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Abstract— Addition is one of the most important arithmetic
operations in digital computation. Optimization of adders’ speed,
power, and area is a challenging task. To this end, redundant
number system has been proposed in the literatures. In this
paper, we propose a new redundant binary signed-digit adder
that not only utilizes specific encoding for the input operands,
but also uses a new efficient adder structure. Using this
technique we can generate low power signed digit adders that
perform fast additions. The comparisons show delay, power and
area reduction both on FPGA and Synopsys Design Vision tool.
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I. INTRODUCTION

Addition operation has a significant role in digital
arithmetic operations like multiplication and division.
However, carry propagation is an important issue in addition
operations which depends on the operand length. The case
results in low-speed and high-complexity circuit.

Using redundant representation, like Binary Signed-Digit
(BSD) and high-radix signed-digit number systems can
eliminate the carry propagation in arithmetic operations [1-3].
The BSD representation has been used to organize constant
time adders due to the capability of carry-free addition and
regular VLSI layout. Redundant representations have also
some benefits in residue number system [4-8].Therefore, it is
important to use an appropriate encoding and efficient design
for BSD addition.

The BSD number system is defined for radix » = 2 with
digit set ranging over the set {-1,0,1}. In order to use BSD
number system, the digit set needs to be encoded in binary
representation. Several encoding schemes have been discussed
in the literatures [1, 4, 9, 10] for BSD. Another important
problem is to design a high performance carry-free adder
utilizing the encoding schemes.

There have been many efforts to optimize the speed, power
and area of BSD adders using different methods which have
used various encodings, such as Binary Canonical Signed
Digit (BCSD) [9] and Quaternary Signed Digit (QSD) [10]
representations. One of the most efficient conventional BSD
adder proposed in [4, 5] is composed of » BSD full adders
(SDFAs).

In this paper a new high-speed low-power BSD adder is

proposed which utilizes a specific encoding for BSD operands.

The encoding is based on the recently presented bit
representation in [11]. The proposed adder structure utilizes

standard non-redundant binary addition components like
optimized counters and compressors.

The paper is organized as follows. In Section II we provide
a technical background of BSD adders and, briefly review the
relevant prior works in the field. In Section III, our new
proposed BSD adder is described. In Section IV, we present
the simulation and comparison and finally, in Section V the
concluding remarks are presented.

II. BACKGROUNDS

A. SD Number System

Signed-digit representation is a class of number
representations which limits carry propagation during the
addition and subtraction. Using redundant representation for
the operands we can remove the carry-propagation chains.
The speed of addition and subtraction will be improved by
redundancy. In this representation each digit of a positional
constant radix » number representation can have g values. In
order to have carry-free addition, ¢ has to be in the following
range [1]:

r+2<g<2r-1

A signed-digit number Z represented by n digits (i= 0,
1,..., n) has the numerical value:

Zzzn:Z,.xri
i=0

B. SD Adder

Redundant binary adders have wide applications in
arithmetic circuits because of their constant time addition
property. The recently published BSD adder is a n-digit
modulo m BSD adder (MSDA) with » BSD full adders
(SDFAs), which each SDFA consists of two sub-circuits,
ADD1* and ADD2* [5] as shown in Fig. 1.

In this figure, ¢, € {—1,0,1} and is used to express the sign

of x,+y, as
1 P L
=
1] g x;"r‘}*faa

The modular BSD adder can be simply converted to a non-
modular BSD adder by removing the end-around carry

addition (considering x = 0 and v_, =0 in Fig. 1).
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TABLEI
RULES FOR ADDING BSD NUMBER [5]

abs(x,) # abs(y,)
abs(x;) =abs(y,)’ (x;+y)x(x_,+y_,)20 (x,+y)x(x,,+y,.,)=0
u, ‘. to = xpy; fiy +Xpy,
v, l+xpy; /2 , t,+xpy,

(Notel: abs(n) is the absolute value of the n. Note 2: Xg%=x; + )

TABLE II

SYMBOLIC AND DOT NOTATION OF POSIBIT, NEGABIT AND UNIBIT [7]

Bit Name Lower and upper Dot Symbolic Notation Lower Value Upper Value
values Notation representation Representation
Posibit {0,1} . x* 0(0) 1(1)
1
Negabit -1,0} o X 0(-1) 1(0)
/ v e

In that paper a new addition rule for simplifying the BSD
adder and generating the intermediate sum and carry with a
binary number representation is proposed that is shown in
Table 1.

