
voltage waveform is obtained at the node 224. Figure 19B illustrates an
alternating-current voltage waveform (A) at the node 222, an alternating-
10    current voltage waveform (B) at the node 224, a voltage waveform (C)
at the node 281, and a voltage waveform (D) at the node 291. The
alternating-current voltage wave- form (A) and the alternating-current
voltage waveform (B) are generally the same in terms of the center of the
15    oscillation and the amplitude, but the phases thereof are 



different from each other by 180 degrees. By using both the
alternating-current voltage waveform (A) and the alternating-current
voltage wave- 20    form (B), it is possible to set the voltage at the node
281 from the voltage V[err] to the voltage V[err], which is lower than the
voltage V[err], using the alternating-current voltage waveform (A) while it
is decreasing while, in parallel to this, setting the voltage at the node
291 from the voltage V2 25    to the voltage Vr[err], which is higher than
the voltage V[err], using the alternating-current voltage waveform (B)
while it is increasing. Similarly, it is possible to set the voltage at the
node 281 from the voltage Vr[err] to the voltage Vr[err], which is higher
than the voltage V[err], using the alternating-current 30    voltage
waveform (A) while it is increasing while, in parallel to this, setting the
voltage at the node 291 from the voltage Vr[err] to the voltage Vr[err],
which is lower than the voltage Vr[err], using the alternating-current
voltage wave-    - 82 - form (B) while it is decreasing. The relationship
between the capacitance value C[err] and the capacitance value C2 may be
either C[err]>C[err] or C[err]<C[err]. 5    8.5 AC-AC Type Power Supply
Apparatus (Variation 2) Figure 20A illustrates a structure of an AC-AC type
power supply apparatus 205. The power supply apparatus 205 selectively
utilizes a first alternating-current voltage waveform and a second
alternating-current voltage waveform 10    whose  phase  is  different
from  that  of  the  first alternating-current voltage waveform so as to
charge the voltage at a node 301 of a load 300, which is connected to the
node 222 and the node 224, to a desired voltage. The load 300 includes at
least one of a capacitance component 



15    and a resistance component, a switch 302, and a switch 303. In
addition to the elements of the power supply apparatus 201 illustrated in
Figure 16A, the power supply apparatus 205 further includes a control
circuit 304, a 20    comparator 305, a comparator 306, a comparator 307,
and a reference voltage generation circuit 308. The structure illustrated
in Figure 11A, 11B or 13A may be employed as means for adjusting dynamic
energy. 25            The  capacitance  value C[err] and  the  capacitance
value C2 are set so as to satisfy the relationship C[err][err]C[err]. Thus,
an alternating-current voltage waveform is obtained at the node 222, and an
alternating-current voltage waveform is obtained at the node 224. 30 Figure
20B illustrates an alternating-current voltage waveform (A) at the node
222, an alternating- current voltage waveform (B) at the node 224, and
voltage    - 83 - waveforms (C) and (C') at the node 301. The alternat-
ing-current voltage waveform (A) and the alternating- current voltage
waveform (B) are generally the same in terms of the center of the
oscillation and the amplitude, but the 5   phases thereof are different
from each other by 180 degrees. An operation of the power supply apparatus
205 for setting the voltage at the node 301 from the voltage V[err] to the
voltage Vr[err], which is higher than the voltage V[err], will 10    now be
described.  It is assumed that the node 301 is charged to the voltage
V[err] at time t=0. The comparator 305 compares the voltage at the node 222
with the voltage at the node 301 so as to detect 15   whether the voltage
at the node 222 has reached the 



voltage V[err] while the alternating-current voltage wave- form (A) is
decreasing, or whether the voltage at the node 222 has reached the voltage
V[err] while the alternat- ing-current voltage waveform (A) is increasing.
When the 20   voltage at the node 222 reaches the voltage V[err] while the
alternating-current voltage waveform (A) is decreasing, the output signal
of the comparator 305 changes from L level to H level. When the voltage at
the node 222 reaches the voltage V[err] while the alternating-current
voltage wave- 25    form (A)  is  increasing,  the  output  signal  of  the
comparator 305 changes from H level to L level. The comparator 307 compares
the voltage at the node 224 with the voltage at the node 301 so as to
detect 30    whether the voltage at the node 224 has reached the voltage
V[err] while the alternating-current voltage wave- form (B) is decreasing,
or whether the voltage at the node 224 has reached the voltage V[err] while
the alternat-    - 84 - ing-current voltage waveform (B) is increasing.
When the voltage at the node 224 reaches the voltage V[err] while the
alternating-current voltage waveform (B) is decreasing, the output signal
of the comparator 307 changes from L level 5   to H level.  When the
voltage at the node 224 reaches the voltage V[err] while the
alternating-current voltage wave- form (B) is increasing, the output signal
of the comparator 307 changes from H level to L level. 10            When
the voltage at the node 224 reaches the voltage V[err] at time t[err] while
the alternating-current voltage waveform (B) is increasing, the output
signal of the comparator 307 changes from H level to L level. In response
to the change in the output signal of the comparator 307, 



15   the control circuit 304 turns ON the switch 303.  Thus, the voltage at
the node 301 changes along the alternating- current voltage waveform (B).
The comparator 306 compares the voltage at the 20   node 301 with the
voltage Vr[err] output from the reference voltage generation circuit 308 so
as to detect whether the voltage at the node 301 has reached the voltage
Vr[err]. When the voltage at the node 301 has reached the 25   voltage Vr2
at time t3, the output signal of the compara- tor 306 changes from L level
to H level. In response to the change in the output signal of the
comparator 306, the control circuit 304 turns OFF the switch 303. Thus, the
voltage at the node 301 is kept at the voltage Vr[err]. 30 Next, an
operation of the power supply apparatus 205 for setting the voltage at the
node 301 from the voltage V[err] to the voltage Vr[err], which is lower
than the voltage V[err] will    - 85 - be described. It is assumed that the
node 301 is charged to the voltage V[err] at time t=0. When the voltage at
the node 222 reaches the 5   voltage V[err] at time t[err] while the
alternating-current voltage waveform (A) is decreasing, the output signal
of the comparator 305 changes from L level to H level. In response to the
change in the comparator 305, the control circuit 304 turns ON the switch
302. Thus, the voltage at the node 301 10    changes  along  the
alternating-current  voltage  wave- form (A). The comparator 306 compares
the voltage at the node 301 with the voltage Vr[err] output from the
reference 15   voltage generation circuit 308 so as to detect whether the 



voltage at the node 301 has reached the voltage Vr[err]. Thus, the
reference voltage generation circuit 308 outputs the voltage Vr[err] and
the voltage Vr[err] which are alternated at a predetermined timing. 20 When
it is detected that the voltage at the node 301 has reached the voltage
Vr[err] at time t[err], the output signal of the comparator 306 changes
from L level to H level. In response to the change in the comparator 306,
the control 25    circuit 304 turns OFF the switch 302.  Thus, the voltage
at the node 301 is kept at the voltage Vr[err]. The voltage at the node 301
of the load 300 can be charged to any voltage by adjusting the voltage
output from 30    the reference voltage generation circuit 308. As in the
DC type power supply apparatus 201, the energy consumed by the load 300 is
detected by a decrease    - 86 - in the energy preserved in the energy
preserving circuit 220. Energy is supplied to the energy preserving circuit
220 so as to recover the reduced energy. 5            Thus, it is possible
to shorten the time required for charging the load 300 to a desired voltage
by selectively using one voltage waveform of the alternating-current
voltage waveform (A) and the alternating-current voltage waveform (B) with
which the desired voltage is more quickly 10    reached. The relationship
between the capacitance value C[err] and the capacitance value C[err] may
be either C[err]>C[err] or C[err]<C[err]. 8.6 AC-AC Type Power Supply
Apparatus (Variation 3) Figure 21 illustrates a structure of an AC-AC type
15    power supply apparatus 206. A load 410 is connected to the power
supply apparatus 206 at a node 1222, a node 1224, and 



a node 1226.  The load 410 includes at least one of a capacitance component
and a resistance component, and switches 412-414. 20 The power supply
apparatus 206 includes the energy supplying circuit 210 and an energy
preserving circuit 1220. The structure illustrated in Figure 11A, 11B or
13A may be employed as means for adjusting dynamic energy. 25 The energy
preserving circuit 1220 has a structure in which LC resonance circuits are
connected in a cascade manner. More specifically, the energy preserving
cir- cuit 1220 includes an inductor 1221, an inductor 1228, a 30
capacitance 1223,  a  capacitance 1225,  and  a  capaci- tance 1227. The
inductor 1221 and the inductor 1228 are serially connected via the node
1224. The capacitance 1223 is connected to the inductor 1221 at the node
1222. The    - 87 - capacitance 1225 is connected to the inductors 1221 and
1228 at the node 1224. The capacitance 1227 is connected to the inductor
1228 at the node 1226. Herein, L[err] and L[err] denote the inductances of
the inductors 1221 and 1228, respectively. 5    C[err]-C[err] denote the
capacitance values of the capacitances 1223, 1225 and 1227, respectively.
The power supply apparatus 206 further includes a control circuit 271, a
comparator 272, a reference voltage 10    generation circuit 273, a control
circuit 415, compara- tors 416-419, and a reference voltage generation cir-
cuit 420. The capacitance value C[err], the capacitance value C2 15    and
the capacitance value C[err] are set so as to satisfy the 



relationship C[err]=C[err]=C3.  Thus, an alternating-current volt- age
waveform is obtained at the node 1222, an alternat- ing-current voltage
waveform is obtained at the node 1224, and an alternating-current voltage
waveform is obtained at 20    the node 1226. Figures 22 illustrates an
alternating-current voltage waveform (A) at the node 1222, an alternating-
current voltage waveform (B) at the node 1224, an 25    alternating-current
voltage waveform (C) at the node 1226, and a voltage waveform (D) at a node
411 of the load 410. The alternating-current voltage waveforms (A)-(C) have
generally the same center of the oscillation and amplitude. The phase of
the alternating-current voltage waveform (A) 30    is different from that
of the alternating-current voltage waveform (C) by 180 degrees. Figures
23A-23D illustrate movement of charges for    - 88 - periods T[err]-T[err]
illustrated in Figure 22, respectively. Herein, VA is defined to denote a
voltage at the node 1222, VB is defined to denote a voltage at the node
1224, and Vc is defined to denote a voltage at the node 1226. 5 In period
T[err], the charge stored in the capaci- tance 1223 moves to the
capacitance 1225 and the capaci- tance 1227 (Figure 23A). Thus, the voltage
VA decreases, and the voltage VB and the voltage Vc increase. 10 In period
T2, the charge stored in the capaci- tance 1223 and the charge stored in
the capacitance 1225 move to the capacitance 1227 (Figure 23B).  Thus, the
voltage VA and the voltage VB decrease, and the voltage Vc 



15    increases. In period T3, the charge stored in the capaci- tance 1225
and the charge stored in the capacitance 1227 move to the capacitance 1223
(Figure 23C).  Thus, the 20    voltage VA increases, and the voltage VB and
the voltage Vc decrease. In period T4, the charge stored in the capaci-
tance 1227 moves to the capacitance 1223 and the capaci- 25    tance 1225
(Figure 23D).  Thus, the voltage VA and the voltage VB increase, and the
voltage Vc decreases. An operation of the power supply apparatus 206 for
setting the voltage at the node 411 from the voltage V1 to 30    the
voltage Vr[err], which is lower than the voltage V[err], will now be
described. It is assumed that the node 411 is charged to the voltage V[err]
at time t=0.    - 89 - When the voltage Vc reaches the voltage at the node
411 (i.e., the voltage V[err]) at time t[err] while the voltage V[err] is
decreasing, the control circuit 415 turns ON the switch 414. As a result,
the voltage at the node 411 5   decreases along the alternating-current
voltage wave- form (C). When the voltage Vc reaches the reference volt- age
Vr[err], which is output from the reference voltage 10   generation circuit
420, at time t2, while the voltage Vc is decreasing, the control circuit
415 turns OFF the switch 414. As a result, the voltage at the node 411 is
kept at the voltage Vr[err]. 15            Next, an operation of the power
supply apparatus 206 for setting the voltage at the node 411 from the
voltage Vr[err] to the voltage Vr[err], which is higher than the voltage
Vr[err], will 



be described. 20            When the voltage Vc reaches the reference volt-
age Vr[err],  which  is output  from the reference voltage generation
circuit 420, at time t3, while the voltage Vc is increasing, the control
circuit 415 turns ON the switch 414. As a result, the voltage at the node
411 increases along 25    the alternating-current voltage waveform (C).
When the voltage Vc reaches the reference voltage Vr[err], which is output
from the reference voltage generation circuit 420, at time t4, while the
voltage Vc is increasing, 30    the control circuit 415 turns OFF the
switch 414.  Thus, the capacitance component in the load 410 is
adiabatically charged. The operation so far is similar to the operations of
the above-described AC-AC type power supply appara-    - 90 - tuses 204 and
205. When setting the voltage at the node 411 from the voltage Vr[err] to
the voltage Vr[err] at time t4, it is effective 5    to use the
alternating-current voltage waveform (B) instead of the alternating-current
voltage waveform (C).  In order to decrease the voltage at the node 411
along the alternating-current voltage waveform (C), it is necessary to wait
until time t[err] to turn ON the switch 414. This is 10    because it is
possible to turn ON the switch 413 at time t4, which is earlier than time
t[err], if the alternating-current voltage  waveform (B)  is  used.   Thus,
by using  the alternating-current voltage waveform (B), it is possible to
increase the operating frequency. 15 Typically, when using a plurality of
alternat- ing-current voltage waveforms which are respectively 



generated by separate circuits, it is necessary to adjust the phase
between/among the alternating-current voltage 20    waveforms.   On  the
contrary,  with  the power  supply apparatus 206, it is not necessary to
adjust the phase among the alternating-current voltage waveforms (A)-(C).
This is because the phase of the alternating-current voltage waveform (B)
is set between the alternating-current voltage 25    waveform (A) and the
alternating-current voltage wave- form (C) due to the nature of the cascade
connection of the LC resonance circuits. Figure 24A illustrates voltage
waveforms obtained 30    at the respective nodes when the capacitance
values C[err]-C[err] are set so as to satisfy the relationship C[err],
C[err]<<C[err]. An alternating-current voltage waveform (A) is obtained at
the node 1222, an alternating-current voltage waveform (B) is    - 91 -
obtained at the node 1224, and a direct-current voltage waveform (C) is
obtained at the node 1226. Figure 24B illustrates voltage waveforms
obtained 5    at respective nodes when the capacitance values C[err]-C[err]
are set so as to satisfy the relationship C[err], C[err]<<C[err].  An
alternating-current voltage waveform (A) is obtained at the node 1222, a
direct-current voltage waveform (B) is ob- tained at the node 1224, and an
alternating-current voltage 10    waveform (C) is obtained at the node
1226. Thus, by appropriately combining the capacitance values
C[err]-C[err], it is possible to generate various types of voltage
waveforms. 15 Table 1 shows a summary of the combinations of the voltage
waveforms obtained at the nodes 1222, 1224 and 1226, 



respectively. 20                              Table 1 Node 1222   Node 1224
Node 1226 a       AC           AC            AC b       AC           AC
DC c       AC           DC            AC d       DC           AC
AC e       DC           DC            DC f       DC           DC
AC g       DC           AC            DC h       AC           DC
DC 9. Energy Reuse Types of Power Supply Apparatus 200 The  power  supply
apparatus 200  is  generally 25    classified into the following five types
(1)-(5).    - 92 - (1) Energy Reuse AC Type: A type which reuses an energy
by returning at least a portion of alternating-current voltage energy
supplied from one of the node 222 and the node 224 of the energy preserving
circuit 220. back to the energy 5   preserving circuit 220 via the same
node. (2) Energy Reuse DC Type: A type which reuses an energy by returning
at least a portion of direct-current voltage energy supplied from one of
the node 222 and the node 224 10   of the energy preserving circuit 220,
back to the energy preserving circuit 220 via the same node. (3) Energy
Reuse AC-AC Type: A type which reuses an energy by returning at least a
portion of alternating-current 15   voltage energy supplied from one of the
node 222 and the node 224 of the energy preserving circuit 220, back to the
energy preserving circuit 220 via the other node, as alternating-current
voltage energy. 



20   (4) Energy Reuse AC-DC Type: A type which reuses an energy by
returning at least a portion of alternating-current voltage energy supplied
from one of the node 222 and the node 224 of the energy preserving circuit
220, back to the energy preserving circuit 220 via the other node, as di-
25   rect-current voltage energy. (5) Energy Reuse DC-AC Type: A type which
reuses an energy by returning at least a portion of direct-current voltage
energy supplied from one of the node 222 and the node 224 30   of the
energy preserving circuit 220, back to the energy preserving circuit 220
via the other node, as alternat- ing-current voltage energy.    - 93 - 9.1
Energy Reuse AC Type Power Supply Apparatus The AC-AC type power supply
apparatus 204 illus- trated in Figure 19A corresponds to an energy reuse AC
type power supply apparatus 1201. This is because energy is 5    supplied
from the energy preserving circuit 220 to the load 280 while the
alternating-current voltage wave- form (A) (see Figure 19B) supplied from
the node 222 of the energy preserving circuit 220 is increasing, whereas
energy is returned from the load 280 to the energy preserving 10    circuit
220 via the node 222 while the alternating-current voltage waveform (A) is
decreasing.  This is similarly true for the alternating-current voltage
waveform (B) supplied from the node 224 of the energy preserving circuit
220. 15            Thus, energy is reused by returning as the charge stored
in the capacitance components of the load 280 and the load 290 to the
energy preserving circuit 220. Thus, it is possible to charge/discharge the
load 280 and the load 290 with little energy loss. 



20 9.2 Energy Reuse DC Type Power Supply Apparatus Figure 25A illustrates a
structure of an energy reuse DC type power supply apparatus 1202.  A load
310 is connected to the power supply apparatus 1202 at the node 224. 25
The  load 310  includes  a capacitance  component C3, a switch 312 and a
switch 313. The power supply apparatus 1202 supplies a di- rect-current
voltage waveform to the load 310 via the 30    node 224.   The energy
supplied from the power supply apparatus 1202viathenode
224isstoredinthecapacitance component C[err] of the load 310. At least a
portion of the energy stored in the capacitance component C3 of the load
310    - 94 - is returned to the power supply apparatus 1202 via the node
224. Thus, energy is reused. In addition to the basic elements, i.e., the
energy 5    supplying circuit 210 and the energy preserving circuit 220,
the power supply apparatus 1202 further includes the control circuit 271,
the comparator 272, the reference voltage generation circuit 273, and a
control circuit 314. In the example illustrated in Figure 25A, the energy
supplying 10    circuit 210 employs the structure as illustrated in Fig-
ure 6A. However, any of the structures illustrated in Figures 6A-6D and 58A
may be employed as the structure of the energy  supplying  circuit 210.
The  structure as illustrated in Figures 11A, 11B or 13A may be employed as
15    means for adjusting the dynamic energy. The capacitance value C[err]
and the capacitance value C2 are set so as to satisfy the relationship
C[err]>>C[err]. Thus, an alternating-current voltage waveform is obtained 



20    at the node 222, and a direct-current voltage waveform is obtained at
the node 224. Figure 25B illustrates an alternating-current voltage
waveform (A) at the node 222, a direct-current 25    voltage waveform (B)
at the node 224,  and a voltage waveform (C) at a node 311. Anoperationof
thepowersupplyapparatus 1202will now be described. 30 The comparator 272
compares the voltage at the node 224andthevoltage Vp output from the
reference voltage generation circuit 273 so as to detect whether the
voltage    - 95 - at the node 224 has decreased below the voltage Vp. When
the voltage at the node 224 is equal to or greater than the voltage Vp, the
output signal of the comparator 272 is at H level. When the voltage at the
node 224 is lower than the 5    voltage Vp, the output signal of the
comparator 272 is at L level. At time t=0, the switch 312 is OFF, while the
switch 313 is ON. Therefore, the voltage at the node 311 10    of the load
310 is set to the ground voltage GND. At time t[err], the control circuit
314 turns ON the switch 312, and turns OFF the switch 313. As a result, the
voltage at the node 311 is charged toward the power supply 15    voltage
VDD. Since the voltage at the node 311 increases in the period from time
t[err] to time t[err], the charge stored in the capacitance component C3 of
the load 310 is returned to the energy preserving circuit 220 via the node
224. 20            At time t3, the control circuit 314 turns OFF the switch
312, and turns ON the switch 313. As a result, the 



voltage at the node 311 is charged toward the ground voltage GND. Since the
voltage at the node 311 decreases in the period from time t3 to time t4,
the charge supplied 25    from the energy preserving circuit 220 via the
node 224 is stored in the capacitance component C[err] of the load 310. By
supplying energy to the load 310, the voltage at the node 224 of the energy
preserving circuit 220 decreases. 30 When the voltage at the node 224
decreases below the voltage Vp at time t[err], the output signal of the
compara- tor 272 changes from H level to L level. In response to the    -
96 - change in the output signal of the comparator 272, the control circuit
271 turns ON the switch 212. Thus, the supply of energy to the energy
preserving circuit 220 is initiated. As a result, the voltage at the node
224 in- 5    creases. When the voltage at the node 224 becomes equal to or
greater than the voltage Vp at time t5, the output signal of the comparator
272 changes from L level to H level. In 10    response to the change in the
output signal of the comparator 272, the control circuit 271 turns OFF the
switch 212.  Thus, the supply of energy to the energy preserving circuit
220 is terminated. 15            The voltage at the node 311 of the load
310 is controlled so as to increase from the ground voltage GND to the
power supply voltage VDD, or to decrease from the power supply voltage VDD
to the ground voltage GND. When the voltage at the node 311 increases, the
charge stored in the 20    capacitance component C[err] of the load 310 is
returned to the energy preserving circuit 220 via the node 224. When the 



voltage at the node 311 of the load 310 decreases, the charge supplied from
the energy preserving circuit 220 via the node 224 is stored in the
capacitance component C[err] of the 25    load 310. Thus, energy is reused
by returning the charge stored in the capacitance component C3 of the load
310 to the energy preserving circuit 220.  Thus, it is possible to 30
charge/discharge the load 310 with little energy loss. 9.3 Energy Reuse
AC-AC Type Power Supply Apparatus Figure 26A illustrates a structure of an
energy    - 97 - reuse AC-AC type power supply apparatus 1203. The struc-
ture of the power supply apparatus 1203 is identical to the structure of
the AC-AC type power supply apparatus 205 illustrated in Figure 20A. The
load 300 is connected to the 5   power supply apparatus 1203 at the node
222 and the node 224. The load 300 includes the capacitance component C3,
the switch 302, and the switch 303. The structure as illus- trated in
Figures 11A, 11B or 13A may be employed as means for adjusting the dynamic
energy. 10 The power supply apparatus 1203 supplies an alternating-current
voltage waveform to the load 300 via the node 222, and supplies an
alternating-current voltage waveform to the load 300 via the node 224. The
energy 15    supplied from the power supply apparatus 1203 via the node 224
is stored in the capacitance component C[err] of the load 300. At least a
portion of the energy stored in the capacitance component C3 of the load
300 is returned to the power supply apparatus 1203 via the node 222. Thus,
energy 20    is reused. 



