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Abstract

We present the performance of three different
multivalued current mode 1-bit adders. These drcuits
have been ssimulated with the dedrical parameters of a
standad 12 pm CMOS techndogy. The performance of
a binary wltage mode 1-bit adder isalso presented. The
binary vesion uses twice more transistors comparing
with multivalued ores, but it istwo or threetimes faster.
Multivalued versions are more cmplicated to design
and opimize. These results confirm the dip density
advantage of multivalued circuits and the speed
advantage of binary vesions when usng CMOS
techndogies.

1. Introduction

For many yeas, CMOS multivalued current mode
circuits have been propcsed [1-4], but most of them [1-
3] used a standard CMOS techndogy. In 1986 a 2-um
current-mode CMOS 32 x 32 bit multiplier [5] has been
demonstrated, with the same speed and helf chip area
and paver disdpation compared with the best
correspondng bnary ore & the same period. However,
this chip used a hon standard techndogy, with depleted
pMOS transistors to implement current sources.

Multivalued current-mode drcuits could be useful
only if they can be implemented with today and
tomorrow tedindogies. It means that they shoud be
compatible with advanced CMOS, BiCMOS or CML-
ECL bipdar techndogies using reduced pover suppgies
(3.3 V or 2V). It is highly desirable to use astandard
advanced techndogy to keg the same IC process
complexity.

The tolerance isaue has always been the Achilles
hed of current-mode drcuits [6]. To operate with m
different current levels, m-1 threshold detedors are
needed and the tolerance onstraints are more and more
difficult to satisfy when the number of current levels
incresses. We rougHy know that 8 levels is an upper
limit for many techndogies. Multivalued circuits are the

most efficient (speed, complexity) with 3 or 4 current
levels.

In [7,8], we have set up the basis for a momparison o
current mode multivalued circuits with vdtage mode
binary circuits for the multioperand addition that is
required to perform high speed muiltiplication. 3-valued
and 4vaued circuits have been defined for
implementing 2inpu and 3inpu adders with the
Borrow Save Carry redundant number representation,
which is the number representation used in [9]. They are
based on 3-valued to hinary conwverter (3-BC) and 4
valued to hbinary conwerter (4-BC) circuits. These
circuits are fundamental ones. Moreover, as we will
detail, the 3-BC cdl is the only cdl that is needed to
implement the arrent mode binary half-adder and the 4-
BC cdl is the only cdl to implement the arrent-mode
binary full adder.

In this paper, we will present the performance of
various implementations of 4-BC circuits. It gives
significant figures both for the comparison d voltage
mode and current-mode versions of Carry-Save Adder of
the binary world, and for the potentialiti es of using m-
valued current mode cdls (m < 4) in arithmetic
operators based onredundant number systems.

2. Multivalued current-mode cir cuits

2.1. Basic building blocks

We use the following ndations and definitions:

Let En bethedigit set {0, 1, ...,n-1}.
X,i OBy ,Li(X).G(X)0E;

Current mode multivalued circuits have m different
current levels, ranging from 0 to m1l. One basic
operation is the analog sum of currents, which is freeto
implement. For m-valued circuits, the basic operators
are the aurrent sources, which deliver one given level of
current, and the threshdd detedors, which indicae if a
current is greaer or not than a given threshold value.
The threshold detedors implement the binary functions
L (Lessor Equal) which have the following definition :
Li ) = 1 iff x < i, and O dherwise. The binary
functions G (Gredaer) are the binary complement of the



correspondng L functions : Gj (x) = 1iff x > i, and O
otherwise. Current mirrors are dso needed to convert
sourceto sink currents or sink to source airrents.

The first implementation d current sources (figure 1)
and threshald detecors (figure 2) with a standard CMOS
techndogy hes been presented by Freitas and Current in
1983[2]. The aurrent source value is determined by the
diode-conreded T1 pMOS and T2 NMOS transistors. T4

is controlled by the voltage input ¢c. When it ison, | is
mirrored by T1 and T3, The threshold detedors compare

a mpy d the inpu current ljn (through Tg-T7, Ts-Tg,
Ts-T11(current mirrors) with reference airrents that are
obtained by wing T1-Tg, T1-Tg and T1-Tlg current
mirrors.

