
 

Abstract 

 

Retractile clock-powered logic is presented as a low-over-
head energy-recovery logic style. It uses energy-efficient
clock-steering circuits, pass-transistor logic, and a four-
phase clocking scheme to recover energy from all circuit
nodes but the latches. A 16-bit retractile clock-powered
adder is described and evaluated through HSPICE simula-
tions. The simulation results indicate that this approach can
offer superior energy versus delay performance but the bene-
fit depends strongly on the switching activity of the clock-
powered nodes. 

 

1.  Introduction

 

Energy-recovery CMOS is a low-power approach based on
adiabatic charging [1], in which circuit energy is recovered
and later on reused instead of dissipated as heat. The central
idea of adiabatic charging (and adiabatic switching) is that
the available and useful energy inside a circuit can be con-
served by increasing the time of energy transport between
the power supply and the circuit nodes.

A practical form of energy-recovery CMOS is clock-
powered logic [2] in which the rise and fall times of the
clock signals determine the speed of the energy transport. In
clock-powered logic, the on-chip high-capacitance nodes are
clocked and powered, i.e., clock-powered, from the clock
rails. When coupled with an energy-conserving clock driver
[3] [4], the overall system is low power.

Clock-powered logic (CPL) is a primitive and limited
application of reversible computing in CMOS VLSI. Circuit
nodes that are clock powered use a data representation in
which the presence of a pulse denotes a logic one and the
absence a logic zero. Clock-powered nodes are only defined
when the clock pulse is active (non-zero). It is a reduced-
complexity, partially reversible scheme which only recovers
energy from the clock-powered nodes. The principal advan-
tage is that it circumvents the prohibitively high overhead of
the fully-reversible, fully adiabatic approaches [1] [5]. CPL

has been successfully used with a two-phase resonant clock
driver for a number of small-scale microsystems, including a
16-bit microprocessor [2,6].

This paper explores the low-power potential of another
design point in the space of reduced-complexity, clock-pow-
ered logic styles. In the new style, energy is recovered from
all circuit nodes except latches. It is closer to reversible logic
at the cost of an increased complexity in the clock wave-
forms. This new style is called 

 

retractile

 

 clock-powered
logic (RCPL) due to its resemblance to retractile cascade
logic [7].

In this paper we first present RCPL in detail, and then
discuss a 16-bit adder example. The purpose of the adder
design is to show how this style can be used for designing
clock-powered logic circuits, and to compare it to the origi-
nal clock-powered style.

 

2.  General Approach

 

Circuit-wise, RCPL is based on the design style used for the
clock-powered logic of our earlier work [2]. The main differ-
ence is that in RCPL, combinational logic must be built from
pass-transistor gates, while clock-powered logic can be used
with myriad combinational logic styles. Both approaches
require clock-steering circuits to efficiently drive the clock-
powered nodes. These clock-steering circuits, called energy-
recovery (E-R) latches (Fig. 1a), operate from two non-over-
lapping clock phases with voltages that swing from 0 to volt-
age 

 

V

 

ϕ

 

 (Fig. 1b). E-R latches latch their input on one phase
(

 

ϕ

 

L

 

) and drive their output during the other phase (

 

ϕ

 

D

 

). They
consist of two stages: the latch stage and the driver stage.
The driver stage is a CMOS bootstrapped clocked buffer [8].
The E-R latch design has been presented in detail elsewhere
[2]. 

Assume that clock-powered signals drive combinational
logic blocks based on pass-transistor logic (PTL) as shown
in Fig. 2a. If the same clock pulse powers both the signals
that drive the transistor gates and the signals that drive tran-
sistor chains, then all of the energy for driving the gates is
available for recovery, while most of the energy injected
through the transistor chains is trapped and eventually dissi-
pated (Fig. 2b). The problem is one of causality. For charg-
ing up an initially discharged chain, the drain and gate of
each transistor will rise together and the source will charge
up to 

 

V

 

dd

 

 

 

−

 

 

 

V

 

tE

 

, where 

 

V

 

tE

 

 is the effective threshold voltage.
For discharging, the source and gate also fall at the same
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rate. The gate-to-source voltage (

 

V

 

gs

 

) remains zero and the
chain remains charged up. A negative phase shift between
the pulse that drives the gate and that which drives the source
will solve this problem since the source will fall faster than
the gate and generate a positive 

