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Design and Application of Pipelined Dynamic CMOS
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Abstract—New dynamic CMOS ternary logic circuits, which
can be used to form a pipelined system with the nonoverlapped
two-phase clocks, are proposed and investigated. All the proposed
new dynamic ternary gates do not have dc power dissipations and
have full voltage swings. For complex ternary logic, a new circuit
structure called the simple ternary differential logic (STDL) is
also proposed and analyzed. The design procedure of the STDL is
developed for the optimal implementation. An experimental chip
has been fabricated in 1.2-xm CMOS process and tested, which
successfully verifies part of the logic functions of the proposed
new dynamic ternary logic. A new binary pipelined multiplier is
designed by using the proposed dynamic ternary logic circuits in
the interior of the multiplier in the coding of radix-2 redundant
positive-digit number. The new structure has the advantages of
higher operating frequency as well as much less latency and total
device count as compared with the conventional binary paraliel
pipelined multiplier. It has been shown that all the developed
dynamic ternary logic circuits have certain advantages in speed,
power dissipation, chip area, and clock complexity over other
dynamic ternary logic circuits. Moreover, the pipelined structure
is free from race problems.

[. INTRODUCTION

T IS known that as the chip integration increases toward

VLSI/ULS]I, the interconnections, both on chip and among
chips, become a severe problem. The on-chip complex wire
routing produces a heavy load that decreases the chip speed,
whereas the increasing off-chip connections degrade the sys-
tem speed performance. Being able to reduce the number of
interconnection lines or nets and increase their information
content, multivalued logic (MVL) becomes quite attractive in
VLSI/ULSI applications. Its advantages have been confirmed
in various applications, such as memories, communications,
arithmetic circuits, signal processing, and supporting chips [1].

Among various types of MVL, the ternary logic receives
more attention than others because of a lower interconnection
cost estimation [2] and a simple electronic circuit implementa-
tion method [3]. Several static ternary logic circuits have been
proposed so far. But they dissipate a lot of power [4]-[7],
and require a complex process to obtain both depletion and
enhancement devices [8], [9] or multithreshold voltages [10].
A dynamic four-value circuit has also been proposed [11],
but only basic cells have been described. Recently, a low-
power dynamic ternary logic [12] has been proposed using the
Yoeli-Rosenfeld algebra [13]. However, the proposed dynamic
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ternary logic still has many disadvantages. It requires four-
phase clocks, which are too complicated in operation and
require a lot of layout area. Moreover, the ternary inverters
used in [13] are of the ratioed type. They still have dc power
dissipation and do not have a full voltage swing. A new
dynamic ternary logic was proposed to decrease the clock
phases and the dc power dissipation [14]. However, the power
supplies are too low, which may be easily influenced by noise
and impulse spike.

In this paper, improved dynamic ternary logic circuits are
developed and characterized. The maximum power supply
is Vpp (5 V) and only one extra mask is added to the
standard CMOS process. As compared to the previous versions
[12], [14], the new circuits can improve the disadvantages
described above. In the new design, the ternary inverters have
no dc power dissipation and have full voltage swings. Besides,
only nonoverlapped two-phase clocks are needed for the new
dynamic ternary logic circuits and the new circuits can also
be organized into a pipelined system. By using the NMOS
differential tree, a simple ternary differential logic (STDL)
is also proposed to realize complex logic functions. It is
confirmed that the new dynamic ternary logic has a better
performance in speed, power dissipation, and chip area than
the previous dynamic ternary logic [12]. As an application
example for the proposed ternary logic, a new binary pipelined
multiplier is designed by using the new dynamic ternary
logic circuits in the radix-2 positive-digit coding {0, 1,2}. As
compared with the conventional binary pipelined multiplier,
the new structure has the advantages of much less latency
and total device count. Through the SPICE simulations with
the same power supplies and device model parameters, the
new structure also shows an improvement in the operating
frequency.

The basic ternary gate circuits and their operating princi-
ples are presented in Section II. The STDL and its design
procedures are described in Section III. Experimental results
to verify the logic function on an experimental chip are shown
in Section IV. The new binary pipelined multiplier designed
by using the new dynamic ternary logic circuits is presented
in Section V. Finally, the conclusion is given.

