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Low-Power VLSI Implementation by NMOS 4-Phase Dynamic Logic
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An nMOS 4-phase dynamic logic scheme is described, which is intended mainly to achieve
low-power consumption. In this scheme, the short-circuit current of a logic gate is eliminated,
and moreover, the capacitive load of the gate is reduced to almost half as compared with the
corresponding CMOS gate, resulting in enhancing the power reduction and shortening the
gate delay. A new layout concept of Array Cell (AC) is introduced, which contains (M xN)+2
transistors to construct a logic gate, and is used for the basic logic component in the nMOS
4-phase dynamic logic scheme. The regular structure of the AC contributes much toward
the reduction of total layout area. Moreover, a clock generator dedicated to generating four
types of clock signals is devised for reducing the complexity of clock distribution. A number
of experimental results of logic modules are also shown to demonstrate that not only the
low-power dissipation but also the high density can be attained.

1. Introduction

The CMOS (Complementary MOS) logic
scheme is widely used, in which a CMOS gate
has a distinctive structure that a pair of nMOS
and pMOS logic blocks are connected serially
between Vdd and Vss. Hence, while the out-
put of the gate is steady at the “0” or “1” logic
level, there is no short-circuit current from Vdd
and Vss, which achieves the low-power dissipa-
tion'); whereas while the output is transitive
between the “0” and “1” logic levels, the short-
circuit current flows from Vdd to Vss, which
makes the power dissipation increase suddenly
as the clock frequency grows?).

Recently, extensive efforts have been at-
tempted to reduce power dissipation by means
of the pass-transistor logic, which may be re-
garded as a promising solution®%. Never-
theless, this logic tends to lack the robust-
ness against downsizing and voltage scaling®.
Hence, there still remains considerable room for
investigating novel logic schemes which can at-
tain much more power reduction.

Motivated by this tendency, we exploit the 4-
phase dynamic logic to achieve low-power con-
sumption, which was originally introduced in
Refs. 6)-8). This logic scheme uses four types
of clock signals together with four types of logic
gates in such a way that each logic module is
constructed of a number of different types of
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logic gates, and the same clock signal is fed si-
multaneously to a pair of terminals of each gate
so as to eliminate the short-circuit current from
the top terminal to the bottom one.

It should be added here that the pMOS 4-
phase dynamic logic was once widely used ded-
icatedly for calculators in 1970s, when only the
pMOS technology was available. However, an
efficient layout model as well as a concise mech-
anism of generating four types of clock signals
is indispensable in making the best use of this
logic scheme in the very deep submicron era.

Section 2 describes features of the nMOS 4-
phase dynamic logic in comparison with the
static CMOS and the dynamic domino CMOS
logic. Section 3 introduces an Array Cell (AC)
architecture for constructing logic gates, and
Section 4 proposes a clock generator dedicated
to this nMOS 4-phase dynamic logic. Several
experimental results are shown in Section 5
to demonstrate the performance of this logic
scheme. Conclusion is finally summarized in
Section 6.

2. NMOS 4-Phase Dynamic Logic

The 4-phase dynamic logic can be imple-
mented in different ways in terms of the behav-
iors of four types of clock signals and the struc-
tures of four types of logic gates®:”), although
there is no crucial difference among them on
circuit operations. A typical configuration of
this logic scheme is shown in Fig. 1.

A mathematical model of the logic simula-
tion was proposed for the 4-phase MOS dy-
namic logic in Ref.6), the behavior of the four
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Fig.1 NMOS 4-phase dynamic logic scheme. (a) Four

types of logic gates, (b) Four different types
of clock signals, (c) Priority relations among
different types of logic gates.

types of gates as well as the connection rule
among them was considered in Ref. 7), and the
transient analysis of the 4-phase MOS switching
circuits was executed in Ref.8). Nevertheless,
the potential of practicability of the 4-phase dy-
namic logic has not yet been discussed in com-
parison with the static CMOS or the domino
CMOS logic.

We first show distinctive features of the
nMOS 4-phase dynamic logic in contrast with
the static CMOS logic.

(1) As can be seen from Fig.1(a), a pair of
the top and bottom terminals of each 4-
phase logic gate are driven by the same
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clock signal, and hence neither an in-
put signal nor a control signal causes
the short-circuit current which occurs in
a CMOS gate, resulting in very small
power dissipation even at a high clock
frequency.

