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Dual-threshold-voltage (dual-Vth) 0.25 pm CMOS 1V cells and macros were developed
which use a low Vth MOSFET to achieve high speed at a low voltage and a high Vth
MOSFET to keep the leakage current low in standby mode. The line-up of 1V charac-
terized logic standard cells, a fast signal level converter, a 1V-to-1.5V supply voltage
converter, and a 1V SRAM and 1V ROM consume on average 1/5 of the power con-
sumed by their equivalents in a conventional 0.25 um 2.5V CMOS library yet are only
50% slower and have almost the same amount of leakage current in standby mode.

1. Introduction

The low-power LSI is a key device in battery-
operated portable equipment such as cellular
phones and solid-state audio players. This equip-
ment requires high-performance digital signal
processing for the compression and expansion of
voice and other audio signals. For any given LSI,
a simple but effective way to reduce the power
consumption is to lower the supply voltage (VDD)
and clock-rate to the minimum levels that allow
sufficient performance.

In a logic library for CAD synthesis and lay-
out, which consists of components such as
standard cell inverters and NAND and NOR gates,
high-speed operation at low voltage helps reduce
the power consumption. One way to attain high-
speed operation at low voltage is to wait for the
next generation of a migrated process that has
improved MOSFETs. Another solution is to low-
er the MOSFET’s Vth and accept the penalty of
an increased leakage current. This involves a rel-
atively easy process modification and is currently
possible. The leakage current penalty can be elim-
inated by using multiple-threshold (MT) CMOSY
or variable-threshold (VT) CMOS? circuit tech-
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niques with a standby mode control signal. After
intensive study, for the logic part, we decided to
use an MT-CMOS technique that uses low-Vth
cells and high-Vth leak-cut switches. We devel-
oped a method in which conventional high-Vth
cells can easily be converted to low-Vth cells. This
method is described in Section 2.2.

When designing a 1 V-operated top core block
for an LSI, we also need high-speed 1 V memory
macros such as SRAM and ROM, a fast I/0 level-
converter that converts from 1 V to a higher
voltage, and a voltage-up converter for memory
macros. In these macros, low-Vth and high-Vth
MOSFETs are used in different ways from
MT-CMOS. The circuit techniques used here,
including the MT-CMOS logic techniques, can be
called “dual-Vth CMOS techniques.” In the fol-
lowing sections, we describe the dual-Vth 1 V
CMOS cells we have developed and some macros

that are based on the techniques.

2. Standard logic cells for 1V high-speed
operation
A 0.25 pm dual-Vth logic cell library was de-
veloped to achieve high speed at the low VDD of
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VDD dependence of delay in high-Vth and low-Vth inverters.

1V. This library allows us to design 1 V-operated,
low-power, high-speed logic circuits using conven-
tional CAD tools and flows. Figure 1 shows the
cell delays of the high-Vth and low-Vth inverters
according to HSPICE simulation. A conventional
0.25 pm library that uses a 0.45 V high-Vth
MOSFET is best tuned for 2.5 V operation.
Lowering VDD down to 1V, which is below the
standard voltage condition, drastically reduces
operating power to 1/6 of that at 2.5 V; however,
high-Vth MOSFET cells operated at 1 V are six
times slower than they are at 25 V. A 0.2V low-
Vth MOSFET can be employed to improve the
speed. This MOSFET operates only two times
slower than conventional cells at 2.5 V. The low-
Vth cell delay tables are tuned for a VDD of 1 V.

High-Vth nMOS leak-cut switches are also
inserted between the low-Vth leaky cell block and
GND to reduce the standby leakage power.
This requires physical layout changes in the
conventional library. Using a computer and a con-
ventional library, one person completed the delay,
power, and layout of a dual-Vth library of 350 cells
in just three months.

2.1 Dual Vth CMOS process
Sub-quarter-micron MOSFETSs have a driv-
ability proportional to (Vgs - Vth), where Vgs is
the applied gate-to-source voltage. This propor-
tionality affects the cell delay. They also have an
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Figure 2
MT-CMOS basic structure.

