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Abstract. In view of changing the type of energy conversion in CMOS circuits, this paper investigates low
power CMOS circuit design, which adopts a gradually changing power clock. First, we discuss the
algebraic expressions and the corresponding properties of clocked power signals. Then the design
procedure is summed up for converting complementary CMOS logic gates employing DC power to the
power-clocked CMOS gates employing AC power. On this basis, the design of differential cascode voltage
switch logic (DCV4AL) circuits employing AC power clocks is proposed. The PSPICE simulations using a
sinusoidal power-clock demonstrate that the designed power-clocked DCVSL circuit has a correct logic
function and low power characteristics. Finally, an interface circuit to convert clocked signals into the
standard logic levels of a CMOS circuit is proposed, and its validity is verified by computer simulations.

Keywords: VLSI design, low power technique, AC power, clocked DCVSL circuit.

1 Introduction

With the development of CMOS technology, the increasing scale and speed of integrated circuits cause a
dramatic increase in power dissipation. The power dissipation of some processors such as Pentium, Alpha
21064, and Alpha 21164 has reached 16W, 30W, and 50W respectively. Low power technique has become
an important research issuein VLS| design.

The power dissipation in CMOS circuits is related to the type of energy conversion present. In static
CMOS circuits, a DC power supply is used and switching signa values are realized by charging and
discharging the node capacitance. During this process, the charge is drawn from the power supply VDD,
then transported to the node capacitance and returned to the ground terminal, resulting in an irreversible
energy conversion from eectric energy to heat. As a result, when a node capacitance is charged (or
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discharged), it leads to an energy dissipation of o M Thus reducing the energy dissipation has

been equated to reducing the switching activity. Low power design targeting minimum switching activity
has made significant progressin recent years.? However, the energy saving obtained is still limited.

Energy conversion is needed to represent a change in signal value. If energy exists only in one form, i.e.,
electric energy, then there is only one irreversible energy conversion from electric energy to heat. To
break this one-way conversion, researchers have introduced another energy form, i.e.,, magnetic field
energy, into the digita circuit. If one relates the signal change to the conversion of electric energy to
magnetic energy, the so-called “energy-recovery” can be realized, by which the irreversible conversion
from eectric energy to heat caused by dissipative dements, i.e., resistors, islargely reduced.

The energy conversion from electric field to magnetic field and vice versaimplies that circuits should be
supplied with AC power. In this case, signals in the circuits should also be of aternating quantities. The
latter has been used extensively in dynamic CMOS logic, clocked CMOS logic, and various Domino
logics™ However, those circuits still rely on DC power, and the energy conversion remains an electric
energy to heat conversion. Therefore, circuits supplied with AC power should be studied further. The AC
power controls the working rhythm of the circuit and acts as the clock, so in this paper it will be called the
“power-clock.” Research shows that if the a power clock with a gradualy changing behavior is adopted,
less energy is dissipated for charging and discharging the node capacitance through the conducting MOS
transistor. Therefore, the so-called “adiabatic” switching operation is the result by which a new approach
to design low power CMOS circuits is proposed.?™
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In Ref. [12] authors have introduced the idea that a gate and flip-flop design with the characteristic of
energy recovery can be obtained based on traditiona CMOS complementary logic gates by employing
AC power. The research has been extended to design general low power circuitsin Ref. [13]. In this paper
the basic rules and circuit designs of combinationa gates based on clocked CMOS transmission gate are
discussed and differential cascode voltage switch logic circuits (DCVSL) are investigated by usng AC
power in order to supplement the family of CMOS circuits with energy recovery. PSPICE simulations
prove that the designed circuits have a correct logic function and low power characteristics. Finally, an
interface circuit to convert clocked signalsinto the logic levels of standard CMOS circuit is proposed, and
itsvalidity is verified by computer simulations.

2 Algebrafor clocked signals

For the sake of simplicity, it is assumed that the clock used in this paper is a symmetric square-wave.

