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Abstract 0 This paper presents our research results on In this paper, we investigate CMOS circuits, which adopt a

power-clocked CMOS design. First we provide algebraic power-clock and use clocked signals. In section Il, the algebraic
expressions and describe properties of clockephais. Next two expressions and the corresponding properties of clocked signals are
types of power-clocked CMOS circuit constructions are introduced discussed. In section Ill, various CMOS gate circuit constructions,
and analyzed in detail. Since the adiabatic switching requires which adopt a power-clock, are presented and analyzed. Logic
slow-ramping of the power-clock, a clocked transmission gate and a waveform constraints on the power-clock and the clocked signals
four-stage clocked NP-domino circuit are presented, which receive are analyzed and the suitability of two clocked CMOS gate circuit
trapezoidal and sinusoidal power-clocks, respectively. PSPICE constructions is verified in section IV. Furthermore, the clocked
simulations demonstrate the correct operation and energy-saving transmission gate and the NP domino circuit adopting a trapezoidal

advantage of the proposed circuits. power-clock and a sinusoidal power-clock are analyzed in section
IV. Section V concludes the paper.
l. INTRODUCTION Il. AN ALGEBRAFOR CLOCKED
It is well known that the power dissipation in CMOS circuits is SIGNALS

related to the type of energy conversion in the circuit. In static From now, we assume that the clock is a symmetric square-wave.
CMOS circuits, a DC power supply is used and the signal value is \when clk = 1, the clocked signal displayes its true logic value;
realized by charging/discharging of internal node capacitances.yhen clk = 0, the clocked signal is forced to its “base” value, 0 or 1.
During this process, electrons are extracted frommeerm_mal of For the precharge circuits, the base value is 1 whereas for the
the power supply, steered through the node capacitance, andyregischarge circuits, the base value is 0. Therefore, in every clock

returned to the ground terminal, resulting in an irreversible energy cycle, the clocked signal is divided into two stages: set base (B)
conversion from electric energy to heat. As a result, when a node yhen clk = 0 and evaluate (E) whenlk = .1

capacitance is charged (or discharged), an energy dissipation of . . . _
¥%CV? occurs [1]. So reducing the energy dissipation has been Figurel shows a pair of complementary signalsx and the

equated with reducing trewitched-capacitancéow power design  corresponding clocked signals. The valuesxdfx in Fig.1 are
g:?gite'gg irr?lrr]érg:r:? yzvgghgiggggﬂﬁgcgngadsesr%iiis sr']%c\',fe'flz?t (101101)/(010010) and can be regarded as the synchronous outputs
remain interested in developing logic elements that operate based orof a falling edge-triggered flip-flopx/ X are however not clocked

a different type of energy conversion, i.e., one that minimizes the signals. In Fig.2xm”‘ Cxek ek ang 5tk are four clocked
conversion of electric energy to heat.

An energy conversion is needed to represent a change in i p
signal value. If energy exists only in one form, i.e., electric energy, exponent expression of' , i O{@lk,+clk} , represents the logic
then there is only one irrev_ersible energy con\_/ersion from electric relation between the original signak/X and clk/clk . That is,
energy to heat. To break this one-way conversion, researchers have . = il — )
introduced another energy form, i.e., magnetic field energy, into the X is XLElk , X is x+clk , and so on. Obviously, the
digital circuit. If we relate the signal change to the conversion of fynction of (dlk ) and (+ clk ) is to set the clocked signal during the
electric energy to magnetic energy, the irreversible conversion from o .
electric energy to heat caused by dissipative elements, i.., resistor$ Stage to base “0" or “1”, respectively. _
is largely avoided. For this reason, researchers have attempted to ~ The following inverting relationships exist among the four
make a breakthrough in low-power CMOS circuit design, from clocked signals (cf. Fig.1):
basic circuit unit to microprocessor, by changing the mode ofenergy 1. ogic value inverse (with the same base), sucrk8% and
conversiont>” _©k . +ok sk

. L o X7, X and X .

Energy conversion from electric field to magnetic field and
vice versa implies that circuits should be supplied with AC power. 2. Base inverse (with the same logic value), suchx8% and
In this case, signals in the circuits should also be alternating x ok . gk gng x*ek
guantities. The latter has been extensively used in dynamic CMOS
logic, clocked CMOS logic, and various domino Ioﬁi]cHowever, '
these circuits still rely on DC power, and the energy conversion Figure 1 also shows that:
remains as electric energy to heat. Therefore, we should further - o o
study the case of circuits supplied with the AC power. Since the AC xOlk = gtk gk — ek (1)
power controls the working rhythm of the circuit and acts as the
clock at the same time, it has been calledtbever-clock®

signals derived fromx/X . Notice that the superscript in the

3. Complete inverse, such a&® and x*%; @ ang x*ck .

* This work was supported in part by NSF in USA under contract #
MIP-9628999 and NNSF in China under contract #69773034.
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Figure 1 Four clocked signals derived from signak.

