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Complementary Pass-Transistor Adiabatic Logic Circuit
Using Three-Phase Power Supply’
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Abstract: A new low-power quasi-adiabatic logic, complementary pass—transistor adiabatic logic (CPAL). is pre-
sented. The CPAL circuit is driven by a new three—phase power clock, and its non-adiabatic loss on output loads can
be effectively reduced by using complementary pass-transistor logic and transmission gates. Furthermore, the mini-
mization of the energy consumption can be obtained by choosing the optimal size of bootstrapped nM OS transis—
tors, thus it has more efficient energy transfer and recovery. A three-phase power supply generator with a small
control logic circuit and a single inductor is proposed. An 8-bit adder based on CPAL is designed and verified. With
MOSIS 0.25um CMOS technology. the CPAL adder consumes only 35% of the dissipated energy of a 2N-2N2P

adder and is about 50% of the dissipated energy of a PFAL adder for clock rates ranging from 50 to 200M Hz.

Key words: complementary pass-transistor logic; adiabatic logic; low-power; 3-phase power-clock generator
EEACC: 1265A: 2570D: 2560
CLC number: TN432

Document code: A Article ID: 0253-4177(2004) 08-0918-07

1 Introduction

Demands for low power circuits have motivat—
ed VLSI designers to explore new design approach—-
es. Adiabatic logic, which utilizes AC power sup-
plies to recycle the energy of node capacitances, is
an attractive approach to obtain low pow er' 7. We
can classify adiabatic circuits into two classes, full-
adiabatic and quasi-adiabatic logic. The former is
much more complex than the latter. For example,
the complexity of a 16-bit carrydookahead adder
based on fully reversible logic is about 32 times
that of a static CMOS one'". The quasi-adiabatic
circuits, such as ECRL, 2N-2N2P, PFAL, and
NERL ete. have architec—

relatively simple

cation Department ( No. 20010238)

tures' ™ ¥. ECRL, 2N-2N2P, and PFAL use cross—
coupled pMOS transistors for energy-recovery.
T hus they have non-adiabatic loss on output loads,
and their energy losses are highly dependent on the
output load capacitances. In NERL'", though the
charge of output loads can be well recovered, the
non-adiabatic loss of internal nodes is not small be-
cause the size of the output nMOS transistor must
be sufficiently large to maintain high bootstrapping
node voltage'” .

Based on our previous research, we propose a
complementary pass-transistor adiabatic logic
(CPAL) using a new three-phase clocking scheme.
T he non-adiabatic energy loss of output loads is re—
duced by using CPL ( complementary pass—transis—

torlogic) for evaluation and transmission gates for
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energy-—recovery. Furthermore, we explain how to
minimize the total energy dissipation. A three-
phase power-clock generator is also presented.
With 0.25um CMOS technology, we confirm that
CPAL circuit consumes substantially less energy

than other logic circuits do.

2 Operation of CPAL

The basic structure of the CPAL buffer is
shown in Fig. 1. It is a dual-rail logic with CPL
(N1~ N4) and a pair of transmission gates (N5, P1
and N6, P2). The clamp transistors (N7 and N8)
make the un-driven output node grounded. Cascad-
ed CPAL gates are driven by the threephase pow -
er—clock, as shown in Fig. 2. A clocking rule must
be followed to form a chain of logic circuits. Each
clock is followed by the next clock with a 120°

phase lag for a complete pipeline operation.
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Fig. 1 Schematic of the CPAL buffer
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Fig. 2 CPAL buffer chain and its three—

phase power clock

The waveforms of simulation for the CPAL
buffer are shown in Fig. 3. They are obtained when
“1010 ==+ 7 s
through the buffer chain. The power—clock frequen-—
cy is 100M Hz, and the peak voltage Voo is 2.5V,
The device sizes of nMOS and pMOS transistors
are taken with 3A/2A and 90/24, respectively, and A
=0.12um.
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Fig.3 Simulation waveforms of the CPAL

buffer

By referring the schematic shown in Fig. I and
the waveforms in Fig. 3, the operation of the CPAL
buffer can be summarized as follows: During the
period T, the node Y is clamped to ground, while
the voltage of the node X is pre-charged to about
Voo— Vs, where Vrx is the threshold voltage of the
nMOS transistor. During T3, the node OUT is
charged through transmission gate (N5, P1) as the
clock @ goes up. During this evaluation process,
though a threshold voltage in the node X is lost,
the pMOS (PI)