(2) Considering that the output of an
nMOS 4-phase gate is connected only
to nMOS transistors of the subsequent
gates, whereas the output of a CMOS
gate is connected to both nMOS and
pMOS transistors of each subsequent
gates, the capacitive load of the output
of the 4-phase gate is half of that of the
corresponding CMOS gate.

(3) The number of transistors necessary for
a k-input 4-phase logic gate is k + 2,
whereas that for the CMOS logic gate
equivalent to it is 2k.

(4) The 4-phase dynamic logic uses nMOS
ratio-less transistors, which can make the
layout of gates much simple and concise.

Consequently, we can see that, in comparison
with the static CMOS logic scheme, the nMOS
4-phase dynamic logic scheme can achieve much
power saving as well as area efficiency.

We now touch on the domino CMOS logic in
contrast with the nMOS 4-phase dynamic logic:
In the domino CMOS logic a gate function is
realized with the use of only one logic block,
similarly to that of the 4-phase dynamic logic,
where the number of transistors necessary for a
k-input gate is k+2. However, extra transistors
may have to be required to avoid the charge
redistribution and to stabilize the circuit op-
eration. Thus, the total number of transistors
neccessary for a k-input gate exceeds k+2.

Although an inverted signal can be generated
in the domino CMOS logic, circuit instability
is incurred when both a gate output signal and
its inverted signal are input to the same gate.
Therefore, the domino CMOS logic may dissi-
pate more power for specific logic functions?).

In addition, the use of both pMOS and nMOS
transistors in the domino CMOS logic increases
the layout complexity, as compared with the 4-
phase dynamic logic which employs only nMOS
ratio-less transistors.

The behavior of the 4-phase dynamic logic is
exemplified with the use of a 1-bit full adder
as depicted in Fig. 2 (a). As can be seen from
Fig. 2 (a), the 1-bit full adder of the 4-phase dy-
namic logic is constructed of three gates of type
1 and two gates of type 2. Supposing that sig-
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2

nals a,b, and cin are conveyed from the gates
of type 4 to these three gates of type 1, the be-
havior of the adder is summarized as follows;
(1) three gates of type 1 are precharged and
evaluated in phases 3 and 1, respectively, con-
verting signals a,b, and cin to @, b, and cin,
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respectively, and (2) two gates of type 2 are
precharged and evaluated in phases 1 and 2, re-
spectively, producing output signals sout and
cout of the 1-bit full adder.

It should be added here that gates of types
2 and 4 can constitute the basic gates of the
so-called dual-phase dynamic logic, in which
highly complicated logic structures have to be
pursued by inserting gates of types 1 and 3 be-
tween basic gates of types 2 and 4, which can
reduce the total number of gates.

To see the difference of these four logic
schemes, circuit structures of the 1-bit full
adder realized by means of the static CMOS
logic, domino CMOS logic, and pass-transistor
logic are also depicted in Fig. 2 (b), (c), and (d),
respectively.

3. Array Cell Architecture for Layout

It is generally supposed that a dynamic logic
gate is accompanied with multiple signal in-
puts, and hence it may suffer from a long gate
delay, which can degrade the whole circuit per-
formance. Thus we have estimated the gate de-
lay for the 4-phase dynamic gates through an
HSPICE simulator by using 0.35 um technol-
ogy. Figure 3 shows a part of simulation re-
sults of the gate delay for 4-phase NAND gates
versus static CMOS NAND gates with the same
capacitive load, from which we can see that
the delay of a 4-phase NAND gate is small to
such an extent that this can be connected to 1.5
times as many inputs as a CMOS NAND gate
can be.

Since the delay of a 4-phase logic gate is much
shorter than that of a CMOS logic gate, and the
output of the gate is available at least in the
next clock phase, we can realize a logic module
with less gates than that in the CMOS logic.

For the ease of layout synthesis, let a logic
block be constructed in an MxN transistor ar-
ray as illustrated in Fig. 4 (a), where it should
be noticed that transistors are arrayed without
interconnection. Now, consider a trivial logic
function which is realized by a regular intercon-
nection as shown in Fig. 4 (b). The HSPICE de-
lay simulation has been attempted for this triv-
ial function with different values of M and N, at
3.3V and 1.8V supply voltages, and with the
nMOS threshold voltage of 0.55V and 0.4V,
respectively, where it is assumed that the ca-
pacitive load for each gate is 40{F, or in other
words, each gate has the driving ability of 8
nMOS transistors. Figure 5 depicts the simu-
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lation results, from which we can see that

(i) 144 transistors (MxN=12x12) can be
used for the operation frequency of
50 MHz at 3.3V supply voltage,

(ii) 60 transistors (MxN=6x10) can be used
for the operation frequency of 100 MHz
at both 3.3V and 1.8V supply voltages,
and

(iii) 36 transistors (MxN=6x6) can be used
for the operation frequency of 200 MHz
at 3.3V supply voltage.
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Consequently, an optimal realization of a
given logic function can be attained according
to the above statements (i), (ii), and (iii).