In line with the above-mentioned exponent expressions, the power
supplyVgyq (1), the ground (0) and the clockdlk/ clk ) satisfy the
following clocked expressions:

1=1%K | 0=k )

_qBlk T _ qtclk i — - .
clk =1%, clk =0"° (3) Figure 2 Circuit realizations of clocked signals
If we regard the exponent operation as a Boolean operation, then

Eq.(2) and Eq.(3) can be easily proved. Furthermore, we can also Generally, the input signal for the circuits in Fig.2 is the

prove the following laws: — S — clocked output signal of a preceding clocked CMOS gate. For the
(x)©k = xBk ek - (xy)relk = yrelk g ek (4) circuits of Fig.2(a) and Fig.2(b), if the input signal is in suspension
@k _ @k , Bk +clk , +clk state during the evaluate stage of the current circuit, then turn-on of
(x+y) " =x"T+y (Xfy) X_ *y ®) the local MOS transistor will redistribute the charge which was
Eq.(1)—Eq.(5) can be physically explained as follows: originally stored in the input node capacitance and the node voltage
1. Eq.(1) represents the De Morgan’'s Law. It shows that the will thereby be corrupted. Therefore, the circuits in Fig.2(a) and
inverter function applied to clocked signals produce the Fig.2(b) cannot be used in this case. Note that the circuits in Fig.2(e)
complete inverse of the original clocked signals. and Fig.2(f) do not suffer from the unwanted charge redistribution

2. Eq.(2) ShOWSVdd (1) and ground (0) can continually work ~ problem. Besides, if they are cascade-connected to form a
in the clocked circuits of base 1 and base 0, respectively. ~ NP-domino connection, then the evaluation transistors will not turn

3. Eq.(3) indicates thatlk can assume the role of power ©n during the base set. Consequently, the MOS transistors that are
supply in the clocked circuit of base 0, whereagcan connected in series with the evaluation transistors can be omitted.

assume the role of ground in the clocked circuit of base 1. Based on the above analysis, we present four types of clocked
4. Eq.(4) and Eq.(5) suggest that the clocked signals which CMOS circuits as shown in Fig.3. In the traditional transmission
participate in the AND/OR operations, should have the same gate, a source signal is transmitted and the output signal reproduces
base. Furthermore, the result is equal to the AND/OR 21 change on the input signal. In Fig.3 however the transmitted
operations of the original signals, then clocked by the same SOUrce signal is the power-cloakk/clk . Also note that in Fig.3(a)

base. We should point out that the result of NAND and NOR and Fig.S_(b), the control signals of the transmission gates are
operations inverts the base Eq.(1). complete inverse of one another. The base-0 and base-1 clocked

signals act on the pMOS transistor and nMOS transistor,
[Il. CLOCKED CMOS GATE CIRCUITS respectively. This guarantees a perfect transmission. The
c’operational principles of these two circuits can be understood by
examining the waveforms depicted in Fig.1. We note that wdiken

is transmitted, the output is a base-O clocked signal and
logic-inverse of the base-0 control signal on the pMOS transistor.
When clk is transmitted, the output is a base-1 clocked signal and
the logic-inverse of the base-1 control signal on the nMOS transistor.
Therefore, the circuits in Fig.(a) and (b) act as logic-inverters. As to
the circuits of Fig.3(c) and Fig.3(d), they also have the form of
transmission gate. However their control signals are not
complementary, thus they are still precharge and predischarge type
circuits. Notice that each output is the complete-inverse of its input

ok _

From the discussion in the previous section, we see that the clocke
signals are obtained by ANDing/ORing the original sigrakith
clk/clk . However, the clocked signals can be realized with simpler
circuits, as shown in Fig.2(a) through Fig.2(d). Notice that Fig.2 (c)
and Fig.2 (d) are the precharge circuit and the predischarge circuit of
dynamic CMOS logic. Whertlk = Qthese two circuits set the
output to base-1 and base-0; whellk = , tHey evaluate the output
according to inpuk. The output terminal may be put in suspension
(high-impedance) state during the evaluate stage if the evaluation
MOS transistor is off. In this case, the output value is determined
based on the charge stored on the load capacitance. ; o
- — . inthese circuits.

