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SEMICONDUCTOR INTEGRATED CIRCUIT
AND POWER-SUPPLY CONTROL METHOD

Matter enclosed in heavy brackets [ ] appears in the -
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions

made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held

invalid by a prior post-patent action or proceeding. 10

CROSS REFERENCES TO RELATED
APPLICATIONS

Notice: More than one reissue application has been filed 15
for the reissue of U.S. Pat. No. 7,956,677. The reissue
applications ave U.S. patent application Ser. No. 16/043,735

(the present application), U.S. patent application Ser. No.
14/739,617, and U.S. patent application Sev. No. 13/911,788

(all of which are reissues of U.S. Pat. No. 7,956,677). 20
The present application is a continuation reissue appli-

cation of U.S. patent application Ser. No. 14/739,617, filed
Jun. 15, 2015, now U.S. Reissue Pat. No. RE46,997, which

is a continuation reissue application of U.S. patent appli-

cation Ser. No. 13/911,788, filed Jun. 6, 2013, now U.S. 25
Reissue Pat. No. RE45,614, which is a reissue application of
U.S. patent application Ser. No. 12/318,934, filed Jan. 13,
2009, now U.S. Pat. No. 7,956,677

The present invention contains subject matter related
Japanese Patent Application JP 2008-006955 filed in the 30
Japan Patent Oflice on Jan. 16, 2008, the entire contents of
which being incorporated herein by reference.

BACKGROUND OF THE INVENTION

35

1. Field of the Invention

The present mvention relates to a semiconductor inte-
grated circuit for controlling a transition of a plurality of
switch transistors, which are used for supplying power to a
plurality of circuit cells and cutting oif the supply of power 40
to the circuit cells, from a turned-ofl state to a turned-on state
and relates to a power-supply control method for controlling
such a transition.

2. Description of the Related Art

A MTCMOS (Multi-threshold Complementary Metal 45
Oxide Semiconductor) technology 1s known as a technology
for controlling switch transistors, which are used for sup-
plying power to a circuit and cutting of the supply of power
to the circuit.

The threshold voltage of a transistor employed 1n a logic 50
circuit or the like 1s a typical design value. In general, 1t 1s
necessary to reduce the threshold voltage so that no signal
delay 1s generated due to a decreased power-supply voltage
and/or a minmiaturized device. If the threshold voltage of a
transistor employed 1n a logic circuit or the like 1s small, a 55
leak current flowing through the transistor i1s large. In
accordance with the MTCMOS technology, a transistor as a
power-supply switch 1s designed to have a large threshold
voltage for a circuit 1n a stopped state 1n comparison with a
transistor employed 1n a logic circuit or the like and 1s used 60
for breaking a leak current path of the logic circuit or the like
in order to prevent its power from being consumed waste-
tully.

In an application of the MTCMOS technology to a circuit
block, local voltage lines referred to as the so-called virtual 65
VDD line and the so-called virtual GND line are provided
locally 1n the circuit block. The local voltage lines are each

2

connected to a real voltage line and a real reference-voltage
line respectively through a switch transistor for supplying
power to the circuit block and cutting off the supply of
power to the circuit block. Referred to as a real VDD line
and a real VSS line respectively, the real voltage line and the
real reference-voltage line are common global voltage lines
outside the circuit block.

A switch transistor 1s provided between the real VDD line
and a functional circuit which 1s started and stopped repeat-
edly. As an alternative, a switch transistor 1s provided
between the real VSS line and such a functional circuit. As
another alternative, a switch transistor 1s provided between
the real VDD line and such a functional circuit whereas a
switch transistor 1s provided between the real VSS line and
the functional circuit. Normally, the switch transistor pro-
vided. between the real VDD line and a functional circuit 1s
a p-channel metal oxide semiconductor (PMOS) transistor
whereas a switch transistor provided between the real VSS
line and a functional circuit 1s an n-channel metal oxide
semiconductor (NMOS) transistor.

Operations to activate and stop a functional circuit
included 1n an MTCMOS applied block are controlled by a
circuit mncluded i a non-MTCMOS applied block which
receives power from the real VDD line and the real VSS
line, entering an operating state at normal times, after a
semiconductor itegrated circuit has been activated. The
non-MTCMOS applied block also includes the switch con-
trol circuit which controls operations to turn on and off the
switch transistor for supplying power to circuit cells and
cutting ofl the supply of power to the cells. In addition to the
switch conduction control circuit, the non-MTCMOS
applied block also include circuits, such as a clock genera-
tion circuit and another repeater bufler, used mainly for
controlling the entire integrated circuit (IC) and storing data
representing input/output signals.

If the stopped time of the functional circuit 1n the MTC-
MOS applied block 1s long, 1t 1s quite within the bounds of
possibility that the local voltage line such as the virtual VSS
line 1s electrically charged with a leak current flowing from
another 1nternal circuit and raised to a high electric potential
close to the real VDD line. Thus, when a power-supply
cutting-ofl switch transistor 1s turned on at the time the
functional circuit 1n the MTCMOS applied block 1s reacti-
vated, electrical discharging of the virtual VSS line causes
an accidental current to flow to the real VSS line. This
accidental current 1s referred to as, for example, a rush
current. As the rush current flows to the real VDD line, the
current becomes a positive noise potential and propagates to
a non-MTCMOS applied block adjacent to the MTCMOS
applied block.

A phenomenon similar to that described above may
occurs on the real VDD line. Since the accidental current
flows from the real VDD line, a negative noise potential
appears, which drops the potential on the real VDD line
abruptly.

In either case, these noise voltages caused by power-
supply noises propagate to circuits operating in an adjacent
circuit block and cause a steep decrease of the power-supply
voltage amplitude, giving rise to a delay effect such as
generation of an operation delay as a result. The circuits
operating 1n an adjacent circuit block include a clock gen-
erator circuit and/or a repeater buller.

As a countermeasure against the power-supply noises,
Philippe Royannez etc., “90 nm Low Leakage SoC Design

Technique for ereless Application,” 2005 IEEE Interna-
tional Solid-State Circuits Conterence, DIGEST OF TECH-

NICAL PAPERS, P138 (referred to as non-patent document
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1), for example, discloses a technology according to which
a plurality of PMOS switch transistors are connected in
parallel between the global real VDD line and the local
virtual VDD line and control signals each applied to the gate
of one of the transistors are each delayed in order to

gradually reduce the impedance of connection between the
global real VDD line and the local virtual VDD line.

SUMMARY OF THE INVENTION

In accordance with the technology disclosed in non-patent
document 1, however, even though the peak of the power-
supply noises can be repressed, the technology has long time
to execute the control.

A semiconductor integrated circuit according to an
embodiment of the present invention includes: a first voltage
line on which a specific one of a power-supply voltage and
a reference voltage appears; a second voltage line; a plural-
ity ol circuit cells each receiving power generated as a
difference between a voltage appearing on the second volt-
age line and the other one of the power-supply voltage and
the reference voltage; and a plurality of switch transistors
connected in parallel between the first and second voltage
lines to serve as switch transistors including switch transis-
tors having conducting-state resistances which are diflerent
from each other. The circuit further includes a switch
conduction control section configured to control a transition
of each of the switch transistors from a non-conducting state
to a conducting state at separate points of time while abiding
by a rule stating: “Any specific one of the switch transistors
shall be put 1n a conducting state only after all the switch
transistors each having a conducting-state resistance greater
than the conducting-state resistance of the specific switch
transistor have been put 1n a conducting state.”

It 1s possible to provide the embodiment of the present
invention with a desirable configuration in which each of the
switch transistors employs a plurality of unit transistors
which are controlled by the switch conduction control
section to be turned on or turned off at the same time and
have a uniform conducting-state resistance.

As an alternative, 1t 1s possible to provide the embodiment
ol the present invention with another desirable configuration
in which, when controlling a transition of each of the switch
transistors from a non-conducting state to a conducting state
at separate points of time, the switch conduction control
section fixes the number of the switch transistors to be
controlled at the same point of time for each of the points of
time.

As another alternative, it 1s possible to provide the
embodiment of the present invention with a further desirable
configuration in which, when controlling a transition of each
of the switch transistors from a non-conducting state to a
conducting state at separate points ol time, the switch
conduction control section gradually increases the number
of the switch transistors to be controlled at the same point of
time.

It 1s also possible to provide the embodiment of the
present invention with a still further desirable configuration
in which, when controlling a transition of each of the switch
transistors from a non-conducting state to a conducting state
at separate points of time, the switch conduction control
section gradually decreases time intervals of conduction
controls.

A semiconductor integrated circuit according to another
embodiment of the present invention includes: a first voltage
line on which a specific one of a power-supply voltage and
a reference voltage appears; a second voltage line; a plural-
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4

ity of circuit cells each receiving power generated as a
difference between a voltage appearing on the second volt-
age line and the other one of the power-supply voltage and
the reference voltage; a plurality of switch transistors con-
nected 1n parallel between the first and second voltage lines;
and a switch conduction control section configured to con-
trol a transition ol each of the switch transistors from a
non-conducting state to a conducting state at a plurality of
time intervals of conduction controls including at least a
specific time 1nterval shorter than a preceding time interval.

