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This paper shows leakage as a limit to the effectiveness of voltage scaling as a means of reducing
the energy per operation in a digital circuit. Methods of decreasing operational or dynamic leakage
are then discussed. The design and simulation results of a sense amplifier-based pass transistor
logic (SAPTL) circuit topology as a low leakage and low energy alternative is presented and then
compared to standard static 90-nm CMOS implementations.

Keywords: 90-nm CMOS, Pass Transistors, Stack Effect, Leakage Current, Self-Timed Circuits,
Body Bias.

1. INTRODUCTION

The continued scaling of transistor feature sizes leads to
an increase in integration density, which brings about a
corresponding increase in compute density.1 This scaling
also results in an increase in overall circuit power con-
sumption and this increase in power that accompanies this
scaling trend is preventing us from truly harnessing the
benefits of decreasing transistor feature sizes.2 For applica-
tions that are severely energy limited, such as those using
implantable electronics, the energy per operation must
continue to decrease, allowing for years of battery life at
relatively low operating frequencies and power levels.3�4

The best way to reduce the energy per operation is to
reduce the supply voltage, Vdd.

However, as Vdd is scaled down further, leakage energy
increases due to increased delay, �top, and reduced activity
factors, �, resulting in higher overall energy per operation
as seen in Figure 1 and can be expressed as:

Etotal = Vdd��CswVdd + Ileak�top� (1)

Therefore, for a certain logic operation and circuit topol-
ogy, a minimum energy point exists at some optimal Vdd.
For most static CMOS circuits, this optimum Vdd is less
than the transistor threshold voltage, Vth, placing this mini-
mum energy point in the subthreshold region of operation.
In this region of operation, which comes with a high perfor-
mance penalty, the impact of variability and process varia-
tions are more pronounced due to the exponential behavior
of the transistors. Thus, in this light, it is more desirable to
operate transistors in the superthreshold regime.
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The introduction of high-K gate dielectrics has led to sig-
nificantly reduced gate leakage current, Ig, thus, only sub-
threshold source-to-drain leakage current, Ioff is considered
in this paper.5 In order to reduce Ioff , threshold voltages
are not scaling as fast as Vdd.2 This asymmetric scaling of
Vth with respect to Vdd however decreases the performance
by reducing the available drive current of the transistor.6 In
transistors with channel lengths below 50 nm, band-to-band
tunneling (BTBT) can dominate Ioff , negating the effect of
using relatively higher threshold voltages.7

A review of several low leakage techniques and how
they affect the total energy of a CMOS gate is conducted
in Section 2, then Section 3 presents pass transistor logic
(PTL) as a good alternative to low leakage logic design.
Section 4 introduces the sense amplifier-based pass tran-
sistor logic (SAPTL) topology as a low leakage circuit
alternative that allows continued energy reduction through
voltage scaling even in the presence of leakage and dis-
cusses the organization and synchronous timing operation
of the SAPTL. Section 5 shows the simulated leakage,
energy and delay characteristics of the SAPTL. An asyn-
chronous timing scheme for the SAPTL is discussed in
Section 6. Future directions are presented and conclusions
are then drawn at the end of the paper.

2. LOW LEAKAGE TECHNIQUES

The MOS transistor subthreshold leakage current, includ-
ing the effect of drain-induced barrier lowering (DIBL),
can be expressed as:8

ID�off =
�effCox

Lg

�m2 −1�
(
kT

q

)2

eq�Vg−Vth� sat+�DVDS�/m2kT

× (
1− e−qVDS/kT

)
(2)
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Fig. 1. The total energy of a 203-stage NAND2 ring oscillator as a
function of supply voltage. Also shown are its switching and leakage
components.

where m2 is given by:

m2 = 1+ 1
Cox

√
�SiqNa

4	B

(3)

Subthreshold leakage current can thus be reduced (1)
by increasing the channel length, Lg, (2) by reducing
the supply voltage and consequently the drain-to-source
voltage, Vds or (3) by increasing the threshold volt-
age, Vth� sat.

A sampling of currently used low leakage circuit tech-
niques aside from voltage scaling include the use of
(1) non-minimum channel lengths;
(2) stacked transistors and

Fig. 2. The effect of increasing the channel length on leakage energy
and its corresponding impact on the total energy per cycle at very low
supply voltages. Here, Lg = 1
5Lmin.

