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Abstract— Adiabatic switching is an approach to low-power
digital circuits that differs fundamentally from other practical
low-power techniques. When adiabatic switching is used, the
signal energies stored on circuit capacitances may be recycled in-
stead of dissipated as heat. We describe the fundamental adiabatic
amplifier circuit and analyze its performance. The dissipation
of the adiabatic amplifier is compared to that of conventional
switching circuits, both for the case of a fixed voltage swing
and the case when the voltage swing can be scaled to reduce
power dissipation. We show how combinational and sequential
adiabatic-switching logic circuits may be constructed and de-
scribe the timing restrictions required for adiabatic operation.
Small chip-building experiments have been performed to validate
the techniques and to analyse the associated circuit overhead.

Index Terms— Adiabatic amplification, adiabatic charging,
adiabatic switching, low-power CMOS, reversible computation,
switching energy reduction with preserved signal energies.

I. INTRODUCTION

HE IMPORTANCE of reducing power dissipation in dig-

ital systems is increasing as the range and sophistication

of applications in portable and embedded computing continues
to increase. System-level issues such as battery life, weight,
and size are directly affected by power dissipation. Inroads into
reducing power dissipation of the digital systems only serves
to improve the performance and capabilities of these systems.
CMOS has prevailed as the technology of choice for imple-
menting low-power digital systems. One of the most important
reasons is the reduction in switching energy per device caused
by the continually shrinking feature sizes. Another important
reason is the almost ideal switch characteristics of the MOS
transistor, which translates into a negligible static power dissi-
pation compared to the switching (transient) power dissipation.
Basic energy and charge conservation principles can be used
to derive the switching energy and power dissipation for static,
fully restoring CMOS logic. Throughout this article, we will
frequently refer to such CMOS logic as “conventional” logic.
Consider the generic CMOS gate shown in Fig. 1. A load
capacitance C,, representing the input capacitance of the next
logic stage and any parasitic capacitances, is connected to the
dc supply voltage V;,; through a pull-up block composed of
pFET’s and to ground through a pull-down block of nFET’s.
With the pull-down network tied and the pull-up network cut,
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Fig. 1. Generic, conventional CMOS logic gate with pull-up and pull-down
networks.

the output is discharged to ground. When the inputs change
so that the pull-up network is tied and the pull-down network
cut, charge will flow out of V4 and into the load capacitance
until the output reaches Vgyq.

In the process of charging the output, a charge of size
Q = CLVy4 is delivered to the load. The power supply must
supply this charge at voltage V44, so the energy supplied is
Q- -Vya = Cp - Vd":i. The energy stored on a capacitance
Cp charged to Vyq is only half of this, or (1/2) CLV2,.
Because energy is conserved, the other half must be dissipated
by the pFET’s in the pull-up network. The same amount
of energy is dissipated, regardless of the make-up of the
network, the resistance of the pFET’s, and the time taken
to complete the charging. Similarly, when the inputs change
again causing the output to discharge, all of the signal energy
stored on the capacitance is inevitably dissipated in the pull-
down network, because no energy can enter the ground rail
@ Vgna =Q-0=0).

Thus, from an energy conservation perspective, the conven-
tional case represents a maximum of wastefulness. All charge
is input to the circuit at voltage Vyq and exists at voltage
0. The energy of the charge upon entry is CpVyy - Vyq. The
energy of the charge upon exit is 0. Energy dissipation from
delivery to removal of the charge is Cf, Vd%j. All of this energy
is dissipated as heat.

Since the energy dissipated when a signal capacitance is
cycled is fixed at twice the signal energy, the only way to
reduce the energy dissipation in a conventional CMOS gate is
to reduce the signal energy. This increases the sensitivity to
background noise and thus the probability of malfunction.

Switching energy can be made to be considerably less than
signal energy. From the theory of charge control [13], charges
can be distinguished as either controlling or controlled charge.
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For MOSFET’s, the controlling charge is on the gate, while
the controlled charge flows through the channel. Dissipation
is caused by the resistance encountered by the controlled
charge. If charge transport is slowed down, energy that would
otherwise be dissipated in the channel can be conserved for
later reuse. The energy advantage can be readily understood
by assuming a constant current source that delivers the charge
CVaq over a time period 7. The dissipation through the
channel resistance R is then:

2
-Ediss:P'T:I‘Z'R‘T=<—CJ%/ﬂ) R-T

RCy,
(7
Equation (1) shows that it is possible to charge and discharge
a capacitance through a resistance while dissipating less than
CLV3, of energy. It also suggests that it is possible to
reduce the dissipation to an arbitrary degree by increasing
the switching time to ever-larger values. We refer to this
as the principle of adiabatic charging. We use the term
“adiabatic” to indicate that all charge transfer is to occur
without generating heat. As is the typical usage of the term in
thermodynamics, fully adiabatic operation is an ideal condition
that is asymptotically approached as the process is slowed
down. To the best of our knowledge, Seitz and co-workers [1]
were the first to formulate the relationship of (1) and to use
the effect in practical digital circuits.

