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Abstract: The leakage dissipation catches up with the dynamic power consumption gradually and it is

becoming an important factor in low-power CMOS circuits. In this work, a p-type complementary pass-transistor
adiabatic logic (P-CPAL) using DTCMOS and gate-length biasing techniques is proposed. In order to reduce
sub-threshold leakage dissipations, DTCMOS and gate-length biasing techniques are used for the P-CPAL
circuits. An ISCAS benchmark circuit using DTCMOS and gate-length biasing techniques is verified. All
circuits are simulated with HSPICE using a NCSU 65nm PTM (Predictive Technology Model) process. Results
show that both leakage and dynamic dissipations of the P-CPAL circuits with dual-threshold CMOS and gate-
length biasing techniques are reduced greatly compared with the normal P-CPAL circuits.
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INTRODUCTION
Scaling down size of MOS transistors has
resulted in dramatic increase of leakage currents. The
leakage dissipation catches up with the dynamic power
consumption gradually and it 1s becoming an important
factor in low-power design for deep sub-micron.
Therefore, to decrease leakage power dissipations is
becoming more and more important in low-power
nanometer circuits. The energy consumption of integrated
circuits divided mto dynamic energy and static energy. In
previous studies of low-power integrated circuits, the
dynamic power consumption 1s the most concemn
(Rabaey, 1996). In order to reduce dynamic power
consumption, many new adiabatic logic circuits have been
proposed, such as Complementary Pass-transistor
Adiabatic Logic (CPAL) (Hu et al, 2005), Clocked
Adiabatic Logic (CAL) (Liu and Lau, 1998) and Effective
Charge Recovery Logic (ECRL) (Moon and Jeong, 1996).
Through recycling the energy stored in circuit nodes,
adiabatic logic obtamed significant dynamic energy
dissipations savings.

The total energy consumption per cycle B, includes
three components: switching energy E,,. due to charging
and discharging for loads, short energy B, due to a
direct path from supply voltage to ground and static
energy dissipation E.... that is caused by leakage

currents of MOS devices. The short energy losses can
usually be ignored. B, 1 expressed as:

Etutalesw+E =éCLVDD2+VDDIleakageT (1)

feakage
where, o 1s switching activity, C, 1s the load capacitance,
Liewse 15 average leakage current of MOS transistors
through the V., and T is operation cycle, respectively
(Yuetal, 2011), Vi 1s source voltage.

With the improvement of technology leakage
dissipation has potentially become a dominant component
of total power dissipations in nano-circuits. There are
three main leakage in nanometer CMOS
processes: Sub-threshold leakage current, gate leakage
current and band-to-band tunneling leakage cuwrent.
Sub-threshold leakage cwrrents are the main sources of

SOUurces

static power consumptions in recent nanometer CMOS
processes. Several leakage reduction techmques, such as
Dual-Threshold CMOS (DTCMOS), Multi-Threshold
CMOS (MTCMOS) power-gating technique, stacking
transistor techmiques, Variable Threshold CMOS
(VITCMOS) and Input Vector Control (IVC) have been
proposed in recent years to reduce sub-threshold leakage
and achieved considerable energy savings (Zhang et al.,
2011).

Recently, to reduce the static energy dissipation has
become the hot research. The PMOS transistor has larger
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area than NMOS in the same performance, but its leakage
power 1s smaller. As we know, a few compames and
research institutes begin to study and make use of such
new technology. To the best of our knowledge, the PMOS
adiabatic logic circuits using DTCMOS and gate-length
biasing techniques have not been presented.

Inttus study, a p-type complementary pass-transistor
adiabatic logic (P-CPAL) using DTCMOS and gate-length
biasing techmiques 1s proposed. In order to reduce
sub-threshold leakage dissipations, DTCMOS and
gate-length biasing techniques are used for the P-CPAL
circuits. An TSCAS ¢17 benchmark circuit using DTCMOS
and gate-length biasing techmques 1s verified. All circuits
are simnulated with HSPICE using a NCSU 65nm PTM
(Predictive Technology Model) process. Simulation
results show that the P-CPAL ¢17 based on the DTCMOS
and gate-length biasing techniques attains 1.9-19.9%
energy savings compared with the basic P-CPAL from
2 to 200 MHz Results mdicate that the p-type adiabatic
logic circuits using leakage reduction techniques can
have a great improvement m low activity.

REVIEW OF P-CPAL CIRCUITS

The schematic of the basic p-type complementary
pass-transistor adiabatic logic (P-CPAL) buffer/inverter 1s
shown in Fig. 1. Tt is mainly composed of two parts: Logic
function circuit that consists of four NMOS transistors
(P3-P8) with Complementary Pass-transistor Logic (CPL)
function block and the load drive circuit that consists
of a pair of transmission gates (N1, P3 and N2, P4). The
clamp transistors (Pl and P2) ensure stable operation
by preventing from floating of output nodes. The
cross-coupled NMOS transistors are used for pre-charge

clk

OUTDb

INb— -IN

IN INb

and evaluation. The P-CPAL wses fouwr-phase power
clocks to recover the charge delivered by the power clock.
Each clock is followed the next clock with a 90° phase lag.
For the purpose of discussion here, the power clocks use
trapezoidal waveforms.

