Signed higher-radix full-adder algorithm and
implementation with current-mode multi-valued

logic circuits
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Abstract: A novel algorithm for full-addition of two signed, higher-radix numbers is proposed and
implemented by combining multi-valued logic min, max, literal and cyclic operators. Owing to
disjoint terms involved, multi-valued logic min and max operators are replaced with ordinary
transmission operation and sum, respectively. A multi-valued logic cyclic gate is designed by using
a current-mode threshold circuit while the literal is realised by only voltage-mode switching circuits.
The threshold circuit employed within the cyclic gate exhibits improved dynamic behaviour
compared to its previous counterparts employing voltage-mode binary logic switching circuits. It
also allows much higher radices compared to previous current-mode threshold circuits owing to its
superior mismatch properties. Thus, the cyclic gate achieves a superior performance compared to
its predecessors. As a direct extension to cyclic operation in radix-8, a resultant single-digit, radix-8
full-adder and its 3-bit counterpart voltage-mode circuits are designed and their performance
compared. It is shown that the developed signed addition algorithm can be realised by using the
proposed full-adder. Finally, the algorithm is also exploited for a multi-digit case. Simulation
results demonstrate that proposed architectures can be used in high-performance arithmetic units.

1 Introduction

There have been well-known architectures and algorithms
in two-valued binary logic [1]. However, higher-radix design
techniques can be referred to as a more generic means for
achieving theoretically less interconnected architectures
[2, 3]. The main obstacles in developing higher-radix
systems are the lack of a proper algebra and difficulty in
realisation. The former involves highly intelligent mathe-
matical derivations and relevant logic simplification
procedures [4], while the latter requires novel circuit design
techniques. In literature, various algebraic forms for
representing a higher-radix system have been devised
[4-6]. It still remains a problematic area to contrive a
suitable algorithm and associated simplification technique
in higher-radix computation. Most literature studies yield
very complicated expressions. Furthermore, realisation
relies mostly on grouping the binary digits in a 2’s power
radix such that conventional binary circuits can be utilised
[7. When a non-prime radix is chosen, simplification
becomes very prohibitive. Furthermore, the intense voltage-
mode switching activities involved in binary logic operations
result in unavoidably large power dissipation at higher
frequencies owing to increased interconnectivity and large
switching voltage-range, i.e., full supply voltage.
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The real advantage of higher-radix arithmetic is fewer
arithmetic operations. Especially in bulk signal processing
units, they may bring in highly sophisticated but less
complicated expressions. In design, owing to a larger
dynamic range, current is a suitable choice over voltage.
The main drawback in current-mode design is level
degradation in cascaded stages and inherent static power
dissipation. Therefore, it is essential to restore the
predefined logic levels at certain number of cascaded stages
[8]. Most restoration circuits adopt switching a current at a
threshold level through binary logic circuits. It is theoreti-
cally shown in [9] that the attainable radix in such a
realisation is limited and the transient response is rather
spiky. A detailed description of full current-mode logic level
restoration architecture can be found in [9, 10].

In this study, a novel algorithm for implementing signed
addition in a higher-radix is proposed. The algorithm
involves in multi-valued logic (MVL) min, max, cyclic and
literal operators. Proposed algebra allows the first two
operators to be replaced with an ordinary sum and
transmission, or the well-known binary logic AND
operation, respectively. The numerical outcome of sign-
extended addition of two numbers is represented as a
resulting sign, sum and carry digits. Owing to low-level
boundaries, literals are easily produced with voltage-mode
switching. Alternatively, the cyclic operation is implemented
with a highly robust current-mode threshold circuit, hence
allowing successive digits to be manipulated in a straight-
forward manner as cascaded stages.

All circuit simulations presented in this study are
obtained from post-layout full extraction with AMS
0.6 um, CMOS, level 49 HSPICE parameters.

