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Recently, low-power requirements are getting stronger in VLSI
designs. Since the power consumption of CMOS VLSIs quadratically
depends on the supply voltage, low-voltage circuits have been
exploited. If a VLSI is operated in 0.5V~0.8V VDD range for low-
power consumption, the threshold voltage of MOSFETs, VTH,
should be well below 0.5V to turn the MOSFETs on. VTH between
0.1V and 0.2V causes 10nA-order subthreshold leakage current
per logic gate in a standby mode, which leads to 10mA standby
current for 1M-gate VLSIs. This hinders application of the
VLSIs in mobile equipment powered by a small battery. The
super cut-off CMOS (SCCMOS) circuit overcomes this problem.
With the SCCMOS, operation is possible below 0.5V~0.8V VDD
with 0.1V~0.2V VTH and, at the same time, pA-order standby
current per logic gate can be achieved.

Figure 1 shows a circuit diagram of the SCCMOS for a pMOS
insertion case. Low-VTH pMOS, M1, whose VTH is 0.1V~0.2V is
inserted in series with a low-VTH circuit block. The gate of the
inserted pMOS is applied 0V in an active mode and is over driven
to ~0.9V in standby. A p-type substrate is widely used and the
body of pMOSFETs can be connected to the virtual VDD line,
which does not require another line for the pMOS body bias.
Therefore, modification to the cell library is not needed. nMOS
insertion is possible where the gate of the inserted nMOS is
driven to about -0.4V in standby to fully cut off leakage current.
The gate bias generator can be without a feedback loop as is
shown in the figure because an exact control of the voltage is
not needed. Figure 1 shows a technique to reduce the voltage
across the gate oxide that can be used when oxide reliability is
an issue.

There are other ways to realize speed at low-VDD. Multi-
threshold CMOS (MTCMOS) uses high-VTH devices (0.6V~0.7V)
in series to low-VTH transistor circuits to fully cut off the leakage
current in standby [1]. MTCMOS does not work below 0.7V VDD
because the high-VTH MOSFET does not turn on. Variable
threshold CMOS (VTCMOS) applies backgate bias to fully cut
off the subthreshold current in standby [2, 3]. The scheme can
not be applied to fully-depleted SOI devices and is difficult to
apply to partially-depleted SOI circuits due to the overhead
needed to apply body bias. Another drawback is that the
VTCMOS requires modifications to cell libraries to separate
substrate/well bias lines from supply voltage lines.

Dynamic threshold MOS (DTMOS) suffers from 10mA-range leak-
age current at 0.5V~0.7V VDD for 1M-gate VLSIs in standby
because of the inherent forward bias current of pn-junctions
[4]. SCCMOS in conjunction with DTMOS cuts off the leakage
current in standby and retains the speed of the DTMOS in
active. VTCMOS can not be used in conjunction with the
DTMOS where a backgate is always fixed to a gate voltage.

A test chip fabricated using 0.3µm triple-metal CMOS process
with 0.2V VTH demonstrates feasibility of the SCCMOS. A
micrograph is shown in Figure 2. Measured speed of an inverter
and 2-input NAND gate with fanout of three are shown in
Figure 3. MOSFET gate widths in the logic gates are 2.4µm and
width of the serially inserted MOSFET is 10µm. The SCCMOS
pushes the low-voltage operation limit of CMOS logic over the
MTCMOS. Measured leakage is below 1pA per gate in standby.

The gate bias generator is 100x100µm2 and the power consump-
tion is 0.1µA with 10kHz pumping frequency. Active power
consumption of a fanout-3 NAND gate is 8fJ per switching.

When the circuit is in standby, the virtual VDD drops to 0V due
to high leakage of the low-VTH circuits. Then flip-flops in the low-
VTH circuits lose stored information in standby. One way to solve
the problem at a system level is to scan all information stored
in flip-flops into a memory before entering standby and to
restore the information into flip-flops at resume using scan-
path flip-flops. When this does not work, a special flip-flop in
Figure 4 can be used. The waveforms are also shown in the
figure. The basic current-latch flip-flop is a low-power flip-flop
extensively used in design. The flip-flop is made of low-VTH
devices for speed with serial cut-off MOSFET and SRAM cell is
added to the basic flip-flop.

The SRAM storage element is composed of high-VTH MOSFETs
(0.6V) to suppress leakage current in standby. The source
voltage of the SRAM cell is -0.5V to obtain strong drive in the
resume process. If the drive is low, it can not write the stored
information back into the output node of the cross-coupled
NORs.

Figure 5 is a measured speed characteristics of the flip-flop.
Numbers in the figure signify gate width. To measure flip-flop
speed, a flip-flop chain with edge-trigger pulse generators is
used and delay of the edge-trigger pulse generators is sub-
tracted to get the flip-flop delay. -0.5V is applied to the p-
substrate to prevent pn-junction forward bias. Since the process
is not triple-well, -0.5V backgate bias increases the VTH of
nMOSs to 0.3V. This is why the flip-flop is slow. With a triple-
well technology, flip-flop delay is decreased to three times the
inverter delay with fanout of three.

Figure 6 shows a measured speed characteristics of pass-transistor
logic (PTL) in SCCMOS. The PTL provides area efficiency. The
schematic, also shown in the figure, is single-rail implementa-
tion with small feedback pMOS for restoring VTH drop with the
series nMOS connection. Operation with 1V VDD is certified.

The PTL test circuit uses a gate-array structure in Figure 7. Cell
structure is optimized for single-rail PTL and is simpler than
previously published basic cell structure [5]. SRAM cells can also
be designed with the basic cell as in Figure 7.
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Figure 1: Super cut-off CMOS (SCCMOS) scheme.

Figure 3: Speed of inverter and NAND with SCCMOS.

Figure 6: Speed of PTL with SCCMOS.

Figure 7: PTL oriented gate array.

Figure 5: Speed of flip-flop with SCCMOS.

Figure 4: SCCMOS flip-flop and operating waveforms.
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Figure  2: Test chip micrograph.
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Figure 1: Super cut-off CMOS (SCCMOS) scheme.
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Figure  2: Test chip micrograph.
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Figure 3: Speed of inverter and NAND with SCCMOS.
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Figure 4: SCCMOS flip-flop and operating waveforms.
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Figure 5: Speed of flip-flop with SCCMOS.
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Figure 6: Speed of PTL with SCCMOS.
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Figure 7: PTL oriented gate array.