Table 1
MOSFET characteristics.
Low Vth High Vth
pMOS
Ids (LA/um) -57 -19
Vth (V) -0.20 -0.55
loff (A/um) -8E-10 -2E-13
nMOS
lds (MA/pum) 152 47
Vth (V) 0.20 0.55
loff (A/um) 6E-10 2E-13

(L=0.25pum Gox=55nm @Vds1V)

off current that is proportional to 10-V*5 where S
is the subthreshold swing (S factor) and is around
80 mV/decade. This proportionality of the off cur-
rent affects the standby leakage current. In
conventional high-Vth MOSFETSs, lowering VDD
to around 1V leads to a reduction of Vgs and caus-
es a prominent speed degradation. To improve
speed at a lower VDD without increasing the
standby current, MT-CMOSY was proposed. MT-
CMOS uses a low-Vth CMOS for logic and
high-Vth leak-cut switches inserted between the
logic block’s virtual GND and the GND power sup-
ply line, as shown in Figure 2. In standby mode,
the /Standby signal goes Low and the high-Vth
leak-cut switch maintains a very small leakage
current. The MOSFET’s characteristics are shown
in Table 1.

The guidelines for the low-Vth and the
power switch dimensions were studied. In con-
sideration of the process fluctuation margins and
temperature dependence, we decided on a low Vth
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of 0.2 V. Then, after intensive study, we designed
the leak-cut switches so that they have a drive
current that keeps the virtual GND noise below
50 mV even at the onset of the CMOS switching
current, which is estimated to have a current peak
10 times larger than the logic block’s average
current.

2.2 Low-Vth standard cells for MT-CMOS
logic circuits

The conventional standard cells were con-
verted to dual-Vth cells by one person in only three
months, whereas creating entirely new standard
cells would have taken five people three months.
This big difference in work arises because the
slight modifications in layout and delay calcula-
tions required for low-Vth MOSFET 1V operation
were mostly done by computer. The physical-
layout files for placement and routing were used
unchanged and were already certified in the CAD
flow.

Starting with conventional 0.25 pm standard
cells, we created low-Vth and high-Vth cells and
characterized their delays and powers. In terms
of changes in the physical layout, we removed the
substrate-contact pattern when making the low-
Vth cells from the conventional ones, as shown in
Figure 3. This was done because the MT-CMOS
requires a virtual GND line that is separated from
the GND level in standby. If the substrate-

contact was placed on the virtual GND line in

(Conventional cell) (Low-Vth cell)

VDD VDD
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Figure 3

Making a low-Vth MT-CMOS cell.
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each cell, it would have been short-circuited to the
substrate GND level and the leak-cut action would
not work. For the substrate contact of the low-
Vth cells, an additional contact cell (Figure 3 right)
was created and laid out at the power-supply
line design phase for the floor plan as shown in
Figure 4. This method allows us to keep the cell
size exactly the same as the conventional cell size
because the GND line patterns of a conventional
cell can be used as the virtual GND. Moreover,
placement and routing can be performed using
conventional CAD tools by regarding the virtual
GND as the conventional GND. For the high-Vth
cells, we simply added a high-Vth dose layer to
the conventional cells. These layout changes were
performed with a CAD script and only took a few
days.

The delay library of each low-Vth cell was
characterized at 1 V. The power consumption at
1V was reduced to 1/4 to 1/6 the power consump-
tion of conventional 2.5 V VDD cells. The 350
low-Vth cells were therefore characterized at a Vth
0of 0.2V and a VDD of 1 V to create a delay library
and a power library. This characterization pro-
vides a precise delay library and is necessary for
tuning low-voltage, high-speed logic circuits.

3. Custom macros

MT-CMOS outputs an uncertain logic level
while in standby. This causes a transient current
in pMOS and nMOS transistors that are in the on

VDD
Virtual
Cell row GND
Cell row
Cell row
A1 Al cerow
A High-Vth Tr.
|:“— Standby
L= GND

Figure 4
Layout of virtual GND lines and leak-cut switch MOSFET.
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state in a receiver. Also, MT-CMOS needs a
1 V-t0-2.5 V level converter to connect a standard
I/O macro of an LSI. A fast level-converter with a
standby clip was developed to meet these require-
ments. Also, to supply 1.5 V power for a SRAM
macro, a high-efficiency voltage-up converter with
a standby mode was developed. These two mac-
ros are indispensable for designing practical LSIs

that have a low-voltage core.

3.1 Fast level-converter with standby
clip
The 1 V MT-CMOS logic core must be con-
nected to the existing conventional 2.5V or 3.3V
I/0. A fast, dual-Vth 1.0 V-to-2.5 V level convert-
er was developed. Figures 5 and 6 show a

||: o|[ : Low Vth ||j| o||: : High Vth
VDD (1V) 25V
|
Core |
logic 2 i

IHSIe—ep .S )

MT-CMOS ,

________ 4

Conventional level converter

Figure 5
Conventional level conversion from MT-CMOS to
high-voltage signal.

||: o||: : Low Vth

VDD (1V)

||: o||: - High Vth

25V

All low
Vth Tr.

