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Abstract !

As the clock and logic speeds increase, the en-
ergy requirements of CMOS circuits are rapidly be-
coming a major concern in the design of personal
information systems and large computers. Earlier,
we presented a new form of CMOS Charge Recov-
ery Logic (CRL), with a power dissipation that falls
with the square of the operating frequency, as op-
posed to the linear drop of conventional CMOS cir-
cuits [1]. The technique relied on constructing an
explicitly reversible pipelined logic gate, where the
information necessary to recover the energy used to
compute a value is provided by computing its func-
tional inverse. Information necessary to uncompute
the inverse is available from the subsequent inverse
logic stage.

In this paper, we present a new and greatly sim-
plified form of CRL, we call it Split-Level CRL
(SCRL). Using split-level voltages, SCRL differs
from our original CRL in that it needs only 2, in-
stead of 16, times as many devices as conventional
CMOS, requires only one wire for every signal, in-
stead of 4, and actively drives all outputs during
sampling. Furthermore, we will show how to con-
struct SCRL circuits using only 2 external inductors
for every chip.

Depending on the @ of available inductors, we
anticipate energy savings of over 99% per logic op-
eration for logic which is clocked sufficiently slowly.

Introduction

Power dissipation in conventional CMOS primar-
ily occurs during device switching. One component
of this dissipation is due to charging and discharg-
ing the gate capacitances through conducting, but
slightly resistive, devices. We note here that it is
not the charging or the discharging of the gate that
is necessarily dissipative, but rather that a small
time is allocated to perform these operations. In
conventional CMOS, the time constant associated
with charging the gate through a similar transistor
is RC, where R is the ON resistance of the device
and C' its input capacitance. However, the cycle
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time can be, and usually is, much longer than RC.
An obvious conclusion is that energy consumption
can be reduced by spreading the transitions over the
whole cycle rather than “squeezing” it all inside one
RC.

To successfully spread the transition over periods
longer than RC, we insist that two conditions apply
throughout the operation of our circuit. Firstly, we
forbid any device in our circuit from turning ON
while a potential difference exists across it. Sec-
ondly, once the device is switched ON, the energy
transfer through the device occurs in a controlled
and gradual manner to prevent a potential from
developing across it. These conditions place some
interesting restrictions on the way we usually per-
form computations. To perform a non-dissipative
transition of the output, we must know the state of
the output prior to and during this output transi-
tion. Stated more clearly, to non-dissipatively reset
the state of the output we must at all times have
a copy of it. The only way out of this circle is to
use reverstble logic. It is this observation that is the
core of our low energy charge recovery logic. By
low energy, or non-dissipative, we mean that the
energy per computational step can be made arbi-
trarily small by spreading the computation over a
longer period.

The paper starts by examining the topology and
functionality of a simple SCRL gate, an inverter.
We will then show how a general SCRL gate fits
into a computational pipeline. We will proceed to
show how to generate the swings on the rails using
2 external inductors. Finally, we will discuss how
SCRL relaxes some of the device sizing constraints
that apply to conventional CMOS circuits as well as
illustrate some techniques through which the cost of
irreversibility, in energy and complexity, could be
minimized.

Split-Level CRL Gate

In this section we describe the topology and oper-
ation of an SCRL inverter. Extension to other gates
is straight forward. A device-level diagram of the
SCRL inverter is shown in Figure 1. It is identical
to a conventional inverter except for the addition
of a pass gate at the output and that the top and
bottom rails are now driven by clocks rather than
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Figure 1 SCRL inverter.
and . We call the clock controlling the top
rail  and that controlling the bottom rail . We

refer to the clocks that control the pass gate as
and .
Initially, the input,
internal nodes are at 2. In addition, is at
and is at , 1 e the pass gate is turned
off. After accepting a valid input, or ,
we turn the pass gate on by gradually swinging
and to and respectively. We now

, the output, and all

gradually swing to and to . The
fact that both and start at 2 and split
towards and respectively is the reason we

call this family Split-Level Charge Recovery Logic
(SCRL). If the input to the gate was at then
the output would follow to . If the input
was at then the output would follow to

. We note that at the end of the | swings,
the output is the NOT of the input. The output is
also actively driven and could now be sampled by
another gate later in the pipeline.

After the output is sampled by a later gate, the
pass gate of this inverter is turned off thus tri-
stating the output. Following that, we return
and to 2. This in effect restores all the
nodes except the output to 2. We are now
ready to accept a new input. Please note that al-
lowing the input to change prior to resetting all the
nodes to 2 could turn some devices on while
there is a potential difference across them leading
to dissipation.

