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Abstract: Computers were originally built as fast, reliable and accurate computing machines. It does not matter how large
computers get, one of their main tasks will be to always perform computation. Most of these computations need real numbers
as an essential category in any real world calculations. Real numbers are not finite; therefore no finite, representation method
is capable of representing all real numbers, even within a small range. Thus, most real values will have to be represented in
an approximate manner. The scope of this paper includes study and implementation of Adder/Subtractor and multiplication
functional units using HDL for computing arithmetic operations and functions suited for hardware implementation. The
algorithms are coded in VHDL and validated through extensive simulation. These are structured so that they provide the
required performance i.e. speed and gate count. This VHDL code is then synthesized by Synopsys tool to generate the gate
level net list that can be implemented on the FPGA using Xilinx FPGA Compiler.
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1. INTRODUCTION

The Arithmetic logic unit or ALU is the brain of the computer,
the device that performs the arithmetic operations like
addition and subtraction or logical operations like AND and
OR[1,2]. With the use of addition, subtraction and shifts[3,4],
we are ready to build the operation of multiply. Although
integers provide an exact representation for numeric values,
they suffer from two major drawbacks: the inability to
represent fractional values and a limited dynamic range.
Floating point arithmetic solves these two problems at the
expense of accuracy and, on some processors, speed[5,6,7].

The advantage of floating-point representation over
fixed-point (and integer) representation is that it can support
a much wider range of values. A typical floating-point number
representation (Fig. 1) is composed of four main components:
the sign, the significant (also called mantissa) s, exponent
base b, and the exponent e. [8].

Figure.1: Representation of a Floating-Point Number

The use of biased exponent format has virtually no effect
on the speed or cost of exponent arithmetic (addition/
subtraction), given the small number of bits involved. It does,
however, facilitate zero detection (zero will be represented
with the smallest biased exponent of 0 and an all-zero
significant) and magnitude comparison (we compare
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normalized floating-point numbers as if they were
integers)[9].

1.2. 4.2 IEEE-754 Floating-Point Standard

A main objective in developing such a standard, floating-
point representation standard, is to make numerical
programs predictable and completely portable, in the sense
of producing identical results when run on different
machines. The standard specifies two formats for floating-
point numbers, basic (single precision) and extended
(double precision) [10].

Table 1
Features of the ANSI/IEEE Standard

Floating-Point Representation

Feature Single

Word length, bits 32

Significant bits 23+1(hidden)

Significant Range [1,2–2–23]

Exponent Bits 8

Exponent Bias 127

Zero (± 0) E + bias = 0, f = 0

Denormal E + bias = 0, f ≠ 0

Infinity (± ∞) E + bias = 255, f = 0

Not-a-Number (NAN) E + bias = 255, f ≠ 0

Minimum 2–126 ≈ 1.2 × 10 –38

Maximum ≈ 2128 ≈ 3.4 × 10 38
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The standard has adopted the hidden (implicit) approach
to save one bit in the representation, contributing to
increasing the precision without taking up space. This can
be done by always representing the floating-point numbers
in normalized form, starting with 1 in the most significant
bit of the mantissa (significant). Therefore one can omit this
1 in storing the number.

We have used only the single precision format of the
standard. Table 1 shows that this format uses 8 bits for
exponent with a bias of 127. Twenty-three bits are used as
significant (mantissa) with one hidden bit, which will always
be concatenated as 1 while being operated. We have not used
denormal format and we have also defined certain ranges
for operations to protect our functions from overflow and
undesired inputs.

1.3. Addition/Subtraction: An Overview

Since floating-point numbers are coded as “sign/magnitude”,
reversing the sign-bit inverses the sign. Consequently the
same operator performs as well addition or subtraction
according to the two operand’s signs. Addition/subtraction
of floating-point numbers S = A + B is more complex than
multiplication or division of floating point numbers.

Floating-point addition progresses in 4 steps:

• Mantissa alignment if A and B exponents are
different,

• Addition/subtraction of the aligned mantissas,

• Renormalization of the mantissas sum S if not
already normalized,

• Rounding of sum S’.

The alignment step keeps a “guard bit” and a “round
bit” and yields a “sticky bit” for the rounding step. The
“sticky bit” is the “or” of all the bits discarded during the
alignment shift[11].

1.4. Multiplication : An Overview

An elegant approach to multiply signed numbers is called
Booth’s algorithm. It starts with the observation that with
the ability to both add and subtract there are multiple ways
to compute a product[12]. The key to Booth’s insight is in
his classifying groups of bits into the beginning, the middle,
or the end of a run of 1’s.