Figure 26B illustrates an alternating-current voltage waveform (A) at the
node 222, an alternating- current voltage waveform (B) at the node 224, and
a voltage 25    waveform (C) at the node 301.  The alternating-current
voltage waveform (A) and the alternating-current voltage waveform (B) are
generally the same in terms of the center of the oscillation and the
amplitude, but the phases thereof are different from each other by 180
degrees. 30 An operation of the power supply apparatus 1203 will now be
described.    - 98 - It is assumed that the node 301 is charged to the
voltage V[err] at time t=0. The switch 302 is OFF, while the switch 303 is
OFF. 5            When the voltage at the node 224 reaches the voltage at
the node 301 (i.e., the voltage V[err]) at time t[err] while the
alternating-current voltage waveform (B) is increasing, the output signal
of the comparator 307 changes from H level to L level. In response to the
change in the output signal 10    of the comparator 307, the control
circuit 304 turns ON the switch 303. Thus, the voltage at the node 301
changes along the alternating-current voltage waveform (B). The comparator
306 compares the voltage at the 15    node 301 with the voltage Vr[err]
output from the reference voltage generation circuit 308 so as to detect
whether the voltage at the node 301 has reached the voltage Vr[err]. When
the voltage at the node 301 reaches the 20    voltage Vr[err] at time
t[err], the output signal of the compara- tor 306 changes from L level to H
level. In response to the change in the output signal of the comparator
306, the 



control circuit 304 turns OFF the switch 303. Thus, the voltage at the node
301 is kept at the voltage Vr[err]. 25 When the voltage at the node 222
reaches the voltage at the node 301 (i.e., Vr[err]) at time t[err] while
the alternat- ing-current voltage waveform (A) is decreasing, the output
signal of the comparator 305 changes from L level to H level. 30    In
response to the change in the output signal of the comparator 305, the
control circuit 304 turns ON the switch 302.  Thus, thevoltageat the node
301 changes along the alternating-current voltage waveform (A).    - 99 -
The comparator 306 compares the voltage at the node 301 with the voltage
Vr[err] output from the reference voltage generation circuit 308 so as to
detect whether the 5   voltage at the node 301 has reached the voltage
Vr[err]. Thus, the reference voltage generation circuit 308 outputs the
voltage Vr[err] and the voltage Vr[err] which are alternated at a
predetermined timing. 10            When it is detected that the voltage at
the node 301 has reached the voltage Vr[err] at time t[err], the output
signal of the comparator 306 changes from H level to L level. In response
to the change in the output signal of the comparator 306, the control
circuit 304 turns OFF the 15    switch 302.  Thus, the voltage at the node
301 is kept at the voltage Vr[err]. In the period from time t=0 to time
t[err], there is no movement of an energy between the energy preserving
cir- 20    cuit 220 and the load 300.  This is because the switch 302 and
the switch 303 are both OFF, and the energy preserving circuit 220 and the
load 300 are electrically separated from 



each other during this period. 25            During the period from time
t[err] to time t[err], energy is supplied from the energy preserving
circuit 220 to the load 300 via the node 224. This is because the switch
302 is OFF, while the switch 303 is ON during this period. As a result, the
voltage at the node 301 of the load 300 30    increases. During the period
from time t2 to time t3, there is no movement of an energy between the
energy preserving    - 100 - circuit 220  and the  load 300.   This  is
because  the switch 302 and the switch 303 are both OFF, and the energy
preserving circuit 220 and the load 300 are electrically separated from
each other during this period. 5 During the period from time t3 to time t4,
energy is returned from the load 300 to the energy preserving circuit 220
via the  node 222.   This  is because  the switch 302 is ON, while the
switch 303 is OFF during this 10    period.  As a result, the voltage at
the node 301 of the load 300 decreases. Thus, at least a portion of the
energy supplied from the energy preserving circuit 220 to the load 300 via
the 15    node 224 is returned from the load 300 to the energy preserving
circuit 220 via the node 222, thereby reusing the energy.  Thus, it is
possible to charge/discharge the load 300 with little energy loss.  The
relationship between the capacitance value C[err] and the capacitance value
C[err] may 20    be either C[err]>C[err] or C[err]<C[err]. 9.4 Energy Reuse
AC-DC Type Power Supply Apparatus Figure 27A illustrates a structure of an
energy 



reuse AC-DC power supply apparatus 1204. A load 320 is 25    connected to
the power supply apparatus 1204 at the node 222 and the node 224. The load
320 includes a capacitance component C3 and  switches 323-326.   The
structure  as illustrated in Figures 11A, 11B or 13A may be employed as
means for adjusting the dynamic energy. 30 The power supply apparatus 1204
supplies an alternating-current voltage waveform to the load 320 via the
node 222 and a direct-current voltage waveform to the    - 101 - load 320
via the node 224. The energy supplied from the power supply apparatus 1204
via the node 222 is stored in the capacitance component C[err] of the load
320. At least a portion of the energy stored in the capacitance component
C3 5    of the load 320 is returned to the power supply appara- tus 1204
via the node 224. Thus, energy is reused. In addition to the basic
elements, i.e., the energy supplying circuit 210 and the energy preserving
circuit 220, 10    the power supply apparatus 1204 further includes the
control circuit 271, the comparator 272, the reference voltage generation
circuit 273,   a  control  circuit 327,   a comparator 328, a comparator
329, and a reference voltage generation circuit 330.  In the example
illustrated in 15    Figure 27A, the energy supplying circuit 210 employs
the structure as illustrated in Figure 6A. However, any of the structures
illustrated in Figures 6A-6C may be employed as the structure of the energy
supplying circuit 210. 20            The  capacitance  value C[err] and
the  capacitance value C2 are set so as to satisfy the relationship
C[err]>>C[err]. Thus, an alternating-current voltage waveform is obtained 



at the node 222, and a direct-current voltage waveform is obtained at the
node 224. 25 Figure 27B illustrates an alternating-current voltage waveform
(A) at the node 222, a direct-current voltage waveform (B) at the node 224,
avoltage waveform (C) at a node 321, and a voltage waveform (D) at a node
322. 30 An operation of the power supply apparatus 1204 will now be
described.    - 102 - It is assumed that the node 321 of the load 320 is
charged to the voltage V[err] at time t=0. The switches 323-325 are OFF,
while the switch 326 is ON. 5            When the voltage at the node 222
reaches the voltage at the node 321 (i.e., voltage V[err]) at time t[err]
while the alternating-current voltage waveform (A) is increasing, the
output signal of the comparator 328 changes from H level to L level. In
response to the change in the output signal 10    of the comparator 328,
the control circuit 327 turns ON the switch 323. Thus, the voltage at the
node 321 changes along the alternating-current voltage waveform (A). The
comparator 329 compares the voltage at the 15    node 321 with the power
supply voltage VDD output from the reference voltage generation circuit 330
so as to detect whether the voltage at the node 321 has reached the power
supply voltage VDD. 20            When the voltage at the node 321 reaches
the power supply voltage VDD at time t2, the output signal of the
comparator 329 changes from L level to H level. In response to the change
in the output signal of the comparator 329, 



the control circuit 327 turns OFF the switch 323 and turns 25    ON the
switch 324.  Thus, the voltage at  the node 321 changes toward the voltage
at the node 224 (i.e., the voltage Vp). At time t[err], the voltage at the
node 321 reaches the 30    voltage Vp. In the period from time t[err] to
time t[err], energy is supplied from the energy preserving circuit 220 to
the    - 103 - load 320 via the node 222. The energy supplied from the
energy preserving circuit 220 is stored in the capacitance component C3 of
the load 320. In the period from time t2 to time t3, the energy is returned
from the load 320 to the 5    energy preserving circuit 220 via the node
224. Thus, at least a portion of the energy supplied from the energy
preserving circuit 220 to the load 320 via the node 222 is returned from
the load 320 to the energy 10    preserving circuit 220 via the node 224,
thereby reusing the energy. Thus, it is possible to charge/discharge the
load 320 with little energy loss. When the voltage at the node 222 reaches
the voltage 15    at the node 321 (i.e., the voltage Vp) at time t[err]
while the alternating-current voltage waveform (A) is decreasing, the
output signal of the comparator 328 changes from L level to H level. In
response to the change in the output signal of the comparator 328, the
control circuit 327 turns ON the 20    switch 323, and turns OFF the switch
324. Thus, thevoltage at the node 321 changes along the alternating-current
voltage waveform (A). When it is detected that the voltage at the node 321
25    has reached the voltage Vr[err] at time t[err], the output signal of 



the comparator 329 changes from H level to L level. In response to the
change in the output signal of the comparator 329, the control circuit 327
turns OFF the switch 323, and turns ON the switch 324. Moreover, in 30
response to the change in the output signal of the comparator 329, the
control circuit 327 turns ON the switch 325, and turns OFF the switch 326.
Thus, the voltage at the node 321 changes toward the voltage at the node
224    - 104 - (i.e., the voltage Vp). At time t[err], the voltage at the
node 321 reaches the voltage VP. 5 In the period from time t[err] to time
t[err], energy is returned from the load 320 to the energy preserving cir-
cuit 220 via the node 222. In the period from time t5 to time t[err],
energy is supplied from the energy preserving 10    circuit 220 to the load
320 via the node 224.  The energy supplied from the energy preserving
circuit 220 is stored in the capacitance component C[err] of the load 320.
Thus, at least a portion of the energy supplied from 15    the energy
preserving circuit 220 to the load 320 via the node 224 is returned from
the load 320 to the energy preserving circuit 220 via the node 222, thereby
reusing the energy. Thus, it is possible to charge/discharge the load 320
with little energy loss. 20 The voltage at the node 224 of the energy
preserving circuit 220 decreases by supplying energy to the load 320. In
the example illustrated in Figure 27B, the voltage at the node 224 has
decreased below the voltage Vp at time t[err]. 



25    When the voltage at the node 224 decreases below the voltage Vp, the
output signal of the comparator 272 changes from H level L level. In
response to the change in the output signal of the comparator 272, the
control circuit 271 turns ON the switch 212 for a predetermined period of
time. As 30    a result, the voltage at the node 224 increases. 9.5 Energy
Reuse DC-AC Type Power Supply Apparatus Figure 28A illustrates a structure
of an energy    - 105 - reuse DC-AC type power supply apparatus 1205. A
load 350 is provided between the node 224 and a node 351 of the power
supply apparatus 1205. The capacitance component C[err] is connected to the
node 351. 5 The power supply apparatus 1205 supplies a di- rect-current
voltage waveform to the load 350 via the node 224.  The energy supplied
from the power supply apparatus 1205 via the node 224 is stored in the
capacitance 10    component C3. At least a portion of the energy stored in
the capacitance component C[err] is returned to the power supply apparatus
1205 via the node 222. Thus, energy is reused. In addition to the basic
elements, i.e., the energy 15    supplying circuit 210 and the energy
preserving circuit 220, the power supply apparatus 1205 further includes
the control circuit 271, the comparator 272, the reference voltage
generation circuit 273, a switch 352, a control circuit 353, a comparator
354, a comparator 355, and a reference voltage 20    generation circuit
356.  In the example illustrated in Figure 28A, the energy supplying
circuit 210 employs the structure as illustrated in Figure 6A. However, any
of the structures illustrated in Figures 6A-6D and 58A may be 



employed as the structure of the energy supplying cir- 25    cuit 210. The
structure as illustrated in Figures 11A, 11B or 13A may be employed as
means for adjusting the dynamic energy. The capacitance value C[err] and
the capacitance 30    value C2 are set so as to satisfy the relationship
C[err]>>C[err]. Thus, an alternating-current voltage waveform is obtained
at the node 222, and a direct-current voltage waveform is obtained at the
node 224.    - 106 - Figure 28B illustrates an alternating-current voltage
waveform (A) at the node 222, a direct-current voltage waveform (B) at the
node 224, and a voltage 5    waveform (C) at the node 351. Anoperationof
thepowersupplyapparatus 1205will now be described. 10            In the
period from time t=0 to time t[err], a charge is supplied from the energy
preserving circuit 220 to the load 350 via the node 224. As a result, the
voltage at the node 224 gradually decreases. A portion of the charge, which
has passed through the load 350, passes through a 15    load 360 to reach
the ground.  The rest of the charge is stored in the capacitance component
C[err]. As a result, the voltage at the node 351 gradually increases. When
the voltage at the node 224 decreases below the 20    voltage Vp at time
t[err], the output signal of the compara- tor 272 changes from H level to L
level. In response to the change in the output signal of the comparator
272, the control circuit 271 turns ON the switch 212 for the period from
time t[err] to time t[err]. Thus, energy is supplied from the 25    energy
supplying circuit 210 to the energy preserving 



circuit 220. As a result, the voltage at the node 224 increases. In the
period from time t2 to time t3, no energy is 30    supplied from the energy
supplying circuit 210 to the energy preserving circuit 220. As a result,
the voltage at the node 224 gradually decreases.    - 107 - When the
voltage at the node 222 reaches the voltage at the node 351 at time t3
while the alternating-current voltage waveform (A) is decreasing, the
output signal of the comparator 354 changes from L level to H level. In 5
response to the change in the output signal of the comparator 354, the
control circuit 353 turns ON the switch 352. Thus, the voltage at the node
351 changes along the alternating-current voltage waveform (A). 10
In the period from time t3 to time t4, the charge stored in the capacitance
component C3 is returned to the energy preserving circuit 220 via the
switch 352 and the node 222. 15            When the voltage at the node 351
reaches the voltage Vr at time t[err], the output signal of the compara-
tor 355 changes from H level to L level.  Herein, the reference voltage
generation circuit is outputting the voltage Vr as a reference voltage to
the comparator 355. In 20    response to the change in the output signal of
the comparator 355, the control circuit 353 turns OFF the switch 352. In
the period for time t4 to time t5, no energy is 25    supplied from the
energy supplying circuit 210 to the energy preserving circuit 220, whereby
the voltage at the node 224 gradually decreases, and the charge stored in
the 



capacitance component C[err] is not returned to the energy preserving
circuit 220, whereby the voltage at the node 351 30    gradually increases.
The decrease in the voltage at the node 224 is switched to an increase as
the charge stored in the capacitance component C[err] is returned to the
energy preserving circuit 220. Thus, the voltage at the node 224    - 108 -
and the voltage at the node 351 are both maintained in the vicinity of the
desired voltage. In the example illustrated in Figure 28A, the 5    load
350 is provided between the node 224 and the node 351, and the load 360 is
provided between the node 351 and the ground. In addition to the load 350
and the load 360, another load may further be provided between the node 224
and the ground. Alternatively, the load 350 may be provided 10    between
the node 224 and the node 351, while providing the load 360 between the
node 224 and the ground. Alterna- tively, only the load 350 may be provided
while not providing the load 360. 15    10. Applications of Present
Invention to Voltage Converter Applications of the present invention to a
voltage converter (DC/DC converter) will now be described. (Embodiment 1)
20            Figure 29 illustrates a structure of a voltage converter 20
according to the present invention.   The voltage converter 20 includes a
voltage conversion sec- tion 3 for converting a voltage supplied from a
power supply 1 to another voltage and supplying the other voltage 25    to
a voltage receiving circuit (load) 2, and a control section 130 for
controlling the voltage conversion sec- tion 3 so as to supply a power,
which is substantially equal 



to the power consumed by the load 2, from the power supply 1 to the voltage
conversion section 3. The power supply 1 is 30    connected to the voltage
converter 20 at a terminal 21. The load 2 is connected to the voltage
converter 20 at a terminal 22.    - 109 - The control section 130 includes
a driving cir- cuit 4 for opening/closing a switch 26 (not shown in Figure
29; seeFigure 30) included in the voltage conversion section 3, and a
synchronization circuit 5 for determining 5   the open/closed state of the
switch 26 based on a signal output from detectors 8, 15 and 18. The control
section 130 further includes a clock generator 6 for generating a clock
pulse for defining the 10    operating cycle of the voltage conversion
section 3, and a clock detector 7 for detecting the clock pulse output from
the clock generator 6. The control section 130 further includes: the 15
detector 8 for comparing  the voltage  output  from  a terminal 3e of the
voltage conversion section 3 with a target voltage; a reference voltage
generator 9 for generating the target voltage; and a synchronization
circuit 10 for controlling the operation timing of the 20    detector 8 and
the reference voltage generator 9 based on a control clock pulse and a
clock pulse output from the clock generator 6. The control clock pulse is
supplied to the synchronization circuit 10 via a terminal 23. Moreover, a
signal indicating the target voltage is supplied to the 25    reference
voltage generator 9 via a terminal 25. The control section 130 further
includes: a detector 11 for comparing the voltage output from the 



terminal 3e of the voltage conversion section 3 with an 30    initial
voltage; a reference voltage generator 12 for generating the initial
voltage; and a synchronization circuit 13 for controlling the operation
timing of the detector 11 and the reference voltage generator 12 based    -
110 - on a start signal, a control clock pulse, a signal output from the
synchronization circuit 5, and a signal output from the clock detector 7.
The start signal is supplied to the synchronization circuit 13 via a
terminal 24. The control 5    clock pulse is supplied to the
synchronization circuit  13 via the terminal 23. The control section 130
further includes: a reference voltage generator 14 for generating a voltage
10    which defines the timing at which the state of the switch 26 (not
shown in Figure 29; see Figure 30) included in the voltage conversion
section 3 changes from the open state to the closed state; the detector 15
for comparing the voltage output from the reference voltage generator 14
with 15    the voltage output from a terminal 3c of the voltage conversion
section 3; and a synchronization circuit 16 for controlling the operation
timing of the reference voltage generator 14 and the detector 15 based on a
control clock pulse and a clock pulse output from the clock generator 6. 20
The control clock pulse is supplied to the synchronization circuit 16 via
the terminal 23. The control section 130 further includes: a reference
voltage generator 17 for generating a voltage 25    which defines the
timing at which the state of the switch 26 (not shown in Figure 29; see
Figure 30) included in the voltage conversion section 3 changes from the
open state 