Remember that the output is still at a valid logic
level, not 2, and before turning on the pass gate
we must restore the level of this output to 2 to
prevent dissipative charge sharing. The promise is
that at the point that the pass gate disconnected the
output from the inverter, the output was connected
to a different gate that has the job of restoring its
level to 2. We will show how this is done in the
following section.

Reversible ipeline

The reason for not letting an SCRL restore
its own output to 2 is to allow pipelining.
Note that to non-dissipatively restore the output
to 2, the input to the gate must be held con-
stant during the splitting and restoration of its rails.
The same restriction dictates that this gate does
not restore itself before the subsequent gate in the
pipeline restores itself and so on. This means that a
new input to a pipeline must be held constant until
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Figure 2 Abstraction box.

the effect of this input propagates all the way to the
end of the pipeline and until the restoration of the
pipeline starting from the last stage reaches back to
the first gate. This form of “pipelining” is obviously
not very useful.

In this section we show how to connect SCRL
gates, or stages, in a non-dissipative pipeline. The
main purpose of this method of interconnection is
to provide a way of restoring the level of gate out-
puts to 2 with the right timing. We build the
pipeline out of copies of an abstraction box shown
in Figure 2.

We think of this box as containing a parallel set
of SCRL gates performing any logical function of
an arbitrary number of inputs. Symbolically, the
output of the box represents a bundle containing
the outputs of the SCRL gates internal to the box.
The input to the box represents a bundle containing
all the inputs of the gates internal to the box. The
function computed by the box is identified by the
letter in the center of the box. Finally, indicated at
the bottom of the box are the clocks used to control
both the split-level rails and the pass gate controls
of all the SCRL gates internal to that box. A clock
of  in the lower right corner indicates that the top
rail is connected to and the bottom rail to ,
while a clock of  in the lower left corner indicates
that the pass gate is on when  is high.

Using this abstraction, Figure illustrates how
SCRL gates are connected to produce a non-
dissipative pipeline. Note that the box with a func-
tion performs the inverse operation of the box
with a function . The computation proceeds from
left to right in the top half of the pipeline and the
“uncomputation” proceeds from right to left on the
bottom half of the pipeline.

Each line linking SCRL gates is connected to the
outputs of two different SCRL gates. For exam-
ple, node (a) is connected to the output of  and

to the output of . There are two reasons why
no logic fights occur between the gates driving the
same line. The first is that when one gate is driv-
ing the line the other is tri-stated and visa-versa.
The second is that during hand off, the voltages at
the output of the gates is guaranteed to be equal.
In this pipeline, the forward gates are responsible

for gradually swinging an output line from 2 to

or depending on the computation. The
reverse pipeline is responsible for restoring the out-
put line from the active levels to 2.

To avoid dissipation, the backward gates have
to determine the value of the output that they are
about to restore to 2 and set their internal
node to that level before their pass gate is switched
on, ¢ e before the line in handed off from the for-
ward gate. To see how this works, we go through
the events that occur after a new input, say is
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Figure = Non-dissipative multi-stage pipeline con-
nection.

presented to the pipeline. First turns on the
pass gate of  and turns off the pass gate of

Next  splits setting node (a) to the valve ().
goes through similar transitions and produces

( ( )) at node (b). Similarly produces
C C () (). Note that at this point

the voltage levels at the outputs of  and are
at the same level which means that it is now safe
to hand off node (a) to from by swinging

low. After the hand off, we can restore by

restoring . This could occur even without having
to wait until  is restored because is still hold-
ing node (a) at its valid value. After  is restored,

gradually restores node (a) to 2 and hands

it over to . The timing diagram for a four phase
clocking scheme is shown in Figure 4. For
in the figure, a high indicates when they are split
and a low when they are restored. For , a
high is and a low is . With this pipeline,
we are able to accept a new input every  without
needing to wait for the restoration of later stages.
There remains one problem however. At the end

of the pipeline, the input to is not restored
and hence driving this line is dissipative. Further-
more, it could not be generated, as this is the place
where reversibility is broken. This implies the fun-
damental limit that links information entropy with
thermodynamic entropy. If at any moment a piece
of information that is vital to reconstruct the past
is lost, energy is dissipated. Fortunately, this dissi-
pation occurring only at the end of a long pipeline
and is negligible.

