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High-Speed Multioperand Decimal Adders

Robert D. Kenney and Michael J. Schulte, Senior Member, IEEE

Abstract—There is increasing interest in hardware support for decimal arithmetic as a result of recent growth in commercial, financial,
and Internet-based applications. Consequently, new specifications for decimal floating-point arithmetic have been added to the draft
revision of the IEEE-754 Standard for Floating-Point Arithmetic. This paper introduces and analyzes three techniques for performing
fast decimal addition on multiple binary coded decimal (BCD) operands. Two of the techniques speculate BCD correction values and
correct intermediate results while adding the input operands. The first speculates over one addition. The second speculates over two
additions. The third technique uses a binary carry-save adder tree and produces a binary sum. Combinational logic is then used to
correct the sum and determine the carry into the next more significant digit. Multioperand adder designs are constructed and
synthesized for four to 16 input operands. Analyses are performed on the synthesis results and the merits of each technique are
discussed. Finally, these techniques are compared to several previous techniques for high-speed decimal addition.

Index Terms—Computer arithmetic, decimal arithmetic, multioperand adders, hardware designs.

1 INTRODUCTION

ECIMAL computer arithmetic has been around since the

beginning of modern computing. One of the earliest
digital computers, the ENIAC, became operational in 1945
and used a decimal base for its arithmetic operations [1].
Calculators also provide direct support for decimal arith-
metic. Though similar to the way humans perform
arithmetic, decimal arithmetic in general purpose compu-
ters was quickly replaced by binary arithmetic, which is a
more natural approach in digital circuits. With hardware
being such a precious commodity in early computers,
representing only 10 decimal numbers with four bits in a
binary coded decimal (BCD) format was much less efficient
than representing 16 binary numbers with the same four
bits. Furthermore, decimal arithmetic operations are typi-
cally more complex and slower than binary arithmetic
operations since they need to handle a wider range of digits,
carries across both bit and digit boundaries, and the
correction of invalid result digits.

Recently, support for decimal arithmetic has received
increased attention due to the growing importance of
financial, commercial, and Internet-based applications
which cannot tolerate errors from converting between
decimal and binary formats. Since many decimal numbers,
such as 0.2, cannot be exactly represented in binary, these
applications often store data in a decimal format and
process data using decimal arithmetic software [2].
Although decimal arithmetic software eliminates conver-
sion errors, it is typically 100 to 1,000 times slower than
binary arithmetic implemented in hardware [2].

Due to the growing importance of decimal arithmetic,
specifications for it have recently been added to the draft
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revision of the IEEE 754 Standard for Floating-Point
Arithmetic [3]. The current IEEE 754 Standard, which was
adopted in 1985, specifies support for binary floating-point
arithmetic and is implemented on most general-purpose
computers [4]. It is anticipated that, once the revised IEEE
754 Standard has been officially ratified, computer compa-
nies will begin to incorporate hardware support for decimal
floating-point arithmetic on their processors for financial,
commercial, and Internet-based applications. As transistor
costs continue to decrease, the opportunity exists to
incorporate high-speed decimal arithmetic units on future
processors.

This paper introduces and analyzes various techniques
for high-speed multioperand decimal addition. Multioper-
and addition is important because it often forms the core of
other arithmetic operations, such as multiplication and
division [5]. Consequently, efficient multioperand decimal
addition is essential to the implementation of fast decimal
multipliers and dividers. Multioperand decimal addition
may also be useful for quickly summing large amounts of
decimal data. Section 2 gives an overview of two-operand
decimal addition, which has been the focus of most
previous research in this area. Section 3 introduces three
techniques for multioperand addition and discusses their
hardware costs and worst-case delay paths. Section 4
presents area and delay estimates for the multioperand
decimal adders, along with estimates for multioperand
binary adders. Section 5 describes related work on decimal
addition. Section 6 gives our conclusions. This paper is an
extension of our research presented in [6]. Additional
information on decimal arithmetic is available from
http:/ /mesa.ece.wisc.edu and http://www2.hursley.ibm.
com/decimal/.

In the remainder of this paper, decimal numbers are
assumed to be in Binary Coded Decimal (BCD) format.
Subscripts next to constants are used to denote the base of
the constant. For example, 1001, represents the binary
number equal to nine. When no subscript is given next to a
constant, a decimal base is implied. An upper case variable
(e.g., Aj) denotes an entire operand word. A lower case
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A 0010 0101 0111 0101

B +0011 0100 0010 1000

Sum 1 0101 1001 1001 1101
Correction 1 + 0000 0000 0000 0110
Sum 2 0101 1001 1010 0011
Correction 2 + 0000 0000 0110 0000
Sum 3 0101 1010 0000 0011
Correction 3 + 0000 0110 0000 0000
Result 0110 0000 0000 0011

Fig. 1. Example BCD addition of 2,575 + 3,428 = 6,003 with iterative
correction.

variable (e.g., a;) denotes a single digit in that operand. A
digit referenced with brackets (e.g., a;[4]) denotes a single
bit in that digit.

2 Two-OpPERAND BCD ADDITION

In BCD format, each decimal digit is represented using four
bits, where the bit patterns 0000, to 1001, represent decimal
digits 0 to 9 and the bit patterns 1010, to 1111, are invalid.
In the most straightforward approach to BCD addition, two
BCD digits are added together and the resulting sum is
examined. If the sum is greater than nine, a correction value
of six is added to the sum. Adding six skips the invalid bit
patterns and yields the correct BCD sum digit and a carry-
out of the digit [7]. For example, to compute 7+ 7 = 14 in
BCD, the two sevens are added to produce 1110,. Since this
sum is greater than 9, a correction of 6 = 0110, is added to
11105, which yields a carry-out of 1 and a sum of 0100,
which corresponds to the correct BCD representation of
14 = 0001 0100,.