T herefore, a full swing is obtained during 7's. Dur-

complements threshold loss.

ing T, as the voltage of the clock Pdrops from Voo
to ground, the charge on the node OUT is recov-
ered through N5 and P1.

Since the node OUT has been evaluated during
T's and held its state during T4, the input IN (pow -
er clock of previous stage) may drop to ground
during Ta4. Similarly, the output of the present
stage is used for the output evaluation of the next
stage during T's. During T's, as the output of next
stage has been evaluated and latched, the power-
clock of the present stage may drop to ground and
the charge of output nodes is recovered.

During T's and Ts, because N1 and N2 are
turned off, the node X is in the high-impedance
state. Therefore, the voltage of the node X can be
bootstrapped to a higher level than Vin— Vin due
to the gateto-channel capacitance of N5 while Pis
varied. When ®rises from 0 to Voo, the voltage of
the node X is increased by AV, which is expressed

das
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AV = Cc X Voo (1) the node X (or Y). Assume that the charging cur-

Coi+ Cn2+ Cw+ Co
where Cc= WLCox is the gateto-channel capaci-
tance of N5 (or N6), W and L are respectively the
channel width and length of N5 (or N6), Cox is the
gate-to—channel capacitance per unit area, Com and
Cn2 are the diffusion capacitance of N1 and N2, re-
spectively, and Cw represents the wiring capaci—
tance. According to Eq. (1), when the channel
width of N5 and N6 increases, the AV is raised.
High voltage AV can reduce the adiabatic loss be-
resistance of output-driven

cause the turn-on

nMOS transistor (N5 and N6) is reduced. Figure 4
illustrates the waveform of the node X when the
device size of N5 and N6 is 180/2A. The simulated
AV of the CPAL buffer for various channel widths
of N5 and N6 is plotted in Fig. 5.

a5 T ;31,1‘1,3‘;}1',
35F - - g
= CERALRaY  pATY
SO HVN R T f X
0 el
25F 4
s s
Q) perired
100

Fig. 4 Simulation waveform of the internal

node X when the device size of N5 and N6 is

18A0/2A( A= 0. 12um)
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Fig. 5
versus channel width of N5 and N6

channel length L is 0. 24um.

Energy dissipation and optimiza-
tion
The energy dissipation occurs when the nodes

of the CPAL buffer are charged or discharged.

First, we analyze the energy dissipation per cycle of

rent is { during 71, and the gate-to-drain voltage of
N1 is almost a constant, Vrx. Then, the energy con-
sumption of the nMOS transistor N1 (or N4) is

approximately given by

T G Vo= Vo)
E X, pre-charge= fV'rxidt = f Vrxdg
* (2)
= Cx(Voo = Vax) Vs

where Cx= Coi+ Cm2+ Cw+ WLCox is the capaci-
tance of the node X (or Y),and W and L are the
channel width and length of N5 (or N6). When the
node X is bootstrapped, N1 and N2 are isolated,
thus energy dissipation during the period (T3~ Ts)
can be ignored. During T'7, as shown in Fig. 4, the
charge of the node X is discharged to ground, so

the non-adiabatic energy loss can be represented as

Ex arge = JiCx( Voo = Vi) (3)

T herefore, the energy dissipation per cycle of the

internal nodes can be written as

éCx[ Voo — V'rx}z
(4)