The operaton of p-type of complementary
pass-transistor adiabatic logic (P-CPAL) circuits can be
divided fowr processes: Hvaluation, hold, recovery and
wait phases. For convenience, we assume IN 1s at high
and INb is at low at the beginning of a cycle (Fig. 1) and
so that OUT 1s clamped to clk. During the evaluation
phase, as the clock clk goes down, the output OUTb goes
high via P1 by the VDD. When clk reaches low, the
outputs hold wvalid logic levels. These values are
maintained during the hold phase and used as inputs for
evaluation of the next stage. After the hold phase, clk
goes up to VDD and outh node retwrns its energy to clk,
so that the delivered charge is recovered. Thus, the power
clock clk acts as both a clock and power supply. Wait
phase is inserted for clock symmetry. In this phase, valid
inputs are prepared in the previous stage. When the
previous stage is in the hold phase, the next stage must
evaluate logic value in the evaluation phase.

LEAKAGE REDUCTIONS OF P-CPAL CIRCUITS

Power dissipation is a key factor of nano-circuits. In
previous studies of low-power mtegrated circuits the
leakage dissipation is often neglected. However,
with sizes of MOS transistors scaling down, the
leakage dissipation caused by leakage
catches up with the dynamic power consumption
gradually and it is becoming an important factor in

currents

low-power design.

clk
IN — ouT
INb— OUTb
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Fig. 1: P-CPAL buffer/mverter and its four-phase power clocks
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Fig. 2: INV/BUF, OR/NOR gates based on P-CPAL with gate-length

Gate-length biasing: For short channel transistors, with
increasing of the gate length, the threshold voltage
so that the leakage power
exponentially and delay increases linearly. Therefore, it is

incereases, decreases
possible to slightly increase the gate length to take
advantage of the exponential leakage reduction while the
performance 1s impaired only linearly. Therefore,
mcreasing gate lengths slightly can decrease leakage
dissipation effetely while circuit performance only has
little effect. Tn a 130 nm industrial process, it is reported
that an 8 nm increase in gate length yields 30% decrease
1n leakage with a 5% increase in delay for a mimmum size
inverter. Based on this principle, the gate-length biasing
technique for PAL-2P basic gates can be realized, as
shown in Fig. 2.

Dual-threshold CMOS: The sub-threshold leakage
current increases exponentially with threshold voltage.
For a typical technology with a sub-threshold slope of
100mV/decade, each 100mv reduction in Vt will cause an
order of magnitude increase in leakage currents.
Therefore, increasing the threshold voltage can reduce
leakage dissipations. The dual-threshold CMOS
technique uses high-Vt devices to reduce leakage
currents while low-Vt devices are used to obtain high
performance. Therefore, critical and non-critical regions
must be identified.

The DTCMOS for P-CPAL basic gates can be
realized, as shown m Fig. 2. In order to reduce
sub-threshold leakage currents via the power clock, the
PMOS transistors (P1, P2) use high-Vt devices. These
DTCMOS gates can be used in non-critical regions of a
circuit to reduce sub-threshold leakage dissipations.

Energy consumption comparisons: In order to compare
the impact of the gate-length biasing and dual-threshold
techniques on the power dissipations, the gate length of
transmission gates (N1, P3 and N2, P4) is investigated
using 67nm. The fowr-phase P-CPAL buffer and its
simulated waveforms are in Fig. 3.

Table 1 shows the total energy losses of four-phase
P-CPAL buffer using the pgate-length biasing and
dual-threshold techniques at 65 nm CMOS process in
2,10, 25, 50,100 and 200 MHz.

From the table we know for low activity, circuits
using dual threshold and gate-length techniques are the
lowest. Increasing the threshold voltage and the gate
length both will increase gate capacitance. For low
activity circuits, the leakage savings 1s more than the
increase of dynamic power, those why the total power
consumption is reduction. With increasing of activity, the
gate capacitance will increase large dynamic power. We
know from above that using dual threshold and gate-
length techniques together the power dissipation 1s lower
than others for low activity.
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Fig. 3: Four-phase P-CPAL buffer and its sumulated
waveforms

ENERGY CONSUMPTION COMPARISONS

In this section, the energy dissipations of basic
P-CPAL circuits and P-CPAL circuits using DTCMOS and
gate-length biasing techmques compared. All circuits are
sinulated with HSPICE using a NCSU 65nm technology.
The peak-peak voltage (VDD) of P-CPAL circuits is taken
with 1.1V. Taken as an example, AnTSCAS ¢17 benchmark
circuit from ISCAS’85 15 verified. The schematic of ¢17
benchmark circuit is shown in Fig. 4.