Fig. 1 illustrates the difficulty in performing a word-wide
BCD addition, using the example 2,575+ 3,428 = 6, 003.
This addition cannot be completed with one word-wide
binary carry-propagate addition and correction. After the
first carry-propagate addition of the two input operands, all
resulting sum digits in Sum 1 potentially need to be corrected.
In this example, only the 1101, in Sum 1 needs to be corrected
since it is greater than nine. The addition of 0110, to 1101, in
Correction 1 causes a carry to be passed to the next more
significant digit. Now, the 1010, in Sum 2 needs to be
corrected using Correction 2. This creates 1010, in Sum 3,
which needs to be corrected. Finally, the correct BCD sum is
produced in Result. In this example, four decimal carry-
propagate additions are performed. To avoid repetitive
word-wide additions and corrections, the least significant
digits of A and B can be added, compared to nine, and
corrected before proceeding to the addition of the next pair of
digits with the correct carry-in. This approach, however,
causes digit additions to be performed sequentially.

One way to improve the performance of BCD addition is
to speculate that the sum for each pair of digits will be
greater than nine [7]. This is done by adding six along with
each pair of digits from the original input operands. As a
result, carries between 4-bit digits now correspond to the
value 10, rather than 16. The advantage of this approach is
that the correct carries between digits are generated during
the first addition. The resulting sum digits need to be
corrected by subtracting six modulo 16 (i.e., adding 1010,) if
the carry-out is zero. This approach is illustrated in Fig. 2.
First, the Speculated Correction, 6666, is added with A and
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A 00100101 0111 0101
B 0011 0100 0010 1000
Speculated Correction + 011001100110 0110
Sum 011101110011 1011
Carry +00100100 0110 0100
Compressed Sum and Carry 1100 0000 0000 0011
Final Correction - 0110 0000 0000 0000
Result 0110 0000 0000 0011

Fig. 2. Example BCD addition of 2, 575 + 3,428 = 6,003 with speculative
correction.

B using binary carry-save addition to produce Sum and
Carry. A word-wide binary carry-propagate addition is
then performed to obtain Compressed Sum and Carry.
After this, the Final Correction is subtracted using only
digit-wide subtractions since all sum digits are guaranteed
to be at least six.

One variant of decimal addition, called direct decimal
addition, is proposed by Schmookler and Weinberger in [8].
This technique uses combinational logic to produce digit
generate and propagate signals for each pair of BCD digits.
The digit propagate and generate signals are then sent to
carry-lookahead logic, which is used to compute digit
carries in parallel. Finally, the digit carries and additional
carry-lookahead logic within each digit are used to quickly
produce the sum digits. The advantage of this method is
that the combinational logic directly computes the correct
sum digits, without the need for corrections.

Multioperand decimal addition can be performed by
repetitively using two-operand decimal addition to add each
operand. This approach, however, is very slow since each
addition has carry propagation. A faster approach, which is
introduced in this paper, is to use binary carry-save addition
to compute intermediate results. When several operands are
added together, the intermediate results are kept in binary
carry-save format, delaying the carry-propagate addition
until the end. The multioperand decimal addition algorithms
introduced in this paper speed up the process of decimal
addition when multiple BCD operands are added together.
These algorithms are fundamentally different from multi-
operand binary addition algorithms [9], [10] since the sum
and carry digits need to be corrected to ensure that proper
BCD results are produced.

3 PRoOPOSED TECHNIQUES FOR MULTIOPERAND
DEcCIVMAL ADDITION

In this section, we introduce and analyze three techniques for
performing fast decimal addition on multiple BCD operands.
Two of the techniques speculate BCD correction values and
correctintermediate results while adding the input operands.
The first technique, Single Correction Speculation, speculates
over one addition. The second technique, Double Correction
Speculation, speculates over two additions. The third
technique, Nonspeculative Addition, uses a binary carry-
save adder tree [11] and produces a binary sum. Combina-
tional logic is then used to correct the sum and determine
the carry into the next more significant digit. The designs
are first described for 1-digit multioperand decimal adders.
We then explain how multiple 1-digit multioperand adders
can be used to form word-wide multioperand decimal
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1)si+c1=ap+ay
2)for (i=2;i<m;i++)

// using simplified carry-save addition
// for each of the remaining operands

if (Cr1[4]==1) si+ Ci=si1+ C1 + (@i + 6);

else
3) Sm + Cm = Sm-1 + Cm1 + SC;
4)Z =Sy + Cnj
5){co,z} =7 +f;

Si+ Ci =Si1+ G1 + aj;

// speculation correction (sc) from Table 1

// 4-bit carry-propagate addition compressing s, and ¢y,
// f is the final correction from Table 2

Fig. 3. Single Correction Speculation Algorithm.

adders. In the following discussion, m denotes the number
of input operands and n denotes the number of digits in
each input operand.