A power-supply control method implemented by an
embodiment of the present mvention to serve as a power-
supply control method to be adopted by a semiconductor
integrated circuit. The circuit includes: a first voltage line on
which a specific one of a power-supply voltage and a
reference voltage appears; a second voltage line: a plurality
of switch transistors connected 1n parallel between the first
and second voltage lines to serve as switch transistors
including switch transistors having conducting-state resis-
tances which are diflerent from each other; and a plurality of
circuit cells each receiving power generated as a diflerence
between a voltage appearing on the second voltage line and
the other one of the power-supply voltage and the reference
voltage. The power-supply control method 1s adopted by the
semiconductor mtegrated circuit for controlling an operation
to supply power to the circuit cells by putting each of the
switch transistors 1n a turned-ofl state or a turned-on state
through a conduction control of a transition of each of the
switch transistors from a non-conducting state to a conduct-
ing state at separate points of time while abiding by a rule
stating: “Any specific one of the switch transistors shall be
put 1n a conducting state only aifter all the switch transistors
cach having a conducting-state resistance greater than the
conducting-state resistance of the specific switch transistor
have been put 1n a conducting state.”

It 1s possible to provide the semiconductor integrated
circuit adopting the power-supply control method according
to the embodiment with a desirable configuration 1n which:
cach of the switch transistors i1s configured to include a
plurality of unit transistors having uniform conducting-state
resistances, controlled through the conduction control to be
turned ofl and turned on at the same point of time; and
during the conduction control, the number of the unit
transistors to be controlled simultaneously at the same point
of time 1s made gradually greater.

In accordance with the configuration described above,
when the circuit cells are recovered from a stopped state to
enter an operating state for example, the switch conduction
control section controls the switch transistors to make a
transition ifrom the turned-ofl state to the turned-on state.

To put 1t 1 detail, the switch conduction control section
controls each of the switch transistors from a conducting
state to a non-conducting state by turning on the switch
transistors at separate points of time while abiding by a rule
stating: “Any specific one of the switch transistors shall be
put 1n a conducting state only after all the switch transistors
cach having a conducting-state resistance greater than the
conducting-state resistance of the specific switch transistor
have been put 1n a conducting state.”

As described above, a switch transistor or a plurality of
unit transistors are controlled to enter the conducting state or
the non-conducting state at the same time. In a first switch
conduction control operation, a switch transistor having a
relatively large conducting-state resistance is put 1 a con-
ducting state. Thereafter, at least one switch conduction
control operation 1s carried out 1n order to put the other one
or plurality of switch transistors 1n a conducting state at the
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same time. In the execution of the first and subsequent
switch conduction control operations, 1n accordance with the
rule described above, switch transistors each has diflerent a
conducting-state resistance are properly and sequentially
selected and put 1n a turned-on state.

The rule stating: “Any specific one of the switch transis-
tors shall be put 1n a conducting state only atter all the switch
transistors each having a conducting-state resistance greater
than the conducting-state resistance of the specific switch
transistor have been put in a conducting state” 1s a rule to be
applied to switch conduction control operations carried out
on switch transistors having conducting-state resistances
which are different from each other and 1s not a rule to be
applied to switch conduction control operations carried out
on switch transistors having conducting-state resistances
which are equal to each other. It 1s thus allowable to put
switch transistors having conducting-state resistances which
are equal to each other 1n a turned-on state consecutively 1n
two or more switch conduction control operations carried
out successively.

Where the switch conduction control 1s executed to put
switch transistors in a turned-on state sequentially one
transistor after another and there are two or more switch
transistors having conducting-state resistances which are
equal to each other, first of all, the switch conduction control
1s executed to put switch transistors included 1n a group as
switch transistors having large conducting-state resistances
in a turned-on state in an arbitrary order, then, the switch
conduction control 1s executed to put switch transistors
included in a group as switch transistors having small
conducting-state resistances 1n a turned-on state 1n an order
abiding by the rule. In this way, any specific switch transistor
having small conducting-state resistance 1s put 1n a turned-
on state on condition that all the switch transistors each
having a conducting-state resistance greater than the con-
ducting-state resistance of the specific switch transistor have
been put 1in a turned-on state.

Each time a conduction control operation 1s carried out,
the resistance between the first and second voltage lines 1s
reduced gradually. The decrease 1n such resistance increases
gradually 1n the course of the entire conduction control even
though some times of consecutive decreases are generated.

When a particular current flows through a particular
switch transistor put 1n a turned-on state as a result of
carrying out a conduction control operation, the difference 1n
voltage between the first and second voltage lines decreases
so that, when at least one next conduction control operation
1s carried out 1n order to put the next switch transistor having
the uniform (or smaller) value of conducting-state resistance
in a turned-on state, the magnitude of a new current tlowing
through the next switch transistor 1s smaller than the mag-
nitude of the particular current. In the course of the entire
conduction control, however, the atorementioned decrease
in resistance between the first and second voltage lines
increases gradually so that the current flows easily i com-
parison with a configuration 1n which decreases in such
resistance are uniform. As a result, the higher-level voltage
of the two voltages appearing on the first and second voltage
lines quickly approaches the lower-level voltage of the two
voltages.

In accordance with the other embodiment, in order to
carry out a voltage equalization process at a high speed 1n
the same way, the switch conduction control section controls
a transition ol each of the switch transistors from a turned-
ofl state to a turned-on state by turning on the switch
transistors at a plurality of switch turning-on time 1ntervals
including at least a specific switch turming-on time interval
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shorter than a switch turning-on time interval preceding the
specific switch turning-on time 1nterval.

Typically, the larger the difference 1n voltage between the
first and second voltage lines 1n 1nitial switch conduction
control, the longer the switch turning-on time interval
between a switch conduction control operation carried out to
put a switch transistor 1n a turned-on state and a next switch
conduction control operation carried out to put another
switch transistor 1 a turned-on state. That 1s to say, the
switch conduction control section controls a transition of
cach of the switch transistors from a non-conducting state to
a conducting state by turning on the switch transistors at a
plurality of switch turning-on time intervals so that, in the
course of the entire switch conduction control, the switch
turning-on time interval 1s gradually shortened.

In etther of the embodiments, 1n 1nitial conduction control
for a large diflerence 1n voltage between the first and second
voltage lines, some of switch transistors are each controlled
to enter a conducting state so that the resistance between the
first and second voltage lines does not abruptly decrease.
Thus, the maximum magnitude of a current tflowing through
the first voltage line 1s small. As a result, it 1s possible to
repress the peak of variations of a voltage appearing on the
first voltage line. In addition, in comparison with control to
sequentially put switch transistors having a umiform con-
ducting-state resistance at equal turning-on time intervals,
the fast voltage equalization process described above
reduces the length of time it takes to complete the conduc-
tion control operations which are commenced at the start of
the switch conduction control.

Each of the embodiments described above executes con-
duction control on switch transistors connected 1n parallel
between a first voltage line and a second voltage line by
gradually increasing the number of atorementioned switch
transistors each put in a conductive state. (The transistors
having the uniform conducting-state resistance are allowed
to be turned on consecutively.) Thus, each of the embodi-
ments offers a merit that 1t 1s possible to reduce the length
of time 1t takes to complete a sequence of conduction control
operations which are commenced at the start of the switch
conduction control while repressing the peak of variations of
a voltage appearing on the first voltage line, that 1s, repress-
ing the peak of power-supply noises.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram showing a first typical overall
configuration of a semiconductor integrated circuit accord-
ing to an embodiment of the present invention;

FIG. 2A 1s a diagram showing a typical internal layout of
a circuit cell including a switch transistor SWT;

FIG. 2B 1s a diagram showing a typical internal layout of
another circuit cell including a switch transistor SWT and a
logic circuit section 3;

FIG. 3 1s a diagram showing a typical array of aforemen-
tioned circuit cell shown i1n FIG. 2A, i the first typical
overall configuration shown in FIG. 1;

FIG. 4 1s a block diagram showing a second typical
overall configuration of a semiconductor integrated circuit
according to the embodiment of the present invention;

FIG. 5 1s a diagram showing the locations of the real
power-supply line pair and the switch transistors in the
second typical overall configuration shown 1n FIG. 4;

FIGS. 6 A and 6B are explanatory diagrams showing a first
basic concept of a switch control 1n the embodiment;
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FIGS. 7A and 7B are explanatory diagrams showing a
second basic concept of the switch control 1n the embodi-

ment,

FIG. 8 1s an explanatory diagram of a typical example of
the switch control in the embodiment;

FIGS. 9A and 9B are model diagrams each shows a
relation between a voltage appearing on a first voltage line
and the lapse of time of the typical example of the switch
control;

FIG. 9C 1s a wavelorm diagram showing activate-timing,
charts of control lines; and

FIG. 10 1s an explanatory diagram of the other example of
the switch control in the embodiment.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENT

(L]

First Typical Overall Configuration

FIG. 1 1s a block diagram showing a first typical overall
configuration of a semiconductor itegrated circuit accord-
ing to an embodiment of the present invention.