Out

Standby

Figure 6
New level converter with standby clip.
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conventional level converter and a new proposed
one with a standby clip, respectively. In the con-
ventional converter, a NAND control using a
high-Vth MOSFET with a standby signal input is
placed in front of a simple level-converter in or-
der to suppress the input pMOS and nMOS
transient on-current in standby mode. However,
as shown in Figure 7, the circuit delay is signifi-
cantly increased when VDD goes as low as 1 V.
This is because a high-Vth inverter supplied at
1 V is used in the level converter. On the other
hand, the proposed level converter shown in
Figure 6 performs a NAND function at the 2.5V
VDD level-converter stage using low-Vth MOS-
FETs. As a result, as shown in Figure 7, the new
converter has a 450 ps delay at 1 V and a reduced

power consumption.

3.2 High-efficiency 1.5V voltage-up

converter for SRAMs

Most LSIs need SRAMs. A 1V, low-power
7.0 ns 2 Kw SRAM?® has been developed which
needs a VDD of 1.0 V and a VDDH of 1.5 V. The
VDDH word line and the BL precharge source lev-
els enhance speed and maintain a low leakage
current of 1 uyW in standby mode. To generate
VDDH from the supplied VDD, a 1.0 V-to-1.5 V
voltage-up converter with an efficiency of up to

59% was designed. When this converter is incor-

VDD (V)

Figure 7
Delay and power consumption of conventional converter
and new level converter with standby clip.
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porated into the SRAM, the SRAM consumes
2.49 mW at 50 MHz and VDD = 1.0 V, which is
less than the 2.68 mW consumed by the SRAM
when a 1.5 V-t0-1.0 V series regulator is used. The
block diagram of this converter is shown in
Figure 8. In the active mode, the VCO is con-
trolled by the charge pump output to maintain it
at 1.6V and aregulated VDDH of 1.5V £ 20 mV is
supplied through the voltage regulator. The high
efficiency is due to the cross-couple switches of the
charge pump, which are gated above the
1 V level to avoid a Vth loss.* Using a large
1700 pF gate capacitance for high-speed load noise
allows the voltage regulator and the VCO to oper-
ate slower at low power. In the standby mode, the
VCO and the regulator are disconnected and
turned off because they use current mirror com-
parators which consume roughly 200 pyW. A slow
ring-oscillator that operates at 10 MHz periodi-
cally activates the dynamic Vref generator® and
the dynamic comparator in order to monitor the
charge pump output and to impulse the charge
pump when VDDH decreases. This scheme reduc-
es the standby power to 11 pW to maintain VDDH
at 1.6 V+ 50 mV when the load leakage is 1 pA.
Figure 9 shows the active mode efficiency versus
load current when the load is a 50 MHz SRAM.

4. Low-power 1V SRAM macro
Reducing the power of SRAM macros is also
necessary for low-power LSIs. We therefore fo-
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Figure 8
Voltage-up converter with standby mode.
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cused on reducing the total cell read current of
the SRAM. To reduce the cell read current, it is
advisable to use a divided word line structure that
activates only a single cell for each I/O bit and a
column-pitch sense amplifier (S/A) such as the one
used in a DRAM. To obtain this column-pitch
S/A, it is also desirable to use the minimum gate
length of the applied technology, although this
causes a threshold voltage mismatch between the
MOSFET pair in the S/A. We therefore designed
a new charge transfer S/A for the SRAM that can
compensate for the threshold voltage mismatch.?

4.1 Concept of charge transfer pre-sense

Figure 10 shows the concept of the charge
transfer pre-sense amplification.®” A key device
in this amplifier is an nMOS FET (CT in the fig-

80

Simulated

o]
o

Efficiency (%)
N
o

20

Load : 50 MHz SRAM

|
0 1 2
Load current (mA)

Figure 9
Active mode efficiency of voltage-up converter.
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Figure 10
Charge transfer pre-sense amplification.
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ure) with its source (s) connected to a bit line (BL).
The drain (d) of the nMOS is connected to a switch
for pre-charging. The operation is as follows.
During the BL pre-charge phase, the switch is
turned on and the CT allows the BL voltage to
rise until it reaches (supply voltage - Vth), where
Vth is the threshold voltage of the CT. Then, in
the pre-sense phase, the switch is turned off and
the word line (WL) is set to a high voltage. When
the BL voltage starts to fall, the CT begins to turn
on and transfers the charge from the drain to the
source. The voltage of the drain falls much faster
than the BL voltage because the capacitance of
the drain is much smaller than that of the BL.