3.1 Single Correction Speculation

The algorithm for Single Correction Speculation is shown in
Fig. 3. The algorithm is called Single Correction Speculation
since we implicitly speculate that the addition ay + a; does
not need to be corrected. If a carry out of the current digit
position occurs, this speculation is incorrect and a correc-
tion value of six is added along with the next input
operand. With Single Correction Speculation, BCD digits
from the first two input operands, ap and a;, are added
using simplified binary carry-save addition to produce a
4-bit sum digit, s;, and a 4-bit carry digit, c¢;, such that
s1+c¢1 =ag+a;. The 4-bit simplified binary carry-save
addition is performed using four half adders that operate
in parallel to add corresponding bits from a; and a; and
produce sum and carry vectors, s; and c;, respectively.
Using a simplified binary carry-save adder, which adds two
input digits, instead of a conventional carry-save adder,
which adds three input digits, allows there to be one
correction for each addition. This simplifies the final
correction logic and results in a less complex overall design.

When performing carry-save addition, each carry digit is
shifted one bit position to the left relative to the corresponding
sum digit. Thus, each sum digit, s;, has bit positions s;[3 : 0],
while each carry digit, ¢;, has bit positions ¢;[4 : 1]. Although
eachinputdigit, a;,isa BCD digitwith 0 < a; < 9,thesumand
carry digits, s; and ¢;, are 4-bit values, where, in general, 0 <
si < 15and 0 < ¢; < 30. Therange of ¢; is twice as large as that
of s; since it is shifted one bit position to the left.

If the most significant bit of the first carry digit, c[4], is
equal to one, then a carry out of the current digit position
has occurred. In this case, a correction value of six is added
to compensate for the fact that c;[4] has a weight of 16, while
a decimal carry has a weight of 10. This can be expressed
mathematically as

C1 [4 : 1] = 16¢; [4] + 8¢ [3] + 4cq [2} + 2¢q [].]
= 6cy [4] + (1001 [4] + 8¢y [3] + 4c [2] + 2C1[1D

Thus, c1[4] can be treated as a decimal carry, with a weight
of 10, if a correction value of 6 is added when c;[4] = 1.
To keep the addition of the correction value off the critical
delay path, the correction value is added to the BCD digit of
the next input operand, ay, in advance and c;[4] is used to
select between ay and ay + 6 as the next value to be added. A
similar process continues for m-2 iterations (2 < i < m), until
all m input operands are added with appropriate correction
values. Each iteration, the most significant bit of the carry
digit in the previous iteration, c;_; [4], is examined. If ¢;_1 [4] is

one, then a carry out of the current digit has occurred and
a; + 6 is added to si_; and c;_; using carry-save addition to
produces; + ¢; = si_1 + ¢i_1 + (ai + 6). Otherwise, no correc-
tion is needed and a; is added to s;_; and ci_; to produce
S+ ¢ =sSi_1 + Ci_1 + a;.

At the end of the algorithm,

1. a speculation correction value, sc, is added to s,,—;
and ¢,,—1 based on ¢,_1[4],
2. a 1-digit carry-propagate addition is performed to
compress the sum and carry digits to obtain a 5-bit
preliminary sum, z'[4 : 0] = sy, + ¢y,
3. the preliminary sum is corrected to produce z, and
4. a digit carry, co, is produced.
In Fig. 3, {co, z} corresponds to the 5-bit value obtained by
concatenating co and z. It is useful to note that the
corrections for the first m-1 iterations compensate for
carries out of the current digit position, while the final
corrections also help ensure that the final result is a valid
BCD digit.

The algorithm produces the correct result since each time
a carry-out of the current digit occurs (i.e., ¢4 =1), a
correction value of six is added, which allows the digit
carries to maintain a value of 10, rather than 16. This is
expressed mathematically as

01[4 : 1] = 1661[4} + 8¢ [3] + 4Ci[2] + 2(31[1}

= 6¢i[4] + (10¢;[4] + 8¢i[3] + 4ci[2] + 2¢i[1]). @

Thus, each time ¢;[4] = 1, six is added to the current digit
position to correct the sum.

Since corrections are performed after each carry-save
addition, the final correction steps are fairly simple, as
shown in Table 1 and Table 2. Table 1 determines the
correction value needed due to adding the last input
operand. If ¢,,_1[4] = 1, then sc = 6 to correct for the carry
out of the current digit position; otherwise, sc = 0. Table 2
determines the final correction value needed for Step 5 of
Fig. 3. The logic that implements Table 2 examines the last
two carry bits, ¢,y [4] and z'[4], and the preliminary sum digit,
z'[3 : 0]. A value of six needs to be added to the current digit
position when c¢,[4] =1, when Z'[4 =1, or when
Z'[3 : 0] > 10. Thus, the value of f, which corrects for all of
these cases is:

f=06x (cnl4] + Z[4] + 2ge10), (3)

where zgel0 = 1 when 2/[3 : 0] > 10. The final row of Table 2
cannot occur since c¢,,[4] and z'[4] each has a weight of 16
and sy_1 + ¢m_1 + sc < 36.

Fig. 4a shows an example of performing the 1-digit
multioperand decimal addition 9 + 8 47 + 6 4+ 5 = 35 using
the Single Correction Speculation Algorithm, where carries



956

TABLE 1
Speculation Correction Selection for Step 3 of Fig. 3

Cm-1 [4] sc
0 0000, (+0)
1 0110, (+6)

TABLE 2
Correction Selection for Step 5 of Fig. 3

cml[4] | Z'[4] 2’[3:0]

z’[3:0] < 10
z’[3:01 > 10
7’[3:01 < 10

z

0

0

1

1 7’[3:0]1 > 10 1
0

0

1

1

Q|||

z’[3:0] < 10
7’[3:0]1> 10 12
z2’[3:01 < 10 12
N/A

0
0
0
0
1
1
1
1

z’[3:0] > 10

out of the current digit position are shown in bold. When
the algorithm completes, z = 5. Since there are a total of
three carries out of the current digit position with a value of
1 (i.e., c1[4] = 1, c4[4] = 1, and co = 1), the correct result of 35
is produced.