to the closed state; the detector 18 for comparing the voltage output from
the reference voltage generator 17 with 30    the voltage output from the
terminal 3c of the voltage conversion  section 3; and a synchronization
circuit 19 for controlling the operation timing of the reference voltage
generator 17 and the detector 18 based on a control clock    pulse and a
clock pulse output from the clock generator 6. The control clock pulse is
supplied to the synchronization circuit 19 via the terminal 23. 5
Figure 30 illustrates a structure of the voltage conversion section 3. The
voltage conversion section 3 has terminals 3a-3e. The terminal 3a is
connected to the power supply 1 via the terminal 21. The terminal 3b is
connected to the driving circuit 4. The terminal 3c is connected to 10
the detector 15, the detector 18, and the clock generator 6. The terminal
3d is connected to the load 2 via the terminal 22. The terminal 3e is
connected to the detec- tor 8 and the detector 11. 15            The
voltage conversion section 3 includes a reso- nance circuit 140, and a
switch 26 which electrically connects the power supply 1 and the resonance
circuit 140. The switch 26 may be a PMOS transistor, for example. 20 The
resonance circuit 140 includes an inductor 28 and capacitances 27 and 29.
One end of the inductor 28 and the capacitance 27 25    are connected at a
node 3f. The node 3f is connected to the terminal 3c. In the following
description, the node 3f and the terminal 3c are treated as being the same.
The switch 26 is connected to the node 3f of the resonance circuit 140. 30
The other end of the inductor 28 and the capaci- 



tance 29 are connected at a node 3g. The node 3g is con- nected to the
terminal 3d and the terminal 3e.  In the following description, the node
3g, the terminal 3d, and    - 112 - the terminal 3e are treated as being
the same. A signal which controls the open/closed state of the switch 26 is
input to the terminal 3b. 5 An operation of the voltage conversion section
3 will now be described. Herein, the respective capacitance values of the
capacitances 29 and 27 are denoted by C[err] and C[err], and the inductance
value of the inductor 28 is denoted 10    by L. In the resonance circuit
140, a portion of the charge stored in the capacitance 29 is carried to the
capacitance 27 via the inductor 28. Moreover, the charge 15    carried  to
the capacitance 27  is  re-carried  to  the capacitance 29 via the inductor
28. Thus, charge is ex- changed between the capacitance 27 and the
capacitance 29 via the inductor 28. 20            Figure 31 illustrates an
equivalent circuit of the resonance circuit 140 where the switch 26 is
open, while the load 2 is not connected to the terminal 3d. When the switch
26 is open, while the load 2 is not connected to the terminal 3d, the
current flowing through the capacitance 27 25    and the current flowing
through the capacitance 29 are in the opposite directions and have the same
magnitude. Thus, (Expression 1) below holds. C[err][err]
(dvg(t))/(dt)+C[err][err](dvf(t))/(dt)=0 30    ... (Expression 1) Herein,
vf (t) and vg(t) represent the voltages at 



the terminals 3f and 3g at time t, respectively.    - 113 - The terminal
voltage of the inductor 28 is repre- sented by (Expression 2) below. 5
vg(t)-vf(t)=L[err](di)/(dt) ... (Expression 2) Herein, i represents a
current flowing through the inductor 28, with a current flowing from the
terminal 3g to the terminal 3f being provided with the positive sign. 10
Moreover, the current i flowing through the inductor 28 is equal to the
current flowing through the capacitance 27. Thus, (Expression 3) below
holds. i=C[err][err](dvf(t))/(dt) ... (Expression 3) 15            By
rearranging (Expression 1) to (Expression 3) with respect to vf(t) and
vg(t), (Expression 4) and (Expression 5) below are obtained. [err] To make
(Expression 4) and (Expression 5) simpler to understand, the following
conditions of (Expression 6) 30    to (Expression 8) below are introduced
in view of practical design values. C[err]>>C[err] ... (Expression 6)    -
114 - C[err]/C[err][err]Vf (O)[err]0  ... (Expression 7)
C[err]/C[err][err](Vg(0)-Vf(0))[err]0 ... (Expression 8) (Expression 4) and
(Expression 5) are simplified as 5    shown in  (Expression 9) and
(Expression 10) below by applying the conditions of (Expression 6) to
(Expression 8) to (Expression 4) and (Expression 5). 



[err] Herein, Vf(0) and vg(0) represent the voltages at 15    the terminals
3f and 3g at time t=0, respectively.  i(O) represents an inductance current
i at time t=0. Moreover, [err] is represented by (Expression 11) below.
[err] (Expression 11) is simplified as shown in (Expression 12) below by
applying the conditions of (Expression 6) to (Expression 8) to (Expression
11). [err] It is understood from (Expression 9) that the voltage vf (t) at
the terminal 3f is represented by the alternating-current component of the
first term, which is 30    expressed by a cosine function, and the
direct-current component of the second term. The frequency fR of the
alternating-current component is obtained from the coefficient (angular
velocity) of time t of the cosine    - 115 - function.    In particular,
the  frequency  fR of  the alternating-current   component   is
represented   by (Expression 13) below. 5
f[err]=1/(2[err][err][err][(LC[err])) ... (Expression 13) The  amplitude
Af  of  the  alternating-current component is the coefficient of the cosine
function. In particular, the amplitude Af of the alternating-current 10
component is represented by (Expression 14) below.
Af=vf(O)-Vg(0)+i(0)/C[err] ... (Expression 14) It is understood from
(Expression 10) that the 15    voltage vg(t) at the terminal 3g is
represented by the alternating-current component of the first term, which
is expressed by a cosine function, and the direct-current 



component of the second term.   The frequency of the alternating-current
component of the voltage vg(t) at the 20    terminal 3g is equal to the
frequency of the alternat- ing-current component of the voltage vf(t) at
the termi- nal 3f. The amplitude Ag of the alternating-current 25
component is the coefficient of the cosine function.  In particular, the
amplitude Ag of the alternating-current component is represented by
(Expression 15) below. Ag=(i(O)/C[err])[err][err](LC[err]) ... (Expression
15) 30 In   a  practical   design,   a   condition   of (Expression 16)
below can be applied.    - 116 - Vf(O)-Vg(O), i(0)/C[err]>>i(0)/C[err] ...
(Expression 16) It can be seen from (Expression 16) that the amplitudes of
the alternating-current components of the 5    terminals 3f and 3g have the
following relationship. Af>>Ag ... (Expression 17) In a practical design,
the amplitude at the 10    terminal 3g is about 1/50-1/100 of the amplitude
of at the terminal 3f. For example, assume that the voltage supplied from
the power supply to be converted is 3 V, and the voltage 15    output from
the voltage converter 20 is 1.5 V. According to a simulation result where
C[err]=50[[[err]F], C[err]=5[[err]F], L=100[nH], the amplitude of the
voltage at the terminal 3f is 1.5 V, and the amplitude of the voltage at
the terminal 3g is 20 mV. The frequency was 500 [kHz].  Therefore, the
amplitude of the 20    voltage at the terminal 3g is 1/75 of the amplitude
of the voltage at the terminal 3f. 



Thus, the alternating-current component of the voltage vf(t) at the
terminal 3f has a large amplitude. It 25    can be seen that the
alternating-current component of the voltage vg(t) at the terminal 3g, on
the other hand, has a negligibly small amplitude as compared to the voltage
vf(t) at the terminal 3f. 30            The direct-current component of the
voltage vf(t) at the terminal 3f is approximately equal to the di-
rect-current component of the voltage vg(t) at the termi- nal 3g. As an
example, assuming that the voltage output from    - 117 - the voltage
converter 20 (the voltage vg(t) at the termi- nal g) is 1.5 V, the
direct-current component of the voltage Vf(t) at theterminal 3f is 1.5 V.
Therefore, it canbe seen that the voltage vf(t) at the terminal 3f
oscillates from 5    3 V to 0 V with 1.5 V being at the center
therebetween. In Figure 34, a curve a shows a change in the voltage at the
terminal 3f. Curve a oscillates in a cosine wave after time tss. Herein,
the cosine wave decays with time 10    because the load 2 is connected to
the output terminal 22 of the voltage converter 20. The above discussion
made with reference to Fig- ure 31, assumed a case where the load 2 is not
connected 15    to the output terminal 22 of the voltage converter 20,
whereby no decay term appeared in (Expression 4). or (Expression 5).  In
practice, the load 2 is connected to the terminal 22 of the voltage
converter 20, whereby a decay term appears in (Expression 4) and
(Expression 5). This is 20    because a current flows out from the voltage
converter 20 through the load 2. As illustrated in Figure 34, the cosine
wave decays. 



In Figure 34, VDD denotes the voltage of the power supply 1, 25    and Vp
denotes the target output voltage. Next, with reference to Figures 29-34,
control of the opening/closing operation for the switch (PMOS transistor)
26 of the voltage conversion section 3 will be 30    described in detail.
First, with reference to Figure 32, an operation of the voltage converter
20 will be described.    - 118 - The start signal is input to the voltage
con- verter 20 via the terminal 24. Before the start signal is input to the
voltage converter 20, the reference voltage 5    generator 12 and the
detector 11 do not consume a current. Such an operation where the reference
voltage generator 12 and the detector 11 do not consume a current is called
Sleep. In response to the start signal, the operation of 10    the
reference voltage generator 12 transitions from Sleep to Reference Voltage
Output.  In the reference voltage output period, the reference voltage
generator 12 starts operating and outputs the reference voltage Vs (the
volt- age Vs in Figure 34) to the detector 11. 15 In response to the start
signal, the operation of the detector 11 transitions from Sleep to Set. In
the set period, the detector 11 samples and holds the reference voltage Vs
output from the reference voltage generator 12. 20 In response to the start
signal, the state of the switch 26 changes from the open state (OFF) to the
closed state (ON). 25            After outputting the reference voltage Vs
to the 



detector 11, the operation of the reference voltage generator 12 returns
from Reference Voltage Output to Sleep. After sampling and holding the
reference voltage Vs, 30    the operation of the detector 11 transitions
from Set to Detection. In the detection period, the detector 11 com- pares
the voltage at the terminal 3e (the same as the terminals d and g) of the
voltage conversion section 3 with    - 119 - the reference voltage Vs so as
to detect whether the voltage at the terminal 3e is higher than the
reference voltage Vs. As the detector 11 detects that the voltage at the 5
terminal 3e is higher than the reference voltage Vs, the detector 11
outputs a pulse signal (the output signal in Figure 32).   After outputting
the output signal,  the operation of the detector 11 returns from Detection
to Sleep. 10 In response to the output signal, the state of the switch 26
changes from the closed state (ON) to the open state (OFF). 15
Next, with reference to Figure 34, an operation of the voltage converter 20
will be described. In Figure 34, a waveform a illustrates a voltage change
at the terminal 3c of the voltage conversion section 3, and a waveform b
illustrates a voltage change at the terminal 3e of the 20    voltage
conversion section 3. The start signal is input to the voltage con- verter
20. Thus, the voltage converter 20 starts operating. At time ts, the state
of the switch 26 changes from the open 25    state (OFF) to the closed
state (ON). In the period from time ts to time te, the voltages 



at the terminals 3c and 3e of the voltage conversion section 3 increase to
the reference voltage Vs (the initial 30    voltage of the voltage
converter 20).  This period is called the set up period. In the set up
period, the voltage at the terminal 3c (indicated by the waveform a in
Figure 34) and the voltage at the terminal 3e (indicated by the waveform b
- 120 - in Figure 34) increase according to the condition of (Expression
6). The voltage at the terminal 3c increases more rapidly as compared to
the voltage at the terminal 3e. 5            It is assumed that the load 2
is not connected to the terminal 3d in the period from time te to time tSL.
This period is called the hold period. Such an assumption can be made
because it is typical that an LSI connected to the output terminal 22 of
the voltage converter 20 (the 10    terminal 3d of the voltage conversion
section 3) does not operate immediately after the end of the set up period
for the voltage converter 20, but operates after passage of a certain
period of time after the end of the set up period for the voltage converter
20. 15 In Figure 29, the load 2 is represented by a resistor symbol. This
is because the operating speed of the LSI connected to the terminal 22 is
sufficiently faster than the operating speed of the voltage converter 20,
whereby 20    the load of the LSI can be approximately replaced with a load
of a resistor. While the operation of the voltage converter 20 is about 500
kHz, the operation of the LSI is typically 20 MHz or greater. 25
In the hold period, the voltage at the terminal 3d of the voltage
conversion section 3 is held. This is because 



the load 2 is not connected to the output terminal 22 of the voltage
conversion section 3.  The holding of the voltage at the terminal 3d during
the hold period is shown 30    by the waveform b in Figure 34 being
parallel to the horizontal axis during the hold period. According to
(Expression 4) and (Expression 5), the    - 121 - voltage at the terminal
3c (waveform a) and the voltage at the terminal 3e (waveform b) both start
oscillating in a sinusoidal wave.  Herein, although the voltage at the
terminal 3e is oscillating in a sinusoidal wave, Figure 34 5    does not
show the voltage at the terminal 3e (waveform b) oscillating in a
sinusoidal wave. This is because the amplitude of the voltage at the
terminal 3e (waveform b) is sufficiently smaller than the amplitude of the
voltage at the terminal 3c (waveform a), as can be seen from 10
(Expression 17). The amplitude of the voltage at the terminal 3c of the
voltage conversion section 3 during the hold period is larger than that
during the other periods. This is because 15    the voltage at the terminal
3c decreases below the power supply voltage VDD at time te due to a voltage
change during the set up period.  Thus, the diode formed of the drain
region of the PMOS switch 26 which is on the side of the terminal 3f and
the well region thereof is forwardly biased. As a result, 20    the
sinusoidal wave a is clamped. After time tss, the voltage at the terminal
3f of the voltage conversion section 3 is not clamped. This is because once
the voltage at the terminal 3f (waveform a) 25    is clamped during the
transition period (the period from time tSL to time tss), the oscillation
energy decays, and the 



amplitude of the v at the terminal 3f (waveform a) decreases. The period
after time tss is called the steady state 30    operation period.  In the
steady state operation period, the voltages at the terminals 3f and 3g of
the voltage conversion section 3 oscillate in a sinusoidal wave. However,
in the steady state operation period, the LSI connected to the    - 122 -
output terminal 22 starts operating (because the load 2 is connected
thereto), whereby the oscillation will be a decay-type sinusoidal wave
oscillation.   Although the sinusoidal wave oscillation is actually
decaying, the 5   voltages at the terminals 3f and 3g, respectively, can be
considered, for one cycle or so of the sinusoidal wave oscillation, to be
oscillating according to (Expression 4) and (Expression 5). This is because
the amount of decay is sufficiently small. 10 Figure 35 illustrates the
waveform a and the waveform b after time t[err] illustrated in Figure 34.
An observation of the waveform a and the waveform b over a period time
equal to or greater than one cycle of the 15    sinusoidal wave
oscillation  during  the  steady  state operation period shows that the
amplitude and the di- rect-current component of the sinusoidal wave of the
waveforms a and b decay. This is because a current flows through the load
2. 20 Figure 33 illustrates an operation of the voltage converter 20 in the
steady state operation period. Figure 33 illustrates the waveform of the
resonance 25    clock.  The resonance clock is obtained by shaping the 



sinusoidal wave oscillation at the terminal 3f of the voltage conversion
section 3 into a clock pulse by means of the clock generator 6. 30
In response to a change in the resonance clock level from H level to L
level, the operation of the detector 8 transitions from Sleep to Sampling.
During the sampling period, the detector 8 performs a so-called sampling
- 123 - operation to follow and hold the voltage at the terminal 3g of the
voltage conversion section 3. Alternatively, the operation of the detector
8 may start in synchronization with the timing at which the voltage
receiving circuit 5    (load) 2 operates. After the end of the sampling
period, the operation of the detector 8 transitions from Sampling to
Comparison. In the comparison period, the detector 8 compares the 10
desired voltage Vp output from the reference voltage generator 9 and the
sampled voltage. As a result, when the desired voltage Vp is larger than
the sampled voltage (i. e., the sampled voltage is smaller than the desired
voltage Vp), the level of the signal output from the detector 8 changes 15
from L level to H level. After the end of the comparison period, the
operation of the detector 8 returns to Sleep. In synchronization with the
transition of the operation of the detector 8 from Sampling to Comparison,
20    the  operation  of  the  reference  voltage  generator 9 transitions
from Sleep to Voltage Output.  In the voltage output period, the reference
voltage generator 9 outputs the desired voltage Vp to the detector 8. After
the end of the power output period, the operation of the reference 25
voltage generator 9 returns to Sleep. 



When the level of the signal output from the detector 8 is H level, in
response to the change in the level of the resonance clock from L level to
H level, the operation 30    of the reference voltage generator 14
transitions from Sleep to Voltage Output.  In the voltage output period,
the reference voltage generator 14 outputs the reference voltage Vs to the
detector 15. The reference voltage Vs is    - 124 - used to determine the
timing to close the switch 26. The end of the voltage output period, the
operation of the reference voltage generator 14 returns to Sleep. 5
In synchronization with the transition of the operation of the reference
voltage generator 14 from Sleep to Voltage Output, the operation of the
detector 15 transitions from Sleep to Set. In the set period, the detector
15 samples and holds the reference voltage Vs 10    output from the
reference voltage generator 14. Thereafter, the operation of the detector
15 transitions from Set to Detection. In the detection period, the detector
15 com- pares the voltage at the terminal 3f (waveform a in Fig- ure 35) of
the voltage conversion section 3 and the 15    reference voltage Vs so as
to detect whether the voltage at the terminal 3f (waveform a in Figure 35)
has reached the reference voltage Vs. When the voltage at the terminal 3f
(waveform a in Figure 35) reaches the reference voltage Vs (point 1 in
Figure 35), the level of the signal output from 20    the detector 15
changes from L level to H level.  The change in the level of the signal
output from the detector 15 is communicated to the synchronization circuit
5. In response to the change in the level of the signal, the
synchronization circuit 5 causes the state of the switch 26 to change from 



25    the open state to the closed state.  After the end of the detection
period, the operation of the detector 15 returns to Sleep. When the level
of the signal output from the 30    detector 8 is H level, in response to
the change in the level of the resonance clock from L level to H level, the
operation of the reference voltage generator 17 transitions from Sleep to
Voltage Output.   In the voltage output period, the    - 125 - reference
voltage generator 17 outputs a reference volt- age Vc to the detector 15.
The reference voltage Vc is used to determine the timing to open the switch
26. After the end of the voltage output period, the operation of the 5
reference voltage generator 17 returns to Sleep. In synchronization with
the transition of the operation of the reference voltage generator 17 from
Sleep to Voltage Output, the operation of the detector 18 10    transitions
from Sleep to Set.  In the set period, the detector 18 samples and holds
the reference voltage Vc outputfromthereferencevoltagegenerator 17.
Thereafter, the operation of the detector 18 transitions from Set to
Detection. In the detection period, the detector 18 com- 15    pares the
voltage at the terminal 3f of the voltage conversion section 3 (waveform a
in Figure 35) with the reference voltage Vc so as to determine whether the
voltage at the terminal 3f (waveform a in Figure 35) has reached the
reference voltage Vc. When the voltage at the termi- 20    nal 3f (waveform
a in Figure 35) reaches the reference voltage Vc (point 2 in Figure 35),
the level of the signal output from the detector 18 changes from L level to
H level. The change in the level of the signal output from the 



detector 18 is communicated to the synchronization cir- 25    cuit 5.  In
response to the change in the level of the signal, the synchronization
circuit 5 causes the state of the switch 26 to change from the closed state
to the open state. After the end of the detection period, the operation of
the detector 18 returns to Sleep. 30 The switch 26 is closed (ON) during a
period from when the signal output from the detector 15 changes from L
level to H level until when the signal output from the    - 126 - detector
18 changes from L level to H level, and is open (OFF) during the other
periods. Thus, the switch 26 is opened/closed in a period during which the
voltage at the terminal 3f is smaller than the voltage VDD and larger than
5    the target voltage Vp. The operation of the voltage conversion section
3 in the above-described steady state operation period is summarized as
follows. 10 When the detector 8 detects that the voltage at the terminal 3g
of the voltage conversion section 3 has de- creased below the desired
voltage Vp, the operation start signal is sent from the detector 8 via the
synchronization 15    circuit 5 to the detector 15 and the detector 18.  In
response to the operation start signal, an operation of injecting a charge
from the power supply 1 into the voltage conversion section 3 is initiated.
20            In response to the operation start signal from the detector
8, the detector 15 and the detector 18 start the respective operations.
When the detector 15 detects that 



the voltage at the terminal 3f has reached the reference voltage Vs, the
switch 26 is controlled to change from the 25    open state to the closed
state.  Thereafter, when the detector 18 detects that the voltage at the
terminal 3f has reached the reference voltage Vc (>reference voltage Vs),
the switch 26 is controlled to change from the closed state to the open
state. 30 Alternatively, the switch 26 may be controlled to change from the
closed state to the open state after passage of a certain period of time
since the end of the set up period    - 127 - for thevoltage converter 20.
Alternatively, the switch 26 may be controlled to change from the closed
state to the open state after passage of a certain period of time since
when the detector 18 detects that the voltage at the 5    terminal 3f  has
reached  the  reference  voltage Vc (>reference voltage Vs) after the
switch 26 is controlled to change from the open state to the closed state.
In the period of time during which the switch 26 is 10    closed, the power
supply 1 to be converted and the voltage conversion section 3 are connected
to each other. As a result, a charge is injected from the power supply 1 to
be converted into the voltage conversion section 3, thereby supplying a
power. 15 The voltage converter 20 according to the present invention has
an advantage that the power consumption is extremely small. The reason for
this will be described below. 20 



