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Abstract

Floating point arithmetic is an essential part of today's digital signal processors (DSPs).
DSPs require fast arithmetic components; mainly a multiply and accumulate unit (MAC),
which is adapted to compute the product of two numbers then adds the product to the
previous accumulator output [1].

In this thesis, we present an efficient implementation of the IEEE 754 single precision
floating point multiplier and adder. Also a MAC unit was created using the implemented
multiplier and adder units. Finally, we explored advanced verification methodology and
created Transaction Level Modeling (TLM) based testbench for the floating point
multiplier and the floating point adder.

We used VHDL to implement pipelined multiplier and adder. The multiplier and adder
implementation handle the overflow and underflow cases. The adder is implemented with
rounding support, while the multiplier is implemented in two forms; one with rounding
support and another without rounding support. The implemented multiplier and adder
were compared against Xilinx floating point IP core in terms of operation, frequency and
resource usage.

The implemented multiplier (with 3 pipelined stages) achieved 356MHZ while the
implemented adder (with 3 pipelined stages) achieved 307MHZ.
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Chapter 1.  Introduction

This chapter provides an introduction to the thesis. It describes the aim of the thesis and
highlights our main contributions. The chapter is organized as follows. Section 1.1
explains the motivation of the thesis. Section 1.2 presents the contribution of the thesis.
Section 1.3 explains the organization of the thesis.

1.1 Motivation

Digital signal processing plays an important role in almost all digital devices. Digital
Signal Processor (DSP) is a type of microprocessor that is designed with special
hardware configurations that allow it to efficiently process digital signals [2]. DSPs often
include several independent execution units, for example: arithmetic logic unit (ALU),
shifter and MAC Units; all operating in parallel. The multiply and accumulate operation
is the most common operation in all digital signal processing algorithms [3].

What is special in DSP?
e Fast Multipliers
Multiple Execution Units
Data Format (fixed point/floating point - word width)
Efficient Zero-Overhead Looping
Specialized Instruction Sets

Floating-point arithmetic is the most popular way of representing real numbers. The most
widely used floating point representation is the one specified by the IEEE 754 standard
for floating point arithmetic [4]. The IEEE floating point standard unifies the results of
arithmetic operations made on real numbers across all microprocessors complying with it.
The standard specifies the behavior of the arithmetic operations, as well as the
exceptional conditions. It gives unique algorithms for addition, subtraction,
multiplication, division, and square root and it requires that implementations of any of
these arithmetic operations produce the same result as the algorithm.

Floating-point multiplication and addition are costly operations in terms of hardware and
timing. Modern FPGAs which offer millions of gates removed the constraints on the area;
this will be seen in the implementation of the proposed multiplier and adder where they
only consumed 1% of the FPGA.



1.2 Contribution of the Thesis

In this thesis we implemented a floating point multiplier, a floating point adder, a MAC
unit, and finally TLM based testbenches for the multiplier and the adder.

The floating point multiplier was implemented in two forms; one with rounding and the
other without rounding. The latter provides more precision as it presents the significands
product as is. A simple ripple carry adder was used in the exponent addition and a ripple
borrow subtractor was designed for the bias subtraction. In the significand multiplication
a carry save multiplier was used. The multiplier design was pipelined with three stages of
registers. A testbench was developed for the multiplier (with/out rounding) which
generates stimulus and compares the output of the implemented multiplier to the output
of a reference multiplier model. The reference multiplier model was the Xilinx floating
point multiplier IP core.

The multiplier (with/out rounding) was synthesized and implemented targeting Xilinx
Virtex-5 FPGA. The used area and the maximum frequency were compared to those of
the Xilinx IP core.

The floating point adder was implemented with rounding support. The adder was divided
into building blocks and VHDL models were written for each of them. The adder design
was pipelined with three stages of registers. A testbench was developed for the adder
which generates stimulus and compares the output of the implemented adder to the output
of a reference adder model. The reference adder model was the Xilinx floating point
adder IP core.

The adder was synthesized and implemented targeting Xilinx Virtex-5 FPGA. The used
area and the maximum frequency were compared to those of the Xilinx IP core.

The implemented multiplier was connected to the implemented adder to form a MAC
unit. A reference MAC unit was made from the Xilinx multiplier and adder cores. A
testbench was developed for the MAC unit. The MAC unit was synthesized and
implemented targeting Xilinx Virtex-5 FPGA.

Finally, we explored an advanced verification methodology based on TLM called Open
Verification Methodology (OVM) and used it to test the implemented multiplier and the
adder.