When clk =1 the clocked signal displays its true logic value; when clk = 0. the clocked signd is

forced to its “base’ value, 0 or 1. For the pre-charge circuits, the base vaue is 1 whereas for the
pre-discharge circuits, the base value is 0. Therefore, in every clock cycle, the clocked signal is divided

into two stages: set base (B) when clk =0 and evaluate (E) when clk =1

Figure 1 shows a pair of complementary signals x/X and their corresponding clocked signals. The
vaues of X/Xin Fig.1 are (101101)/(010010); they can be regarded as the synchronous outputs of a

falling-edge triggered-flip-flop. x/X are, however, not clocked signds. In Fig.2, x®%, X, x*,

—+CT|(

and X are four clocked signals derived from Xx/X. Notice that the superscript i in the exponent

expression of X', i O{@k,+clk} , represents the logic relation between the original signas x/X and the

clocks ok/dk. Thatis x¥ is x[&lk, x*™ is x+clk, and so on. Obviougly, the function of (Celk )

and (+clk) isto set the clocked signal during the B stage to base O or base 1 respectively. In Figurel, we
can find the difference in expressing logic values between general level signadsand clocked signals: in the
former, the logic values 1and 0 are expressed by the “high” and “low” of the level, respectively; whereas,
in the latter, the logic values 1 and O are represented by the “presence” and “absence” of pulse,
respectively.
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Fig.1 Four clocked signals derived from signal x

The following inverting relationships between the four clocked signals can be observed (cf. Fig.1):

1) Logica inverse (with the same base), such as X o Xm”‘; N
2) Baseinverse (with the samelogic value), suchas x™* and ok gk g gk
3) Completeinverse, suchas x® and X' X® and x*%.
Figure 1 also shows that:
XK = gtk Sk — ok o

In line with the above-mentioned exponent expressions, the power supply V,, (1), the ground (0) and

the clock (clk/ CT() satisfy the following clocked expressions:

1=1% =0k @
clk =1, clk = 0" ©)
If the exponent operation is regarded as a Boolean operation, then Eq.(2) and Eq.(3) can be easily proved.
Furthermore, the following expressions can also be proven:

(x |:y)mlk = xOk |:ymlk, (x Ey)Jr& — X+@ Ey+@ (4)
(x+ y)mlk = x@k 4 ymlk’ (x+ y)@ — X+@ + y+ch (5)
The physical meaning of the above Eq.(1) - Eq.(5) can be explained as follows:
1) Eq.(1) represents De Morgan's Law. It shows that the inverter function applied to clocked signals produces
the complete inverse of the original clocked signals (i.e., both the logic value and the base are inverse).
2) Eq.(2) shows V4 (1) and ground (0) can continually work in the clocked circuits of base 1 and base 0,
respectively.
3) Eq.(3) indicates that clk can assume the role of power supply in the clocked circuit of base O,
whereas clk can assume the role of ground in the clocked circuit of base 1.
4) Eq.(4) and Eq.(5) suggest that the clocked signals that participate in the AND/OR operations should have
the same base, and the result is equal to the original signals being ANDed/ORed together, then clocked by
the same base. Furthermore the result of NAND and NOR operations inverts the base according Eq.(1).



3 Complementary CM OSlogic circuits employing AC power

Assuming that the basic circuitsin clocked CMOS circuits are also the gates, the structure of clocked gates and
their working principles are first investigated. Similar to the traditional CMOS gates, the outputs of the clocked
CMOS gates should also be “restored.” For traditional CMOS gates, the outputs are aways clamped to either
the power supply by a conductive pMOS transistor for the high-level output or the ground by a conductive
nMOS transistor for the low-level output, whereby the level-restoration is realized.*” Correspondingly, the
outputs of the clocked CMOS gates should aso be “clamped” to the power clock by a conductive MOS switch
to obtain “pulse-restored” outputs. Because of the alternating characteristic of power clocks, this MOS switch
should be the complementary CM OS transmission gate.

From the relationships among the four kinds of clocked signals shown in Figure 1, it can be seen that a

pair of complete inverse clocked signals x™®*, X" can be used to control the pMOS and nMOS of the

+clk

transmission gate respectively, and then the another pair of completeinverse clocked signals X®*, x
can be generated when clk and clk are transmitted. On the other hand, the latter pair of clocked signals

can be used to control the transmission of clk and clk to reproduce the former pair of clocked signals.