Switching circuits that charge and discharge their load
capacitance adiabatically are said to use adiabatic switching.
This article describes and analyzes the power dissipation
and performance of adiabatically-switching logic circuits built
in CMOS. The circuits rely on special power supplies that
provide accurate pulsed-power delivery. It is important to
note that adiabatic switching techniques can be an attractive
alternative to other low-power design approaches only if the
supplies can deliver power efficiently and recycle the power
fed back to them. The circuits described here are compatible
with energy-efficient, resonant power supplies that we have
developed and prototyped [2].

Many factors must be considered when determining the
conditions for which adiabatic switching offers superior low-
power operation to other approaches. When signal-voltage
swing is significantly greater than the threshold voltages of
the CMOS devices, the advantages can be readily determined
from the analysis of the adiabatic amplifier, which is discussed
in detail in Section II. On the other hand, when signal-voltage
swing can be scaled down to reduce power dissipation, the
advantages of adiabatic amplification rapidly diminish for all
but the slowest applications, as shown in Section IIL

The adiabatic amplifier and the simple gate structure on
which it is based can be straightforwardly generalized so that
in addition to amplification or buffering, it can implement
arbitrary logic functions. Section IV describes the transition
from combinational logic to sequential logic. The transition
constitutes a turning point, since conventional storage elements
cannot be made fully adiabatic. Reversible-logic techniques
may be used to avoid storage elements and thus make it
possible to build fully adiabatic sequential systems. To this
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end, we have developed techniques for constructing reversible
logic pipelines similar in organization to those developed
and demonstrated by Younis and Knight [9]. Section IV
also includes a description of a design exercise, where the
reversible pipeline structure is used to construct a highly
pipelined adder. The results of this exercise indicate that for
reversible logic to be a competitive approach to low-power
CMOS, either the premium on reducing the energy dissipated
per operation must be extremely high, or logic styles and
synthesis procedures need to be invented which result in circuit
designs with much less logical overhead.

II. ADIABATIC AMPLIFICATION

The adiabatic amplifier, which is the fundamental circuit
to our approach, is a simple buffer circuit that uses adiabatic
charging to drive a capacitive load. It is useful in a stand-
alone configuration, and also as a part of more sophisticated
circuits. In this section, we analyse its efficiency and describe
its stand-alone use as a line driver for an address bus on a
memory board.

Equation (1) assumes that Cp is charged or discharged
through a constant resistance. Conventional gates, such as that
in Fig. 1, use pull-up and pull-down networks composed of
nonlinear FET devices. Fortunately, a switch network can be
linearized to a first approximation by replacing each FET with
a fully restoring CMOS transmission gate (1™-gate). The T-
gate is built from an nFET and a pFET connected in parallel.
To tie the T-gate with minimal on-resistance, the gate of the
pFET is grounded and the gate of the nFET is tied to Vyq. For
a small voltage drop across the 7T-gate, which is the intended
region for adiabatic circuits, we may model the conductances,
G, and G, of the FET’s as:

C,

Gp = Fi(vch - ‘/th) (2)
G = S Via = Vi - Vi 3
=g (Vas = Ve th)- 3

C, and C, are the gate capacitances of the FET’s, Viy is
the threshold voltage of the nFET, and K, and K, represent
process constants independent of gate capacitance and voltage.
V., is the average channel voltage. We assume that the channel
length is held constant, so that the gate capacitance is directly
proportional to the channel width. These equations do not take
into account body effects or the difference in threshold voltage
between nFET’s and pFET’s. Accuracy is therefore limited to
a factor of two.

By selecting the widths of the two FET’s such that K, /Cr
= K, /Cp, we may simplify the sum of the two conductances
to:

C,
G, + G, = Ri(vdd — Ven — Vin + Van — Van)
n

C’L
=% (Vaa — 2Vin) (4)

n

The on-resistance of the T-gate is the reciprocal of this sum:

K.

Ry = ———.
&~ Cp(Vaa — 2Vin)

&)
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Fig. 2. Adiabatic amplifier: schematic and logic symbol. 174 should be
connected to a pulsed-power supply.

This formulation assumes that both devices are conducting,
which is not the case when V, is within one threshold voltage
of either supply rail. However, at these extremes the on-
resistance will be less than the value given by (5), so the
formulation can be used as a worst-case estimate.