In the configuration shown in FIG. 1, a plurality of
input/output cells 40 are arranged to form an array along
cach of the four sides of a rectangular semiconductor chip 1n
which the semiconductor integrated circuit 1s created. In a
chip area surrounded by the mmput/output cells 40, a real
VDD line 2D and a real VSS line 2S are provided as first
voltage lines. To put it 1n detail, the real-voltage line pairs
(2D, 2S) are orniented 1n the horizontal (row) direction and
the vertical (column) direction so as to form a voltage line
layout having the shape of a lattice. In addition, the real-
voltage line pairs (2D, 2S) surround each lattice square,
forming the external lattice frame of the lattice square. The
external lattice frame of a lattice square serves as a number
of power-supply points for the lattice square.

The real-voltage line pairs (2D, 2S) oriented in the
horizontal (row) direction are created from a metal layer
different from a metal layer for creating the real-voltage line
pairs (2D, 2S5) orniented 1n the vertical (column) direction,
and the metal layers form a multi-layer line structure. In this
structure, the real VDD lines 2D and the real VSS lines 2S
may cross each other 1n a state of being electrically insulated
from each other.

Each of the lattice squares surrounded by the real-voltage
line pairs (2D, 2S) and 1ts external lattice frame form a
segment of the chip area. In this segmented and relatively
large chip area, a non-MTCMOS applied block (hereinafter
referred to as non-applied circuit block) 30 1s provided. In
the various sizes of segmented chip areas, a number of
MTCMOS applied blocks (hereinafter referred to as MTC-
MOS circuit blocks) are provided. That 1s to say, each of

circuit blocks other than the non-applied circuit block 30 1s
an MTCMOS circuit block. In the diagram of FIG. 1, one of

the MTCMOS circuit blocks 1s denoted by reference
numeral 1.

It 1s to be noted that, 1n the diagram of FIG. 1, each of the
MTCMOS circuit block 1 and the remaining MTCMOS
circuit blocks 1s connected to the real-voltage pairs (2D, 2S).
On the other hand, the diagram of FIG. 1 shows as if the
non-applied circuit block 30 were not connected to the
real-voltage line pairs (2D, 2S5). In actuality, however, the
non-applied circuit block 30 1s also connected to the real-
voltage line pairs (2D, 25).

The MTCMOS circuit block 1 includes a plurality of
switch transistors. The switch transistors are each provided
in an area not occupied by circuit cells each used for

5

10

15

20

25

30

35

40

45

50

55

60

65

8

implementing a function of the MTCMOS circuit block 1.
As an alternative, each of the switch transistors 1s provided
as a circuit cell. IT the switch transistor 1s provided as a
circuit cell, the circuit cell may or may not include logic
circuits other than the switch transistors. That 1s to say, the
circuit cell may include only the switch transistor.

FIGS. 2A and 2B are diagrams each showing a typical
internal layout of a circuit cell including a switch transistor.
To be more specific, in FIG. 2A, a circuit cell 4A ncludes
a switch transistor SWT as only one of active element
whereas a circuit cell 4B includes a switch transistor SWT
and a logic circuit section 3 1 FIG. 2B.

It 1s to be noted that, 1n each of the diagrams of FIGS. 2A
and 2B, the switch transistor SWT for controlling the
operation to supply and cut off a reference voltage VSS 1s an
NMOS transistor. As shown in each of the diagrams of
FIGS. 2A and 2B, each of the circuit cells includes circuit-
cell elements which are a branch line 20S, a branch line 20D
and a virtual VSS line 30S. The branch line 20S 1s referred
to as a part of the first voltage line whereas the virtual VSS
line 30S 1s referred to as a second voltage line as described
below. A reference voltage VSS 1s asserted on the branch
line 20S whereas a power-supply voltage VDD 1s asserted

on the branch line 20D.

Included 1n the MTCMOS circuit block 1, the branch line
20S 1s a branch originated from the real VSS line 2S shown
in the diagram FIG. 1. Also included in the MTCMOS
circuit block 1, the branch line 20D 1s a branch originated
from the real VDD line 2D shown in the diagram FIG. 1 1n
the same way as the branch line 20S.

On the other hand, the virtual VSS line 308 1s peculiar to
the MTCMOS circuit block 1. That 1s to say, the virtual VSS
line 30S 1s provided only mside the MTCMOS circuit block
1. Referred to as the second voltage line, the virtual VSS line
30S performs the role to supply the reference voltage VSS
to a logic circuit 5 and other circuits in the circuit cell.

As shown 1n FIG. 2B, the switch transistor SWT 1s
provided on the side of the reference voltage VSS, that 1s,
between the virtual VSS line 308 as the second voltage line
and the branch line 20S as the first voltage line as described
above. However, the wiring of the switch transistor SWT 1s
by no means limited to this configuration. For example, the
switch transistor SW'T can also be provided on the side of the
power-supply voltage VDD. In this case, a virtual VDD lin
(not shown) as the second voltage line for supplying the
power-supply voltage VDD to the logic circuit 5 can be
newly provided between the branch line 20D as a first
voltage line and the logic circuit 5 whereas a PMOS tran-
sistor 1s provided between the virtual VDD line and the
branch line 20D to serve as the switch transistor. As an
alternative, the switch transistors can be provided both sides
of the reference voltage VSS and the power-supply voltage
VDD.

In order to make the explanation easy to understand, in the
following description, it 1s assumed that the switch transistor
SWT 1s provided only to the side of the reference voltage

VSS.

As shown 1n FIGS. 2A and 2B, the switch transistor SWT
1s connected between the branch line 20S and the virtual
VSS line 308, and the logic circuit 5 1s connected between
the branch line 20D and the virtual VSS line 30S.

It 1s to be noted that elements inside the circuit cell are
connected to each other by properly placing the circuit cell.
That 1s to say, 1t 1s not always necessary to create wires for
connecting the elements to each other. The circuit cells are
connected to each other by making use of wires on an upper
layer.
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The switch transistor SWT 1s connected to a control line
CL on the upper layer.

Typically, as many control lines CL as switch transistors
SWT are provided for the MTCMOS circuit block 1. As an
alternative, one control line CL 1s provided for a predeter-
mined plurality of switch transistors SWT.

The control line CL 1s connected to a switch control
section 31 serving as the switch conduction control section
employed 1n the non-applied circuit block 30 shown 1n the
diagram of FIG. 1 to serve as the switch conduction control
section mentioned before. The switch control section 31
controls an operation to put the switch transistor SWT 1n a
turned-on (conducting) state or a turned-ofl (non-conduct-
ing) state through the control line CL. Since the switch
control section 31 1s employed in the non-applied circuit
block 30, the switch control section 31 receives the power-
supply voltage VDD and the reference voltage VSS to
operate at normal times after the semiconductor integrated
circuit 1n question 1s activated.

FIG. 3 1s a diagram showing a typical array of aloremen-
tioned circuit cells 4A each shown in FIG. 2A.

In the typical array shown 1n FIG. 3, seven circuit cells 4A
cach shown 1n the diagram of FIG. 2A are arranged in the
column direction. An area in which the circuit cells 4A are
arranged 1s referred to as a switch layout area 1A.

In the diagram of FIG. 3, a circuit cell 4C includes the
logic circuit 5, the branch line 208, the branch line 20D and
the virtual VSS line 30S. Thus, the circuit cell 4C 1s a circuit
cell obtained as a result of removing the switch transistor
SWT and the control line CL from the circuit cell 4B shown
in FIG. 2B. The circuit cells 4C are arranged 1n the row
direction to form a cell line on a row. FIG. 3 shows seven
cell lines each provided on a row.

Two adjacent cell lines provided on two rows separated
away from each other 1n the column direction perpendicular
to the row direction share a branch line 20S and a branch line
20D.

On the upper layer of a multi-layer wiring structure of the
circuit cells 4A 1n the switch layout area 1A, on the other
hand, up to seven control lines CL1 to CLn as well as the
real VDD line 2D and the real VSS line 2S which are shown
in the diagram of FIG. 1 are laid out by well utilizing the
multi-layer wiring structure.

It 1s to be noted that the layout of the switch transistors
SWT does not have to be oriented 1n the column direction
shown i FIG. 3. For example, the layout of the switch
transistors SWT can be oriented 1n the row direction. In this
case, circuit cells 4A shown 1n the diagram of FIG. 2A or
circuit cells 4B shown in the diagram of FIG. 2B are laid out
in the row direction so that the layout of the switch transis-
tors SWT 1s oniented 1n the row direction automatically.
Then, a plurality of aforementioned control lines CL each
connected to the gate electrode of one of the switch tran-
sistors SWT are oriented 1n the row or column direction.