From the above andysis, the circuit shown in Fig.2(a) can be derived. The reationships between the input

and output in the circuit can be summed up asfollows:

1) A pair of clocked signals used to control a transmission gate should be physically complementary. Among
them, the base-0 and base-1 signal control the pMOS transistor and nM OS transistor respectively;

2) Theoutput generated from clk isthe base-0 signal and is the logic inverse to the input base-0 signa
acting on the pMOS transistor. On the other hand, the output obtained from ck isabasel signa
and isthelogic inverse to the input base-1 signa acting on the nMOS transistor;

3) For any four unrestored clocked signa forms of a signad, its four restored clocked signals can be
obtained by using two transmission gates to transmit power clocks clk and ck.
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Fig.2 Power-clocked CM OS gate using a trapezoidal power-clock
(a) Circuit diagram, (b) Output waveforms, (c) Ener gy dissipation curve
By using a trapezoidal power-clock and the PSPICE program, the circuit in Figure 2(a) was simulated
with 2um CMOS technology. The result is given in Figure 2(b) where it can be seen that the output node
signals do not maintain aflat high top or flat low bottom when the transmission gate shuts down. Taking

+clk +alk

X" asan example, clk does not immediately jump to high-level when X is dropping. The NMOS

transistor in the transmission gate is till turned-on at that moment, so the output tracks clk and rises
until the nMOS transistor shuts down completely. However, the smulation has verified that these un-flat
outputs do not affect the next stage. Figure 2(c) shows the energy dissipation curve of a one-stage circuit
using atrapezoida power-clock with aclocked input sequence pair (01010) and (10101). The decline part
in the curve shows the effect of energy recovery. In contrast, we aso draw the energy dissipation curve of
the common two-stage inverter using DC power supply with the same conditions. It is shown that the
former circuit has about 86% of energy saving in comparison with the latter. The power saving is
remarkable.

Taking the inverter shown in Figure 3 as an example, the procedure by which a complementary CMOS
logic gate employing DC power is converted to its counterpart employing AC power is illustrated. In
Figure 3(b), (c), the structures with the CMOS transmission gate shown in Figure 2(a) have been redrawn
in aform similar to the inverter shown in Figure 3(a) . The general conversion rules are as follows:

1) Tie both the supply termina and the ground together and connect them to the same power clock clk

(or @);



2) Both gates of the pMOS transistor and nMOS transistor are connected to two physically complementary
clocked signals (a base-0 signal for pMOS transistor and a base-1 signal for nMOS transistor) rather than
connected to the same input level signal.

3) The output is the logica complement of an input base-0 signal for a pMOS transistor if the power
clock is clk; or, it is the logical complement of an input base-1 signa for an nMOS transistor if the

power clock isclk .
It should be pointed out that the above discussion in Figure3 is only for a simplest clocked inverter. In fact, by
using the conversion rules we can realize NOR and NAND functions by connecting switches in series and
parallel, and then the clocked CMOS circuits with more complicated logic function may be derived. %3

Finally, we aso notice that the signal types and transistor counts in the clocked circuits are doubled
although the power dissipation is considerably decreased. For example, the signals used originally only

have two polarities ( x, X ) . However, current clocked signals have four polarities ¢ @, x® x*% | and

X "% ). Then the quadruple-rail inputs, rather than double-rail inputs, are needed for circuit synthesis. The

circuit design will be more complicated.
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Fig.3 (a) Traditional inverter using DC power,
(b) Clock-powered inverter with a base-0 output signal,

(c) Clock-powered inverter with a base-1 output signal

4 DCVSL circuitswith AC power

From the discussions in the previous section, it is found that the main drawback of the AC CMOS
complementary logic circuits is that they perform their device count of circuit structure twice. However, the
CMOS differential cascode voltage switch logic (DCVSL) employing DC power possesses complementary
structure itself*>¥ which provides the possibility of enjoying the benefits of employing AC power without
increasing the circuit complication.