If instead we useclk / clk to replace the power and ground in . . .
Fig.2 (c) and Fig.2 (d), then we obtain the circuits in Fig.2 (e) and W& have shown in Fig.3 that given any two of the four
Fig.2 (f). The reader can easily verify that the two power-clocked complementary clocked signals, the other two clocked signals can
gate circuits work correctly and produce the desired output (cf. be generated. The input transistor (or evaluation transistor)
Observation 3 of section II). receiving the input clocked signal may be expanded to any MOS

transistor network, thereby a type of clocked CMOS circuit, which



has a more complicated logic function, may be achieved. In Fig.4 Take the charging process as an example, during a period of

we show the circuits to realize the clocked signalsfof x [{y + 2) . 0-T, V,(t), the voltage of the node capacitance, starts at low-level
In Fig.4(b) the connection is easy to understand. In Fig.4(a) the V.(0) =0 and is charged to high-lev&l.(T) =Vy4q . Suppose that
output can be expressed alk 4 Vlk k. Other similar the voltage of power supply is a function of timé; (t) , we have
clocked circuits can easily be derived. Vg4 (T) =Vyq . Furthermore, the charging current flowing through
+olk 43k the MOS transistor network is also the function of tinnét) . So the
Z(I_ i(l_ _ energy converted into heat in this process is:
clk Xmlk m X+c|k T
I LI— Egis = [ , 1(0[Va (1) -Ve (O] it
A A 0 (6)
—[6lk Xmlk T T
X :jo i(Vy (t)olt—j0 i(V,(t)dt=E; — E,

(a) (b) In Eq.(6), E; is the total energy injected in the circuit during the

Xmlk @ process,E, is the final energy stored in the node capacitance when
— A ok £ — @ik the charging process ends. Because the cuifghtand the voltage
clk —F—>X clk —F——>X V,(t) of the capacitance have the following relation:
T e
clk 5ol i =c dV,(t) @)
dt
(€) (d) . . _ L
_ E, is easily obtained by integratiorE, =5 CV{q . If we place
Figure 3 Clocked CMOS gates. Eq.(7) into Eq.(6), we geE; as,
(a) clocked transmission gate for base-0 signal
. . Vad
(b) clocked transmission gate for base-1 signal E, = Io C [y (t) CeV, (t) (8)

(c) n-logic precharge circuit
(d) p-logic disprecharge circuit.

IV. SLOW-RAMPING POWER-CLOCK AND

If Vg is constantVy (t) =Vgq , then E; =Cvy, q;’d" dV.(t) =CVZ, -

ENERGY-RECOVERY CIRCUITS From Eq.(6), the energy dissipation in the charging process of this
We have pointed out in Section | that one-way transmission of ) ) ]
charge from the positive pole of the power suppid to the node is: g, =1cvg, - However, if Vg (t) rises gradually (ramps up)

negative pole &Gnd) will lead to an irreversible energy conversion
from electric energy to heat (i.e., energy dissipation). In Section Ill, from 0 to V4 during the period of 0. T, and this rising process is
instead of using the DC power supply and ground, we adopted the )

power-clock in the circuits of Fig.3 to charge the output node and SIOW enough to make the capacitance’s voltagét) track the
receive back the charge from the node capacitance. This reversible

charge transmission provides the basis for the design of change ofVy(t): V.(t) =V4(t) . From Eq.(8) we geElzécvdzd,
energy-recovery circuits. Because of the turn-on resistance of the
transistor which lies in the path of charge transmission, the
conversion from electric energy to heat (and hence energy
dissipation) still exists. For this reason, we should carry out the almost no energy converted into heat for the nodes in the
energy dissipation analysis for the charging and discharging

thus E; =E,. So Egs =0in Eq.(6). That is to say that there is

corresponding charging process. Similarly, the discharging process

processes.
xGlk of node capacitance can be analyzed. Finally, a conclusion is
é obtained. So long as we adopt a ramping power supply and the
T ©lk ;
(@) kel o | XAy +2) volt-age of node.capacna-nce traf:ks the change of power supply
7 e during the charging and discharging process, the energy converted
1 1
i i into heat is reduced to zero.
y/ok Zek Based on the above discussion, the power-clock in circuits of
Fig.3 should not have very short rising and falling times. As an
yiok P extreme example, if we use a rectangular power-clock whose rising
| L and falling times are zero, this result is equivalent to using a
e J_ 1 constant DC power supply and no energy saving will be obtained.
_ L — Basically, previous researches have adopted either a trapezoidal
(b) clk s > Xy + z)+°'k power-clock or a sinusoidal power-clock. The first is easy to analyze
but difficult to generate. As to the sinusoidal power-clock, the
L[ general RLC circuit can produce the resonant clock, so it has higher
v practical significance. Since we now use the slow-ramping
clk power-clock, the correctness of the circuits that used a rectangular
Figure 4 Clocked CMOS circuiits for realizing f = x[{y + z) - power-clock in the last section should be verified. We do this next.