I1. BASIC CIRCUIT STRUCTURES AND OPERATING PRINCIPLES

The Yoeli-Rosenfeld algebra [13], which is suitable for
arithmetic operations [15], can be easily realized through
electronic implementations to form the dynamic ternary logic
family. Three basic inverter functions, namely simple ternary
inverter (STI), negative ternary inverter (NTI), and positive
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Fig. 1. Circuit structures of (a) dynamic NTI gate, (b) dynamic PTI gate,

and (c) dynamic STI gate.

TABLE I
POWER SUPPLIES AND IMPORTANT DEVICE
PARAMETERS OF THE DYNAMIC TERNARY LOGIC

Parameters | Vpp

2/3Vop (1/3VDD |GND |Vrro[Vino|Verk| Vin | Vour
Voltage
level or 5 33 1.65 0 (-15(1.9 [0~5]|0~33]|0~33
swing

ternary inverter (PTI), form an operator set that is complete in
the logic sense. All three inverters can be combined to realize
ternary functions such as ternary NAND (TNAND) and ternary
NOR (TNOR), with the minimum (AND) and maximum (OR)
functions, respectively [13].

All three ternary inverters are designed in a dynamic form.
The resultant new circuit structures in CMOS are shown
in Fig. 1(a)~(c). It is seen that only enhancement PMOS
and enhancement NMOS devices are used. The values of
power supplies and important device parameters relevant to
the explanation of the circuit operation are listed in Table I.
The high, intermediate, and low logic levels are 2/3Vpp (3.3
V), 1/3Vpp (1.65 V), and GND (0 V), which represent the
radix-2 positive-digit codes of 2, 1, and 0, respectively. The
logic levels 2/3Vpp and 1/3Vpp can be generated on chip
from the power supply Vpp (5 V).

By using a 1.2-um n-well CMOS process, the natural thresh-
old voltages (the threshold voltages without the threshold
adjustment implantation) for PMOS and NMOS devices are
Vrp = —1.5V and Vry = 0.2 V, respectively. Generally, the
standard CMOS process requires only one boron implantation
to get the required threshold voltages Vrp = —0.8 V and
Vrn = 0.8 V. In the new terary logic circuits, the threshold
implantation is only applied to the NMOS devices to increase
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Fig. 2. Two-phase nonoverlapped clocks.

TABLE I
TrUTH TABLE OF THE DyNamic NTI, PTI, aND STL

X |NTI | PTI | STI

02|22
1({0})2]1
2/0)07]0

the NMOS threshold voltage from 0.2 to 1.9 V, while keeping
the PMOS at the natural threshold voltage —1.5 V. The
process requires only a different boron dose for channel
implantation and an additional mask to prevent PMOS from
being implanted. The threshold voltage Vrno of the NMOS
device under zero body-to-source bias is designed to be 1.9 V,
and that of the PMOS device under the same bias, Vrpyg, is
—1.5 V. In the clock generation circuit, Vpp = 5 V is used.
The substrate of PMOS devices in Fig. 1(a)-(c) is connected
to Vpp. Thus the threshold voltage of the PMOS device with
such a 1.7-V reverse source-to-substrate bias (Vsp = —1.7
V) is increased to be about —1.9 V, which is the same in
amplitude as Vppyo.

The clocks used in the dynamic temary logic are nonover-
lapped two-phase clocks as shown in Fig. 2. The voltage swing
Vo of the clocks ¢ and @ is 5 V. In the dynamic NTI shown
in Fig. 1(a), if ¢ = 5 V, Mp, is turned off and My, is turned
on. Then the output is preset to 0 V in spite of the input. For
¢ = 0V, My, is turned off and Mp, is turned on. Since
the threshold voltage of Mpy is about —1.9 V, it is turned
off when the input voltage is 3.3 or 1.65 V. Then the output
remains at the preset voltage 0 V. When the input is 0 V, Mp,
is turned on and the output is pulled up to 3.3 V. Thus, the
operation of this circuit is consistent with the truth table of
the NTI as shown in Table I

In the dynamic PTI as shown in Fig. 1(b), if § = 0 V, Mp3
is turned on and M3 is turned off. The output is preset to
3.3 V in spite of the input. For é =5V, My is turned on
and Mpj3 is turned off. When the input is 1.65 or 0 V, My»
is turned off and the output remains at the preset voltage 3.3
V. When the input is 3.3 V, My is tumned on and the output
is pulled down to O V. This verifies the truth table of the PTI
as shown in Table IL

In the dynamic STI as shown in Fig. 1(c) [12], when ¢ = 5
Vand ¢ =0V, Mpg and My are turned off and Myp is
turned on. The output is preset to 1.65 V. For ¢ = 0 V and
E =5V, Mpr and MyEg are turned on and My p is turned
off. The path to 1/3Vpp is turned off and thus the output
depends on the input state. As the input is 0 V, Mp4 is turned
on and My, is turned off. The output is pulled up to 3.3 V.
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Fig. 3. Circuit structures of (a) basic dynamic negative terary gate, (b) basic
dynamic positive ternary gate, and (c) basic dynamic simple temary gate.