Fig. 3. The effect of reverse body bias on leakage energy and its corre-
sponding impact on the total energy per cycle at very low supply voltages.
Here, Vbb =−1 V.

(3) various header and footer switch topologies and are
summarized in Refs. [9] and [2].

Since the focus of this paper is on dynamic or
operational leakage reduction, standby leakage reduction
techniques such as header and footer switches are not
considered. In order to illustrate the effect of leakage on
the energy per cycle or per operation, these two low leak-
age techniques are applied to a 203-stage NAND2 ring
oscillator in 90 nm CMOS. Figure 2 shows the switching
and leakage energy components as a function of the supply

Fig. 4. The energy-delay tradeoffs for a 203-stage NAND ring oscillator
for the reference circuit (L = Lmin and Vbb = 0 V) and the effect of
increasing the channel length and applying reverse body bias.
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Fig. 5. Using more complex gates reduces the number of leakage paths
at the cost of increasing the effective resistance of the path from the
supply rails.

voltage when the channel length is increased to 1.5 times
the minimum channel length. It can be seen that the total
energy at low voltages is reduced as a result of reduced
leakage energy. This is again due to the fact that leakage
energy dominates at very low voltages.

The same effect is observed when reverse body bias is
used. Figure 3 shows the energy as a function of supply
voltage for Vbb of −1 V. Again, the total energy at very
low voltages is reduced.

The impact of these low leakage circuit techniques on
circuit delay can be best seen on an energy-delay diagram,
shown in Figure 4. This figure shows how much delay is
incurred to achieve a certain reduction energy. It can be
seen that by reducing the operating leakage energy, low-
ering the supply voltage can continue to reduce the total
circuit energy at the expense of increased circuit delay.

Increasing the transistor channel length reduces leak-
age by increasing the effective resistance of the leakage
path between the supply rails, resulting in delay penalties.
Using reverse body bias to increase Vth also leads to the
same results, however due to increased channel doping,10

BTBT limits the effectiveness of body bias to reduce leak-
age, and hence the effective power reduction is reduced by
approximately 4× per technology generation.11

Another way to reduce leakage current is to use more
complex gates as seen in Figure 5. By combining more
functionality in a single gate, less gates are used resulting
in less leakage paths from Vdd to ground. Again, this would
increase the effective resistance of the leakage path from
the supply rails.

3. PASS TRANSISTOR LOGIC

One circuit alternative is to use pass transistor networks
to reduce leakage current. Pass transistor logic is a sim-
ple and compact circuit topology and in some cases,
outperforms static CMOS circuits.12–14 The pass transistor
network itself does not have Vdd and ground connections,
thus drastically reducing the number of leakage paths as
shown in Figure 6. In pass transistor logic (PTL), leakage
is confined to the driving and level restoring circuitry asso-
ciated with the pass transistor network. These circuits are
used to recover the voltage swing and delay degradation
inherent in PTL circuits. Figure 7 shows a conventional
pass transistor network that implements logic functions

Fig. 6. A generic pass transistor network showing no subthreshold leak-
age paths in the logic paths. To first order, all leakage is confined to the
peripheral circuitry used to recover signal swing and delay.

based on multiplexer or binary decision diagram (BDD)
tree structures. The main drawback of these type of tree
structures is that sneak paths exists allowing leakage cur-
rent to flow. Pass transistor networks can be made more
complex, thus reducing the total number of drivers and
level restorers in order reduce the number of leakage paths,
but unfortunately, the number of sneak paths in the pass
transistor tree increases exponentially with the number of
logic inputs, i.e., 2N sneak paths for N levels. Note that
the delay is also dependent on the number of levels and is
proportional to N 2.

Pass transistors also increases the effective channel
length (and thus resistance of the leakage path) between
the supply rails. However, PTL has the potential to offer
more computational density for a given leakage path
resistance than simply increasing the transistor channel
length.

Fig. 7. A conventional pass transistor tree showing sneak leakage paths.
Note that there are 2N sneak leakage paths for a fully decoded tree of
depth N .
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In order to overcome the limitations of conventional
pass transistor logic, a sense amplifier-based pass transis-
tor logic (SAPTL) family is offered as an alternative low
leakage and low energy circuit topology.