In the period of time during which the switch 26 is closed, a current flows
from the power supply 1 to be converted to the voltage conversion section
3. The current, which flows from the power supply 1 to be converted into 25
the voltage conversion section 3, flows from the source terminal of the
PMOS switch 26 (the terminal which is connected to the power supply 1 to be
converted) to the drain terminal thereof (the terminal which is connected
on the side of the terminal 3f). There is a resistance between the 30
source terminal and the drain terminal of the PMOS switch 26. Therefore, a
voltage is generated between the terminal (between the source terminal and
the drain terminal) of the PMOS switch 26, and the power is consumed by the
current    - 128 - flowing between the terminals. Such a consumption of the
power is the conversion energy loss occurring through voltage conversion.
The conversion energy loss rate [err]c is defined by (Expression 18) below.
5 [err]c=(the power consumed between the source terminal and the drain
terminal of the PMOS switch 26)/(the power consumed by the load 2) ...
(Expression 18) 10            A voltage converter with a poor conversion
effi- ciency means a voltage converter which has a large conversion energy
loss rate [err]c. Conversely, a voltage converter with a desirable
conversion efficiency means a voltage converter which has a small
conversion energy loss rate [err]c. The 15    denominator of (Expression
18) is constant based on Ohm's law where the resistance value of the load 2
and the converted voltage are constant.   Accordingly,  it is necessary to
decrease the numerator in order to decrease 



the conversion energy loss rate [err]c.  Where the voltage 20    generated
between the source terminal and the drain terminal of the PMOS switch 26 is
denoted by Vds and the current flowing between the terminals is denoted by
Id (it is assumed that the direction of the current flowing from the source
terminal to the drain terminal is positive), the power consumption Pt 25
is represented by the following expression. Pt=Vds Id ... (Expression 19)
When the resistance value of the load 2 and the 30    converted voltage are
constant, the current Id which needs to be supplied (the total amount of
charge which needs to be supplied) is constant.  Therefore, reduction of
the power consumption Pt can be achieved by reduction of the in-    - 129 -
ter-terminal voltage Vds. The voltage converter 20 closes the PMOS switch
26 by oscillating the voltage at the terminal 3f of the voltage 5
conversion section 3, as illustrated in Figure 35, so as to place the
voltage VDD of the power supply 1 to be converted, which is connected to
the source terminal of the PMOS switch 26, and the voltage at the terminal
3f (waveform a) close to each other. By closing the PMOS switch 26 by 10
placing the voltage VDD of the power supply 1 to be converted and the
voltage at the terminal 3f close to each other, it is possible to reduce
the power consumption Pt. This is because by closing the PMOS switch 26 at
such a timing, the voltage Vds generated between the source terminal and
the 15    drain terminal can be decreased under a condition that the
current Id flowing between the source terminal and the drain terminal is
the same. Moreover, since the resistance component in the 



20    voltage conversion section 3 is the resistance between the source
terminal and the drain terminal of the PMOS switch 26, the power
consumption in this portion is small as described above.  From this point,
there is generally no heat generation in the voltage conversion section 3.
25 Furthermore, when the result of the comparison made by the detector 8
between the reference voltage Vp (the desired voltage) output from the
reference voltage generator 9 and the voltage at the terminal 3d of the
voltage 30    conversion section 3 shows that the reference voltage Vp (the
desired voltage) is lower than the voltage at the terminal 3d, the detector
15, the reference voltage generator 14, the synchronization circuit 16, the
detec-    - 130 - tor 18, the reference voltage generator 17 and the
synchronization circuit 19 do not operate. This corre- sponds to the
operation in the second cycle illustrated in Figure 33, for example. Thus,
the power consumption is 5    reduced by the control section 130 performing
a conditional operation. In order to further reduce the power consumption,
the operating cycles of the detector 8 and the reference voltage generator
9 can be prolonged when the output current which is output from the voltage
converter 20 is small. 10 Moreover, the voltage converter 20 according to
the present invention has the following advantage. The power consumed by
the detector 8, the reference voltage generator 9, the detector 11, the
reference voltage 15    generator 12,  the detector 15, the reference
voltage generator 14, the detector 18 and the reference voltage 



generator 17 accounts for the majority of the power which is consumed by
the entire control section 130. Typically, a main factor for the power
consumption by the control 20    circuit system is that a high-precision
and/or high-speed operation is required.  For example, for a reference
voltage generator, the power consumption increases as a voltage output with
a higher precision is required. Moreover, for a detector, the power
consumption increases as a detection 25    is required to be performed with
a higher precision and at a higher speed. Therefore, in view of reducing
the power consumption, it is preferable for the control circuit system to
perform a voltage output with a low precision and to perform a
low-precision and low-speed detection. Since the 30    resonance frequency
of the voltage conversion section 3 in the voltage converter 20 according
to the present invention is about 1 MHz-500 kHz, as described above, the
voltage at the terminal 3f of the voltage conversion section 3 changes
131 - very slowly.  Therefore, the control section 130 which controls the
voltage conversion section 3 is not required to perform a high-precision
and high-speed operation. For example, a low-speed and low-precision
detection is 5    sufficient for detecting the points 1 and 2 in Figure 35
(though a high-precision and high-speed detection is re- quired for a
high-speed operation). Thus, it is possible to reduce the power consumption
10    of the control section 130 to be extremely small.  In a practical
design, it has been confirmed that the power consumption of the control
section 130 can be suppressed to be 1 mW or less. This means that the power
consumption of the control section 130 is only about 10% of the power 



15    consumption of the load 2 even when the power consumption of the load
2 is 10 mW or less. Since the resonance fre- quency can be set to be low,
it is possible to decrease the noise frequency due to the resonance
operation. 20            Figure 53A illustrates the relationship between
the power consumption PL and the conversion loss Pt in a conventional DC/DC
converter. Figure 53B illustrates the relationship between the power
consumption PL and the conversion loss Pt in the voltage converter 20
according to 25    the present invention.  Herein, the conversion loss Pt
is obtained by adding the power consumption Pc of the control system
circuit and the power consumption Ps of the voltage conversion section.
Thus, P[err]=P[err]+P[err]. 30            Figure 54A
illustratestherelationshipbetweenthe power consumption PL of a load and the
total loss rate [err]ct in the conventional DC/DC converter. Figure 54B
illus- trates the relationship between the power consumption PL of    - 132
- a load and the total loss rate [err]ct in the voltage converter 20
according to the present invention. Herein, the total loss rate [err]ct is
obtained by dividing the conversion loss Pt by the power consumption PL of
the load.   Thus, [err]ct=Pt/PL= 5    (Pc+Ps)/PL. The characteristics of
the conventional DC/DC converter 61 and the voltage converter 20 according
to the present invention are summarized in Table 2. 10 Table 2 DC/DC
Converter 61 voltage Converter 20 Output Current   Large current   Small,
minute current Conversion Effi- Good            Good 



ciency Output  Voltage Poor             Good Controllability Applicable LSI
Processor        Low power LSI Moreover, the voltage converter 20 of the
present invention has an advantage that the on-chip implementation 15    is
easy.  The reason for this will be described below. About 100 nH is
sufficient for the value of the inductor 28 of the resonance circuit 140.
Thus, the value of the inductor 28 is sufficiently small, whereby it is
easy 20    to form the voltage converter 20 on a silicon substrate.
Moreover, since the value of the inductor 28 is sufficiently small,
substantially no radiating electromagnetic noise is generated. In addition,
a large voltage is not generated between the terminal of the switch 26,
whereby noise caused 25    by an inrush current which occurs due to a large
voltage difference occurring between the terminals of the switch 26    -
133 - is not generated. Furthermore, when a PMOS transistor is used as the
switch 26, the ON resistance of the switch 26 can be set 5    to be about
500 mQ.  Thus, since the ON resistance of the switch 26 is sufficiently
large, it is easy to form the voltage converter 20 on a silicon substrate.
Even when a switch having an ON resistance of about 500 m[err], a
conversion efficiency of 90% or more can be ensured. 10 A non-steady state
operation of the voltage con- verter 20 will now be described.   A
sinusoidal wave oscillation voltage at the terminal 3f of the voltage
conversion section 3 is converted to a square wave clock 



15    pulse by the clock generator 6. The clock pulse output from the clock
generator 6 is supplied to the synchronization circuits 10, 16 and 19.
Therefore, incorrect output of the clock pulse causes the voltage converter
20 to malfunction. This is because the detectors 8, 15 and 18 and the
reference 20    voltage generators 9, 14 and 17 operate in synchronization
with the clock pulse supplied from the synchronization circuits 10, 16 and
19. The clock detector 7 is provided to bring the 25    operation of the
voltage converter 20 back to a normal operation when the clock pulse is not
correctly output from the clock generator 6. Incorrect output of the clock
pulse may occur when, for example, an abnormality occurs in the voltage
variation at the terminal 3f of the voltage 30    conversion section 3.
The clock detection section 7 out- puts a reset signal to the
synchronization circuit 13 when it detects that the clock pulse is not
correctly output from the clock generator 6.    - 134 - In response to the
reset signal, the synchronization circuit 13 resumes the operation of the
voltage converter 20. The operation of the voltage converter 20 after the 5
synchronization circuit 13 receives the reset signal is similar to the
operation of the voltage converter 20 after the synchronization circuit 13
receives the start signal via the terminal 24. The resonance operation in
the voltage conversion section 3 is thus reproduced, and the clock pulse 10
output from the clock generator 6 is reproduced.  As a result, the
operation of the voltage converter 20 returns to the steady state
operation. Another non-steady state operation of the voltage 



15    converter 20 will now be described. When the oscillation amplitude at
the terminal 3f decreases, a case may occur where the voltage at the
terminal 3f reaches the reference voltage Vs, but does not 20    reach the
reference voltage Vc.  In such a case, after the state of the PMOS switch
26 changes from the open state to the closed state, it stays in the closed
state and cannot be changed from the closed state to the open state. 25
Such a non-steady state operation is detected by the synchronization
circuit 5. The synchronization circuit 5 outputs a reset signal to the
synchronization circuit 13 when it detects that any one of the following
three signals is not generated within a predetermined period which is 30
determined by the capacitances 27 and 29 and the inductor 28 of the voltage
conversion section 3 (the oscillation cycle of the resonance circuit). An
operation start signal which is output from the    - 135 - detector 8 via
the synchronization circuit 5 to the detector 15 and the detector 18. A
signal which is output from the detector 15 to the synchronization circuit
5 and which defines the timing 5    to change the state of the PMOS switch
26 from the open state to the closed state. A signal which is output from
the detector 18 to the synchronization circuit 5 and which defines the
timing to change the state of the PMOS switch 26 from the closed 10
state to the open state. In response to the reset signal, the
synchronization circuit 13 resumes the operation of the voltage converter
20. The operation of the voltage converter 20 after the 



15    synchronization circuit 13 receives the reset signal is similar to
the operation of the voltage converter 20 after the synchronization circuit
13 receives the start signal via the terminal 24. The resonance operation
in the voltage conversion section 3 is thus reproduced. As a result, the 20
operation of the voltage converter 20 returns to the steady state
operation. A further operation of the voltage converter 20 which is
different from the steady state operation will be 25    described. The
voltage output from the voltage converter 20 (the voltage at the terminal
22) is varied so that the voltage at the terminal 3e of the voltage
converter 20 30    matches the reference voltage Vp (the desired voltage)
output from the reference voltage generator 9. The desired voltage Vp is
designated by a signal input to the reference voltage generator 9 via the
terminal 25. As an alteration    - 136 - of the desired voltage Vp is
instructed by the signal input to the reference voltage generator 9, the
voltage output from the voltage converter 20 (the voltage at the termi- nal
22) changes toward the altered desired voltage Vp. 5 When the voltage
output from the voltage con- verter 20 decreases, the oscillation amplitude
at the terminal 3f of the voltage conversion section 3 decays, so that if
the voltage difference from the previous desired 10    voltage to the next
desired voltage is large, the decay of the oscillation amplitude at the
terminal 3f is also large. In order to hold the oscillation amplitude at
the terminal 3f, an intermediate voltage may be provided between the
previous 



desired voltage and the next desired voltage, so that the 15    detectors
15 and 18 are operated to open/close the PMOS switch 26 when the voltage
output from the voltage con- verter 20 decreases below the intermediate
voltage. By supplying a charge (resonance energy) to the resonance circuit
of the voltage conversion section 3, it is possible 20    to recover the
oscillation amplitude at the terminal 3f. Next, another method for
supplying a charge to the voltage conversion section 3 will be described.
According to the method described above with reference to Figure 35, 25
the timing to supply a charge to the voltage conversion section 3 is
controlled so that the state of the PMOS switch 26 changes from the open
state to the closed state at the point 1, and the state of the PMOS switch
26 changes from the closed state to the open state at the point 2 in 30
the period during which the voltage at the terminal 3f increases. The
charge may be supplied to the voltage conversion    - 137 - section 3 in
the period during which the voltage at the terminal 3f decreases, instead
of the period during which the voltage at the terminal 3f increases. 5
Figure 36 illustrates the voltage change at the terminal 3f (waveform a)
and the voltage change at the terminal 3e (waveform b) in the steady state
operation. As illustrated in Figure 36, the timing to supply a charge to
the voltage conversion section 3 may be controlled so that 10    the state
of the PMOS switch 26 changes from the open state to the closed state at
the point (point 3) where the voltage at the terminal 3f reaches the
reference voltage Vs, and the state of the PMOS switch 26 changes from the
closed state 



to the open state at the point (point 4) where the voltage 15   at the
terminal 3f reaches the reference voltage Vc. Of course, it is possible to
combine the operation of supplying a charge to the voltage conversion
section 3 in the period during which the voltage at the terminal 3f 20
increases (Figure 35), and the operation of supplying a charge to the
voltage conversion section 3 in the period during which the voltage at the
terminal 3f decreases (Figure 36). By combining such two operations
together, it is possible to realize a voltage conversion operation with 25
a higher efficiency than that of the voltage conversion operation based on
a single operation. Such a combination of the two operations is preferable
in terms of the conversion efficiency and is not preferable in that the
control of the PMOS switch 26 is complicated. However, it 30    can be
considered a superior voltage conversion operation because the increase in
the circuit scale is negligibly small However, since the power consumption
by the control circuit for controlling the operation of the PMOS switch 26
in-    - 138 - creases, it is preferable to combine the two controls when
the output current value from the voltage converter 20 is large, whereas an
operation based on a single control is suitable when the output current
value from the voltage 5   converter 20 is small. Figures 37A and 37B
illustrate a structure and an operation of the detector 8.  In Figure 37A,
an input terminal I[err] is connected to the terminal 3e (the termi- 10
nal 3g) of the voltage conversion section 3.  A voltage output from the
reference voltage generator 9 is input to an input terminal I[err]. The
detector 8 includes: a chopper 



comparator which includes transistors 30-35, 37 and 38, and a capacitance
36; and logic gates 39 and 40. 15 The chopper comparator compares the
voltage at the terminal 3g of the voltage conversion section 3 (the
terminals 3e and 3d, the output terminal 22) with the voltage output from
the reference voltage generator 9, 20    according to the operation as
illustrated in Figure 37B. In the period during which a clock pulse
[err][err] ([err][err] is an inverted clock pulse of [err][err]) is changed
from L level to H level (the sampling period in Figure 37B), the voltage at
the terminal 3g of the voltage conversion section 3 (the 25    terminals 3e
and 3d, andthe output terminal 22) is followed and held. In the period
during which the clock pulse [err][err] is changed from H level to L level
(the comparison period in Figure 37B), the voltage output from the
reference voltage generator 9 is input to the terminal I[err]. When the
voltage 30    at the terminal 3g is smaller than the voltage output from
the reference voltage generator 9, an L level signal is output at the
output terminal of the inverter (the transistors 37 and 38).    - 139 -
When a clock pulse [err][err] ([err][err] is an inverted clock pulse of
[err][err]) changes from L level to H level, the detector 8 can output the
result of the comparison between the voltage at 5    the terminal 3g and
the voltage output from the reference voltage generator 9, and an output
terminal 0 changes from L level to H level (when the voltage at the
terminal 3g is smaller than the voltage output from the reference voltage
generator 9). The time at which the clock pulse [err][err] changes 10
from L level to H level is delayed from the time when the 



chopper comparator enters the comparison period (when a clock pulse
[err][err] changes to H level). This is to prevent an unstable signal from
being output from the detector 8 since the output value of the chopper
comparator is unstable 15    initially in a comparison period.  The
detector 8 compares the sampled voltage with the voltage output from the
reference voltage generator 9 after holding (after sam- pling) the voltage
output from the reference voltage generator 9 (the voltage at terminal 3e).
The reason why 20    the voltage at the terminal 3e is sampled is to reduce
the influence of noise when the load 2 is a digital LSI. By sampling the
voltage at the terminal 3e, it is possible to avoid a case where the
detector 8 detects the voltage to which noise superimposed on the terminal
22 has been added. 25 Figure 38 illustrates a method for reducing the
influence of noise when the load 2 is a digital LSI. By using the clock
pulse input to the synchronization circuit 10 via the terminal 23 as a
clock pulse (synchronization clock 30    pulse) for the digital LSI
connected to the terminal 22, it is possible to measure the timing of, and
avoid, the noise generated from the digital LSI. In Figure 38, the system
clock is an operating clock pulse which is input to the    - 140 - digital
LSI (load 2).  InFigure 38, the generation of noise by the digital LSI at
the point where the system clock changes is represented by superimposing
noise on the voltage Vp which is output from the voltage converter 20.
Since the 5    superimposed noise decays after passage of a certain period
of time td since the changing point of the system clock, it is possible to
avoid the noise by using the detector 8 to 



hold the voltage at the terminal 3e of the voltage conversion section 3
after passage of time td. The clock pulse input 10    to the terminal 23 is
not required to have the same cycle as that of the clock pulse input to the
digital LSI which is connected to the terminal 22, but is required to be
synchronized. 15            Referring to Figure 52, the mechanism of noise
generation in an LSI will be described.  The LSI includes a silicon chip
built in a package. Pins of the package and the silicon chip are connected
to each other with a bonding wire. The bonding wire has an inductance Lp.
As the system 20    clock changes, a current i(t) flows through the silicon
chip. As the current i(t) changes, a voltage is generated due to the
inductance Lp. The voltage becomes noise. Figure 39A illustrates a
structure of the detec- 25    tor 15.  Becausethestructureofthedetector 18
is the same as the structure of the detector 15, the detector 15 will be
described in detail, while the description of the detector 18 will be
omitted. 30            The difference from Figure 37A is that the switches
connected to the terminals I[err] and I[err] are PMOS switches 41 and 42.
The PMOS switches 41 and 42 are used as the switches for the following
reason.  When the voltage output from the    - 141 - voltage converter 20
is smaller than 1/2 of the voltage of the power supply 1 to be converted,
the voltage at the terminal I[err] (the terminal to which the voltage at
the terminal 3f of the voltage conversion section 3 is input) 5
oscillates below 0 V.  In a structure where NMOS transistors or
parallelly-connected PMOS transistors are used as the switches, the diode
formed of the drain (source) and the 



well of the NMOS transistor is forwardly biased, whereby a charge is lost
from the voltage conversion section 3 10    through the diode.  The charge
loss is a loss of the charge supplied to the resonance circuit, and reduces
the voltage conversion efficiency. The PMOS switches 41 and 42 are used to
avoid such 15    a charge loss. An AND gate is used at the output terminal
so as to change the signal output from the detector 15 from L level to H
level when the voltage output from the reference voltage 20    generator 14
exceeds the voltage output from the voltage conversion section 3. The time
at which the clock pulse [err][err] changes from L level to H level is
delayed from the time when the chopper comparator enters the comparison
period (when the clock pulse [err][err] changes to L level). This is to 25
prevent an unstable signal from being output from the detector 15 since the
output value of the chopper comparator is unstable initially in a
comparison period. Figure 39B illustrates an operation of the detec- 30
tor 15.  The clock pulse [err][err] changes to L level during the sampling
period (sampling the voltage of the reference voltage generator 14), and
the clock pulse [err][err] changes to L level during the comparison period.
- 142 - While the clock pulse converted by the clock generator 6 has a
cycle as that of the sinusoidal wave oscillation voltage at the terminal
3f, it may have a cycle 5   which is a multiple of that of the sinusoidal
wave oscillation voltage at the terminal 3f. When the clock pulse has a
cycle which is twice as long as that of the sinusoidal wave oscillation
cycle at the terminal 3f, the 