As the input is 1.65 V, both Mps and My, are turned off.
Neither the path to 3.3 V nor the path to 0 V could conduct.
The output remains at the preset voltage 1.65 V. As the input
is 3.3 V, Mp4 is turned off and M4 is turned on. The output
is pulled down to 0 V. This verifies the truth table of the STI
as shown in Table II. The source of Myp is at 1/3Vpp level
and its substrate is at the GND level, so that Vgg = —1.65
V. The high voltage level of the clocks should be higher than
Vrn(Ves = —1.65V) + 1/3Vpp, which is about 3.6 V, to
turn on the NMOS My p. In this system, therefore, 5 V is
chosen as the high voltage of the clocks.

From the above description, it is realized that the dc power
dissipation of these ternary inverters is very small, just as that
of the conventional CMOS inverters. Moreover, all the ternary
inverters have a rail-to-rail voltage swing independent of the
MOS dimensions.

The positive ternary gate (PTG) and the negative ternary
gate (NTG) have the same structure as the binary dynamic
CMOS logic [16]. For the NTG shown in Fig. 3(a), there are
a clocked NMOS device used to preset the output to 0 V and
a PMOS logic circuit for logic implementation. For the PTG
shown in Fig. 3(b), there are a clocked PMOS device used
to preset the output to 3.3 V and an NMOS logic circuit for
logic implementation. The simple ternary gate (STG) shown
in Fig. 3(c) [12] is a combination of the conventional static
binary CMOS gate, the presetting NMOS My p, the evaluating
PMOS Mppg, and the evaluating NMOS MyEg.

As a demonstrating example, the two-input positive ternary
NAND (PTNAND), negative ternary NAND (NTNAND), simple

NTNAND PTNAND STNAND
Fig. 4. Schematic diagrams of the two-input ternary NAND and NOR gates.

o
> I

NTNOR PTNOR STNOR
1->- 1
NTNAND PTNAND STNAND

Fig. 5. Logic symbols of the ternary NAND and NOR gates.

ternary NAND (STNAND), positive ternary NOR (PTNOR),
negative ternary NOR (NTNOR), and simple temary NOR
(STNOR) are shown in Fig. 4 [8]. Their logic symbols are
shown in Fig. 5 whereas their truth tables are listed in Table
III. The logic function verifications can be done similarly.
The PTG’s, STG’s, and NTG’s are preset to 3.3, 1.65, and
0 V, respectively. Thus, direct connection of the same types of
gates is not permitted because of the race problem. To avoid
the race problem, the design rules should be set to form a
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TABLE I

TRUTH TABLE OF THE TwO-INPUT TERNARY NAND AND NOR
X | Y [STNAND | PTNAND | NTNAND | STNOR | PTNOR | NTNOR
010 2 2 2 2 2 2
0 (1 2 2 2 1 2 (i}
0|, 2 2 2 0 0 0
110 2 2 2 1 2 0
1|1 1 2 0 1 2 0
112 1 2 0 0 0 0

2 (0 2 2 2 0 0 0
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Fig. 6. The ¢-section circuit of the temary NORA pipelined system.

race-free structure called the ternary NORA (TERN-NORA)
system as shown in Fig. 6. In this system, both NTG’s and
PTG’s can be connected after the STG’s. When the STG’s
are preset to 1/3Vpp, it cannot turn on either the PMOS
logic gate in the NTG or the NMOS logic gate in the PTG.
Thus, the internal race will not occur in this connection.
Because the operating principles and the structures of the
ternary dynamic logic NTG’s (PTG’s) are similar to those
of the p-type (n-type) binary CMOS dynamic gates [17], the
NTG’s and the PTG’s can be connected after each other.
But the direct connection among PTG’s is not permitted, and
neither is the direct connection among NTG’s. The mutual
connection among STG’s is permitted. In this case the two
evaluating devices in the load STG can be omitted as shown
in the upper part of Fig. 6.