The adiabatic amplifier of Fig. 2 is a simple but important
circuit element, which may be used to drive a capacitive load
by adiabatic charging. The amplifier consists of two T-gates
and two nFET clamps. The input is dual-rail encoded, since
both signal polarities are needed to control the T-gates. The
output is also dual-rail encoded; this choice helps keep the
capacitive load seen by the power supply data-independent,
which simplifies its design, and is also required when other
T-gates (such as other amplifiers) are to be controlled by the
output signal. The operation of the amplifier is straightforward.
First, the input is set to a valid value. Next, the amplifier is
“energized” by applying to V4 a slow voltage ramp from 0 to
Viq. If the ramp is slow compared to R,;,Cy, one of the load
capacitances will be adiabatically charged through one of the
T-gates. The output signal is now valid and can be used as
an input to other circuits. Next, the amplifier is de-energized
by ramping the voltage on V4 back to 0. The signal energy
that was stored on the load capacitance flows back into the
power supply connected to V4. It falls on the power supply
to recycle this returned energy.

We now analyze the energy efficiency of the amplifier, using
(1) and (5). The dissipation caused directly by charging and
discharging the load capacitance, Fj,.4, can be expressed by
combining (1) and (5). To account for a nonconstant charge
current, the dissipation of (1) must be multiplied by a constant
shape factor £ (which takes the value 72/8 =~ 1.23 for a
sine-shaped current). The simple formula of (1) becomes:

RthL _ 2§ Kn

el y2 =S5 om
T ~Lldd T Cn(Vaqg — 2Vin)

Eload = 25 C%ded (6)
Additionally, parasitic effects such as diffusion capacitance of
the T-gates and the clamp nFET’s will contribute to the total
load capacitance. To account for these contributions would
unduly complicate the equations and would not contribute to
an understanding of the general result. For the analysis that
follows, these capacitances will be treated as negligible by
assuming that total input capacitance is small relative to the
effective load.

Energy is also dissipated to drive the input capacitance.
For the moment, we will analyse the case when the inputs
are driven conventionally to Vg4, so that the input energy,
E;,, is dissipated. We furthermore assume that the total input
capacitance is proportional to the gate capacitance of the
nFET of the T-gate, with a constant of proportionality o;

if no parasitics are considered, o = (C, + Cp)/C,. Thus,
Ein = aC,V3,. The total energy dissipated per cycle is then:
2¢ K,

Eiotal = Ein+Eload = aC Vi + 22— "
total in+ Lload aly dd+TCn(Vdd_2Vvth)

Civ},.

7
Equation (7) defines an important trade-off in adiabatic CMOS
circuits. When the channel width, and thereby the input
capacitance, is increased, the energy dissipated in charging
the load decreases, but the energy dissipated in charging the
inputs increases proportionately. If C), is a free parameter in
the design of the amplifier, the minimal energy dissipation is
achieved when the two terms of (7) are equal:

2% K,

Ch, = 4]
ol (Vdd - 2Vth)

Tiopt CL. )
Inserting (8) into (7) yields the following expression for the

minimum dissipation:

8ot K.

Etotal, = 2- Viad — 2Vip)
totalmin aC, T (Via — 2Vip)

g Veld = CLVE. 9)
Equation (9) illustrates a fundamental limitation! for adia-
batic charging with conventionally driven control signals: the
switching energy will only scale as T~'/2, as opposed to the
T~ of (1). An obvious improvement is to use two amplifier
stages, where a smaller adiabatic amplifier is used to drive
the input signals of the final stage. Let Cy,; and Cy; be the
gate capacitances of the nFET’s of the T-gates of the first
and second amplifier, respectively. The input capacitance of
the second amplifier, «C,5, then constitutes the load of the
first amplifier. Allotting half of the total charging time to each

stage, we get:
Cz
+ —L)Vfd.

Cn‘Z
(10)
With both C,,; and C,,2 as free variables, the total minimum
energy dissipation is:

Etota] = acnlvdzd +

K, 4 (aﬂc'gz
(Vag —2Viy) T\ Cny

af K,

3/4
ol =8B _Ln 2
Eitaln (T Vs = 2Vth)> CLViy an

From (9) to (11), the energy scaling improves from 7~1/2
to 7-3/4 1t can be shown that for a cascading of n such
amplifiers, the energy dissipation scales as:

~T2 "1 (12)

Etota]m;,.

This result is not very useful in practice, since the parasitic
capacitances can no longer be neglected when the capacitances
of the final gate-drive FET’s become comparable to that of the
load. Also, if the switching is to be performed within a constant
time interval, the ramp time for each of the steps must decrease
at least linearly in the number of cascaded amplifier stages.

These results present a dilemma. The cost of using con-
ventionally driven inputs with adiabatic logic is a scaling in
switching energy which decreases sublinearly with increases

! A similar relationship has been derived previously for the case of resonant
power supplies based on power MOSFET circuits [16].