Fig. 5 shows the block diagram of a 1-digit, 5-operand
Single Correction Speculation Adder, where CSA and CPA
correspond to Carry-Save Adder and Carry-Propagate
Adder, respectively. Each multiplexer selects a; when
ci-1[4] is zero and a; + 6 when c¢;_1[4] is one. Since a; is a
4-bit BCD digit in the range of 0 to 9, a; + 6 is in the range of
6 to 15. Thus, a; + 6 is represented using just 4 bits and is
computed from a; using simple two-level logic [13]. Since
the values for a + 6 are computed as soon as the input
operands are ready, these additions are no longer on the
critical delay path. Once all the input operands are added
using carry-save addition, one more carry-save addition
and two 4-bit carry-propagate additions are used to per-
form the last two corrections and obtain the final sum.

ap= 9= 1001
a= 9= 1001 a= 9= 1001 a;= 8= 1000
+a;= 8= 1000 +a;= 8= 1000 +a,= 7= 0111
s;= 1= 0001 s;= 1= 0001 s;= 6= 0110
¢4 =16 =1000 ¢, = 16 =1000 ¢, =18=1001
+ (a,+6) =13 = 1101 +a= 7= 0111 +a;= 6= 0110
s;=12= 1100 s;= 6= 0110 s,= 2= 0010
c;= 2=0001 c;= 2=0001 c,=12=0110
+a;= 6= 0110 + (az+6) =12= 1100 +a,= 5= 0101
s;= 8= 1000 s3= 8= 1000 s3=11= 1011
c;=12=0110 c;=12=0110 +c3= 8=0100
+a;= 5= 0101 +a,= 5= 0101 2 =19 = 10011
s;= 1= 0001 s;= 1= 0001 +g = 2= 0010
cs=24=1100 cs=24=1100 z= 5= 0101
+sc= 6= 0110 +sc= 6= 0110 Cout =2=10
ss=15= 1111 ss=15= 1111
+cs= 0=0000 +cs= 0=0000
z’=15=01111 zZ’=15=01111
+f = 6= 0110 +f = 6= 0110
{co,z} =1,5=10101 {co,z} =1,5=10101
(a) (b) (c)

Fig. 4. Examples of 1-digit multioperand decimal addition for
9+8+7+6+5=35. (a) Single Correction. (b) Double Correction.
(c) Nonspeculative.
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Correction
Logic

co

Fig. 5. 1-digit, 5-operand Single Correction Speculation Adder.

A 1-digit, m-operand Single Correction Speculation
Adder requires m 4-bit carry-save adders, (m-1) 4-bit
2:1 multiplexers, (m-2) combinational logic blocks to find
a; + 6, two 4-bit carry-propagate adders, and one 4-level
combinational logic block to produce the final correction, f.
Its critical delay path has m carry-save additions, (m-1) 4-bit
2:1 multiplexers, two 4-bit carry-propagate additions, and
the logic to implement Table 2, which is a 6-variable
Boolean function that is realized in four levels of logic.

3.2 Double Correction Speculation

One improvement that can be made to the Single Correction
Speculation Algorithm is to speculate that the first two
additions will not need to be corrected. With the Double
Correction Speculation Algorithm, shown in Fig. 6, ¢;_»[4] is
used to select whether a; or a; + 6 is added to s;_; and c¢;_;.
This removes the multiplexers that select between a; and
a; + 6 from the critical path since the correction for a;;; is
selected while the carry-save addition of a; or a; + 6 with
si—1 and c;_; is being performed. It also removes the logic
needed to produce a; + 6 since aj is always added without a
correction value. The only negative consequence of Double
Correction Speculation is that determining the speculation
correction value, sc, is slightly more complex since two
speculative additions need to be corrected, instead of one.
The value used for speculation correction is 0, 6, or 12,
based on cy_5[4] and cy_1[4], as shown in Table 3. Fig. 4b
shows an example of performing the 1-digit BCD addition
948+ 7+6+5=35 using the Double Correction Spec-
ulation Algorithm.

Fig. 7 shows a block diagram for a 1-digit, 5-operand
Double Correction Speculation Adder. A 1-digit, m-operand
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1)s1+¢1=ap+ ay} // using simplified carry-save addition
2)s3+ =851+ C1 + ay // second correction speculation
3)for(i=3;i<m;i++) // for each of the remaining operands
if (Cia[4]==1) S+ G =Si1+ C1+(a+6);
else Si+ G =Si1 + Gy + aj
4) Sy + Cm = Sm-1 + Cm-1 + SC;  // speculation correction (sc) from Table 3
5)Z' = sy + Cm; // 4-bit carry-propagate addition compressing sum and carry
6){co,z} =7'+f; // f is the final correction from Table 2

Fig. 6. Double Correction Speculation Algorithm.

Double Correction Speculation Adder requires m 4-bit
carry-save adders, (m-3) 4-bit 2:1 multiplexers, (m-3) com-
binational logic blocks to find a; + 6, one 4-bit 4:1 multi-
plexer, two 4-bit carry-propagate adders, and one 4-level
combinational logic block to produce the final correction, f.
Its critical delay path consists of m carry-save additions, one
4-bit 2:1 multiplexer delay, two 4-bit carry-propagate
additions, and 4-levels of logic to implement Table 3.
Compared to the Single Correction Speculation Adder, the
Double Correction Speculation Adder removes (m-2) 4-bit
2:1 multiplexers from the critical delay path. Speculating
beyond two additions does not further decrease delay since
the multiplexers are already off of the critical delay path.