C2MOS latch stages between PTG’s and STG’s and be-
tween NTG’s and STG’s must be added to guarantee a fully
race-free operation in a pipelined system. Based upon the
same considerations as in [18]-[20], the CZMOS latch stage
connected after a PTG can be replaced by a N-C2MOS latch
stage as shown in Fig. 6, because the clocked PMOS in
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Fig. 7. Basic building block of the dynamic ternary logic circuit.

TABLE IV
TRUTH TABLE OF THE TERNARY LITERALS

X xD x] x2 xOl le x02

0(2|]0(0(2]|0]2
1/{0)1270(2]|2]0(1

S

210(0(2|0]|212]|0

the CZMOS latch is redundant. Similarly, the C2MOS latch
connected after a NTG can be replaced by a P-C2MOS latch.
If the dynamic ternary gates are connected according to the
above rules, no glitch or race problem could occur.

Every ternary function can be implemented by the building
block shown in Fig. 7. Every input X; requires a decoder
to convert the three-state input to the two-state literals [13].
Then the ternary function can be implemented by STNAND,
STNOR, STAOI, STOAI [12], and STDL. The STDL will
be described later in the next section. Both the map method
and the Quine method [13], [15] can be applied to minimize
ternary functions.

The truth table of the ternary literals is listed in Table IV.
Not all these literals are required in implementing the ternary
function, because there exist certain relationships among them:

X0 = x0 4 x? )
X2 =x'+X? 2
X% =x%+x? 3
XOl . X12 - Xl (4)

where “+” means “max” (OR) and “-” means “min” (AND).

The ternary decoder used in Fig. 7 has a circuit structure
as shown in Fig. 8. The decoder is composed of some unary
operators, PTI’s, NTI’s, PTNOR, NTNAND, P-C2MOS latch
stages, and N-CZMOS latch stages and can convert the three-
state input X to the two-state output literals. These literals
are input to the STG’s. The STG’s perform the desired logic
operations and send out the three-state outputs. It is important
to choose the most suitable literals to implement the ternary
logic circuits, so that the amount of logic gates used in the
decoders and the stacked devices used in the STG’s are
minimum.
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Fig. 9. Block diagram of the dynamic ternary pipelined system.

A ternary pipelined system thus can be built up by cascading
the building blocks shown in Fig. 7. A string of PTG’s
(NTG’s), latch stages, and STG’s is shown in Fig. 9, which
forms the ternary pipelined system. The inputs of the ternary
system should be applied to PTG’s and NTG’s. Define the
first PTG’s (NTG’s) and the latch stages as the first ¢ section
($ section). Then the following STG’s, PTG’s (NTG’s), and
latch stages are defined as the normal $ section (¢ section).
Then, a normal ¢ section (¢ section) composed of a string of
STG’s, PTG’s (NTG’s), and latch stages is cascaded after the
normal 5 section (¢ section), and so on. The clock used for $
section is the complement of that used in the ¢ section.

When the ¢ section is in the preset phase, the outputs of
all the PTG’s, STG’s, and NTG’s in the ¢ section are preset
to 3.3, 1.65, and 0 V, respectively. At this time, the inputs
to the ¢ section have been set up and kept unchanged in
this phase. As the ¢ section is in the evaluation phase, the
outputs of all the dynamic blocks are evaluated as a function of
the ¢-section inputs. Among these output results, those which
must be transferred to the next pipelined section are stored in
P-C2MOS latch and N-C2MOS latch stages [17].

The operating principle of the pipelined ternary system can
be further explained by an example circuit which is formed by

cascading two stages of cycling gates, as shown in Fig. 10. The
truth table of a cycling gate is listed in Table V. A sequence of
&, ¢, and ¢ sections forms the pipelined two-stage cascaded
cycling gate. Note that the two STG circuits, which consist
of the devices P10, P11, N7-N10, P21, P22 and N17-N20,
are slightly modified such that the least number of devices is
required.

III. STDL AND DESIGN PROCEDURES

Conceptually an STG is a combination of a conventional
static binary CMOS gate with presetting and evaluating de-
vices. Based upon this concept, a new dynamic ternary differ-
ential logic circuit called the simple ternary differential logic
(STDL) is proposed as shown in Fig. 11(a). The structure of
STDL is similar to the binary enabled/disabled CMOS differ-
ential logic (ECDL) [21] and the latched CMOS differential
logic (LCDL) {22]. The STDL has the same advantages as the
binary differential logic, such as a shorter circuit delay, less
layout area, less power dissipation, and an increase of logic
flexibility. Besides, two differential outputs also induce less
current spike in the power supplies and less coupling noise
because of the 1/3Vpp voltage excursion.