2 Definitions

Consider an r-valued, m-variable function f(X) where
X = {xg, X1,..., X, and each x; takes on values from the set
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R=1{0,1,...,r—1}. The function f(X) is a mapping
f:R" — R. A logic level k€ R is associated with a
continuous interval of quantity x, such that

x—kix€[k—0.5lk+0.5I) (1)

where I, is the base current. It is associated with logic
level 1, and taken to be 10 pA in this study. Other levels are
defined as integer multiples of 7. It should be noted that
level 0 is associated with range [0, 5pA). In this study, all
circuit implementations will be given for radix-8, i.e. r=8.

In arithmetic operations involving some variables with
two polarities, such as signed addition, a logic function can
be expressed in terms of disjoint conjunction/product terms.
If product terms are expressed in terms of suitable unary
operations, as will be shown later, it is possible to reach
generic mappings of those arithmetic operations. Disjoint
terms corresponding to each polarity can be manipulated
with ordinary arithmetic operations, which can easily be
realised in current-mode designs, such as summing two
currents in a node. Hence, the problem turns out to be
forming these disjoint terms properly in terms of MVL
operators, which are defined as follows.

Definition 1. The complement of x € R, [4], is defined as
x=r—1l-x (2)
Definition 2: The max operator is represented as
max(x,y)=x+y or max(x,y)=xUy (3)
Definition 3: The min operator is represented as
min(x,y) =xey or

min(, ) =xNy  (4)

Definition 4: A k-valued literal [6] with boundaries ¢ and b is
defined as

k.ab:{k ifa<x<b (5)

0 otherwise

where

axb_ r—1 ifa<x<b
0 otherwise
and k,a,b < r. If a=b, the boundary b will be dropped, i.c.

ab a
X =X

Definition 5: The k-cyclic, [4, 7], operations on x are
defined as

k-clock-wise cyclic, k-CWC = (x+k) modr (6)

k-counter clock-wise cyclic, k-CCWC o= (x — k) mod r
(7)

. . . k r—k
where ‘+ is ordinary sum. It is seen that x~ = x -

Definition 6: A k-valued product term, [6, 7], is of the form

P : n i :k 8
, i€{1.2,..4,m}g(X) ()

where g(x;) is a unary operator on x;s. It may be a literal [6],

cyclic [4], or both [7], and ‘N’ refers to min over g(x;).

Definition 7: Any MVL function, [6], can be expressed as
fxr,x2, ., x,) = U P; 9)

je{l12,..r—1}
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X
0 1 0 0
1 1 1 2
2 2 0 1

Fig. 1 MVL function

In this study, when used with only a literal, ‘®* of the min
operator will be omitted and ‘+’ will imply its MVL
context, i.e. max. As an example, for r= 3, m=2, consider
the MVL function Shown in Fig. 1.

It can be shown that

00 1o 20 11 12 22
S,x) =1x1x0+1x1 042X 0 +1x1 0 +2x1 0 +1x1 X0

0 1 122 20 12
1x, +1x1 +1x1 % +2x1 %2 +2x1 X2

using the function formalism and minimisation methods in
[6] with min symbols omitted.

3  Building blocks

In [8], it was shown that all MVL operations defined
previously can be expressed in terms of simpler arithmetic
operations, called truncated difference and upper/lower
threshold. Since these arithmetic operations are two-valued
the relationship between MVL operations and these simpler
operations is not invertible, for example they cannot be
obtained from MVL operations above. They are defined as
follows.

Current-mirrors: They are used for replicating a current with
mirroring factor k and/or redirecting currents, Fig. 2. With
supply voltage Vpp=2.7V and base current I,= 10 A, a
linear operation within the range 0 through 75 pA, i.e. r=8,
can be achieved with transistor aspect ratios 1.6/1 and 3.5/1
for N-type and P-type current mirrors, respectively. These
ratios will be referred to as minimum feature sizes for the
parameters chosen in this study. However, the output
transistor(s) of a mirror is chosen slightly wider as a remedy

X 2] 7y
l l L 2]
X
z2
N «—
1:kq
1:ko
a
2]
—>
X X o
_’ <_ .
N P Zn
—>
b

Fig. 2 Current-mirror and basic operations
a N-type current mirror
b Redirecting currents
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xEky l x
Slope=1
—>
xEky
ky X

Fig. 3 Truncated difference operation DC characteristics, circuit
and symbol

against the modulation effects. A detailed analysis of linear
DC operation of current mirrors with various types of
N-type and P-type connections can be found in [9].