3.3 Word-Wide Decimal Addition

The techniques discussed in Sections 3.1 and 3.2 have been
described for 1-digit (4-bit) multioperand speculative
addition. When adding input operands with multiple
digits, the algorithms are performed in the same manner
described previously, but ¢;[0] is set to the carry-out from
the previous less significant carry digit and bit position c;[4]
is passed to the least significant bit of the next more
significant carry digit. Thus, an n-digit multioperand
decimal adder is composed of n 1-digit multioperand
decimal adders that operate in parallel with carries from
one digit fed to the next more significant digit. The 4-bit
sum digits and 1-bit carry digits produced at the bottom of
the 1-digit multioperand adders are fed into a word-wide
decimal carry-propagate adder to obtain the final result.

In our designs, the word-wide decimal carry-propagate
adder is implemented using a decimal carry-lookahead
adder. This adder is similar to the decimal carry-lookahead
adder presented in [8], except one of the input operands has
digits corresponding to carry bits with values of zero or one.
The adder performs word-wide decimal carry-lookahead
addition in three steps. First, interdigit carries are generated
in parallel. Then, the proper decimal correction values are
selected for each digit. Finally, the correction values are
added to the 4-bit sum digits.

Fig. 8a and Fig. 8b show examples of word-wide
multioperand decimal addition using the Single and Double
Correction Speculation Algorithms, respectively. In these

TABLE 3
Speculation Correction Selection Table for Step 4
Cm-2 [4] Cm-1 [4] SC
0 0 0000 (+0)
0 1 0110 (+6)
1 0 0110 (+6)
1 1 1100 (+12)

examples, capital letters are used to indicate that the
operation is performed on operand words with multiple
digits. A; corresponds to input operand A; after the
correction values have been conditionally added. Carries
between digits are shown in bold. While adding the input
operands, carries out of digit position j become carries
into digit position j + 1. The carries out of the most
significant digit position can either be summed, if the
output operand has more digits than the input operands,
or discarded, if the output operand has the same number
of digits same as the input operands. When performing
the digit carry-propagate additions, z’ = sy,_1 + cp_1, €ach
carry-out, Z'[4], is concatenated with the final correction, f,
of the next more significant digit and then added to
Z'[3 : 0]. For the word-wide operations, this is denoted as
Z=17"+ (F,Z'/4]). In the final step, the carry-propagate
adder performs SUM = Z + (R, C0), where CO0 corresponds
to the digit carries from the previous addition and R
corresponds to digit corrections produced by the word-
wide decimal carry-propagate adder.

ao a

v v
Simplifiey
CSA

cil4]

Cca[4] +0 +6+6+12

Correction
Logic

Fig. 7. One-digit, 5-operand Double Correction Speculation Adder.
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Ao =299 = 0010 1001 1001 Ao =299 = 0010 1001 1001
+A; =398 = 0011 1001 1000 +A; =398 = 0011 1001 1000
S, = 0001 0000 0001 S = 0001 0000 0001
C =00101 0011 000 C =00101 0011 000
+ A%, = 4(9+6)(7+6) = 0100 1111 1101 +A; =497 = 0100 1001 0111
S, = 0000 1100 1100 S, = 0000 1010 0110
C, =01010 0110 001 C, =01010 0010 001
+ A3 =596 = 0101 1001 0110 + A3 = 5(9+6)(6+6) = 0101 1111 1100
S, = 1111 0011 1000 S, = 1111 0111 1000
Cs =00001 1000 110 Cs = 00001 0100 110
+A, =6(9+6)5 = 0110 1111 0101 + Ay =695 = 0110 1001 0101
S, = 1000 0100 0001 S4 = 1000 1010 0001
Cq =01111 0111 100 Ci =01110 1011 100
+SC = 066 = 0000 0110 0110 +SC = 066 = 0000 0110 0110
Ss = 0111 0101 1111 Ss = 0110 0111 1111
+iCs =10000 1100 000 +Cs =10001 0100 000
z = 0111 0001 1111 z = 0111 1011 1111
+(F, Z[4) =00111 0110 011 +(F, Z[4)) =00110 1100 011
z = 1110 0111 0101 z = 1101 0111 0101
+ (R, CO) =00110 0001 000 + (R, C0) =00111 0001 000
SUM =10100 1000 0101 SUM =10100 1000 0101
(a) (b)
Ao =299 = 0010 1001 1001
A =398 = 0011 1001 1000
+A; =497 = 0100 1001 0111
S, = 0101 1001 0110
Gi = 00101 0011 001
+A; =59 = 0101 1001 0110
S, = 0101 0011 0010
C, = 01011 0010 110
+ A, =695 = 0110 1001 0101
S, = 1000 1000 1011
+Cs = 01110 0110 100
z = 10110 01110 10011
+G = 1100 1000 0010
z = 0010 0110 0101
+COUT =10 10 10
SUM = 00100 1000 0101
(c)

Fig. 8. Examples of multioperand decimal addition for 299 + 398 + 497 + 596 + 695 = 2, 485. (a) Single Correction Speculation. (b) Double Correction

Speculation. (c) Nonspeculative.