As may be seen from Fig. 11(a), there are three major
components in the STDL. First, there is a sensing latch
consisting of the transistors P2,P3,N2, and N3 and the
clocked transistors P1 and N1. It is the same as the sense
amplifier (SA) used in a CMOS dynamic random access
memory (DRAM) [23]. Second, there is an NMOS differential
network ternary logic tree with an evaluating transistor N6
to realize the ternary logic functions. Finally, there are two
presetting transistors N4 and N5 for the two output nodes to
be presetto 1/3Vpp. When ¢ = 5V and ¢ = 0V, the clocked
transistors P1, N1, and N6 are turned off, so that the SA is
disabled, having no 2/3Vpp or GND connections. Meanwhile,
both outputs Q and Q are preset to 1/3Vpp by N4 and N5.
As ¢ =0V and ¢ = 5 V, the evaluation devices P1, N1,
and N6 are turned on, which enables the SA. Depending on
the inputs of the ternary differential logic tree, a path may
exist from one of the output nodes to GND, while the other
node is pulled up to 2/3Vpp. The other possible case is that
there is no current path from both output nodes to GND. Thus
both output nodes are held at 1/3Vpp. There exists a dead
band from 1.4 to 1.9 V, within which the SA is still disabled
because the devices of the SA are not turned on. It is a good
protection for the charge-sharing or the noise problems.

An improved STDL circuit is shown in Fig. 11(b) where
the transmission gates instead of the presetting NMOS’s are
used to preset the outputs nodes. This can reduce the clock
feedthrough effect. The other improvement in the improved
STDL is the use of multi-preset devices for internal precharg-
ing [24]. Because the internal nodes of NMOS differential
network tree may not be able to preset to 1.65 V completely,
the charge-sharing problem could occur in the evaluation phase
among the directly cascading STDL’s or STG’s. The internal
precharging can reduce the problem. Dimension optimization
for the devices P;—P3; and N;—Nj3 shown in Fig. 11(a) is
required to obtain the best performance [21], [22].



@ - SECTION

@ - SECTION

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 28, NO. 8, AUGUST 1993

@ - SECTION

| - |
1

ﬂ—d P1
—4 )
ﬁ—1 N1
B—d Ps—ﬁ—cl Ps

0

Fig. 10. Circuit configuration of a two-stage cascaded dynamic ternary cycling gate.

TABLE V
TRUTH TABLE OF A TERNARY CYCLING GATE

IN | outr

0] 2
110
211

In the realization of ternary functions, the state “1” means
that the gates of the MOS transistors are connected to 1/3Vpp.
Thus, these devices are absolutely off. Such devices and those
that are in series with them are redundant, because they are
never turned on to form a conducting path to 2/3Vpp or GND.
Thus, these devices can be neglected and only the states “2”
and “0” are considered in the Karnaugh map.

For n input variables X;, X5, --,X,, of an STDL tree,
every input variable X; can be decoded to the literal X2,
where a € {01,02,12,0,1,2}. There are negation relation-
ships among these literals:

X = x? )
X2 =X? (6)
X2 =x? @)

where X is called the negation of X¢.

A cube is a set P of literals X2 such that X? € P implies
X? ¢ P, in which X¢ # X} and a,b € {01,12,02,0,1,2}.
For example, consider a ternary function F = X?X3' X3 +
X1X2. There are two cubes X2X9' X3 and X} X2. The cube
X2X0' X} is a set of literals X7, X9', and X} whereas the
cube X1 X2 is a set of literals X} and X3.

In a Karnaugh map of n variables, there are 3" cells, each
of which represents a cube consisting of exactly n literals.

Cells that contain the state “2” (“0”) are called the 2-cells (0-
cells) as shown in Fig. 12(a). A 2-loop (0-loop) is defined by
encircling three adjacent 2-cells (O-cells). It represents a cube
with one less literal than each of the cubes representing the
original 2-cell (0-cell) as shown in Fig. 12(b). For example, the
2-loop is composed of three 2-cells, each of which represents
the cubes A2B% A?B!, and A?2BZ. Two literals are required
in each cube. The 2-loop is also a cube A2, which requires
only one literal. Thus the 2-loop is a cube with one less literal
than the cube representing each of the three 2-cells in the 2-
loop. Adjacent O-cell and 2-cell form a 02-cell and adjacent
0-loop and 2-loop form a 02-loop, as shown in Fig. 12(c).

