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a b s t r a c t

As the density and operating speed of complementary metal oxide semiconductor (CMOS) circuits

increases, dynamic power dissipation has become a critical concern in the design and development—of

personal information systems and large computers. The reduction of supply voltage, node capacitance,

and switching activity are common approaches used in conventional CMOS. In adiabatic switching

circuits, the current flow through transistors can be significantly reduced by ensuring uniform charge

transfer over the entire available time. This paper presents the simulation of this current in two-phase

clocked adiabatic static CMOS logic (2PASCL) and conventional CMOS. From the SPICE simulations, at

transition frequencies from 1 to 12 MHz, a 4�4-bit array 2PASCL multiplier shows a maximum

reduction in power dissipation of 77% relative to that of a static CMOS. The measurement results of a

4�4-bit array 2PASCL multiplier demonstrate a 57% reduction compared to a 4�4-bit array two-phase

clocked adiabatic dynamic CMOS logic (2PADCL). These results indicate that 2PASCL technology can be

advantageous when applied to low-power digital devices operated at low frequencies, such as radio-

frequency identification (RFID) tags, smart cards, and sensors.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, power consumption has been a fundamental con-
straint in both high-performance and portable, energy-limited
systems. In conventional CMOS circuits, power dissipation pri-
marily occurs during device switching. A sudden flow of current
through channel resistive elements results in half of the supplied
energy being dissipated at each transition. In CMOS technology, as
Ediss ¼

1
2CLV2

dd, circuit designers are focusing on how to reduce Vdd

and CL. However, power dissipation can also be reduced by
reducing the current flow into the transistors.

Low-power circuit systems achieved by implementing the
concept of adiabatic switching [1] and energy recovery have been
widely applied, and various energy-recovery circuits with adia-
batic circuitry for ultra-low power implementation have been
presented [1–12].

The essential idea of adiabatic charging is to design a circuit
that allows all the nodes to be charged or discharged at a constant
current. Power dissipation is minimized by decreasing the peak
current flow through transistors. This flow is accomplished by
using ramp-like power/clock signals [2]. The system draws some
of the energy that is stored in the capacitors during a given
ll rights reserved.
computation step and uses this energy in subsequent computa-
tions. However, for a single and two-phase clock circuits, diode-
based families [3–9] have several disadvantages such as output
amplitude degradation and the energy dissipation across the
diodes in the charging path.

The pros and cons of 2PASCL compared with other proposed
adiabatic logics that are easily derived from CMOS has previously
been discussed in [12]. 2PASCL fundamental logics significantly
exhibit a lower power dissipation.

In this paper, the current that flows in the 2PASCL inverter
circuits and the comparison to static CMOS is observed. SPICE
simulation and measurement of a 4�4-bit array 2PASCL multiplier
utilizing 1:2 mm standard CMOS technology is also conducted. The
1:2 mm standard CMOS technology is purposely being performed
because of this paper’s focus, which is to reduce the dynamic power
consumption. This is because, for technologies of smaller scales than
45-nm technology, leakage power consumption is dominant [10].
2PASCL technology can be advantageously applied to low-power
digital devices operated at low frequencies, such as radio-frequency
identifications (RFIDs), smart cards, and sensors.

The remainder of the paper is organized as follows. Section 2
describes the structure and the operation of a 2PASCL inverter.
Section 3 presents a simulation of the 2PASCL inverter and the
measurement results of a 4�4-bit array 2PASCL multiplier.
Finally, Section 4 consists of the concluding remarks and recom-
mendations for future work.
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2. 2PASCL

2.1. Circuit operation

Fig. 1 shows a circuit diagram of the 2PASCL inverter as
compared to its CMOS equivalent. The 2PASCL implementation
uses a two-phase clocking split-level sinusoidal power supply,
wherein Vf and Vf replace Vdd and ground, respectively. To
generate this, the proposed circuit has been presented in [12].
The voltage level of Vf exceeds that of Vf by a factor of Vdd=2 as
shown by Eqs. (1) and (2). The waveforms shown in Fig. 2 are the
input, split-level sinusoidal power supply clocks, and the output
from the simulation.