There is an identical circuit on another BL
whose level is not lowered by the cell. On this
side, the voltage of the drain is lowered slowly by
the CT’s leakage current because the CT has not
completely finished its pre-charging. As a result,
the voltage difference between the two drains
(AVCT) is much larger than the BL drop (AVBL).
After the charge transfer pre-sense, the latch am-
plifier amplifies the voltage difference, AVCT, to
full-swing.

4.2 Vth mismatch-free charge transfer
sense amplifier
Figure 11 (a) shows the new charge trans-
fer S/A. In this amplifier, the CTs perform charge
transfer pre-sensing and are configured as a cross-
coupled latch.” If the two CTs have different Vth

Vth1  Vth2

~
BL /BL

AVs=| Vth1-Vth2 | + AVBL
(b) Latch phase

(a) Pre-charge phase

Figure 11
Vth mismatch in cross-coupled CT amplifier.
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values, Vth1l and Vth2, the BL voltages are set at
the respective beginning point of charge transfer
in the pre-sense phase. As a result, the amplifier
compensates for the Vth mismatch in the pre-
sense phase.

Figure 11 (b) shows how Vth mismatch af-
fects the S/A in the latch phase. The pre-amplified
voltage difference, AVCT, is already established
between the two drains. Also, the source voltages
already have a difference of AVs = | Vth1-Vth2 |
+ AVBL, where AVBL is the BL voltage drop
caused by cell access. Therefore, the latch opera-
tion is also free from the Vth mismatch between
the MOSFETs.

4.3 Features of SRAM macro

Using the new charge transfer S/A, a 2K x
16-bit SRAM macro was designed with the dual-
Vth 0.25 pm process. Figure 12 shows a
photograph of the SRAM; it measures 1.80 x
0.73 mm?.

The access time of this SRAM is 7.0 ns at a
power supply voltage of 1 V at 85°C. The access
time at 85°C is only 6% slower than that at 25°C
and is consistent with the temperature depen-
dence of the MOS Ids characteristics. At 50 MHz,
the SRAM consumes 1.95 mW at a VDD of 1 V
and a VDDH of 1.5 V. The boosted voltage, which
is used in S/As, word lines, and leak-cut switches,
is supplied by the previously described voltage-
up converter and is always kept 0.5 V higher than

0.73 mm

Figure 12
Photograph of SRAM macro.
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Table 2
Main features of SRAM macro.
Cell size 3.2 x 5.5 pm?
pMOS width 0.75 pm

Driver nMOS width 1.5 um

Access nMOS width | 0.75 pm
Metal 2-layer
Organization 2K x 16-bit SRAM
Macro size 0.73 x 1.80 mm?
Supply voltage 1V (Boost: 1.5V)
TAA 7.0ns
Power 1.95 mW @50 MHz
Cell power 5% of total power

Leakage power 1 W in standby

VDD.

By using the divided word line structure and
charge transfer S/A, the cell read power has been
reduced to only 5% of the total power. All periph-
eral circuits of the SRAM employ the dual-Vth
CMOS circuit. On the other hand, the memory
cells consist of high-Vth MOSFETS to reduce the
leakage current in standby mode. The SRAM
achieves a low leakage power consumption of
1 pW in standby mode. The main features are
summarized in Table 2. Compared to the con-
ventional SRAM at 2.5 V,the new SRAM at 1.0V
consumes 1/4 of the power and operates at half
the speed.

5. ROM macro

Contact-programming mask ROMs are ac-
commodated in LSIs for the boot sequence and
lookup code tables.®1” Compared with logic cir-
cuits, in memory macros such as SRAMs and
ROMs it has been more difficult to lower the sup-
ply voltage (VDD) while maintaining high-speed
operation. This is because these macros have an
analog S/A. This chapter presents a novel sens-
ing scheme for operating a ROM quickly at a low
VDD. We have developed 2K x 16-bit and 4K
x 8-bit ROM macros using a dual-Vth CMOS
0.25 um technology.!? At 25°C, 1.0V, and 50 MHz,
the access time and power consumption are

7.0 ns and 1.4 mW, respectively.
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Figure 13
Self-controlled pre-charging sense circuit in the ROM.

5.1 Self-controlled pre-charging
scheme for sense amplifiers

When the programmed data is read, the sense
amplifier (S/A) of a ROM amplifies the small bit-
line (BL) swing driven by the cell to the VDD
output swing. Thus, a high-speed S/A is an im-
portant requirement in a low-power ROM.