The K-map design procedure for the STDL consists of seven
steps [25]:

1. Identify three different types of cells in the K-map,
namely, 0-, 2-, and 02-cells.

2. Find a minimal cover for the 02-cells.

3. Find a minimal cover for the remaining O-cells and
2-cells.

4. Consider the required literals from the above chosen
cells to implement the ternary functions. Go to (1) and
reidentify the types of the cells, so that the required
number of literals is minimum.

5. Construct the tree corresponding to the minimal cover
of 02-cells chosen above. The variables X;’s in each
of the tree branches are arranged from top to bottom
in ascending order with the magnitude of i. Always
construct tree branches corresponding to loops with a
smaller size first. The top pair of control inputs is X
associated with @ and X? associated with Q, where
X}{ corresponds to “0” and X} corresponds to “2.” The
sources of the transistors with their gates driven by X?
and X} are connected together.

6. Construct the tree corresponding to the cover of 0-
cells chosen above. Always look for the sharing of tree
branches. The root of the O-tree is connected to the
node Q.
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STDL.

7. Construct the tree corresponding to the cover of 2-
cells chosen above. Always look for the sharing of tree
branches. The root of the 2-tree is connected to the
node Q.

This procedure may create different tree structures if X;’s
are permuted (e.g., X; and X, variables are interchanged).
Also there may be several ways to choose a minimal cover
and to share tree branches. Generally, the reduction of the
number of devices by tree sharing does not necessarily cause
an increase of stacked levels. In fact, the heuristic procedures
tend to optimize both devices count and number of stacked
levels.

An example is given to demonstrate the above ideas. The
K-map shown in Fig. 13(a) has two types of encirclement,
namely, 0- and 2-loops, and two types of cell, namely, 0-cell

Q A
it 2
Biolo|o|@
ThTle
2 |@io|@ 21240
o-cen 0 - loop
& 2-cell 2 - loop

(@) ()

02 - cell
02 - loop

Fig. 12. The K-maps with (a) O-cell and 2-cell, (b) O-loop and 2-loop, and
(c) 02-cell and 02-loop.

and 02-cell. The shared tree corresponding to the 02-cell is
first constructed as shown in Fig. 13(b). Then more branches
corresponding to the 2-cell, 2-loop, and 0-loop are added to
form a complete STDL tree, as shown in Fig. 13(c).

IV. EXPERIMENTAL VERIFICATIONS

Experimental circuits were designed and fabricated to verify
part of the functions of the proposed temary logic circuits.
The experimental circuits were fabricated in a 1.2-pm single-
metal single-poly n-well CMOS process with special threshold
implantation. The measured threshold voltages are Vrpy =
—1.5 V and Vrno = 2.35 V. The test circuits of the STDL
is a three-input STNAND gate as shown in Fig. 11(b). It is
designed with a single NMOS as the presetting device but
without the multi-preset devices. Fig. 14(a) shows the chip
photomicrograph of the test circuits. The measured waveforms
are shown in Fig. 14(b) where the upper (lower) waveform is
the waveform at the output node @ (Q). The three different
voltage levels can be seen clearly. The operating frequency of
the test chip without an on-chip output buffer can be as high
as 30 MHz. If a suitable output buffer to drive the output pad
is added, the operating frequency could reach the simulated
maximum frequency.

The other test circuit is a three-input STNAND gate with
the threshold voltage of the presetting NMOS devices being
the natural threshold voltage Vry = 0.2 V. Since the sources
of the presetting NMOS are connected to 1/3Vpp and the
bulk connected to GND, the threshold voltage of the presetting
NMOS devices with 1.65-V reverse source-to-substrate bias
(Vs = —1.65 V) is increased to be about 0.5 V. The
amplitude of the clocks used in such a case can be from 0
to 3.3 V. Since the sources of the presetting NMOS in the
STG and STDL are connected to 1.65 V, a 3.3-V clock leads to
1.65-V gate-to-source voltage to turn on the presetting NMOS.
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0 - cell

Fig. 13. (a) K-map with 0-, 2-, and 02-loops encirclement. (b) The STDL
circuits corresponding to the 02-loop. (c) The complete STDL circuit.

The 5-V power supply is only used for the n-substrate bias to
increase the PMOS threshold voltage. This test circuit also
works well at 30 MHz. Thus, the logic function is verified
through the experimental chip.

