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Abstract—This paper demonstrates some fundamental logic
gates employing two phase clocked adiabatic static CMOS logic
(2PASCL) circuit techniques. We design and simulate NOT,
NAND, NOR, and XOR logic gates on the basis of the 2PASCL
topology using SPICE implemented using 0.18 pm CTX CMOS
technology. For NOT circuit, analytical and simulation values are
compared. From the simulation results, we find that 2PASCL in-
verter logic can save up to 97% of dissipated energy as compared
to that with a static CMOS logic at transition frequencies of 10
to 100 MHz. Further, the power dissipation is the lowest when
compared with other proposed simple adiabatic logic inverters.
2PASCL also achieves the highest fan-out performance. The
results indicate that 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.

I. INTRODUCTION

With the widespread use of mobile and wireless devices
and the increase of clock and logic speeds in meeting the
new performance requirements, energy efficiency has become
a key design aspect in the field of integrated circuits (ICs). For
digital circuits, which mostly utilize complementary metal-
oxide-semiconductor (CMOS), voltage scaling is one of the
main strategies as the power consumption is proportional to the
square of the power supply voltage. To maintain high transistor
drive current and thus achieve performance improvements,
transistor thresholds must be scaled along with the supply
voltage. However, threshold voltage, V; scaling results in a
substantial increase in subthreshold leakage current [1].

In recent years, studies on adiabatic computing have been
utilized for low-power systems and several adiabatic logic
families have been proposed [2]- [9]. However, we have
observed several weaknesses of the diode based logics such as
low output amplitude and the power dissipation of the diodes
at the charging path.

In this study, we design, simulate, and compare the power
consumption of NOT, NAND, XOR and NOR logics using
2PASCL [10] and CMOS circuit technologies. A novel
method for reducing the power dissipation in a 2PASCL circuit
involves; the design of a charging path without diodes. In
such a case, current flows only through the transistor during
the charging. Thus, a 2PASCL circuit is different from other
diode-based adiabatic circuits, in which current flows through
both the diode and transistor. By using the aforementioned
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2PASCL circuit, we can achieve high output amplitudes and
reduce power dissipation. In addition, in order to minimize
the dynamic power consumption in this circuit, we apply a
split-level sinusoidal driving voltage.

II. CMOS VIS-A-VIS ADIABATIC LOGIC
A. CMOS

Power dissipation in conventional CMOS circuits primarily
occurs during device switching. When the logic level in the
system is “1,” there is a sudden flow of current through channel
resistance R. () = CpV4q is the charge supplied by the
positive power supply rail for charging Cr, to V4. Cf, is the
node capacitance, which is referred to as the load capacitance
in this paper. Hence, the energy drawn from the power supply
is Q- Vyqg =Cp, Vd2d [3]. If it is assumed that the energy drawn
from the power supply is equal to that supplied to C}, the
energy stored in C', becomes one-half the supplied energy, i.e.,
Estored = (%)CLVfd. The remaining energy is dissipated in
R. The same amount of energy is dissipated during discharging
in the nMOS pull-down network when the logic level in the
system is “0.” Therefore, the total amount of energy dissipated
as heat during charging and discharging is:

1 1
Echa'rge + Edischarge = §OLVde + §OLV(12(1 = CLVd2d' 1

From the above equation, it is apparent that the energy
consumption in a conventional CMOS circuit can be reduced
by reducing V4q and/or Cp. By decreasing the switching
activity in the circuit, the power consumption (P = 9£) can
also be proportionally suppressed.

dt

B. Adiabatic Logic

As opposed to the case of conventional charging, the rate of
switching transition in adiabatic circuits is decreased because
of the used of a time-varying voltage source instead of a
fixed voltage supply. By spreading out the charge transfer
more evenly over the entire time available, peak current is
greatly reduced. Consequently, by taking I as the average
of the current flows to the load capacitance, the overall
energy dissipated in the transition has been reduced to being
proportional to



2
I?RT, = <CLVdd> RT, = (RCL> CLVi.
TP TP

For adiabatic charging, theoretically, when 7T},, which means
the time for the driving voltage to change from 0 V to Vg, is
long, the energy dissipation is nearly zero.

When the driving voltage V ¢ changes from HIGH to LOW
in pull down network, the discharging via nMOS transistor
occurs. From Eq. 2, by minimizing the dissipation through
slowing down the logic transition speed, the system reclaims
some of the energy that is stored in their capacitors during a
computation and reuses it on subsequent computations. This
is the theory of charge recovery where these systems are not
necessarily reversible.

