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ABSTRACT

Due to inherent limitations of Fixed-point representation, it is sometimes
desirable to perform arithmetic operations in the floating-point format. Although
an established standard for floating-point arithmetic operations exist, the growing
demand for high-performance computing platforms has pushed the computing
community to work upon new architectures and algorithms for .ﬂoating point
arithmetic operations. Performing the arithmetic operé.tions on IEEE Floating-
point numbers imposed challenges beyond the challenges of Fixed-Point
~ arithmetic. These challenges particularly include the task of normalization and
IEEE compliant rounding. For some time now the researchers have been working
on use of FPGAs to solve the problem. The presented work is also exploring an
application area of FPGA to develop independent System on Programmable Chip
(SOPC) design. This work describes the implementation of Floating-point
arithmetic unit in FPGA chip, using VHDL programming on Xilinx ISE 7.1
platform supported by Modelsim and Aldec Active HDL simulation environment.
Besides implementing the addition, subtraction, mulﬁplication, division, square
root, and absolute unit, some other supporting units like general purpose registers,
control registers, tag register, status register etc are also implemented to make it
work in stand-alone mode. This feature also provides flexibility of writing
programs to the end user. The input/output number format confirms IEEE—754
standard single precision real numbers. Internally, calculations are performed
- according to IEEE-754 standard double-extended precision real numbers (as
incorporated in Intel Pentium4 processor). This inherited feature assists floating-
point arithmetic unit in enhancing the accuracy. A special care has been taken
through the tag word. The tag register checks the validity of number befbre
performing a complex arithmetic computation and thereby saves clock cycles in

case the data register is empty or contains zero, infinity or invalid number. I also
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- implemented the normalization unit and all four possible rounding modes. In
essence, this dissertation presents a well thought FPGA implementation of all the
basic arithmetic operations and a successful attempt has been made to save silicon
area and reduce overall latency. .An implementation of turbine efficiency
measurement is presented, illustrating the use of Floating—point arithmetic unit.
Simulation and Synthesis results of all sub-components within the FPU and the

efficiency measurement are also presented.
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FPGA Based Floating Point Arithmetic Unit for Turbine Efficiency Measurement

CHAPTER 1
INTRODUCTION

A floating-point number is a digital representation for a number in a certain subset
of the rational numbers, and is often used to approximate an arbitrary real number on a
computer. The term floating point is derived from the fact that there is no fixed number
of digits before and after the decimal point; that is, the decimal point can float. There are
also representations in which the number of digits before and after the decimal point is
set, called _ﬁxed—poiht represéntations. In general, floating-point representations are
slower and less accurate than fixed-point representations, but they can handle a larger
range of numbers. '

The Floating Point Arithmetic Unit (FPU), designed in this dissertation, is a
specialized computation unit that manipulates numbers more quickly than the basic
microprocessor circuitfy. The FPU does this by means of instructions that focus entirely
on large mathematical operations.

System-on-a-chip (SoC) is a new insight of integrating all components of a
computer system into a single chip [21]. This chip may contain digital, analog, mixed-
signal all on the same dye. These chips are rapidly replacing more sophisticated computer
© systems in many applications [41], especially when the silicon space available is a
concern. The presented FPU offers programming flexibility to the end user.

Digital systems are either conventional hard-core systems (application specific
integrated circuits — ASIC‘s) which have limited hardware programming (customization)
capability, or soft-core systems (Field Programmable Gate Array — FPGA based systems)
which are fully programmable and customizable.

Each of these systems has their own pros and cons discussed as below,

e Hard-core Systems (ASICs): ,

An ASIC is an integrated circuit (IC) customized for a particular use, rather than
intended for general-purpose use. These systems have portability problems, and using a

full fledged microprocessor for every task is not feasible. Thus, hard-core systems are

Electrical (M&I) 1
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Introduction

generally ordered by the customer to the manufacturer to do a specific task. Also, the
development time and NRE cost for ASICs is very high.

° S_oft-core Systems (FPGA based systems):
FPGA based processors are fully programmable (customizable) systems. Any
general FPGA based system can be programmed in two levels: Low level and
High(level using HDL [19][20]. FPGAs have almost zero NRE cost and available
in the market all the time. The FPGA core can be programmed to be any digitai
system one can think of, from a simple logic AND gate to a full fledged
microprocessor. The same FPGA coré can be reprogrammed (re-customized)

later, to serve other purposes.

Thus, because of the _“hardware customization” concept that is introduced by the
FPGA based systems, 'two entirely different systems can be constructed using the same
chip with different HDL files. This is a relatively new technology, and limited numbers
of éoft-cor_e FPUs exist in the market.

In today’s processing-power hungry applications, the extended dynamic range and
precision offered by floating-point arithmetic is quickly becoming a requirement in
numerous signal processing algorithms that are being used in graphics, advanced wireless
communications, instrumentation, industrial control, audio and medical imaging
applications. This growing use of floating-point arithmetic places a requirement for area
efficient and high performance solutions on hardware engineers. One such application is
turbine efficiency computation. To calculate unit efficiency, one needs to process large
number of variables aéquired from different locations of hydro power stations. An
independent Floating-point arithmetic unit is designed that is supported by eight general
purpose registers, tag register, control register, and status register. These supporting -
registers make FPU to work in stand-alone mode.

1.1  Motivation

- For the most part, the digital design companies have resolved to FPGA design
instead of ASICs due to its effective time to market, adaptability and most importantly,

2 ' Electrical (M&I)
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FPGA Based Floating Point Arithmetic Unit for Turbine Efficiency Measurement

its low cost. Floating-point arithmetic unit is one of the most important custom
- applications needed in most hardware designs as it adds accuracy and ease of use. A lot of

work has been doné on floating-point operations and FPGAs that is summarized in

section 1.3. However, to the best of my knowledge, there is no work which gives
" implementation of Floating-point arithmetic unit in FPGA with a facility to program it
- and a detailed analysis of architectural implementation of sub operatigns for floating-
point arithmetic unit in FPGA. Since the area occupied by floating-point unit in FPGA is
well known to be very large, I investigated several approaches/algorithms to reduce the
area and execution time of Floating-point arithmetic unit. A successful implementation of

turbine efficiency measurement is presented, illustrating the use of floating-point unit.

1.2 Research Focus

The main contribution and objective of our work is to implement and analyze
algorithms for floating-point operations and hardware modules used to compute
these algorithms. These algorithms and modules are implemented using Very High
Speed Integrated Circuit (VHSIC) Hardware Description Language (V' HDL), and then
are synthesized using Xilinx ISE 7.1 platform supported by Modelsim and Aldec Active
HDL simulation environment [15][1]. These implementations are placed and routed in
the FPGA device. Area and timing information for each design approach and algorithm

~ is analyzed.

1.3 Literature Review

One of the earliest investigations into using FPGAs to implement ﬂoating-
point arithmetic was done by Fagin et al. [4] who in 1994 showed that implementing
IEEE single precision operators was possible, but also impracticable on then current
FPGA technology. The circuits designed by the author were an adder and a
multiplier and both had full implementation of all four rounding modes specified by
IEEE 754 standard. Area was the critical constraint, with the authors reporting that

no device in existence could contain a single precision multiplier circuit. Therefore,
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Introduction

the authors purpose adopting smaller, custom formats which may be more

appropriate to FPGA architectures than the full IEEE formats.

This line of thought was expanded on by the significant work of Shirazi et al.
[5] who suggested application specific formats in width of 16(1-6-9) and 18(1-7-10)
bits, as opposed to full 32(1-8-23) bits in the IEEE 754 standard. Modules for
addition/subtraction, multiplication, and division were presented, though no work

was done on implementing rounding or error-handling.

Another significant work came from Louca et al. [6] in which the authors,
building on the work of Shirazi and others, abstract the normalization operation
away from the actual arithmetic operators, in an effort to conserve area. No

rounding capability was implemented by the authors, due to area constraints.

Ligon et al. [7] presented IEEE single precision adder and multiplier circuits
on the then newly available Xilinx 4000 series FPGAs. Both circuits supported
rounding to nearest, but didn’t used a separate normalizing unit. Similar work by
Stamoulis et al. [8] presented IEEE single precision adder/subtractor, multiplier and
division circuits. However, the authors don’t present any rounding capability and

normalizing unit.