detector 8 samples the output voltage the voltage conversion 10    section
3 (the voltage at the terminal 3g) with a cycle which is twice as long as
the operating cycle as illustrated in Figure 33. As the operating cycle of
the detector 8 is lower, the power consumed by the entire voltage converter
20 is smaller. However, since the power consumed by the PMOS 15    switch
26 tends to increase as the output voltage of the voltage converter 20
increases, the output voltage needs to be designed appropriately according
to the magnitude of the load 2. 20    (Embodiment 2) Figure 40 illustrates
another structure of the voltage converter 20. The structure of the voltage
con- verter illustrated in Figure 40 is identical to the structure of the
voltage converter 20 illustrated in 25    Figure 29 except for a monitor
661. The monitor 661 has two input terminals and three output terminals.
One of the input terminal of the moni- tor 661 is connected to the terminal
3d of the voltage 30    conversion section 3.  The other input terminal of
the monitor 661 is connected to the synchronization circuit 10. The three
output terminals are connected to the synchronization circuit 5, and the
reference voltage    - 143 - generators 14 and 17, respectively. The
monitor 661 de- tects a current (voltage decrease per a unit time) at the
output terminal 3d of the voltage conversion section 3. This is because the
current (voltage decrease per a unit 5    time) flowing into the load 2 can
be obtained from this current. The monitor 661 supplies a power
substantially equal to the power consumed by the load 2 from the power 



supply 1 to the voltage conversion section 3. For example, when the monitor
661 detects that the current consumed by 10    the load 2 increases, the
monitor 661 increases the amount of charge supplied to the voltage
conversion section 3 by increasing the period during which the PMOS switch
26 included in the voltage conversion section 3 is closed. 15            In
order to increase the period during which the PMOS switch 26 is closed, for
example, the voltage output from the reference voltage generator 14 (the
timing at which the switch 26 changes from the open state to the closed
state is determined by the voltage) may be decreased, and the 20    voltage
output from the reference voltage generator 17 (the timing at which the
switch 26 changes from the closed state to the open state is determined by
the voltage) may be increased. 25            The following consideration
may be made regarding the voltage conversion efficiency.  It is preferable
in view of improving the voltage conversion efficiency that the period
during which the PMOS switch 26 is closed is short and the period during
which the switch 26 is closed is 30    provided at a point where the
oscillation voltage at the terminal 3f of the voltage conversion section 3
is close to the voltage of the power supply 1 to be converted. It is
desirable to adjust the voltages output from the reference    - 144 -
voltage generators 14 and 17 so as to realize a better conversion
efficiency. The voltages output from the reference voltage 5    generators
14 and 17 may be adjusted according to the operation state of the detector
8 so as to increase the period during which the PMOS switch 26 is closed.
For 



example, when the result of the comparison between the voltage at the
terminal 3e of the voltage conversion 10    section 3 and the voltage
output from the reference voltage generator 9 shows that the voltage at the
terminal 3e decreases below the voltage output from the reference voltage
generator 9 for two consecutive times, the result means that the amount of
charge consumed by the load 2 is 15    larger than the amount of charge
supplied from the power supply 1 to be converted by closing the PMOS switch
26. In such a case, the voltage at the output terminal 22 of the voltage
converter 20 cannot be maintained at the desired voltage unless the period
during which the PMOS switch 26 20    is closed is increased.  Thus, the
detector 8 sends to the monitor 661 a signal which indicates that the
voltage at the terminal 3e decreases below the voltage output from the
reference voltage generator 9. In response to the detec- tor 8, the monitor
661 adjusts the voltage output from the 25    reference voltage generators
14 and 17 so as to increase the period during which the PMOS switch 26 is
closed. Thus, it is possible to increase the period during which the PMOS
switch 26 is closed, by using the monitor 661 30    to detect the frequency
with which the voltage at the terminal 3e decreases below the voltage
output from the reference voltage  generator 9 in  the  result  of  the
comparison between the voltage at the terminal 3e and the    - 145 -
voltage output from the reference voltage generator 9, instead of using the
monitor 661 to detect the output current of the voltage conversion section
3. 5            Moreover, the timing at which the state of the PMOS switch
26 included in the voltage conversion section 3 



changes from the closed state to the open state can be delayed not only by
increasing the voltage output from the reference voltage generator 17, but
also by delaying an operation 10    signal from the synchronization circuit
5 for changing the PMOS switch 26 from the closed state to the open state
by using the signal from the monitor 661. When the operation signal from
the synchronization circuit 5 for changing the PMOS switch 26 from the
closed state to the open state is 15    delayed,  a  fine  adjustment  can
be  achieved without increasing the circuit scale.   Therefore, a desirable
adjustment method may be to make a coarse adjustment by the reference
voltage generator 17, and to make a fine adjustment by delaying the
operation signal from the 20    synchronization circuit 5 for changing the
PMOS switch 26 from the closed state to the open state. Figure 41 is a
control flow illustrating a procedure of a process of the monitor 661. 25
In a control block C1, the voltage Vd at the terminal 3d of the voltage
conversion section 3 is compared with the target voltage (i.e., the voltage
output from the reference voltage generator 9) Vp. When the voltage Vd is
30    smaller than the voltage Vp, the process proceeds to a control block
C2. When the voltage Vd is larger than the voltage Vp, the process of a
control block C3 is repeated. The result of the comparison between the
voltage Vd and the    - 146 - voltage Vp made in the control block C1 is
stored in the control block C2. In the control block C2, a case where the
comparison result in the control block C1 is Vd<Vp for five consecutive
times is detected. When Vd<Vp holds for five 



5    consecutive times, the voltage Vs is decreased by AV in the control
block C3.  Herein, the voltage Vs is a voltage output from the reference
voltage generator 14, and the voltage [err]V is the minimum voltage width
by which the voltage Vs is varied. After the end of the process of the 10
control block C3, the process returns to the control block C1. Detecting
that Vd<Vp holds for five consecutive times in the control block C2 means
that the power supplied 15    from the power supply 1 to the voltage
conversion section 3 is smaller than the power consumed by the load 2.
Waiting until Vd<Vp holds for five consecutive times is done to provide a
margin. When the voltage Vd is smaller than the voltage Vp, a power is
supplied from the power supply 1 to 20    the voltage conversion section 3.
When the supplied power is smaller than the power consumed by the load 2,
the voltage Vd will be smaller than the voltage Vp, again in the next
comparison in the control block C1.  Therefore, Vd<Vp for two consecutive
times means that the power supplied from 25    the power supply 1 to the
voltage conversion section 3 is insufficient. However, the comparison
between the volt- age Vd and the voltage Vp is susceptible to noise. Espe-
cially, as the voltage Vd becomes closer to the voltage Vp, the comparison
is more susceptible to noise. In order to 30    make the comparison less
susceptible to noise, it is more preferable to determine that the power
supplied from the power supply 1 to the voltage conversion section 3 is
insufficient when Vd<Vp holds for five consecutive times,    - 147 - than
to determine that the power supplied from the power supply 1 to the voltage
conversion section 3 is insufficient 



when Vd<Vp holds for two consecutive times. This is because since a margin
corresponding to three process cycles is 5   provided, erroneous comparison
due to noise is eliminated, whereby the determination is more reliable.
Decreasing the voltage Vs by AV in the control block C3 means increasing
the power supplied from the power supply 1 to the voltage conversion
section 3. This is because the period during 10    which the switch 26 is
closed is prolonged as the voltage Vs is decreased. In control blocks
C4-C6, processes similar to those in the control blocks C1-C3 are
performed. In particular, 15    the voltage Vd and voltage Vp are compared
with each other in the control block C4. When it is detected that Vd>Vp
holds for five consecutive times in the control block C5, the voltage Vs is
increased by AV in the control block C6. Detecting that Vd>VP holds for
five consecutive times in the 20    control block C5 means that the power
supplied from the power supply 1 to the voltage conversion section 3 is
larger than the power consumed by the load 2. Increasing the voltage Vs by
AV in the control block C6 means decreasing the power supplied from the
power supply 1 to the voltage conversion 25    section 3. This is because
the period during which the switch 26 is closed is shortened as the voltage
Vs is increased. Figure 42  illustrates  an  exemplary  circuit 30
configuration for implementing the control flow of Figure 41. A reference
voltage generator 141 generates the voltage Vp. A detector 142 compares the
voltage Vd with the voltage Vp. The detector 142 outputs "0" to the shift
register 143 when    - 148 - Vd<Vp and outputs "1" to the shift register
143 when Vd>Vp. 



The shift register 143 holds output signals "0" and "1" from the detector
142 for five cycles.  An encoder 144 decreases the voltage Vs output from
the reference voltage genera- 5   tor 14 by AV when the data points held in
the shift register 143 for the five cycles are all "0" (i.e., when "0" has
occurred five consecutive times), and increases the voltage Vs output from
the reference voltage generator 14 by AV when the data points held in the
shift register 143 10    for the five cycles are all "1" (i.e., when "1"
has occurred five consecutive times). Thus, the control illustrated in
Figure 41 is implemented. Figure 43 illustrates how the voltage Vs output
from 15    the reference voltage generator 14 changes.  When a single
voltage change is not sufficient, the voltage change is further repeated
until the power supplied from the power supply 1 to the voltage conversion
section 3 is equal to the power consumed by the load 2. 20 Figure 44 is a
control flow illustrating a procedure of a process for determining the
voltage Vc. In a control block C7, the voltage Vd at the 25    terminal 3d
of the voltage conversion section 3 is compared with the target voltage
(i.e., the voltage output from the reference voltage generator 9) Vp. When
the voltage Vd is smaller than the voltage Vp, the process proceeds to a
control block C8 or, otherwise, the process of the control 30    block C7
is repeated.   In the control block C8, it is determined whether Vd<Vp has
held for five consecutive times. When Vd<Vp has held for five consecutive
times, the process returns to the control block C7. Otherwise, the process
- 149 - 



proceeds to a control block C9. In the control block C9, the voltage Vc is
increased by AV.  Then, the process proceeds to a control block C10. In the
control block C10, the voltage Vd is compared with the voltage Vp. When the
5   voltage Vd is larger than the voltage Vp, the process proceeds to a
control block C11 or, otherwise, the process of the control block C10 is
repeated. In the control block C11, it is determined whether Vd>Vp has held
for five consecutive times. When Vd>Vp has held for five consecutive 10
times, the process returns to the control blocks C7 and C14. Otherwise, the
process proceeds to the control blocks C12 and C13, thereby decreasing the
voltage Vc by 2AV. Then, the process returns to the control blocks C7 and
C14. In the control block C14, the voltage Vd is compared with the 15
voltage Vp.  When the voltage Vd is larger than the volt- age Vp, the
process proceeds to the control block C15 or, otherwise, the process of the
control block C14 is repeated. In the control block C15, it is determined
whether Vd>Vp has held for five consecutive times.  When Vd>Vp has held for
20    five consecutive times, the process returns to the control block C14.
Otherwise, the process proceeds to the control block C9. The meaning of the
control blocks C7-C15 will be 25    described below.  The flow of the
control blocks C7 and C8 means the "width" (the potential difference
between the voltage Vs and the voltage Vc) is being determined, as
described for the control flow illustrated in Figure 41, based on whether
there have been five consecutive periods 30    in which the voltage Vd is
smaller than the voltage Vp. This is similarly true for the flow of the
control blocks C14 and C15. When the output of the control blocks C8 and
C15 is "No", it means that the width has been determined. Once   



- 150 - the width is determined, the "height" (voltage Vc) is determined.
In the control block C9, the voltage Vc is increased by AV. This operation
means that the voltage Vc is intentionally varied from the appropriate
width after 5    the control illustrated in Figure 41. When the appropriate
width is intentionally widened (when the voltage Vc is increased by AV),
the power supplied from the power supply 1 to the voltage conversion
section 3 increases, whereby it is expected that Vd>Vp would hold for five
consecutive times 10    in the comparison between the voltage Vd and the
voltage Vp in the control block C10.  When Vd>Vp holds for five consecutive
times, the control flow illustrated in Figure 44 is completed.  However,
when Vd>Vp has not held for five consecutive times, it means that the
voltage Vc has been 15    increased excessively.  By increasing the voltage
Vc, the power supplied from the power supply 1 to the voltage conversion
section 3 should normally increase due to the increased width; however, the
power increase is actually too little (Vd>Vp does not hold for five
consecutive times), 20    because the switch 26 is closed in the period
during which the voltage at the terminal 3f of the voltage conversion
section 3 is higher than the voltage of the power supply 1, whereby the
power supplied to the voltage conversion section 3 flows back to the power
supply 1. In such a case, 25    the switch 26 has to transition from the
closed state to the open state under a lower voltage Vc. Therefore, in such
a case, the voltage Vc is decreased by 2AV in the control blocks C12 and
C13 in view of that the voltage Vc has once been increased by [err]V in the
control block C9. The above is 30    an exemplary procedure for adjusting
the height of the voltage Vc. The determination of the width, the
determination 



- 151 - of the height, and an intermittent operation are summarized in
Table 3 below. Table 3 Determination   As the width is smaller, the power
consumption by the of width       switch 26 is reduced, thereby increasing
the effi- (voltage  dif- ciency. ference between Vs and Vc) Determination
As the height is greater, the efficiency increases. of height      When it
is excessively high, however, a current (voltage of Vc) backf low from the
voltage conversion section 3 to the power supply 1 occurs, thereby reducing
the effi- ciency. The voltage Vc is set to be as high as possible so that
the backflow does not occur. Intermittent    After the width is set to its
minimum, the switch 26 operation      transitions  from  the  operation
where  it  is opened/closed for every cycle, to an operation where it is
opened/closed only in every other cycle. Thus, the number of times the
control circuit operates is decreased, thereby reducing the power
consumption. 5 (Embodiment 3) Figure 45 illustrates another structure of
the voltage converter according to the present invention. Reference numeral
61 denotes the conventional DC/DC con- 10    verter.  Reference numeral 62
denotes a power supply to be converted, 63 denotes a clock pulse generator
connected to the terminal 23 of the voltage converter 20, and 64 denotes a
start signal generator connected to the terminal 24. Reference numeral 65
denotes an LSI which is to be the load 



15    towhichtheconvertedvoltage is supplied.  FromtheLSI 65, the optimal
supply voltage value is sent to the terminal 25 of the voltage converter
20.   While  the voltage  con- verter 20 performs a high efficiency voltage
conversion when the current supplied to the LSI 65 is small, the conversion
20    efficiency is reduced to be lower than the conversion efficiency of
the conventional DC/DC converter 61 when the supply current increases.    -
152 - The structure of the voltage converter 20 illus- trated in Figure 45
is similar to the structure of the voltage converter 20 illustrated in
Figure 40. The voltage converter 20 includes a current detector for
detecting a 5   current flowing from the terminal 22 to the LSI 65.
Alternatively, the current detector may be provided externally to the
voltage converter 20. The voltage converter 20 operates when the current 10
detected by the current  detector is smaller than a predetermined current.
The DC/DC converter 61 operates when the current detected by the current
detector is larger than the predetermined current. 15
Alternatively, the voltage converter 20 may operate when the voltage output
from the terminal 22 to the LSI 65 is larger than a time integration value
of a predetermined voltage, and the DC/DC converter 61 may operate when the
voltage output from the terminal 22 to the LSI 65 is smaller 20    than the
time integration value of the predetermined voltage. Thus, when the voltage
conversion efficiency of the DC/DC converter 61 is higher than that of the
voltage 25    converter 20, the supply from the voltage converter 20 is 



stopped, and a current is supplied from the DC/DC con- verter 61. Moreover,
in addition to accounting for changes in 30    the power consumption of the
LSI 65, the transition to the desired voltage is performed by the DC/DC
converter 61 when the desired voltage greatly changes. After the desired
voltage is reached, the current supply is initiated by the    - 153 -
voltage converter 20. Thus, the speed of the transition to the desired
voltage (settling) increases. In addition to the switching of the DC/DC
converter 61 during the transition period between desired voltages,
start-up and 5   reset operations of the voltage converter 20 may be per-
formed by the DC/DC converter 61. Figure 46 illustrates how the speed of
the voltage change is increased by combining the voltage converter 20 10
and the conventional DC/DC converter 61. In Figure 46, only the voltage
converter 20 oper- ates during periods I and III. Therefore, the power is
supplied to the load 2 with a high conversion efficiency 15   during these
periods.  During a period II, the voltage converter 20 and the DC/DC
converter 61 operate concur- rently, whereby the output voltage is more
rapidly raised from 1 V to 2 V, as compared to the case where only the
voltage converter 20 operates.  However, the conversion efficiency 20    is
reduced in this period. Figure 47 illustrates that there are circuit por-
tions which can be shared by the voltage conversion sec- tion 54 of the
DC/DC converter 61 and the voltage conversion 25    section 3 of the
voltage converter 20.  Switches 26 and 66, capacitances 27 and 29, and the
inductor 28 have the 



greatest influence on the circuit scale of the DC/DC converter 61 and the
voltage converter 20. Therefore, by sharing the circuit portions, the DC/DC
converter 61 can 30   be incorporated into the voltage converter 20 without
increasing the circuit scale. In particular, itispossible to provide the
voltage conversion section 54 of the DC/DC converter 61 by connecting the
NMOS switch 66 to the    -154- terminal 3f of the voltage conversion
section 3 as illustrated in Figure 47. Since the circuit portions can be
shared by the voltage conversion section 54 and the voltage conversion
section 3, it is possible to implement 5    the DC/DC converter 61 and the
voltage converter 20 without substantially increasing the circuit scale by
employing the structure illustrated in Figure 47. (Embodiment 4) 10
Figures 48A and 48B illustrate another structure of the voltage conversion
section 3. The structure of the voltage conversion section 3 illustrated in
Figure 48A is different from the structure 15    of the voltage conversion
section 3 illustrated in Figure 30 in that a diode 67 and the capacitance
66 are connected to the switch 26.  The diode 67 may be a schottky barrier
diode, for example. 20            The structure of the voltage conversion
section 3 illustrated in Figure 48B is different from the structure of the
voltage conversion section 3 illustrated in Figure 30 in that a Zener diode
68 is connected to the switch 26. 25            Terminals 3a-3e illustrated
in Figures 48A and 48B are identical to the terminals 3a-3e illustrated in
Fig- ure 29. As illustrated in Figure 33, the voltage at the 



terminal 3f (the voltage of the waveform a) is higher than the voltage VDD
to be converted due to the operating 30    characteristics of the voltage
conversion section 3 during the set up period, so that a current flows from
the drain toward the well when the diode, which is formed (parasitic)
between the drain connected to the terminal 3f of the PMOS    155 -
transistor 26 and the well, is forwardly biased. Depending upon the values
of the capacitances 27 and 29 and the inductor 28, the current may have a
large current value, thereby exceeding the forward breakdown current value
of 5    the diode between the drain and the well and destroying the PMOS
transistor. Thus, the diode 67 is connected between the terminal 3f and the
terminal 3a, and the capacitance 66 is connected between the terminal 3a
and the ground. When the voltage at the terminal 3f becomes higher than the
10    voltage of the power supply 1 to be converted (the voltage at the
terminal 3a), thereby forwardly biasing the diode 67, a current flows from
the terminal 3f toward the terminal 3a, and the current which has flowed
into the terminal 3a flows into the capacitance 66.  Herein, the diode 67
starts 15    conducting a forward current at a smaller voltage than the
voltage value at which the diode, which is formed between the drain and the
well of the PMOS transistor 26., starts conducting a current in the forward
direction.  Since a large current does not flow through the PMOS transistor
26, no 20    breakdown occurs.  However, since the diode 67 is required to
have a large breakdown current value, the diode 67 is typically provided as
an external component, rather than being provided on a semiconductor
integrated circuit.  The capacitance 66 provides a forward current of the
diode 67 