Inputloutput  circuit: A minimum-feature size diode-
connected NMOS transistor is used as the input/output
circuit of current-mode blocks, unless otherwise stated.

Truncated difference: This operation is defined by following
equation and it can be realised as shown in Fig. 3.

o Jx—ky ifx>ky
xEky = {0 otherwise (10)
Upperllower threshold: These operations are defined as
e _Je ifa>b
upper-threshold, #4,: al, = { 0 otherwise (11)
i, Je ifa<b
lower-threshold, #h;: §|a = { 0 otherwise (12)

Figure 4a shows upper threshold operation characteristics
and its block representation. The quantity Aa is the total
transition width owing to non-ideal switching behaviour in
a possible realisation. A highly robust upper threshold
design can be obtained with the circuit shown in Fig. 4b
where added subscript p’ denotes the positive feedback.

The circuit is obtained by cascading a truncated difference
circuit formed with N1 and N2 and a positive feedback
current comparator circuit [11] formed with N3 and N4.
Aspect ratios of N3 and N4 are such that Aa=2pA for
output current from 0 through 75pA. The inputs a and b
are compared by the truncated difference circuit. N2 is ‘on’
if a > b forcing the gate of N4 to a low voltage and turning
it ‘off’. So the output is equal to ¢. Otherwise, the node ‘A’
has a high potential which drives transistor N4 to turn ‘on’,
hence setting the output to ‘0’. The positive feedback
between transistors N3, N4 ensures the bi-stable operation,
i.e. one of the transistors is ‘on’ while the other is ‘off.
Lower-threshold operation can be achieved by interchan-
ging inputs a and b in upper threshold configuration.

4 MVL cyclic operator gate implementation

Considering the logic level definition in (1), it can be shown
that a y-clockwise-cyclic operation on x given a radix-r can
be expressed as

Ed r — r
y-CWC:x~ = (x + »)E(x + y)[p= (x + »)=x[,_, (13)

where ¥ =r— 0.5 and x+y is the ordinary current sum at
the input node. Figure 5 depicts #/,, implementation of

cyclic operation z = xz’ obtained by cascading the upper
threshold and truncated difference circuits in accordance
with (13). Since x + y may be greater than r, aspect ratios of
input mirror transistors N1, 2 of the #/,,, need to be chosen
properly for a suitable current input value. The additional
mirror/copy of x+y is reproduced with a P-type current
mirror having unit-mirror-factor consisting of PMOS
transistors of aspect ratios 7/1. Figure 6 illustrates the
respective HSPICE simulation results.

Table 1 gives a comparison between #h,, implementation
of cyclic gate and previously proposed two design schemes

A

—>
—>
c
al,
a b
e 170
Trans. W/L 4 l
NI1,2 1.6/1 —>
N1 B — thup
N3 4/1 —
N4 1/4 c
al,
Fig. 4 Upper threshold operation
a Upper threshold operation DC characteristics and symbol
b Positive feedback upper threshold, #h,;, circuit, transistor aspect ratios for r=8, and symbol
y r
X7 | l xy
x+y X
X+y ! l i J l . o
r 5 — —
| thy, || N , y-CWC
' / — - =
NG . Yy :
(x+ })lr'lb 11 o Y

r-y Yy rox

Fig.5 Cyclic operation DC characteristics, implementation with th,, and operation symbol
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Fig. 6 Current waveforms
a Input current waveforms to #/,,-based radix-8 cyclic circuit
b Output current waveforms