ATHAS et al.: LOW-POWER DIGITAL SYSTEMS

in switching time. T~ scaling may be asymptotically ap-
proached, even when the inputs of the amplifier cascade
are driven conventionally, but to immediately achieve linear
scaling requires the use of all-adiabatic circuits, where the
input signals of all amplifiers are also switched adiabatically.
The implications for all-adiabatic operation are serious and are
discussed in detail in Section IV.

A. The Adiabatic Line Driver

As shown above, adiabatic amplifiers make it possible to
reduce switching energy while signal energy is held constant,
something which cannot be done with conventional CMOS
switching. To investigate how well the theory reflects reality,
we designed, implemented, and tested an adiabatic line driver
chip (ALDC) for driving an address bus of a memory board
[2]. This application involves relatively large driven capaci-
tances and moderate speed requirements, which translates to
considerable theoretical power savings. The signal energies are
fixed by voltage swing requirements and input capacitances
of the memory chips, so no improvements are possible with
conventional drivers. The ALDC is also very simple, allowing
us to characterize it fully and isolate the non-ideal phenomena.

The ALDC comprises eight adiabatic amplifiers in a 40-
pin DIP, sharing the same supply voltage. It was designed to
use 5% of the power of a conventional driver (according to
(1)) when driving 100 pF per output line at 1| MHz, and is
implemented in a MOSIS-supplied 2 pm process. A simple
pulsed-power supply, outlined in Fig. 3, was used to test the
circuit. The power supply and some parasitics not present in
a conventional driver limited the actual dissipation gain from
a factor of 20 to a factor of 6.3. It is instructive to consider
the distribution of the dissipation over the different parts of
the circuit: 51% of the power dissipation is in the ALDC,
29% is in the channel of the power supply FET switch used
to time the energy transfer, 17% is in the circuit driving the
gate of that switch, and 3% is in the parasitic resistance in
the inductor. This breakdown emphasizes the importance of
taking the dissipation of the entire system (including the power
supply) into the account, not only that of the logic circuit.

III. SUPPLY VOLTAGE SELECTION

For many applications, signal energy levels are determined
by the input/output requirements of the digital system. Industry
standards for interfacing (such as for the ALDC) or the
peculiar requirements of the physical properties of the interface
device (such as for liquid crystal displays) mandate certain
voltage swings. For these applications, the benefits of adiabatic
switching improve with increasing voltage swing, as can be
seen by comparing the energy required to cycle a signal
conventionally to the adiabatic dissipation of (6):

Econv _ CL%:Zd _ CnT
"~ Euaa 2£K.Cy

(Vaa — 2Vin)- (13)

Eicaq
The energy savings ratio increases linearly with V4 for an all-
adiabatic system and increases as led/ % or Vji/ * for the mixed
approaches described by (9) or (11).
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Fig. 3. Test setup of ALDC. The capacitor C,,, is held at 1};,. The ALDC
inputs are set with all output capacitances discharged; the nFET switch is
pulsed; the current pulse through the inductor is steered to the intended output
capacitances. The nFET is pulsed again for the charge to return to the tank
capacitor. Only thereafter may the inputs change.

inputs

On the other hand, if we are free to choose the voltage swing
for minimum dissipation, we might try to scale down signal
energies (by increasing Vy4) as far as the application permits
and then apply adiabatic charging techniques to further reduce
switching energies. This is, however, an unattractive strategy
that does not lead to minimal dissipation for 7-gate based
circuits. In fact, there is an optimal supply voltage swing for
T'-gate-based adiabatic circuits. This voltage will vary with the
approach taken; for simplicity, we will analyse the all-adiabatic
approach. Equation (6) can be rewritten:

2% K,

T Con(Vag — 2Vip)
_ 2% K,C} %7
T C, [(Vdd - 2141,)}

The energy has a minimum for V,y; = 4V}),. Again, nei-
ther the body effect nor the regions where only one FET
device is turned on are accounted for. SPICE simulations and
more detailed analysis which takes into account body effects,
subthreshold regions, and waveform shapes all show that the
minimum is reasonably shallow and that 4V;}, yields close to
the optimal dissipation. When 4V;}, is substituted for Vyy in
(6), the energy dissipation of the adiabatic amplifier reduces to:

_ C% 16£Kn‘/th
e =0, T T

We now wish to compare this dissipation to that of a
conventional inverter driving the same capacitance, but where
the voltage swing can be chosen freely. The conventional
circuit will use devices of the same size as the adiabatic one,
and its supply voltage will be selected to equalize the speed
of the two drivers. To model switching delay as a function of
supply voltage for conventional circuits, we use the following
well-known approximation [3]:

CL

CrVaa _ 2K,V Cr
Isat (Vdd - Vth)2 Cn '

2772
Eload = Cy Via

(14)