Rail river Circuit

As shown before, for a 4-phase SCRL implemen-
tation, we need a total of 2 clocks, or swinging
rails. The previous implementation required a sin-
gle inductor for every swinging rail and used the
circuit shown in Figure

A rail could be approximated by a capacitor in
series with a resistor. The capacitor is the sum of
the capacitances that the rail is driving and the
resistor is the equivalent resistance of the devices
through which the capacitances are driven. Sup-
pose that the initial voltage on the rail was
and we want to swing the rail to To start
the swing, we connect the rail through an inductor
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Figure 4 Rail timing for 4 phase SCRL.
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Figure  CRL rail driver circuit.

to a DC power supply at ( ) 2. Current
starts to build up in the inductor and the rail starts
the swing towards At the moment that the
current drops back again to zero we disconnect the
inductor. The rail should now be at . The ac-
tion of connecting and disconnecting the rail is per-
formed by the power MOSFET. Please note that
the inductor is only necessary during the transition
and is otherwise disconnected from the rail. Note
further that the current in a disconnected inductor
is zero. With this in mind, we should be able to
multiplex the inductor among multiple rail circuits
so long as these multiplexed rails do not have simul-
taneous transitions. Examining the timing diagram
of Figure 4, we see that no more than two transi-
tions occur simultaneously at any moment. From
this we see that the maximum number of required
external inductors is 2. Integrating everything but
the inductors inside the silicon chip results in a chip
with SCRL behavior with very little external com-
ponents.

There are two difficulties in fabricating circuits
with high energy recovery factors. The first is the
@ of available inductors. While our derivation as-
sumed an infinite inductor @), realistic high fre-
quency inductors at room temperature have @ s
limited to the range of 1 -2 |, placing an upper
limit on the achieved energy recovery.

The second and more serious difficulty is the dis-
sipation associated with controlling the action of the
power MOSFET. oller and Athas [2] have stud-
ied this problem and have shown that dissipation
in the power switch forces the energy dissipation of
the overall system to follow instead of the the-
oretical minimum that drops linearly with . For-
tunately, we can partially recover the linear rela-
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Figure 6 Two-Phase SCRL pipeline.

tionship between energy dissipation and operating
frequency by employing a number of techniques de-
scribed in [

SCRL Cloc in

In what follows, we will describe a number of al-
ternatives for clocking SCRL circuits. These cir-
cuits differ primarily by the number of required
phases and or rails that are needed to control their
operation. The pipeline described previously in this
paper required four-phase clocking. This used four
different clock phases in the forward pipeline and
four others for the reverse pipeline. By four-phase
we mean that the shortest feedback path in the
pipeline has to span a minimum of four pipeline
stages. Here, we will show how to construct SCRL
circuits using two-phase clocking.  eneralizing to
three-phase, five-phase and six-phase clocking is a
little tricky but not overly difficult and will not be
included here for lack of space. One might simplis-
tically think that less phases lead to less required
rails. This unfortunately is not true because for
some implementations the required phases are not
symmetric and therefore the complement of a phase
cannot be used to drive an oppositely timed rail.
For this reason, the primary reason for reducing
the number of phases is to minimize the number
of stages for the shortest feedback path and to in-
crease the throughput of the pipeline. Additionally,
the lower the number of phases that an SCRL cir-
cuit uses, the easier it is to understand and apply.

o- ase SCRL

For the implementation that we will describe in
the this sections the basic gate is the same as the one
described in the “SCRL  ate” section of this paper.
Figure 6 shows a pipeline of a two-phase SCRL im-
plementation. The timing relationships among the
rails are shown in Figure . Two-phase SCRL for-
feits the benefit of always actively driving the nodes
whenever they are sampled in exchange for achiev-
ing two-phase pipelining.

ariants

or in the timing diagram, a high indi-
cates the time when and are split and a low
indicates when they are at 2. For , a
high indicates that is at and at
while a low indicates that  is at and

at . The bottom two timing lines indicate the

states of outputs driven by = and  gates. A high

indicates when the output is at an valid level of

or , while a low indicates that the output is at
2. The shaded regions in the timing diagrams

indicate the times at which the signals are not be-

ing actively driven, ¢ e oating at an active level.
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Figure  Rail timing for 2 phase SCRL.

We note here that clocking schemes with more than
two phases always have actively driven nodes.

on-Invertin Sta e

Since the basic SCRL gate mimics that of con-
ventional CMOS we find out that it is not possible
to pass a signal through an SCRL stage without in-
verting it. For some circuits it is necessary to receive
both the true and complement of a logical signal si-
multaneously at the inputs of a logic gate. Starting
with a single signal, it is not possible to have its
true and complement arrive at a later stage simul-
taneously, given the circuits we have described so
far. In order to pass a signal without inversion we
substitute the basic SCRL gate with the one shown
in Figure Please note that this buffer requires
an additional set of controlling clocks we call “Fast

” and “Fast ? fora  gate. The restriction on
Fast is that is splits ¢  ediatel a ter  splits
and that is restores ust be ore  restores. In other
words, the transitions of  contain within them the
transitions of Fast . For stages where we want to
pass a signal without inversion, we use a gate simi-
lar to the one in Figure and we clock its fast clocks
according to the relations described.