Table 1: Comparison of radix-8 cyclic circuit implementa-
tions

Topology No. of Av. del. Av. pow. [
transistors (ns) diss. (mW) (HA)
With th,, [10] 9 1.8 0.78 3.1
With thyq [9] 19 1.65 0.66 6.9
[71 23 4.1 0.63 4.85

in [7] and [9], for r=_8. In [7], the cyclic gate is implemented
with current-mode based on voltage-mode switching
obtained through the current comparator scheme in [12].
In [9], a different topology is introduced with the use of a
full-current-mode threshold circuit based on truncated
difference, referred to as thyqg here. Designs are loaded
with the output circuit described previously. The quantities
are averaged over illustrated logic levels of x and y. The
quantity o, is the average standard deviation of output
current and it is computed when z has reached maximum
logic level, i.e. 75 pA, as the worst-case condition. Mismatch
properties are studied by using Monte Carlo analysis of 100
iterations with normal Gaussian variations o 4wz =
5% and OAVTO = 50mV.

It should be noted that the current-mode cyclic circuits
operate faster than the voltage-mode architecture while the
power dissipations are almost the same. However, th,,-
based design requires the fewest transistors. An important
parameter from the higher-level design perspective is the
mismatch sensitivity. Table 1 reveals that the #h,,-based
design is also least sensitive to parameter deviations. In
order to investigate the latest figure, we can define a
quantity, GC, which is the maximum number of cascaded
identical gates without logic level degradation. By assuming
Az output deviation of each stage independent, normally-
distributed and input values such that each stage output is
at logic level 8, then a reliable design condition can be set

roughly as
I
< |5 14
GC < (30> (14)

It is seen that the proposed architecture allows up to 3 cyclic
gates to be cascaded while other designs demonstrate worse
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GC capability. Therefore, the new topology allows one to
build up higher-level arithmetic units.

In order to rebuild a logic level from deviated values
owing to such effects as mismatching and channel
modulation, the restoration circuit [9, 10] proposed recently
can be utilised. The circuit employs cascaded #/,,-based
cyclic stages and requires 38 transistors for r=_8. With the
same design parameters and same radix, it is found that the
average delay is 2.6 ns while power dissipation is 0.25mW
for a linear input waveform up to 80 pA with unit slope.

5 Higher-radix full-adder with MVL cyclic operator

Considering the definition of cyclic operation in (6), it is
possible to construct full-addition x+y+C;, given
x,¥, Ci € R. The result will be of a two-digit representation
(CS) where S and C are the sum and carry digits,

respectively. The individual digits are given by
y+C,n_{ x+y+Cy ifx+ y+ Cp <

x+ y+ C; —r otherwise

S=x -

(15)

_{0 ifx+y+ Cy,<v
|1 otherwise

In order to obtain an MVL full-adder, th,,-based cyclic
circuit can be modified as shown in Fig. 7. The circuit
includes an additional transistor switched by the current-
comparator output voltage at the drain of N2 for
generating carry. Aspect ratios of N1,2 are chosen 3.5/1 if
the full-adder is the first unit otherwise 1.6/1. HSPICE
simulation results are shown in Fig. 8.

r'l, rl, x+y+C;
x+y+Cin ¢ i ¢ "
—>
¢ —
N1 N2N3 N4 N5 N6 S

%

Trans. (W/L)

NIL,2 | (3.5; 1.6)/1 i
N3.7 4/1 N7 ¢
N4 1/4

N5,6 1.6/1

Fig. 7 Higher-radix full-adder circuit implementation, transistor
aspect ratios for r=38 and operation symbol