When the output node OUT (or OUTh) is

charged or discharged, the energy dissipation per

Ex= Cx(Voo— Vax)Van +

cycle can be represented as

RCI..
T | )

where Cu. is the load capacitance of the CPAL

2
Euutput = 2 C].V])I]-

buffer, T represents the transition time of the pow -
er—clock, and R°<1/W is the turn-on resistance of
the transmission gate (N3, P1 or N6,P2). The to-
tal energy dissipation per cycle of the CPAL buffer

can be expressed as
Ewa= Ex+ Eoupn (6)
We can reduce Ex by reducing the device sizes
of N5 and N6 according to Eq. (4), whereas we can
reduce Eoupn by increasing the channel widths of Ns
and Ne according to Eq. (5). Therefore, we can
choose the optimal sizes of Ns and N6 to minimize
the total energy dissipation. Figure 6 illustrates
simulation results of the energy dissipation of the

CPAL buffer for various channel widths of N5 and
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N6. We used the sizes of W/L= 0.36um/0. 24um
for nMOS transistor and W/L= 1.08um/0. 24um

for pMOS transistor except for N5 and N6.
100
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Fig. 6
CPAL buffer versus channel width of N5 and N6 for

Total energy dissipation per cycle of the

several values of load capacitance The frequency is

100M Hz and Vo= 2. 5V.

From the simulation results, the optimal chan-
nel widths of N5 and N6 are 3A, 9A, 154, and 21A
when the load capacitance Cu. is 3, 20, 35, and 50fF,
respectively. For a small load capacitance, a mini-
mum-size nMOSFET can be used to reduce the to-
tal energy loss by decreasing Ex.

A comparison of energy consumption has been
made against 2ZN-2N2P, PFAL, and static CMOS
logic, as shown in Fig. 7. In all circuits, we used the
sizes of W/L= 0.36um/0.24um for nMOS and W/
L= 1.08um/0.24um for pMOS except for N5 and
N6 in CPAL, which size is 1. 08um/0. 24um. Figure
7 (a) shows the curves of the energy consumption
per cycle versus the load capacitance. The energy
loss of CPAL is much lower than that of the other
two, especially in large load capacitance, because
the capacitance of the internal node is much smaller
than that of output nodes. Figure 7(b) shows the
curves of the energy consumption per cycle versus
the power-clock frequency. Compared to ZN-2N2P
and PFAL, the CPAL dissipates less energy at all
operation frequencies and is insensitive to clock
frequency because the turn-on resistance of the
transmission gates of CPAL is smaller than that of

pM OS transistors of 2N-2N2P and PFAL.

250

@® y,,=2.5V  f=25MHz
200
~- 2N-2N2P
g 150F - PFAL
S 00 - CPAL
50
0

w2V C=20F

-4~ Static CMOS
100 -o- 2N-2N2P
[l

-0- PFAL

,2
= - CPAL

i

I : L o i i 1
50 100 150 200
S/MHz

Fig. 7 (a) Comparison of energy consumption per cy-
cle versus load capacitance among CPAL, ZN-2N2P,
and PFAL: (b) Comparison of energy consumption per
cycle versus power-clock frequency among CPAL, 2N -

2N 2P, PFAL, and static CM OS circuits

4 Gates and 8-bit adder

Complex gates can be easily realized by using
the CPL to replace the transistors (N1~ N4) of the
CPAL buffer. Figure 8(a) is AND/NAND gate,
and Figure 8(b) is XOR/XNOR gate. All basic
gates, such as inverter, AND, OR, and XOR, use
the same topology. and only inputs are permutat—

ed. Figure 8(c¢) is ANDOR/NANDOR, which is

10]

built by cascading the CPL!
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Fig. 8 CPAL gates
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Based on gates, complex digital system can be 7
_ ) _ e[ —o-2n-2N2P
implemented. We use the 8-bit Brent-Kung adder s| O PFAL
" . . CPAL
to show the efficiency of the CPAL, as shown in 24t /
Q3
Fig. 9. 2 —
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B, Fig. 10 Comparison of energy consumption of 8-bit
p adder per cycle among CPAL, 2N-2N2P, and PFAL
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Bﬁ
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B, drivers that change the inductor connection; the
A, controller that generates the control signals for the
2, clock rail drivers.
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Fig. 9 Schematic of 8-bit BK adder