Now, let us define a new layout concept of an
Array Cell (AC) by a layout cell which is com-
posed of a two-dimensional array of Mx (N+1)
transistors for a logic block and two transistors
for precharge and gate control, as illustrated in
Fig. 6, where the number M of columns and the
number N+1 of rows denote the width and the
height of the AC, respectively. In terms of the
layout standardization of a layout macro in our
4-phase dynamic logic scheme, henceforth let
us fix the width M of each AC, as depicted in
Fig. 6, just in the same way as the standard-cell
approach. In addition, one dimensional layout
compaction can be applied to each AC on the
basis of diffusion abutment and deletion of un-
used transistors so as to shorten the height of
the AC.

For example, a 4-phase dynamic gate for the
carry generator of a 4-bit adder depicted in
Fig. 7 (a), can be constructed by a (6x5)+2 AC
as shown in Fig. 7 (b), where 6 and 5 denote the
width and height of the AC, respectively, and
2 indicates two transistors used for precharge
and gate control. In case of constructing an 8-
bit round shift circuit (see Fig. 8), each output
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can be implemented by a (6x6)+2 AC.
4. Clock Generator

Each logic gate in the nMOS 4-phase dynamic
logic is driven by one of the four types of clock
signals as indicated in Fig. 1, instead of Vdd in
the CMOS logic. Therefore, a clock generator
can be implemented dedicatedly for providing
such four types of clock signals to each logic
gate.

To cope with the required severity of dis-
tributing these four clock signals, a clock dis-
tribution method is devised in such a way that
the clock generator is composed of two parts,
ie. SS and CS, as shown in Fig.9(a). The
part of SS, which is located at the center of
the chip, synthesizes two synchronous signals.
Then these two synchronous signals are fed to
CSs, which are distributed overall in the chip.
Each CS simultaneously generates four types of
non-overlap clock signals and keeps local syn-
chronization of logic gates.

Figure 9 (b) depicts a gate structure of a clock
generator which can be implemented by the
static CMOS logic. A basic clock signal, as ex-
emplified in Fig. 10, which is discussed later, is
used as the input signal to SS.

To enhance the driving ability and the noise
margin of each clock signal, a large size of in-
verters are placed at the last stage of CS.
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Table 1 Circuit simulation results at 100 MHz.

10%%& Aphase | SCMOS | dCMOS | PT
trs 12 12 12 10
MUX2 | area | 248.0 374.5
pow | 31.3 56.6 104.0 31.6
(ex) | 35.0 60.3
trs 28 28 31 32
FA area | 597.1 654.5
pow 88.9 111.2 200.1 106.1
(ex) |99.9 117.4
nand3 | trs 5 6 5 14
pow 12.2 17.2 33.4 32.9
XOR trs 9 10 9 10
pow | 28.7 39.8 75.6 46.8

(1) sCMOS: static CMOS, dCMOS: domino CMOS, PT:
pass-transistor, trs: number of transistors, area: layout
area (um?), pow: power consumption (uW), (ex): with
layout (extracted capacitances)

5. Implementation Results

Experiments have been attempted for a num-
ber of logic modules in the nMOS 4-phase
dynamic logic, static CMOS logic, domino
CMOS logic, and pass-transistor logic, by using
0.35 pm triple-metal technology with the pMOS
and the nMOS threshold voltages of —0.7V and
0.55 'V, respectively.

To see the performance of the nMOS 4-phase
dynamic logic scheme, we have implemented a
2-input multiplexer (MUX2), a 1-bit full adder
(FA; see Fig. 2), an exclusive OR (XOR), and a
3-input NAND (nand3).

The detailed features are summarized in Ta-
ble 1, where simulations of power consumption
with extracted capacitances through layouts for
MUX2 and FA are also executed with the use of
the Cadence Layout Tools (Virtuoso, ver.4.4).
Table 1 demonstrates that even with the use of
an optimal static CMOS structure, the 4-phase
dynamic logic surpasses all the other logics in
power dissipation. Moreover, supposing that a
large functional unit is to be constructed, the
static CMOS logic scheme may need pipeline
registers for performing the pipeline process.
On the contrary, the 4-phase logic scheme is
controlled essentially by a ‘dynamic’ mecha-
nism so that none of these pipeline registers
are necessary, and hence it turns out that we
can omit the power dissipation which might be
necessary additionally in such pipelining.