 

V

 

gs

 

. However, for the charge-
up process, the drain then rises faster than the gate, and the
result is non-adiabatic charging for the chain. A positive
phase shift solves this problem, but then exacerbates the
former. The desired solution is both a positive and a negative
shift, which is to nest the clock pulse that drives the chain
inside the clock pulse that drives the gates. This way the
energy stored in the pass-transistor chains can be recovered

through the same path (Fig. 2c). In the timing sketches of
Fig. 2, any potential skews between 

 

X

 

, 

 

Y

 

, 

 

Z

 

, and 

 

A

 

 are disre-
garded. Furthermore, the delay through the pass transistors is
also ignored.

 RCPL can be implemented from E-R latches, PTL, and
a four-phase clocking scheme (Fig. 3). Pass-transistor gates
are powered from wide clock phases (i.e., 

 

ϕ

 

1w

 

 and 

 

ϕ

 

2w

 

)
while pass-transistor chains are powered from narrow phases
(i.e., 

 

ϕ

 

1n

 

 and 

 

ϕ

 

2n

 

). This clocking scheme is similar to the
two-phase, non-overlapping clocking scheme with two addi-
tional more narrow phases nested within the wide phases. 

An example of RCPL is shown in Fig. 4. Signal 

 

z

 

o

 

 is
powered from a wide phase (

 

ϕ

 

2w

 

) since it drives a transistor
gate. Signal 

 

w

 

o

 

 is powered from a narrow phase (

 

ϕ

 

2n

 

) since it
drives a transistor chain. The result 

 

u

 

i

 

 of the pass-transistor
gate is latched at the end of 

 

ϕ

 

2n

 

. Data must always be latched
on narrow phases, since the data is set to zero when the wide
phase goes low or high. With four-phase clock-powered
logic, the energy injected on node 

 

u

 

i

 

 is recovered at the end
of the operation, while in two-phase CPL, this energy would
be trapped and dissipated. Signal 

 

u

 

o

 

 is powered from 

 

ϕ

 

1n

 

, if
it drives transistor chains, or from 

 

ϕ

 

1w

 

, if it drives transistor
gates. Signals that must drive both transistor chains and tran-
sistor gates must be latched in two E-R latches. Alternatively,
E-R latches could easily be designed to produce two copies
of the stored datum (one powered from a narrow phase and
one powered from a wide phase). Although signals powered
from narrow phases only drive transistor chains, both wide
and narrow phases must swing to the same voltage (

 

V

 

ϕ

 

) since
the narrow phases drive the gate of the latch transistor in E-R
latches. This may not be required with a different latch-stage
design.

The RCPL approach can potentially result in better
energy-versus-delay scalability than the two-phase CPL
approach because the number of clock-powered nodes is sig-
nificantly larger. However, there are some drawbacks com-
pared to the two-phase CPL approach. Some of the
drawbacks will become apparent in the adder example that
follows. First, the benefit of recovering energy from the tran-
sistor chains at the end of each operation depends heavily on
the switching activity of the transistor-chain nodes. If this
energy was trapped in these nodes, it could be locally reused
for successive operations, possibly resulting in lower overall
dissipation. This is a problem for all approaches that rely on

Figure 1: E-R latch (a) and timing diagram when its input 
is high (b).
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Figure 2: A transistor chain example (a) and a timing 
diagram sketch when the transistor gates and chain are 
charged from clock-powered nodes with (b) non-nested 

and (c) nested clock sources.
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Figure 3: Timing diagram for RCPL.
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immediate energy recovery, i.e., approaches where energy is
always recovered at the end of operations, regardless of
whether it could be locally reused for the next operation. The
effect of unconditional energy recovery in the RCPL
approach is hard to assess, due to the large number of clock-
powered nodes. Second, RCPL requires some of the energy
to be recovered through high-resistance transistor chains,
which diminishes the benefit of energy recovery. Third, for
the same cycle time, the switching time of the four-phase
clock-powered logic must be shorter than the two-phase one
due to the nested phases. Finally, it is more difficult to design
a high-efficiency clock driver that generates the four phases
required by RCPL.

 

3.  Adder Example

 

This subsection discusses the design of a 16-bit RCPL adder.
This adder design can operate from two non-overlapping
clock phases, which makes it possible to straightforwardly
compare four-phase RCPL and two-phase CPL. The descrip-
tion of the adder design is followed by HSPICE simulation
results that compare the two approaches.