Second Typical Overall Configuration

FIG. 4 1s a block diagram showing a second typical
overall configuration of the semiconductor integrated circuit
according to the embodiment of the present invention.

In the configuration shown in FIG. 4, a plurality of
iput/output cells 40 are arranged to form an array along
cach of the four sides of a rectangular semiconductor chip 1n
which the semiconductor integrated circuit 1s created. In a
chip area surrounded by the mput/output cells 40, a real
VDD line 2D and a real VSS line 2S which are not shown

in the block diagram of FIG. 4 are provided to form a
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real-voltage line pair serving as first voltage lines. To put 1t
in detail, each of the real-voltage line pairs (2D, 25) 1s a pair
of parallel real power supply lines 2D and 2S oriented 1n the
horizontal (row) direction and the vertical (column) direc-
tion so as to form a voltage line layout having the shape of
a lattice.

In the chip area of the circuit layout shown 1n FIG. 4,
some circuit blocks are provided. In the typical configura-
tion shown 1n the block diagram of FIG. 4, a circuit block 32
referred to as a conduction area 1s provided in the chip area.
The circuit block 32 has basic components of a semicon-
ductor integrated circuit. The basic components include a
CPU, a register, a memory and a power-supply circuit. The
circuit block 32 corresponds to the non-applied circuit block
30 1n FIG. 1. The circuit block 32 recerves the power-supply
voltage VDD and the reference voltage VSS to operate at
normal times after the semiconductor integrated circuit
including the circuit block 32 is activated.

In addition to the circuit block 32, 1n the chip area of the
circuit layout shown in FIG. 4, a number of circuit blocks
cach referred to as a macro are provided. Each of the macro
circuit blocks has a function of a logic circuit usetul for the
semiconductor mtegrated circuit.

The macro circuit blocks are classified into two large
categories, 1.e., non-applied circuit blocks 33 and MTCMOS
circuit blocks 1. Much like the circuit block 32, each of the
non-applied circuit blocks 33 receives the power-supply
voltage VDD and the reference voltage VSS to operate at
normal times after the semiconductor integrated circuit
including the macro circuit blocks 1s activated. In the typical
configuration shown 1n the block diagram of FIG. 4, each of
the non-applied circuit blocks 33 i1s referred to as a conduc-
tive macro whereas each of the MTCMOS circuit blocks 1
1s referred to as a power-supply blocking macro. As
described belfore, a non-applied circuit block 1s a circuit
block to which the MTCMOS technology 1s not applied.

FIG. 5 1s a diagram showing the locations of the real
power-supply line pair (2D, 2S) and the switch transistors
SWT i the MTCMOS circuit block 1.

In FIG. 5, reference numeral 1B denotes a functional
circuit cell layout area (hereinafter referred to as cell layout
area) ol the MTCMOS circuit block 1. For example, 1n the
cell layout area 1B, circuit cells each obtained as a result of
removing the switch transistor SWT and the control line CL
from the circuit cell 4B shown 1n FIG. 2B are laid out 1n the
row and column directions.

Power 1s supplied to the circuit cells through wires
typically having the same branch structure as that shown in
FIG. 3.

In FIG. 35, only trunk lines of the branch structure are
shown. To put 1t concretely, 1n the cell layout area 1B shown
in FIG. 5, hatched wires forming a lattice shape represent
trunk lines of the virtual VSS line 20T and a real power-line
pair (2D, 2S). In the following description, the hatched wires
are referred to as a trunk-line group 27T.

The trunk-line group 2T 1s extended to the outside of the
cell layout area 1B and connected to other conductive
macros such as the non-applied circuit blocks 33 1n FIG. 4
to supply power thereto. At two locations of the external
extensions existing outside the cell layout area 1B as exten-
sions of the trunk-line group 2T, switch blocks 2 are
provided. To put it in detail, at two locations of the row-
direction external extension, switch blocks 2 are provided
and, 1n the same way as the row-direction external exten-
sion, at two locations of the column-direction external
extension, other switch blocks 2 are provided.
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A diagram on the left side of FIG. § shows an enlarged
switch block 2, in which a virtual VSS line 20T, a real VDD
line 2D and a real VSS line 2S are provided 1n the switch
block 2. The real VSS line 2S and the real VDD line 2D are
turther extended to the outside of the switch block 2 and
connected to other conductive macros such as the non-
applied circuit blocks 33 in the semiconductor integrated
circuit shown 1n FIG. 4 to supply power thereto.

The switch block 2 employs n switch transistors SWT1 to
SWTn connected 1in parallel between the virtual VSS line
20T and the real VSS line 2S. The gate of the switch
transistor SWTm 1s connected to a control line CLm where
l1=m=n. It 1s to be noted that, i1n accordance with a control
method to be described later, the gates of a plurality of
switch transistors SWT may be connected to a control line
CL 1n some cases.

The control lines CL consisting of the control lines CL1
to CLn are connected to the switch control section 31
employed 1n the circuit block 32 as shown in FIG. 4.
<First Basic Concept of Switch Control>

FIGS. 6 A and 6B are explanatory diagrams referred to in
description of a first basic concept of switch control. As
shown 1 FIG. 6A, a plurality of switch transistors SWT
used 1n the first basic concept includes a plurality of tran-
sistors having different conducting-state resistances from
cach other. Typically, the switch transistors SWT are the
switch transistor SWT shown in FIG. 2 or the switch
transistors SWT1 to SWTn shown 1in FIG. 5. In the typical
configuration shown 1n FIG. 6A, the switch transistors SWT
are HR (high resistance), MR (medium resistance) and LR
(low resistance) switch transistors SWT1. The HR switch
transistor SWT has the largest conducting-state resistance
among all the switch transistors SWT whereas the LR switch
transistor SW'T has the smallest conducting-state resistance
among all the switch transistors SWT. The MR switch
transistor SWT has a middle conducting-state resistance
between the largest and smallest conducting-state resis-
tances. However, 1n accordance with the present invention,
at least two switch transistors SW'T having conducting-state
resistances which are different from each other are required
and four or more switch transistors SWT having conducting-
state resistances can also be used. That 1s to say, the number
of types of switch transistors SWT (type represents variety
of conducting-state resistances) can be any integer as long as
the integer 1s at least 2. In addition, the total number of
transistors can be any integer as long as the integer 1s at least
2. The number of types of switch transistors SWT and the
total number of transistors can be the same integer; however,
the number of types of switch transistors SWT 1s required be
smaller than the total number of transistors. Some of con-
secutive transistors can have the uniform conducting-state
resistances.

In FIG. 6 A, the source of each of the HR (high resistance)
switch transistor SWT, the MR (medium resistance) switch
transistor SWT and the LR (low resistance) switch transistor
SWT 1s connected to the common real VSS line 2S or the
branch line 20S of the real VSS line 2S whereas the drain of
cach of those switch transistors SWT 1s connected to the
common virtual VSS line which 1s the virtual VSS line 20T
shown 1n FIG. § or the virtual VSS line 30S shown in FIG.
3. The gate of each of those switch transistors SWT 1is
connected through a control line CL to a switch control
section 31.

A difference 1n electric potential between the branch line
20S of the real VSS line 25 as the first voltage line and the
virtual VSS line 30S as the second voltage line or a
difference in electric potential between the real VSS line 2S
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as the first voltage line and the virtual VSS line 20T as the
second voltage line 1s initially fixed and, then, from a certain
point of time, the HR (high resistance) switch transistor
SWT, the MR (medium resistance) switch transistor SWT
and the LR (low resistance) switch transistor SW'T are put in
a turned-on state at three separate times respectively. In this
case, the changes of an electric potential V (30S, 20T)
appearing on the virtual VSS line 30S or the virtual VSS line
20T for the three switch transistor SWT turning-on opera-
tions are shown as three curves respectively i FIG. 6B. In
the following description, the electric potential 1s referred to
as a virtual VSS-line electric potential V (30S, 207T).

As shown in FIG. 6B, the larger the conducting-state
resistance, the smaller the virtual VSS-line electric potential
V (308, 20T). That 1s to say, even though there 1s an eflect

ol repressing power-supply noises, the larger the conduct-
ing-state resistance, the longer the time it takes to complete
an electrical discharging process.

This first basic concept carries out an operation to equal-
1ze the voltages appearing on the first and second voltage
lines through a plural times of controls to put switch
transistors SWT 1n a conducting state by use of, when the
difference 1n electric potential between the first and second
voltage lines 1s large, the switch transistor SW'T having a
large conducting-state resistance, on the other hand, when
the difference in electric potential between the first and
second voltage lines 1s small, the switch transistor SWT
having a small conducting-state resistance.

