IMPLEMENTATION OF MULTFVALUED LOGIC GATES
USING FULL CURRENT-MODE CMOS CIRCUITS

Turgay TEMEL

e-mail: temeltur @oboun.edu.tr

Avni MORGUL
e-mail: morgul@boun.edu.tr

Bogazici University, Electrical Engineering Department, Istanbul, Turkey

Key words: Multi-valued logic, Current-mode CMOS design

ABSTRACT

In this paper, a nove multi-valued logic gate set
implemented as current-mode CMOS circuits. The gate set
consists of min, max, inverter, literal and its complement, the
latter two based on a nove current-mode threshold scheme.
They are shown to exhibit superior satic and dynamic
behaviors and consume less area compared to previous
designs.

[.INTRODUCTION

The currat-mode design has been dtreactive due to its
gmplicty, superior dynamic behavior & low voltage
swving with a cog of daic power disspaion. Although
ome current-mode  multi-vaued logic, (MVL), dudies
ae proposed for I°L, [2]-[3], for CCD, [4], and for
CMOS, [5]-[6], most dtudies prefer usng voltage, [1], for
awnitching a desred levd of curret, [5]-[6]. Due to
technology dependency, [5], most sudies employ
different  digunctives indeed of max gae However,
voltage use leads larger area and ogillaory behavior in
higher radix.

In this dudy a novd current-mode threshold operation
scheme is proposed to implement (complementary) literd
dreuit to be usad together with other propostiond MVL
gates, such asmin and max.

I1.BACKGROUND AND NOTATION

Congder an r-vdued m-vaidde function f(X) where
X={X4, Xp..., Xt and each X; takes on a vaue from the st
R={0, 1,..., r-1} where r is the radix. The function f(X) is
amapping f : R"® R . Theefore, there are 1’ possible
different functions [5).

In curent-mode MVL, (CM-MVL), logic levds ae
represented by current levels in terms of a base current
vaue, 1,, where it is taken to be 10mA in this study. Thus
levd 0O is asodaed with the vdue of nul, levd 1 is
asociaed with 1,;=10mA and s0 on. The logic levd k
coregponds to the continuous inteval of x such that
k: {x]|(k- 0.5)lp £ x<(k+0.5)1p} .

Definition 2.1- A min operaor is defined as
min (x,y) =xCy @

Definition 2.2- A max operator isdefined as
max (x,y) = XEy @)
Definition 2.3- The complement of X isdefined as
X=r-1- x 3)
Definition 2.4- The literal is defined s
r-1if aEx£b

ab] = 3P = ! 4
Aabl } 0 otherwise @

The complementary-iteral

ir-1if xEaorx3b
z[a,b]=axb=i
i

0 otherwise

©

From (1) and (4) or (5), a k-valued literal can be formed
asz[a,b]=kCzab).

Definition 25 A k-alued product term in tems of
literdsis defined by

R [

il {12,....m}

g(x)=k ©

where the operdion ‘)’ refers to min operation over
unary operation, g(x;), such as a literal, unless otherwise
dated, i.e,

Pe:[ kG ]C[ ko G372 | ... =k @
Definition 2.6- A multi-valued function can be expressed
in terms of the product terms as, [7].

f (%%, Xm) = [ J P, ®
iR

wherethe* U’ implies max operator.

I11.BASIC CIRCUIT ELEMENTS

I11-i Primitives:

1) Sum: Bascdly, a sum drcuit is a node in the drcuit,
where some currents enter and/or some currents leave.

2) Congtant: Logic leves represent condats in CM-
MVL. They can be generated with current sources usng



dther enhancement mode p-type or nrtype trandgors
depending on the curret sourcing or  Snking  action
desired.

3) Current-Mirror: They are used for generating single or
multiple-replica of currents. An ntype current mirror and
its symbol are shown in Fg.l where My sands for diode-
connected tranggtor while M, for mirror tranggor.

g

Fig.1: ntypecurrent mirror and itssymbol

A current can be redirected by cascading n- and p-type
mirrors, which dlows one to ocopy multiple snking
currents as shown in Fg2 where z,...z, can be ay
multiple of x and PMOS transstors are of aspect ratio of

(WIL)=35.
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Fig. 2 Multiplying and redirecting a current

4) Input and Output Circuits A diode-connected
tranggtor is usad as the input drcuit of a gae as wdl as
the output circuit, with aspect retio of (W/L)=1.

I11-ii Secondary Blocks:

The gate drcuits are formed by using truncated difference
operation, [5], defined by
_ix-yifx3y

ny—% 0 otherwise ©
It can be shown that
min(x,y) =x- (X Xy) =x X X X y)
max (X,y) =X+ (y X xX) =x X (y XX) (10)

The truncated difference can be redized usng the drcuit
with DC characterigtics shown in Fig.3,
* z

z
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Fig.3: DC transfer characterigticsof truncated
difference operation and itsdiagrams

Based on the truncated difference operdtion, a nove
current-mode threshold operation can beimplemented.