Ey (15)

T = (16)
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This expression is based on the drain current of a device
in saturation. Velocity saturation is unlikely to influence the
delay for the low supply voltages we are interested in and
is consequently not taken into account. Mathematical analysis
confirmed by SPICE simulations of a ring oscillator indicates
that this formula is accurate down to Vy; =~ 1.3V,,. From
(16), we can now express the required supply voltage and
the resulting switching energy as functions of the allowed
switching time:

rK, + \/(TK,L)(TKH + 2TVin)
T

Vaa = Vin + an

2
ECanv = C‘L Vi,_l

«

2
rKo + VKD K, + 2TVm))
= :

= CL (Vt,h +

(18)

The parameter r relates the output and input capacitances
(r = C/C,). We see from (18) that when switching time
is increased in a conventional CMOS circuit by reducing
supply voltage, dissipation will initially fall off as T2 1t
will, however, tend asymptotically to CrV;? when T' grows
very large and V), approaches V;y,. The adiabatic case has no
such asymptote, as is seen in (15). Fig. 4 is a graph of the
dissipation of the two approaches for a MOSIS 2 ym CMOS
process and » = 10. Below 5 ns, (15) is inapplicable because
the charging time is no longer sufficiently long compared to
RyyCy, at 4 Vi, At 25 ns, Vyy for (18) equals 1.3 V4, which
is the lower limit for using (16).

We assumed in this analysis that the device sizes for
both approaches are equal. Thus, the input capacitances for
both circuits are approximately equal, if the conventional
driver is ratioed according to carrier mobility. However, the
adiabatic driver requires that dual-rail signalling be used,
while conventional one does not. This requirement for dual-
rail signalling tends to proliferate throughout the system,
doubling the hardware amount. Assuming that both signal
polarities of the input are available, the choice between the
two approaches depends on the allowable switching time
and on the input/output requirements. Initially, supply voltage
reduction is very attractive, since there is a quadratic decrease
in energy dissipation as switching time is increased. However,
its scalability is limited and depends on having the flexibility
to set supply voltages based on circuit latency requirements.

In practical circuits, several additional sources of overhead
must be considered for an adiabatic circuit to offer lower
energy dissipation than a conventional one with a freely chosen
supply voltage. These include the FET clamps on undriven
outputs and additional sequencing requirements so that energy
can be efficiently delivered and recovered. The modest gains
indicated by Fig. 4 may easily be overwhelmed. Furthermore,
the situation becomes more severe when sequential functions
with adiabatic charging are attempted, as will be seen in the
next section.

25

—e— Eqn. 16
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—e— Eqn. 3from 8]
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Fig. 4. Trading energy for delay for a conventional (18) and an adiabatic
(15) driver. The transition time of the conventional driver is set by adjusting
the supply voltage (V4). The voltage swing of the adiabatic driver is set at

4V}, Equation 3 from Younis (3} is the exact formula for energy dissipation
when T >> RC does not hold.

IV. ADIABATIC LOGIC CIRCUITS

A straightforward extension of the adiabatic amplifier lets
us implement arbitrary combinational logic functions that use
adiabatic charging. The circuit of Fig. 1 may be transformed
into an adiabatically-switched circuit by replacing each of the
pFET’s and nFET’s in the pull-up and pull-down networks
with T-gates, and by using the expanded pull-up network to
charge the true output and the expanded pull-down network
for the complement output. Fig. 5 depicts this circuit trans-
formation. Both networks in the transformed circuit are used
to both charge and discharge the output capacitances. The dc
V44 source of the original circuit must be replaced by a pulsed-
power source to allow adiabatic operation. The optimal sizes
of the T-gates of the function networks can be determined
from the equations of Section II

As with conventional CMOS logic, it is desirable for reasons
of performance and complexity management to partition a
large block of logic into smaller ones and then compose them
to implement the original larger function. However, if values
are allowed to ripple through a chain of cascaded adiabatic
logic gates, non-adiabatic flow of energy will occur. Adiabatic
operation is possible only if the inputs of a gate are held stable
while the gate is energized. As observed by Hall [5], a cascade
of initially de-energized circuits may be energized in succes-
sion, but must then be de-energized in reverse order before
the input values to the cascade may change. These “retractile
cascades” are impractical for several reasons: they require a
large and possibly indeterminate number of supply voltage
waveforms; these waveforms all have different pulse widths;
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Fig. 5. {a) A conventional CMOS logic gate. (b) A corresponding adiabatic
gate may be constructed by reorganizing the switch networks as shown,
replacing the pFET's and nFET’s of the conventional gate with T-gates.
The arrows indicate the charge flow when the load capacitances are charged

and discharged.
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Fig. 6. A pipelinable adiabatic gate. The inputs o, /3. .. . control the F* paths
through which one of the load capacitances is charged. The G paths, used for
discharge, are controlled by a different set of signals: y. 1, ... As in Fig. 5,
arrows indicate charge flow.
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and since an N stage cascade requires time proportional to N
to produce each result, the latency is proportional to N and
the throughput is proportional to 1/N.