Having shown that th,,-based realisation is the most
appropriate architecture for designing higher-radix arith-
metic units, derived radix-8 MVL adder can be compared to
some well-known full-adders. Since a 3-bit chunk in two-
valued logic is associated to a single digit in radix-8, binary-
logic adders are designed as 3-bit units. Despite some other
full-adder designs in BiICMOS [13, 14], owing to availability,
designs are given for CMOS. The proposed radix-8 full-
adder, 3-bit ripple-carry adder (RCA), carry-look-ahead
adder (CLA) [1], carry-skip adder (CSkA) [15], transmis-
sion-function based adder (TFA) [16] based on pass-
transistor logic, residue arithmetic adder, as a radix-7 using
radix-8 adders composed of two 3-bit TFAs, a multiplexer
(RAA) [17], and radix-8 current-mode MVL adder
(BCMVL) [18] based on current-mode binary-logic encod-
ing of the current-comparator output voltages with respect
to sum of input currents are designed with the same
parameter set and loaded with a capacitive load of 70 fF at

IEE Proc.-Circuits Devices Syst., Vol. 153, No. 5, October 2006
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Fig. 8 Current waveforms
a Input current waveforms to radix-8 full-adder
b Output current waveforms, 7'=40ns

output(s). For visualisation of differences in area, hence
interconnections, layouts of radix-8 adder and 3-bit binary
RCA are given in Fig. 9. In order to estimate the worst-case
power dissipation, 500 random input vectors are applied to
binary voltage-mode adders. Table 2 provides various

Fig.9 Layout
a 3-bit binary RCA adder
b Radix-8 adder

aspects of post-layout HSPICE simulation results of the
adders stated above.

Table 2 reveals that MVL design offers a much less area.
It operates faster in return for higher power dissipation at
large T values, which is mainly due to the static component.
However, as excitation speeds up, dynamic power dissipa-
tion starts to dominate and it becomes highly pronounced
for conventional adders while it almost remains constant for
MVL design. Except for TFA and CSkA, power dissipation
of proposed circuit is comparable to others’ while it
outperforms all other designs in terms of area and speed.

6 MVL higher-radix signed full-addition algorithm

By extending the use of MVL higher-radix full-adder
previously proposed, it is possible to establish an algorithm
for signed-addition of higher-radix numbers. The algorithm
has some novel features, such as combining MVL operators
with ordinary arithmetic operations. Consider a signed
number, X’ € R, attached to a two-valued sign digit, s, and
magnitude x, as X’ = (s,x). Then, X’ can be converted into
its #’s complement/unsigned form, x,, as

Xy = (rfx)ob‘;v;erxoé“S;y (16)
where ‘+’ and ‘®’ are the MVL max and min operators,
respectively. With the description in (16), the algorithm can
be stated as follows:

i) Consider n-digit, signed numbers, X' = (s, X, _ 1 X, _ 2 ... X0),
V' =(SyYn—1Vn—2...y0) With x;»,€ R

i) Convert one of the numbers into its unsigned form, e.g.
X, if sy=s,; otherwise leave each digit as it is. Then,
subtract each digit x;, i=1,2,...,n— 1, from r— 1, and x,
from r.

The resulting sum is of the form

Yu
/ —
7 =5.Cz =5.Czy_1Zp-2, ..., 20 = 5:C.x,, (17)

In (17), the cyclic operation is carried out digit-by-digit and
s is the sign of summation given by

szz(l—C)oS‘§;y+lolA*xlolsyl (18)

The term C is an auxiliary carry, and it is given by
0
c= { 1

The final carry digit, C., is then given by
C.=Ce’s,’ (20)

It should be noted that, owing to disjoint terms, the max
operator in (16) can be replaced with ordinary sum.
Moreover, because a sign digit is of single-polarity and it

ifxu,n—l + Yun—1+ Co1 <r

otherwise (19)

