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ABSTRACT Pk
In this paper we describe the design and experimental
evaluation of a clocked CMOS adiabatic logic (CAL). CAL Ml:] |‘H
is a dual-rail logic that operates from a single-phase AC Fl | 24
power-clock supply in the ‘adiabatic’ mode, or from a DC 12, -
power supply in the ‘non-adiabatic’ mode. In the adiabatic

Ms -

mode, the power-clock supply waveform is generated using:xo_o|
an on-chip switching transistor and a small external )
inductor between the chip and a low-voltage DC supply. :
Circuit operation and performance are evaluated using a
chain of inverters realized in Lt technology. Foo—|
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Experimental results show energy savings in the adiabatic 24

mode versus the non-adiabatic mode at clock frequencies @ L2

up to about 40MHz. —L—

1 INTRODUCTION Figure 1: CAL inverter.

The potential for energy savings using energy-recovery (or CAL circuit configuration and operation are reviewed

‘adiabatic’) circuits has been examined using various circuit jn Section 2. |mp|ementation issues and the test Ch|p are
implementations [1-11]. Weaknesses of the previously discussed in Section 3. Measurement results are presented
proposed approaches include the need for multi-phase AGn Section 4. Section 5 concludes the paper.

power-clock supplies for proper interfacing between stages,

and correspondingly high complexity of both the logic and
the required power-clock generator [1-9]. 2 CIRCUIT OPERATION

This paper describes results of experimenta| The basic CAL gate, the inverter, is shown in Flg 1.
evaluation of the clocked adiabatic logic (CAL) [10,11] Cross-coupled CMOS inverters, transistdrsM,, provide
operated from a single-phase power-clock generatorthe memory function. In general, the devidés and Mg
integrated with logic [11]. The measurements are focusedcan be replaced with NMOS logic trees to perform
on verification of operation of the logic over frequency and switching involved in the evaluation of an arbitrary binary
supply voltage ranges and a comparison of CAL energyfunction. As an example, implementation of a 2:1 MUX

consumption to the case when the logic is operated from astage is shown in Fig. 2. The CAL topology is similar to
DC power supply. the logic proposed by Denker [6]. Our innovation is the

inclusion of path control switches, deviclt and Mg,
added in series with the logic trees. This modification
allows operation of the circuit with a single-phase power-
clock supply, Pck as opposed to the four-phase power
clock required by the logic proposed in [6].



Pck The device sizes in the CAL logic stages are indicated in
Fio °R Fig. 1 and Fig. 4. For testing purposes, twelve of the
My F H)| My inverters have both outputs connected to the output pins,
via conventional output buffers that serve as voltage
Ms Mo o comparators. The conventional output buffers and the
| - — CX circuits used to generate the auxiliary clocks are supplied
P Fo from a separate DC suppWpp. The inductorl and the
' low-voltage DC source/g are used for energy-recovery
2—| |—° (adiabatic) operation of the CAL chip. The AC power-
clock waveformPck is generated using a single NMOS
M || e deviceQ in parallel with the CAL logic. The devid@ is
|—° O_| |_o turned on during a small fraction of the clock period at the
S B S point whenPck is approximately zero. During this time,
energy is added to sustain oscillation in the resonant circuit
formed by the external inductance L and the equivalent
logic capacitance(:ecr WhenQ is clocked close to the
. . . . resonant frequenc¥?ck swings betweefl and a peak value
Figure 2: 2:1 MUX implemented with CAL. approximately equal to¥g [11]. The switching transistor

Q takes a small fraction of the total chip area, as shown in

Idealized CAL timing waveforms for the inverter are Fig. 5, whereQ is the area immediately to the left from the
shown in Fig. 3. The power clodRck is shown as a AL |abel.

trapezoidal waveform. Logic evaluation is enabled by the
auxiliary clockCX. For Fy =0, M is off, Mg is on, the

complementary outputz_1 goes to 0, and the true outgest

follows the power-clock waveform. In the next clock f=—""7F7—
period, the auxiliary clockCX=0 disables the logic 21,/ LCeq
evaluation and the outputs repeat the result stored durin _ . . .
the evaluation in the previous clock period. As a result, thethere. Ceq= 101pF is the measured eq_wvalent C.h'p

. pacitance at thePck node. The equivalent chip
CAL logic states are represented by presence or absence q apacitance was measured by connecting a resRtor
a pair of pulses. When controlling a chain of logic stages, betweenVg and Pck and by measuring the time constant
the same power clocRck supplies all CAL stages. The RG,, of the charge-up transient after the devés turned
logic evaluation is enabled in alternate logic stages by theqff ™ The logic can also be operated from a DC supply
auxiliary clock CX and its complemenCx . To reduce  connected directly t&ck while the power-clock devic®
power consumption in the auxiliary clock distribution, the s disabled. This non-adiabatic mode of operation is used
swing of the auxiliary clocks can be reduced without to evaluate how much energy can be recovered by the
affecting the signal levels in the logic. It is interesting to power clock.
note that CAL can also be operated as a conventional

clocked logic with a DC power supply connectedtk 4 EXPERIMENTAL RESULTS

H

Given a desired power-clock frequerfcyhe required
inductance. can be found from

1
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Clk j ” ” ” ” Operation of the circuit is illustrated by the waveforms
shown in Fig. 6 for an input sequence of 1100 and two

Pck _/_\NW power-clock frequencies. The pair of quasi-sinusoidal

pulses that corresponds to the logic high output is observed

CX as a pair of rectangular pulses through the conventional,
C—X—I—'—\—,—\_ DC-supplied output buffers. The maximum operating

frequency of the circuit in this test configuration was

= 50MHz, due to signal source limitation. Higher operating
0 J\—/_\; frequencies are predicted by simulation [10].