The previously proposed DCVS inverter employing DC power is shown in Figure 4(a). In form, it has no
advantages compared with the complementary logic inverter shown in Figure 3(a). However, in order to redize
complicated logic function, the pMOS and the nMOS transistor of the inverter in Figure 3(a) should be
replaced by a p-logic block and n-logic block respectively, but in the inverter of Figure 4(a), only the nMOS
transistor should be replaced by the corresponding n-logic block. Therefore, the circuit structure of the latter is
simpler than that of the former. Besides, the offered complementary logic outputs of the latter are simultaneous
rather than a delay of one inverter. Though it is not proposed in References [15,16], with the exception of the



logic realization employing n-logic block corresponding to the Figure 4(a), another design employing p-logic
block to realize logic functions also exists, as shown in Figure 4(b),.

Fig.4 DCVSL circuits employing DC power, (a) n-logic (b) p-logic

According to the conversion rules summed up in the above section, on the basis of Figure 4, the design of a
DCVSinverter employing AC power can be derived by conversion, as shown in Figure 5. If the power clocks
in the two terminals are combined together, the corresponding structures assembled by CMOS transmission
gates can be obtained. Their diagram symbols are also shown in Figure 5, where the signal line with a small
circle denotes the input or output of the base-0 signal and those without a small circle denote the input or
output of base-1 signal. Besides, the small circleis also used to express physical inverse between the input and
the output.
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Fig.5 DCVSL circuits employing AC power (a) n-logic, (b) p-logic
Notice that the logic complementary inputs of the circuit shown in Figure 5(a) are base-1 signals, but its logic
complementary outputs are all base-0 signals, whereas, the condition of the circuit shown in Figure 5(b) isjust
the reverse. Habitually, base-0 signals are adopted in the discussions of many references. Therefore, the circuit
shown in Figure 5(b) is taken as the main body of logic circuits, and its base-1 output signals can be converted
into base-0 signals again by connecting the inverter shown in Figure 5(a) in the output terminal, as shown in
Figure 6(a). In the figure, if the pMOS transistor circled by the dotted line is replaced by a p-logic block, the
complicated logic functions can be realized. As an example, the clocked DCVS AND/NAND gate and
OR/NOR gate are shown in Figure 6(b) and Figure 6(c) respectively. Furthermore, in the following section, a
full adder is used as an example to discuss the design of clocked DCV SL circuits with base-0 input and output
signals.
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Fig.6 Basic power-clocked DCVSL gateswith base-0 input/output signals
(a) Inverter/buffer, (b) AND/NAND gate, (c) OR/NOR gate

Reference [16] presented a DCV SL full adder operating on DC power. Thiscircuit is shown in Figure 7(a).
With the help of the conversion procedure described earlier, the corresponding power-clocked DCV SL
full adder is derived and depicted in Figure 7(b). It is seen that only two additiona “base-converting
buffers’ are required in comparison with the circuit shown in Figure 7(a). The circuit was simulated with
PSPICE by using a sinusoidal power clock and with a Gray-coded 3-bit input stream. The input and
output waveforms are shown in Figure 7(c). The energy dissipation waveform is aso reported in Figure
7(d). These simulations demonstrate that the logic function of the power-clocked DVCSL circuit is
correct and that there is clearly an energy recovery mechanism at work by which a considerable power

saving is achieved. The circuit attains an energy savings of 95% compared to the design of DCVSL full

adder employing DC power shown in Figure 7(a).
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Fig.7 (a) DCVSL full adder using DC power , (b) DCVSL full adder using AC power,
(c) PSPICE simulation with sinusoidal power clock, (d) Ener gy consumption waveform