T1 T3

Figure 1 : CMOS current source.
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Figure 2 : CMOS threshold detectors

2.2. Them-BC cdls

For m < 4, the m-valued to binary converters deliver the
binary outputs cj+1 and wj correspondng to the m-
valued inpu pj acordingto the foll owing dfinition :

pi = 2Cj+1 + Wj, where G+1 and Wi, are respedively the
carry and sum outputs.

The rrespondng circuits are cdled m-BC. Tablesl
and 2 gve the truth table of the 3-BC and the 4-BC
cdls.

2.3. Digital implementation of m-BC cells

Digital implementation d m-BC cdls is obtained
when uwsing threshold detedor circuits and current
sources, acarding to the following formulas for the 3-
BCcdl :

Ci+1 = G1(pi)

wi = Go(pi)-L 1(pi)

andfor the4-BC cdl :

Ci+1 = G1(pi)

wi = Go(pi)-L1(pi) + G2(pi).-

In the last formula, the Go(pj).L1(pi) and G2(pj)
terms canna be smultaneoudy equal to 1 + can be
implemented asalogicd Or or as an analog sum.

Functional schemesfor these two circuits are given in
Figure 3 and 4 These drcuits are level-restoring.

pi Ci+1 Wi Go(pi) G1(pi)
0 0 0 0 0
1 0 1 1 0
2 1 0 1 1

Table 1: 3-BC cell
pi | Ci+1 | Wi | Go(pi) | Gi(pi) | G2(pi)
0 0 0 0 0 0
1 0 1 1 0 0
2 1 0 1 1 0
3 1 1 1 1 1

Table 2 : 4-BC cell

Vdd Te Tg
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4 ey
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T7Tg

Figure 3 : 3-BC cell
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Figure 4 : 4-BC cell

2.4. Semi-analog implementation of m-BC cells.
Different schemes for 3-BC and 4BC cdls can be
used if semi-analog computation is allowed. In this case,
the drcuits are not totally level restoring, and nase
margins can be apotential isue.
Formulasfor 3-BC cdl are now :
Ci+1 = G1(pi)
wj = pj when p < 1 and wj = 0 atherwise. We use the
notationw; = pj A L1(pj)
Formulas for 4-BC cels are now:
Ci+1 = G1(pi)
wi =pj A L1(pi) + G2 (pj), where + isthe analog sum.
This version wses 2 threshold detedors. Ancther option
would orly uses one threshald detecor, where
wi = pi A L1(pi) + max. (0, pj-2).
Figures 5 and 6 dve the crrespondng semi-analog
3-BCand 4BC cdls.

Vdd

i n

VL4 T2

VP v oI

Sum Carry

Figure 5: semi-analog 3-BC cell
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Figure 6: Semi-analog 4-BC cell

3. Circuit issues

In this dion, we will consider the adua
implementation d current sources and threshold
detedors. In the rest of this paper, we will use the
eledricd parameters of the HF3CMOS techndogy,
which is a 1.2 pyn BiCMOS techndogy from SGS-
Thomson. The basic fedures of the techndogy are given
in Table 3. We only use the MOS transistors.

CMOS NPN

NMOS (50/50) Vth: 0.7V Se :3.6x3.6 um2
PMOS (50/50) Vth: 1.0V hfe :90
BVDSS > 7V BVCEO : 14V
td (fin=fout) :220ps | BVCBO:25V
BVEBO : 5V
VEA :50V
Ceb :375fF
Ccb :27fF
Ccs :106fF
rbb'  :370Q

ft max : 8 GHz

Table 3: HF3CMOS Technology

3.1. Implementation of current sources

In [5], depleted pMOS transistors are used to
implement the aurrent sources. With depleted MOS
transistors, true aurrent sources, that only depends on the
threshold vdtages can be obtained as Ip = 1/2pp Cox

Wp/Lp thz, when conreding the transistor gate and

source. But depleted pMOS transistors are not avail able
with a standard CMOS techndogy.

The typicd current source has been shown in figure
1. It is presented again in figure 7, with the different
transistor sizes. Ancther one can be defined: it smply
uses a p-MOS transistor, asaiming that it is working in
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saturated mode when alow level voltage input is applied
onits gate (Figure 8).