For P-CPAL, the schematic of ¢17 benchmark circuit
what should be driven by four-phase power clocks 1s
shown in Fig. 5. Simulated waveforms for the benchmark
¢17 based on P-CPAL are shown in Fig. 6.

P-CPAL circuits with gate-length biasing and DTCMOS
techniques: The leakage currents are highly relates with
the threshold voltage of MOS devices. For short channel
transistors, the threshold voltage increases with
increasing of the gate length. The energy dissipations of
the benchmark ¢17 based on P-CPAL have compared with
one using gate-length biasing and 1s tabulated in Table 2.
Simulation results show that the P-CPATL with gate-length
biasing attains 3.9-17.2% energy savings compared with
the basic one from 10 to 100 MHz. The energy dissipation
beyond the basic P-CPAL circuits when the frequency
reaching the 200 MHz.

In addition to gate-length biasing the dual-threshold
CMOS also can reduce leakage dissipations; the result
1s shown as Table 3. From the table we known the
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Fig. 4: Benchmark circuit 517 of ISCAS’85
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Fig. 5: Benchmark s17 based on PAL-2P circuits
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Fig. 6: (CSimulated waveforms of benchmark ¢17 based on
P-CPAL

dual-threshold CMOS techmque attains 1.9-11.8%
energy savings compared with the basic one from 10 to
100MHz.

Therefore, both dual-threshold CMOS and
gate-length biasing can reduce leakage dissipations.
When use these techniques together, the energy savings
will be larger than one technique using respectively.

The power consumption comparisons have been
carried out for the benchmark ¢17 based on basic P-CPAL,

P-CPAL with one techruique and P-CPAL both gate-length
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Table 1: Energy consumption comparisons of the four-phase P-CPAL buffer using the gate-length biasing and dual-threshold techniques at 65nm

Energy consumption per cycle (fT)

Frequency (MHz) Bagic P-CPAL Gate-length biasing Dual threshold Gate-length biasing and dual threshold
2 10.94 9.84 1016 891

10 2.93 2.70 2.66 242

25 1Lo4 1.55 156 1.53

50 1.38 1.33 1.33 1.27

100 121 1.22 1.25 1.25

200 1.42 1.45 1.52 1.53

Table 2: Energy consumption comparison of the C17 based in basic Among four implementations, the power

P-CPAL and gate-length biasing
Energy consumption per cycle (fT)

Frequency

(MH=) Basic P-CPAL Gate-length biasing Saving rate (%)
10 547 4.53 17.2

25 2.97 2.50 15.8

50 2.23 2.03 9.0

100 2.07 1.99 39

200 1.4 240 --

Table 3: Energy consumption comparison of the C17 based P-CPAL and
DUAL-THRESHOLD
Energy consumption per cycle (fT)

Frequency
(MHZ) Basic P-CPAL Dual-hreshold Raving rate (%6}
10 5.47 4.92 10.0
25 2.97 2.62 11.8
50 2.23 2.14 4.0
100 2.07 2.03 1.9
200 1.04 2.34 -
~
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Fig. 7. Energy consumption comparisons of the

benchmark ¢17 based on basic P-CPAL, P-CPAL
with gate-length biasing, P-CPAL with DTCMOS
techmque and P-CPAL with both gate-length
biasing and DTCMOS techniques

biasing and DTCMOS techmques, as shown in Fig. 7. For
gate-length biasing, the gate length of the transistors 1s
chosen as 67 nm.

consumption of the P-CPAL ¢17 using dual-threshold
CMOS and gate-length biasing techniques is the
lowest. Simulation results show that the P-CPAL ¢17
based on the DTCMOS and gate-length biasing
techniques attains 1.9% to 19.9% energy savings
compared with the basic P-CPAL, attains 0% to 3.3%
energy savings compared with the gate-length biasing P-
CPAL and attamns 0% to 11.0% energy savings compared
with the DTCMOS P-CPAL.

CONCLUSION

This study focuses on dynamic and leakage
consumption reductions of p-type complementary
pass-transistor adiabatic logic (P-CPAL) circuits by using
dual-threshold CMOS and gate-length  biasing
techniques. In order to reduce sub-threshold leakage
dissipations, DTCMOS and gate-length biasing
techniques for the P-CPAL circuits have been proposed.

The HSPICE simulation results show the leakage
dissipation of the P-CPAL circuits with dual-threshold
CMOS and gate-length biasing techmques 13 the lowest
in all circuits. For low activity circuits, the leakage savings
is more than the increase of dynamic power. With
increasing of activity, the gate capacitance will mcrease
large dynamic power. Results show that both leakage
and dynamic dissipations of the P-CPAL circuits with
dual-threshold CMOS and gate-length biasing techniques
are reduced greatly in low activity.
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