The adder is a 16-bit carry select adder organized into
four 4-bit stages. The logic is exclusively implemented from
PTL gates that require dual-rail inputs. The operation of the
adder is pipelined so that a throughput of one addition per
clock cycle can be sustained (Fig. 5). Assume that 

 

A

 

 and 

 

B

 

are the 16-bit input operands and 

 

C

 

in

 

 is the carry-in. First,
during 

 

ϕ

 

1n

 

 the two operands are latched. Then, during the
second half of the first cycle, the intermediate results of the
4-bit adder stages are generated. The outputs of the operand
latches are powered from the wide phase 

 

ϕ

 

2w

 

 since they
drive transistor gates. The narrow phase 

 

ϕ

 

2n

 

 is the carry-in
for the 4-bit adder stages that receive a one as carry-in. For
the adder stages that receive a zero as carry-in, the phase 

 

ϕ

 

2n

 

is input as the complement of the carry-in. For both cases,

 

ϕ

 

2n

 

 drives transistor chains. Phase ϕ2n is also used to latch
the stage results (sum and carry-out bits) as well as the adder
carry-in Cin. During the first half of the second cycle, the
stage results are multiplexed based on Cin. The multiplexers
are also implemented from PTL gates. The outputs of the
latches that hold the stage results are powered from the wide
phase ϕ1w since they drive transistor gates. The latch that
holds Cin powers its output from the narrow phase ϕ1n since

it drives transistor chains. The results of the addition are
latched on ϕ1n. Finally, the adder outputs are powered from
ϕ2w if they drive transistor gates, or from ϕ2n if they drive
transistor chains.

The adder block diagram is shown in Fig. 6. It consists
of E-R latches and PTL gates. All E-R latches receive single-
rail inputs and produce dual-rail outputs, except the latches
that hold the sum bits, which produce single-rail outputs.
Their output form depends on the circuit driven by the adder.
Also, most of the latches power their outputs from wide
phases. Only the latch that holds Cin powers its output from a
narrow phase. The carry-in could be latched in the adder on
ϕ1n, like operands A and B, and then delayed by one phase
until it is needed. Also, for the first four bits, Cin could be
used to drive a single 4-bit adder stage and produce the
actual 4 least significant sum bits. However, for simplicity all
sum bits are generated together. 

The RCPL adder was designed for the HP CMOS14B
process, which is a 0.5-µm, 3.3 V process. The full adder for

Figure 4: Circuit schematics for RCPL.
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the 4-bit stage adder consists of three simple PTL gates
(Fig. 7). All input signals (i.e., the operand bits ai and bi and
the carry-in ci) are dual rail. The operand bits that drive tran-
sistor gates are powered from ϕ2w. All transistor-chain inputs
are powered from ϕ2n or are grounded. Transistors in the
carry chain are wider to reduce resistance for worst-case
carry propagation, which happens when a carry propagates
through all four full adders that constitute the 4-bit adder
stage. 

The multiplexer cells (Fig. 8) are similar to the cells
used for the full adder. For each 4-bit stage there are four
multiplexers for the sum bits (Fig. 8a) and two for the stage
carry-out bit (Fig. 8b and Fig. 8c), since the latter is required
in dual-rail form. Signals si0 and si1 are the results of the 4-
bit stage adder with carry-in zero and one, respectively. Like-
wise, cs0 and cs1 are the carry-outs of the 4-bit stage adder
with carry-in zero and one, respectively. Signal csin is the
actual carry-in for the stage (produced as carry-out from the
previous stage). The carry-in for the first stage is the output
of the E-R latch that holds Cin. All inputs are dual rail. The
output sum bits are the results of the addition, which are
latched on ϕ1n. The outputs csout and csout are the positive
and negative stage carry-out bits that are passed to the next
stage. 