To enhance the performance evaluation, we
have also simulated the frequency characteris-
tics of power consumption for a 4-bit Adder,
an FA, an XOR, a 3-input NOR, and a 3-input
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patterns, (b) Final layout patterns.

NAND. Figure 11 shows the statistics of power
ratios of these modules in the 4-phase dynamic
logic versus in the static CMOS logic, which in-
dicates that the former can reduce the power
dissipation of the latter by 30-40% at frequen-
cies of 20—200 MHz.

To demonstrate the performance of AC archi-
tecture, we have implemented one of the out-
puts of an 8-bit round shift circuit by means of
the AC of Fig.8(c). Given the original layout
patterns of Fig. 12 (a), in which transistors are
simply placed, the final layout patterns are ob-
tained as depicted in Fig. 12 (b), where 29.5%
of area reduction is observed.

To see the applicability of ACs to more com-
plicated logic functions, we have implemented
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(a)

Fig.13 Layout patterns of 8-bit round shift circuit.
(a) ACs of 4-phase logic, (b) CMOS logic.

Table 2 Experimental results for 8-bit round shift

circuit.
100 MHz .
33V 4-phase | CMOS | ratio
power (mW) 2.723 3.946 0.69
Ftrs. 305 476 0.64
area (pum?) 16,418 | 21,561 | 0.76

the whole of a 8-bit round shift circuit with
the use of ACs. Figure 13 (a) shows the lay-
out patterns abtained by using ACs, whereas
Fig. 13 (b) depicts those by the static CMOS
logic.

We have also simulated the performance of
power consumption of the 4-phase dynamic
logic and the static CMOS logic with the use of
an 8-bit round shift circuit. The experimental
results are summarized in Table 2, from which
we can see that the power consumption is about
30% smaller than that of the static CMOS logic.
It can be readily verified that the AC architec-
ture for the 4-phase logic can reduce effectively
not only the number of transistors but also the
power dissipation, in comparison with the static
CMOS logic.

A clock generator has been implemented for
the operation frequency of 100 MHz so as to
investigate the power consumption and layout
size, where the capacitive load for each clock
signal is assumed to be 200 fF, which can drive
40nMOS transistors, i.e., 20 ACs.

Layout patterns attained for SS and CS are
shown in Figs. 14 (a) and (b), respectively. De-
tailed features of the clock generator are shown
in Table 3. In addition, the waveforms of four
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(a) (b)
Fig.14 Layout patterns of clock generator. (a) SS,
(b) CS.

Table 3 Experimental results for clock generator.

100 MHz

0.35 pm 55 oS
power (mW) | 1.803 | 1.217
F£trs. 28 68
area (um?) 1,022 | 1,896

clock signals generated by this clock generator
have been attained through an HSPICE simula-
tor, as shown in Fig. 10, from which we can see
that margin fields between phases 2 and 3 and
between phases 4 and 1, are settled as a mea-
sure for non-overlap. It should be added that
although a CS has been tentatively settled to
drive 20 ACs, the driving ability of a CS should
be raised according as the size of the logic in-
creases.

6. Conclusion

This paper has described the nMOS 4-phase
dynamic logic scheme, which is intended mainly
for reducing power dissipation. AC architec-
ture dedicated for this logic scheme has been
devised, by which we can integrate a given
logic function with less transistors than that
required for the CMOS logic, resulting in low-
power consumption and high density. More-
over, a clock generator dedicated to generat-
ing the four clock signals is devised to mitigate
the complexity of clock lines. Considering that
capacitive loads related to the clocks are vari-
able and state-dependent, which may unbalance
the corresponding clocks and hence incur clock
skew, we insert a large size of inverters to be
connected to the four clock signals in the CS
so as to attain sufficiently fast switching time,
which contributes much toward the elimination
of clock skew.

Experimental results for several functional
modules demonstrate that our nNMOS 4-phase
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dynamic logic scheme can be a viable candidate
for the low-power logic design.

Finally, it should be added that according
to our experiments the 4-phase dynamic logic
may demonstrate the practicability especially
for functional modules operating at frequencies
up to 200 MHz.

Development is continuing further on sophis-
ticated CAD tools not only for logic synthesis
but also for layout synthesis, dedicated to our
nMOS 4-phase dynamic logic scheme of exploit-
ing ACs.
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