25    to the power supply 1 to be converted, thereby reducing the amount of
backflow. Figure 48B illustrates a structure in which a current is
conducted from the terminal 3f to the ground 30    terminal by the Zener
diode 68 so as not to conduct a large current to the PMOS transistor 26.
Herein, the Zener diode 68 is at a voltage which is lower than the voltage
at which a current starts to flow between the drain and the    - 156 - well
of the PMOS transistor 26, and which is higher than the voltage of the
power supply 1 to be converted. (Embodiment 5) 5            Figures 49A and
49B illustrate another structure of the voltage conversion section 3. The
structure of the voltage conversion section 3 illustrated in Figure 49A is
different from that of the 10    voltage conversion section 3 illustrated
in Figure 30 in that a diode 69 is connected between the terminal 3f and
the ground terminal.  The diode 69 may be a schottky barrier diode, for
example. 15            The structure of the voltage conversion section 3
illustrated in Figure 49B is different from that of the voltage conversion
section 3 illustrated in Figure 30 in that a Zener diode 70 is connected
between the terminal 3f and the ground terminal. 20 In the structure
illustrated in Figure 49A, a current flows from the ground terminal toward
the termi- nal 3f when the voltage at the terminal 3f becomes lower than
the ground voltage GND, thereby forwardly biasing the 25    diode 69.  The
voltage at which a forward current starts 



flowing through the diode 69 may be set to be smaller than the reverse
breakdown voltage of the diode, which is formed between the drain connected
to the terminal 3f of the PMOS transistor 26 and the well, so as to prevent
the breakdown 30    of the PMOS transistor 26. The structure illustrated in
Figure 49B is obtained by replacing the diode 69 illustrated in Figure 49A
with    - 157 - the Zener diode 70. The voltage at which a current starts
flowing through the Zener diode 70 can be set to be smaller than the
reverse breakdown voltage of the diode, which is formed between the drain
connected to the terminal 3f of 5    the PMOS transistor 26 and the well,
so as to prevent the breakdown of the PMOS transistor 26. The diode 69 and
the Zener diode 70 are typically provided as an external component, rather
than being provided on a semiconductor integrated circuit. 10 (Embodiment
6) Figure 50 illustrates another operating procedure of thevoltageconverter
20. Theoperatingprocedureof the voltage converter 20 is different from the
operating 15    procedure of the voltage converter 20 illustrated in Figure
33 in the detection period of the detectors 15 and 18, the output signal of
the detectors 15 and 18, and the opening/closing operation of the PMOS
transistor 26. 20            As the detector 15 enters the detection
period, the detector 15 compares the voltage at the terminal 3f of the
voltage conversion section 3 with the voltage Vs output from the reference
voltage generator 14, and outputs an H pulse as an output signal when the
voltage at the terminal 3f 



25    exceeds the voltage Vs. Thereafter, when the voltage at the terminal
3f changes past its peak and starts decreasing, the voltage at the terminal
3f approaches the voltage Vs again. The detector 15 again outputs the H
pulse as an output signal when the voltage-at the terminal 3f decreases 30
below the voltage Vs. As the detector 18 enters the detection period, the
detector 18 compares the voltage at the terminal 3f of the    - 158 -
voltage conversion section 3 with the voltage Vc output from the reference
voltage generator 17, and outputs the H pulse as an output signal when the
voltage at the terminal 3f exceeds the voltage Vc. As the voltage at the
terminal 3f 5    starts increasing again after it has decreased to the
voltage Vs, the voltage at the terminal 3f approaches the voltage Vc again.
The detector 18 outputs the H pulse as an output signal when the voltage Vc
is exceeded. 10            In response to the first H pulse of the detector
15 (the signal provided when the voltage at the terminal 3f exceeded the
voltage Vs), the switch 26 transitions from the open state to the closed
state. Thereafter, in response to the first H pulse of the detector 17 (the
signal provided 15    when the voltage at the terminal 3f exceeded the
voltage Vc), the switch 26 transitions from the closed state to the open
state. Moreover, in response to the next H pulse of the 20    detector 15
(the signal provided when the voltage at the terminal 3f fell below the
voltage Vs), the switch 26 transitions from the open state to the closed
state. Finally, in response to the next H pulse of the detector 17 (the
signal provided when the voltage at the terminal 3f exceeded the 



25    voltage Vc), the switch 26 transitions from the closed state to the
open state. Thus, the PMOS switch 26 is closed between the point 1 and the
point 2 illustrated in Figure 35, and the 30    PMOS switch 26 is again
closed between the point 3 and the point 4 illustrated in Figure 36. By
closing the PMOS switch 26 twice during a single    - 159 - cycle
operation, as described above, it is possible to make the voltage Vs, which
defines the positions of the point 1 and the point 3 at which a charge is
supplied to the voltage conversion section 3, to be closer to the voltage
of the 5    power  supply 1 to be  converted.   Thus,  the voltage
conversion efficiency is improved. In the above-described embodiment, the
timing at which the PMOS switch 26 transitions from the open state 10    to
the closed state, and the timing at which the PMOS switch 26 transitions
from the closed state to the open state, are controlled independently of
each other. Alternatively, the timing at which the PMOS switch 26
transitions from the closed state to the open state may be controlled
dependently 15    based on the timing at which the PMOS switch 26
transitions from the open state to the closed state. For example, the
timing at which the PMOS switch 26 transitions from the closed state to the
open state may be produced by delaying the timing at which the PMOS switch
26 transitions from the 20    open state to the closed state. (Embodiment
7) Figure 59 illustrates a structure of a voltage converter 1500.  The
voltage converter 1500 includes a 25    voltage conversion section 1501 for
converting a power 



supply voltage supplied from a power supply 1516 to a desired voltage, and
a control section 1518 for controlling the voltage conversion section 1501.
30            The  voltage  conversion  section 1501  includes terminals
1501a-1501f. The terminal 1501a is connected to the power supply 1516. The
terminal 1501f is connected to a load 1517. The load 1517 includes at least
one of a    - 160 - resistance component and a capacitance component.  The
desired voltage output from the voltage conversion sec- tion 1501 is
supplied to the load 1517 via the termi- nal 1501f. 5 The control section
1518 includes detection sec- tions 1510, 1512, 1513 and 1515, and
synchronization sections 1511 and 1514. 10            Figure 60A
illustrates a structure of the voltage conversion section 1501.   The
voltage conversion sec- tion 1501 includes a switch 1502, a resonance
circuit LC1, a switch 1506, and a resonance circuit LC2. 15            The
resonance circuit LC1 includes an inductor 1504, a capacitance 1503
connected to one end of the inductor 1504 at a node 1504-1, and a
capacitance 1505 connected to the other end of the inductor 1504 at a node
1504-2. 20            The switch 1502 has a terminal S[err] and aterminal
S[err]. In response to a control signal, the switch 1502 electrically
connects the terminal S[err] and the terminal S2 to each other, or
electrically separates the terminal S[err] and the terminal S2 from each
other. The control signal is 25    supplied from the synchronization
section 1511 via the terminal 1501b.  The terminal S[err] of the switch
1502 is 



connected to the power supply 1516 via the terminal 1501a. The terminal
S[err] of the switch 1502 is connected to the node 1504-1 of the resonance
circuit LC1. 30 The resonance circuit LC2 includes an inductor 1508, a
capacitance 1507 connected to one end of the detection section 1508 at a
node 1508-1, and a capacitance 1509    - 161 - connected to the other end
of the detection section 1508 at the node 1508-2. The switch 1506 has
aterminal S[err] and aterminal S[err]. 5    In  response  to  a  control
signal,  the  switch 1506 electrically connects the terminal S[err] and the
terminal S[err] to each other, or electrically separates the terminal
S[err] and the terminal S2 from each other.  The control signal is supplied
from the synchronization section 1514 via the 10    terminal 1501e.  The
terminal S[err] of the switch 1506 is connected to the node 1504-2 of the
resonance circuit LC1. The terminal S2 of the switch 1506 is connected to
the node 1508-1 of the resonance circuit LC2. 15            Herein, when a
switch and a resonance circuit connected thereto are referred to as a
"fundamental resonance, the voltage conversion section 1501 has a structure
in which two fundamental resonance circuits are serially connected
together. Of course, the number of the 20    fundamental resonance circuits
is not limited to two.  The voltage conversion section 1501 may include N
fundamental resonance circuits. Herein, N is any integer equal to or
greater than 2. 25            The voltage conversion section 1501, having
the structure in which fundamental resonance circuits are 



serially connected together, is suitable for efficiently decreasing the
power supply voltage VDD supplied from the power supply 1516. This is
because the voltage Vp (VP<VDD) 30    output from the first-stage
fundamental resonance circuit can be utilized as a power supply voltage for
the sec- ond-stage fundamental resonance circuit.    - 162 - A method for
decreasing the power supply voltage VDD using only one fundamental
resonance circuit may include downwardly shifting the center of the
oscillation of an alternating-current waveform, and decreasing the
amplitude 5    of the alternating-current waveform. Figure 61A illustrates
how the power supply volt- age VDD is decreased by downwardly shifting the
center of the amplitude of the alternating-current waveform (A) by 10
using only one fundamental resonance circuit.  The wave- form (A') is a
waveform obtained by downwardly shifting the center of the amplitude of the
alternating-current wave- form (A). A portion of the waveform (A') thus
obtained goes below the ground GND. This is not preferable in view of 15
protecting the LSI. Figure 61B illustrates how the power supply volt- age
VDD is decreased by decreasing the amplitude of the alternating-current
waveform (A) by using only one 20    fundamental resonance circuit.  The
waveform (A') is a waveform obtained by decreasing the amplitude of the
alternating-current waveform (A). The voltage different AV between the
voltage Vp and the waveform (A') is (VDD- Vp) at minimum. Therefore, there
is a large energy loss 25    occurring when the switch is turned ON. Figure
61C illustrates how the power supply volt- 



age VDD is decreased by using the voltage conversion sec- tion 1501 in
which two fundamental resonance circuits are 30    serially connected
together.   The structure in which fundamental resonance circuits are
serially connected together solves the problems arising when the power
supply voltage VDD is decreased by using only one fundamental    - 163 -
resonance circuit. In Figure 61C, the waveform (A) represents a change in
the voltage at the node 1504-1 of the resonance cir- 5    cuit LC1.   The
waveform (A) is an alternating-current waveform which oscillates between
the power supply volt- age VDD and the ground GND with the voltage Vp being
the center thereof.  The waveform (B) represents a change in the voltage at
the node 1504-2 of the resonance circuit LC1. 10    The waveform (B) is a
direct-current waveform of the voltage Vp. The waveform (C) represents a
change in the voltage at the node 1508-1 of the resonance circuit LC2. The
waveform (C) is an alternating-current waveform which oscillates between
the voltage Vp and the ground GND with 15    the voltage Vpp being the
center thereof.  The waveform (D) represents a change in the voltage at the
node 1508-2 of the resonance circuit LC2.  The waveform (D) is a di-
rect-current  waveform  of  the  voltage Vpp.    Herein, VDD>VP>VPP>GND. 20
The resonance circuit LC2 can utilize the voltage Vp output from the
resonance circuit LC1 as a power supply voltage. Therefore, the switch 1502
can be turned ON in the period duringwhichapotentialdifference [err]Vexists
between 25    the voltage Vp and the waveform (C).  By controlling the ON 



period of the switch 1502 as described above, it is possible to minimize
the energy loss occurring when turning ON the switch 1502. Moreover,
T[err]<T[err] in Figure 61C. This shows that the waveform (C) is more
suitable than the waveform (A) 30    for the adiabatic charging. Figure 60B
illustrates what has been obtained by reviewing the structure of the
voltage conversion sec-    - 164 - tion 1501 in view of the "energy
supplying circuit 210" and the "energy preserving circuit 220". As
illustrated in Figure 60B, the switch 1502, the resonance circuit LC1 and
the switch 1506 can be considered as the "energy supplying 5    circuit
210",  and  the  resonance  circuit LC2  can be considered as the "energy
preserving circuit 220".  In this case, the resonance circuit LC1 has a
function as a capacitor for temporarily storing a return current flowing
from the resonance circuit LC2 through the switch 1506 toward the 10
power supply 1516.  In this sense, the voltage conversion section 1501 has
a structure similar to that illustrated in Figure 6D. When storing the
current from the power supply 1516 in the resonance circuit LC1, the
voltage conversion section 1501 has an advantage that the power is 15
lower as compared to the structure illustrated in Figure 6D. This is
because the switch 1502canbeturnedON intheperiod during which the potential
difference between the terminals of the switch 1502. 20            Figure
62A is a control flow diagram illustrating the timing at which the control
section 1518 turns ON/OFF the switch 1502 of the voltage conversion section
1501. Step S51: The detection section 1510 compares the 25    voltage Vd at
the terminal 1501d with the target voltage Vp[err]. 



When the voltage Vd is smaller than the target voltage Vp[err], the process
proceeds to step S52. In such a case, the detection section 1510 outputs to
the detection sec- tion 1512 a detection signal indicating that the voltage
Vd 30    is smaller than the target voltage Vp[err]. Step S52: The
detection section 1512 determines whether the voltage V[err] has become
equal to or greater than    - 165 - a  predetermined  voltage Vs[err] while
the  voltage Vc is increasing.   The predetermined voltage Vs[err] is used
to determine the timing to turn the switch 1502 ON from OFF. When the
voltage Vc has become equal to or greater than the 5   predeterminedvoltage
Vs[err] while the voltage Vc is increasing, the process proceeds to step
S53. In such a case, the detection section 1512 outputs to the
synchronization section 1511 a detection signal indicating that the voltage
Vc has become equal to or greater than the 10    predetermined voltage
Vs[err] while the voltage Vc is increas- ing. Step S53: The synchronization
section 1511 turns ON the switch 1502. 15 Step S54: The detection section
1512 determines whether the voltage Vc at the terminal 1501c has become
equal to or greater than a predetermined voltage Vsp[err] while the voltage
Vc is increasing.  The predetermined voltage Vsp[err] is 20    used to
determine the timing to turn the switch 1502 OFF from ON. When the voltage
Vc becomes equal to or greater than the predetermined voltage Vsp[err]
while the voltage Vc is increasing, the process proceeds to step S55. In
such a case, the detection section 1512 outputs to the synchronization 



25    section 1511 a detection  signal  indicating  that  the voltage Vc
has become equal to or greater than the predetermined voltage Vsp[err]
while the voltage Vc is increasing. 30            Step S55: The
synchronization section 1511 turns OFF the switch 1502. Herein, the
predetermined voltage Vsp[err] is larger    - 166 - than the predetermined
voltage V[err].  As the potential difference between the predetermined
voltage Vsp[err] and the predetermined voltage V[err] becomes larger, the
period during which the switch 1502 is ON is longer. 5 Figure 62B is a
control flow diagram illustrating the timing at which the control section
1518 turns ON/OFF the switch 1506 of the voltage conversion section 1501.
The control flow diagram illustrated in Figure 62B is 10    similar to the
control flow diagram illustrated in Fig- ure 62A except that a voltage
Vp[err] is used as the target voltage and that a voltage Vs[err] and a
voltage Vsp[err] are used as voltages for determining the ON period of the
switch 1506. 15            Thus, the ON/OFF of the switch 1506 can be con-
trolled independently of the ON/OFF of the switch 1502. When the voltage Vd
at the terminal 1501d is a direct current, the voltage conversion
efficiency is not influenced 20    even when the sinusoidal wave
oscillation in the resonance circuit LC1 and the sinusoidal wave
oscillation in the resonance circuit LC2 are operated independently of each
other. This is because the resonance circuit LC2 operates with the voltage
Vd as the power supply voltage. 25 



When the voltage Vd at the terminal 1501 is an alternating current, on the
other hand, whether the voltage Vd at the terminal 1501d and the voltage Vf
at the terminal 1501f are synchronized with each other influences 30    the
conversion efficiency.  In order to reduce the energy loss occurring when
transferring energy from the resonance circuit LC1 to the resonance circuit
LC2, it is necessary to control the amplitude and the phase of the voltage
Vf so    - 167 - that the switch 1506 is turned ON in the period during
which the potential difference between the terminals of the switch 1506
(i.e., the potential difference between the voltage Vd and the voltage Vf)
is small.  Such control can 5   be achieved by, for example, variably
controlling the voltage Vs[err] and the voltage Vsp[err] used to determine
the ON period of the switch 1506. Figure 63A illustrates the timing to turn
ON/OFF the 10    switch 1506 in the case where the voltage Vd and the
voltage Vf are synchronized with each other. Figure 63B illustrates the
timing to turn ON/OFF the switch 1506 in the case where the voltage Vd and
the voltage Vf are not sufficiently synchronized with each other. 15 In
Figures 63A and63B, the waveform (A) represents a change in the voltage Vd,
and the waveform (B) represents a change in the voltage Vf. The potential
difference be- tween the terminals of the switch 1506 during the ON period
20    of the switch 1506 (i.e., the potential difference between the
voltage Vd and the voltage Vf) is smaller in Figure 63A than in Figure 63B.
Therefore, the energy loss due to the switch 1506 is less in Figure 63A
than in Figure 63B. 



25    (Embodiment 8) Figure 64 illustrates a structure of a voltage
converter 1600.  The voltage converter 1600 includes a voltage conversion
section 1601 for converting a power supply voltage supplied from a power
supply 1616 to a desired 30    voltage, and a control section 1632 for
controlling the voltage conversion section 1601. The voltage conversion
section 1601 includes    - 168 - terminals 1601a-1601g. The terminal 1601a
and the termi- nal 1601b are connected to the power supply 1616. The
terminal 1601g is connected to a load 1617. The load 1617 includes at least
one of a resistance component and a 5    capacitance component.  The
desired voltage output from the voltage conversion section 1601 is supplied
to the load 1617 via the terminal 1601g. The control section 1632 includes
detection sec- 10    tions 1627,  1629  and  1631,  and  synchronization
sec- tions 1628 and 1630. Figure 65 illustrates a structure of the voltage
conversion section 1601.   The voltage conversion sec- 15    tion 1601
includes a switch 1619, a resonance circuit LC, and a modulation resonance
circuit MLC.. Theresonancecircuit LCincludesaninductor 1623, acapacitance
1621 connectedtooneendof theinductor 1623 20    at a node 1623-1, and a
capacitance 1625 connected to the other end of the inductor 1623 at a node
1623-2. The switch 1619 has aterminal S[err] and a terminal S[err]. In
response to a control signal, the switch 1619 25    electrically connects
the terminal S[err] and the terminal S[err] to each other, or electrically
separates the terminal S[err] and 



the terminal S2 from each other. The control signal is supplied from the
synchronization section 1628 via the terminal 1601c.  The terminal S[err]
of the switch 1619 is 30    connected to the power supply 1616 via the
terminal 1601a. The terminal S2 of the switch 1619 is connected to the node
1623-1 of the resonance circuit LC.    - 169 - The modulation resonance
circuit MLC includes an inductor 1624, a capacitance 1622, and a switch
1620. One end of the inductor 1624 is connected to the capaci- tance 1622
at the node 1624-1.   The other end of the 5    inductor 1624 is connected
to the node 1623-2 of the resonance circuit LC. The switch 1620 has a
terminal S[err] and a terminal S[err]. In response to a control signal, the
switch 1620 10    electrically connects the terminal S[err] and the
terminal S[err] to each other, or electrically separates the terminal
S[err] and the terminal S2 from each other. The control signal is supplied
from the synchronization section 1630 via the terminal 1601d.  The terminal
S[err] of the switch 1620 is 15    connected to the power supply 1616 via
the terminal 1601b. The terminal S2 of the switch 1620 is connected to the
node 1624-1. The voltage conversion section 1601 can be 20    considered as
comprising a first fundamental resonance circuit including the switch 1619,
the inductor 1623,  and the capacitances 1621 and 1625, and a second
fundamental resonance circuit including the switch 1620, the detection
section 1624, and the capacitances 1622 and 1625.   In 25    particular,
the capacitance 1625 functions as a capacitance which is common to the
first fundamental resonance circuit 



and the second fundamental resonance circuit. The voltage conversion
section 1601 has an advantage of outputting a ripple-less direct-current
voltage from the termi- 30    nal 1601g. The voltage at the terminal 1601g
is equal to a voltage which is obtained by superposing the voltage output
- 170 - from the first fundamental resonance circuit and the voltage output
from the second fundamental resonance circuit on each other.  Therefore, it
ispossibleto obtain adirect-current voltage, in which ripple is eliminated,
at the termi- 5    nal 1601g by controlling the voltage conversion sec-
tion 1601 so that the voltage output from the first fundamental resonance
circuit and the voltage output from the second fundamental resonance
circuit have the same amplitude and have inverted phases which are shifted
by 10    180 degrees from each other. Figure 66 illustrates voltage changes
at respective points in the voltage conversion section 1601 under a steady
state.   A curve E represents a voltage change at the 15    terminal 1601e.
A curve F represents a voltage change at the terminal 1601f. A curve G'
represents a change in the voltage output from the second fundamental
resonance circuit. A curve G" represents a change in the voltage output
from the first fundamental resonance circuit. A curve G is 20    obtained
by superposing curve G' and curve G" on each other, based on the principle
of superposition. The control section 1632 controls the timing to
open/close the switch 1620 so that the voltage at the 25    terminal 1601e
(curve E) and the voltage at the termi- nal 1601f (curve F) have the same
amplitude and have the 