3.4 Nonspeculative Addition

Nonspeculative Adders sum BCD input operands in a binary
carry-save tree, passing carries generated along the way to the
next more significant digit. A preliminary binary sum is then
produced. These sums and carry-outs from the carry-save
adder tree are fed into combinational logic, which produces a

decimal sum and carry corrections if needed.
The algorithm for Nonspeculative Addition is shown in

Fig. 9. In the algorithm, the input operands are shown as
being added serially. In practice, however, a tree of binary
carry-save adders is used to add the input operands. Once
all the input operands are added, combinational logic is
used to determine the sum correction, g, and the carry
correction, cout, for the next more significant digit. These
values are determined based on the number of carries out of

the current digit position, ¢;[4] (for 1 <i<m —2) and the
preliminary sum digit z'[4 : 0].

With the nonspeculative addition algorithm, the sum
and carry correction logic varies based on the number of
input operands added. The sum correction, g, is determined
by recognizing that 1) a correction of six should be added
for each multiple of 10 in the sum of the input digits, 2) each
carry-out of the current position, c;[4] has a weight of 16,
and 3) since g is limited to a 4-bit digit, its value is
computed modulo 16. Thus, the sum correction is

Z[4:0]4+16 x 7% ci[4]

10 ! x 6 | mod 16.  (4)

The carry correction, cout, is determine by recognizing that
1) for each multiple of 10 in the sum of the input digits, a

1)s;+cp=ap+a;+ ay // using carry-save addition

2)for (i=2;i<m-1; i++) // for each
Si+ Ci = Si1 + Gy + Qity;

of the remaining operands

3)Z =Sp2+ Cmaj // 4-bit carry-propagate addition compressing sum and carry
4)z =7 +g; // g is the sum correction (use Table 4 for m=5)
5) Obtain cout // cout is the carry correction (use Table 4 for m=5)

Fig. 9. Serial implementation of the Nonspeculative Addition Algorithm.
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TABLE 4
Sum and Carry Correction for m =5

ci[4] + c2[4] + c3[4] 7’[4:0]
0<7z’[4:0] <10
10 <2°[4:0] <20
20 <7’[4:0] <30
30<7'[4:0] <32
0<7'[4:0]<4
4<7'[4:0]< 14
14 <7'[4:0] <24
24 <7’[4:0] <32
0<7'[4:0]<8
8<7'[4:0]< 16

(]
o
=1
-

(=]

—_

R(R[XRN ||| [N o9

NN === |—= OO
=R =[OV |— O

carry-out of the current digit position should be generated
and 2) the carries, ¢;[4], that have already been passed to the
next more significant digit do not need to be produced by
the carry correction logic. Thus, the carry correction is:

Z4:0] 416 x Y7o ld]| w2

= ~Yall )

i=1

cout =

Because of how cout is determined, z'[4] and z[4] are
discarded, instead of being passed to the next more
significant digit, which simplifies the overall hardware
design.

For a given number of input operands, m, efficient
combinational logic can be designed to produce g and
cout. Table 4 shows how g and cout are determined
based on the sum of the intermediate digit carries, ¢;[4]
(for 1 < i <m — 2) and the preliminary sum, z'[4 : 0], when
m =>5. For example, when ci[4]+ c2[4] 4+ c3[4] =1 and
14 <7'[4:0] <24, the sum of the input digits is 30 <
ap +a; +ag + ag + a4 < 40 since c;[4] has a weight of 16.
Thus, the sum correction is g = (3 x 6) mod 16 = 2 and the
carry correction is cout =3 —1=2. The same basic ap-
proach is used for other values of m, but the sum and carry
correction logic becomes more complex as m increases.

Fig. 4c shows an example of performing the 1-digit BCD
addition 948+ 7+ 6+ 5 =35 using the Nonspeculative
Addition Algorithm. In this example, ¢;[4] + c2[4] + c3[4] =1
and z'[4 : 0] = 19. Based on Table 4 or (4) and (5), this gives
cout = 2 and g = 2. Adding g to z'[3 : 0] gives 5 and adding
cout to ¢;[4] + c[4] + c3[4] gives 3, so the correct result of 35
is produced. As noted previously, z'[4] is discarded, which
simplifies the carry correction logic.

Fig. 10 shows a block diagram for a 1-digit, 5-operand
Nonspeculative Adder. The five BCD operand digits are
added using a binary carry-save tree and a 4-bit CPA. The
result is a 5-bit binary sum, z'[4 : 0], and three intermediate
carry-outs, ci[4], c3[4], and c3[4]. The 5-bit binary sum and
the three carry-outs are fed into sum and carry correction
logic to produce g and cout, which is passed to the next
more significant digit. The sum correction, g, and the lower
four bits of the binary sum, z'[3 : 0], are passed through a
1-digit CPA to produce the correct BCD sum, z.

A 1-digit, m-operand Nonspeculative Adder requires
(m-2) 4-bit carry-save adders, one 4-bit carry-propagate
adder, one 5-level combinational logic block to generate the
carry-out and correction digits (for up to 16 input
operands), and one 3-bit carry-propagate adder to add the
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Fig. 10. One-digit, 5-operand Nonspeculative Adder.

correction digit to the binary sum. Its critical delay path
consists of roughly [logs/, (m —1)] carry-save additions,
one 4-bit carry-propagate addition, one 5-level logic block,
and one 3-bit carry-propagate addition. Unlike the Correc-
tion Speculation Adders, which use an array of binary
carry-save adders and have a linear delay, the Nonspecu-
lative Adders use a tree of binary carry-save adders and
have logarithmic delay.