'~ Work by Sahin et al [9] present adder/subtractor, multiplier and accumulator
circuits, but again only in IEEE single precision format. Also rounding capability is
not implemented. Dido et al. [10] discusses flexible floating point formats which
were different from IEEE 754 standard, but they successfully implemented the
hardware modules without support for rounding. Their format contains no sign bit

or bias of exponent.

Work l-)y-Y. Li et al. [22] present single precision square root algorithm and
its VLSI implementation. Although the design was targeted for CMOS technology,
it gives good implementation details of Non-Restoring method. In 2003, Xiaojun
Wang et al. [23] provided the tradeoffs of implémenting division and square root on
Virtex FPGAs. ‘ ‘

4 Electrical (M&I)
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FPGA Based Floating Point Arithmetic Unit for Turbine Efficiency Measurement

Ling Zhuo et al. [29] presented FPGA based area reduction circuits. Using
Xilinx’s Virtex II pro as the targeted device, Ling Zhuo and others implemented floating

point adder circuits.

One of the most recent works published related to my wozk is published by G.
Govindu, L. Zhuo, S. Choi, and V. Prasanna [11] on the analysis of high-performance
floating-point arithmetic on FPGAs. This paper has been an excellent resource for our
implementation and discussions throughout the research process, aﬁd provides possible
explanations. All the implementations are done with the latest Xilinx Virtex 2p FPGA
- Another recent work by A. Malik et al. [12] discusses an effective implementation of
floating-point adder using the pipelined version of Leading One Predictor (LOP).

Work by Prof. H. K. Verma et al. [2] shows that efficiency test on turbine-
generator unit in a hydro power station needs simultaneous me.ﬁsurement of a number of
variables located in different places in the station using suitable instruments placed close
to respective variables. The measurement data from these instruments can be acquired
simultaneously by connecting them in a network using RS-485 serial data sté.ndard. I
have designed the FPGA based Floating point arithmetic unit capable to further process
the accumulated data. The Floating-Point Arithmetic unit in my work is the generalized
superset of all these works. It not only supports the IEEE 754 format while implementing
all arithmetic operations viz. addition/subtraction, multiplication, division, square root,
and absolute value of a number but also provides the programming flexibility to the end
user. Also, I abstract normalization as well as rounding functionality with a choice of all
four rounding modeé; My Floating-Point unit also provides Status register, Control
E register, eight General Purpose registers and a 'lot more. All this will be discussed in
subsequent chapters. In essence, the features are taken from Intel Pentium4 [14].

1.4 Study Approach

The approach towards this dissertation is to study, implement and analyze different
existing algorithms and selects the one which gives the best performance in terms of area

and latency.

Electrical (M&I) ' 5
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Problem Definition

A

Behavioral Design
and Simulation

y

Fixed Point
Partitioning

A 4

Structural VHDL
Design

Synthesis

y

Map, Place and
Route on FPGA

y

Modify
Architecture, if
needed

2

Turbine Efficiency
measurement

Figure 1.1 Study Approach

To facilitate the design process, a solid probiem definition was defined.

Problem Definition

v Main aim of this dissertation is to explore some new application areas of FPGA to

develop independent System on Programmable Chip (SOPC).

6 Electrical (M&I)
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v To develop a FPGA based Floating-Point Arithmetic unit capable of performing
all arithmetic operations such as addition/subtraction, division, multiplication, square root
and absolute value of a number. The unit should provide programming functionality to

the end user.

v To test the system for Turbine Efficiency measurement.

The Behavioral VHDL modules undergo simulation using Active HDL Tools to
provide the level of comectness before the synthesize stagé. Synthesize is done using
Xilinx ISE 7.1 and the design is mapped, placed and routed on the Xilinx FPGA board.
Timing reports are also generated and changes made to the architecture are back annotated
to the structural design and synthesized to be placed and routed. Figure 1.1 depicts the

methods to be used in this research.

1.5 Organization of Report

Chapter 2 (Turbine Efficiency measurement) discusses the method used for turbine
efficiency measurement. Basic elements of hydro power station have also been

discussed in this chapter.

Chapter 3 (IEEE 754: Standard for Binary Floating-Point Arithmetic) presents the
introduction to IEEE 754 standard. for binary floating-point arithmetic. It gives the
details of basic and extended floating-point number, exception generation and their

handling, normalization and rounding units.

Chapter 4 (Hardware Modules of Floating-Point Arithmetic unit) presents the
. architecture and specifications of Floating-point arithmetic unit. Internal hardware
modules of FPU including their functions and structures are described in detail. The
simulation and synthesis results of these modules are presented in Chapter 6 and

Appendix C respectively.

Electrical (M&I) . 7
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Chapter 5 (Designing with FPGAs) gives overview of FPGA which is followed by
design flow of FPGAs. The chapter also presents the detailed architecture of Xilinx’ '
Virtex II Pro FPGA kit (targeted device in this dissertation).

Chapter 6 (Experimental Results and Verification) presents the experimental results
of all subunits and test bench written for turbine efficiency measurement. Software and
Hardware Environments used during the various phases of dissertation are also

presented.

Chapter 7 (Conclusion and Future Work) concludes and suggests the future work

which can be done in this area.

8 Electrical (M&I)
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| CHAPTER 2
. TURBINE EFFICIENCY MEASUREMENT

2.1 Turbine efficiency measurement: An application

Efficiency test on turbine-generator unit in a hydro power station needs
simultaneous measurement of a number of variables located in different places in the
station using suitable instruments placed close to respective variables [2]. The
measurement data from these instruments was acquired simultaneously by connecting
them in a network using RS-485 serial data standard and was finally collected in a
computer for further processing. Now devoting the whole computer or Laptop for
processing of this data is a costly affair. So I believe that FPGA is best suited for such an
application as it is reconfigurable, ﬂows parallel processing, cost effective, and offers
many other advantages. In this thésis, I have developed a FPGA ‘based Floating-point
arithmetic unit for turbine efficiency measurement. This is a system on chip design which
accepts the real numbers at its input ports, does calculation as programmed by the end
user, and provides the output at its output port. A successful attempt is made to save
silicon space and reduce latency. I believe this prdject will help in saving thousands of
bucks while providing efficient results. |

I have taken it for granted that these variables are already measured and the
measurement data from different instruments can be acquired easily. This chapter
discusses the method employed for the co'mi:utation of turbine efficiency. Before gding

“into the depth of the matter, I would like to discuss elements of hydroelectric system.-

2.2 Elements of Hydroelectric Power Station

Hydropower plants harness water energy and use simple mechanics to convert
water energy into electric energy. Hydroelectric systems are actually based on a rather
simple éoncept — water flowing through a dam turns a turbine, which turns a generator.

The basic components of a conventional hydroelectric system are shown in Figure 2.1.

Electrical (M&I) ' _ 9
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Turbine Efficiency Measurement

* Dam: Most hydropower plants rely on a dam-that holds back water, creating a
large Teservoir. | '

¢ Intake: Intake is the highest point of hydroelectric system where the gravity pulls
the water through the penstock, a pipeline that feeds the turbine, when the gates
on the dam open. Water builds up pressure as it flows through the pipe.

Figure 2.1 Elements of Hydroelectric Power Station [50]

* Penstock: Penstock, the pipeline not only moves the water to the turbine, but is
also the enclosure that creates head pressure as the vertical drop increases.
e Turbine: The water strikes and turns the large blades of a turbine, which is
| attached to genefator above it by way of a shaft. In essence, the turbine is the
heart of hydroelectric system, where the water power is converted into rotational
force that drives generator. For maximum-efﬁciency, turbine should be designed
to match head and flow of the hydroelectric system. Turbines can be divided into
‘two major types:
Reaction Turbines use runners that operate fully immersed in water, e.g.,

Francis, Propeller, and Kaplan etc.

10 . : . Electrical (M&I)
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Impulse Turbines use runners that operate without being immersed in water,

e.g., Pelton, Turgo etc.

Generators: As the turbine blades turn, so do a series of magnets inside the

geﬂerator; Giant magnet rotate the copper coils, producing élternating current
(AC) i)y moving electrons.

Drive system: Drive system couples the turbine to the generator, which converts
the rotational energy from the turbine into electricity.