In the discussions of Figure 1, it is implied that the general logic level signals can be converted into
clocked signals by logic operations. In the following, the method to convert clocked signals into standard
logic level signals will be investigated. One design scheme of an interface circuit is shown in Figure 8(a),
which is constructed by one CMOS Schmitt inverter and a CMOS latch. The Schmitt circuit respondsto a
slowly changing clocked-signal with fast transition time at the output in order to reduce the simultaneous
conducting time of both pMOS and nMOS transistors when connected with a static CMOS circuit (that is,
the short circuit dissipation can be reduced). On the other hand, the Schmitt circuit has two threshold

values: V;,and V;_, by which the drawback of run-up of low-level output signal can be effectively

overcome when employing AC power. Therefore, the interference immunity of the circuit can be
improved. In base-0 clocked circuits, when clk =0, the clocked signal is set to its “base” value; when
clk =1, the clocked signd displaysitstrue logic value; whereas, the condition of base-1 circuit is just the
reverse. Therefore, the true logic value of the clocked signal can be sampled and latched in order to
realize standard logic output. The clock of thelatchisapulse signal ( ¢), which has the same frequency as
the power clock. For a base-0 clocked signdl, it is sampled at the high level of the clock, and islatched at
the low level of the clock. Whereas, the condition of the base-1 clocked signd is just the reverse. The
proposed clocked DCVSL full adder is taken as an example. The clocked base-0 sum output signa

[alk

(S™)and carry-out signal(C, “*) are shown in Figure 7(b). I they act as the input signal of the interface
circuit shown in Figure 8(a), the standard CMOS logic signals (sum output signal Sand carry-out signa
C., ) obtained from the PSPICE simulation, are shown in Figure 8(b). This result indicates that the output

of the proposed DCVSL full adder employing AC power can drive standard static CMOS circuits by
means of an interface circuit. Therefore, the application of the DCVSL full adder employing AC power is
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further demonstrated.
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Fig.8 (a) Theinterfacecircuit between clocked CMOS and static CMOScircuits,
(b) Converted static logic levels of afull adder

5 Conclusions

Clocked CMOS circuits, which employ a gradually rising and falling power clock, can result in a
considerable energy saving. However, the demand that the output signa should track the power clock’s
gradually rising and falling behavior during charging and discharging makes the circuit design difficult.
At present, the existing research either adopts retractile cascade power clocks or uses multiple phase
power clocks with memory schemes in the design.[17,18] The problem is that the applicability of the
designed clocked circuits is awfully limited. Thus the agebraic expression of clocked signals and the
design of basic clocked gates are two key areas of research. Therefore, this paper presents a systematic
study of clocked signas using appropriate algebraic expressions and fully exploits the four types of
clocked signal. Furthermore, some clocked CMOS gate circuits based on atransmission gate are proposed.
After comparing the clocked CMOS circuits with the traditional complementary logic CMOS circuits, the
basic rules are summed up based on the conversion procedure from the complementary CMOS logi ¢ gates
employing DC power to the clocked CMOS gates employing AC power (power clock). By using these
rules the design of DCV SL circuits employing a power clock is proposed further. The circuit has an input
and output with a convenient base-0 signa form, and its structure is not very complicated. By using a
sinusoidal power clock the PSPICE simulations prove that the designed clocked DCVSL circuit has an
idea logic function and considerable power savings. To take the greatest advantage of the ultra-low
power dissipation of CMOS circuits employing AC power and the characteristics of high speed and good
interference immunity of static CMOS circuits, an interface circuit that is used to convert clocked signal
into standard CMOS logic level is proposed. The validity of the interface circuit is verified by computer
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simulation. Additionaly, it is proved that the proposed DCVSL full adder employing AC power can be
used in low power VLSI systems.

Finally, it should be pointed out that the main objective of a CMOS circuit employing AC power is to
achieve low power design. The working frequency of the CMOS circuits employing AC power is
determined by power clock. Therefore, to improve the speed of the circuit, the frequency of the power
clock should be increased accordingly. Furthermore, the process of charging and discharging the node
capacitance exits in CMOS circuits employing both AC power and DC power. However, in an AC
powered circuit, the node level is not charged to the maximum power level or discharged to the minimum
power level, as is the case in a DC-powered CMOS circuit. Therefore, in a high-speed CMOS circuit
employing AC power, technology may be improved to reduce the node capacitance in order to complete
the charging and discharging processes within one clock period.
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