V. APPLICATIONS

The proposed new ternary logic can be applied to the binary
pipelined multiplier. Fig. 15 shows the block diagram of the
pipelined multiplier with binary input and output, which is
designed by using the dynamic ternary logic circuits in the
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2V/div
100ns/div
(b)
Fig. 14. (a) The chip photomicrograph. (b) The measured waveforms of

the fabricated three-input STDL STNAND gate. (Vertical scale: 2 V/div;
horizontal scale: 100 ns/div.)
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J

Carry Look-ahead Adder

J

Product
Fig. 15. Block diagram of the new parallel pipelined multiplier.

internal part. The multiplier is composed of a partial-product
generator, a binary-to-radix-2 redundant positive-digit number
converter, a parallel radix-2 redundant positive-digit adder,
a radix-2 redundant positive-digit-number-to-binary converter,
and a carry lookahead adder [26].

A. Partial-Product Generator and
Binary-to-Radix-2 Converter

In the radix-2 positive-digit number, any n-digit positive
integer S is denoted as S = (s,_1 - - - 8180) and has the value

n—1
S = Z Sizi

i=0

®

where s; € {0,1,2}.
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Fig. 16. Truth tables of (a) radix-2 redundant positive-digit partial prod-
uct generator, (b) intermediate sum digit and carry digits, (c) intermediate
sum digit and carry digit, (d) final sum, and (e) radix-2 redundant posi-
tive-digit-number-to-binary converter in the new parallel multiplier.

Pi

@l

o

(a) ()

Fig. 17. Circuit configurations of the partial product generation for (a) the
addition of two binary partial products, and (b) the direct implementation with
binary multiplicand and multiplier as the inputs.

The binary-to-radix-2 conversion is designed by the addition
of the two partial product terms p;; and p,,.. The truth table
is shown in Fig. 16(a). The logic functions are

§ = Pij + Pmn )
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Fig. 18. Block diagrams of (a) the parallel radix-2 redundant positive-digit
adders, and (b) the final sum directly derived from the intermediate sum digit
and the carry digits.

(10)
an

pij = aib;

Pmn = Gmbn

where s € {0,1,2} and p;j, Pmn, @i, bj, am, bs € {0,1}.

Fig. 17(a) shows the STG adder for the addition of the two
partial products p;; and py,,. Fig. 17(b) shows the STG adder
for the direct implementation with the binary inputs a;, b;, am,
and b,, from both multiplicand and multiplier. Thus the partial
products are directly generated and used to form the radix-2
redundant positive-digit number. For an n X n-bit multiplier,
the total partial-product operands are reduced to n/2 without
using the modified Booth algorithm.

B. Parallel Radix-2 Redundant Positive-Digit Adder

The truth tables of the radix-2 redundant positive-digit
adder are shown in Fig. 16(b)—(d). The parallel addition
of the two n-bit radix-2 redundant positive-digit numbers
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Fig. 19.

X = (Tn_1 - Z1%0) and Y = (yp,_1---y190) is described
by the following three steps [26]:

1. generate the intermediate sum digit w; and the two carry
it (1) (2).
digits ¢;’ and c;”’;
2. generate the intermediate sum digit v; and the carry digit
di;
3. linearly add up v;,d;—;, and cz@l
sum s;,

to obtain the final

where wi,c,(-l),cl(-z),v,-,di € {0,1} and s; € {0,1,2}.

Fig. 18(a) shows the structure of the parallel addition for
the two operands, which are the radix-2 redundant positive-
digit numbers. R2A1, R2A2, and R2A3 denote the cells
that perform the operations in step 1, step 2, and step 3,
respectively. The final sum s; depends on the input digits
(%3, i), (Ti-1,¥i-1), and (;_2, y;—2). The parallel adder cell
is designed as shown in Fig. 19. The cell R2Al is designed
to derive the intermediate sum digit w; and the carry digits
cgl) and cl(z) and to form the first pipelined stage. The NAND
gate structures of C2MOS latch stages in the cell R2A1 are
used for race-free operations and to form the pipelined system.
In Fig. 19, the radix-2 redundant positive-digit numbers z;

Circuit configuration of Fig.

o ze
2

S
1
=
L
"

18(a).

and y; are connected to the 2-b decoders in the cell R2A1
for the optimized design with the least interconnections and
devices [27]1-[29]. The cell R2A2 is designed to derive the
intermediate sum digit d; and the carry digit v; and to form
the second pipelined stage.