Vf ¼
Vdd

4
sinðootþyÞþ

3

4
Vdd, ð1Þ

Vf ¼�
Vdd

4
sinðootþyÞþ

1

4
Vdd: ð2Þ
CL
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Fig. 1. Inverter circuit implemented in (a) CMOS and (b) 2PASCL.
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Fig. 2. Waveforms from the simulation of a 2PASCL inverter with transition

frequency f T ,VX ¼ 10 MHz, Vf ¼ Vf ¼ 20 MHz.
One clock is in phase while the other is inverted. By using these
two split-level sinusoidal waveforms, which have peak-to-peak
voltages of 2.5 V in a standard 1:2-mm CMOS process, the voltage
difference between the current-carrying electrodes can be mini-
mized. The power supply clock design still meets the requirement in
[11], where the voltages between current-carrying electrodes must
be zero when the transistor switches to the on state. Consequently,
power consumption is minimized. The substrates of the pMOS and
nMOS transistors are connected to 5.0 V Vdd and ground, respec-
tively. From our study, the best combination of VX and Vf (and also
Vf ) is f VX

to 2f Vf
. Both of the MOSFET diodes are used to recycle the

charge from the output node and to improve the discharge speed of
the internal signal nodes. A method for reducing energy dissipation
in 2PASCL involves the design of a charging path without diodes.
In this case, during charging, current flows only through the
transistor. Thus, the 2PASCL circuit is different from other diode-
based adiabatic circuits, in which current flows through both the
diode and the transistor. Using the aforementioned 2PASCL circuit,
higher amplitude and reduced energy dissipation is achievable.

In energy-recovery circuits, according to the law of energy
conservation, dissipated energy is equal to the total energy
injected into the circuit, Ei, and the energy received back from
the circuit capacitance, Er. This is shown in the energy graph in
Fig. 2. Therefore, in the simulation, the power dissipated is
calculated by integrating the product of voltage and current
divided by the period of the primary input signal, T, as follows:

P¼
1

T

Z T

0

Xn

i ¼ 1

ðVpiIpiÞ

 !
dt, ð3Þ

where Vp is the power supply voltage, Ip is the power supply
current, and n is the number of power supplies [8].

The circuit operation is divided into two phases, namely,
evaluation and hold [12]. In the evaluation phase, Vf swings up
and Vf swings down. On the other hand, in the hold phase, Vf
swings up and Vf swings down. Let us consider the 2PASCL
inverter logic circuit demonstrated in Fig. 1. The operation of the
2PASCL inverter is explained as follows:
(1)
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Evaluation phase:
(a) When Y is LOW and the pMOS tree is turned ON, CL is

charged through the pMOS transistor. Hence, Y is in the
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(b) When node Y is HI and nMOS is ON, discharging via M1
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The number of dynamic switching transitions that occur during
the operation of the 2PASCL circuit decreases because charging/
discharging of the circuit nodes does not necessarily occur during
each clock cycle. Hence, node switching activities are suppressed
to a significant extent, and, consequently, energy dissipation is
reduced. One of the advantages of the 2PASCL circuit is that this
circuit can be made to behave as a static logic circuit. Fig. 3
illustrates the power dissipation comparison of the 4-inverter
chain of 2PASCL and CMOS at the transition frequency from 1 to
100 MHz.
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Fig. 5. Simulation results of the current and energy dissipation of a CMOS circuit

when connected to a pull-up network [13].
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3. Simulation and measurement results

3.1. CMOS circuits vis-a-vis 2PASCL

For the modeling of MOSFETs in both 2PASCL and CMOS, an
ideal switch is included in series with a resistor R to represent the
sum of the effective channel resistance of the switch and
the interconnect resistance. In CMOS, when the logic level in
the system is ‘‘1,’’ there is a sudden flow of current through R [12].
As the power dissipation is pðtÞ ¼ Ri2 and the current, i¼ CLdv=dt,
the amount of flowing current can be minimized by reducing the
load capacitance and/or the rate of change of the supply voltage
from 0 to Vdd.

In Figs. 4–7, simulation results are presented. Each figure
shows the voltage supply, input VX which oscillates at 10 MHz
and output signal VY on the top graph, the drain current Id on the
second graph, energy dissipation on the third graph, and the
instantaneous power dissipation on the fourth graph.

Fig. 4 describes the conditions in the pull-up networks of the
2PASCL inverter. When VX changes from HI to LO, 144 mA of Id

flows for 2.5 ns. Then from 2.5 to 25 ns, the circuit is operating in
an adiabatic manner, with a constant current of 15 mA.

In Fig. 5, as a comparison, the CMOS inverter simulation results
during Simulation results of that is operating in adiabatic mode.
The current passing through the nMOS transistor M1 is about
15 mA. The energy dissipation depicted in the third graph also
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mulation results of the current and energy dissipation of a 2PASCL circuit

nected to a pull-up network [13].
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Fig. 6. Simulation results of the current and energy dissipation of a 2PASCL circuit

when connected to the pull-down networks [13].
shows that only 0.63 fJ is dissipated before the recovery mode
begins to operate between 30 ns and 42 ns.

In Fig. 7, the current flow in the nMOS portion of the CMOS
logic during pull-down is described. As in the pull-up case, 1.5 mA
of current flows to the nMOS transistor during the logic transition.
The energy dissipation, at 2.8 fJ for CMOS is four times larger than
2PASCL.

In these simulations, a significantly lower current was observed
in 2PASCL compared to CMOS logic, and consequently energy
consumption is reduced.