In the conventional low-power sensing
scheme of a ROM, multiple BLs are connected to
a sense circuit and only one BL is selectively pre-
charged, while the others are left at 0 V.1 When
the selected BL is charged to a sense level only
slightly higher than the threshold of the S/A, the
BL level can easily be pulled down below the
threshold by the cell and the high-gain S/A can
operate faster. We have developed an S/A in which
a cell, a charge-transfer gate, and a pull-up pMOS
have a cascode connection with a following invert-
er.!1? This S/A has a threshold level sufficiently
lower than 1/2 VDD, which leads to a reduction in
pre-charging current.

Precise precharge level control is essential
for utilizing a high-gain cascode S/A, and it is nec-
essary to pin the BL level quickly to the sense
level. However, when programming a 0, the cell
transistor’s drain contacts the BL, and its diffu-
sion capacitance is added to the BL capacitance.
The more 0-programmed cells there are per BL,
the larger the BL capacitance and the longer it
takes to charge the BL to the sense level.

Figure 13 shows the block diagram of the
sense circuit using a self-controlled pre-charging

FUJITSU Sci. Tech. J.,36, 1,(June 2000)
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Figure 14
Waveforms of bitline pre-charge by dummy S/A
feedback.

scheme. The sense circuit consists of a read cas-
code S/A, a dummy cascode S/A, a BL booster, and
a pull-down circuit. First, the dummy S/A is
turned on by the control signal PU1 and the BL
booster starts to charge the BL rapidly. The dum-
my S/A is a replica of the read S/A; it monitors the
BL level and turns the BL booster off when the
BL reaches the sense level. When the BL capaci-
tance is large, the dummy S/A delays the
completion of pre-charging as shown in Figure 14.

The pull-down circuit is on only while the BL.
booster is being switched off and compensates for
the excess pre-charge level of the BL induced by
the feedback delay. After the BL booster is turned
off, the BL level is pulled down by the cell by a
0-read or is weakly charged by the pull-up pMOS
of the dummy S/A by a 1-read. Then, the read
S/A is turned on by the control signal PU2, turn-
ing the dummy S/A off, and the output of the sense
circuit responds.

A series of these self-controlled pre-charging
operations minimizes the effect of the variation
of the pre-charge level on the BL capacitance and

provides high-speed sensing.
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ROM cell patterns of conventional and new cells.

5.2 ROM cell layout for current

enhancement

A ROM’s cell current should be large enough
to avoid sensing errors at a low VDD. However, it
is difficult to enhance the current by lowering the
Vth of the cell transistor because the leakage cur-
rent should be kept small. Without the boosted
high-voltage WL to simplify the circuit, one solu-
tion is to increase the channel width of the cell
transistors with little increase in cell area.

Figure 15 shows the layout patterns of con-
tact-programming NOR-type mask ROM cell
arrays of conventional cells and the new proposed
cell. For low-power sensing, only one BL is selec-
tively pre-charged, while the others are left at
0V. The WL of our new cell has a branch between
neighboring cells, and the cell current is enhanced
by the additional current path between the select-
ed BL and the next cell. In 0.25 pm technology,
the cell current of the improved cell can be more
than twice that in the conventional cell with only

a 20% increase in area.

5.3 ROM macro performance
We have developed 4K x 8-bit and 2K x
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Figure 16
Photogragh of ROM macro.

Table 3
Main features of ROM macro.

Cell size 1.45 x 1.10 pm?2

Metal 2 layers

Organization 2K x 16-bit/4K x 8-bit ROM

Macro size 0.45 x 0.57 mm2

Supply voltage 1.0V

TAA 7.0 ns (2K x 16-bit)/6.9 ns (4K x 8-bit)
Power (50 MHz) | 1.4 mW (2K x 16-bit)/1.1 mW (4K x 8-bit)

16-bit ROM macros. Figure 16 shows a photo-
graph of the 4K x 8-bit ROM; it measures 0.45 x
0.57 mm? Table 3 summarizes the main features
of the ROM. The access time and power consump-
tion of the 2K x 16-bit ROM at 25°C, 1.0 V, and
50 MHz are 7.0 ns and 1.4 mW, respectively. The
ROM consumes half the power of the convention-
al ROM at 2.5 V but is only 2.3 times slower. These
macros operate down to 0.8 V.

6. Summary

Dual-Vth 0.25 pm 1V low-power CMOS mac-
ros were developed. Using the dual-Vth CMOS
process, 350 low-Vth logic cells for MT-CMOS
were created and characterized at 1 V. A fast
signal-level converter, 1 V-to-1.5V supply-voltage
converter, 1 V SRAM, and 1 V ROM were also
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developed. Compared to the components of a con-
ventional 0.25 um 2.5 V CMOS library, all of these
components consume an average of 1/5 of the pow-
er, operate at half the speed, and have almost the

same amount of leakage current in standby mode.
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