Fq Energy consumption of the CAL chip (excluding the
consumption of the output buffers) was measured as a
function of frequency for three cases: (1) for adiabatic
operation when 3V peak-to-peak sinusoidatk was
supplied from an external function generator and the on-
chip power-clock devic€ was disabled; (2) for adiabatic
3 IMPLEMENTATION operation with quasi-sinusoidaPck generated using
Fig. 4 is a block diagram of the experimental CAL chip Vg= 1.5V and an externdl, and by clockingQ as shown

. . it o ; in Fig.3; and (3) for non-adiabatic operation with the
built as a chain oh = 736 dual-rail inverters in 1un n ¥ N ;
CMOS technology. Fig. 5 shows the test chip die photo. minimum DC supply voltag#/g =2.5V for which the DC-

Figure 3: ldealized CAL timing waveforms.
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Figure 4: A chain of CAL logic gates with on-chip power-clock generation. For adiabatic operation,
Enable= 1, and inductok is connected betwedtkand the DC supplyy; for non-adiabatic operation,
Enable= 0 andPck = V.

supplied logic was found to function properly. In all three operation for a very wide range of throughput rates and
cases, the activity factor (defined as the normalized numberactivity factors.

of input transitions) is equal to 1. The results are shown in The energy consumption measurements shown in
Figs. 7 and 8. The non-adiabatic energy consumption isgigs. 7 and 8 included only the part of the circuit operated
approximately constant at about 0.58pJ per inverter perfom the supplyg: the logic and the switching transistor
cycle. The theoretical non-adlaba.tlc energy con'sumptlon,Q. The measured energy consumption per cycle of the
based on the measur@,= 101pF is 0.61pJ per inverter cjrcuits supplied from the constant DC voltaggp = 3V

per cycle. The small difference comes from the fact that ayxiliary clocks and the driver for the switching transistor

Ceq includes capacitance of tick distribution, which is ) js apout 30pJ, or about 8% of the total non-adiabatic
not switched during non-adiabatic operation. These resultSgnergy consumption.

show that the energy consumption of the CAL operated
from the DC supply is indeed equal ©V? losses.
Therefore, the results of Fig. 7 show how much ofGhé

can be recovered through the power clock during adiabatic
operation of the chip with external or internal power clock.
Energy savings are very large at low operating frequencies ™
and diminish as the frequency approachés 30MHz.

The results with the externally supplied power-clock
waveform are significantly better than the results with the
internally generated®ck We believe that significantly
better performance of the internal power-clock generator
can be obtained by increasing the size and reducing the on
resistance of the switching transist@r

By changing the activity factor at a constant power-
clock frequency it was found that the CAL power
consumption at the activity factor equal to 0 is
approximately one half of the power consumption at the
activity factor equal to 1, as shown in Fig. 8. This confirms
that at low activity factors non-adiabatic operation from a
DC supply can be significantly more efficient.

The CAL ability to operate from either a single-phase
AC power-clock supply or from a DC supply opens SRk
interesting possibilities to combine adiabatic and non- LI | .1-.-'. HEEE
adiabatic modes of operation to achieve energy-efficient
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Figure 5: Test chip die photo.
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Figure 6: Measured CAL waveforms: Ch1: power clBck Ch2: logic inpuf,, Ch3: buffered logic outpii,;, Ch4:

buffered complementary logic outpﬁ for (a)f = 12.5MHz, the logic is supplied frolfy = 1.8V, while the DC supply for
the conventional output buffers¥,, = 4V and (bf = 2.36MHz, the logic is supplied frolg = 1.5V, the DC supply for
the output buffers i¥pp = 5V.

5 CONCLUSION chip is supplied from a DC voltage source. Experimental

. . . results show significant energy savings at relatively low
The prlopohsed clocked ?d|akbat|c ll()g'CT(r(]:Ai‘) (t)p?]r_ates ffﬁ”.‘ clock rates. The CAL ability to operate from either AC
afs_mg et-p a_se_pO\;ver-c ?Cd _supp)l/é CM%SE? Ch 'p'l a chaiNyower-clock supply or from a conventional DC supply
of inverters, is implemented in a echnology. opens further possibilities for energy-efficient operation in

measured for adiabaic operation UG an exterhal power . VEY. Wide range of throughput rates by ‘combining
- OP ) g an P adiabatic and non-adiabatic modes of operation.
clock generator or using a simple on-chip power-clock

generator. These results are compared to the energy
consumption measured in non-adiabatic operation when the
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Figure 7: Energylinverter per cycle vs. frequency. Figure 8: Energyl/inverter vs. frequency

for different activity factors.
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