I1I. 2PASCL
A. Circuit Operation

Figure 1 shows a circuit diagram and waveforms illustrating
the operation of the 2PASCL inverter [10]. Both the MOSFET
diodes are used to recycle charges from the output node and
to improve the discharging speed of internal signal nodes.
Such a circuit design is particularly advantageous if the signal
nodes are preceded by a long chain of switches. By using
these two split-level sinusoidal waveforms, which have peak-
to-peak voltages of 0.9 V, the voltage difference between the
current-carrying electrodes can be minimized, consequently
power consumption can be suppressed. The substrates of the
pMOS and nMOS transistors are connected to ¢ and GND
respectively.

Since the criteria for maintaining thermal equilibrium, in
which the voltage between the current-carrying electrodes is
zero when the transistors are in the ON state [4] are satisfied,
the energy accumulated in C, is not dissipated. Moreover,
sinusoidal waveforms can be generated with a higher energy
efficiency than trapezoidal waveforms [7].
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Fig. 1. (a) 2PASCL inverter circuit. (b) Waveforms from the simulation,

transition frequency X=100 MHz, V, = V¢ = 200 MHz.

From the operation of 2PASCL [11], less dynamic switch-
ings are seen as circuit nodes are not necessarily charging
and discharging at every clock cycle which reduces the node
switching activities significantly. The lower the switching
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Fig. 2. Power dissipation per cycle comparison of the simulation results and
theoretical values of 2PASCL-based inverter gate.

activity, the lower its energy dissipation. One of the benefits
is that the logic behaves like a static logic.

B. Theoretical Analysis

In adiabatic circuits, energy dissipation occurs through the
threshold voltage and transistor channel resistance. To estimate
the energy consumption in adiabatic circuits, we utilize an RC
model with a threshold voltage V;. The energy dissipation in
a 2PASCL inverter is as follows [12]:

Eapascr = Echrg(a) + Faischrg(D1) + Edischrg(M2,D1)

1 1 1
= §CLVvti + icLVtﬁp—P | V;ﬁp I +§CL(V - ‘/tn)v;fn

bp—p

1
= 501 (V2 Vopy | Vi | +(V5,, = Vi)Vin)» )

¢p—p

where C7, is the load capacitance; V4, the threshold voltage
of pMOS; V,,, the threshold voltage of nMOS; and Vj,_,, and
Vgp_p the voltage supplies.

By assuming C1,=0.01 pE, | V;, [=0.58 V, V},,=0.24 V,
and Vgpp = V5 =09V, the theoretical calculations are
plotted. As shown in Fig. 2, the power dissipation at each
transition frequency is compared. The unmatched values of
the simulation and analytical results are primarily because of
the shape factor of voltage drivers which are not considered in
the theoretical calculations. However, we have understood the
fundamental factors that contributed to the power dissipation
in the 2PASCL inverter from this analytical analysis. From
Eq. 3, by applying Vg,_, and VEp—p as split-level sinusoidal
waveforms, with each peak-to-peak voltage being 0.9 V, we
have saved approximately 50% of the energy, as compared to
non-split-level waveforms.

C. Inverter Circuit

The paper starts by examining the logic function and energy
dissipation of a simple logic gate, an inverter of 2PASCL.

1) Simulation Condition: The simulations in this paper
utilize SPICE circuit simulator with a 0.18 pm, 1.8 V standard
CMOS process. The W/L of nMOS and pMOS logic gates
used are 0.6 um/0.18 um. A capacitive load Cy, of 0.01 pF
is placed at the output node Y. The frequency of power supply



clock is set to be exactly two times higher than the transition
frequency. The simulations are as follows;

a) Inverter logic function evaluation: The simulation to
evaluate logic function for the 2PASCL inverter at 100 MHz
transition frequency is carried out.

b) Energy dissipation comparison: Next, energy dissi-
pation per cycle is compared to CMOS and other simple
adiabatics inverter logic i.e. Inlp with split-level driving
pulse [5], Inlp quasi adiabatic [6], Quasi-Static Energy
Recovery Logic (QSERL) [7], Adiabatic Dynamic CMOS
Logic (ADCL) [8] and 2-Phase Adiabatic Dynamic CMOS
Logic (2PADCL) [9] at transition frequencies of 10, 20, 40,
80 and 100 MHz.

¢) Load capacitance evaluation: Then, by changing the
load capacitance from 0.01, 0.02, 0.05, 0.1, 0.2, 0.3, 0.4 and
0.5 pF, energy dissipation of 2PASCL is once again compared
to CMOS and previously mentioned simple adiabatic inverters.

