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ABSTRACT

This paper proposes a noble two-phase drive adiabatic
dynamic CMOS logic circuit (2PADCL). The proposed
2PADCL uses two complementary sinusoidal power sup-
ply clocks and resembles behavior of static CMOS. As
a result, the delay time of the 2PADCL is shorter than
that of the conventional ADCL circuit in the second
and subsequent stages. The structure of 2PADCL can
be also directly derived from static CMOS logic circuits.
From the simulation results, we show that the energy
consumption of the 2PADCL circuit is lower than those
of other diode based adiabatic logic circuits.

1. INTRODUCTION

Adiabatic logic circuit is a new promising approach,
which has been originally developed for low power dig-
ital circuits [1]-[9]. In many of the earlier papers, the
proposed circuits were based on a dynamic operation
which calls for four phase power clocking [1], [3], [4].
This type of adiabatic logic suffers from major draw-
backs: its clock driver is difficult to design and it can-
not provide pipelining. Denker et al. [2], Lau et al. [5]
and Ye et al. [6] have presented two-phase drive adi-
abatic logics, however, these systems require complex
circuitry and wire connection for power supply. Adi-
abatic dynamic CMOS logic (ADCL) is a diode based
adiabatic logic which uses one clock supply and is useful
for low energy systems [7]-[9]. However, the delay time
of each gate is a half period with respect to the peri-
odic power supply voltage in the ADCL circuit. This
delay time makes a very clear prediction in regard to
the problem difficulty: the larger the number of gate
stages becomes, the lower the operating speed of the
ADCL [8, Sect. 2]. The ADCL circuit requires also the
load capacitor to hold the output voltage [7]. The in-
crease in electric charge/discharge leads to the increase
in thermal loss caused by On-state resistance of MOS
transistor. Therefore, the design of ADCL logics still
requires complex circuits from aspect of hardware im-
plementation.

In this paper, we propose a new topology for the

adiabatic dynamic circuit in order to solve the delay
problem and the hardware complexity. We also propose
a new scheme of generating supply clocks based on the
voltage controlled oscillator. The proposed circuit is
called two-phase drive adiabatic dynamic CMOS logic
(2PADCL). The 2PADCL circuits can be directly con-
verted from static CMOS circuits without drastically
increasing the circuit complexity. Through computer
simulation, we show that the energy consumption of
the 2PADCL circuit is lower than those of other diode
based adiabatic logic circuits.

2. ADIABATIC LOGIC

Figures 1(a) and (b) show the conventional ADCL in-
verter [7] and the modified ADCL [9], respectively. In
these circuits, since the output voltage V¢ of ADCL (or
modified ADCL) gate is synchronized with the power
supply voltage V), the operating speed of the ADCL cir-
cuits is determined by the frequency of V. This means
that the larger the number of gate stages, the lower
the operating speed of the ADCL. Figure 1(c) shows a
SPICE simulation result for the four ADCL inverter-
chains. From this figure, we found that the delay gen-
erated from the power supply is increasingly stored in
the second and subsequent stages.

The proposed 2PADCL inverter is shown in the top
of Fig. 2(a), where the inverter is operated with com-
plementary phases of power supply signals. The sup-
ply waveform consists of two modes, “evaluation” and
“hold,” as shown in the bottom of Fig. 2(a). Let us con-
sider the adiabatic mode. When V), and Vp are in eval-
uate mode, there is conducting path(s) in either PMOS
devices or NMOS devices. Output node may evaluate
from low to high or from high to low or remain un-
changed, which resembles to the CMOS circuit. Thus,
there is no need to restore the node voltage to 0 (or
Vbp) every cycle. When V, and Vp are in hold mode,
Output node holds its value in spite of the fact that V),
and Vp are changing their values. We can find that such
is the case by observing the function of diodes and the
fact that the inputs of a gate have a different phase with
the output. Circuits node are not necessarily charging
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Figure 1: Adiabatic dynamic CMOS logic (ADCL) and simulated waveform of four ADCL inverter-chains.

and discharging every clock cycle, reducing the node
switching activity substantially as shown in Fig. 2(b).
Therefore, the speed of 2PADCL circuits is faster than
that of ADCL circuits.