The word-wide BCD adder for the Nonspeculative
Adders uses decimal carry-lookahead logic, similar to that
described in [8]. The addition is done using a variation of
direct decimal addition [8] in which each 1-digit adder takes
a sum and carry digit and produces digit propagate and
generate signals. The digit propagate and generate signals
are then sent to carry-lookahead logic, which is used to
compute digit carries in parallel. Finally, the digit carries
and additional carry-lookahead logic within each digit are
used to quickly produce the sum digits.

An example of word-wide Nonspeculative Addition is
shown in Fig. 8c. In this example, the input operands are
added using three word-wide carry-save additions and
parallel digit-wide carry-propagate additions to produce Z'.
For each digit, z'[4 : 0] and ¢4[i] (1 <i < m — 2) are examined
to determine the g and cout. G is added to Z’ using parallel
digit-wide carry-propagate additions to produce Z and then
COUT is added to Z using decimal carry-lookahead
addition [8] to produce SUM.

3.5 Binary Multioperand Adders

For comparison, binary multioperand carry-save adders are
built to evaluate the additional cost of performing multi-
operand decimal addition. One set of binary multioperand



960

IEEE TRANSACTIONS ON COMPUTERS, VOL. 54, NO.8, AUGUST 2005

O 4 Operands
@ 6 Operands

O 8 Operands

Delay (ns)
)

0O 10 Operands
r ® 12 Operands

Binary Tree Binary Array

Tree

Non-Speculative

o 14 Operands
® 16 Operands

Double Correction
Speculation Array

Single Correction
Speculation Array

Fig. 11. Delay for 4-bit multioperand adders.

45000

40000

35000

@ 4 Operands
m 6 Operands

0O 8 Operands

30000

25000

o 10 Operands

20000

15000

Area (square microns)

10000 -

5000

Binary Tree Binary Array

Tree

Non-Speculative Double Correction Single Correction

®m 12 Operands
@ 14 Operands

m 16 Operands

Speculation Array Speculation Array

Fig. 12. Area for 4-bit multioperand adders.

adders is designed to be similar to the Correction Specula-
tion Adders and contains a linear array of binary carry-save
adders. The other set is designed to be similar to the
Nonspeculative Adders and uses a tree of binary carry-save
adders. Both types of binary multioperand adders use the
same word-wide carry-propagate adder. In the word-wide
carry-propagate adder, two levels of carry-lookahead logic
are implemented. The first level produces group generate
and propagate signals for 4-bit blocks. The second level uses
the group generate and propagate signals to obtain the
carries into each 4-bit block.

4 SYNTHESIS RESULTS

Decimal and binary multioperand adders were modeled in
Verilog and simulated extensively to ensure correct
functionality. They were then synthesized using Synopsys
Design Compiler and the LSI Logic’s lcbgllp 0.18 micron
CMOS standard cell library. When performing synthesis,
the designs were optimized for area. Four-bit (1-digit) and
32-bit (8-digit) multioperand adders were constructed for
each of the techniques proposed, including the two types of
binary multioperand adders discussed in Section 3.5. Each
32-bit multioperand decimal adder is constructed from
eight 1-digit multioperand adders, followed by a word-
wide decimal carry-lookahead adder. Each 32-bit binary

multioperand adder is constructed using a linear array or
logarithmic tree of carry-save adders, followed by a word-
wide binary carry-lookahead adder. The number of input
operands for the adders constructed ranges from four to
16 operands.

The delay and area for the 4-bit multioperand adders are
shown in Figs. 11 and 12, respectively. The delay and area
for the 32-bit adders are shown in Figs. 13 and 14,
respectively. Similar conclusions can be reached using
either the 4-bit or the 32-bit multioperand adder results.
The 32-bit multioperand adder results, which show the
overall area and delay due to processing multiple digits and
performing word-wide carry-lookahead addition, are dis-
cussed throughout the rest of this section.

For all speculative multoperand adders and also the
binary array multioperand adders, the delay increases
linearly with the number of input operands. The difference
in delay between Double and Single Correction Speculation
Adders grows with more input operands because the
multiplexer delays to select a; or a; + 6 are hidden in the
Double Correction Speculation Adders.

The Nonspeculative Adders have lower delays than all
of the Speculative Adders. The biggest advantage of the
Nonspeculative Adders is that their delay grows logarith-
mically, rather than linearly, since operands are added
using a tree of binary carry-save adders. Their logarithmic
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delay is particularly useful when a large number of input
operands are added. The area for each of the decimal
adders is similar. On average, the Double Correction
Speculation Adders have slightly less area than the other
decimal adders. The Nonspeculative Adders can also be
implemented using (4:2) compressors to further improve
performance and regularity [12].

Although the Nonspeculative Adders have a significant
delay advantage over the Speculative Adders for the
selected standard cell libraries, there are situations in which
the Speculative Adders may have some distinct advantages.
First, the designs of the Speculative Adders are more
regular, which made lead to advantages in full-custom,
deep-submicron design. Second, the final correction logic
for the Speculative Adders is independent of the number of
input operands. This may lead to advantages when
designing iterative multioperand adders in which the
number of input operands can vary since the same final
correction logic can be used regardless of the number of
input operands.

The areas and delays for binary adders are shown for
comparison. The cost of performing multioperand decimal
addition versus multioperand binary addition is calculated
by comparing the Nonspeculative Adders, which have the
smallest delay and small overall area, to the Binary Tree
Adders. The Nonspeculative Adders have 1.44 to 2.34 times
more delay and 1.61 to 2.03 times more area than the Binary
Tree Adders.