4. THE SAPTL

The basic organization of the SAPTL circuit is shown in
Figure 8. It consists of
(1) the pass transistor tree, called the stack, which com-
putes the required logic function;
(2) a root node driver that injects signals into the stack and
(3) a sense amplifier that is used to recover both voltage
swing and performance.

4.1. The Stack

To mitigate the limitations of conventional multiplexer-
based pass transistor trees due to sneak paths, and rec-
ognizing that pass transistors are inherently bidirectional
circuits, an inverted pass transistor tree, which is referred
to as the stack is utilized, and shown in Figure 9. The stack
still has no supply rail connections and has predictable
delay paths, and in addition, has pseudo-differential out-
puts, where a signal or current is present in either S or S̄,
but not both at the same time.

The input capacitances of the stack can be made equal
by making the transistors closer to the root input larger.
This also has the effect of decreasing the delay of the
stack, by reducing the resistance of the signal path near
the root of the tree.15

Since the input can only propagate from the root of
the stack to the output, there are no sneak paths that
exist, and thus to first order, reducing Vth to near zero
is possible. Also, this reduction in threshold voltage also
reduces the resistance, and thus, the propagation delay
from the root of the stack to the outputs S and S̄ without
any corresponding increase in leakage current drawn from
the supply rails. The absence of sneak paths also allows
the construction of deeper and more complex stacks, again
without an increase in supply rail leakage. This Vth reduc-
tion and complexity increase, however, imposes stricter

Fig. 8. The SAPTL organization showing (1) the pass transistor tree
network or the stack, (2) the root node driver and (3) the sense amplifier.

Fig. 9. The stack - an inverted pass transistor tree wherein a drive signal
is injected into the root of the tree and observed pseudo-differentially at
the outputs S and S̄. Note that sneak leakage paths do not exist since the
sig nal can only flow from the root to the outputs.

input resolution requirements on the sense amplifier, due
to the lower Ion/Ioff ratio at its inputs.

Each path from the root node to the output of the stack
represents a minterm of a logic function, thus to pro-
gram the stack, each branch representing the minterms
contained in the desired logic function to be implemented
is connected to the output S and each maxterm is con-
nected to S̄. Figure 10 shows how a 2-input stack can be
configured to generate a boolean function of two variables.
In this paper, the depth of the stack, Nstack , is defined as
the number of transistors in series from the root node to
the output, and due to the nature of the stack, it is the
same for every path. Note that the input capacitance of the

Fig. 10. The stack showing the programming for the boolean function
S = AB. When the function is true, current is observed at the S output
or at S̄ when the function is false.
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Fig. 11. The sense amplifier used to recover voltage swing and delay
lost due to the pass transistor tree or the stack.

stack, Cin is proportional to 2Nstack . In this paper, an inverter
is used as the root driver.

4.2. The Sense Amplifier

The maximum voltage that can appear at either the
S output or the S̄ output of the stack is Vdd −Vth, due to
the voltage drop needed by the first transistor in the chain
to maintain drive current flow. The time it takes for this
degraded signal to reach the output is determined by the
stack, and can be modeled using Elmore’s delay equation15

and is strongly dependent on Nstack .
In order to (1) recover this voltage degradation;

(2) improve the performance of the SAPTL and (3) pro-
vide sufficient buffering in order to drive a reasonable load
capacitance, a sense amplifier (SA), shown in Figure 11,
is added at the outputs of the stack. The SA consists of an
input stage that acts as a preamplifier and a cross-coupled
latch.

Other sense amplifier topologies, such as current-sense
amplifiers, were evaluated. However, due to the low Ion/Ioff

ratios at the output of the stack, a two-stage topology is

Fig. 12. The sense amplifier leakage versus minimum input voltage
tradeoff in the presence of width, length and threshold voltage mismatch.