The E-R latches are similar to that of Fig. 4, with some
minor modifications. For those E-R latches that produce
dual-rail outputs, the bootstrap, clamp, and isolation transis-
tors have been duplicated to produce the complementary

pulsed signal output. A weak pFET pull-up was added in the
dynamic latch node. This pFET is driven by the output of the
first inverter. All bootstrap and clamp transistors (M2 and M3,
respectively, in Fig. 1) except those used for the E-R latch
that holds Cin are 8.6 µm and 2.2 µm, respectively. The boot-
strap and clamp transistors are significantly larger for the E-
R latch that holds Cin (23.6 µm and 14.8 µm, respectively),
since this latch drives the carry chain of the four final stages.
For RCPL, the clamp transistor could be as small as the one
in the original E-R latch since the entire carry-chain capaci-
tance is charged and discharged by the one bootstrap transis-
tor. However, when the adder operates with the two-phase
clocking scheme, the charge that is trapped in the carry chain
is discharged by the clamp transistor. 

4.  Simulation Results
The 16-bit adder was simulated in HSPICE with the level 39
MOSFET models for the HP CMOS14B process. Two sets
of simulations were carried out for different clocking
schemes (Fig. 9). For the first set, the adder operated from
the two non-overlapping phases (Fig. 9a). For the second set,
the adder operated from four phases (Fig. 9b). 

For a fixed cycle time T, the switching time and the
width for the various cases are calculated as shown in Fig. 9.
For the same cycle time T, the switching time for the pulses
of the two-phase clocking is longer than the other two cases.Figure 7: Schematics for the full adder that generates the 

sum (a) and the carry-out in dual-rail form (b and c).

ai∧ϕ 2w

ai∧ϕ 2w

ai∧ϕ 2w

ai∧ϕ 2w

bi∧ϕ 2w

bi∧ϕ 2w

ai∧ϕ 2w

ai∧ϕ 2w

ai∧ϕ 2w

ai∧ϕ 2w

bi∧ϕ 2w

bi∧ϕ 2w

ai∧ϕ 2w

ai∧ϕ 2w

ai∧ϕ 2w

ai∧ϕ 2w

bi∧ϕ 2w

bi∧ϕ 2w

ci+1∧ϕ 2n

ci∧ϕ 2n

ϕ2n

ci∧ϕ 2n

ci+1∧ϕ 2n

ci∧ϕ 2n

ϕ2n

ci∧ϕ 2n

si∧ϕ 2n

ci∧ϕ 2n

ci∧ϕ 2n

ci∧ϕ 2n

ci∧ϕ 2n

.

.

.
(b)

.

.

.
(a)

.

.

.
(c)

transistor width: 3.4 µm

transistor width: 7 µm transistor width: 7 µm

Figure 8: Schematics for the multiplexers that generate the 
final sum bits (a) and the stage carry-out in dual-rail form 

(b and c).

cs1∧ϕ 1w

cs1∧ϕ 1w

csin∧ϕ 1n

ϕ1n

csin∧ϕ 1n

cs1∧ϕ 1w

cs1∧ϕ 1w

cs0∧ϕ 1w

cs0∧ϕ 1w

cs1∧ϕ 1w

cs1∧ϕ 1w

csin∧ϕ 1n

ϕ1n

csin∧ϕ 1n

cs1∧ϕ 1w

cs1∧ϕ 1w

cs0∧ϕ 1w

cs0∧ϕ 1w

sia∧ϕ 1nsi1∧ϕ 1w

si1∧ϕ 1w

csin∧ϕ 1n

ϕ1n

csin∧ϕ 1n

si1∧ϕ 1w

si0∧ϕ 1w

si0∧ϕ 1w

csout∧ϕ 1n.

.

.
(b)

(a)

(c)

transistor width: 3.4 µm

transistor width: 8.2 µm transistor width: 8.2 µm

si1∧ϕ 1w

.

.

.

csout∧ϕ 1n.

.

.



In other words, more time per clock cycle is available for
adiabatic charging. In all cases, the pulses swing from 0 V to
3.3 V. The dc supply voltage used for E-R latches was set to
2.3 V. The isolation voltage Viso was set to 3.5 V.