Powerhouse: Powerhouse is simply a building that houses turbine, generator and
other necessary system components. |

Transformer: The transformer inside the power house takes the AC and converts
it to higher voltage curreﬁt.

Power Lines: Out of every power plant come four wires: three phases of power
being produced simultaneously plus a neutral or ground common to all three.
Outflow: Used water is carried through pipelines, called tailraces, and reenters

the river downstream.

Method used for Turbine Efficiency measurement

Determination of turbine efficiency requires measurement of hydraulic power

input to the turbine and electric power output from the turbine-generator unit, and

~ calculation of the ratio of two quantities.

The hydraulic power input to the turbine, P; is given by
P;=pgHO
where, g is the acceleration due to. gravity, m/! s2,
. pisthe dénsity of water, kg/mav, ‘
H = H; — H; is the net water head, m, -
H; is water head at inlet, m,
H,is water‘ head at éuﬂet, m, o

Q is the water discharge through the turbine, m’/s.

Electrical (M&I) . 11
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Turbine Efficiency Measurement

The international standard value of g is 9.806 m/s%. However, its actual value at a
given location is a function of the latitude and altitude of the location. Values of g are
given in IEC-60041 [3] that shall be used for achieving higher accuracy.

The density of water is approximately 1000 kg/m® and it is a function of
temperature and pressure. Values for density of water, p are given in IEC-60041 [3].

There are number of methods available to find the net water head, H and
discharge, Q. betails of these methods are available in IEC-60041 manual [3].

The electrical output from the turbine-generator unit can be measured by using a
wattmeter. Let the output from turbine-generator unit be represented by P,

The following figure 2.2 gives an idea of the method used to measure turbine
efficiency.

Unit»efﬁciency is given by

Generator _ Output, P,
Hydraulic _ Input, P,

UnitEfficiency,n,, = X100%

© . Knowing the value of the generator efﬁciency, 7, the turbine efficiency can be

calculated by the following relation:

Unit _ Efﬁciency, ny
Generator _ Efficiency,1],

X100%

TurbineEfficiency, 7, =

So efficiency measurement based on the above concepts requires the -
measurement of following parameters:
Water density, p
Gravity, g
Water head at inlet, H;

Water head ateistlet, H5
Discharge, 0

A L AL DND =

Generator output, P,.

To leam' about acquiring the measurement data simultaneously, please refer to [2].
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CHAPTER 3

IEEE 754: |
STANDARD FOR BINARY FLOATING-POINT ARITHMETIC

Floating Point is a representation of real (fractional) numbers. In this

representation, the location of the fractional point-can be moved from one position to

another according to the precision. In the early days of computers, vendors start

developing their own floating-point representations and methods of calculations. These

different approaches lead to different results in calculations. So the IEEE organization

defined in the IEEE-754 standard a representation of the floating point numbers and the

operations [13]. The standard specifies:

3.1

Basic and extended floating-point number formats '

Add, subtract, multiply, divide, sﬁuare root, remainder, and compare oper_ations
Conversions between integer and floating-point formats -

Conversions between different floating-point formats .

Conversions between basic format floating-point numbers and decimal strings

Floating—point exceptions and their handling, including non numbers (NaNs)

Formats

IEEE Floating-point representation divides the number of bits into three groups:

Sign bit: The sign bit is as simple as it gets. 0 denotes a positive number; 1
denotes a negative number. Flipping the value of this bit flips the sign of the

number,

The Biased-Exponent part: The exponent is that component of the binary
floating-point number that normally signifies the integer power to which two is

raised in determining the value of the represented number. And the biased-

Electrical (M&I) 15
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exponent is the sum of the exponent and a constant (bias) chosen to make the -

biased-exponent range non-negative.
Biased-Exponent, e = E + bias

The range of the unbiased exponent E shall include every integer between two
values Ep, and Epng, inclusive and also two other reserved values E,-I to
encode 0 and denormalized numbers, E, .+ to-encode oo and NaNs. The

foregoing ﬁarameters are given in Table 3.1.

* The Fractional part (also known as mantissa): The field of the significant that
lies to right of its implied binary point.

Fraction, f = .bib;...by.;

The numbers are of the form (-1 )*25(b.b;b,.. bp.1)
where, s =0or 1;
E = any integer between Epin and E, 0
b,=0o0rl; |

The IEEE 754 standard defines five floating-point formats in two groups, basic
~and extended [13]. The basic format is further divided into single-precision with 32-bits
wide, double-precision with 64-bits wide and quad-precision with 128-bits wide. Then
there is single-extended precision format and double-extended precision format.
Extended format is implementation dependent and does concerns my project. The inputs
to Floating-point unit are siﬁgle-precision real numbers but internally, all the calculations

are carried out in double-extended format to enhance the accuracy of result.

16 . Electrical (M&I)
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~ Table 3.1 Summary of Format parameters

Single : Double ~ Quad
Parameter Single Extended Double Extended Precision
Total bits 32 >43 64 >79 128
Precision 24 >32 53 >64 113
bits, p ' '
Sign bits, s i 1 1 1 1
Fraction 23 >32 52 >64 112
bits, f
Exponent 8 >11 11 =15 15
bits, e
Emax +127 >+1023 +1023 >+16383 | +16383
Emin | -126 <1022 71022 <16382 | -16382
Exponent | +127 Unspecified +1023 Unspecified +16383
bias

3.2 Normalization

Normalization is the act of shifting the fractional part in order to make the most
significant bit of the fractional part one. During this shifting, the Jexponent is incremented.
In essence normalized numbers have theu' MSB 1 in the most left bit of the fractional part _
and denormalized numbers are just the opposite of normalized numbers.

Some operations like addition/subtraction require that the exponent field should
be same for all operands. In such a case, one of the operand should be denormalized. I
have done denormalization of the smaller operand.

Denormalized numbers have important use in some operations and numbers. For
example, assume minimum exponent of some format is -88, and the number of digits is 3.
It is required to perform x —y where x = 5.87x10-87 and y = 5.81x10-87. The result of
this operation is 0.06x10-89 which is too small to be represented as a normalized number.
If we try to represent it as normalized number, the result becomes zero which is incorrect
- but if it is denormalized we will get the correct result.

Electrical (M&I) 17
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3.3 Special values

The IEEE 754 standard supports some special values viz positive zero, negative
zero, positive infinity, negative infinity and Not a Number (NaN) as given in Table 3.2.

Table 3.2 (a) Special values

Name Exponent Fraction Sign Exp bits Fract bits
+0 Min -1 =0 + All zeros All zeros
0 Min — 1 =0 - All zeros All zeros

Number | Min <e < Max Any Any Any ~ Any
+00 Max + 1 =0 + All ones All zeros
-00 Max + 1 =0 - All ones All zeros

NaN Max +1 ~ Any All ones Any

Below is a table with the corresponding values for a_gi‘ieq' representation (single

precision, in this case) to help better understand the above table.

Table 3.2 (b) Example: Special values

Sign Exponent Fraction Value
0 00000000 00000000000000000000000 +0
1 * 00000000 00000000000000000000000 -0
1 00000000 10000000000000000000000 {  -2°"#7x0.(27)
0 00000000 00000000000000000000001 | +2%""x0.(27>)
0 10000000 00000000000000000000000 +00
1 10000000 00000000000000000000000 o0
0 10000000 10000000000000000000000 NaN

18 Electrical (M&I)
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3.4 Exceptions

There are five types of exceptions that shall be signaled when detected. For each
type of exception the implementation will provide a bit in the Status register that will be
set on any occurrence of the corresponding exception. The presented implementation of
Floating-pint arithmetic unit will provide the end user a way to read and write thé status

‘register.

3.4.1 Invalid Operation
The invalid operation exception is signaled if an operand is invalid for the
operation on to be performed. The invalid opérations are: R
¢ Any operation on a NaN '
_® Addition or subtraction: < + (-00)
e Multiplication: +0 x +
¢ Division: +(/+0 or + oo/ £ 0

® Square root: if the operand is less than zero

3.4.2 Division by zero
If the divisor is zero and the dividend is a finite nonzero number, then the division

by zero exception shall be signaled. The result will be correctly signed co.