In place of the inverters in Figure 1 and Fig-
ure one can put any CMOS gate such as NAND,
NOR etc. We can see that an additional benefit of
a non-inverting SCRL gate, is that it allows each
functional block to have a 2-level logic implemen-
tation. This generally aids in reducing the storage
buffers that are sometimes needed for reversibility.

Another benefit of having a 2-level SCRL has to
do with optimal step-up ratio of logic gates. It is
well known that a CMOS inverter made out of the
minimum size devices can optimally drive between

- other inverters of the same size. A minimum
sized inverter driving more than this optimal step-
up number of loads similar to its size would have
a larger delay. Since the energy saving of SCRL is
referenced to the maximum operating frequency of
a similar circuit in conventional CMOS;, this longer
delay leads to less energy savings. For an inverter
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to drive more than - loads and maintain the same
speed, it must be made out of larger sized devices.
Unfortunately, larger devices have larger input gate
capacitances and hence present a larger load to the
gates that are driving them. To see how this could
be a problem, let us consider building a multiplier
out of an array of identical 1-Bit SCRL adder gates.
The multiplier would consists of an array of gates
in which each gate takes its inputs from a previous
tdentical gate and provides on its output the data
for the inputs of another identical gate. Typically
in these arrangements, each output would fan-out
to drive more than - loads because each input to
a gate feeds a number of devices internal to that
gate. For SCRL, just as for CMOS, having an out-
put drive more than - loads its size is not optimal.
As mentioned earlier, increasing the driving capa-
bility of a gate so as to be able to drive the loads, i.e.
by doubling the width of the devices used in it, also
increases the input capacitance, and hence the load,
that this gate presents to the identical gate driving
it. By attempting to increase the driving capabil-
ity, we also increased the loads, and thus lost the
benefit that we where attempting to gain.

Having 2-level SCRL allows for increasing the
driving capability of a gate without increasing the
load it presents to the other gates. This is done
by performing most of the computations in the first
level and then using the second level to provide the
buffering. For this reason the first stage can con-
sist primarily of minimum sized devices, and thus
present the minimum load for the previous gate,
while the second stage is made of devices - times
the minimum size to give optimal driving capability.

Finally, the timing diagram of a two-phase SCRL
with Fast clocks is shown in Figure 9. The figure
indicates the position of the transitions of the fast
rails using the dashed lines.

in SCRL Gates

In conventional CMOS, the devices within a gate
are sized to accommodate the worst case delay in
the system. This is because the system clock is di-
rectly related to the worst case propagation delay
in the system. If the propagation delay of a CMOS
gate located between 2 registers is longer than the
clock cycle, the circuit will not work. Note however
that in SCRL the clock period is always consider-
ably longer than the worst case propagation delay
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Figure 9 Timing diagram of Two-phase SCRL with
fast rails for non-inverting stages.

and therefore the circuit will always function cor-
rectly. The reason why we are concerned with op-
timal sizing for SCRL gates is because the energy
savings is directly related to the ratio of the maxi-
mum possible operating frequency of the circuit to
the intentionally much lower frequency at which we
will operate the circuit. Therefore, if we wanted to
operate at 1 MHz, then building circuits that can
potentially run at 1  MHz would save us 1 times
more energy than if we did a poor job and build a
circuit that could operate up to 1 MHz only.

There is however one subtle, but ver @ portant
difference. Since it is the average, not the instan-
taneous, power than we are concerned with, sizing
of devices in SCRL gates should be optimized for
the average, not t e orst, case. For example, it is
considered poor design practice to use carry-ripple
adders in conventional CMOS circuits. An -bit
carry-ripple adder consists of 1-bit adders. There,
it is possible that the carry out of the 1-bit adder in
the least significant position affect the result out of
the 1-bit adder in the most significant position. To
guarantee correct operation in conventional CMOS,
the designer has to size his devices, or slow down the
system clock, to accommodate the case in which the
carry propagates from the least significant bit to the
most significant bit, ¢ e the worst case. For an -bit
adder this could correspond to gate delays. Sta-
tistically however, a carry in an adder propagates

.6 bit positions on the average and only makes it
all the way across about 1 16 th of the time in an

-bit carry-ripple adder. Therefore a properly sized
SCRL would be optimized for .6 carry propagate
and would only consume more energy whenever the
very infrequent worst case occurs. The importance
of this cannot be over emphasized. The same could
be applied to sizing paralleled NMOS transistors
in a NOR gate. Unlike conventional CMOS where
the sizes of paralleled devices are not decreased be-
cause of the worst case of only one device being ON,
paralleled devices in SCRL could be made smaller
because on t e average more than one of the paral-
leled devices would be on at any given time. This
would improve the energy savings factor as well as
require less device area to implement.