The Boolean functions in Fig. 19 are described as follows:

A = 2040 + 2092 + 2290 + 7242 12)
D=z"++22+4°
= 2% 4 y02
=gl +y!
=zly! (13)
E=32+y? (14
? =272 (15)

cgl) =iy 422 442

=D+E

+
DE (16)
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Fig. 20. Circuit configuration of R2A4 in Fig. 18(b) designed by using a
STDL gate.

w; = 2% + 2% + 2% + 2%y + 'y’

=A+D

=AD. an

The final sum is implemented by the cell R2A3 using an
STG. It combines with the cell R2A1 of the next adders to
form the other pipelined stage. Thus, two pipelined stages
are required in each adder of the structure in Fig. 18(a).
Fig. 18(b) shows the other structure of the pipelined radix-
2 redundant positive-digit adder. In this structure, the final
sum is implemented by using the cell R244 whose inputs are
the intermediate sum digits w; and w;—; and the carry digits
,(-1_)1, cg)l, and cgl_)z‘ The cell R2A4 is implemented by the
STDL as shown in Fig. 20. It combines with the cell R2A1
in the next adder to form a pipelined stage. Thus, only one
pipelined stage is required for each adder.

C. Radix-2 Redundant Positive-Digit-Number-to-Binary
Conversion

The parallel radix-2 redundant positive-digit adders reduce
the n/2 partial-product operands to a single operand in the
digit set {0,1,2}. Fig. 21 shows the implementation of the
radix-2 redundant positive-digit-number-to-binary converter.
The truth table is shown in Fig. 16(e). The NAND and NOR
structures of C?MOS latch stages are used for race-free
operations and to derive the carry propagate p; and the carry
generate g; for the following carry lookahead adders.

D. Carry Lookahead Adders

The final product is obtained from the addition of the last
two operands, which is implemented by the binary carry looka-
head adders. Every 4-b carry lookahead adder is connected to
a latch to form a pipelined stage.

905

54

g
=

. o

34

&

Fig. 21. Circuit configuration of radix-2 redundant positive-digit-number-to-
binary converter, carry propagate, and carry generate.

TABLE VI
COMPARISONS OF THE NEW PIPELINED MULTIPLIER BY USING
INTERNAL RADIX-2 REDUNDANT POSITIVE-DIGIT NUMBER WITH
CONVENTIONAL BINARY PARALLEL PIPELINED MULTIPLIER

parisons | Number| Pipelined | Total | Operating | Operating
of stages device | frequency | frequency

Structures bits (latency) | counts | (unscaled) | (scaled)
l:tdadix-Z 16 x 16 12 7700 50 MHz 75 MHz

undant

Positive-digit 32x32 21 23800 S0MHz | 75MHz
number 64 x64 38 75200 50MHz | 75 MHz

bi 16 x16 32 11500 40MHz | 50 MHz

o 32x32 64 46600| 40 MHz | 50 MHz

64 x 64 128 187400| 40 MHz 50 MHz

Table VI shows the comparisons between the radix-2
positive-digit pipelined multiplier in Fig. 15 with the structure
of Fig. 18(b) and the conventional binary parallel pipelined
multiplier designed by using the two-phase NORA system
[17]. They are simulated with the same power supply 2/3Vpp
and device model parameters. As seen in Table VI, the
pipelined muitiplier internally using the radix-2 redundant
positive-digit adder is superior in terms of the total delay of
the pipelined stages (latency) and the device count. The total
system delay will be large if the latency of the multiplication
is large. The long system delay will weaken the environment
tracing capability of the system, which is a critical issue in
many real-time applications. Meanwhile, large total device
count increases the chip area and cost. Therefore, low latency
and small device count could lead to certain advantages in
VLSI design.

VI. CONCLUSION

In this paper, new dynamic ternary logic circuits have
been developed. The developed ternary inverters have no dc
power dissipation. Moreover, a new ternary differential logic
gate called the simple ternary differential logic (STDL) and
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its design procedures have also been developed. A suitable
algebra is selected for easy implementation. The new dynamic
ternary logic circuits are shown to have better performance in
speed, power dissipation, layout area, and clock complexity
than other dynamic ternary logic circuits. In particular, the
dynamic ternary logic can form a pipelined structure without
the race problem. The performance of the proposed STDL
has been partly verified through an experimental chip. A new
structure of binary pipelined multiplier is designed by using
the new dynamic ternary logic circuits. It is shown that the new
structure has much less latency and total device count than the
corresponding binary parallel pipelined multiplier. Moreover,
the operating frequency has also been improved.
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