34.3 Overflow _
The overflow exception is signaled whenever the result exceeds the maximum
value that can be represented due to the restricted exponent range. It is not signaled when
one of the operands is infinity, because infinity arithmetic is always exact. Division by

zero also doesn't trigger this exception.

3.4.4 Underflow

Two events cause the underflow exception to be signaled, tininess and Ibss of
accuracy. Tininess is detected after or before rounding when a result lies between 4Bmin,
Loss' of accuracy is detected when the result is simply inexact or only when a
denormalization loss occurs. The implemented FPU core signals an underflow exception

Electrical (M&I) 1 9
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whenever tininess or denormalization loss is detected after rounding and at the same time

the result is inexact.

3.4.5 Inexact
. This exception will be signaled whenever the result of an arithmetic operation is

not exact due to the restricted exponent and/or i)recision range.

3.5 Rounding Modes
Rounding takes a number regarded as infinitely precise and, if necessary, modifies

it to fit in the destination's format. To increase the precision of the result and to make best
use of rounding modes, all the internal calculations are carried out in double-extended
format The IEEE 754 standard specifies four roundir;g modes and my FPU supports all

these rounding modes:

3.5.1 Round to nearest number

This is the standard default rounding. The value is rounded up or down to the
nearest infinitely precise resﬁlt. If the value is exactly halfway between two infinitely
precisé results, then it should be rounded up to the nearest infinitely precise number.
e.g.,3.4 will be rounded to 3.0 and 3.5 to 4.0.

3.5.2 Round-to-Zero
Basically in this mode the number will not be rounded. The excess bits will
simply get truncated, e.g. 3.47 will be truncated to 3.4.

3.53 Round-Up
The number will be rounded up towards +o, e.g. 3.2 will be rounded to 4.0, while
3210-3. '

3.5.4 Round-Down
The opposite of round-up, the number will be rounded up towards -o, e.g. 3.2 will
be rounded to 3.0, while -3.2 to -4.
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CHAPTER 4
HARDWARE MODULES OF
FLOATING-POINT ARITHMETIC UNIT

This chapter presents the architecture and specifications of Floating-point
arithmetic unit. Internal hardware modules of FPU including their functions and
structures are described in detail.

4.1 Architecture of Floating-point Arithmetic unit

FLOATING-POINT ARITHMETIC UNIT
32 : - , S 32
date % in 7T EEXTOSINGLE | g 5 |SHGLEPRECKIO — data int ot
dala fract 7T CONVERSION |~ | [ 7 |CONVERSION | 1 f peo oy
UNIT -
AD : . Vi T 7 stahis_word
Al — ¥ v«‘l, > conrol word
A2 — A > g word
: 1%
F-X 3 3 ) )
b e I — 5 vl g
A7 : 18 fines for  stack_overdow
chip_select ‘ 5 stack, underflow
- >, sumenic_overflow
S — : i i y pumenic_undedflow
.IGSB.’(S -e’. - s divide_by,_zero
£5_tnain —|
Figure 4.1 (a) Architecture of Floating-point arithmetic unit
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Inside of execution unit is as shown below in Figure 4.1 (b).

STACK

32 lines I g
from Hex g —1 0
—Zpial [
toSinge | | B | |
precision q — &
converter 9]
B
16 lines
from A
decoder S é
7> E 2
0]
4 9]
<z )
16
16 ‘Aé
£ E 0
L
=
) Kj
16 ¢,
Z
<Z e
<4
HOQ
23]
[+4

U

80-BIT BUS

ADDITION

SUBTRACTION

MULTIPLICATION
UNIT

DIVISION
UNIT

SQUARE ROOT
UNIT

ABSOLUTE

EXCEPTION
GENERATION

UNIT

—a  zero_flag
—— invalid flag
—>  infinity_flag
L stack_overflow
—> stack underflow
—— numeric_overflow
——> numeric_underflow

~——> divide_by_zero
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Figure 4.1 (b) Execution unit
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4.1.1 FPU interfaces
The following table gives the description of the interfaces of floating-point

arithmetic unit.
Table 4.1 FPU interface
Name Directioh Size Description
data_int_in Input [31:0] | Integer part of real number given to FPU, Its
MSB is taken to find the sign of this number. -
data_fract_in Input [31:0] Fractib_nal part of real number given to FPU.
A Input [7:0] | Address bus predicts which operation is to be
' performed and on which register.
clk Input 1 Clock (4—ve edge trigger)
reset Input 1 Reset all data to zero.
data_int_out Output [31:0] Integer part of real number given to FPU. Its
MSB is taken to find the sign of this number
data_fract_out Output [31:0] | Integer part of real number given to FPU. Its
MSB is taken to find the sign of this number
Status_word “Output [15:0] | Gives the status of FPU
Control_word Output [15:0] | Controls the rounding method used and
" | masks the exceptions.
Tag_word Output [15:0] | Gives information about validity of data in
register stack.
Zero_flag Output 1 Tells whether the data is zero
invalid_flag Output 1 Tells whether the data is invalid
infinity_flag Output 1 Tells whether the data is invalid
stack_overflow Output 1 Tells if the stack is full
stack_underflow Output 1 Tells if the stack is empty
numeric_overflow Output 1 Tells whether result of some operation has
crossed the maximum limit
~numeric_underflow Output - 1 Tells whether result of some operation has
gone below the minimum limit
divide_by_zero Output 1 Tells whether division by zero is attempted
Electrical M&I) 23
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4.1.2 Specifications
Following are the system specifications of Floating-Point Arithmetic unit which

were keeping in mind while designing:

» The core should be complaint with the IEEE-754 standard.

» Although the core is an execution unit, it should work in the stand alone mode.

> The FPU works has storage registers and the result data or intermediate results can be
stored in that. No need for CPU (works in s’tand alone mode)

> The end user will issue instructions to FPU.

The core should provide the status of FPU.’

» The core should provide the functionality to mask the exceptions as described in
IEEE 754 standard and control the rounding modes. '

A\

v

One instruction is executed at a time.

» The user should have ability to read all interfaces.

4.2 Data Registers

Data registers incorporated in Floating-point unit is similar to that of x87 FPU
data registers in Intel processor. It consists of eight 80-bit registers. Values are stored in
these registers in the double-extended precision floating-point format (IEEE 754
standard) [13]. '

On execution of Load instruction, the single precision number from memory or
external world is loaded into data register. Here, the value is automatically converted into
" double-extended precision format. Similarly, on execution of Store instruction, the

double-extended precision number (content of data register) is converted into single

precision format and transferfed back into memory or external world.

| The FPU instructions treat the eight data register as a register stack. All
~addressing of the data registers is relative to the register on the top of the stack. The

register number of the current top-of-stack is stored in the TOP (stack TOP) field in the

FPU status word. Load operations decrement TOP by one and load a value into the new

top-of-stack register, and store operations store the value from the current TOP register in -

memory (or external world) and then increment TOP by one.

24 Electrical (M&I)
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DataRegister
7
Growth 6 ST(D
Stack 5 ST(3)
4 ST(2)
\l/ '3 ST(1)
2 ST
: O “op
o [ouce]
Figure 4.2 Data register stack

If a load operation is performed when TOP is at bottom of the stack (i.e. at 0),
register wraparound occurs and the new value of TOP is set to 7. The floating-point
stack-overflow exception (see exception generation unit 4.13) indicates when

- wraparound might cause an unsaved value to be overwritten. Internally, assembler
supports register addressing mode to operate on the top of the stack, usirig the expression
RO to represent the current stack top and R; to specify the ith register from the TOP in
the stack (0 <=1i <= 7) . For example, if TOP contains 010B (assume, register 2 in the top
of the stack), the following instruction would multiply the contents of two registers in the

~ stack (register 2 and 6): '

FMUL ST(4);

4.3 Control Register

The 16 bit FPU control word (see Figure 4.3) controls the rounding method used.
It also contains the exception mask bits. The contents of this register can be loaded with
the load control word instruction. |

When the FPU is initialized with the either an initialization instruction or upon
reset the control word is set to 0COOH which unmask all floating-point exceptions and
sets rounding to nearest. 4

The exception flag mask bits (bit 0 through 4 of the control word) mask the five
floating point exception in the FPU status Word. When one of these mask bits is set, its

corresponding exception is blocked from being generated.
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The bits 10 and 11 of the control register controls how the results of FPU are
rounded. Rounding control is designed as per IEEE 754 standard [13].