Table 2: Important characteristics of radix-8 MVL and binary adders

Full adder No. of transistors Max. del. (ns) Av. power diss. (mW) Area, (pm)?
T=40ns T=10ns T=7.5ns
MVL, r=8 12 2.4 0.71 0.74 0.78 53 x 22
3-bit RCA, [1] 84 6.1 0.10 0.44 0.69 158 x 82
3-bit CLA, [1] 108 6.6 0.10 0.51 0.78 172 x 91
3-bit CSKA, [15] 94 5.3 0.08 0.34 0.41 107 x 101
3-bit TFA, [16] 66 5.0 0.04 0.15 0.22 93 x 64
RAA, r=17,[17] 165 5.3 0.12 0.49 0.65 117 x 185
BCMVL, r=38, [18] 48 6.3 0.53 0.77 0.98 115 x 84
T: time duration of single step length for MVL adders and excitation period for binary adders, respectively
IEE Proc.-Circuits Devices Syst., Vol. 153, No. 5, October 2006 493



is two-valued, it is convenient to perform the sign digit
computations in voltage-mode binary logic. However, carry
transferral from successive digits must be in the current-
mode. Following are some examples to justify the algorithm
for r=38:

Example 1: X' =0532, y/ =0223; 5,=s5,=0 = x,=532,
(223)

Pa=223, 5.=0, z=(532) ~ =(0)755 = C=0 and

C.=0, Z=00755

Example 2: X' =0532, y/ =0332; 5,=s5,=0 = x,=532,
(332)

Pa=332, 5.=0, z=(532) © =(1)064 = C=1 and

C.=1, Z=01064

Example 3: X' =1532, y/ =0332; s,=1, 5,=0 = x,=

(332)

778 — 532=246, y=1332,z = (246) — = (0)600 = C=0,
s;=1and C.,=0, z/=10600

Example 4: X' = 0532, y =1332; 5,=0, s,=1= x,=3532,

(446)

yu=446, z=(532) 7 =(1)200 = C=1, s5,=0 and
C.=0, z/ =00200

Example 5: x' =1532, y/ =1332; s,=s5,=1 = s.=1,

(332)

x,=532, y,=332, z=(532) 7 =(1)064 = C=1 and
C.=1, 7 =11064.

In order to implement the above algorithm, a distinction
between the voltage-mode and current-mode operations has
to be made. Consider the following expressions where the
subscript v/c of the quantity ¢ on the left-hand side refers to
voltage/current mode outcome of the right-hand side
computations, respectively,

Py

Poy
=10 Xx

Py, Py
+the 'y

(21)
Pry Pxd

go. =138 X +le (22)

The above expressions should be interpreted as follows:

Py3 Py
y

(i) The operator ‘+’ in (21) is a conventional OR operator,
while the operator ‘®’ stands for AND or transmission
operator through a transmission gate depending on its
associated coefficient: If ¢, , is voltage and two-valued, then
‘e’ operator is AND operator. Otherwise ‘®” operator is a
transmission operation where associated coefficient is the
result of current comparator yielding a two-valued voltage-
mode quantity.

(i) The operator ‘+’ in (22) is an ordinary summation while
the operator ‘@’ stands for the transmission where current #;
and #,4 are switched through related literal operations.

7 Implementation of the algorithm

In order to realise the algorithm above, consider the circuit
illustrated in Fig. 10. In the circuit, s, , are derived switching
voltage signals from s,,. Having set up the logic mode
distinction, it is possible to generate the terms, s. and C.,

Xi
—>

-xi,u

Fig. 13  Complete signed higher-radix adder
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with the use of circuit shown in Fig. 11. In the circuit, all
voltage-mode binary logic circuits are designed for optimum
speed given minimum size, while the reference voltage,
Vs~ 1.1V, is obtained with a minimum feature-size, simple
PMOS current-mirror [11].

The current-mode circuit that performs r’s complement
of X' = s,x is illustrated in Fig. 12. The constant r* is r for
i=0andr—1fori=1,...,n—1.

Then, the complete MVL higher-radix signed addition of
two numbers can be realised with the structure shown in
Fig. 13, where Cy=0.