Vdd
T1 T3
1.2/1. 1.2/1.2
4— or 1.8/4
|
T2 T5
1.2/1.2 1.2/1.2

Figure 7 : current source

In figure 7, when al transistors have the minimum
size (W=L=1.2um) delivers current source 30 JA in a
diode-conreded minimum size transistor. When T3 has
W=1.8um and L=3pm, it delivers 20 pA. With the
smplified current source (figure 8), the transistor with
L=1.8 pm and W=1.2 pm delivers 60 pA in a diode-
conreded transistor with L=1.2 pm and W=1.8 pm.

1.8/1.2

Figure 8 : simplified current source

3.2. Implementation of threshold detectors

We have first implemented the threshold detedors
acording to the scheme presented in figure 2. This
version 0 tes 0, 20 LA, 40 A and 60 |A current levels
(T3 in the aurrent source has W=1.8 pm and L=3um).
Table 4 gves the sizes of p and n transistors for the
threshadd functions. It shoud be noticed that the
transistor sizing is different than in the preliminary
verson presented in [1-2], where dl nMOS transistors
had the same size and pMOS transistors had dfferent
Sizes.

We have eperimented ancther scheme for the
threshold detecors, which is presented in figure 9. The
threshald function is smply implemented by a CMOS
inverter, which the n transistor forms a aurrent mirror

with the transistor that sinks the inpu current. The
voltage output of the “inverter” controls the airrent
source, which is one of the aurrent source defined in the
previous edion.

Threshdd | Threshdd | Threshod
0-1 1-2 2-3
Wr/Ln 24/12 12/12 1.2/1.8
Wp/Lp 12/12 12/12 2.412.4
Threshad 10/A 30 1A 50 1A
current

Table 4: Transistor sizes for the threshold
detectors (version 0)

The version 1with complete airrent sources (figure
7) has 0, 30 pA, 60 pA and 90 |A current levels. The
diode wmnreded transistor has W = 1.2 ym. Table 5
gives the sizes of p and n transistors for the threshold
functions. The version 2with simplified current sources
(figure 8) has 0, 60 pA, 120 A and 180 |A current
levels. The diode mnreded transistor has W = 1.8 pm.
Table 6 gves the sizes of p and n transistors for the
threshdd functions. In bah cases, the threshold value is
obtained by dawing the airve lgyt = f(lin). Figures 10
and 11 show the aurrent transfer charaderistics for
version l1and version 2 With simplified current sources,
the transfer curvesis not so good because the transistor
no longer operates in the saturated mode when current
increeses. The aurrent value is more sensitive to current
inpu variations.

Gi(p)

W/1.2 Wi/L

Figure 9: Threshold detector circuit.

Threshold | Threshod | Threshod
0-1 1-2 2-3
Wn/Ln 1.8/1.8 18/1.2 1212
Wp/Lp 1224 | 36/12 5.4/12
Threshold | 18 A 47 1A 72 1A
current

Table 5: Transistor sizes for the threshold

detectors (version 1)
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Threshold | Threshold | Threshdd
0-1 1-2 2-3
Wn/Ln 1212 1.8/1.2 1.2/1.2
Wp/Lp 1.2/1.8 1.2/18 7.212
Threshold 44 1A 84 1A 134 1A
current

Table 6: Transistor sizes for the threshold

detectors (version 2)
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Figure 10: Threshold detector transfer
characteristics (version 1)
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Figure 11: Threshold detector transfer
characteristics (version 2).

3.3. Switching speed of threshold detectors.

Before examining the performance of the aurrent
mode alders, it is interesting to charaderize the
switching performance of the threshold detedors. As the
outputs of the aurrent mode full adder are given by cj+1
= G1(p;j) and wj = Go(pi)-L1(pi), it is quite evident that
the delay times for the cary and sum outputs canna be
smaller than the delay time for eadn of the function
Gi(p).

We examine threetypicd circuit configurations, that
are shown in figure 12. For Gp, the inpu and ouput
current swings are between 0O and |. For G1, swings are
between | and 2. For G2, swings are between 2 and 3.
It shoud be naticed that G2 test circuit corresponds to

the maximum output load, when 3 current sources are
summed to deliver the output current. G1 (res. Gg) test
circuit gives more optimistic results as the output load is
only two (res. one) current source These test circuits
give asolute minimum delay that can be expeded with
the adual current mode drcuits.

Table 7 gvesthe propagation celays of Gj circuits for
version O (original threshold detecors and true aurrent
sources). Table 8 gves the propagation delays of Gi
circuits for version 1 (modified threshold detecors and
true aurrent sources) and table 9 gves the arrespondng
delays with version 2 (modified threshold detedors and
smplified current sources). In ead table, propagation
delays are given for the rising edges and the falling
edges.

