
MTCMOS Sequential Circuits

Abstract

Multi-threshold CMOS is an increasingly popular circuit
technique that enables high performance and low power opera-
tion, but requires sequential circuit structures that can retain
state during standby modes. This work presents an in depth
analysis of potential leakage paths, and yields several efficient
MTCMOS flip flop implementations including a novel approach
that utilizes a leakage feedback gate to enable state retention
during standby modes in dynamic flip flops. 

1. Background

In order to reduce overall power consumption, a well
known technique is to scale supply voltages. However, to main-
tain performance, device threshold voltages must scale as well,
which will cause subthreshold leakage currents to increase
exponentially. Controlling subthreshold leakage has been
explored significantly in the literature, especially in the context
of reducing leakage currents in burst mode type circuits, where
the system spends the majority of the time in an idle standby, or
sleep, state where no computation is taking place. MTCMOS,
or multi-threshold CMOS has been proposed as a very effective
technique for reducing leakage currents during the standby by
state by utilizing high Vt sleep devices to gate the power sup-
plies of a low Vt logic block[1][2].

Although MTCMOS circuit techniques are effective for
controlling leakage currents in combinational logic, a drawback
is that it can cause internal nodes to float, and cannot be directly
used in standard memory cells without corrupting stored data.
As a result, several researchers have explored possible MTC-
MOS latch designs that can reduce leakage currents yet main-
tain state during the standby modes[3-7]. Some of this previous
work did not fully characterize the sneak leakage paths that can
arise in sequential circuits, and other techniques, such as the
“balloon” flip flop require excessively complex timing require-
ments to store and retrieve memory states when entering and
exiting the sleep state.

In this work, a more fundamental understanding of leakage
currents in sequential MTCMOS circuits is explored, which
leads to several possible master slave flip flop implementations
that are streamlined and high performance, yet also eliminate all
possible sneak leakage paths during the standby mode. A new
type of flip flop utilizing a leakage feedback mechanism is also
presented, which can be applied to dynamic flip flops that can
actually retain state during the standby state. 

2. MTCMOS Flip Flop Leakage Paths

An MTCMOS flip flop that can retain memory during the
standby state is shown below in Fig. 1. This implementation is a

straightforward extension of a standard master slave flip flop,
where leakage paths are carefully eliminated.

The basic latch structure used in this flip flop is similar to
that of the MTCMOS latch first presented in [2], where a helper
high Vt inverter is used to preserve state during the standby
mode. However, here low Vt devices are used throughout the
critical path while high Vt devices are used in peripheral cir-
cuitry that simply holds state. By making passgate P2 high Vt,
the performance of the master latch actually improves because
during the transparent state, I1 would not have to fight against I5
through an off low Vt passgate. However, the drawback is that
when CLK goes high, I5 and P2 need to be strong enough to cor-
rectly hold the state at node N2 because N2 and N1 might be
driven to opposite rails. Other than this sizing condition, the
active operation of this flip flop is straightforward. During the
standby state, all leakage current paths are also eliminated to
minimize power dissipation.

One of the problems with sequential circuits that utilize
feedback and parallel devices is that sneak leakage paths may
exist. The flip flop of Fig. 1 is a good example of how distrib-
uted high Vt sleep transistors and dual polarity sleep devices are
needed to eliminate sneak leakage currents during the standby
condition. Sneak leakage paths can arise in MTCMOS circuits
whenever the output of an MTCMOS gate is electrically con-
nected to the output of a CMOS gate. In fact, the interfacing
between MTCMOS type circuits and CMOS type circuits is
what gives rise to potential leakage paths. For example, if a
datapath block is implemented with only MTCMOS gates, then
a single high Vt switch (either PMOS or NMOS) is sufficient to
eliminate subthreshold leakage currents during the standby state
because all current paths from VCC to GND must pass through
an off high Vt device. However, if CMOS gates and MTCMOS
gates are combined together, sneak leakage paths can arise that
bypass the off high Vt devices.
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Figure 1.  MTCMOS circuit structure (drives 
another MTCMOS block) with input buffer.
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Fig. 2 shows two examples that illustrate how sneak paths
may exist if only one polarity sleep device is employed and the
output of a CMOS gate is connected (directly or through low Vt
passgates) to the output of a MTCMOS gate.

In the first case, a direct leakage path exists that circum-
vents the off high Vt device completely. In the second scenario,
a sneak path can also exist if a low Vt passgate is placed
between an MTCMOS gate and a CMOS gate. If both ends of
the passgate are driven to opposite polarities, then a large leak-
age current will exist. Even if the input to Fig. 2B were to go
“high” instead, there would still be a potential sneak leak path
through the off low Vt PMOS of I1 in series with the turned-off
(but still leaky) passgate P1 to GND. These sneak leakage paths
resulting from parallel gate constructions can easily be con-
trolled by using both PMOS and NMOS polarity sleep transis-
tors to ensure that both paths from VCC and to GND are cutoff
for MTCMOS circuits.