X1 N X Yo

Xpn1 Yoo y,
-1 a1l Xpg Vg Xy Vo1

[ | |
e g

ADD1**
e % Uy vy
| . - }

ADD2* ADD2*

ADD1*

Uy vy

ADD2*

SDFA

Snot 5 S

Fig. 1 Modulo m Signed-Digit Adder (MSDA) [5].

Each MSDA depicted in Fig. 1 is constructed from » SDFA
blocks. The input of SDFA (ADD1%#) is four redundant digits
(xi.1, vi1, xi, and y;) and the output of ADDI1* (intermediate

sums) are u, and v, . The algorithm of computing », and

v, is described in the following.

ADDI": in each digit u; and v, are calculated by table I,
where, i €{0,1, ..., n-1};
ADD2*: y, is subtracted from v, that meets:

§; T Vi~ U

1
it is assumed that v_, =0.

From Fig. 1 and the addition rules, it is concluded that the i-th
final sum digit depends only on the digits in i-th and (i-1)-th
positions. The final sum can be computed with a guarantee
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that no carry propagation chain will occur and the completion
time will be independent of the operand size. Thus, a constant
time BSD adder can be constructed based on the previous
addition method using SDFA blocks.

III. PROPOSED BSD ADDER

A. BSD Encoding

In the proposed BSD adder we utilize a specific encoding
for representing BSD numbers. According to Table II, a bit in
the range {0,1} and a bit in the range {-1,0} are called posibit

and negabit, respectively. A BSD digit X; is represented by a

posibit, x:r and a negabit, x; with equal weight. It should be

emphasized that a negabit with inverted encoding is employed
for BSD representation. It means that a negabit with two
values -1 and 0 requires one bit where they are represented by
0 and 1, respectively. Each BSD digit x, is represented with

[x;” x; 1. According to Table II, the BSD three values, -1, 0,

and 1 are represented by [00], [01] and [11], respectively.

This notation has advantages not found in other redundant
binary representation. It is possible to easily invert a value by
reversing all the bits of the represented value using NOT gates.
This allows building adder/subtracter unit more easily.

B. Proposed BSD Adder

Although addition in non-redundant two's complement
number system is proportional to log(n) (where n is the bit
width), as discussed in the previous sections, addition in BSD
representation can be done in constant time. This can be
explained by the fact that the carry does not propagate through
all the width of the addition unit. This does imply that the
addition will finally be faster in BSD.



In this section, we utilized a new encoding for BSD In the FA-based compressor, Si" and Cour are posibits and
representation. Therefore, there are four bits (two posibits and
two negabits) in each position i, i € {0,1, ..., n-1} (where 7 is
the operand width) which has to be accumulated. Since a
negabit with inverted encoding is employed for BSD
representation, standard counters and compressors can be
utilized to accumulate the digits. So, a high-speed low-power .
BSD adder will be achieved for BSD operands.

In this paper we use standard 4-2 compressor for BSD
addition. The diagram of the 4-2 compressor-based BSD : l

adder is represented in Fig. 2 which employs two full-adders
(FA) X, —a MUX vi—Lsl  MUX

Ci is a negabit. Therefore, the numerical value of output is:
+ - +

Si _2(1_0[ )+zcout =1 -2(1)""2(1):1

which is the correct summation of inputs.

Vi

The 4-2 compressor has 4-bit input X, ( x; x; ) and

y: ( yl.+ ¥; ), 2-bit outputs s; (posibit) and ¢/ (negabit), a i 17

single input carry c;,, and an output carry c,, . The five
equally weighted inputs produce a sum output s;" with the MUX L, mux
same weight as well as ¢; and c,, with double-weight. To
speed-up BSD additions we can use an efficient structure for . I
compressor. We utilized a different compressor which is o \ ——
represented in Fig. 3. The compressor is composed of six
multiplexers [12].