The k-valued upper and lower threshold operdions, z,
and 7 , can be defined, respectively as

th, - (x k)_‘lk if y3 x
Ay, “10 otherwise
ik if yEx
thy : x,y,K) =1 ] 11
: 3 (k) %0 otherwise (1)
thu Dy
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e is beween 01 and 02 used for diminating the effects of
transstor mismatching and channel modulation for optimum DC
characterigtics.

Fig. 4: The upper-thresholddrcuit DC characteristics,
symbol, proposed structure, and circuit schematics.
The lower-threshold characteridics can be obtained by
flipping horizontdly the upper-threshold characteridic by
interchanging X and y. In this sudy, sl is chosn to be

equa tol,/DI while s23 Jr.

IV.IMPLEMENTATION OF GATES

Based on the hbuilding blocks given in section 11, MVL
gates can be implemented.
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Fig.5: DC trandfer characterigtics of max(x,y)
operation, and proposed max(X,y) circuit



Although desriptions  are  draghtforward, the gate
implementations are subject to transstor mismatching, the
effect of which can be reduced by taking larger transstors
in desgns However, it is desrable to devdop a
minmum-sze tranggtor profiles for edimating  optimum
DC and trangent behavior of each gate s&t on primary and
secondary structures.

1) Min Gate: This operator can be redized usng Egn. 10,
asshownin Fig.5.

2) Max Gate: Usng the complement definition, a max
operation, z=max(x,y), with a desred DC transfer
characterigtic can be congtructed as shown in Hg.6.
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Fig.6: DC transfer characteristics of max(x,y)
operation, and proposed max(x,y) drcuit

3) Inverter: An MVL invete can be desgned as a
truncated difference dircuit asilludrated in Fg.7,
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Fig.8: Literal sructure.

V.SIMULATION RESULTS

Fully extracted outputs of designed gaes ae smulaed
with HSPice usng AMI-SC’'s 1Inm technology (levd 49)
parametersfor 2.7V supply voltage.

2) Min Gate DC ad trangent dmulation results of the
proposed min gate are illusrated in FHg. 9. It is seen tha
radix-8 operation can be achieved with given transstor
agpect ratios conddering logic levd definitionsHg.9,
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Fig. 9: Smulation results of min(x,y) gate.

2)Max Gate: DC ad trandent smuldion rests of the
proposed max gae are illudraed in FHg. 10. As min gae
it is seen that a radix-8 operation can be achieved with
given transistor agpect ratios.
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Fig. 10: Smulation results of max(x,y) gate.

Fig.7: DC transfer characterigtics of inverter and its

carcuit diagram

Due to different current-paths of x and y, the gate exhibits
ome overshoot and undershoot which can be remedied
with proper current-mirror dructures in the path of x from

4) Literal: A literd drcuit peforms window comparator
function for the input current and generaes an output
between two logic leveds of input. A k-vdued literd
drauit and its complemet can be implemented by using
two upper-threshold dircuits cascaded with the same
design trandgor dimensons as shown in Fg. 8, where
due to goace limitation only the block diagram is given,

output to input.
3)Literal(s): An r-valued sysem has n = r(r+1) literds.
J)Literal(s): ! \ 5

The literds of type {Za,a] } ae cdled dotditerals, while
for the case of alb,
where abl R Fig 11 illusrdes DC and trangent
smulaion resdlts of some literds and ther complements
of X where the min operation is denoted with ..

the literd is cdled interval literal
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Fig. 11: Smulation resultsof someliteralsof x.

V1. COMPARISON WITH PREVIOUS DESIGNS

Mog comprehensve technology independet MVL
design dudies in CMOS, [5]-[6], incorporate current-
mode operation with voltage-mode binary coding. Due
to its amplicity, [5], the truncated sum operation defined
by

tsum(x,y) : x A y=min(x+vy,r- 1) (12

is employed as digunctive. Although the scheme in [5] is
dmple  votage-mode use  imposss condderddle
regrictions on higher radix desgn. Bdow we demondrate
ineffidencies of convertiond voltage use in MVL desgn
in terms of DC behavior and consumed area asociated
withiit.

1- Design Cost: The cost can be determined by the
trandstor count per gate A cos comparison with regard
to trandgor count of this study and [5 is given in Table
1, conddering that inputs snk and outputs source, and
omitting the biasing drcuits

Table 1. Trandgor counts

This study Ref.[5]
Min 4 7
Literal 16 12
Compl. Literal 14 12
Truncated Sum not available 11
Max 7 not available

Another meaningful desgn cogt compaison may be given
in taams of the consumed active ares, which is esstidly
determined by desred DC opeaion of a given gae for
the same dedgn paranders A typicd compaison is
peted in Table 2 without consdeing biasng
drautries for given technology, in which A, is the totd
area of output block of the gate.

