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ABSTRACT

This paper gives the rationale for the Complementary Pass-Tran-
sistor Logic (CPL) implementation of threshold gates for the
design of complex logic functions. The interesting low-power
properties of CPL circuits and the efficiency with which a broad
class of functions can be implemented by threshold functions
make the proposed methodology extremely useful. A number of
implementation examples are given which illustrate the feasibility
and versatility of the proposed technique and its potential as a low-
cost design technique for CMOS technologies. Simulation results
confirm our expectations.

1. INTRODUCTION

Circuit design based on threshold gates has been considered for
many years an alternative to the traditional logic gate design proce-
dure because of their acknowledged power. The power of the
threshold gate design style lies in the intrinsic complex functions
implemented by such gates, which allows for realizations that re-
quire less threshold gates than standard logic gates [1]. More re-
cently, a number of theoretical results show that polynomial-size,
bounded level networks of threshold gates can implement functions
that require unbounded level networks of standard logic gates [2-
4]. In particular, important functions like multiple-addition, multi-
plication, division, or sorting can be implemented by polynomial-
size threshold circuits of small constant depth. Threshold gate net-
works have also been found useful in modeling nerve nets and brain
organization, and with variable threshold (or weights) values they
have been used to model learning systems, adaptive systems, self-
repairing systems, pattern recognition systems, etc.

Threshold gates are based on the so-called majority or threshold
decision principle, which means that the output value depends on
whether the weighted arithmetic sum of its input values exceeds a
threshold. Conventional simple logic gates, such as AND and OR
gates, are special cases of threshold gates. Thus, threshold logic
can treat conventional gates, as well as threshold gates in general,
in a unified manner. However, the usefulness of threshold logic as
a design alternative is determined by the availability, cost and ca-
pabilities of the basic building blocks, as well as by the existence
of effective synthesis procedures.

Recently, a number of solutions for building CMOS threshold gates
with integer weights and threshold levels have been reported [5-
11]. All of them rely on representing each distinct weighted sum of
inputs by an analogue voltage. Thus, they present limitations to im-
plement threshold gates with many different sums, specially for
low voltage operation. Pass-transistor logic styles have emerged as
an attractive alternative to conventional CMOS logic [12-16]. In
particular, Complementary Pass-Transistor Logic (CPL) is a well
known low-power logic style [14-15]. Pass-transistor logic is at-
tractive as fewer transistors are needed to implement important log-
ic functions, smaller transistors and smaller capacitances are re-
quired, and it is faster than conventional CMOS. In this paper we
link both concepts by presenting the rationale for CPL-based real-
izations of threshold gates. Implementation examples which dem-
onstrate the feasibility and versatility of the proposed technique and
its potential as a low-cost design technique for CMOS technologies
are presented.

The following section presents a brief description of the threshold
gate principle. Section 3 gives the rationale for steering realizations
of threshold gates. Section 4 particularizes the procedure previous-
ly described for the case of complementary pass-transistor logic
(CPL). Section 5 shows experimental results and, finally, some
conclusions are given.

2. THE THRESHOLD GATE

A threshold gate has binary input variablesxl, Xow veuy Xy and a
binary output variablé y”. The gate is specified byn+1) real
numbers: the threshold  and a groumeieightsw,, W, ..., W, ,



where each weight; i£1,...,n) is associated to a specificinpgt . X,

X
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The output of a threshold gate is defined as= 1 iff
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Y wx; =T andy = 0 if this were not the case. Sums and prod-
i=1
ucts are the conventional, rather than the logical, operations, and the
weights and threshold may have any real value. A threshold function
with all input weights equal to 1 and thresholdin, m< nis a 1

special case of a TG and is represented’%# (ms 1,2..,n) ,
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WhereTnm =1 iff z X zm, and 0 otherwise.
i=1 Figure 2: Single-input tally circuit implemented by using
transmission gates
In the following, we will specify the threshold element by means
of a weights and threshold vector, TG; TG, w,, ..., w,;;T] .1t
can be deduced from the elemental properties [1] of the threshold o
functions shown in Figure 1, that if a function can be performed as
a threshold gate, then selectively complementing the input and/or
the output, a realization can be obtained using an element with pos-
itive values for both weights and threshold. Also, any threshold
function may be obtained with integer weights [1].
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Figure 1: Properties of threshold functions
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Figure 3: Proposed basic structure for 3-input threshold gates