Fig. 10 Conversion of a current-mode operand into voltage and
current-mode operands and operation symbol

s,

C.
c —
“,laA | >
‘_
Cow 11
Fig. 11  Generating final carry, C., and output sign, s., digits, and

operation symbol

a}»
Xi

r :
l b .Sy Sy

VDD
Vref

—o|

(r*f x[,)o s,
—
Xi A N P Xiu
_I‘ —>
1:1 1
-« P
'xi sw 5.8
' 1:1 y oy
Xl.. Sx
Fig. 12  The r’s complement circuit, and symbol
Xn-1 Xn-lu
- _ —> Cuz Sx Sy
+ Zn-1
[ s
FA
—»> >
Yn-1 C —
—»>
C
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Table 3: Some characteristics of two-digit, signed radix-8 adder

Full adder No. of transistors Max. delay (ns) Av. power diss. (mW) Area, (um)2 04z max (LA)
T=40ns T=10ns T=75ns
Two-digit radix-8 86 6.9 3.0 3.25 3.4 151 x 116 6.4
T=time duration of one step
< go [— x1 within a conventional voltage-mode binary logic environ-
= ==y M ment, subject to circuit performance constraints described in
g 002 19]. H It de switching i t-mod
£ ——y2 l______J__l_____ [ ]'. lowever, voltage-mode switching in current-mode
g 40 -+ design imposes larger transient peaks, as discussed in [20].
3 20 pord- ISR IO 1
O I N
ok ;
0 125 250 375 500 625 750 875 1000 9 Conclusions
time, nsec. . . . . .
a For well-known information processing virtues of higher-
PP e radix algebra, multi-valued logic operators are exploited.
- 3'4 e sy Towards a feasible, and modular higher-radix adder unit, a
g =z hierarchical approach, starting from a threshold definition
£ 25 has been described. Owing to versatility and robustness of
> 16 the proposed MVL circuits, it is expected to combine them
0.7 in more complicated circuit blocks. Reduced interconnec-
Py RS ———ld L ___ . o L
0 125 250 375 500 625 750 875 1000 tion apd sw1tc;h1ng voltage range bnpg mn ump roveq
time, nsec. dynamic behaviour. A novel signed addition algorithm is
b presented. Implementation of the algorithm shows that
<120 [—=2, proposed topologies can be employed in a mixed-signal
2100 H == 2o environment as a challenging alternative to conventional
S 8o Cz ] i | — arithmetic units for high-speed, low-power performance
£ 60 > ! L L design. Main advantage stems from better transient
% 40— C 'r. — characteristics owing to less interconnection and less
© 20 =1y ll ~Uo o - switching activity, which are the dominant factors in low-
0 [ 2 o i . . .
0 o5 2t0 375 200 62 950 875 1000 power des1gn techmques. as well. Ipherent static power
time, nsec. dissipation and the necessity of restoring the logic levels are

c

Fig. 14 Input currents, input and output sign voltages, and output
currents

a Input currents to two-digit, radix-8 signed adder circuit

b Input and output sign voltages

¢ Output currents

8 Simulation results

The circuit illustrated in Fig. 13 has been implemented and
simulated with HSPICE for two-digit numbers x and y
whose magnitude and sign digit variations are depicted in
Figs. 14a and b, respectively. The circuit outputs are loaded
a capacitance of 70 fF. Corresponding output sign digit is
also illustrated in Fig. 14b while the current-mode output
digits are shown in Fig. 14c. Table 3 summarises some
important specs of the designed circuit.

The term 64, max Stands for the maximum value of the
standard deviation of current-mode digits across whole
structure owing to level degradation. Since design is two-
digit, it is seen each stage of signed addition has a level
degradation of 3.2 pA, which allows maximum two single-
digit stages to be cascaded, i.e. three-digit signed radix-8
addition.

It should be noted that the power dissipation is nearly
constant as the stimulation speeds up, which is an expected
consequence of proposed full-adder scheme.

The higher radix signed adder algorithm described above
has the merit of direct complement of the operands with
respect to sign values. Taking the sign digits in voltage-
mode allows one to combine MVL design literal concept
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prohibitive factors, which can be overcome in a certain
extent by using a lower radix, and reduced logic level
margins and sophisticated restorers.
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