Table 2. Activearea, (mm)’, without bias dircuits

This study Ref[5
Min 4 10+Ag
Literal 33 23.5+Ag
Compl. Literal 31 23.5+Ay
Max 10 not available
Truncated Sum not available 16+(r-1)+1.5A¢

The maximum liner opedion output current that
detemines the maximum radix is condderddy limited in

the previous desgns. It can be shown that the output block
aea increases exponentially when the radix incresses in
the od desgns using voltage to contral the output current.
The desgn topology proposed in this sudy diminates this
redriction.

2- DC Behavior:

24 Previous Designs. Mogs voltage-controlled  current-
mode MVL design schemes, eg., [4] and [5] use the basic
gructure shown in Fg. 12.
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Fig.12: General gructure of avoltage-controlled MVL
implementation

In Fg. 12, |, is the desred output current and M, is the
input tranggtor of following gae Mg, is the NMOS or
PMOS switching trandsor, M, is a transsor supplying
the effective output currert, | .

When M, is on, it oparaes in linear region providing the
current l,. Thetransstor M, conducts if

VDD - Vg ? Vinaw

where subscript ‘0’ denotes the trandstor M, and ‘sw’
denotes Mg, both taken NMOS. An upper bound for
output current is given by

< Q‘/DD' Moo +Vth,sw)f5|2 KFy
&l 6
W g
where VTO,, is the zero-bias threshold voltage of M.

Vinsw is the threshold voltage of My, and KP is the process
transconductance,

However the desired operation of the sructure is to be
determined by Mg, The uppe-bound of controllable

(13

lo

2

ouput curret range is detemined by triode-mode
operdion range of Mg, The lower bound for its
dimendonisgiven by
o 2o 14
Elan ¢ 2l

2
u
0 (VTO, +Vinsw)(l -KPa
(WD) o KR ey

where b=KP(W/L) is the transconductance As can be
seen from egn.(14), dimendons of Mg, is lower bounded

oD~
e



and increases severdy as the ouput current gpproaches the
maximum output current given by egn.(13). Moreover,
the sStuation becomes worse with body-bias effect. The
fact tha M, has to operate in sturdion as current source
puts forward lager (W/L),, vdues Hence the output
block aeq which is directly proportiond to Ru+ R,
becomes very lalge. A minimum area of the output block
is achieved with reszed M, by a congant factor (1+d).
Therefore, succeeding gates have to be scaled up with the
same factor, which implies an exponential increase in
total area of the design by(1+d). It can be shown that
d=3.1 for no-body-biased Mg, while d=1.8 for body-
biased Mg, The minmum vdues of (W), can be
cdculated from

gaél_vc; s KR.W/L)o
L &y é ’ T
(1+d).&- gl

e u

2-i Proposed Desgns The maximum allowable linear
operation range of input can be invedigaed consdering

the dructure shown in FHg. 13, where M, represents a
current-controlled current-source.

(15
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Fig.13: A generic sructureof afull-current mode
design topology
To redize a linear operation between |, and X, M; and Mp,
hasto operatein saturation, i.e. Viygm * Vygsi - VTOn
It can be shown that
2
-0 - [0}
lo = (bm/bj)x iff XEaéloa/DD VO, 2

€2 1+ o /by 5

range can be delermined by sdting

(16)

The maximum
b, ® ¥

Table 3 Static and dynamic smulation results of gates

Av. Delay (ns) Av. Pow. Dis. (mW)

Gate Ref.[5] | Newgate | Ref.[5] | New gate
Min 25 1.8 0.27 0.32
Tsum/Max 73 15 0.38 0.24
Literal (3 1x1) 88 38 0.16 0.27
(22x3) 96 4.1 0.18 0.33

It can be seen no body-biss efect is involved, hence
yiddng a more technology independent operation.
Ancther advantage is that linear operation range with
minimum-Sz2  NMOS transgtors, 120mA for the
technology used, is even lager than the maximum

operation output current of awy voltage-mode involved
MVL dructure, dlowing higher radix. A detaled DC
related issues can befound in [§].

A comparison with regad to
introduced in Table 3,

invedigated gaes is

VII. CONCLUSION

In this dudy, CMOS current-mode redization of a
complete st of MVL operators induding max gate, as a
novdty, is introduced. A novd current-mode threshold
dreuit is desgned and used for redizing literal drcuits
The DC and trandett andyss have been investigated.
The dudy reveds the fact that convetiond vdltage
switched  current-mode desgn mehods  require
exponetidly increesng aea as the radix incresses and
leeds higher levd of paragtics and osdllaory behavior
due to feadthrough. The drcuits in this study diminate
thexe problems and operate fader. Ancther advantage is
the fact that no radix condrant is imposad. Circuits are
obtaned by udng very dmple dgerac manipulaions.
The main drawbacks of the new drcuits are larger power
consumption and  the  sngtivity to  tranddor
mismatchings
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