Lo erin Irreversibilit Cost

In CRL and SCRL the reverse pipeline is re-
quired to accurately provide a delayed copy of
the inputs that were used in the forward pipeline.
Without the reverse pipeline we do not have enough
information to always correctly compute the de-
layed copy of the inputs that are required to non-
dissipatively reset the stages in the forward pipeline.
The penalty of erroneously computing a delayed
copy of these inputs is to dissipate energy similar
to conventional CMOS for every erroneous bit. Un-
fortunately, there are situations in which providing
the inverse of a function in the forward pipeline is
not feasible or at least cumbersome. Luckily all is
not lost since in most of these cases we could apply
a number of techniques that would make the dissi-
pation associated with this irreversibility minimal.

The first relies on the observation that we are
mainly concerned in reducing the average, not t e
instantaneous, power consumption. ates that
computed the inverse function of the gates in the
forward direction produced a correct copy of the
inputs all the time. Without these inverse gates,
we cannot guarantee to be correct all the time. In
certain applications however, we can guarantee to
be correct  ost of the time. Since dissipative events
only occur whenever we guess wrong, being correct
most of the time results in substantial energy sav-
ings when compared to conventional CMOS it out
the need for reversibility. To illustrate this we con-
sider an example of an -Input NAND gate. This
gate outputs a FALSE if and only if all the in-
puts where TRUE. Otherwise, this gate outputs a
TRUE. Assuming that the input bits are random,
the probability of the output of this gate being at
TRUE is 2 26 996. If we always assume
the output to be at TRUE, then we will have a dis-
sipative event, caused by a wrong prediction, only

. % of the time. In the pipeline in Figure let
the be this input NAND gate. Then we can

omit , assume that this omitted inverse gate

output a FALSE all the time, and be right 99.6%
of the time. This could be important in situations

in which the computation of is not feasible or
otherwise cumbersome.

The second technique concerns the way multi-
stage buffering is done in CMOS and in SCRL. To
drive a large load in CMOS, one must go through
a number of progressively larger devices with each
device driving another that is slightly larger than
itself until the last one in the chain is large enough
to drive the load. In SCRL, each larger stage would
be paralleled by another stage of comparable size
in the reverse direction. If reversibility was broken
immediately after the largest stage then dissipation
would be large owing to the fact that the input ca-
pacitance of the large reverse gate is significant. To
alleviate the problem, we must proceed with the
pipeline beyond the last stage with inverters in the
forward and reverse direction scaling down the size
at each successive stage until we reach the mini-
mum size possible. If reversibility is broken imme-
diately after this minimum size stage, dissipation
would be minimized due to the much smaller input
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Figure 1 = Scaling down stage sizes before breaking
reversibility in SCRL.

capacitances of the reverse stage. This is shown in
Figure 1 .

e onstration C ip

To verify the concepts in this paper, we have
completed a design for an x bit multiplier chip
using SCRL techniques outlined above. Among the
concepts included in this chip is the use of carry-
ripple adders in the forward direction and carry-
ripple subtractors in the reverse direction, as well
as the sizing of devices within the chip to optimize
for the average, instead of the worst, case. The chip
also uses predictor buffers where reversibility is bro-
ken, and employs the scale-up scale-down technique
in sizing the pad driver chains. The chip is currently

being fabricated by MOSIS.

Conclusion

We have demonstrated a new techniques for con-
structing charge recovery logic. The new form,
SCRL, enjoys the same asymptotically near-zero
dissipation property as its CRL predecessor. ey
ideas include the reduction in the number of de-
vices per gate and the number of wires per signal
by using split-level clock rails and by distributing
the tasks of splitting and restoration among differ-
ent gates. We believe that the simplicity of SCRL
gate design, nearly identical to conventional CMOS,
makes its adoption more acceptable when compared
to our previous implementation. A demonstration
chip employing SCRL techniques is currently in fab-
rication.
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