However, in some cases, simply using both polarity sleep
devices is not enough. If high Vt sleep devices are shared
among multiple MTCMOS gates, then there exists the possibil-
ity of sneak leakage paths that arise due to reverse conduction
paths. These scenarios can arise when there are several MTC-
MOS - CMOS gate pairs that have a common output node, or
are connected with low Vt passgates, as illustrated in Fig. 3.

Such a sneak leakage path originates from VCC of one of
the CMOS gates, travels through the virtual power lines and
exits to GND through another CMOS gate. The flow of current
thus travels through an MTCMOS gate in a reverse conduction
path (a PMOS current flowing from the device output towards
virtual VCC, or a NMOS device current flowing from virtual
GND to the device output). In general, one can eliminate this
type of sneak leakage path for a block with a common virtual
power and virtual ground lines by ensuring that no more than
one CMOS-MTCMOS gate pair has a common output node.
Another way to eliminate this leakage path is to use separate
local high Vt sleep devices for those MTCMOS gates with out-
puts that are electrically connected to CMOS outputs. 

A final sneak current path can arise when an MTCMOS
gate directly drives a CMOS gate. During the standby state, the
output of the MTCMOS gate can float and as a result can cause
short circuit currents to exist. For the flip flop of Fig. 1, nodes
N2 and N3 are always driven during the standby state, so these
nodes can directly drive CMOS gates I4 and I5. However, by
construction node OUT can float so I6 must be disconnected
from the power supplies during the standby state and can only
be interfaced to MTCMOS gates downstream.

The flip flop of Fig. 1 utilizes local sleep devices of both
polarities to effectively eliminate sneak leakage paths. Although
sleep transistor area can be large because sleep devices cannot
be shared among multiple blocks (like in combinational MTC-
MOS circuits), the penalty is not too severe because having
local control of sleep devices makes it easier to size the sleep
devices and also decouples noise from different switching
blocks from sensitive storage nodes. However, if area is of pre-
mium importance, one can modify the architecture of the flip
flop of Fig. 1 by simply disconnecting I4 and I5 from the inter-
nal node N3, which disconnects CMOS outputs from MTCMOS
output nodes, while still providing a latch recirculation path
during the opaque state. In this case, local high Vt sleep devices
are needed for I1, but a shared virtual VCC or virtual GND line
with a common sleep transistor can be used for I2 and I3. In fact,
only a single polarity shared sleep device is needed to eliminate
leakage currents. In a large register for example, sharing a com-
mon NMOS sleep transistor among several flip flop and logic
blocks can result in large area savings at the expense of more
complicated sleep transistor sizing methodologies[2].

3. Leakage Feedback Gate

The most straightforward way to provide state retention in
sequential circuits it to utilize high Vt parallel gates to recircu-
late data during the standby mode. However, the use of parallel
high Vt inverters is detrimental to performance because these
gates provide extra load to the critical path, but do not apprecia-
bly improve current drive. An alternative approach to maintain
state during the standby mode is to utilize a leakage feedback
gate, as shown below.

The important characteristic of this type of gate is that
depending on the state of the latest output, one but not both,
helper sleep devices (P2 or N2) is turned on. During the standby
state, both high Vt sleep devices P1 and N1 are turned off, but
only one of the helper sleep devices will be turned off. The
helper sleep device that is kept on will simply correspond to the
one that continues to drive the output signal to the appropriate
rail. As a result, during the standby state the output node will
still be driven to one rail or the other, yet because any path from
power to ground must encounter a strongly turned off high Vt

Figure 2.  Potential sneak leakage paths with 
only one polarity sleep device (dual cases leak 
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device, the leakage currents will be reduced by several orders of
magnitude. This provides a mechanism where an MTCMOS
gate can be put in a low leakage state, yet still actively drive its
outputs.

Even if the input signal to a leakage feedback gate does
transition or float after the gate is placed in the standby mode,
the output voltage will still be held to the same logic value
(through a leakage path). This occurs because the output of the
leakage feedback gate will be determined by the relative
strengths of the leakage current through an “on” high Vt device
in series with an “off” low Vt device pulling against the leakage
current of an “off” high Vt device in series with an “on” low Vt
device. As long as the high threshold voltages are larger than
the low threshold voltages, then the path with the “on” high Vt
device and “off” low Vt device will dominate and thus continue
to pull the output voltage to the same rail as before. Because the
functionality of this leakage feedback selectively enables either
the virtual power or virtual ground lines depending on the last
data present, leakage feedback gates must utilize local high Vt
sleep devices. However, utilizing local sleep devices may
already be desirable for sensitive circuits like flip flop and
latches that should be decoupled from the switching activities of
neighboring gates.

An immediate use of the leakage feedback gate is that it
can be used as an interface circuit between MTCMOS and
CMOS logic blocks. For example the last stage of any MTC-
MOS block can be implemented as a leakage feedback gate
such that during the standby mode the output is still driven. As a
result, this stage can safely drive a standard CMOS gate without
creating short circuit currents due to floating inputs.