W/1.2
(i+1)l - (i+1)l
il _/E\_ il —/;t\—

Figure 12: Test circuits for Gj propagation delay
(i=0, 1, 2)
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Test circuit tar taf
(risng edges) | (falling edges)
Go 3.8ns 18nms
G1 3ms 42 s
G2 36 6.6 s

Table 7: G;j test circuit delays for version 0.

Test circuit tar taf
(risng edges) | (falling edges)
Go 26 s 24 s
G1 16ns 16ns
G2 16nms 33ms

Table 8: G;j test circuit delays for version 1.

Test circuit tar taf
(risng edges) | (falling edges)
Go 4 s 12nms
G1 2m,s 24 s
G2 15nms 24 s

4.1. Version a :
implementation

The first 1-bit current mode ader that has been
smulated use the digital approach and the dasscd
current source. It is presented in Figure 13. It uses 13+2
transistors. The threshold detedors have the feaures
which have been presented in Table 5. The switching
charaderistics are presented in Table 10. Delay values
between * correspondto switching hazads.

true current sources - digital

Vdd

/

4.8/1.2:{ 4812
Vg H asng
]H.sn.z |
Vi,

Figure 13: 1-bit current mode full adder (a)

Pi
\/
o

Table 9: G;j test circuit delays for version 2.

Propagation dcelays will be greder than 6.6 ns with
version Q 3.3 ns with version 1and 4 rs with version 2
Although the aurrent swing is only 50% greaer with
verson 1 (30 pA) compared to verson 0 (20 pA),
version listwo times faster than version Q The CMOS
inverter-like threshold detedor seans more dficient, as
the reduced swing onthe gate of the nMOS transistor is
also applied onthe gate of the pMOS transistor, insteal
of a constant voltage in the dasscd scheme. It can be
compared with the switching speed advantage of a
CMOS binary inverter versus the switching speed of
nMOS inverter with depleted load.

For modified o classcd threshod detedors, the
propagation celays grondy depends on the WIL ratios
of the transistor pairs that redi ze the threshald functions.
The threshold values lead to WI/L ratios, that give the
correspondng switching speed. When the arrent swing
is chasen and the transistor sizes are determined to
implement the threshold detedors, the switching speed
is determined and there is no way to improve it!

4. Performance of current mode adders

In this sdion, we only present performance of
current mode adders which use the CMOS inverter-like
threshold detedors.

Input tsum tcary
0-1 7
1-2 24 s 2ms

6 ns (overshoa)
2-3 26ms | -

0-2 *4ns* 41s
1-3 *3.6 ns* 3ms
0-3 *5.6 ns* 1.8 s

Table 10 : 1-bit current mode adder (a)

4.2. Verson b: simplified current sources -
digital implementation

The second Lhit current mode alder that has been
smulated use the digital approach and the simplified
current source It is presented in Figure 14. It has 11
transistors. The threshold detedors have the feaures
which have been presented in Table 6. The switching
charaderistics are presented in Table 11.

4.3. Version ¢ : simplified current sources - semi-
analog implementation

The third 1-bit current mode alder use the semi-
analog approach and the smplified current source It is
presented in Figure 15. Only two threshold detecors are
used, with following W/L ratios: 7.2/1.2 (Tp) and
1.2/1.2 (Tp) for the threshold between 120 |A and 180
MA; 24/1.2 (Tp) and 12/1.2 (Tp) for the threshdd
between 60 [A and 120 |JA. All the other transistor sizes
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can be found in Figure 15. This adder uses 11
transistors. The switching charaderistics are presented
inTable 12.

Vdd
218|182 ||1.2/12

VIIN 1-2/1-8‘15 F_12/1.8
v pl Vil Jl- 4.8/1,

t 1|—|1 |
.2/1.8
VLo
2/1.2

l.W&VV

1 1l 1 Carry Sum

Figure 14: 1-bit current mode adder (b)

Inpu tsum teary
0-1 5815 | ---m---mm-
12 4 3ns
2-3 2, | el
0-2 *3.2 ns* 4.2 s
1-3 * 52 s* 3ms
0-3 *3.6 s 3

Table 11: 1-bit current mode adder (b)

e ]

"I 1.2/18

1 1
. 4.8/1.2 I VL 1
* i VL, l
El Sum Carry
I|— I|-1.2/1.2

Lons|H
_I__" ||-| 1212 IH 12112 ||1
=

Vdd

Figure 15: 1-bit current mode full adder (c)

5. Performance of the voltage mode Carry
Save Adder

5.1. Circuit scheme

The voltage mode CSA, which is used for the
implementation o the alder tree in combinational
multiplier, is the drcuit that we have used as a base for
the comparison. The CSA design optimizes bah sum
and carry delays. The CSA schemeisgiven in Figure 16.