Figure.2: Bit Evalutation in Booth Recoding Scheme

Booth’s Algorithm

1. Depending on the current and previous bits (Fig.2),
do one of the following:

00: Middle of a string of 0s, so no arithmetic
operations.

01: End of a string of 1s, so add the multiplicand to
the left half of the product.

10: Beginning of a string of 1s, so subtract the
multiplicand from the left half of the product.

11:Middle of a string of 1s, so no
arithmetic  operation.

2. As in the previous algorithm, shift the Product
register right (arithmetic) 1 bit.

2. PROBLEM FORMULATION

2.1. Floating Point Addition/Subtraction Unit

Typically a floating-point operation takes two inputs with p
bits of precision and returns a p bit result [13,14]. The ideal
algorithm would compute this by first performing the
operation exactly, and then rounding the result to p bits.

2.2. Algorithm

Let a
1
 and a

2
 be the two numbers to be added. The notations

e
i
 and s

i
 are used for the exponent and significand of the

addends a
i
. This means that the floating-point inputs have

been unpacked and that s
i
has an explicit leading bit. To add

a
1
 and a

2
, perform these eight steps[16]:

1. If e
1
<e

2
, swap the operands. This ensures that the

difference of the exponents satisfies d = e
1
– e

2
≥ 0.

Tentatively set the exponent of the result to e
1
.

2. If the sign of a
1
 and a

2
differ, replace s

2
 by its two’s

complement.

3. Place s
2
 in a p-bit register and shift it d = e

1
– e

2

places to the right (shifting in 1’s if the s
2
 was

complemented in previous step). From the bits
shifted out, set g to the most-significant bit, r to
the next most-significant bit, and set sticky bit s to
the OR of the rest.

4. Compute a preliminary significant S = s
1

+ s
2
 by

adding s
1
 to the p-bit register containing s

2
. If the

signs of a
1
and a

2
 are different, the most-significant

bit of S is 1,and there was no carry out then S is
negative. Replace S with its two’s complement. This
can only happen when d = 0.

5. Shift S as follows. If the signs of a
1
 and a

2
 are same

and there was a carry out in step 4, shift S right by
one, filling the high order position with one (the
carry out). Otherwise shift it left until it is
normalized. When left shifting, on the first shift fill
in the low order position with the g bit. After that,
shift in zeros. Adjust the exponent of the result
accordingly.
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6. Adjust r and s. If S was shifted right in step 5, set
r: = low order bit of S before shifting and s:=g or r
or s. If there was no shift, set r:=g, s:=r. If there
was a single left shift, don’t change r and s. If there
were two or more left shifts, set r:=0, s:=0. (In the
last case, two or more shifts can only happen when
a

1
 and a

2
 have opposite signs and the same

exponent, in which case the computation s
1

+ s
2
 in

step 4 will be exact.)

7. Round S using rounding rules as in table 2.

Table 2
Rounding Mode According to Sign of Result

Rounding Mode Sign of result ³0 Sign of result <0

Nearest +1 if (r.p
0
)+(r.s) +1 if (r.p

0
)+(r.s)

If a table entry is non-empty, add 1 to the low order
bit of S. If rounding causes carry out, shift S right
and adjust the exponent. This is the significant of
the result.

8. Compute the sign of the result. If a
1
 and a

2
 have

the same sign, this is the sign of the result. If a
1
 and

a
2
 have different signs, then the sign of the result

depends on which of a
1
, a

2
 is negative, whether

there was a swap in the step 1 and whether S was
replaced by its two’s complement in step 4. Refer
to table 3.

Table 3
Swap of Significand According to Sign of Result

Swap Complement Sign(a
1
) Sign(a

2
) Sign(result)

Yes ∅ + - -

Yes ∅ - + +

No No + - +

No No - + -

No Yes + - -

No Yes - + +

Assumptions

Denormals, NaN and infinity are not processed as they
cannot come in the input, when adder/Subtractor is used in
ASIP.

Special Conditions

Some special conditions are checked before processing. If
any condition is met then we have no need to calculate the
result by normal procedure. Results are directly calculated.
So all the operations are bypassed, when any such condition
is met.

1) If a
1
=0 and a

2
=0 then result will be zero.

2) If a
1
=a

2
 and sign of a

1
≠ sign of a

2
 then result will

be again zero.