Rounding Control

15 ‘ 0
RC[ [ulo] z[D[T

Exception Maslks

Underflow
Overflow

Zero
Denormalized
operand

Invalid operation

Figure 4.3 Control register

4.4 Status Register
The 16-bit FPU status register (see Figure 4.4) indicates the current state of the
FPU. The flags in the status register include the busy flag, top-of-stack (TOP) pointer,
condition code flags, stack fault flag, and exception flags. The FPU sets the flags in this
register to show the results of operations. The contents of the status register can be stored
in memory or external world using the FRSW instruction.
* Busy Flag: Indicates FPU is busy i.e. executing an instruction.
e pr of Stack (TOP) Pointer: A pointer to the FPU data register that is currently
 atthe fop of the register stack is contained in bits 11 through 13 of the FPU status
word. This pointer, which is commonly referred to as TOP (for top-of-stack), is a
binary value from 0 to 7.
* Condition Code Flags: It consist of zero flag, infinity flag, and sign flag for
indicating different conditions after executing asked operation.
* FPU Exception Flags: The four exception flags (bits 0 and 2 through 4) of the
FPU status word indiéate that one or more have beeh detected since the bits were
last clgared. The individual exception ﬂags (E, ZE, OE and UE) are described in

26 . ' . Electrical (M&I)
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detail in Section 4.13. Each of the exception flags can be masked by an exception
mask bit in the FPU control word. .
® Stack Faulf: The stack fault flags (bit 6 and 7 of the status register) indicate that
stack overflow and stack underflow has occurred with data in the data registér
stack.
15 0
B{0|TOP|C2C1CO|S l‘le o]ulo|zjo1
E| |E

=g
= o

L 1

| INVALID EXCEPTION
——— RESERVED

" ZERQEXCEPTION
OVERFLOW EXCEPTION

- UNDERFLOW EXCEPTION

RESERVED

STACR UNDERFLOW

STACK OVERFLOW

CONDITION FLAGS

TOP-OF-STACK

-RESERVED

BUSY

Figure 4.4 Status register

4.5 Tag Register

The 16-bit Tag register gives the information about validity of contents of FPU
data register stack (one 2-bit tag per regisfér%. The tag indicates whether a register
contains a valid number, zero or a special floating number (NaN, infinity), or whether it
is empty [14]. On reset, FPU tag word is set to FFFFH, which marks all the FPP data
register as empty. Each tag in the tag word corresponds to a physical register (number 0
to 7). '

Instruction FADD, FSUB, FMUL, FDIV, FSQRT, FABS use this tag information
to check the content of data register before performing their operations, this assist FPU

to prevent from performing complex operation and allows save clock cycles.
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15 , 0
' TAG{T) | TAG(S) | TAG(S) | TAGH) | TAG(3)| TAGR) | TAG(1)| TAG(D):

.....

Figure 4.5 Tag Register
Tag in the tag word changes only when the write operation is pefformed on the

FPU data registers. Tag word marks empty the appropriate tag (top of stack) after read
operation. End user cannot directly load or modify the tags in the tag register.

4.6 Decode unit

Don't - Instruction  Register numberwith
care opcode reference to top-of-stack

Figure 4.6 address lines to decoder

The address bus cbnsists of eight address lines. These address lines are distributed
as shown below in Figure 4.6.

The instruction decoder logic is 4:16 lines i.e. input to the decoder is 4 address
lines (AsAsA4A3) and output from the decoder is 16 1-bit signal. Each of the lines either
activate or deactivate chip select signai. At a time, only one chip is activated. The
remaining address lines (A2A1Ap) identifies the register number with reference to top-of-
stack for arithmetic operations. ‘

For example,
FMUL ST(3)
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Assuming that top-of-stack is S’i‘(2).
The opcode for this operation is 00100011
where, 3-LSB bits i.e. 011 represents ST(3) and next four bits i.e. 0100 represents

multiplication bit. MSB does not have any meaning, that is don’t care.

4.7 Precision converter

4.7.1 Conversion of Single precision to Extended-Double precision

The input number format is in accordance to the IEEE 754 standard single
. precision real number, and to .enhance the accuracy of FPU result, internally the floating-
point calculations are carried out in IEEE-754 staxidard extended-double precision

format.

Algorithm
The Algorithm to convert single precision number to extended-double precision
format is as follows:
Step1:  Place 31® bit (sign bit) of single precision to 79 of extended—double
precision. |
Step2:  Set the 63” bit of extended-double precision to 1 (normalizing).
Step 3:  Add 16383 -127 = 16256 to exponent field of single precision and place it
in the exponent field of extended-double precision.
Step4:  Place 23 bits of mantissa part-of single precision to MSB 23 bits of
mantissa part of extended-double precision. Place the trailing zéros in the mantissa

part of extended-double precision.

4.7.2 Conversion of Extended Double precision to Single precision

The output number is single precision floating-point format and as discussed in
the previous section, the internal calculations are carried out in extended double precision
format. Hence, the reverse conversion is also necessary. The conversion from extended-

double precision of single precision is a trivial task. Here we need to consider the
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rounding mode of the mantissa part of number and overflow and underflow of the

exponent part of the number.

Algorithm ‘
The Algorithm to convert extended-double number to single precision format is as
follows:
Step1: If the extended-double precision number corresponds to zero, NaN or
infinite, replace with corresponding format of zero, NaN and infinite in single
precision.
Step 2:  If the number is valid number, subtract 16256 from the exponent field of
extended-double precision and place it iﬁto exponent field of single precision. In case
of overflow, place infinite number into single precision. In case of underflow, place
zero number into single precision.
Step3:  Place MSB 22 bits of mantissa field of extended-double precision in the
MSB 22bits of mantissa field of sinéle precision. 23™ bit of mantissa field of single
precision depends on the selected rounding mode.
Step4: Place ‘0’ in 23" bit of mantissa field of single precision if the selected
rounding mode is round to down. Place ‘1’ in 23" bit of mantissa field of single
precision if the selected rounding mode is round to up. Place 40™ bit of extended-
double precision into 23™ bit of mantissa field of single precision if the selected
rounding mode is found to zero. Place 39™ bit of extended-double into 23™ bit of

mantissa field of single precision if the selected rounding mode is round to nearest.

4.8 Addition/Subtraction unit

In this section, we will discuss the floating-point addition algorithm architecture
and the hardware modules designed as part of this algorithm including their function,
structure and use. The 80-bit FP adder/subtractor has a latency of 18 clock cycles' (see

simulation result in Figure 6.7).
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4.8.1 Use of Tag word _
The two operands are checked for their validity using tag word. If the Tag word

for any opeljand contains any value other than 00, one of the following operations will be
performed:
* If tag word for any operand is 01 or 11, the result is replaced with other number as
these tag words represent zero and empty registers.
¢ If tag word for any operand is 10, the result is replaced with infinity as these tag
words represént that infinity is contained in the corresponding register.

In above cases, the clock cycles consumed are 7. Thereby, tag register helps in

saving the clock cycles and reduce latency.

4.8.2 Algorithm

Let S1; E1; F1 and S2; E2; F2 be the signs, exponents, and mantissas of two input
floating-point operands. Given these two. numbers, Figure 4.6 shows the flowchart of the
floating-point adder algorithm. A description of the algorithm is as follows.

Stage 1: Unpacking Operands

- The two sign, exponent and mantissa bits for operand A and operand B are
latched in registers which are 1-bit, 15-bits, and 64-bits in length. The inputs are checked
for special values: Infinity, Not a Number and. Zero énd the appropriate flags are set
which is passed on through all stages.

Stage 2: Exponent Difference Module

The second stage in the adder uses comparator logic to place the larger of the two
operands as operand A. The combinational VHDL process compares the exponents. If the
| exponents are equal, the logic then compares the mantissa values. The comparator is left

to the synthesis tool. Sign bits of the two operands are XOR'ed. Sign bits do not affect the

comparison.