Fig. 13. The leakage breakdown by component of the sense amplifier,
showing the significant leakage share of the output buffers.

used. Using this two-stage topology provides a sufficient
transconductance gain in order to reduce the effect of the
offset voltage of the latch due to transistor mismatch and
process variations, allowing the detection of smaller volt-
age differences across S and S̄ without using very large
transistors. Thus, this increased input sensitivity enables
the sense amplifier to trigger earlier, decreasing the over-
all propagation delay. The sense amplifier is kept in a
precharged state before triggering and its timing is deter-
mined by the CK input. Separating the SA timing from
its functionality and using a precharge cycle reduces the
required gain and supply voltage constraints, allowing the
use supply voltages as low as 300 mV. Another advan-
tage of this sense-amplifier topology is that it allows the
retention of the latched data even when both of its inputs
are set to zero. This is an important component of the
SAPTL timing as discussed in the next subsection.

The pseudo-differential outputs of the stack matches well
with the differential SA, making it more robust in the pres-
ence of noise and other interfering common-mode signals
for better detection of small differential voltages. Since the
sense amplifier is the SAPTL’s main source of leakage cur-
rent, SA sensitivity and speed is traded off to balance the
amount of area, power and leakage current that it consumes.

Figure 12 shows how the sense amplifier leakage cur-
rent is traded off for input sensitivity allowing for width,
length and threshold voltage mismatch. In this design, the
SA transistors are sized such that an input differential

Fig. 14. The timing diagram for the SAPTL using a two-phase non-
overlapping clocking scheme.
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Fig. 15. The layout of the SAPTL in a 90 nm CMOS process with Nstack = 5. Note the regularity of the stack structure.

voltage of Vdd/3 can be resolved reliably. The output
buffers account for a significant amount of the overall
sense amplifier leakage as seen in Figure 13. Thus, leakage
can also be reduced by reducing the output drive strength
of the sense amplifier at the expense of increased delay.

4.3. Synchronous Timing

One approach to providing timing information to the
SAPTL is by using global two-phase non-overlapping
clock signals. The timing diagram for this fully syn-
chronous operation is shown in Figure 14.

Due to the possibility of charge build-up within the non-
energized stack paths, two-phase clocking is used in order
to precondition all the internal nodes of the stack to ground
prior to applying the root node drive signal. A stack can
be preconditioned by setting all the inputs to the stack to
Vdd and the root node to ground, thus forcing all nodes
to be discharged. This ensures that there are no unwanted
charge sharing events that occur inside the stack during
the evaluation phase that could possibly cause the sense
amplifier to make an incorrect decision.

Taking advantage of the fact that the outputs of the sense
amplifier are both at Vdd during their precharge cycle, the
succeeding SAPTLs being driven by this SA will be pre-
conditioned if they are on a opposite clock domains.

4.4. Implementation

The layout of the SAPTL in a 90 nm CMOS process
with Nstack = 5 is shown in Figure 15. The regularity of
the pass transistor array results in increased robustness
in the presence of variability.16 The area of the SAPTL
is approximately 38% less than the area occupied by the
equivalent CMOS LUT implemented using standard cells.
This is due to the fact that the stack does not use PMOS
transistors, and the fact that automated place and route tools
consume 20%–40% more area than handcrafted designs.

5. SIMULATION RESULTS

Figure 16 shows the simulated transient behavior of a
5-input SAPTL using a commercial 90 nm CMOS process.
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Fig. 16. The transient simulation of a 5-input SAPTL using two-phase non-overlapping clocks for a supply voltage of 300 mV.

The signals are referenced to the edges of the 2-phase non-
overlapping clock, showing the precondition or precharge
phase and the output of the stack for a supply voltage of
300 mV. The sense amplifier is triggered when the voltage
at either S or S̄ reaches a third of the supply voltage, or
in this case, 100 mV.

5.1. Leakage Simulations

The synchronous SAPTL is compared to a CMOS LUT
and a transmission-gate (TG) LUT with the same number
of inputs. The circuits are designed using a commercial
90-nm CMOS process and simulated using the Spectre
circuit simulator. The TG LUT is designed via schematic
entry while the CMOS LUT is described using VHDL
then synthesized using the Synopsys Design Compiler. The
Astro place and route tool is then used for placement and
routing, utilizing a commercial 90-nm standard cell library.