3. STEERING LOGIC REALIZATIONS OF T3 To andTs

THRESHOLD GATES

weights equal to 1, and thresholds in 1, 2, and 3, respectively,
In this section, a steering logic realization for threshold gates is dis- 3 . ‘ )
cussed and compared with the traditional steering logic realizationz = T;, (i= 1,2, 3). Depending on the setting of the control
of symmetric functions. Itis well known [17] that symmetric func-  sjgnals, the inputs are steered straight through the network (control
tions allow for a clever topologically regularimplementation. They  signal at logic 0) or are shifted diagonally (control signal to logic
are the so-called Tally functions. A Tally circuit hasinputs 1) Checking that the proposed structure operates correctly can be
Xp Xpr oy Xy @Nd (N + 1) outputszy, 2y, 2y, ..., , . The circuit  gone by considering the signal flow. For example, let us suppose in-

counts the number of its inputs that are at logic 1 and asserts only : . . ' .
ut x, atalogic 1. Then, poi is also at a logic 1. If now input
the output with a subindex equal to this number. For example, if PutXy 9 poird, 9 P

there arei inputs at logic 1, them , and oy , is at logic one. X, is also atalogic 1, pointp, anp, are also at a logip (
The remainingn outputs are at logic 0. Traditional implementa-
tions for tally circuits use transmission gates as shown in Figure 2
for a single-input tally function.

because the diagonal transmission of the logic 1 at the bottom, and
p5 through the diagonal transmission of logic 1pp ). Finally, if

input x5 is also atlogic 1z, is atlogic 1 by diagonal transmission
3a. Threshold Functions with all Weights Equal to 1
Threshold gates could be implemented by considering that they car S ) ] ) o
be formulated as particular symmetric functions, but this solution ©fl0gic 1inp, ,andz; is atlogic 1 by diagonal transmission also

lacks efficiency concernjng area ovgrhee}d. The structure We Pro-of jogic 1 in p5 . Inthe case thatinput;  is now at a logic 0, logic
pose for threshold gate implementations is simpler than traditional

tally circuits. Figure 3 shows the proposed threshold gate basiclin p, is steered to the; output, logic 1y is steered to the
structure when particularized to three input variables. Outputs

2),2,, 25 are the threshold functions of three variables, with all the

of logic 1 at the bottomz, is at logic 1 by diagonal transmission

z, output, and a logic 0 from the left of the network is steered to



the z; output. Finally, if the signal in poirg;  is considered, itcan andx, , this connection jumps one row and it is tied to the transmis-

be easily shown that it is the same as ingyt  and so, transmissiorsion gate placed two rows above. These considerations can be gen-
o ) eralized and the complete structure for a network implementing an
gates controlled by, can be eliminated and inppt  directly tied arbitrary threshold gate can be easily derived.

to transmission gates controlled by inpyy . The network is well
— T8 =11 L1, 118

o
e

formed,i.e., for any combination of the control inputs, there is at
least one conducting path from an input to the output. The proposed

structure can be easily extended to implementttieeshold func-
EIEI]I-:I oo O

—|H
=
!
X4
0 T =11 L1 5
tionsTT,Tg, T: ofninputs each, in such a way that each col- ;ji T =11 11, 11
umn is controlled by each input variable. % e
O—Eﬁ L -1 T, 1T
The example shown in Figure 3 simultaneously provides the net- e X'A—' T =L I
X.
. . . 3 -
work for a three-input OR gat(aTi) , a three-input majority gate R4
0o L I 6 Oooo oog
3 i 3 . —3 0 T,=[1,1 L1, 1,13
(T5) , and a three-input AND gat€T ;) . If only a three-input ma- X3E XE
jority gate is required, for example, the network is pruned as shown ID, IDX
in Figure 4. Additionally, note that implementation obtained for the ! 3 3 4 »Tg =[1,1 E'ijlm, ‘:'1‘,:'1‘:' 2]
3-input AND gate (OR gate) is the traditional pass-transistor one. X?E X,
O T
X2 Xy X3 X3 Exa Ixi 6 ooo oo
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Figure 4: 3-input majority gate

ul
4. CPL-BASED THRESHOLD GATES
3b. Threshold Functions with Arbitrary Weights ) _ ) _ _
In this section we will prove that the steering logic structure pro-