3) If a
1
=0 and a

2
≠ 0 then result will be equal to a

2
.

4) If a
2
=0 and a

1
≠ 0 then result will be equal to a

1
.

5) If d=|e
1
 – e

2
| > 24 then result will be equal to larger

of a
1
 and a

2
.

A. Floating Point Multiplication Unit

Multiplication involves two basic operations: the generation
of partial products and their accumulation [17]. Hence there
are two ways of speed up multiplication:

• Reduce the number of partial product;

• Accelerate there accumulation.

Clearly a smaller number of partial products reduces
the complexity, and, as a result, reduces the time needed to
accumulate the partial products. To reduce the number of
partial product we may examine two or more bits of the
multiplier at a time. However this scheme requires the
generation of the multiples A, 2A, 3A where A is multiplicand
[18]. The simplest recoding scheme is the original Booth’s
algorithm. In this algorithm, the current bit x

i
and the previous

bit x
i-1

 of the multiplier x
n-1

x
n-2

… x
1
 x

0
 are examined in order

to generate the ith bit y
i
, of the recoded multiplier y

n-1
 y

n-2
…

y
1
 y

0
. The previous bit, x

i-1
, serves here only as a reference

bit. At it’s turn, x
i-1

 will be recoded to yield y
i-1

, with x
i-2

serving as reference bit. For i=0, we define the reference
bit x

-1
 to be zero. A simple way of computing the recoded

bit is through.

y
i
= x

i – 1 – x
i

In this method, two bits of multiplier (figure 3.) X are
examined at a time, x

i
 is recoded into y

i
, while x

i-1
, serves as

a reference bit.

Figure.3: Two Bits of the Multiplier are Considered at a Time

There are two drawbacks of radix 2 algorithms:

1) Number of add/sub operation is variable so number
of shift operation between two                 consecutive
add/sub operation. These are very inconvenient
when designing synchronous multiplier.

2) This algorithm becomes in efficient when there are
isolated ones.

The situation can be improved by examining the three
bits of X at time rather than two.  Booth algorithm handles
2’s complement multiplier correctly, but we have to make
sure that n is even. Otherwise, an extension of the sign bit is
required. Also we need to add a zero to the left of the
multiplier if unsigned numbers are multiplied and n is odd.
Two zeros must be added if n is even [19].
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Table 4
Rules For Radix–4 Modified Booth’s Algorithm

X
i

Xi – 1 Xi – 2 Y
i

Yi – 1Operation Comments

0 0 0 0 0 +0 Shift 2-bits

0 0 1 0 1 +A Add A and Shift 2-bits

0 1 0 0 1 +A Add A and Shift 2-bits

0 1 1 1 0  +2A Add 2A and Shift 2-bits

1 0 0 1 0  -2A Sub 2A and Shift 2-bits

1 0 1 0 1 -A Sub A and Shift 2-bits

1 1 0 0 1 -A Sub A and Shift 2-bits

1 1 1 0 0 +0 Shift 2-bits

3. PROBLEM IMPLEMENTATION

3.1. Floating Point Addition/Subtraction Unit

A floating point operation takes two inputs with p bits of
precision and returns p bit result. The ideal algorithm would
compute this by first performing the operation exactly and
then rounding the result to p bits. Addition is a complex
operation because depending on the signs of the operands,
it may actually be a subtraction. If it is an addition, there
can be carryout on the left. If it is subtraction there can be
cancellation also. In each case the position of round bit is
different. However, we don’t need to compute the exact sum
and then round. We can infer it from the sum of the higher
order p bits together with the round and sticky bits.

The flow chart employing the above given algorithm is
depicted below:

Figure. 5: Flowchart Showing the Implementation of Adder/
Subtractor Unit

Figure.6: Architecture of Adder/Subtractor without Special
Conditions

The implementation of the above architecture in its
constituent components is shown below:

Figure.7: Block Level Implementation of the Algorithm

3.2. Floating Point Multiplication Unit

Booth algorithm requires examination of the multiplier bits,
and shifting of the partial product. Prior to the shifting, the
multiplicand may be added to partial product, subtracted
from the partial product, or left unchanged according to the
recoding table given in above section.