Input tsum tcary
0-1 38m, [ -
1-2 34ms 2.4 s
2-3 2ms | -
0-2 * 3 ns* 3.21s
1-3 *4 .4 ns* 3ms
0-3 *3.5 ns 2.2 s

Table 12: 1-bit current mode adder (c)
%X
Y _:Y xay
P
X

X=Y
Xayoz
xay
VA —
Z x=y
xay
X — X(X=Y) + Z(X1Y)
z xXay

Figure 16 : Binary voltage mode CSA functional
diagram.

The usual semi-analog scheme, with pass transistors
is used to generate the xor and the nxor functions of two
inpus X and Y. A second stage generates the sum and
cary ouputs. Sum output is generated as
XOY OZ=Z(XOY)+Z(XOY) andthe cary ouput
corresponds to X when X=Y and Z when X#£Y. The
CSA uses 24 transistors.

5.2. Simulation results
The CSA has been smulated with HCMOS3
parameters. All transistors have L=1.2 pm. The inverters
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and pseudorinverters use transistors with Wp = 7.2 pm
and Wp = 3.6 pm. The pass transistors uses Wp = 2.4
um and Wp = 1.2 pm. Carry and sum outputs are loaded
with ore xor gate. Simulation results with typicd
parameters and typicd power suppy are given in Table
13. Inpu corfigurations are indicated as “TIJ', where T
means a transition, and | and J the values on the other
inpus. TT (res. TTT) means a same transition ontwo
(res. three inpus.

Input tdsum tdcarry
transitions

TOO 21s ---
TO1l 21ms 21ms
T11 1.8 ns --
TT0 215
TT1 215
TTT 1.8 ns 21s

Table 13 : binary voltage mode CSA
performance

6. Conclusion

We have presented threedifferent versions of current
mode 1-bit adder, which propagation dlays are
respedively 7 ns, 5.8 nsand 4 rs with a 1.2 ym CMOS
techndogy. These alders use 11 a 13 transistors. The
propagation delays principaly result on dyramic
hazads (0-2, 1-3 o 0-3 transitions). They strondy
depend onthe inpu transition which occurs. Sometimes
current  overshoas must be nsidered. The
correspondng knary voltage mode cary save alder
uses 24 transistors (more than twice the airrent-mode
version), but the propagation delay is limited to 2 rs,
more than 2 a 3 times faster than the correspondng m-
valued current mode versions. The propagation delays
are nealy the same for any inpu transition, and there is
no visible hazad, whatever the inpu configurationis.

With current mode drcuits, the transistor sizes are
fixed by the threshold values. When the sizes are fixed
up, the switching spedal is determined by these sizes, and
there is no way to improve it. With the voltage mode
circuit, the transistor sizes can be optimized to reduce
propagation delays acarding to the cgadtive loads in
ead nock.

This dudy d m-valued current mode drcuits, with
m=4, shows that a reduced chip area ca be obtained.
However, the drcuits have a static power disspation,
with an average aurrent per adder which is half the

maximum current level. They are several times gower
than the amrrespondng vdtage mode binary ores.

Pradicd uses of m-valued current mode drcuits em
very difficult. To get a significant advantage & circuit
architedure level, larger values of m are needed. 7-
valued circuits were used in [4-5] with bi-diredional
current. But, tolerance isaies must then be mnsidered,
and it is not so easy to implement a large number of
threshold detectors with simple drcuits (a transistor pair
per threshald detedor). On the other hand, with m = 4
(and may be m = 5), the intrinsic speed disadvantage of
m-valued circuits make difficult to compete with binary
circuits.

The only significant advantage of CMOS m-valued
current mode drcuit is chip density, when reduced
operating spedd is allowed. When spedl is a significant
fador, the atempt to use CMOS multivalued circuits
looks like adead-end.
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