inverted phases which are shifted by 180 degrees from each other.  Such
control results in that the voltage output from the first fundamental
resonance circuit (curve G") and the 30    voltage output from the second
fundamental resonance circuit (curve G') have the same amplitude and have
the inverted phases which are shifted by 180 degrees from each other. As a
result, the oscillation of curve G' and the oscillation    - 171 - of curve
G'are canceled out by each other, thereby obtaining the direct-current
voltage (curve G) with no oscillation. Thus, it is possible to eliminate
ripple from the di- rect-current voltage output from the terminal 1601g. 5
When the voltage at the terminal 1601e and the voltage at the terminal
1601f do not have the inverted phases, the control section 1632 controls
the timing to turn ON/OFF the switch 1620 so that the voltage at the
terminal 1601e 10    and the voltage at the terminal 1601f have the
inverted phases. Specifically, the control section 1632 adjusts the
relationship between the phase of the voltage at the terminal 1601e and the
phase of the voltage at the terminal 1601f by advancing or delaying the
phase of the 15    voltage at the terminal 1601f with respect to the phase
of the voltage at the terminal 1601e as a reference. Figure 67 illustrates
how the relationship between the phase of the voltage at the terminal 1601e
and the phase 20    of the voltage at the terminal 1601f is adjusted.  In
Figure 67, curve E represents a voltage change at the terminal 1601e, and
curve F represents a voltage change at the terminal 1601f. 25            By
turning ON the switch 1620 in the period [err]toa 



during which the voltage at the terminal 1601f is increasing, the voltage
at the terminal 1601f is raised. Thus, curve F transitions to a curve F'.
This means advancing the phase of curve F.  Moreover, by adjusting the
length of the 30    period [err]toa during which the switch 1620 is turned
ON, it is possible to adjust the degree by which the phase of curve F is
advanced.    - 172 - By turning ON the switch 1620 in the period [err]tob
during which the voltage at the terminal 1601f is decreasing, the voltage
at the terminal 1601f is raised. Thus, curve F transitions to curve F".
This means delaying the phase of 5    curve F.  Moreover, by adjusting the
length of the pe- riod [err]tob during which the switch 1620 is turned ON,
it is possible to adjust the degree by which the phase of curve F is
delayed. 10            Thus, the phase of the voltage at the terminal 1601f
(curve F) can be advanced or delayed. Figure 68A illustrates how the
voltage at the terminal 1601e (curve E) and the voltage at the termi- 15
nal 1601f (curve F) are made to have the inverted phases by advancing the
phase of the voltage at the terminal 1601f (curve F). In Figure 68A, by
turning ON the switch 1620 while the voltage at the terminal 1601f is
increasing, the voltage at the terminal 1601e and the voltage at the 20
terminal 1601f have the inverted phases at time t[err]. Figure 68B
illustrates how the voltage at the terminal 1601e (curve E) and the voltage
at the termi- nal 1601f (curve F) are made to have the inverted phases 25
by delaying the phase of the voltage at the terminal 1601f (curve F). In
Figure 68B, by turning ON the switch 1620 



while the voltage at the terminal 1601f is decreasing, the voltage at the
terminal 1601e and the voltage at the terminal 1601f have the inverted
phases at time t[err]. 30 An operation of the control section 1632 will now
be described.    - 173 - Figure 69 is a control flow diagram illustrating
the timing at which the control section 1632 turns ON/OFF the switch 1619
of the voltage conversion section 1601. 5            Step S71: The
detection section 1627 compares the voltage Vg at the terminal 1601g with
the target voltage Vp. When the voltage Vg is smaller than the target
voltage Vp, the process proceeds to step S72.   In this case, the detection
section 1627 outputs to the detection sec- 10    tion 1629 a detection
signal indicating that the voltage Vg is smaller than the target voltage
Vp. Step S72: The detection section 1629 determines whether the voltage Ve
at the terminal 1601e has become equal 15    to or greater than a
predetermined voltage Vs[err] while the voltage Ve at the terminal 1601e is
increasing.   The predetermined voltage Vs[err] is used to determine the
timing to turn the switch 1619 ON from OFF. When the voltage Ve becomes
equal to or greater than the predetermined volt- 20    age Vs[err] while
the voltage Ve is increasing, the process proceeds to step S73. In this
case, the detection sec- tion 1629 outputs to the synchronization section
1628 a detection signal indicating that the voltage Ve has become equal to
or greater than the predetermined voltage Vs[err] while 25    the voltage
Ve is increasing. Step S73: The synchronization section 1628 turns ON 



the switch 1619. 30            Step S74: The synchronization section 1629
deter- mines whether the voltage Ve has become equal to or greater than a
predetermined voltage Vsp[err] while the voltage Ve at the terminal 1601e
is increasing.  The predetermined volt-    - 174 - age Vsp[err] is used to
determine the timing to turn the switch 1619 OFF from ON. When the voltage
Ve becomes equal to or greater than the predetermined voltage Vsp[err]
while the voltage Ve is increasing, the process proceeds to step S75. 5
In this case,. the detection. section 1629 outputs to the synchronization
section 1628 a detection signal indicating that the voltage Ve has become
equal to or greater than the predetermined voltage Vsp[err] while the
voltage V[err] is increasing. 10 Step S75: The synchronization section 1628
turns OFF the switch 1619. Herein, the predetermined voltage Vsp[err] is
larger 15    than the predetermined voltage Vs[err].  As the potential
difference between the predetermined voltage Vsp[err] and the predetermined
voltage Vs[err] becomes larger, the period during which the switch 1619 is
ON is longer. 20            Figure 70 is a control flow diagram
illustrating the timing at which the control section 1632 turns ON/OFF the
switch 1620 of the voltage conversion section 1601. Step S81: The detection
section 1629 detects 25    time t[err] at which thevoltage Ve matches the
target voltage Vp while the voltage Ve at the terminal 1601e is decreasing.
The detected time t[err] is notified to the synchronization section 1630. 



30            Step S82:  The  detection  section 1631  detects time t2 at
which the voltage Vf matches the target voltage Vp while the voltage Vf at
the terminal 1601f is increasing. The detected time t2 is notified to the
synchronization    - 175 - section 1630. Step S83: The synchronization
section 1630 com- pares time t[err] with time t[err]. When t[err]<t[err],
the process proceeds 5    to step S84. When t[err][err]t[err], the process
proceeds to step S88. Step S84: The detection section 1631 determines
whether the voltage Vf has become equal to or greater than a predetermined
voltage Vsf while the voltage Vf is 10    increasing.   The predetermined
voltage Vsf is used to determine the timing to turn the switch 1620 ON from
OFF. When the voltage Vf becomes equal to or greater than the predetermined
voltage Vsf while the voltage Vf is increasing, the process proceeds to
step S85.  In this case, the 15    detection section 1631 outputs to the
synchronization section 1630 a detection signal indicating that the voltage
Vf has become equal to or greater than the predetermined voltage Vsf while
the voltage Vf is increas- ing. 20 Step S85: The synchronization section
1630 turns ON the switch 1620. Step S86: The detection section 1631
determines 25    whether the voltage Vf has become equal to or greater than
a predetermined voltage Vspf while the voltage Vf is increasing. The
predetermined voltage Vspf is used to de- termine the timing to turn the
switch 1620 OFF from ON. When the voltage Vf becomes equal to or greater
than the 



30    predetermined  voltage Vspf  while  the  voltage Vf  is increasing,
the process proceeds to step S87. In this case, the detection section 1631
outputs to the synchronization section 1630 a detection signal indicating
that the    - 176 - voltage Vf has become equal to or greater than the
predetermined  voltage Vspf  while  the  voltage Vf  is increasing. 5
Step S87: The synchronization section 1630 turns OFF the switch 1620.
Herein, the predetermined voltage Vspf is larger than the predetermined
voltage Vsf.  As the potential 10    difference between the predetermined
voltage Vspf and the predetermined voltage Vsf becomes larger, the period
during which the switch 1620 is ON is longer. Step S88: The detection
section 1631 determines 15   whether the voltage Vf has become less than or
equal to a predetermined voltage Vsd while the voltage Vf is decreasing.
The predetermined voltage Vsd is used to determine the timing to turn the
switch 1620 ON from OFF. When the voltage Vf becomes less than or equal to
the predetermined voltage Vsd 20   while the voltage Vf is decreasing, the
process proceeds to step S89. In this case, the detection section 1631
outputs to the synchronization section 1630 a detection signal indicating
that the voltage Vf has become less than or equal to the predetermined
voltage Vsd while the voltage Vf is 25    decreasing. Step S89: The
synchronization section 1630 turns ON the switch 1620. 30            Step
S90: The detection section 1631 determines whether the voltage Vf has
become less than or equal to a 



predetermined  voltage Vspd  while  the  voltage Vf  is decreasing. The
predetermined voltage Vspd is used to de-    - 177 - termine the timing to
turn the switch 1620 OFF from ON.  When the voltage Vf becomes less than or
equal to the predetermined  voltage Vspd  while  the  voltage Vf  is
decreasing, the process proceeds to step S91. In this case, 5    the
detection section 1631 outputs to the synchronization section 1630 a
detection signal indicating that the voltage Vf has become less than or
equal to the predetermined voltage Vspd while the voltage Vf is decreasing.
10            Step S91: The synchronization section 1630 turns OFF the
switch 1620. Herein, the predetermined voltage Vspd is smaller than the
predetermined voltage Vsd.  As the potential 15    difference between the
predetermined voltage Vspd and the predetermined voltage Vsd becomes
larger, the period during which the switch 1620 is ON is longer.
(Embodiment 9) 20            Figure 71 illustrates a structure of a voltage
converter 1700.  The voltage converter 1700 includes a voltage conversion
section 1701 for converting a power supply voltage supplied from a power
supply 1716 to a desired voltage, and a control section 1758 for
controlling the 25    voltage conversion section 1701. The voltage
conversion section 1701 includes terminals 1701a-1701g. The terminal 1701a
and the termi- nal 1701e are connected to the power supply 1716. The 30
terminal 1701c is connected to a load 1717.  The load 1717 includes at
least one of a resistance component and a capacitance component. The
desired voltage output from the 



voltage conversion section 1701 is supplied to the load 1717    - 178 - via
the terminal 1701c. The control section 1758 includes detection sec- tions
1753-1755, and synchronization sections 1756 and 5    1757. Figure 72
illustrates a structure of a voltage conversion section 1701.   The voltage
conversion sec- tion 1701 includes a switch 1747, a resonance circuit LC,
10    and a modulation resonance circuit MLC. Theresonancecircuit
LCincludesaninductor 1748, a capacitance 1746 connectedtoone endof the
inductor 1748 at a node 1748-1, and a capacitance 1749 connected to the 15
other end of the inductor 1748 at a node 1748-2. The switch 1747 has
aterminal S[err] and a terminal S[err]. In response to a control signal,
the switch 1747 electrically connects the terminal S[err] and the terminal
S[err] 20    to each other, or electrically separates the terminal S[err]
and the terminal S2 from each other.  The control signal is supplied from
the synchronization section 1756 via the terminal 1701b.  The terminal
S[err] of the switch 1747 is connected to the power supply 1716 via the
terminal 1701a. 25    The terminal S2 of the switch 1747 is connected to
the node 1748-1 of the resonance circuit LC. The modulation resonance
circuit MLC includes an inductor 1750, a capacitance 1751, and a switch
1752. One 30    end of the inductor 1750 is connected to the capaci- tance
1751 at a node 1750-1. The other end of the induc- tor 1750 is connected to
the node 1748-1 of the resonance circuit LC.  



- 179 - The switch 1752 has a terminal S[err] and a terminal S[err]. In
response to a control signal, the switch 1752 electrically connects the
terminal S[err] and the terminal S[err] 5    to each other, or electrically
separates the terminal S[err] and the terminal S2 from each other. The
control signal is supplied from the synchronization section 1757 via the
terminal 1701d.  The terminal S[err] of the switch 1752 is connected to the
power supply 1716 via the terminal 1701e. 10    The terminal S[err] of the
switch 1752 is connected to the node 1750-1. The voltage conversion section
1701 can be considered as comprising a first fundamental resonance 15
circuit (see Figure 73A) including the switch 1747, the inductor 1748, and
the capacitances 1746 and 1749, and a second fundamental resonance circuit
(see Figure 73B) including the switch 1752, the inductor 1750, and the
capacitances 1746 and 1751. In particular, the capaci- 20    tance 1746
functions as a capacitance which is common to the first fundamental
resonance circuit and the second fundamental resonance circuit.  The
voltage conversion section 1701 has an advantage of providing a long period
of time during which the potential difference between the 25    voltage at
the terminal 1701g and the power supply volt- age VDD is small. The voltage
at the terminal 1701g is equal to a voltage obtained by superposing the
voltage at the 30    node 1748-1 in the first fundamental resonance circuit
and the voltage at the node 1748-1 in the second fundamental resonance
circuit on each other.   



- 180 - Figure 74 illustrates voltage changes at respective points in the
voltage conversion section 1701 under a steady state. A curve G represents
a voltage change at the terminal 1701g. A curve G' represents a voltage
change at 5   the node 1748-1 in the first fundamental resonance circuit. A
curve G" represents a voltage change at the node 1748-1 in the second
fundamental resonance circuit. Curve G is obtained by superposing curve G'
and curve G" on each other, based on the principle of superposition. 10 The
phase of curve G' and the phase of curve G' are adjusted by a method
similar to the method described in Embodiment 8. 15            As
illustrated in Figure 74, the period [err]tc[err] during which the
potential difference between the potential of curve G and the potential of
the power supply voltage VDD is longer than the period [err]tc[err] during
which the potential difference between a normal sinusoidal wave curve A and
the 20    potential of the power supply voltage VDD. Therefore, by turning
ON the switch 1747 in the period [err]t[err], it is possible to reduce the
energy loss occurring due to the switch 1747. Thus, by providing the
modulation resonance circuit MLC, it is possible to obtain a voltage
converter with a higher 25    efficiency which can accept a larger output
current, as compared to the case where a normal sinusoidal wave oscillation
is used. 11. As System Power Supply for LSI 30            The power supply
apparatus of the present invention has a capability, as a system power
supply for an LSI, of supplying different power supply voltages to a
plurality of loads, respectively.  



- 181 - Figure 55 illustrates a structure of a power supply apparatus in
which a plurality of loads 280-1 to 280-4 are connected to the node 222 of
the energy preserving cir- 5    cuit 220. The structure of each of energy
receiving sec- tions 287-1 to 287-4, which includes loads 280-1 to 280-4,
respectively, is similar to the structure thereof illus- trated in Figure
17A. The energy receiving sections 287-1 to 287-4 are different in that a
reference voltage generation 10    circuit 286-1 outputs a reference
voltage Vr[err], a reference voltage generation circuit 286-2 outputs a
reference voltage Vr[err], a reference voltage generation circuit 286-3
outputs a reference voltage Vr[err], and a reference voltage generation
circuit 286-4 outputs a reference voltage Vr[err]. 15 Figure 56 illustrates
an alternating-current voltage waveform (A) at the node 222, a
direct-current voltage waveform (B) at the node 224, a voltage waveform (C)
at a node 281-1 of the load 280-1, a voltage waveform (D) 20    at a node
281-2 of the load 280-2, a voltage waveform (E) at anode 281-3 of the load
280-3, and a voltage waveform (F) at a node 281-4 of the load 280-4.
Herein, the voltages satisfy the relationship:
Vr[err]<V[err]<GND<V[err]<Vr[err]<Vp<V[err]<Vr[err]<VDD<V[err] <Vr[err]. By
increasing the dynamic energy preserved in the 25    energy preserving
circuit 220, it is possible to cause the alternating-current voltage
waveform (A) to oscillate between a voltage, which is higher than the power
supply voltage VDD, and a voltage, which is lower than the ground GND.
Herein, the center of the oscillation is set at the 30    voltage Vp (=1/2
VDD). The center of the oscillation of the alternating-current voltage
waveform (A) can be set to any voltage. 



- 182 - When the voltage at the node 222 reaches the voltage at the node
281-1 of the load 280-1 at time t[err] while the voltage at the node 222 is
increasing, a control cir- cuit 283-1 causes a switch 282-1 to change from
the OFF state 5    to the ON state in response to the change in the output
value of a comparator 284-1. As a result, the voltage at the node 281-1
increases along the alternating-current voltage waveform (A). 10
When the voltage at the node 222 reaches the reference voltage Vr[err] at
time t[err], the control circuit 283-1 causes the switch 282-1 to change
from the ON state to the OFF state in response to the change in the output
value of a comparator 285-1.   As a result,  the voltage at the 15    node
281-1 is set to the voltage Vr[err].  Thereafter, the voltage at the node
281 gradually decreases toward the voltage V[err]. This is because energy
is consumed by the load 280-1. 20            When the voltage at the node
222 reaches again the voltage at the node 281-1 of the load 280-1 while the
voltage at the node 222 is increasing, the control circuit 283-1 causes the
switch 282-1 to change from the OFF state to the ON state in response to
the change in the output value of 25    the comparator 284-1.  As a result,
the voltage at the node 281-1 increases along the alternating-current
voltage waveform (A). Thus, the voltage at the node 281-1 repeatedly 30
increases and decreases between the voltage V[err] and the voltage Vr[err].
By setting the difference between the volt- age V[err] and the voltage
Vr[err] to be sufficiently small, it is possible to supply a voltage, which
can be considered as 



- 183 - adirect current, to the load 280-1. Herein, thevoltage V[err] may
be set to any value. Similarly, the voltage at the node 281-2 repeatedly 5
increases and decreases between the voltage V2 and the voltage Vr[err]. By
setting the difference between the volt- age V[err] and the voltage Vr[err]
to be sufficiently small, it is possible to supply a voltage, which can be
considered as a direct current, to the load 280-2. The voltage at the 10
node 281-3 repeatedly increases and decreases between the voltage V3 and
the voltage Vr[err]. By setting the difference between the voltage V3 and
the voltage Vr[err] to be sufficiently small, it is possible to supply a
voltage, which can be considered as a direct current, to the load 280-3. 15
The voltage V[err] and the voltage Vr[err] are lower than the ground
voltage GND. By causing a switch 282-4 to change from the OFF state to the
ON state while the voltage at the node 222 is decreasing, the voltage at
the node 281-4 20    decreases along the alternating-current voltage wave-
form (A). As a result, a charge is collected by the energy preserving
circuit 220. The voltage at the node 281-4 repeatedly increases 25    and
decreases between the voltage V4 and the voltage Vr4. By setting the
difference between the voltage V4 and the voltage Vr[err] to be
sufficiently small, it is possible to supply a voltage, which can be
considered as a direct current, to the load 280-4. 30 The voltages supplied
to the loads 280-1 to 280- 4 are different from one another. Thus, it is
possible to 



supply different power supply voltages to a plurality of    - 184 - loads.
In the example illustrated in Figure 55, the energy receiving sections
287-1 to 287-4, which are connected in 5    parallel to the node 222, have
the same type of structure. However, the energy receiving sections 287-1 to
287-4 may have different types of structure.  For example, each of the
energy receiving sections 287-1 to 287-4 may be replaced with a structure
which corresponds to the energy receiving 10    section connected to the
node 222 or the node 224 in the power supply apparatus of any of the types
referred to in Chapter 8. Moreover, each of the energy receiving sec- tions
287-1 to 287-4 may be replaced with a structure which corresponds to the
energy receiving section connected to 15    the node 222 or the node 224 in
the power supply apparatus of any of the types referred to in Chapter 9.
This is similarly true in the case where a plurality of energy receiving
sections are connected in parallel to the node 224. 20 It is possible to
use the power supply apparatus of the present invention as a power supply
for various types of circuits by appropriately combining: the basic
principle of injecting and preserving energy in the energy preserving 25
circuit 220; the method for highly efficiently injecting dynamic energy and
static energy into the energy preserving circuit 220; the method for
controlling the ratio between dynamic energy and static energy; the method
for converting dynamic energy stored in the energy preserving circuit 220
30    to static energy (or the method for converting static energy 



stored in the energy preserving circuit 220 to dynamic energy); and the
method for keeping constant a noise frequency by modulating the size of a
switch. This is    - 185 - similarly true also in the case where the power
supply apparatus of the present invention is applied to a voltage converter
(DC/DC converter) referred to in Chapter 10. 5            The roll of the
energy preserving circuit 220 will now be reconsidered in view of the flow
of an energy. Figure 57 illustrates the flow of dynamic energy and static
energy with the energy preserving circuit 220 being 10    in the center of
the flow.  The energy preserving circuit 220 realizes a bi-directional
exchange of dynamic energy and static energy between the energy supplying
circuit 210 and the energy preserving circuit 220 while minimizing the
energy loss due to the resistance component in the circuit. 15    Moreover,
the energy preserving circuit 220 realizes a bi-directional exchange of
dynamic energy and static energy between the energy preserving circuit 220
and a load while minimizing the energy loss due to the resistance component
in the circuit. 20 Thus, it can be seen that there is a low-loss flow of
dynamic energy and static energy to/from electronic circuits and
components, such as the energy supplying circuit 210 and loads, with the
energy preserving cir- 25    cuit 220 being in the center of the flow. The
dynamic energy and the static energy stored in the energy preserving
circuit 220 can be appropriately controlled according to the total amounts
and the ratio of 30    dynamic energy and static energy which are required
by the 