2) Simulation Results:

a) Inverter logic function: The SPICE simulation results
obtained for the 2PASCL inverter are shown in Fig. 1 (b). The
top graph demonstrates the input signal which is a CMOS-
compatible rectangular pulses. The middle graph shows the
driving voltage of the split-level sinusoidal supply clock,
and the last graph shows the output waveform. The energy
dissipation is calculated by integrating the product of voltage
and current as follows:

The energy dissipation is calculated by integrating the
voltage and current product value as follows:

E= /OT <zn:(Vpi X Ipi)> dt,

where T is the period of the primary input signal; V,, the
power supply voltage; I,,, the power supply current; and n, is
the number of power supplies [9]. The energy in joule is then
converted to watt by multiplying it with the input frequency.

b) Comparison of energy dissipation: The graph shown
in Fig. 3 reveals that with the 2PASCL inverter, up to 97% of
the power dissipated from the CMOS inverter can be saved. It
also show that the 2PASCL inverter offers the lowest power
dissipation among all the other adiabatic inverter logic circuits.

¢) Power dissipation at different value of C',: The sim-
ulation results show that the power dissipation in the 2PASCL
inverter is 63% lower than that of CMOS static when the Cj,
values are changed from 0.01 to 0.5 pF, as shown in Fig. 4. It is
also shown that the energy dissipated from 2PASCL at various
load capacitance is the lowest compared to other adiabatic
circuits. It shows a significantly lower energy dissipation from
0.01 to 0.1 pF. The difference compared to QSERL at this
range exceeds 100 times.

“4)

IV. APPLICATIONS OF PROPOSED CIRCUIT

The first combination circuit examined in this study is
NAND logic. Our proposed schematic is shown in Fig. 5. The
logic function of the circuit as shown on the right graph is
confirmed. From the comparison study with CMOS, we find
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Fig. 3. Power dissipation comparison of 2PASCL, CMOS and other simple
adiabatic circuits.
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Fig. 4. Energy dissipation comparison of adiabatic logics at different load
capacitance.

that a 2PASCL-based NAND circuit can save up to 62% at
transition frequencies of 10 to 100 MHz. From the graph,
power can be saved the most at low transition frequencies.

We then simulated two combination logic circuits; 2PASCL-
based XOR and NOR circuits. Both the schematics are
demonstrated in Fig. 6 and Fig. 7. By using the split-level
sinusoidal driving clocks, the proposed XOR and NOR have
47% and 36% lower energy than conventional static CMOS,
respectively. A significant power saving can be seen at low
transition frequencies. As shown in Fig. 6, the scheme for a
2PASCL XOR has no diodes at the output Y. The discharging
diodes of pMOSs are placed only at the inverter site of the
circuit. However, in the case of an nMOS diode, it remains
adjacent to the nMOS logic circuit and ¢.

V. DISCUSSION

The logic swings at the output at high state have been solved
when simulation is carried out using 0.1 pF load capacitance.
By taking lower power dissipation and higher fan-out as its
strength, the weakness of 2PASCL is related to leakage current
as the gates are slowly switched. Further analysis will be
carried out in the next evaluation to solve these problems.

VI. CONCLUSION
The NOT, NAND, XOR and NOR logic using 2PASCL
topology has offered more energy savings compared to con-
ventional CMOS. As it dissipates less energy than other
proposed adiabatic inverter circuits, 2PASCL is a promising
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Fig. 5. Scheme for 2PASCL-based NAND logic (top left), waveforms from
the simulation at X=100 MHz where the output Y = a - b (top right), and
power dissipation compared to conventional NAND gate (bottom).

a TY 18V
o9V
oov

Viphi

Viy)

ey
TLITLTL

Ons  10ns 20ns 30ns 40ns 50ns 60ns 70ns 80ns 90ns 100ms

cmos

2PASCL

Power dissipaton, W]

10 20 40 80
Transition frequency, 1/T [MHz]

Fig. 6. (top left) Scheme for 2PASCL based XOR logic, (top right)

waveforms from the simulation where the output Y = a & b and (bottom)
energy dissipation compared to conventional ExOR gate.

candidate for low-power circuits at the frequency range in
which signals are digitally processed.
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7. (top left) Scheme for 2PASCL based NOR logic, (top right)

waveforms from the simulation where the output Y = a + b and (bottom)
energy dissipation compared to conventional NOR gate.
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