(a) clocked transmission gate, (b) n-logic precharging circuit.



4.1 Power-clocked transmission gate - o
If the output can track the changing of input signal, the transmission <k f\ Cllkl/i Xkt
. 1 ¢
.l

gate is a good choice for the adiabatic operation. Reference [4] (@) < ; {1 ;
proposed an adiabatic circuit by using transmission gates, as shown T |
in Fig.5(a). This circuit has a simple structure. (The two clamp L C
nMOS transistors are used to avoid the output terminal from floating
and may be omitted.) We notice that in this circuit only base-0
signals are used, thus the control signa@,'kO and X°K0  on "'”‘”L/. . . NS _ \
nMOS and pMOS transistors are logic inverse, rather than complete otk '
inverse, of one another. If the original power-clock used in the
previous stageslk,, is taken as the local power-clock, then it cannot

ffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff

(b)
be transmitted correctly. Thus in this circuit, another power-clock

with a shorter widthglk;, should be used. The waveform obtained
from PSPICE simulation is shown in Fig.5(b), where the trapezoidal
power-clocks are used. It is seen that the transmitted sigdg\‘é

and X! have the same logic function, but a shorter width
©lko

compared withx-"" and xeko By connecting the transmission _ _ ) ) _ o
Figure 5 Simulation of the adiabatic transmission gate of
reference [4] using a retractile trapezoidal power-clock.

realized”) Computer simulation using PSPICE withy2CMOS (a) circuit, (b) output waveforms.
parameters also proves that this circuit has low energy consumption

gates in series or in parallel, more complex logic functions can be

during its operation. However, the need for retractile power-clocks clk

is a shortcoming that makes the circuit less useful in praffice. " [I;H— %ok —‘1[5 H Ok
Instead we take the clocked CMOS circuit of Fig.3(a), which (a) XX+CW \ I I_;Tﬂ

also uses a transmission gate, to construct the circuit in Fig.6(a). Ifl:”_ ek _‘“fl:”_

When using a trapezoidal power-clock, we simulated the circuit of ok

Fig.6(a) by PSPICE with 22 CMOS parameters. The result is

shown in Fig.6(b). As was discussed for Fig.3(a) and Fig.3(b), the m

base-0 and base-1 clocked signals acting on the pMOS and nMOS cik

transistors guarantee perfect signal transmission. Therefore, no fﬁ 0 1 o 1 o ,

retractile power-clocks are needed in the circuit. However, it is x-f”‘L/T\ 0 ! 0 ﬂ

found that the output node does not maintain a flat top or bottom () x@i 1 0 1 0 I

when the transmission gate shuts down. This can be explained as f”‘ 0 1 0 1 0

follows. Take x*** as an exampleclk does notimmediately jump fci 0 0 0 1 0

to high-level whenx*®* is dropping; Furthermore, the nMOS w1 0 1 0 1

transistor in the transmission gate is still turn-on at that moment, so ; " 2'0 T, o

the output tracksclk and rises until the nMOS transistor shuts

down completely. This phenomenon affects the noise margins, but
detailed simulation has proved that it does not affect correct 400
transmission, as shown in Fig.6(b). Figure 6(c) depicts the energy
dissipation waveform of the trapezoidal power-clock and the DC
power supply when the input sequence pair (01010) and (10101) are (c)

clocked CMOS circuit

used. A comparison between the two energy dissipation curves

Energy dissipation pj

demonstrates the extent of energy recovery. Indeed the
power-clocked circuit consumes only about 14% of energy a

dissipation of the conventional circuit.

As another example, we also verify the clocked circuits in e
Fig.4(a) by using a trapezoidal power-clock. If the inputs are Time  ns

(01010101)y (00110011) and (00001111), the PSPICE simulation Figure 6 Computer simulation of the proposed transmission
result in Fig.7 shows that output has the correct response: gate by using a trapezoidal power-clock.

(11101000). (a) circuit, (b) output waveforms, (c) energy dissipation waveform.