To put 1t concretely, the switch control section 31 controls
a transition of each of the switch transistors SWT from a
non-conducting state to a conducting state by turning on the
switch transistors SWT at separate points of time while
abiding by a rule stating: “Any specific one of the switch
transistors SWT shall be put in a conducting state only after
all the switch transistors SWT each having a conducting-
state resistance greater than the conducting-state resistance
of the specific switch transistor SWT have been put in a
conducting state.”

The above rule prescribes control of an operation to
change switch transistors SWT having conducting-state
resistances which are different from each other from a
non-conducting state to a conducting state by turning on the
switch transistors SWT at separate points of time. The rule
does not prescribe control of an operation to change switch
transistors SWT having conducting-state resistances which
are equal to each other from a non-conducting state to a
conducting state. Thus, 1t 1s allowable to change switch
transistors SWT having conducting-state resistances which
are equal to each other from a non-conducting state to a
conducting state at two or more successive points ol time.

For example, where the switch transistors SWT are con-
trolled one by one to put in a conducting state, if there are
two or more switch transistors SW'T having the uniform
conducting-state resistance, the switch transistors SWT hav-
ing the uniform specific conducting-state resistance which
are greater than the others can be put in a turned on state
sequentially 1 any arbitrary order in the uniform resistance
group. When switch transistors SWT 1included in another
group as the switch transistors SW'T having conducting-state
resistances lower than the conducting-state resistance of the
switch transistor SWT pertaining to the specific group 1s put
in a turned on state, it 1s necessary to abide by the rule
described above. That 1s to say, any specific one of the
switch transistors SW'T shall be put 1n a conducing state only
after all the switch transistors SW'T each having a conduct-
ing-state resistance greater than the conducting-state resis-
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tance of the specific switch transistor SWT have been put in
a turned on state. A typical example of the control will be
described later.

The resistance between the first and second voltage lines
1s gradually reduced by a resistance decrease every time a
conduction control 1s carried out to put a switch transistor
SWT 1n a turned-on state. In this case, the first and second
voltage lines are either the real VSS line 2S and the virtual
VSS line 20T respectively or the branch line 20S and the
virtual VSS line 30S respectively. In the course of the
process to reduce the resistance, the resistance decreases
may be equal to each other for some switch conduction
control operations which are carried out consecutively. Nev-
ertheless, 1n the whole process to reduce the resistance, the
resistance decrease 1s gradually increasing,

In each of the conduction control, a current flows through
the switch transistor SWT so that the difference 1n electric
potential between the first and second voltage lines
decreases. Thus, 1n the next conduction control, at least one
next switch transistor SWT having a conducting-state resis-
tance equal to (or smaller than) the conducting-state resis-
tance of the present switch transistor SWT put 1n a turned-on
state 1n the present conduction control 1s put in a turned-on
state but the magmitude of a current flowing through the next
switch transistor SWT 1s smaller than the magnitude of a
current flowing through the present switch transistor SWT.
In the whole process, however, the resistance decrease 1s
gradually increasing. Thus, currents flow more immediately
than a case 1n which the resistance decrease 1s fixed. As a
result, the high-level voltage appearing on either the first or
second voltage line immediately drops, approaching the
low-level voltage appearing on either the second or {first
voltage line. This drop 1s obvious from the fact that the use
of a switch transistor SW'T having a small conducting-state
resistance reduces the length of time for completing dis-
charge as shown 1n FIG. 6B.

Each of the HR (high resistance) switch transistor SWT,
the MR (medium resistance) switch transistor SWT and the
LR (low resistance) switch transistor SWT which are shown
in FIG. 6 A can be a single transistor or a set of a plurality
ol unit transistors. If each of those switch transistors SWT
1s a set of a plurality of unit transistors, the unit transistors
included i any one of the switch transistors SWT are
controlled simultaneously to enter a turned-on or turned-ofl
state at the same time. For this reason, the unit transistors
composing any one ol the switch transistors SW'T can be
conceptually regarded as one transistor.

If the unit transistors have a umform conducting-state
resistance, the high, middle or low conducting-state resis-
tance ol a switch transistor SWT 1s determined by the
number of unit transistors composing the switch transistor
SWT. To be more specific, the higher the number of unit
transistors included i a switch transistor SWT as unit
transistors to be controlled simultaneously to enter a turned-
on or turned-oil state, the lower the conducting-state resis-
tance. It 1s to be noted, however, that also 1n this case, 1t 1s
necessary to abide by the rule described above and 1t 1s
allowable to configure any specific one of switch transistors
SWT to include as many unit transistors as umt transistors
composing a switch transistor SWT to be put in a turned-on
state 1immediately before or aiter the specific switch tran-
sistor SWT.,

A typical configuration including switch transistors SWT
cach having a plurality of unit transistors to serve as one of
the switch transistors SWT shown in FIG. 6A will be
described later 1 detail.
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<Second Basic Concept of Switch Control>
FIGS. 7A and 7B are explanatory diagrams of a second
basic concept of switch control.

As shown 1n FIG. 7A, a plurality of switch transistors
SWT have a uniform conducting-state resistance and are to
be put mm a conducting state at gradually shorter switch
turning-on time intervals in the whole switch conduction
control to reduce the resistance between the first and second
voltage lines in accordance with the second basic concept.
Typically, the switch transistors SW'T are the switch tran-
sistor SWT shown 1n the diagrams of FIG. 2 or the switch
transistors SWT1 to SWTn shown i the diagram of FIG. 5.
The phrase stating: “gradually shorter time intervals 1n the
whole process” also has an implication that two or more
consecutive intervals at which switch transistors SWT are

put 1n a turned-on state have lengths equal to each other.
However, it means that, at least, the switch turning-on time

interval between the first and next switch transistors SWT

shall be longer than the switch turning-on time interval
between the last and immediately before the last switch
transistors SWT. In other words, the switch conduction
control based on the second basic concept 1s characterized 1n
that the switch control section 31 executes switch conduc-
tion control to carry out switch conduction control opera-
tions to sequentially put a plurality of switch transistors
SWT 1n a turned-on state at a plurality of switch turning-on
time 1ntervals including at least an earlier switch turning-on
time interval and a later switch turning-on time interval with
a length shorter than the length of the earlier switch turning-
on time 1nterval.

In the case of the diagram of FIG. 7A, only the switch
transistors SWT1 to SWT3 are shown. It 1s to be noted,
however, the present invention 1s not limited to this con-
figuration. That 1s to say, the number of switch transistors
SWT can be any integer as long as the integer 1s at least
equal to 2.

FIG. 7B shows a relation between the change of the
virtual VSS-line electric potential V (305, 20T) and the lapse
of time. In FIG. 7B, a solid line represents the case 1n which
the number of switch transistors SWT 1s 3 whereas a dashed
line represents the case in which the number of switch
transistors SWT 1s 4.

In the case 1n which the number of switch transistors SWT
1s 3, a switch turning-on time interval 123 between an
operation to put the switch transistor SWT2 1n a turned-on
state and an operation to put the switch transistor SWT3 1n
a turned-on state 1s deliberately made shorter than a switch
turning-on time 1nterval 112 between an operation to put the
switch transistor SWT1 1n a turned-on state and an operation
to put the switch transistor SWT2 1n a turned-on state.

In the same way as the case 1n which the number of switch
transistors SWT 1s 3, in the case in which the number of
switch transistors SWT 1s 4, the switch turning-on time
interval between consecutive operations to put switch tran-
sistors SWT can be sequentially made shorter. In the typical
case represented by the dashed line shown i FIG. 7B,
however, the switch turning-on time interval T23 between an
operation to put the switch transistor SWT2 1n a turned-on
state and an operation to put the switch transistor SWT3 1n
a turned-on state 1s made equal to the switch turning-on time
interval T12 between an operation to put the switch transis-
tor SWT1 1n a turned-on state and an operation to put the
switch transistor SWT2 1n a turned-on state whereas a
switch turning-on time interval T34 between an operation to
put the switch transistor SW13 1n a turned-on state and an
operation to put the switch transistor SWT4 1n a turned-on




US RE49,662 E

15

state 1s made shorter than the switch turning-on time nterval
112 which 1s equal to the switch turning-on time interval

123.

In an 1nitial state of the conduction control, the difference
in electric potential between the first and second voltage

lines 1s large. In this case, the first and second voltage lines

are either the real VSS line 28 and the virtual VSS line 20T
respectively or the branch line 20S and the virtual VSS line
30S respectively. In this initial state, 1t takes time to stabilize
the difference in electric potential between the first and
second voltage lines from a state of instability generated at
the start of the switch conduction control. Thus, 1n accor-
dance with the second basic concept, 1n this mnitial state, the
switch turning-on time interval i1s deliberately made long.
When another switch transistor SWT 1s put 1n a turned-on
state after the first switch transistor SW'T has been once put
in a turned-on state, on the other hand, the time it takes to
stabilize the difference 1n electric potential between the first
and second voltage lines 1s relatively short because the total
conducting-state resistance between the first and second
voltage lines has become smaller.