Electrical (M&I) 31
IOIT Roorkee



Hardware Modules of Floating-Point Arithmetic Unit

Stage 3: Shift Mantissa Stage

In order to add two floating-point values in scientific notation, the two values 4
must have the same exponent in both sign and magnitude. The adder must perform this
operation by shifting one of the operands and making adjustments to the operand
exponent value. Stage 2 has taken the difference of the two operand exponents to
determine how many shifts are needed on operand B .and accordingly exponent of
operand b is adjusfed. By shifting to the right, the opei'and stands to lose only Jower
significant bits. The maximum number of shifts needed is 64.

Stage 4: Mantissa Addition Stage .

In this stage, the addifion/subtraction of the two mantissa integer values is
performed in accordance with -the sign bits. Note that since operand A is greater than
operand B, a borrow cannot happen in subtraction, and thus, the carry—outvbit of the result
is cleared. The carry-out bit becomes important in the next stage'whichv may indicate the
result needs no further normalization or exponent adjustment. If an addition took place
with a carry-out, an immediate adjustment to the exponent must be done prior to the
normalization stage since the bit does not take part in the 64-bit mantissa result vector. To
do so, the stage must shift the result vector to the right by one to accommodate the carry-

out bit as the new leading-one.

Different fixed-point adglers are studied to determine which gives the best
performance. The different kinds of integer adder used for comparative study are
1. Ripple Carry adder,
2. Carry Lookahead adder,
3. Carry Select adder and
4. Carry Save adder.

All adders are implemented at the logic-level and the working of each adder is

explained in Section 4.8.3. The exponent and sign bits are stored in delay registers.
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Figure 4.6 Addition/Subtraction algorithm

Stage 5 and Stage 6: Leading One Detector and Normalization Shift stage

After the addition, the next step is to normalize the result. The first step is
to identify the leading or first one in the result [25][35][36]. Coﬁlparator logic is used
here to find the first leading-one digit from the MSB. A counter maintains the number of

- comparisons made which is the equal to the number of shifts needed. The shift value is
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used to normalize the mantissa such that the leading-one in the mantissa resides in the
most signiﬁcant bit location. This stage also uses the shift value to adjust the exponent to
the number of shifts required. Shifter in this stage is left to the synthesis tool.

- Stage 7: Pack operands
Finally sign, exponent and mantissa are concatenated to form the 80-bits results
and passed as an output from the FPU. The special condition flags are checked and if any
of the flags are set high, then the result vary accordingly. The result is stored back in a
80-bit register.

4.8.3 Different types of integer adders and their comparative study

Different fixed-point adders are studied to determine which gives the best
performance. Each adder chosen in this study has its own advantage of either having a
simple design or high speed [29]. After a careful analysis, Block Carry Look Ahead adder
is chosen for FPU design.

1 Ripple Carry Adder
The implementation_of a ripple carry adder for two operands x,.;, X2, ..., Xp and
Ynds Yn2s s Yo is through the use of n basic units of full adder. A full adder (FA) is a
logical circuit that accepts two operand bits, say x; and y; and an incoming carry, denoted
by C;. The outgoing carry, C;,; is also the incoming carry for the subsequent FA, which
has x}+ ;7 and y;,; as input bits. The FA is a combinatorial digital circuit implementing the

binary addition of three bits through the following Boolean equations:
Ciy1 = a:s‘y,,-%—%c;-(wg-ﬂkyg)

A RCA consisting of FA's for n = 4 is depicted in following figure. In parallel
arithmetic unit, all 2n input bits (x; and y;) are usually available to the adder in the same

time. However, the carries have to propagate from the FA in the position 0 (the position
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of the FA whose inputs are xp and yy ) to position i in order for the FA in that position to
produce the correct suin and carry-out bits. That is, we need to wait until the carries

ripple through all 7z FAs before we can claim the sum outputs are correct.

By A B, A B A& By #
Ci S S So

Figure 4.7 Ripple Carry Adder

The FA in position i has a combinatorial circuit with an incoming carry ¢; = 0 at
the beginning of the operation, and will accordingly produce a bit s;. Ripple effect can be
observed at the sum outputs of the adder as well, continuing until the carry propagation is.

done. The incoming carry in at position 0, cg, is always zero.

. Disadvantage:

The obvious disadvantage of a RCA is the long carry propagation time. The worst
case delay for a RCA is n.T; where n is the nqggber of bits a_nd T, is the operation time
(delay) of an FA, assuming that the delays associated with generating the sum output and
the carry-out are equal. .

Advantage:
The advantage of this adder is the simplicity of the design and area occupied by
the adder which is not very high.
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2 Carry-Look-Ahead Adders

* The main idea behind carry-look-ahead addition is an attempt to generate all
incoming carries in parallel (for all n-1 high order FAs) and avoid the need to wait until
the correct carry propagates from the stage (FA) of the adder where it has been generated.
This is possible since the carries generated and the way they propagate depend only on
the digits of the original numbers Xy.;, Xp.2, ++-» X0.80d Yp.1, Y2, ---» Yo- These digits are
available simultaneously to all stages of the adder and consequently each stage can have
all the information it needs in order to calculate the correct value of the incoming carry
and compute the sum bit accordingly. This leads to large ihputs which may be reduced at -
each stage by extracting the information from the input digits needed to determine
whether new carries will be generated and whether they will be propagated.

There are stages in the adder where x; = y; = I, in which a carry-out is generated
regardless of the incoming carry, and as a result, no additional information on the
previous input digits is required. Other stages are only capable of propagating the
incoming carry. | 4 |

Following logic functions are defined to assimilate the information regarding
generation and propégation of carries, using logic functions OR and AND operation. Let
Gi = x; * y; denote the generated carry and let P; = x; + y; denote the propagated carry.

Hence the boolean expression for carry out is:
i1 = T -y + € - T + i = Gy + o+ By
Replacing c; = G;; + c¢;.;P;; in the above expression
cis1 = G + Gier Py + 611 Py Py

Further substitutions allows us to calculate all the carries in parallel from the
original digits X,,.;, Xp.2, ..., Xg and Yp.1, ¥n-2, ..., Yo and forced carry cy. For example, for

- a 4-bit adder, the carries are

ci = Go+oFy
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e = Gi+GoPi PP

& = Ga+GiPy+ GoPiPs +es PPy

1l

G ¥:Ga Py s+ GiBsPs 1 G PLPsBs o PoE

- Ch

The following figure depicts the working of 4-bit CLA.

More generally for anyj with i < j, j + I < k, we have the recursive relations
eepr = Guk +Piici

Gie. = Gty +Lvigoy

Fy = B&j Ff?’-&-l,k

The above equation says that carry is generated out of the block consisting of bits
i through j inclusive if it is generated in the high-order part of the block (j+1, k) or if it is
~ generated in the low-order part of the block (Z, j) and then propagated through the high
part.

Advantage:
The bits in a CLA must pass through about log,» logic levels, compared with 2n

for a ripple-carry adder. This is a substantial speed improvement, especially for a large n.

- Disadvantage:
Comparing area, ripple carry adder had n cells, whereas the CLA has 2n cells.
The point is that a small investment in size pays off in a dramatic improvement in

speed.
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Figure 4.8 Carry Look Ahead Adder

3 . Carry Select Adders
Carry select adder is another fast adder that provides a logarithmic speed-up [27].
The principle behind this scheme is to generate two sets of outputs for a given group of
operand bits, say k bits.
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Figure 4.9 Carry Select Adders

Each set includes k£ sum bits and an outgoing carry. One set assumes that
eventually incoming carry will be zero, while the other assumes that it will be one. Once ‘
the incoming carry is known, we need only to select the correct set of outputs (out of the
two sets) without waiting for the carry to further propagate through the k positions.

This idea should not be applied to all » operand bits at the beginning of the add
operation, since we will then have to wait until the carry propagates through all n
positions before making the selection. Therefore the above idea has to be appﬁed after
given r bits is divided into smaller groups. This allows serial carry-propagation inside the
individual groups to be performed in parallel which reduces the overall execution time.
Each group generates two sets of sum bits and an outgoing carry bit. The incoming carry
selects one of these two sets. The working of a 12-bit CSA is shown in above figure. |
Comparison with previous two adders:

In general CSAs require more gates than CLAs and CSA have almost the same
speed as CLA. The design of CSA is however less modular than CLA and this is the main

reason for higher popularity of CLA. The delay of CSA is proportional to Vn , which is
~ lesser than the delay for RCAs but greater than CLAs.
4 Block Carry-Look-Ahead Adder '

As we discussed earlier in this section, CLA needs an extremely large number of

gates and more importantly, gates with high fan-in are required. This can be compensated
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by reducing the span of the look-ahead at the expense of speed. For this, we have to
divide the n stages into groups and have a separate carry lookahead in each group.