Figure 17 shows the leakage behavior of the SAPTL5
(SAPTL with Nstack = 5), the CMOS LUT5 and the TG
LUT5 as a function of supply voltage. At Vdd = 300 mV, the
CMOS LUT and the TG LUT leakage current is 30× and
4.7× greater than the synchronous SAPTL respectively,
while at Vdd = 1 V, it is 42× and 11× larger respectively.
This relatively small SAPTL leakage is due to its signifi-
cantly reduced supply rail connections, and thus its leak-
age current is dominated mainly by the sense amplifier.
Note that this does not take into account the leakage from
the implied clock distribution network associated with the
SAPTL.

5.2. Energy-Delay Simulations

From Figure 18 it can be seen that at lower supply volt-
ages, the SAPTL performs better than static CMOS, as
expected, due to the reduced leakage penalty. At a sup-
ply voltage of 1 V, the minimum delay of the SAPTL5 is
approximately 7× slower than the minimum CMOS LUT5

Fig. 17. The leakage characteristics of the SAPTL with Nstack = 5 and
the equivalent CMOS LUT5 and TG LUT5 as the supply voltage is varied
from 300 mV to 1 V.
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Fig. 18. The energy-delay characteristics of the SAPTL with Nstack = 5
and the equivalent CMOS LUT5 and TG LUT5 as the supply voltage is
varied from 300 mV to 1 V.

delay, while at Vdd = 300 mV, the energy consumed by the
CMOS LUT5 is 6× larger than the SAPTL5.

As expected, since the SAPTL exhibits lower leakage
currents, the reduction in supply voltage continues to result
in reduced energy per operation. Thus, the preferred region
of operation of the SAPTL is at energy levels of below
10 fJ and relatively low speeds on the order of 2500
fanout-of-four (FO4) delays. Again note that this does not
take into account the leakage from the implied clock dis-
tribution network associated with the SAPTL.

Note that the SAPTL5 with a supply voltage of 450 mV
has roughly the same energy-delay point as the TG LUT5
with a supply voltage of 300 mV, and the SAPTL5 with
Vdd = 900 mV is at the same energy-delay point as the
CMOS LUT5 with Vdd = 400 mV. This highlights the fact
that as leakage energy starts to degrade the performance
of the CMOS LUT and TG LUT at low supply voltages,
the SAPTL becomes an attractive alternative, while still
operating in superthreshold.

Since the SAPTL favors superthreshold operation, the
exponential dependence of delay on physical transistor

Fig. 19. The energy-delay product (EDP) of the synchronous SAPTL as a function of supply and threshold voltage for Nstack = 3, 5 and 7.

parameters, such as threshold voltage, can be avoided,
resulting in increased robustness to process variability.

5.3. Threshold Voltage Reduction

Figure 19 shows the minimum energy-delay-product
(EDP) of the SAPTL favoring higher supply voltages and
lower threshold voltages, thus operating the transistors in
strong inversion. This supports the premise that the device
threshold voltage can be reduced to improve performance
while reducing the impact of the overall SAPTL leakage
current. Standard static CMOS circuits on the other hand
favors low supply voltages near the transistor threshold
voltage.17

6. ASYNCHRONOUS OPERATION

The ability of any clock distribution network to guarantee
timing across the whole integrated circuit is dependent on
the amount of variability present, and as technology con-
tinues to scale, the delay and power overhead associated
with fully synchronous designs may be too prohibitive.18

By using local timing references rather than global sig-
nals (1) a significant reduction in power can be achieved
by completely removing the clock distribution network
and (2) a possibility of performance improvement if the
worst-case delay paths are not used all the time. These
advantages are accompanied by (1) an increase in block
complexity due to the added handshake logic and (2) an
increase wiring density due to the increased number of
signals that need to be routed locally.

The sense amplifier topology used in the SAPTL allows
a relatively easy way to generate completion detection
signals, thus making the asynchronous operation of the
SAPTL a straightforward next step in reducing power con-
sumption and increasing performance. One possible imple-
mentation of the SAPTL is the self-timed SAPTL.

The Self-Timed SAPTL (ST-SAPTL)19 shown in
Figure 20 replaces the global clock input to the sense
amplifier and root node drive input with (1) a root drive
enable circuit; (2) a delay line and (3) a Muller C-element.
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Fig. 20. The self-timed SAPTL (ST-SAPTL).

A completion detection circuit is also added at the output
of the sense amplifier to indicate that the sense amplifier
has completed its decision process and the latched decision
value is currently available at its outputs.