4.2 Power-clocked NP domino circuit static counterparts.

We now verify the clocked CMOS circuits of Fig.3(c) and Fig.3(d) _ In this paper, we only considered design of combinational
by using a sinusoidal power-clock instead. A power-clocked logic circuits based on the power-clock. Reference [13] describes a

) B — . CMOS flip-flop using the power-clock, which is constructed by
four-stage NP domino circuit shown in Fig.8(a) is constructed and cross-coupling the circuits shown of Fig.3(c). By using this flip-flop

simulated by PSPICE with 2z CMOS parameters using an  along with the power-clocked circuits proposed in this paper, the
alternating input sequence (10101...). The output waveform of eachlow-power clocked CMOS sequential circuits can be realized.

inverter V; M, is shown in Fig.8(b). To see the relationship

between the output and the power-clock, we superimpose the CMW

power-clock (in dotted line) on each output waveform. Itis seenthat ! \_/

el |
each output waveform has a small protrusion with respect to *
corresponding power-clock in the evaluation stage. This is caused *

by an imperfect signal transmission since the control signals on the yE NS R /
MOS transistors are changing during the charging and discharging y<* ! SN SN /AN ARN

of the node. Afurther simulation proved that this protrusion does not — |
affect the recognition of the corresponding logic value, even after z_c,k 1
cascading a large number inverting stages. This protrusion however ¢

results in some energy dissipation (see Fig.8(c)) which makes the 7 Wn

fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff

circuit only “partially adiabatic” (semi-adiabatic). 0 10 20 30 0 50 60

We compare the power-clocked four-stage cascade domino
circuit with four series connected static CMOS inverters in terms of Figure 7 Simulation of circuit in Fig.4(a) by using a trapezoidal

the power dissipation. Figure 8(c) depicts the energy dissipation power-clock.

waveform of the sinusoidal power-clock and DC power supply L

when the input sequence is (10101...). The lower waveform clk

demonstrates the energy recovery in the clocked NP domino circuit. v v
It is seen that the four-stage cascade NP domino circuit, which VL1 —Z 1k ¢
adopts a sinusoidal power-clock, saves about 73% of the energy of(a) A A

the traditional circuit. These comparisons prove that the goal of —q[ 1+ ——4[ 1
reducing energy dissipation can be achieved by using the clocked

CMOS circuits with gradually rising and falling power-clocks. cli

V. CONCLUSIONS

Clocked CMOS circuits, which use slow-ramping power-clock, can
result in a considerable energy saving. Many researchers have
studied this issue in recent yedts® However, the operational
constraint that the output signal should track the power-clock’s
slow-ramping behavior to accomplish the charging and discharging
processes creates a major difficulty in the circuit design.
Furthermore, the input signal should be valid when the local output (b)
tracks the rising and falling behavior of the power-clock. This
implies that either a retractile power-clock scheme (as was
discussed in previous sections) or a multi-phase power-clock should
be used. In the latter case, a multi-phase power-clock ensures that
different clock phases are used for the input action and the output
evaluation*** Now if the output remains valid after the input has
gone invalid, the device is performing a memory function, whether

or not we intended #! Consequently, when the current input acts 200 . .
on the circuit, the output will not be effective until the next phase. : ‘ ‘ ‘ ‘ :
Therefore, although the designed circuit has a valid logic function, 350
its applicability is limited.

We believe that research on novel design of adiabatic gates
which do not suffer from the above-mentioned shortcomings is
fundamental to the swess and wide use of adiabatic circuit
elements by digital circuit designérs:” Thus our work focused on
the design of adiabatic circuits, which do not require a retractile
power-clock or a multi-phase power-clock. The present paper
thereby presented a systematic study of clocked signals using an
appropriate algebra. From this perspective, the construction of
clocked CMOS gate circuits based on power-clock was investigated. 50
Two new types of energy-recovery CMOS circuits, the clocked | | | | | ; |
transmission gate supplied by a trapezoidal power-clock and a 0 5 10 15 20 2 30 B 40
four-stage NP-domino circuit supplied by a sinusoidal power-clock, Time  ns
were designed and simulated with PSPICE and demonstrated to _. . . . L
have correct logic functionality and sizable energy saving. Although ~ Figure 8 Simulation of four-stage NP domino circuit using a
these circuits do not achieve the ideal adiabatic result, they attain sinusoidal power-clock.
energy savings of 86% and 73%, respectively compared to their () circuit, (b) output waveforms, (c) energy dissipation waveform.

n-logic p-logic n-logic p-logic

10 20 30 40
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