4. Leakage Feedback Static Flip Flop

Another use of the leakage feedback gate is to modify the
static MTCMOS flip flop to eliminate the need for the parallel
inverter to recirculate data. The leakage feedback structure can
be used instead, which does not slow down the critical path
because no extra capacitances are introduced on internal nodes
as seen in Fig. 5. The addition of the helper sleep devices only
add load to the outputs of I4 and I5 which are not part of the crit-
ical path, so the speed of the MTCMOS flip flop is not compro-
mised.

During the active operation, the leakage feedback static
flip flop operates like an ordinary master slave flip flop with
performance superior to that of the original flip flop of Fig. 1.
During the standby state, the leakage feedback gate stores the
flip flop state in the master stage while clock is high. Further-
more the slave stage is configured such that the output node
does not float during standby mode so that it can interface
directly to CMOS devices. These two added functionalities can

be implemented using leakage feedback gates without any loss
in performance since no extra loading is introduced on the criti-
cal path. Since both nodes N1 and N3 are actively driven during
the standby state, the leakage feedback gates actively hold their
outputs as well, and thus functions exactly like the previous flip
flop using high Vt recirculation paths.

5. Leakage Feedback Dynamic Flip Flop

One especially useful application of the leakage feedback
gate is to implement dynamic flip flops that retain state during
the standby mode yet still have very fast circuit performance
during the active state.

During the active switching mode, the leakage feedback
dynamic flip flop operates like a conventional one, where the
state of the master and slave latches are simply stored on the
dynamic nodes at the inputs of I1 and I2. Because leakage cur-
rents will be large when using low Vt devices, the clock period
must be made fast enough such that the node voltages can be
stable over the clock periods of interest. By utilizing leakage
feedback gates in a dynamic flip flop however, it will be possi-
ble to retain data during the standby state when CLK is high.
This enables a timing methodology where standby gating can be
performed so that a block can be stalled in time, and yet can be
woken up again to complete the computation. Clock gating
alone would not be sufficient because during the active state the
flip flop’s dynamic nodes would simply leak away, and data
would be corrupted. The leakage feedback gate provides an
added functionality to architectures with dynamic flip flops not
available before. Conventional dynamic flip flops are incapable
of maintaining data during the standby modes, so previous
architectures that provide for block shut down periods must
explicitly provide peripheral circuitry to retain state. 

When the dynamic flip flop is placed in a sleep condition
however, the leakage feedback mechanism retains the data even
if the internal dynamic nodes change. However, because the
input voltage to the leakage feedback gate can float, the timing
requirement coming out of the sleep state requires that the phase
of the master latch sleep signals, Smaster and Smaster, lag the
main sleep signals, Sleep and Sleep, by one half cycle. This is
because when transitioning from the sleep state to the active
mode state, one cannot immediately turn on the master latch
high Vt sleep transistors because that might accidentally cause
the data to flip state.  As a result, the master slave can exit the
sleep condition only after the clock goes low and the slave stage
latches the stored data. 

6. Simulations

Simulations were performed on the various MTCMOS flip
flop architectures in a 0.16u technology with high Vt approxi-
mately .15V and low Vt approximately .05V (defined the 10 nA
@ 10um point). Fig. 7 illustrates how the leakage feedback gate
of Fig. 4 can hold data during the standby state even when the
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input varies during the sleep state.

Fig. 8 shows simulations comparing the total delay (Tsetup
+ TCQ) of the flip flops of Fig. 1, Fig. 5, and Fig. 6 as function
of the sleep transistor W/L ratio expressed as a percentage of
the total width. As can be seen, the leakage feedback static flip
flop shows a slight improvement over the MTCMOS flip flop of
Fig. 1 because of reduced loading. This benefit is compounded
by the fact that the leakage feedback flip flop can drive an ordi-
nary CMOS output whereas the standard flip flop would have to
modified and take another performance hit to provide this func-
tionality. The delay through the leakage feedback dynamic flip
flop is shown to be the fastest of all three circuits, as expected
since loading of internal loads is minimized. Again, this
dynamic flip flop can still retain state during the standby modes,
which yields significant improvement over standard dynamic
flip flops.

Finally, Fig. 9 shows how leakage currents are reduced
during the sleep condition. All three flip flop implementations
are shown to significantly reduce leakage currents during
standby operation, although the exact amount of leakage reduc-
tion is dependent on choice of technology and the selection of
high Vt and low Vt levels. To the first order, the sleep condition
leakage currents corresponds to the leakage of an all high Vt
implementation.

7. Conclusion

This paper illustrates several MTCMOS flip flop imple-
mentations that can provide high speed active mode operation,
yet retain state and exhibit low leakage currents during the
standby mode. By thoroughly analyzing all possible leakage
paths, it is possible to ensure that no sneak leakage paths exists,
and also gives a framework for how MTCMOS and CMOS
logic blocks can be combined. Finally, a unique leakage feed-
back gate was introduced, which can ensure low leakage condi-
tions during the standby mode, yet still have actively driven
outputs, regardless of the input behavior. This type of gate lends
quite nicely to the development of a unique dynamic flip flop
that can actually retain state during the standby mode.
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Figure 7.  Leakage feedback gate transient 
behavior showing output tracking clock until sleep 
mode activates. 
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