In accordance with the second basic concept paying
attention to the fact that the time 1t takes to stabilize the
difference 1n electric potential between the first and second
voltage lines 1s becomes short as described above, the switch
control section 31 executes conduction control to sequen-
tially put a plurality switch transistors SWT 1n a turned-on
state at a plurality of switch turning-on time intervals
including at least an earlier switch turming-on time interval
and a later switch turning-on time interval with a length
shorter than the length of the earlier switch turming-on time
interval.

In the case of this embodiment, however, the switch
control section 31 needs only to execute switch conduction
control to sequentially put a plurality switch transistors SWT
in a turned-on state at a plurality of switch turning-on time
intervals imncluding at least an earlier switch turning-on time
interval and a later switch turning-on time interval with a
length shorter than the length of the earlier switch turning-on
time interval. The switch control section 31 1s by no means
required to wait for the difference in electric potential to get
stabilized prior to execution of each of the switch conduc-
tion control operations. Nevertheless, 1t 1s desirable to set a
prerequisite requiring that the switch control section 31 shall
wait for the diflerence 1n electric potential to get stabilized
prior to execution of each of the switch conduction control
operations. This 1s because, by setting such a prerequisite, 1t
1s easy to estimate an electric potential appearing at a
switch-on time and, hence, 1t 1s easy to design the plurality
of switch conduction control. Nevertheless, the present
invention 1s not restricted by the prerequisite.

As explained above, 1 an mitial state of the conduction
control, the diflerence 1n electric potential between the first
and second voltage lines 1s large. Thus, 1n accordance with
the first and second basic concepts described above, only
some of a plurality of switch transistors SWT are each put
in a turned-on state in the initial state. As a result, the
resistance between the first and second voltage lines does
not drop abruptly so that the maximum value of the mag-
nitude of a current tlowing through the first voltage line 1s
small. As a result, 1t 1s possible to repress the peak of
variations of a voltage appearing on the first voltage line. In
addition, 1n comparison with control to sequentially put
switch transistors SWT having a uniform conducting-state
resistance at equal switch turning-on time intervals, the fast
voltage equalization process described above reduces the
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length of time it takes to complete the conduction control
operations which are commenced at the start of the switch
conduction control.

The first and second basic concepts described above can
be adopted separately from each other or applied at the same
time as a combination ol methods.
<Typical Switch Control>

The following description explains typical concrete con-
trol as an example of applying the first and second basic
concepts at the same time.

FIG. 8 1s an explanatory diagram referred to 1n description
of a typical example of the switch control.

The technical term ‘system’ used 1n the following descrip-
tion of the typical concrete control with reference to the
diagram of FIG. 8 means a single switch transistor SWT or
a group of switch transistors SWT. The single switch tran-
sistor SW'T 1ncluded 1n a system or the switch transistors
SWT included in a system are put 1n a turned-on state at the
same time. Much like the diagram of FIG. 6A, i the
diagram of FIG. 8, each HR (high resistance) switch tran-
sistor SWT 1s shown as a transistor circuit-symbol with a
black channel, each MR (medium resistance) switch tran-
sistor SWT 1s shown as a transistor circuit-symbol with a
hatched channel whereas each LR (low resistance) switch
transistor SWT 1s shown as a transistor circuit-symbol with
a channel like a line segment, that 1s, a transistor circuit-
symbol with neither black channel nor hatched channel.

In the diagram of FIG. 8, each of the first to mth systems
1s an HR (high resistance) switch transistor SWT whereas
the (m+1)th system 1s an MR (medium resistance) switch
transistor SWT. Each of the (m+2)th to nth systems 1s an LR
(low resistance) switch transistor SWT. It 1s to be noted that
the configuration of the systems can be changed arbitrarily
to a different configuration reflecting other system counts
cach representing the number of systems each including
switch transistors SWT having a uniform conducting-state
resistance. For example, 1t 1s possible to provide a system
configuration i which, conversely, a plurality of systems
cach mnclude an MR (medium resistance) switch transistor
SWT whereas only one system includes an HR (high resis-
tance) switch transistor SWT and only one system 1ncludes
an LR (low resistance) switch transistor SWT.

Numbers each assigned to a system starts with 1 and, the
larger the number assigned to a system, the later the opera-
tion carried out to put a switch transistor SWT included in
the system, to which the number 1s assigned, in turned-on
state. The switch control section 31 1s configured to include
hardware, software or both hardware and software as means
capable of executing a sequence ol operations to sequen-
tially activate control lines CL connected to the systems in
order to put the switch transistors SWT included 1n the
systems 1n a turned-on state 1n system units.

As a technmique for setting the conducting-state resistance
ol a switch transistor SWT, 1t 1s possible to adopt a technique
for setting the channel concentration of the transistor SWT
in a manufacturing process of the transistor. In this embodi-
ment, however, the gate width of a switch transistor SWT 1s
determined 1 a manufacturing process of the transistor
SWT 1n order to set the conducting-state resistance of the
transistor SWT.

The larger the gate width of a switch transistor SW'T, the
smaller the conducting-state resistance of the transistor
SWT. In the work of designing a switch transistor SWT as
a cell including unit transistors connected to each other 1n
parallel, 1t 1s desirable to adopt a method for setting the

—
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cllective gate width of the cell by determining the number of
aforementioned unit transistors each used as a basic unit
having a small gate width.

If the desirable method described above 1s adopted, for
example, an HR (high resistance) switch transistor SWT
does not have to be a single switch transistor SWT having

a conducting-state resistance determined 1n advance.
Instead, the HR (high resistance) switch transistor SWT can
be a switch transistor cell imncluding a plurality of unit
transistors connected to each other 1n parallel and a process
to set the conducting-state resistance of the HR (lugh
resistance) switch transistor SWT can be controlled in detail
by determining the number of aforementioned unit transis-
tors. Of course, it 1s also possible to assign a conducting-
state resistance determined in advance to each of the HR
(high resistance) switch transistor SWT, the MR (medium
resistance) switch transistor SWT and the LR (low resis-
tance) switch transistor SWT.

Without regard to whether a switch transistor SWT com-
posing each of the first to nth systems shown 1n FIG. 8 1s a
single switch transistor SWT or a switch transistor cell
employing a plurality of unit transistors, in the entire con-
figuration, the larger the number assigned to a particular
system, the larger the decrease of the conducting-state
resistance. In a group of systems including switch transistors
SWT having a uniform conducting-state resistance, the
consecutive equal decreases of the conducting-state resis-
tance 1s allowed.

With the scheme described above, 1n the entire configu-
ration, the larger the number assigned to a system, the larger
the voltage drop obtained as a result of applying the same
voltage between the source and drain of the switch transistor
SWT 1n each of the systems for the same period of time.

FIGS. 9A and 9B are diagrams showing curves each
representing a relation between a voltage appearing on a
virtual VSS line 308 or a virtual VSS line 20T and the lapse
of time as a result of conduction control executed by the
switch control section 31 and showing timing charts. FIG.
9A 1s a diagram showing timings with which systems are
activated. FIG. 9B shows the diagram 1n FIG, 9A, which 1s
redrawn by focusing on the lapse of time indicating switch
turning-on time intervals.

The switch control section 31 executes switch control as
shown 1n FIGS. 9A and 9B 1n an mitial state in order to drive
the MTCMOS circuit block 1, which 1s shown 1n the
diagrams of FIGS. 1 to 5 to serve as the subject of control,
to recover from a power-supply cut-ofl state.

To put 1t concretely, 1n accordance with a recovery
command 1ssued by a section such as a CPU, first of all, the
switch control section 31 activates a control line CL con-
nected to the first system in order to put an HR (lugh
resistance) switch transistor SWT pertaiming to the first
system 1n a turned-on state. This 1s because the HR (high
resistance) switch transistor SWT pertaining to the first
system has a large conducting-state resistance and, by put-
ting the HR (high resistance) switch transistor SWT 1n a
turned-on state, power-supply noises can be repressed.

A state prior to a first conduction control 1s a power-
supply cut-off state and, if the power-supply cut-ofl state
lasts long, the virtual VSS line 30S or the virtual VSS line
20T 1s electrically charged with a large leak current tlowing
through a circuit cell employing a transistor having a small
threshold voltage, Thus, an electric potential appearing on
the virtual VSS line 30S or the virtual VSS line 20T

increases to a level close to the power-supply voltage VDD
as shown in FIGS. 9A and 9B.
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In this state, when the first switch conduction control
operation 1s carried out, the electric potential appearing on

the virtual VSS line 30S or the virtual VSS line 20T

decreases by a voltage drop. The first switch conduction
control operation 1s an operation started with a timing
denoted by reference phrase ‘First system’ in FIG. 9A. The
voltage drop 1s largest among all voltage drops due to a large
voltage applied between the source and gain electrodes of
the HR (high resistance) switch transistor SWT pertaining to
the first system. Since the conducting-state resistance of the
HR (high resistance) switch transistor SWT 1s also relatively
large, however, a sharp voltage drop 1s repressed. Thus,
power-supply noises can also be repressed effectively. With
the lapse of time, the electric potential appearing on the

virtual VSS line 30S or the virtual VSS line 20T 1s con-

verged to a fixed level determined by the large conducting-
state resistance of the HR (high resistance) switch transistor

SWT pertaining to the first system.