According to the bits of the multiplier if it comes out to
be a string of 0’s then only 2 bit right shift is required. The
selector decides whether 2’s complement operation is
required or not depending on the addition or subtraction. In
both the cases shift operation is performed thereafter. Finally
the result register is loaded with the concatenated result of
the acc and str.
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Figure. 8: Flow Chart Showing the Multiplication Steps

Figure. 9: Single Adder Architecture For Floating Point
Multiplication Using Booth’s Recoding Algorithm

Figure.10: Three Adder Architecture for Floating Point
Multiplication Using Booth’s Recoding Algorithm

4. RESULTS AND DISCUSSION

Synthesis Reports

Combinational Floating Point Adder/ Subtractor Using
Structural Style

Chip create time: 24.540000s, Chip optimize time:
127.950000s, FSM synthesis: BINARY

Target Information:

Vendor: Xilinx, Family: VIRTEX, Device:
V800HQ240, Speed:-6

Chip Parameters:

Optimize for: Speed, Optimization effort: Fast,
Frequency: 25 MHz

Number of flip-flops: 0, Number of latches: 0

Design Information:

Target Device: XV400, Target Package: hq240, Target
Speed: -6

Design Summary:

Number of Slice Latches: 7 out of 18,816 1%

Number of 4 input LUTs: 716 out of 18,816 3%

Number of bonded IOBs: 97 out of 166 58%

Total equivalent gate count for design: 4,427

Additional JTAG gate count for IOBs: 4,656

Timing summary:

Maximum path delay from/to any node: 77.941ns

Sequential Floating Point Multiplier Using Booth’s
Recoding Algorithm Using One Adder

Chip create time: 22.430000s, Chip optimize time:
43.440000s, FSM synthesis: ONEHOT

Target Information:

Vendor: Xilinx, Family: VIRTEX, Device:
V800HQ240, Speed: -6

Chip Parameters:

Optimize for: Speed, Optimization effort: Fast,
Frequency: 25 MHz

Number of flip-flops: 145, Number of latches: 0

Design Summary:

Number of Slice Flip Flops: 145 out of 18,816 1%

Number of 4 input LUTs: 250 out of 18,816 1%

Number of bonded IOBs: 96 out of 166 57%

Total equivalent gate count for design: 2,813

Additional JTAG gate count for IOBs: 4,656
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Timing summary:

Minimum period: 12.323ns (Maximum frequency:
81.149MHz)

Minimum input arrival time before clock: 19.747ns

Minimum output required time after clock: 13.632ns

Using Three Adders

**seq. multiplier using 3 adders and 6 states**

Chip creates time: 22.430000s, Chip optimize time:
43.440000s, FSM synthesis: ONEHOT

Target Information:

Vendor: Xilinx, Family: VIRTEX, Device:
V800HQ240, Speed: -6

Chip Parameters:

Optimize for: Speed, Optimization effort: Fast,
Frequency: 25 MHz

Number of flip-flops: 154

Number of latches: 0

Design Summary:

Number of Slice Flip Flops: 152 out of 18,816 1%

Number of 4 input LUTs: 356 out of 18,816 1%

Number of bonded IOBs:96 out of 166 57%

Total equivalent gate count for design: 3,811

Additional JTAG gate count for IOBs: 4,656

Timing summary:

Minimum period: 15.231ns (Maximum frequency:
65.656MHz)

Maximum path delay from/to any node: 10.563ns

Minimum input arrival time before clock: 13.436ns

Minimum output required time after clock: 19.228ns

5. CONCLUSION

First the algorithms have been recast so that they become
easily understandable and can lead to lower cost designs.
They were then implemented in VHDL using behavioural
style of coding. Then the The architectures for different
operations have therefore been chosen according to the
needs. For some operations where speed is critical,
combinational architecture has been chosen and where area
is critical sequential architecture has been implemented.

From the overall speed requirement of the algorithm of
Text To Speech conversion, the Floating point multiplication
and addition operations have been allocated 250ns each
maximum. Besides, from the I/O considerations, the clock

period has been fixed as 40ns. Therefore, the multiplication
and addition operations have to be completed within 6 clock
cycles. The Floating point multiplication operation was
implemented using sequential architecture based on Booth’s
Radix-4 recoding algorithm. The gate count got reduced to
3811 and architecture gives result after 6 clock cycles of
15.2ns each.

For Floating-Point addition, the sequential addition
could have been complex so the combinational architecture
has been implemented. This architecture when synthesized
gives gate count of 4427 and delivered results in 77.94ns.

 All the above architectures are designed keeping in view
the requirements of Text To Speech Processor. So, these
architectures represent optimal solutions for the specific
application context for which they were designed. They or
their suitable adaptations can be used in other similar
application contexts.
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