> MUX L MUX

| S

Fig. 3. MUX-Based Compressor with 6 Multiplexers Used for Each BSD

* FaA Digit Adder [12].
o
. TABLE V
Cou c BSD Addition in EXAMPLE 2
°° position: i 32110
o F.A .
. Operandl: x 0 -1 1 1
cz__ &t Operand2: y 0 1 0 1
:
Fig. 2. FA-Based Compressor Used for BSD Digit Adder. xF 0 0 1 1
i
1 0 1 1
Example 1: Let’s assume x;= 1 and y;= -1 and ¢, = 1. Find x;
+ - +
s; ¢ and ¢y o 1o |
.
Vi
Solution: 1 1|1 1
BSD representation using inverted encoding for x; = 1 and y; y;
=-1 are as follow.
xf: 1, x,._ 01 Intermediate carry: C:m 0 ! ! 0
+ _
"0,y :0
Vi Vi Final sum: s
According to Fig. 2 we obtain: s; 0 ! 010
- +
xi++ X, * yi+ - D=0, Cou =1 _ ! ! ! !
+ - + - Ci
D+ Cn TY; >Si=1,¢=0
Result 0 1 0 0
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SYNTHESIS RESULTS OF THE BSD ADDERS ON FPGA.

TABLE III

Delay (ns) Slices usage Levels of logic
Proposed Proposed Proposed Proposed Proposed Proposed
[5] MUX-based FA-based [5] MUX-based FA-based [5] MUX-based FA-based
BSD adder BSD adder BSD adder BSD adder BSD adder BSD adder
12.166 9.717 9.344 71 34 36 6 5 4
TABLE IV
SYNTHESIS RESULTS OF THE BSD ADDERS WITH SYNOPSIS.
Delay (ns) Area(pmz) Power (mW)
Proposed PI'OpOSCd Proposed PI‘OpOSGd Proposed PI'OpOSCd
[5] MUX-based FA-based [5] MUX-based FA-based [5] MUX-based FA-based
BSD adder BSD adder BSD adder BSD adder BSD adder BSD adder
0.4 0.28 0.25 3964.97 2564.77 1624.82 2.9827 2.1574 1.2947

Example 2 : let’s assume x= 15 and y=-11 and ¢;,= 0. Find s,
candc, , .

Solution:
Using redundant representation for x = 15:
x:(10-11 1)

X 10011
x7:11011

Using redundant representation for y =-11:

y: (-10101)35[)
$*:00101

y 01111

Using five compressors of Fig. 3, we obtain Table V which
gives us the answer.

IV.SIMULATION & COMPARISON

To evaluate the speed, area and power dissipation of the
considered architectures, the structural VHDL descriptions of
the BSD adders, consisting of BSD adder proposed in [5],
proposed MUX-based, and proposed FA-based BSD adders
have been first generated. After verifying the correctness of
each description, we synthesized them on FPGA, Xilinx
Spartan 3 [13-15]. The synthesis results are represented in
Table III. As shown in the table, the proposed adders have
overcome the adder of [5] in FPGA platform. This means it
has less Delay, less resource usage, and less logic levels than
the adder presented in [5].

We also synthesized the structures for 130nm CMOS
technology with the Synopsys Design Vision tool. A typical
corner (1.2V, 25 C) was considered. The results of total

power, delay, and area for both proposed adders are included
in Table IV. Delay, area, and power results are given in ns,
um’, and mW, respectively.

The results indicate that area, delay and power of proposed
methods decrease in comparison to the most efficient existing
adder. We note that the new encoding approach offers several
advantages as it make use of the same computational units as
in the non-redundant adder, like standard compressors as
indicated in Fig. 2 and Fig. 3. Moreover, we can apply any
fast compressor to the proposed design. Therefore, the
proposed adder has a simpler implementation than other
existing BSD adders and requires a simple design and
modification procedure.

V. CONCLUSION

In this paper we presented a new BSD adder that utilizes a
specific encoding for BSD numbers as well as a specific adder
structure. Using this BSD adder we achieved higher speed,
lower power and lower area BSD adder than the most efficient
existing adder. The significant improvements were obtained
on both FPGA and Synopsys. Besides, we succeeded to
decrease about %60 area, %37.5 delay and, %30 power
consumption of the most efficient existing BSD adder.

These improvements are achieved based on selecting an
efficient encoding for BSD operands. The encoding results in
utilizing standard counters and compressors for redundant
BSD operands instead of employing more complex counters
for them as proposed in the related articles. Therefore,
applying [00], [01] and [11] to the three values, -1, 0, and 1,
respectively, cause to a high performance BSD adder with less
hardware overhead, delay, and power consumption in
comparison to the previous published structures. These
important achievements can
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