As the electric potential appearing on the virtual VSS line
30S or the virtual VSS line 20T has been settled at the fixed

level, next, the second system including a HR (high resis-
tance) switch transistor SWT having a conducting-state
resistance equal to or slightly smaller than the conducting-
state resistance of the HR (high resistance) switch transistor
SWT included 1n the first system 1s activated by carrying out
a second switch conduction control operation. The second
switch conduction control operation 1s an operation started
with a timing denoted by reference phrase ‘Second system’
in the model diagram of FIG. 9A. In the second conduction
control, the voltage applied between the source and gain of
the HR (high resistance) switch transistor SWT pertaining to
the second system prior to the second switch conduction
control operation 1s low 1n comparison with the voltage
applied between the source and gain electrodes of the HR
(high resistance) switch transistor SWT pertaining to the
first system prior to the first switch conduction control
operation. Thus, even though the HR (lugh resistance)
switch transistor SWT pertaining to the second system has
a conducting-state resistance slightly smaller than the con-
ducting-state resistance of the HR (high resistance) switch
transistor SWT pertaining to the first system, the voltage
drop occurring in the second switch conduction control
operation can be repressed to a voltage decrease smaller than
that of the first switch conduction control operation. As a
result, power-supply noises generated in the second switch
conduction control operation can also be repressed ellec-
tively.

Thereatter, a switch conduction control operation 1s car-
ried out on each of the third to mth systems each including
an HR (high-resistance) switch transistor SWT having a
large conducting-state resistance in the same way as the first
and second systems.

Then, a control line CL connected to an MR (medium
resistance) switch transistor SWT pertaiming to the (m+1)th
system 1s activated. The (m+1 )th conduction control opera-
tion starts with a timing denoted by reference phrase ‘(m+
1)th system’ 1n FIG. 9A.

Subsequently, a control line CL connected to an LR (low
resistance) switch transistor SWT pertaining to the (m+2)th
system 1s activated. The (m+2)th conduction control starts
with a timing denoted by reference phrase ‘(m+2)th system’
in FIG. 9A.

Thereatter, the operation to activate a control line CL 1s
carried out repeatedly 1in the same way as the systems
described so far till the nth switch conduction control
operation 1s carried out on the last nth system.
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As shown 1n FIG. 9A, by carrying out a sequence of
conduction control operations with a plurality of different
timings each assigned to one of the operations in the way
explained above, 1t 1s possible to execute control for gradu-
ally reducing the magnitude of the voltage drop described
above. Thus, power-supply noises that would otherwise
remain aiter the first switch conduction control operation
carried out on the first system no longer appear in the
subsequent switch conduction control operations each car-
ried out on one of the remaining systems. The conducting-
state resistance of the HR (high resistance) switch transistor
SW'T pertaining the first system 1s set at a value that prevents
the peak of power-supply noises generated during the first
switch conduction control operation from exceeding a rei-
erence determined 1n advance. It 1s thus possible to effec-
tively prevent generation of power-supply noises aflecting
delay characteristics through the real VSS line 2S for a
non-MTCMOS applied circuit cell included in the same
circuit block or another circuit block.

By way of experiment, 1t 1s assumed that the switch
turning-on time interval between the start of a switch
conduction control operation carried out on any particular
system and the start of a switch conduction control operation
carried out on a system activated after the particular system
1s made uniform for any two consecutive systems. Even for
such a configuration, 1n accordance with this embodiment,
as a whole, switch transistors SWT each used 1n a system are
sequentially selected and put 1n a turned-on state 1n an order
starting with a switch transistor SW'T having the largest
conducting-state resistance among the switch transistors
SW'T and continuing sequentially to switch transistors SWT
cach having a conducting-state resistance smaller than the
conducting-state resistance of a switch transistor SWT
selected and put 1n a turned-on state immediately before so
that 1t 1s possible to reduce the length of time 1t takes to
complete a sequence of switch conduction control opera-
tions which are commenced at the start of the switch
conduction control 1 comparison with a configuration
employing only switch transistors SWT each having a large
conducting-state resistance for repressing the peak of power-
supply noises generated 1nitially.

In order to further reduce the length of time, the control
1s executed to gradually reduce the switch turning-on time
interval as a whole, as shown 1n FIG. 9B.

To put 1t concretely, the switch turning-on time 1ntervals
T between the starts of the systems satisly the inequality
expression 11212z . . . 2TmzTm+1zTm+2= . . . 2Tn-1
where reference notation Ti denotes the switch turning-on
time interval between the starts of the ith system and the
(1+1)th system. The mnequality expression indicates that the
switch turning-on time interval Ti+1 may be set at a value
equal to the switch turning-on time interval T1. Nevertheless,
the switch turning-on time interval Ti 1s gradually reduced
with the lapse of time over the entire period of the switch
conduction control. Even though an inequality sign = in the
inequality expression may be replaced with the equality
sign =; however, 1t 1s not allowed to replace each of the
inequality signs = in the inequality expression with the
equality sign =.

Thus, 1t 15 possible to reduce the length of time it takes to
complete a sequence of switch conduction control opera-
tions which are commenced at the start of the switch
conduction control i comparison with a configuration 1n
which the switch turning-on time intervals between the starts
of the systems are deliberately made uniform.

FI1G. 9C 1s a wavelorm diagram showing timing charts of
the control signals CL each connected to one of the systems.
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FIG. 10 1s an explanatory diagram showing a configura-
tion which 1s designed so that, the larger the number
assigned to a system, the larger the number of umit transis-
tors. By increasing the number of umt transistors, the
conducting-state resistance of the switch transistor SWT for
the system can be decreased finely.

If the number of systems increases, the number of control
signals CL rises. With the raised number of control signals
CL, however, the larger control-signal arrangement space
occupied by the control signals CL. may be the main cause
of the increased area 1n some cases. In order to reduce the
number of systems without decreasing the number of dif-
ferent values assigned to the conducting-state resistance, it
can adopt a technique whereby each of the systems 1is
configured by connecting unit transistors in parallel and
increase the number of unit transistors included 1n a system
with the number assigned to the system as shown in the
explanatory diagram of FIG. 10.

If a space 1s wasted due to variations of the unit-transistor
count from system to system, the switch transistors SWT are
arranged to form a matrix in place of an array shown in the
diagrams of FIGS. 5, 6A and 7A. Then, switch transistors
SWT 1n each system shown 1n the explanatory diagram are
connected to each other by making use of wires through
adoption of the branch structure as shown in FIG. 10.

Each of the embodiments described above executes con-
duction control on switch transistors SWT connected 1n
parallel between a first voltage line which can be the real
VSS line 2S and a second voltage line which can be the
virtual VSS line 308 or the virtual VSS line 20T, gradually
increasing the number of aforementioned switch transistors
SWT each put mn a conductive state. Thus, each of the
embodiments oflers a merit that 1t 1s possible to reduce the
length of time it takes to complete a sequence of conduction
controls which are commenced at the start of the conduction
control while repressing the peak of variations of a voltage
appearing on the first voltage line, that 1s, repressing the
peak of power-supply noises.

In addition, 1t should be understood by those skilled 1n the
art that a variety of modifications, combinations, sub-com-
binations and alterations may occur, depending on design
requirements and other factors as far as they are within the
scope of the appended claims or the equivalents thereof.

What 1s claimed 1s:

[1. A semiconductor integrated circuit comprising:

a first voltage line on which a specific one of a power-
supply voltage and a reference voltage appears;

a second voltage line;

a plurality of circuit cells each receiving power generated
as a diflerence between a voltage appearing on said
second voltage line and the other one of said power-
supply voltage and said reference voltage;

a plurality of switch transistors connected in parallel
between said first and second voltage lines to serve as
switch transistors including switch transistors having
conducting-state resistances which are different from
each other; and

a switch conduction control section configured to control
a transition of each of said switch transistors from a
non-conducting state to a conducting state at separate
points of time while abiding by a rule stating: any
specific one of said switch transistors shall be put in a
conducting state only after all said switch transistors
cach having a conducting-state resistance greater than
the conducting-state resistance of said specific switch
transistor have been put in a conducting state.]




US RE49,662 E

21

[2. The semiconductor integrated circuit according to
claim 1 wherein each of said switch transistors employs a
plurality of unit transistors which are controlled by said
switch conduction control section to be turned on or turned
ofl at the same time and have a uniform conducting-state
resistance. ]

[3. The semiconductor integrated circuit according to
claim 1 wherein, when controlling a transition of each of
said switch transistors from a non-conducting state to a
conducting state at separate points of time, said switch
conduction control section fixes the number of said switch
transistors to be controlled at the same point of time for each
of said points of time.]