energy supplying circuit 210 and the load while exchanging control signals
between a control circuit and each of the energy supplying circuit 210, the
energy preserving cir-    - 186 - cuit 220, and the load. Alternatively, it
may be necessary to appropriately design the amount of energy consumed by
the energy supplying circuit 210 and the load with respect to the dynamic
energy and the static energy stored in the 5   energy preserving circuit
220. In the above-described embodiments, dynamic energy and static energy
are converted to thermal energy by the resistance component in the circuit,
and the thermal energy 10    is dissipated to the outside the energy system
of the electronic circuit system. A conversion circuit is pro- vided for
converting thermal energy to dynamic energy and static energy, and the
dynamic energy and the static energy obtained from the conversion circuit
are highly efficiently 15    fed back to the energy supplying circuit 210
and/or energy preserving circuit 220, whereby it is possible to reduce the
amount of energy which dissipates to the outside the energy system of the
electronic circuit system. 20            The specification of the present
application dis- closes the following. A voltage converter of the present
invention com- prises: a voltage conversion section for converting a first
25    voltage supplied from a power supply to a second voltage and
supplying the second voltage to a voltage receiving circuit: and a control
section for controlling the voltage conversion section. The voltage
conversion section in- cludes: a resonance circuit including an inductor, a
first 30    capacitance connected to one end of the inductor at a first 



node, and a second capacitance connected to another end of the inductor at
a second node; and a switch having a first terminal and a second terminal,
the first terminal being    - 187 - connected to the power supply, and the
second terminal being connected to the first node of the resonance circuit,
and the control section controls opening/closing of the switch. 5
The control section comprises a first detector for detecting that the
second voltage output from the voltage conversion section has decreased
below a desired voltage; and the control section controls opening/closing
of the switch when the first detector detects that the second 10    voltage
output from the voltage conversion section has decreased below the desired
voltage. The control section further comprises: a second detector for
detecting that a voltage at the first node has 15    reached a
predetermined first reference voltage; and a third detector for detecting
that the voltage at the first node has reached a predetermined second
reference voltage which is larger than the predetermined first reference
voltage, wherein: when the second detector detects that the voltage 20
at the first node has reached the predetermined first reference voltage,
the control section controls the switch so that a state of the switch
changes from an open state to a closed state; and when the third detector
detects that the voltage at the first node has reached the predetermined 25
second reference voltage, the control section controls the switch so that
the state of the switch changes from the closed state to the open state.
The control section comprises: a clock signal 30    generator for
generating a clock signal according to a 



voltage change at the first node, wherein: when the first detector detects
that the second voltage output from the voltage conversion section has
decreased below the desired    - 188 - voltage during the first half of one
cycle of the clock signal, the second detector and the third detector
operate during the second half of one cycle of the clock signal which
follows the first half. 5 The control section further comprises a second
reference voltage generator for generating the first reference voltage, and
the second reference voltage generator operates only within a period during
which the 10    second detector operates. The control section further
comprises a third reference voltage generator for generating the second
reference voltage, and the third reference voltage generator 15    operates
only within a period during which the third detector operates. The control
section further comprises a second reference voltage generator for
generating the first 20    reference voltage and a monitor circuit for
monitoring a change over time of the second voltage output from the voltage
conversion section, wherein the second reference voltage generator varies
the first reference voltage according to an output of the monitor circuit.
25 The control section further comprises a third reference voltage
generator for generating the second reference voltage, a monitor circuit
for monitoring a change over time of the second voltage output from the
voltage 



30    conversion section, wherein the third reference voltage generator
varies the second reference voltage according to an output of the monitor
circuit.    - 189 - When the monitor circuit detects that the second
voltage output from the voltage conversion section does not reach the
desired voltage, the second reference voltage generator decreases the first
reference voltage. 5 When the monitor circuit detects that the second
voltage output from the voltage conversion section does not reach the
desired voltage, the third reference voltage generator increases the second
reference voltage. 10 When the monitor circuit detects that the second
voltage output from the voltage conversion section has reached the desired
voltage, the second reference voltage generator increases the first
reference voltage. 15 When the monitor circuit detects that the second
voltage output from the voltage conversion section has reached the desired
voltage, the third reference voltage generator decreases the second
reference voltage. 20 The control section further comprises a monitor
circuit for monitoring a change over time of the second voltage output from
the voltage conversion section, wherein when the monitor circuit detects
that the second voltage 25    output from the voltage conversion section
dose not reach the desired voltage, the control section controls the switch
so that the state of the switch changes from the closed state 



to the open state after passage of a predetermined time since when the
third detector detects that the voltage at the first 30    node has reached
the predetermined second voltage. The control section controls the switch
so that the state of the switch changes from the closed state to the    -
190 - open state after passage of a predetermined time since when the third
detector detects that the voltage at the first node has reached the
predetermined second voltage. 5    INDUSTRIAL APPLICABILITY The power
supply apparatus of the present invention including an inductor, a first
capacitance, and a second capacitance included in an energy preserving
means, thereby forming a closed system having substantially no leakage of
10    energy to the outside of the energy preserving means. Because the
energy does not substantially leak to the outside of the energy preserving
means, there is substantially no loss of energy in the power supply
apparatus. Thus, it is possible to provide a low power consumption type
power supply 15    apparatus. Moreover, by setting the first capacitance
and the second capacitance to the respective predetermined values, it is
possible to supply to the load various types of voltage 20    waveforms
from  the first node and the second node, respectively.   Furthermore, the
power supply apparatus of the present invention is suitable as a power
supply for an LSI. 25            According to the voltage converter of the
present invention, the voltage conversion section is controlled so as to
supply from the power supply to the voltage conversion section a power
which is substantially equal to a power 



consumed by the voltage receiving circuit. Thus, it is 30    possible to
realize a high efficiency (90% or greater) voltage converter with little
energy loss through voltage conversion.    - 191 - Moreover, in another
voltage converter of the present invention, a power supply and a resonance
circuit are connected via a switch, and the opening/closing operation of
the switch is controlled by the control section. 5   The resonance circuit
includes an inductor,  a first capacitance connected to one end of the
inductor at a first node, and a second capacitance connected to the other
end of the inductor at the second node. By performing the opening/closing
operation of the switch at a predetermined 10    timing, it is possible to
realize a voltage converter with little energy loss through voltage
conversion. In controlling the opening/closing operation of the switch, it
is possible to inject a current into a resonance 15    circuit while the
voltage difference between the terminals of the switch is set to be small,
by injecting a current from the power supply into the resonance circuit,
with the switch being closed, when the voltage at the first node in the
resonance circuit approaches the power supply voltage. 20   Moreover, after
the state of the switch has transitioned from the open state to the closed
state, the state of the switch transitions from the closed state to the
open state before the voltage at the first node in the resonance circuit
becomes higher than the power supply voltage, thereby 25    preventing a
backflow of the current from the resonance circuit to the power supply.
Where the current flowing for the power supply into the resonance circuit
is constant (if 



the power consumed by the load is constant, the current flowing from the
power supply into the resonance circuit 30    is constant),  as the voltage
difference between the terminals of the switch is smaller, the power
consumed by the switch is smaller,  thereby improving the voltage
conversion efficiency.  Furthermore, by preventing the    - 192 - backf low
of a current from the resonance circuit to the power supply, the power
consumption is reduced. According to another voltage converter of the 5
present invention, it is possible to realize a voltage converter with a
good conversion efficiency by combining two voltage converters of different
conversion efficien- cies. 10            According to a semiconductor
integrated circuit of the present invention, a power supply includes an LC
resonance circuit, and a resonance frequency of the LC resonance circuit is
set so that an intensity of noise which is determined based on the
resonance frequency is equal to 15    or less than a predetermined value
within a frequency band used by a circuit block to which the power supply
voltage is supplied from the power supply voltage. Thus, it is possible to
prevent the characteristics of the circuit block from becoming lower due to
noise generated by the LC 20    resonance circuit.    - 193 - CLAIMS 1.
(Amended) A power supply apparatus, comprising: 



energy supplying means for supplying energy at a predetermined timing; and
energy preserving means for receiving the energy supplied from the energy
supplying means and preserving the energy, wherein: the energy preserving
means includes an inductor, a first capacitance connected to one end of the
inductor at a first node, and a second capacitance connected to another end
of the inductor at a second node; and the energy is supplied to a load via
the first node, and the first capacitance is sufficiently larger than the
second capacitance. 2. (Amended) A power supply apparatus according to any
one of claims 1, 4 and 8, wherein the load is a semiconductor circuit
having a structure which provides a rectification function. 3. (Canceled)
4. (Amended) A power supply apparatus, comprising: energy supplying means
for supplying energy at a predetermined timing; and energy preserving means
for receiving the energy supplied from the energy supplying means and
preserving the energy, wherein: the energy preserving means includes an
inductor, a first capacitance connected to one end of the inductor at a
first node, and a second capacitance connected to another end of the
inductor at a second node; and    - 194 - the energy is supplied to a load
via at least one of the first node and the second node, and an alternat-
ing-current voltage waveform is supplied to the load from 



one of the first node and the second node. 5. (Amended) A power supply
apparatus according to claim I. wherein a direct-current voltage waveform
is supplied to the load from the first node, and an alternating-current
voltage waveform is supplied to the load from the second node. 6. (Amended)
A power supply apparatus according to claim 4,. wherein an
alternating-current voltage waveform is supplied from another one of the
first node and the second node. 7. (Amended) A power supply apparatus
according to any one of claims 1, 4 and 8, wherein the power supply
apparatus and the load are formed on a single semiconductor chip. 8.
(Amended) A power supply apparatus, comprising: energy supplying means for
supplying energy at a predetermined timing: and energy preserving means for
receiving the energy supplied from the energy supplying means and
preserving the energy, wherein: the energy preserving means includes an
inductor, a first capacitance connected to one and of the inductor at a
first node, and a second capacitance connected to another end of the
inductor at a second node; the energy is supplied to a load via at least
one of the first node and the second node; and at least a portion of the
energy supplied from the power supply apparatus to the load is returned to
the power    - 195 - supply apparatus for reuse. 9. A power supply
apparatus according to claim 8, wherein at least a portion of the energy
supplied f rom the power supply apparatus to the load is returned to the
power supply 



apparatus via one of the first node and the second nods which is used when
supplying the energy to the load. 10. A power supply apparatus according to
claim 8, wherein at least a porti on of the energy supplied from the power
supply apparatus to the load is returned to the power supply apparatus via
one of the first node and the second node which is different from one used
when supplying the energy to the load. 11. (Canceled) 12. (Canceled) 13.
(Amended) A voltage converter, comprising: a voltage conversion section for
converting a first voltage supplied from a power supply to a second voltage
and supplying the second voltage to a voltage receiving circuit; and a
control section for controlling the voltage conversion section, wherein,
the voltage conversion section includes a resonance circuit including an
inductor, a first capacitance connected to one end of the inductor at a
first node, and a second capacitance connected to another end of the
inductor at a second node, and a switch having a first terminal and a
second terminal, the first terminal being connected to the power
REPLACEMENT SHEET    - 196 - supply, and the second terminal being
connected to the first node of the resonance circuit; a voltage at the
first node has an alternating- current voltage waveform; and the control
section controls opening/closing of the 



switch based on a difference between the first voltage and the voltage at
the first node. 14. A voltage converter according to claim 13, wherein: the
control section comprises a first detector for detecting that the second
voltage output from the voltage conversion section has decreased below a
desired voltage: and the control section controls opening/closing of the
switch when the first detector detects that the second voltage output from
the voltage conversion section has decreased below the desired voltage. 15.
(Canceled) 16. A voltage converter according to claim 14, wherein the
control section further comprises: a second detector for detecting that a
voltage at the first node has reached a predetermined first reference
voltage: and a third detector for detecting that the voltage at the first
node has reached a predetermined second reference voltage which is larger
than the predetermined first reference voltage, wherein: when the second
detector detects that the voltage at the first node has reached the
predetermined first reference voltage, the control section controls the
switch so that a state of the switch changes from an open state    - 197 -
to a closed state; and when the third detector detects that the voltage at
the first node has reached the predetermined second reference voltage, the
control section controls the switch so that the state of the switch changes
from the closed state 



to the open state. 17. A voltage converter according to claim 14, wherein
the first   detector   initiates   operation   thereof   in synchronization
with a timing at which the voltage receiving circuit operates. 18. A
voltage converter according to claim 13, wherein: the control section
comprises a fourth detector for detecting that the second voltage output
from the voltage conversion section has reached a predetermined reference
voltage: in response to a reset signal, the control section controls the
switch so that a state of the switch changes from an open state to a closed
state; and when the fourth detector has detected that the second voltage
output from the voltage conversion section has reached the predetermined
reference voltage, the control section controls the switch so that the
state of the switch changes from the closed state to the open state. 19. A
voltage converter according to claim 18, wherein the control section
further comprises: a clock signal generator for generating a clock signal
according to a voltage change at the first node: and a circuit for
outputting the reset signal when detecting that a frequency of the clock
signal is different from a predetermined frequency. REPLACEMENT SHEET    -
198 - 20. A voltage converter according to claim 18, wherein the control
section further comprises a circuit for outputting the reset signal when
detecting that a maximum value of a voltage change at the first node is
smaller than a 



predetermined reference voltage. 21. A voltage converter according to claim
14, wherein: the control section further comprises a first reference
voltage generator for generating the desired voltage: and the first
reference voltage generator only operates in a period during which the
first detector operates. 22. A voltage converter according to claim 14,
wherein: the control section further comprises a first reference voltage
generator for generating the desired voltage: and the first reference
voltage generator varies the desired voltage according to a signal sent
from the voltage receiving circuit. 23. A voltage converter according to
claim 14, wherein: the control section further comprises a second detector
for detecting that a voltage at the first node has reached a predetermined
first reference voltage; when the second detector detects that the voltage
at the first node has reached the predetermined first reference voltage,
the control section controls the switch so that a state of the switch
changes from an open state to a closed state; and the control section
controls the switch so that the state of the switch changes from the closed
state to the    - 199 - open state after passage of a predetermined time
since when the state of the switch has changed from the open state to the
closed state. 24. A voltage converter according to claim 13, wherein the
control section controls the opening/closing of the switch 



in a period during which the voltage at the first node is increasing. 25. A
voltage converter according to claim 13, wherein the control section
controls the opening/closing of the switch in a period during which the
voltage at the first node is decreasing 26. (Amended) A voltage converter,
comprising: a voltage conversion section for converting a first voltage
supplied from a power supply to a second voltage and supplying the second
voltage to a voltage receiving circuit; and a control section for
controlling the voltage conversion section, wherein: the voltage conversion
section includes a resonance circuit including an inductor, a first
capacitance connected to one end of the inductor at a first node, and a
second capacitance connected to another end of the inductor at a second
node, and a switch having a first terminal and a second terminal, the first
terminal being connected to the power supply, and the second terminal being
connected to the first node of the resonance circuit: the control section
controls opening/closing of the switch: and the voltage conversion section
further comprises REPLACEMENT SHEET    - 200 - storage means for
temporarily storing a return current which flows through the switch from
the inductor toward the power supply. 27. A voltage converter f or
converting a voltage supplied 



from a power supply to a desired voltage and supplying the desired voltage
to a voltage receiving circuit, the voltage converter comprising: a first
voltage converter having a first conversion efficiency; a second voltage
converter having a second conversion efficiency which is higher than the
first conversion efficiency when a current smaller than a predetermined
current flows from the voltage converter to the voltage receiving circuit:
and a current detector for detecting a current flowing from the voltage
converter to the voltage receiving circuit, wherein the first voltage
converter operates when a current detected by the current detector is
larger than the predetermined current, whereas the second voltage converter
operates when the current detected by the current detector is smaller than
the predetermined current. 28. A voltage converter, comprising: a voltage
conversion section for converting a first voltage supplied from a power
supply to a second voltage and supplying the second voltage to a voltage
receiving circuit; and a control section for controlling the voltage
conversion section, wherein: the voltage conversion section includes a
first resonance circuit including a first    - 201 - inductor, a first
capacitance connected to one end of the first inductor at a first node, and
a second capacitance connected to another end of the first inductor at a
second 



node, a first switch having a first terminal and a second terminal, the
first terminal being connected to the power supply, and the second terminal
being connected to the first node of the first resonance circuit, a second
resonance circuit including a second inductor, a third capacitance
connected to one end of the second inductor at a third node, and a fourth
capacitance connected to another end of the second inductor at a fourth
node, and a second switch having a third terminal and a fourth terminal,
the third terminal being connected to the second node of the first
resonance circuit, and the fourth terminal being connected to the third
node of the second resonance circuit; and the control section controls
opening/closing of the first switch and the second switch. 29. A voltage
converter, comprising: a voltage conversion section for converting a first
voltage supplied from a power supply to a second voltage and supplying the
second voltage to a voltage receiving circuit: and a control section for
controlling the voltage conversion section, wherein: the voltage conversion
section includes a resonance circuit including a first inductor, a first
capacitance connected to one end of the first inductor at a first node, and
a second capacitance connected to another and of the first inductor at a
second node, REPLACEMENT SHEET    - 202 - 



a first switch having a first terminal and a second terminal, the first
terminal being connected to the power supply, and the second terminal being
connected to the first node of the resonance circuit, and a modulation
resonance circuit including a second inductor, a third capacitance, and a
second switch having a third terminal and a fourth terminal, one end of the
second inductor being connected to the second capacitance at a third node,
another end of the second inductor being connected to the second node, the
third terminal of the second switch being connected to the power supply,
and the fourth terminal of the second switch being connected to the third
node; and the control section controls opening/closing of the first switch
and the second switch. 30. A voltage converter, comprising: a voltage
conversion section for converting a first voltage supplied from a power
supply to a second voltage and supplying the second voltage to a voltage
receiving circuit: and a control section f or controlling the voltage
conversion section, wherein: the voltage conversion section includes a
resonance circuit including a first inductor. a first capacitance connected
to one end of the first inductor at a first node, and a second capacitance
connected to another end of the first inductor at a second node, a first
switch having a first terminal and a second terminal, the first terminal
being connected to the power supply, and the second terminal being
connected to the f irst node of the resonance circuit, and a modulation
resonance circuit including a   



- 203 - second inductor, a third capacitance, and a second switch having a
third terminal and a fourth terminal, one end of the second inductor being
connected to the first node, another and of the second inductor being
connected to the third capacitance at a third node, the third terminal of
the second switch being connected to the power supply, and the fourth
terminal of the second switch being connected to the third node; and the
control section controls opening/closing of the first switch and the second
switch. 31. A semiconductor integrated circuit, comprising: a power supply
apparatus including an LC resonance circuit: and at least one circuit block
to which a power supply voltage is supplied from the power supply
apparatus, wherein a resonance frequency of the LC resonance circuit is set
so that an intensity of a noise which is determined based on the resonance
frequency is equal to or less than a predetermined value within a frequency
band used by the at least one circuit block. 32. A semiconductor integrated
circuit according to claim 31, wherein the power supply apparatus and the
at least one circuit block are formed on a single semiconductor chip. 33. A
semiconductor integrated circuit according to claim 31, wherein the power
supply apparatus and the at least one circuit block are formed on different
semiconductor chips. 34. A semiconductor integrated circuit according to
claim 31, wherein the power supply apparatus supplies a    



- 204 - direct-current voltage to the at least one circuit block. 35.
(Added) A power supply apparatus, comprising: energy supplying means for
supplying dynamic energy and static energy; and energy preserving means for
receiving the dynamic energy and the static energy supplied from the energy
supplying means and preserving the dynamic energy and the static energy,
wherein: the energy preserving means includes an inductor, a first
capacitance connected to one and of the inductor at a first node, and a
second capacitance connected to another end of the inductor at a second
node, the energy being supplied to a load via the first node; and the
energy preserving means further includes energy conversion means for
converting at least a portion of the dynamic energy stored in the energy
preserving means to static energy or converting at least a portion of the
static energy stored in the energy preserving means to dynamic energy. 36.
(Added) A power supply apparatus according to claim 35, wherein the energy
conversion means includes a switch connected to the second node, and the
switch is controlled so as to be ON in a period during which a voltage at
the second node is equal to or less than a ground voltage. 37. (Added) A
power supply apparatus according to clalm 35. wherein the energy conversion
means includes a switch connected to the second node, and the switch is
controlled so as to be ON in a period during which a voltage at the second
node is higher than a ground voltage. REPLACEMENT SHEET    