‘The groups can be interconnected by the ripple carry method. By dividing the
adders into equal sized groups, modularity increases. A group size of 4 is chosen, as it is
a common factor of most word sizes, and also.because of technology dependent
constraints ( example, the available number of input/output pins).

For n bits and groups of size 4, there are n/4 groups. T, propagate a carry through
a group once the P;’s, G;’s and C, are available, we need 2T time units. Thus, ITg is
needed to generate all P; and G; and 27 is needed to generate the sum outputs, for a
total of

(A2nf44-3)Ac={n/2+3)Ac

This is almost fourfold reduction in delay compared to the 2nT¢ of a ripple carry

adder. Group-generated carry, G* and a group-propagated carry, P*, for a group of size 4
are as follows: :

| G* = 1 if a carry-out is generated internally and P* = ] if a carry-in is

propagated internally to produce a carry-out. The Boolean equations for these carries are

il

P = BPBP;

The group-generated and group-propagated carries for several groups can now be
used to generate carry-ins in a manner similar to single-bit carry-ins in above equation. A
combinatorial circnit implementing these equations is called a carry look-ahead
generator. As the number of bits, 7, increases, more levels of carry lookahead generators
can be added in order to speed up the addition. The overall addition time of a carry
lookahead adder is therefore proportional to logyn, where b is the blocking factor.

'All‘ the above integer adder units were simulated and tested to meet the desired
specifications. Based bn the simulation results, I selected Block Carry Look Ahead adder
because of its high speed and area efficient characteristics.
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- 4.9 Multiplication unit ,

The second basic arithmetic operation needed to perform FPU operations in this
thesis is the multiplication. Constructing a fast multiplier in an FPGA presents a challenge
due to the shear amount of logic required. Traditional integer milltiplier has been studied
and number of stages has been modified to give the best performance and area.

According to [16], floating-point multiplication is inherently. éasier to design than
floating-point addition. Multiplication ‘rgquires integer addition of operand exponents and
integer multiplication of significands which facilitate normalization when multiplying
normalized significands. These independent c_)peratiohs within a multiplier make it ideal
for pipelining. ‘

The fixed point multipliers used in multiply mantissa stage can be non-pipelined,
~ partially pipelined or fully pipelined. In this thesis, study of pipelined and non-pipelined
fixed point multipliers has been done. The pipeline latency remains tﬁe only drawback |
which is not a concern in this study as the FPU is receives operands evefy clock cycle. By
. using a pipelined multiplier, the resource consumption not only decreases but the speed

actually increase.

4.9.1 Use of Tag word

The two operands are checked for their validity using tag word. If the Tag word
for any operand contains any value other than 00, one of the following operations will be
performed: :&

e If tag word for any operand is 01, the result is replaced with zero as this tag word
represent zero in the corresponding register.

¢ If tag word for any operand is 11, the result is replaced with another operand as
this tag word represents empty registers.

o If tag word for aﬁy operand is 10, the result is replaced with infinity as these tag
words represent that infinity is contained in the corresponding register.

in above cases, the clock cycles consumed are 7. This allows save clock cycles in

- certain case.
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4.9.1 Algorithm
The following section describes the different stages of floating point

multiplication algorithm. The 80-bit FP multiplier has a latency of elg¥nclock cycles. All

symbols have usual meaning.

Stage 1 UNPACK OPERANDS
81 L : l 52 E l B omic . NI
Stage 2 ZOR | ADDER ' |
7
BIAS
5 OUT SUBTRACT M AT
X, , — L
Stage 3 (A (LSS FIXED POINT
DIVIDER
E_OUT -
5_0uT _ | — BIAS l M_OUT
p 7 EXPONENT NORMALIZER
Stege 4 v ADIUST .
. M OUT
sour E OUT | l -
Stage 5 PACK OPERANDS

Figure 4.10 Multiplication Algorithm

Stage 1: Unpacking Operands

| The two sign, exponént and mantissa bits for operand A and operand B are
latched in registers which are 1-bit, 15-bits, and 64-bits in length. The inputs are checked
for special values: Infinity, Not a Number and Zero and the appropriate flags are set -
which is passed on through all stages.

Stage 2: Calculate exponent and sign
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The exponents of operand A and operand B are added together and the bias is
subtracted from the result which gives the resultant biased exponent. The sign bits of the
two operénds are XOR'ed to give the resultant sign bit. The sign and exponent output are
passed on through all stageé. | |

~ Stage 3: Multiply mantissa
The mantissa fields of operand A and operand B are multiplied. The output of the
fixed-point multiplier is double the mantissa length. '

The different kinds of fixed-point multipliers used for comparative study are
1. Shift-Add multiplier,
2. Booth multiplier

All multipliers are implemented at the logic-level and the working of each adder

is explained in Section 4.9.3. The exponent and sign bits are stored in delay registers.

Stage 4: Normalization Shift stage

After the multiplication, the next step is to normalize the result. The first step is to
identify the leading or first one in the result. In multiplication, leading one is either
- available at MSB or next to MSB. Comparator logic is used here to find the first leading-
one digit from the MSB. The shifting is used to normalize the mantissa such that the
leading-one in the mantissa resides in the most’significant bit location and accordingly

the exponent is adjusted. The upper 64 bits of the result are reta_ihed as mantissa.

Stage 5: Pack operands

Finally sign, exponent and mantissa are concatenated to form the 80-bits results
and passed as an output from the FPU. The special condition flags are checked and if any
of the flags are set high, then the result vary accordingly. The result is stored back in a
64-bit register.

Electrical (M&I) 43
IIT Roorkee




Hardware Modules of Floating-Point Arithmetic Unit

4.9.3 Different types of integei‘ multipliers and their comparative study

Different fixed point multipliers are studied to finalize the fixed-point multiplier
which gives the best performance in terms of area and delay. On the basis of simulation
results, obtained using Active HD_L 6.1, Booth’s algorithm is found to be the best suitable
algorithm available for my FPU design. High speed multipliers can be classified as
parallel, sequential and array multipliers. The first generates all partial products in parallel
and uses a high-speed adder to accumulate them, whereas the second generates the partial
products sequentially and adds them togéther. Array multipliers are made up of identical
cells that generate new partial products and accumulate them simultaneously. After a vast
study of previous work the following muluphers are studied which either have reduced
execution time or less hardware complexity.

1. Shift add multiplier (SA)

2. Booth multiplier

Multiplications are essentially a series of additions. The different integer multiplier
discussed deals with two main operations: generating partial products and different ways of
adding partial products. There are different methods to encode the multiplicand which can
mainly be classified as non-booth and booth encoding. Hence two an adder from each
category has been chosen for this study béing Shift-Add multiplier and Booth multiplier.

How to speed up the addition/subtraction?

There are two ways that the addiﬁons gﬁan be speeded up:
1. Speeding up each addition. |

To speed the addition the one of the fast adders which has already been studied can
be used.

2. Reducing the number of additions required.

The number of additions can be reduced in two ways. One is to shift over strings
of O0's and 1I's without doing any addition and the other is to scan two or more multiplier
digits each cycle and hence add larger multiples of the multiplicand in each cycle. After the
partial products are produced they can be added using a fast adder like carry save adder.
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1 Shift Add Multiplier _

The first and simplest method for encoding is non-Booth. This algorithm is
simply a shift and add algorithm where the multiplicand is condiﬁoﬁally added to produce
the final result. Shift-add multiplier uses the concept of an array multiplier which is
described in detail in this section. An array multiplier is constructed by an array of
identical elementary processor units, each of which processes single-bit data. The basic
unit usually consists of a partial-product bit generator and a full adder. A new partial-
product bit is generated and added to the previous accumulated partial product in one cell

1371 |

To illustrate the operation of a shift-add multiplier, consider a 4 x 4
multiplication shown in following figure, which contains all 16 partial-product bits
in the form of X;¥;. The array adds the first two levels of partial product bits e.g.