[4. The semiconductor integrated circuit according to
claim 1 wherein, when controlling a transition of each of
said switch transistors from a non-conducting state to a
conducting state at separate points of time, said switch
conduction control section gradually increases the number
of said switch transistors to be controlled at the same point
of time.]

[S. The semiconductor integrated circuit according to
claim 1 wherein, when controlling a transition of each of
said switch transistors from a non-conducting state to a
conducting state at separate points of time, said switch
conduction control section gradually decreases time inter-
vals of conduction controls.]

[6. A semiconductor integrated circuit comprising:

a first voltage line on which one of a power-supply

voltage and a reference voltage appears;

a second voltage line;

a plurality of circuit cells each recerving power generated
as a difference between a voltage appearing on said
second voltage line and the other one of said power-
supply voltage and said reference voltage;

a plurality of switch transistors connected in parallel
between said first and second voltage lines; and

a switch conduction control section configured to control
a transition of each of said switch transistors from a
non-conducting state to a conducting state by turning
on said switch transistors at a plurality of time intervals,
cach time interval of said plurality of time intervals
beginning with a turning on of one of said switch
transistors and ending with a turning on of a subsequent
other transistor of said switch transistors,

wherein the plurality of time intervals 1includes a specific
time 1interval that 1s shorter than a preceding time
interval.}

[7. A power-supply control method to be adopted by a

semiconductor mtegrated circuit including:

a lirst voltage line on which a specific one of a power-
supply voltage and a reference voltage appears;

a second voltage line;

a plurality of switch transistors connected in parallel
between said first and second voltage lines to serve as
switch transistors including switch transistors having
conducting-state resistances which are different from
each other; and

a plurality of circuit cells each receiving power generated
as a difference between a voltage appearing on said
second voltage line and the other one of said power-
supply voltage and said reference voltage,

said power-supply control method comprising the step of

controlling an operation to supply power to said circuit
cells by putting each of said switch transistors 1n a
turned-ofl state or a turned-on state, through a conduc-
tion control of a transition of each of said switch
transistors from a non-conducting state to a conducting,
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state at separate points of time while abiding by a rule
stating: any specific one of said switch transistors shall
be put 1n a conducting state only after all said switch
transistors each having a conducting-state resistance
greater than said conducting-state resistance of said
specific switch transistor have been put 1n a conducting,
state. ]

[8. The power-supply control method to be adopted by a
semiconductor integrated circuit, according to claim 7,
wherein

cach of said switch transistors 1s configured to include a
plurality of unit transistors having uniform conducting-
state resistances, controlled through the conduction
control to be turned off and turned on at the same point
of time; and

during the conduction control, the number of said unit
transistors to be controlled simultaneously at the same
point of time i1s made gradually greater.]

[9. A semiconductor integrated circuit comprising:

a first voltage line including one of a power-supply
voltage and a reference voltage;

a second voltage line;

a plurality of circuit cells each receiving power generated
as a difference between a voltage included in said
second voltage line and the other one of said power-
supply voltage and said reference voltage;

a plurality of switch transistors connected in parallel
between said first and second voltage lines to serve as
switch transistors, the plurality of switch transistors
including switch transistors having conducting-state
resistances that are different from each other; and

a switch conduction control section configured to control
a transition of each of said switch transistors from a
non-conducting state to a conducting state at separate
points of time,

wherein a switch transistor of said plurality of switch
transistors 1s put 1n a conducting state only after other
switch transistors of said plurality of switch transistors
having a conducting-state resistance greater than the
conducting-state resistance of the switch transistor
have been put in a conducting state.}

[10. The semiconductor integrated circuit according to
claim 9, wherein each of said switch transistors employs a
plurality of unit transistors that are controlled by said switch
conduction control section to be turned on or turned off at
the same time and have a uniform conducting-state resis-
tance.}

[11. The semiconductor integrated circuit according to
claim 9, wherein, when controlling a transition of each of
said switch transistors from a non-conducting state to a
conducting state at separate points ol time, said switch
conduction control section fixes the number of said switch
transistors to be controlled at the same point of time for each
of said points of time.}

[12. The semiconductor integrated circuit according to
claim 9, wherein, when controlling a transition of each of
said switch transistors from a non-conducting state to a
conducting state at separate points of time, said switch
conduction control section gradually increases the number
of said switch transistors to be controlled at the same point
of time.]

[13. The semiconductor integrated circuit according to
claim 9, wherein, when controlling a transition of each of
said switch transistors from a non-conducting state to a
conducting state at separate points ol time, said switch
conduction control section gradually decreases time inter-
vals of conduction controls.}
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14. A semiconductor integrated civcuit comprising:

a first voltage line on which, as a first voltage, a specific
one of a power-supply voltage and a reference voltage
may appear,

a second voltage line on which a second voltage may
appear;

a plurality of circuit cells each configured to receive
power generated as a difference between the first
voltage on the first voltage line and the second voltage
on the second voltage line;

a plurality of switch transistors electrically connected in
parallel between the first voltage line and the second
voltage line; and

a switch conduction control section configured to control,
Jor each of the plurality of switch transistors, a tran-
sition from a non-conducting state to a conducting
state,

wherein the switch conduction control section is config-
ured to place any specific one of the plurality of switch
transistors in the conducting state only after the switch
conduction control section places, in the conducting
state, all of the plurality of switch transistors having a
conducting-state vesistance greater than a conducting-

state vesistance for the specific one of the plurality of

switch transistors,

wherein a conducting-state vesistance for a first one of the
plurality of switch transistors is greater than a con-
ducting-state resistance for a second one of the plural-
ity of switch transistors,

wherein a conducting-state vesistance for the second one

of the plurality of switch transistors is greater than a
conducting-state rvesistance for a third one of the plu-
rality of switch transistors, and

wherein the second one of the plurality of switch transis-

tors is between the first one of the plurality of switch
transistors and the third one of the plurality of switch
fransistors.

13. The semiconductor integrated circuit according to
claim 14, wherein the switch conduction control section is
configured to place the second one of the plurality of switch
transistors in the conducting state only after the switch
conduction control section places the first one of the plu-
rality of switch transistors in the conducting state.

16. The semiconductor integrated circuit according to
claim 14, wherein the switch conduction control section is
configured to place the third one of the plurality of switch
transistors in the conducting state only after the switch
conduction control section places the second one of the
plurality of switch transistors in the conducting state.

17. The semiconductor integrated circuit according to
claim 14, wherein the first voltage line and the second
voltage line are electrically connected divectly to the plu-
rality of switch transistors.
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18. The semiconductor integrated circuit according to
claim 14, further comprising:

circuit cells that ave in a functional civcuit cell layout area

of the semiconductor integrated circuit.

19. The semiconductor integrated circuit according to
claim 18, wherein the first one of the plurality of switch
transistors is outside the functional civcuit cell layout area
of the semiconductor integrated circuit.

20. The semiconductor integrated circuit accovding to
claim 18, wherein the second one of the plurality of switch
transistors is outside the functional civcuit cell layout area
of the semiconductor integrated circuit.

21. The semiconductor integrated circuit accorvding to
claim 18, wherein each of the circuit cells is configured to
receive the power.

22. The semiconductor integrated circuit according to

claim 14, wherein a first source/dvain vegion of the first one
of the plurality of switch transistors is wired directly to a

»q first node, wherein a second source/drain region of the
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second one of the plurality of switch transistors is wired
dirvectly to a second node, and wherein a third source/drain
region of the third one of the plurality of switch transistors
is wired directly to a third node.

23. The semiconductor integrated circuit accovding to
claim 22, wherein the first source/drain region is wired
dirvectly to the first voltage line at the first node.

24. The semiconductor integrated circuit accorvding to
claim 22, wherein a fourth source/drain vegion of the first
one of the plurality of switch transistors is wirved directly to
a fourth node, a fifth source/dvain rvegion of the second one
of the plurality of switch transistors is wired directly to a

fifth node, and a sixth source/drain vegion of the thivd one of

the plurality of switch transistors is wired directly to a sixth
node.

25. The semiconductor integrated circuit according to
claim 24, wherein the fourth source/dvain region of the first
one of the plurality of switch transistors is wired divectly to
the second voltage line at the fourth node.

26. The semiconductor integrated circuit accovding to
claim 14, wherein the switch conduction control section is
wired divectly to a gate electrode of the thivd one of the
plurality of switch transistors.

27. The semiconductor integrated circuit accovding to
claim 14, wherein the switch conduction control section is
wired directly to a gate electrode of the first one of the
plurality of switch transistors.

28. The semiconductor integrated circuit accovding to
claim 14, wherein the switch conduction control section is
wired directly to a gate electrode of the second one of the
plurality of switch transistors.
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