Pipelining can be advantageously used to improve the
throughput of the system. By using latches to hold the inputs of
a retractile stage, we could circumvent the requirement that the
preceding stage stays energized until the current stage has been
de-energized. Conventional latches, would, however, result in
the unfavorable 7~ '/2 or T'-3/4 scaling of the mixed adiabatic
and conventional approaches. If the retractile stage is expanded
to include an explicit discharge path for de-energizing, as
shown in Fig. 6, the controlling inputs of the energizing
paths need not be kept stable to handle de-energizing. A
means for pipelining then exists that does not use latches,
and T~ scaling can be retained. The control signals for the
de-energizing path must be stable throughout the discharge to
ensure adiabatic operation. Therefore, they cannot be derived
directly from the outputs of the stage being de-energized [6].
Any attempt at schemes based on the same idea is bound to fail
for thermodynamic reasons [8]. The de-energizing path must
instead be controlled by signals derived from the output of the
following stage in the pipeline. A pure copy of the signal is
sufficient, but this method only defers the problem and is not
a general solution when resources are limited. The ability to
derive control signals for the de-energizing path is guaranteed
if all logic blocks implement functions that are invertible, so
that their inputs may be recomputed from their output.
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Fig. 7. Conceptual adiabatic pipeline using invertible functions. For simplic-
ity, the multiple switch networks needed for multirail signaling are not shown.
a, 3, pt. ete. are logic variables computed by the pipeline. The corresponding
pulse-power/clock signals, denoted by ¢;, are also shown. One stage must be
completely energized before the charging of the next stage commences.

By constructing all of the logic stages according to Fig. 6
and restricting the function blocks to invertible functions only,
it is possible to assemble a fully adiabatic pipeline as shown
in Fig. 7. (A pipeline structure similar in organization but
differing in the details has been presented by Younis and
Knight [9].) Once energized, the output values of a stage are
held for a certain time before de-energizing commences; an
idle period separates subsequent energy cycles. During the
hold period, the output values are used to set the next pipeline
stage and to reset the previous stage. The pulsed-power
supply voltages for the pipeline are shown in the figure. The
requirement that the outputs of one stage are held while the
surrounding stages are energized and de-energized naturally
leads to set of supply voltage waveforms partially overlapping
in time. Since they not only power the computations but
also pace them, the supply waveforms may equally well be
thought of as clock signals. The use of exclusively invertible
functions makes the pipeline reversible: if the clocks are
reversed in time, the pipeline runs backwards. Reversible logic
has been studied in theoretical physics since Bennett showed
that computations need not destroy information [7]. Since then,
a large body of theory has been developed [10]-[12].

The complexities of two mutually inverse function blocks
are usually similar, so the typical circuit overhead for the
separate discharge path is a factor of two. This overhead is
avoided if the de-energizing paths are replaced by diodes. The
diodes would be connected with their anodes to the respective
output node and their cathodes to the supply. They will not
influence circuit behavior while the stage is energized, being
back-biased for the uncharged output and shorted by the switch
network for the charged output. During de-energizing, the high
output will dump its charge back to the supply through the
diode. Attractively simple and fast circuits using a similar
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approach have recently been published by Kramer ez al. [14].
The dissipation caused by passing the output charge through
a diode drop is a drawback, since it is essentially independent
of the ramp time.

To validate the reversible pipeline structure shown in
Figs. 7 and 8, we designed a small shift register as a CMOS
chip. Shifting is an inherently reversible operation, and the
simple structure allowed us to stay in the realm of small,
highly controllable experiments. The small size also meant
that all signal nodes inside the chip could be brought out
to the off-chip pads for observation. Following the adiabatic
amplification and switching principles outlined above, the shift
register was implemented with dual-rail logic and T'-gates for
the separate charge and discharge paths. Four symmetric
clock/supply signals, ninety degrees out of phase, were used,
together with off-chip storage capacitances on all circuit
nodes to preserve the dynamic data values during the clock
transitions. Each “phase stage” of the register required eight
transistors, and each “bit stage” was composed for four phase
stages, for a total of thirty-two transistors for each stage. A
complete cycle of a clock signal would move a bit from one
bit stage to the next.

The principle of reversible pipelines assumes that every
phase stage is followed by another stage that controls its de-
energizing. In practical circuits, the last stage of the pipeline
produces a final result of the computation, which is then output
and discarded. This discharge of the output nodes of the last
pipeline stage will therefore always be dissipative, but the
dissipation will be proportional to the number of output bits
rather than to the total number of bits in the pipeline. In
order to characterize the efficiency of the shift register without
having to consider these secondary effects, the input to the shift
register was connected to the output, making it a circular and
completely reversible machine with no net flow of information
into or out of the system.