The minimum energy consumption in a single in-
verter is reached when the phase difference between the
power supply and the input data is 7/2-rad so that the
data is lacking the power supply. When the phase dif-
ference is somewhere between 0-rad and w/2-rad, the
slope of the toggling gate’s output is partially in CMOS
and partially in adiabatic mode. If the phase difference
is thought to be determined by a stochastic process, the
functionality of the 2PADCL gate is guaranteed only by
the following equation: fui > fs where for and fs are
the frequency of power supply and the frequency of in-
put signal, respectively. In practice the clocking ratios
fer/fs€4{5,6,7,8,9,10} can provide about from 80 to
90% adiabatic operation'. Therefore, if we select the
above ratios (as close to unity as possible), we can re-
duce the energy consumption of 2PADCL gate. Since
2PADCL gate also is possible to maintain the output

IThe 2PADCL inverter having output transition 0—1 or 1—0
has only shown in the simulation. Just as the inverter is compat-
ible with adiabatic mode under the condition of the phase differ-
ence between 0O-rad and 7/2-rad, other gates (e.g. 2input-NAND,
NOR) and complex gates operate with adiabatic mode under the
same condition.

voltage without the load capacitor, its energy consump-
tion can be more reduced.

3. SIMULATION

The chain of four inverters was tested by SPICE sim-
ulation using a standard 1.2 ym CMOS process tech-
nology provided by VLSI Design and Education Cen-
ter (VDEC), the University of Tokyo, with the collab-
oration by On-Semiconductor Corporation. The tran-
sistor size W/L is 5.0/1.2 for both of the PMOS and
NMOS transistors. In the simulation the clocking ratio
fer/fs=5 was used.

To evaluate the power savings in the circuits, we
compute the energy consumption F, which is defined
as follows:

B= / (Z (Vps Im) dt, (1)

where T (=1/f5) is the period of the primary input sig-
nal, V, is the power supply voltage, I,, is the power sup-
ply current, and ¢ is a number of power supply. There-
fore, E is equal to the net energy flowing into the circuit
from the power supply line.

Figure 3 shows the comparison of energy consump-
tion of different diode based adiabatic logic families; 2N-
2N2D [2], ADL [3], APDL [5], QSERL [6], ADCL [7]
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and proposed 2PADCL. Some points not drawn on the
graph represent malfunction due to incomplete adia-
batic mode. This result shows that the proposed 2P-
ADCL reduces the energy consumption by about two
(or four) times as compared to other adiabatic logics in
the 1 MHz to 10 MHz range.

4. SUPPLY CLOCK GENERATION

2PADCL saves the energy by returning delivered energy
back to the supply. The AC-power supply is needed to
efficiently restore the charge, and so we should design
an efficient clock circuit which converts DC power to
AC. Figure 4 shows the supply clock generation circuit
based on the voltage controlled oscillator (VCO). This
supply clock generation circuit comprises of the voltage
reference, the current mirror and the LC cross coupled
oscillator, and then produces two supply clocks which
have 180° phase difference. The free-running frequency
feir 1s determined according to the following equation:

1
fer = m (2)

The complete clock generator circuits are designed
with the device parameters shown in Fig. 4, and has a
frequency for of 10 MHz. From simulations the gen-
erator has an energy conversion efficiency of 97%, and
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Figure 2: Two-phase drive ADCL (2PADCL) and simulated waveform of chain of four 2PADCL inverters.
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Figure 3: Energy consumption of different diode based
adiabatic logics and CMOS logic.

then the provided sinusoidal supply voltages are shown
in Fig. 5.

Table 1 summarizes the power dissipation of each
functional block of the 2PADCL 100 inverter-chains.
To evaluate power dissipation of adiabatic system, sim-
ulations were made the following conditions; the free-
running frequency of the VCO shown in Fig. 4 was
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Figure 4: Voltage controlled oscillator for generating
adiabatic power supply/clocks, achieving an energy con-
version efficiency of 97%.
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Figure 5: Output voltages of the adiabatic power supply

circuit.

fex =10 MHz, input clock frequency was fs =1 MHz
and DC supply voltage was Vpp =5 V. From the simu-
lation results, 27.6% power saving is achieved compared
to a conventional CMOS.

5. CONCLUSIONS

In this paper, we have presented the two-phase drive
adiabatic dynamic CMOS logic and a low-energy diode
based adiabatic logic family. The performance of 2P-
ADCL has short switching delay and relatively high
throughput as compared with that of ADCL. Our simu-
lation result with 2PADCL circuits has indicated a fac-
tor of from two to four reductions in energy consump-
tion. The power consumption of a complete adiabatic
system, including the generation of the clocked supply
voltages by means of a two-phase power clock generator
with 97% efficiency, has been about 28% lower than the
equivalent static CMOS implementation at fs = 1 MHz.
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