1.3 Organization of the Thesis

This thesis is organized as follows: Chapter 2 explains real number representation and
gives an overview of the IEEE 754 floating point standard focusing on multiplication and
addition of floating point numbers. Chapter 3 gives background information on related
work regarding implementation of floating point multipliers and adders.

Chapter 4 proposes a hardware implementation of floating point multiplier, and shows its
simulation and synthesis results. Chapter 5 proposes a hardware implementation of
floating point adder, and shows its simulation and synthesis results. Chapter 6 shows the
simulation and synthesis results of a MAC unit composed from the implemented
multiplier and adder.
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Chapter 7 describes a TLM verification methodology called OVM and used it to create a
testbench for the implemented floating point multiplier and adder.
Chapter 8 Concludes the thesis and suggests some ideas for future work.






Chapter 2.  Floating Point
Representation

Representing Real numbers in an efficient way on computers is highly required in many
fields, for example finance, engineering, and science. In this chapter, we review floating
point numbers representations. The chapter is organized as follows. Section 2.1 explains
the fixed and floating point representations of real numbers. Section 2.2 explores the
IEEE standard for floating point numbers representation. Section 2.3 explains floating
point multiplication. Section 2.4 explains floating point addition.

2.1 Real numbers representation

In order to represent real numbers, a decimal point should exist in the binary
representation of that number. There are two methods to do this [5].

Method 1: Fixed point representation

In fixed point representation there is a fixed number of bits to represent the integer part of
the real number and another fixed number of bits to represent the fractional part. Also the
decimal point location is fixed [6].

Representing a number in fixed point format requires rounding the number to fit in the
fixed number of bits of the integer part and the fractional part, thus loss of precision.

Example: Let’s consider an unsigned fixed point system that represents the integer part
in 5 bits and the fractional part in 4 bits.
Table 2-1 shows the bits, the decimal point location and the weight of each bit [5].

Table 2-1 Fixed Point Format
24 12 [22 |2t [ 2° 2t 2% 23| 2*®
Xa [ Xz | Xo | X1 | Xo | Yi [ Y] Y3 ]| VYa

As an example the value 24.3125 is represented as 11000.0101.
Table 2-2 shows the largest and smallest numbers that can be represented and the

Binary format Decimal number
Smallest representable number 00000.0000 0.0
Largest representable number 11111.1111 31.9375
Precision 00000.0001 0.0625

precision of this system; the precision is the minimum difference between two successive
mantissa (the fractional part of the number) representations and is equal to the minimum
mantissa value.

Binary format Decimal number
Smallest representable number 00000.0000 0.0
Largest representable number 11111.1111 31.9375




| Precision | 00000.0001 | 0.0625 |
Table 2-2 Largest, smallest numbers and precision of fixed point format

The dynamic range and the precision are the main concern of designing using fixed point
number format.

Method 2: Floating point representation [7] [8]

Let’s first consider a real number representation in decimal format; one possible way to
represent the real number 12500; is to represent it as 125 x 107 and the number
-0.0000013 as -1.3 x 10°®; in this exponential format we needed to represent the sign, the
fraction and the power (exponent), this can be generalized in the following equation

Z = (-1)%9" * fraction * 10P°" (0.1)

Binary floating point representation uses a similar format where there are Sign bit(S) and
mantissa (M, the fractional part of the number), multiplied by an exponential part (25);
where E is called the exponent.

A number Z in the binary floating point format is represented as follows:

Z=(-1*M*2° (0.2) [5] [6]

The exponent E can be a positive or a negative integer but to ease floating point number
arithmetic operations, a bias (B) is always used so that we only have positive exponents;
i.e E = Eqe + B, where Eyye is the true exponent value (in other words the unbiased
exponent) [8].

If the mantissa (M) is represented in m bits then the mantissa (M) is calculated as follows

M= Mp1* 2+ Mpa* 2%+ ..+ mp* 2™ [8]
Thus equation (0.2) becomes
Z=(-1)3*M=*2F"B (0.3)

Where

S: Sign bit

M: Mantissa; M = Mmq X 22 + MmaXx 22+ ..+ mgx 2™

E: Exponent

B: Bias

The advantage of floating-point representation over fixed-point representation is that it
can support a much wider range of values.

Example: Let’s consider an unsigned (no sign bit) floating point system that represents
real numbers in 9 bits (the exponent part is represented in 4 bits; the mantissa part in 5
bits and the bias value is 7).