3.2. 4� 4-bit array 2PASCL multiplier

As shown in Fig. 8, the 4�4-bit array 2PASCL multiplier
consists of 16 ANDs, six full adder logic circuits, and four half
adder logic circuits. For fabrication, 2PASCL D-flipflops are also
used to capture all of the 8-bit signals when the clock is in the HI
state. Fig. 9 demonstrates the simulation results of the 4�4-bit
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Fig. 8. Block diagram of a 4�4-bit array multiplier.
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Fig. 10. Layout of the 4�4-bit array 2PASCL multiplier using 1:2-mm CMOS

technology.
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array 2PASCL multiplier. In this simulation, 2PASCL D-flipflops
are used.

The layout design of the 4�4-bit array 2PASCL multiplier is
shown in Fig. 10. The image of the fabricated chip is shown in
Fig. 11. The chip was fabricated in the ON-Semiconductor using
1:2-mm standard CMOS 2-metal, 2-poly technology. The input
voltage rating for this process technology is 5 V. As mentioned
previously, this process technology was chosen to determine the
dynamic power consumption, rather than the leakage power
dissipation.

The package is a 2.3-cm quad-flat-package (QFP). The chip
summary is as depicted in Table 1.

The simulation results obtained using 1:2-mm CMOS technol-
ogy for the 2PASCL and CMOS multipliers were compared to the
measurement results. Fig. 12 shows the power dissipation results
obtained from simulations and measurements. The transition
frequency varied from 50 kHz to 5 MHz.

In the measurement, we have used the following equipments:
oscilloscope; Lecroy WaveSurfer MXs-A, function generator; NF
circuit design WF1974. Clock generator circuit (i.e. LC oscillator)
has not been used.

For the simulation, the power dissipation of the 4�4-bit array
2PASCL multiplier was compared to a 4�4-bit array CMOS multiplier
and a 4�4-bit array 2PADCL [8] multiplier. The 2PADCL inverter is
shown in Fig. 13. 2PADCL is a diode-based adiabatic logic. The main
difference between 2PASCL and 2PADCL is the output voltage drop
which has the effect of diode-drop. The output voltage of the previous
2PADCL is 2Vd where Vd is the forward voltage drop. On the other
hand, that of the proposed 2PASCL is Vd only, therefore the output
noise margin of 2PASCL is improved compared to 2PADCL. The power
dissipation of 2PASCL is also improved because the charge path is
only through PMOS-tree during charge transition.

The results indicate a 77% reduction in power dissipation as
compared to the 4�4-bit array CMOS multiplier. 2PASCL also shows
a 57% reduction compared to the 4�4-bit 2PADCL multiplier.



Fig. 11. Image of the 2PASCL 4�4-bit array multiplier.

Table 1
Chip summary of the 4�4-bit array 2PASCL multiplier.

Technology 1:2-mm CMOS 2-metal, 2-poly

Power voltage 5.0 V

Core size 1354 (W)�997 (H) mm2

No. of transistors 992

Dynamic operating frequency 5–20 MHz

Dynamic power dissipation 5.8 mW at 5 MHz
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Fig. 13. 2PADCL inverter.
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A 4�4-bit array 2PASCL multiplier was compared to a 2PADCL
multiplier. The results indicate that a 57% reduction in power
dissipation as compared to the 2PADCL multiplier was achieved.

However, based on the simulation results, the 4�4-bit array
2PASCL multiplier exhibits efficient logic functionality for a transition
frequency of up to 20 MHz on a 1:2-mm process. We observed some
signal degradation for transition frequencies above 20 MHz. This is
due to the charging time T, which is much greater than in the
conventional CMOS logic circuit. In addition, T is proportional to RCL,
i.e., the longer the path, the greater the required T. However, these
input frequencies are adequate for the applications described in
Section 1. Using 0:18-mm process, the 4�4-bit array 2PASCL multi-
plier managed to be operable up to 200 MHz [14].
4. Conclusion

The two-phase clocked adiabatic CMOS logic (2PASCL) circuit
is a novel logic family. In the present paper, simulation on the
current flow through the transistor in 2PASCL compared to CMOS
was presented. Simulations indicate that by controlling the peak
current flow through the transistors during charging and dischar-
ging, the power dissipation in the proposed adiabatic circuit can
be reduced by half compared to CMOS. The obtained simulation
results of 4�4-bit array 2PASCL multiplier circuit showed a 77%
reduction compared to a CMOS multiplier. Compared to the
2PADCL multiplier, the 4�4-bit array 2PASCL multiplier reduced
the power dissipation by 57%. The functionality, simulation, and
measurement results revealed that power consumption in the
2PASCL multiplier is considerably lower than CMOS, which is
advantageous for low-power digital applications. Future work
will be needed to evaluate the short-circuit currents and detailed
delay analysis of the 2PASCL.
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