The HSPICE simulation procedure was performed as
follows: First, for each case, the highest obtainable speed
was found. This was done by simulating the worst-case addi-
tion in terms of cycle time, which happens when all bits of
one operand are zero, all bits of the other operand are one,
and Cin toggles each every cycle. The shortest cycle time was
10 ns for the two-phase clocking scheme and 11 ns for the
four-phase clocking scheme. Subsequently, for each clock-
ing scheme, two sets of simulations were done. For each set,
the cycle time was varied from 100 ns to the minimum cycle
time obtained from the previous step. One set of simulations
included the worst-case addition in terms of required switch-
ing activity in the transistor-chain nodes, which happens
when all operand bits (i.e., A and B) and Cin switch from
zero to one. The other set of simulations included the best-
case addition in terms of required switching activity in the
transistor-chain nodes. However, this addition requires maxi-
mum switching activity for the four-phase clocking scheme.
This happens when all inputs are held at one. In general,
when all inputs are held constant there is no switching activ-
ity in the transistor-chain nodes when the two-phase clock-
ing scheme is used. For all cases, the energy dissipated in
transistor gates and transistor chains of the PTL gates were
simulated. It was assumed that all returned energy was
recovered.

A waveform plot from the HSPICE simulation is shown
in Fig. 10. The plot shows the switching activity of node Cout
for the worst-case addition. The top waveforms are from the
adder operating with the two-phase clocking scheme. Node
Cout is charged following phase ϕ1. Charge is trapped and,
during the next cycle, it is dumped to ground. When the
adder is operated with four phases, node Cout is charged and
discharged following phase ϕ1n. All energy injected to Cout
is recovered at the end of the cycle. During the next cycle,
Cout remains at 0 V. 

The simulation results for the addition that requires all
transistor-chain nodes to switch are presented (Fig. 11).
When the adder is operated with two phases, the energy dis-
sipation in the transistor chains is two to three times higher
than when the adder is operated with four phases. Addition-
ally, the transistor-chain energy dissipation does not scale as
well for increasing switching time when the adder is oper-
ated with two phases, since most of the energy dissipation in
the two-phase clocking scheme is due to the trapped charge,
which is independent of the switching time. The lowest
energy dissipation in the transistor chains happens when the
adder is operated with four phases. The energy dissipation in
the transistor gates is lower when the two-phase clocking
scheme is used because, for the same cycle time, the switch-
ing time is longer than when the four-phase clocking scheme
is used. 

The simulation results for the addition in which all
inputs are held constant are shown in Fig. 12. For all three
cases, the energy dissipated in the transistor gates is approxi-
mately the same as was simulated for the previous addition.

Figure 9: Timing diagram of clocking schemes used for 
HSPICE simulations of the adder.
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The dissipation in the transistor-chain nodes when two
phases are used is almost insignificant compared to the dissi-
pation for the previous addition, since all energy trapped in
the transistor-chain nodes can be reused for successive addi-
tions. Only the input nodes to the transistor chains must
switch every cycle. However, this is a small amount of
capacitance compared to the transistor-chain capacitance,
and it can also be recovered in its entirety. For the four-phase
clocking scheme, the transistor-node capacitance must be
switched every cycle, since it is unconditionally recovered at
the end of each cycle. The dissipation is lower than in the
previous addition, because some energy is trapped inside the
E-R latches that hold the stage adder outputs and the sum
bits, which can be reused for successive additions when the
stored data does not change. 

The simulation results show clearly that the benefit of
recovering the energy of the transistor-chain nodes strongly
depends on the expected switching activity of these nodes.
For applications in which there is high switching activity for
the transistor-chain nodes, recovering their energy results in
energy savings of up to 75% for these nodes. However, using
nested phases decreases the maximum available switching
time, which decreases energy savings for driving the transis-
tor gates. 

5.  Conclusions
In this paper, we described RCPL for energy-recovery
CMOS. In RCPL, circuit energies from all combinational
logic nodes are recovered. Only the E-R latch nodes are
powered from a dc supply source. As is the case with all
energy-recovery logic families, the switching activity of
clock-powered nodes occurs at the maximum rate. Simula-
tion results indicate that the efficiency of this energy-recov-
ery approach depends on the switching activity of the
applied circuit. For circuits with low switching activity, it is
more efficient not to recover the circuit energy because it can
be locally reused. For circuits with high switching activity,

RCPL can result in significantly higher energy savings.
Reducing the switching activity of energy-recovery CMOS
circuits is possible. However, the operation and efficiency of
these circuits depends on the clock driver which typically is
a resonant circuit. Reducing the switching activity of clock-
powered nodes can cause the variation of the clock load
capacitance to increase because it is data dependent. To date,
large cycle-to-cycle capacitance variations have been detri-
mental to the performance of the resonant clock driver cir-
cuits [2].
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