The root enable circuit (REC) drives the root node of
the stack as well as the input of the delay line. Its out-
put is asserted when all the completion signals, associ-
ated with each input to the stack, are asserted, and is
deasserted when the SA asserts its own completion sig-
nal. This ensures that all the inputs are valid before stack
evaluation can begin, and that the root node is raised to
Vdd only for the appropriate amount of time. The REC
also guarantees that succeeding data does not corrupt the
current computation.

The delay line (DL) produces a signal matched to the
worst-case delay of the stack. This delayed signal is used
to trigger the sense amplifier, guaranteeing that the differ-
ential voltage at the output of the stack is at least Vdd/3.

The C-element determines whether the sense amplifier
is in precharge or in hold mode, and controls the transi-
tion between these two states. When the input completion
signals are all asserted, the REC launches a signal down
the stack and the DL. The output of the DL signals the
C-element that the output of the stack has reached the cor-
rect voltage values, and that the SA can now trigger. The
C-element then asserts the CK input of the SA, taking
the SA from the precharge state into the hold state. The
SA performs the estimation operation during this transition
and latches its resulting decision. This decision is now
made available at the SA outputs and the completion detec-
tion circuit asserts the COMPLETE signal. The C-element
ensures that the SA outputs are valid until all the com-
pletion signals from all the fan-outs are asserted. The SA
is returned to the precharge state when all the fan-out
blocks signify completion and all the fan-in blocks have
deasserted their completions, preventing new data from
interfering with the present computation.

The ST-SAPTL reduces the overall power consumption
by eliminating the need for global clock signals and by
turning off the root node drive signal as soon as the sense
amplifier latches the outputs. Turning off the root drive
signal prevents the internal nodes of the stack from rising
further, speeding up the preconditioning process and wast-
ing less energy. Self-timed operation, however, results in

(1) more overhead circuitry, resulting in additional leak-
age power;
(2) increased wire count due to the addition of the com-
pletion signals;
(3) added design complexity in matching the delay line to
the stack;
(4) the fan-out dependency of the C-element, leading to
increased fan-out dependent delay since the completion
signals drive loads from both the fan-out and fan-in blocks.

7. FUTURE WORK

To be a feasible alternative to static CMOS logic, a SAPTL
design flow that spans design entry, synthesis, optimization
and physical layout must exist. Currently, a partial initial
design flow has been created and will continue to be an
integral part of the development of the SAPTL family.

The effect of various clocking schemes and memory ele-
ments cannot be truly evaluated at the building block level
since these are in essence, functional and system level con-
cerns. Thus, comparisons between the SAPTL and other
logic families must be in terms of larger systems and func-
tional units. In light of this, SAPTL models are being crea-
ted to facilitate system-level design space exploration to
quickly evaluate the applicability of the SAPTL to a par-
ticular application. Two 90 nm CMOS test chips have been
designed and are being tested in order to validate these
ideas and help create these models and tools.

It is interesting to note that the leakage reduction tech-
niques presented in Section 2 are device-level techniques
and that they are also applicable to the SAPTL’s sense
amplifier and drive inverter and will be used to optimize
the SAPTL at the system and functional level.

The stack presented in this paper is a fully decoded pass
transistor tree that allows the implementation of any logic
function of Nstack inputs. System- and functional-level sim-
plification of these pass transistor trees can also be done
and will also be used for system-level optimization.

This work presents a first attempt at evaluating the prop-
erties of the SAPTL as an alternative low energy cir-
cuit topology. The advantages of the SAPTL over static
CMOS logic are expected to be more significant for more
advanced technologies such as 65 nm CMOS and beyond.

8. CONCLUSION

The SAPTL is an alternative circuit topology that allows
the reduction of energy per operation via voltage scaling
even in the presence of leakage. It allows aggressive
threshold voltage scaling since the Vth of the stack transis-
tors can now be decoupled with its subthreshold leakage,
allowing for very low threshold voltages and thus allowing
the stack transistors to remain in the superthreshold region.
In addition, the differential signaling used by the SAPTL
lends itself to synchronous and asynchronous operation
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and the inherent layout regularity points to the SAPTL as a
very good candidate for robust ultra low energy operation.
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