The shift register, although very simple, is to the best of
our knowledge the first working sequential adiabatic CMOS
circuit. Its performance was determined simply by measuring
the dc current fed to the pulsed-power supply. For a four
bit-stage chip, power dissipation (including that of the pulsed-
power unit) was 130 yW at 63 kHz driving 82 pF loads to
4.5 V. The slow clocking speed was due in part to the timing
generator used in the test setup. The ramp times were set at
approximately 1 us, which suggests that the design could have
run at 250 kHz with little modification. At 63 kHz, the energy
dissipation per clock cycle was 2.3 nJ. The electrical work
done per cycle was to completely charge and discharge eight
82 pF loads to 4.5 V. The equivalent conventional work for
driving these loads would be 13.2 nJ.

When logic functions more general than shifting are im-
plemented in a reversible pipeline, signal encoding brings
additional overhead compared to the conventional case. The
outputs of a gate carry invalid values when the corresponding
supply voltage is in its idle phase and therefore de-energized.
To prohibit these values from activating devices in the switch
networks of the neighboring stages, quad-rail encoding of the
signal values can be used [9]. Active-low signals then control
the P-channel devices, while active-high signals control the
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Fig. 8. Detailed dual-rail logic gate for use in reversible pipeline, and its

eight-phase adiabatic clock signals. The “enable switches,” marked e, are
transmission gates, tied when the indicated clock signal is high. For data
signals (o and /3), the sub-index indicates phase of validity. The clamp devices
at the output of the gate ensures that the undriven output stays at ground.

N-channel devices. One pair of signals change from their idle
values to represent a zero, the other pair to represent a one. To
avoid the extra complexity factor of two brought by quad-rail
signalling, enable switches may be placed in series with the
switch networks to prevent charge flow during the idle phase.
This results in the gate style and clocking scheme depicted in
Fig. 8 (two devices have been added to clamp the undriven
output to ground).

As a design exercise, we used the gate style of Fig. 8 for
a highly pipelined FIR filter. We believe a filter, specified by
transfer function and throughput rate, to be a realistic early
application for adiabatic logic circuits: the switching time can
easily be increased to allow operation at lower energy levels
without changing the specification. This property was also
noted by Duncan et al., who demonstrated trading switching
time for energy dissipation by varying the supply voltage of a
filter implemented with conventional logic [15].

The adder is the central combinational building block of a
FIR filter. Following the example of Duncan, we designed a
bit-level-pipelined adder circuit to allow the largest possible
switching time for a given filter throughput. Fig. 9 shows a
gate-level diagram of the adder, complete with the delay cells
needed to preserve a bit of information until it may be reversed.
The three-bit version shown in the figure was fabricated and
its functionality verified; the extension to a wider version is
straightforward. To indicate the total circuitry overhead caused
by the use of reversibility, those elements that would be needed
in a conventional adder have been shaded in Fig. 9. Because



ATHAS et al.: LOW-POWER DIGITAL SYSTEMS

o[0]

Fig. 9. Pipelined ripple-carry adder, implemented with reversible logic.
Each circuit node is driven by two gates: one for charging and one for
discharging. Blocks marked “+ are XOR gates; “Af” denote majority gates;
and bidirectional delay cells are shown with reciprocating arrows. The carry
chain mandates a large number of delay cells. Only the shaded elements
would be present in a conventional adder.

of dual-rail signalling, separate charge-up and charge-down
paths, and the use of T-gates for switches, each gate is also
more complex than its conventional counterpart. As a result,
the three-bit reversible adder requires 20 times the number
of devices and 32 times the area of a conventional adder
using the same technology and laid out by the same designer.
The overhead clearly gets worse for a wider adder, since the
number of delay cells grows as the square of the adder width.

We may decrease the hardware overhead of the adder signifi-
cantly by using reversibility more judiciously. For example, by
allowing at least part of the signal energy of the carry signal
from the least significant bit in Fig. 9 to dissipate (such as
by using a passive diode charge-down path), we may remove
all the elements within the dashed frame. Furthermore, the
dissipation caused by operating these elements may actually
outweigh the signal energy of the carry signal, unless the
adder is operated very slowly. Layout extraction and circuit
simulation of the reversible adder (to account for parasitics)
indicate that a four-bit adder exhibits lower dissipation than
two cascaded two-bit adders only if the charging times are
thousands of times slower than those possible in a conventional
adder. This comparison assumes that the energy of the non-
reversed carry signal interconnecting the two two-bit adders
is completely dissipated. Charging has to be much slower yet
for a 32-bit adder to outperform two cascaded 16-bit adders.