5 RELATED WORK ON DECIMAL ADDITION

Many techniques have been developed to speed up the
process of decimal addition [7], [8], [13], [14], [15], [16], [17],
[18], [19], [20], [21], [22], [23]. Since these techniques were
designed for either adding two decimal operands or for
adding a small number of partial products in decimal
multipliers, they are not as well suited for multioperand
decimal addition as the techniques presented in this paper.
In this section, we summarize the previous techniques for
decimal addition that can be more efficiently adopted to
perform multioperand decimal addition and compare them
to our proposed techniques. Further details on the previous
techniques are provided in [8], [14], [15], [16].

One efficient technique for two-operand decimal addi-
tion is direct decimal addition [8]. With this technique,
combinational logic first produces digit generate and
propagate signals for each pair of BCD digits. These signals
are similar to the group generate and propagate signals
used in binary carry-lookahead adders [5], but are modified
to correctly handle decimal operands. The digit propagate
and generate signals are then sent to carry-lookahead logic,
which is used to compute digit carries in parallel. Finally,
the digit carries and additional carry-lookahead logic within
each digit are used to quickly produce the sum digits,
without the need for a final correction. Using this approach
repetitively to perform multioperand decimal addition has
far more delay than the techniques presented in this paper,
since adding m input operands requires (m-1) word-wide
carry-propagate additions.
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Erle and Schulte proposed a different technique for
decimal addition for use in an iterative decimal multiplier
[14]. With this technique, a variant of direct decimal
addition is used to produce intermediate results in a
decimal carry-save format. As introduced in [14], a decimal
(3:2) counter accepts as inputs two 4-bit BCD digits and a
1-bit carry and outputs a 4-bit BCD sum digit and a 1-bit
carry. Similarly, a decimal (4:2) compressor accepts as
inputs two 4-bit BCD digits and two 1-bit carries and
outputs a 4-bit BCD sum digit and a 1-bit carry. To perform
multioperand addition, the decimal (4:2) compressor pre-
sented in [14] can be modified to take four BCD digits and
produce a 4-bit sum digit and a 2-bit carry digit since the
largest sum of four BCD digits is 36. A tree of modified
decimal (4:2) compressors can then be used to add the input
operands, using techniques similar to those employed by
binary (4:2) compressors [10], to produce the result in
decimal carry-save format. A word-wide decimal carry-
propagate adder can then be used to add the resulting sum
and carry digits. This approach, however, is slower and
requires more hardware than the Nonspeculative Adders
presented in this paper since each 1-digit modified decimal
(4:2) compressor requires two binary carry-save additions, a
4-bit binary carry-propagate addition, and decimal sum
correction.

Another approach, proposed by Ohtsuki et al., uses
decimal carry-save addition in a decimal multiplier to
iteratively accumulate partial products [15]. With their
approach, a correction value of six is added to each digit of
the first partial product using a binary carry-save adder. For
each partial product added, the 4-bit sum and 4-bit carry
outputs of the binary carry-save adder are examined, using
fairly complex logic, to see if a correction value of zero, six,
or 12 should be added to the sum digit using a second
carry-save addition. After all of the partial products have
been added, a word-wide carry-propagate addition is
performed. Each digit with a carry-out of zero is then
corrected by subtracting six from the digit. The technique
presented in [15] is similar to the speculative correction
techniques described in Sections 3.1-3.3, with partial
products being analogous to input operands. One advan-
tage of our speculative correction techniques is that our
correction determination logic is much simpler since only
the most significant bit of the carry digit is examined.
Another advantage is that the correction value is added to
the input operands via combinational logic, whereas, in
[15], the correction is added to the new sum, which is on the
critical path of their circuit. With the technique presented in
[15], each input operand added requires two binary carry-
save additions and fairly complex sum digit correction
logic. Although the final correction step used in [15], is
simpler than the final correction step in our techniques, our
techniques are still superior since the iterative portion is
faster and requires less hardware. Furthermore, our Non-
speculative technique has logarithmic delay, while the
technique presented in [15] has linear delay.

Shirazi et al. propose a technique for constant time
decimal addition, called Redundant Binary Coded Decimal
(RBCD), in [16], [17]. When using RBCD to add multiple
BCD operands, the BCD operands are first converted to an
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RBCD representation and then added. Both conversion
from BCD to RBCD and RBCD addition are done in
constant time because carry propagation is eliminated.
When the multioperand addition is complete, the RBCD
sum is converted back to BCD using a circuit that is similar
to a word-wide carry-propagate adder. One advantage to
using our techniques over RBCD is that no conversion to or
from RBCD is required. Our techniques also have the
advantage in that they only have one carry-save addition on
the critical path for each input operand. In comparison, the
RBCD adder has two 4-bit carry-propagate adders and two
PLA accesses for each digit addition performed. Our
techniques need two 4-bit carry-propagate additions only
after all of the operands have been added. Thus, our
techniques are faster and use less area, than the techniques
presented in [16], [17].

6 CONCLUSIONS

In this paper, we have proposed three algorithms for
multioperand decimal addition. The first two algorithms,
which have linear delay, speculate BCD corrections and
correct results based on carries from previous additions.
The third algorithm, which has logarithmic delay, adds the
input operands using a tree of carry-save tree adders and
produces a binary sum. Combinational logic is then used to
correct the binary sum and produce the proper decimal
carry. Our studies show that, compared to the Speculative
Adders, the Nonspeculative Adders have less delay and
roughly the same area. Compared to previous techniques
for decimal addition, our techniques provide a significant
area and speed advantage when multiple decimal input
operands are added.
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