Based on the three-phase scheme, the 8-bit
adder consists of 6 pipeline stages with the buffers
to maintain pipelining. It can execute 8-bit addition
per cycle, and the latency time is two cycles. The
average energy dissipation of the adder is shown in
Fig. 10. 2N-2N2P, and

PFAL use the same gate-evel structure but differ—

In the simulation, CPAL,

ent in aspects that are specific to the logic styles
used in their design. All primary outputs are con-
nected to a 20fF load, and the input patterns to the
adder are generated randomly. The simulation re-
that the CPAL
35% and 50 % of the dissipated energy of the 2N -

2N2P and PFAL adder, respectively.

sults show adder consumes only

S Three-phase power supply genera—
tor

CPAL is supplied by the three-phase power—
clock, so an efficient clock circuit, which converts
DC to AC power, should be designed. As shown in

Fig. 11, we generated the three-phase power sup-
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Fig. 11  Three-phase power supply generator
g ¥

The clock nodes of CPAL are represented by
Ri, Ci, R2, C2, R3, and C3, which can be obtained in
simulation tests (or experiments) by forcing a si-
nusoidal wave to the clock nodes and measuring the
power loss and the current level'. Small external
Cr3) are added to clock

capacitors ( Cei, Ce2, and

nodes to balance capacitance. Each clock rail driver
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either connects its corresponding clock node to the
inductor via transmission gates (TGI1, TG2, or
TG3) or clamps the clock node to Voo or GND. T he
equivalent capacitance at the clock nodes and the
inductor L form a resonant tank. One terminal of
the inductor L is connected to the DC source Von/
2, so that the voltage of the node N1 is an exponen-
tially damped sinusoid with a maximum close to
Vob.

The control signals of the clock rail drivers are
generated with a mod-6 counter. Figure 12 shows
the waveforms of the control signals for the rail &
and illustrates how the node N1 of the inductor is
connected to the three clock nodes. The edges of
the clock—rail are obtained from the sinusoidal
pulse at the node Ni. Assume that initially Nu is at
the ground state. During T'1, Niis connected to 4,
and then ® swings from ground to Voo. During T,
Nv is connected to ®, and R is clamped to Von. Dur—
ing 75, Nt is connected to ®, and # is still clamped
to Voo, to make its states truly high. Each uncon-
nected clock node is clamped to its own state: Vin
or ground. The power supply generator is efficient
in energy consumption because the inductor con-
nection is changed only when the inductor current

is zero.
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Fig. 12 Control signals of clock-rail driver for ¢

Given a desired power-clock frequency f, the

required inductance L can be found from the equa-

—

tion 3f = 1/2m JIILC(-.. , where Ce is the equivalent
capacitance at the clock node. Note that the fre-
quency of the reference clock must be three times

that of three-phase clock. T he energy efficiency can

be defined as the ratio of dissipated energy in
CPAL clock nodes and total delivered energy from
the DC supply. T he efficiency ranges from 18% to
60% depending on the power-clock frequency and
the complexity of driven CPAL circuits. When
driving the 8-bit CPAL adder, the conversion effi-
ciency of the power supply generator is about 35%

at 80OM Hz.

6 Conclusion

The energy consumption of CPAL is insensi-
tive to output load capacitance and less dependent
on power-clock frequency. With 0.25ym CMOS
technology, we confirm that CPAL circuit con-
sumed substantially less energy than other logic
circuits. The circuit design based on CPAL is sim-
ple and easy because of its regular topology. How -
ever, the energy loss of adiabatic circuits should in-
clude the overhead of a power-clock generator. We
should carefully optimize power—clock generator to

reduce its energy loss.
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