arbitrary integer weights. Ifinput;  has an associated weightof , Complementary Pass-Transistor Logic (CPL) structure. The main
concepts behind CPL are the use of complementary input/outputs,
an nMOS pass-transistor logic network, and CMOS output invert-
ers. Additionally, a pMOS latch can be added to decrease static
complex. Itis easy to show that an arbitrary weightwf  can be di- power consumption and for swing restoration, as opposed to the
) ) ) ) conventional pull-up function. To obtain these characteristics, we
rectly implemented in the column controlled by inpyt by replicat- | consider the circuits shown in Figure 6, which can be consid-
ing the transmission gates connected to logic 1 (at the bottom) ancered a “dual” of the other once because they are obtained by simply
logic O (at the top), and altering by the diagonal connection pattern. exchanging logic 0's and logic 1's.
Figure 5 shows the network which implements the six possible
threshold functions which can be obtained with the following set of Signals py; , Poy ,IO21 , and322 are related by:

weights:[1, 1, 2, 7 . As the weight associated to variabtgs ~ and

the problem can be solved by tying together as many inputs as nec:
essary (given byv; ). This solution makes the design unnecessarily

X, is 2, there are two transmission gates connected to logic 1 at the Pop = X+ XX = Xp+ Xq

bottom, and another two transmission gates connected to logic 0 a Pyy = XpXq
the top for both columns. Also, the diagonal connection pattern has .
been modified. The normal diagonal pattern (for the column con- Poq = X% = Pgyq
trolled by x,, ) connects a transmission gate with the one placed in N
Pop = X+ XoXg = Xp* X1 = P2

the row immediately above. For columns controlled by variakles
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Figure 6: Basic structures for a CPL implementation of a threshold gate

In a similar way, and after simple logic manipulation, we have:  To show the power of the proposed methodology, let us consider a
more complex example. A set of functions which appear in the im-

P31 = X3+ X3Pyq = X3+ P ; .
81 3 "sha 3 plementation of arithmetic circuits is given by:

P32 = X3Py % X3Pop
=X = Xq+ FOX 0 Xg) = X+ X0 (X # X _g(Xq_g*
P33 = X3P22 = X3+ Py dd (1)
Xp_g(- +X(x1))) ,  no

P31 = X3P21 = X3P21 = P3g
x % - o - All the functions in this set are threshold functions [18] with
P32 = X3Pa1 ¥ X3P = X3Pa1* X3P22 = P3a weightsw, = F, and threshold iff,, , whefg, s tkeh Fi-

*

*

*
P33 = X3+ X3Py = X3+ Pyy = Pgg bonacci numberi,e., eachF, is the sum of the two adjacent Fi-

bonacci numbers on its immediate lef, = F,,_;+F, _,
Through a simple exercise of mathematical induction we can show
that the proposed structure makes it possible to obtain two sats of
output signals (fon input variables) of which one is the comple- F(xl, Xy oy xn) =[1,1,235.., Fn_l, Fn; Fn] 2)
ment of the other. Moreover, thes@utputs are the threshold gates

(Fy=F,=1).

n.n no__. : . )
T3, Ty ..., Ty, asitwas proven in Section 3. Thus, a CPL imple-  The total weight for the threshold gate implementifig W+ (F)

mentation for a threshold function can be obtained by adding the is given by:
CMOS inverters to the output lines and, if desired, the pMOS latch. Wp(F) = 1+1+2+.+F _+F = F ,,—1 (3)
o in— n n+

Figure 7 shows a 3-input CPL majority gd@g) , obtained from

It is very difficult to implement these threshold gates by any of the
other threshold gate implementation methods published in the liter-
ature. However, the CPL-based implementation we propose depends
only on the number of variables, not on their associated weight.
Therefore, when we particularize Eq. (2)te9, for example, func-

tion F(xl, xg) becomes[1,1,2 358 13 21 34 3 and
the procedure developed in this section leads to a 36 transistor CPL

implementation (without introducing the pMOS latch in the count),
as shown in Figure 8.

these considerations.

Some practical considerations are in order. As the CPL-based de-
sign is a class of static pass-transistor logic, it inherits the design
problems that are specific to that circuit class. In particular, as we

have chains of nMOS transistors in the nMOS networks, after a

careful study of the situation additional intermediate swing restora-

tion may be needed (see the arrows in Figure 8 for their possible
placement, after 4-transistor paths). This consideration does not in-
troduce any conceptual problem in our implementation because in-
Figure 7: A 3-input CPL majority gate termediate signals in both nMOS networks are each one comple-
mented to the other.




Figure 8: CPL-based threshold gate implementation of fundfiory, ..., Xg) = [1,1,2 3 5 8 13 21 34 34
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Figure 9: 5-input majority gate implemented as CPL-based threshold gate
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Figure 10: Layout of the CPL 5-input majority gate Figure 11: Simulated waveforms for the CPL 5-input majority gate
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