It may be argued that the bit-level-pipelined adder is a
particularly bad example for reversible computing because of
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the long carry-chain dependency. However, a version using
carry-lookahead over two bits fares no better because of
increased capacitance in the lookahead network itself. Similar
assessments apply to other modified versions that retain the
basic structure of Fig. 9. We conjecture that new breakthroughs
in the composition of reversible logic gates are necessary for a
fully-reversible 16- or 32-bit pipelined adder to be competitive
with circuits that use reversibility on a lesser scale.

V. CONCLUSION

With the adiabatic switching approach, circuit energies
are conserved rather than dissipated as heat. Depending on
the application and the system requirements, this approach
can sometimes be used to reduce the power dissipation of
digital systems. For situations where the voltage swing is
given by external constraints, adiabatic switching is the only
known scalable approach to trade off energy dissipation for
switching speed. Since the reduction in switching energy
is linear in supply voltage (13), adiabatic switching is a
promising approach for circuits that drive large capacitive
loads to voltages above four times the threshold voltage.

The situation changes when supply voltages can be freely
chosen to minimize dissipation for a given performance level.
The optimum voltage swing for T"-gate-based adiabatic circuits
is close to 4V, regardless of switching speed, whereas con-
ventional circuits can reasonably operate with V, approaching
Vin. This corresponds to an energy dissipation factor of 16 in
favor of the conventional approach. However, the dissipation
of adiabatic switching is not limited by the C1,V;2 asymptote
of (18), and for sufficiently slow switching, the adiabatic
circuit will operate at lower power levels than its conventional
counterpart.

Other sources of overhead must also be considered when
analyzing the energy efficiency of adiabatic circuits. The
shape factor of the input waveform (£) accounts for an
additional 23% of dissipation when sine-shaped currents (such
as those generated by resonant power supplies) are used. The
requirement for dual-rail signals and T-gates where single-rail
signals and individual FET’s could otherwise be used roughly
doubles the area required for logic. With dual-rail signals, half
of the circuit nodes will switch each cycle, while for single-
rail signals, this number would be the worst case. Also, a
significant part of the additional area will contribute to load
capacitance that would not be present in a conventional circuit.
A final source of overhead are the timing constraints placed
on the inputs and outputs.

In total, the circuit overhead for combinational logic is
at least 250%, not including the difference in duty factor
between the dual-rail and single-rail signals or the added
load capacitance due to the additional dual-rail circuitry.
To compensate for this, switching time must be increased
proportionately. If adiabatic logic is driven by conventional
logic, the minimal increase in switching time will be greater
because of the 7-1/2 and T—3/4 scaling properties.

The desirable 7~! scaling, which can only be achieved
with all-adiabatic operation, mandates that the logic be fully
reversible. Requiring that inputs be held constant across mul-
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tiple stages of cascaded logic would preclude using adiabatic
switching for complex logic functions. Pipelining is possible
and has been demonstrated in practice; if each combinational
logic block is replaced by two, one for charging the output and
one for discharging, the inputs may change while the output is
valid. The inputs for the discharge block must then be driven
by the outputs of the following pipeline stage. The stages can
be sequenced by overlapping clock signals, which also supply
energy to the circuits, to implement reversible pipelines. The
overhead in logic is approximately a factor of two because of
the need for separate charge and discharge blocks. However,
since these blocks are activated at different times, each path is
used only once for each full compute cycle. Hence, the energy
dissipation is comparable to that of the single block which is
used for charging in both directions.

Finally, the use of only reversible logic for fully-adiabatic
pipelines puts additional constraints on logic implementation.
This is especially noticeable when adiabatic switching and
reversible logic are applied to logic functions with sequential
dependencies across many stages, as in the example of the
carry chain for a bit-level pipelined adder. The overhead of
storing the intermediate bits so that they may be later reversed
grows as the square of the adder width. Maintaining these
bits does not contribute to the computation proper but only to
the overhead of performing the computation reversibly. The
energy needed for temporarily storing the bits in reversible
latches may be greater than the energy the arrangement was
supposed to recover.

In summary, if adiabatic switching is to be useful for
realizing low-power digital systems in practice, it will most
likely be in hybrid configurations which include conventional
or partially adiabatic [6] latches and logic. The non-adiabatic
latches and logic will have to operate with the smallest energy
levels possible, since these energies will be dissipated in all or
part. As was speculated about the applications for hot-clock
nMOS [1], those parts of a chip which involve driving large
capacitive loads, i.e., pads, data buses, and globally decoded
signals, are the most promising candidates for adiabatic switch-
ing techniques. The analyses and experiments presented in
this article are a first step towards understanding where these
techniques can be practically used.
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