- X3Yoto XoYp and X3Y; to XoY; together in the second row of array (first row of the
array adds the partial products from previous stage and the first level of partial
product bits together if it is in multiple length multiplication) after proper
alignment. The results of the second row are then transferred to the third row and
added to the third level of partial product bits X;¥> to X,Y5, and so on. All additions are
done using a Block Carry lookahead adder.

XY XY XiYi KoYy
X3¥3 Xo¥s Xi¥s Xo¥s |
: S S S5 Sy S; 8 . 8 So

The block diagram of the basic processor cell and the 4 x 4 array multiplier is
depicted in following figure 4.11.
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Figure4.11 (b) Shift-Add Multiply

* Electrical (M&I)

IIT Roorkee



FPGA Based Floating Point Arithmetic Unit for Turbihe Efﬁciéncy Measurement

Advantages:
The simple and regular structure of the shift-add multiplier makes the design

and layout processes easy and suitable for automatic generation.

Disadvantages:

It requires a large amount of silicon area and the speed is low since the delay
depends on the depth of the array. It is also inefficient because as the number
propagates through the array, each row of the processor units is used only once.
Unfortunately, there is no reduction in the number of multiplicands that need to be
summed to produce the final result. Although it is easy to pipeline which
increases the throughput and utilization greatly, the additional latches needed

increase both the hardware and latency.

2  Booth algorithm for multiplication
The high-level block diagram of the multiplier is shown in figure 4.12. It consists
of ‘ four distinct components. They are the Booth Encoder, Partial Product Generator,

Carry Save adder, and the Carry Lookahead adder.

Figure 4.12 Architecture of the Booth multiplier
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There are two main techniques that can be used to increase the speéd of the
multiplication process [29]. First technique is to reduce the number of partial product .
and the second is to increase the speed at which the partial products are added. The
proposed architecture employs bbth of these techniques in the design. The individual

components are shown and explained in detail below.

a) Booth encounter
This module encodes the 64-bit multiplier using radix 4 Booth’s algorithm. Radix
4 encoding reduces the total number of multiplier digits by a factor of two, which means
in this case the number of multipiier digits will reduce from 64 to 32.

Table 4.2 Booth Multiplication

[ Multiplier Bits.[ Output bits'| Opetationon |
Ly | ¥ Pyer |NEG.|2 |1 | Multiplicang
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ol f

,

B
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| o | o | o
e || @ | ] e e
O | | [ | @ || i [ S

This algorithm groups the original multiplier into groups of three consecutive
digits where the outermost digit in each group is shared with the outermost digit of the
adjacerft group. Each of these groups of three binary digits then corresponds to one of the
numbers from the set {2,. 1, 0, -1, -2}. Each encoder produces a 3-bit output where the
first bit represents the number 1 and the second bit represents the number 2. The third
and final bit indicates whether the number in the first or second bit is negative. Since
there are 64 input bits, there will be a total of 32 Booth encoder modules in the overall
multiplier architecture. The way the outputs are determined is shown in Table 4.2.
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b) Partial Product Generation(PPG)

The output from the Booth encoder is used in this module to generate the partial
products. Since there are 32 Booth encoders there will be a total of 32 partial products.
The multiplication by two is implemented by shifting the multiplicand left one bit and the
negation is implemented by taking the two’s complement of the multiplicand. The
architecture of the partial product generator (for a 16-bit number) is shown in Figure4.13.

s w4

Dottt

L oeNee W coder
9:9:0 W Encader:

Booth - g

B | R0
e Encoder
L i . L .
. . . Kl .
o . » .
SEp — 714
oy : 4—y1>

Figure 4.13 Partial P_qu_duct Generation

Each row of the diagram corresponds to one partial product. Even though the
diagram does not show it, there are eight such rows corresponding to eight. partial
products. Also, each partial product is shifted two bits.to the left relative to the partial
product above it to account for the radix 4 Booth encoding of the multiplier.

¢) Wallace Tree ‘

This module is responsible for adding the partial products that were generated in
the PPG module. This module uses 3 to 2 carry save adders (CSA) to implement the
Wallace Tree. The individual CSAs are nothing more than full adders except for the
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fact that the carry-ins and the carry-outs are handled in a special way. Each column of
numbefs in the partial product is added using this method. Figure 4.14 below shows
how this method works for adding 8 bits. The carry-outs generated in each stage of
addition are transferred to the Wallace Tree of the column of bits of partial products on

the left and the carry-ins comes from the column to the right.

Figure 4.14 Wallace Tree

The advantage of using a Wallace Tree structure for addition is that for. édding
eight bits the result is available only after four full adder delays. If the same addition

were to be performed using a ripple carry édder', it would have required seven full adder
g@,&i‘a M@ R,
@@g Aoﬁ@’ \
/7N B0\
4 A, ‘f:l & e '»
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delays. Therefore, although the structure of the adder might be a little complicated, it
greatly increases the speed of addition. :

d) Carry Lobkahead adder
~ This unit is used to add the final sum and carry vectors generated 'by'the Wallace -
Trees for each column of bits from tﬁe partial products. Only a 64 bit CLA is needed,
instead of full 128 bits, because some of the bits of the final result are already available
from the Wallace Trees. ' '

4.10 Division unit
Division is the most time—consuming and infrequent operation amongst the
arithmetic operations. Many algorithms have been developed for implementing division in
hardware. These algorithms .differ in many aspects, including quotient convergence rate,
fundamental hardware primitives, and mathematical formulations. Division algorithms are
divided into classes based upon the differences in the hardware operations used in their
implementations, such as multiplication, subtraction, and table look-up.

‘Division algorithms can be divided into five classes: digit recurrence, functional
iteration, very high radix, table look-up, and vériable latency. In this work, I have
considered three algorithms which are simulated using Active HDL 6.1. Of these digit-
recurrence division algorithm is chosen for my design because of its low latency.
Performance of the divider is very important in this study as the output of the divider
shall be the input to the multiplier/subtracter of some other unit of FPU [23]. The 80-bit
floating point divider has a latency of 18 clock cycles.

4.10.1 Use of Tag word '

The two operands are checked for their validity using tag word. If the Tag word
for any operand contains any value other than 00, one of the following operations will be
performed: |

e If tag word for divider is 01, the result is set with infinity as this tag word
" represent zero in the corresponding register. And if the tag word for divisor is 01,
then the result is set to zero.
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* If tag word for any operand is 11, the result is unknown as this tag word represcni
empty registers. _

e If tag word for divider is 10, the result is set with zero as this tag word represeﬁt'
infinity in the corresponding register. And if the tag word for divisor is 10, then
the result is set to infinity. |
TIn above cases, the clock cycles consumed are 7. This allows save clock cycles in

certain case.

4.10.2 - Algorithm
‘This section describes the algorithm Mplemented.

Stage 1 ) UNPACK OPERANDS
s} \ o m4 Pm oy M2
Stoge 2 XOR SUBTRACT ¥ +
s (LLLL
3 OUT ADDER M_OUT
. R 4 S —¥
Stage 3 77777 ) S S S FIXED POINT
. - DIVIDER
E_QUT n
§_OUT - . | | wmour
¥ EXPONENT NORMALIZER
Stage 4 /LS ADJUST '
' M_OUT
S OUT ! E OUT | !
Stage 5 PACK OPERANDS

Figure 4.15 Division Algorithm
Stage 1: Unpacking Operands _
The two sign, exponent and mantissa bits for operand A and operand B are
latched in registers which are 1-bit, 15-bits, and 64-bits in length. The inputs are checked
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for special values: Infinity, Not a Number and Zero and the appropriate flags are set
which is passed on through all stages.

Stage 2: Calculate exponent and sign

- The exponent of operand B'is subtracted from that of operand A and the bias is
added to the result which gives the resultant biased exponent. The sign bits of the two
operands are XOR'ed to give the resultant sign bit. The sign and exponent output are
passed on through all stagés. , '

Stage 3: Divide mantissa
The mantissa field of operand A is divided by that of operand B.

The different integer dividers studied and simulated are :
1. Storing and non-restoring division '

2. SRT division

All dividers are implemented at the logic-level and the working of each divider is

explained in Section 4.10.3. The exponent and sign bits are stored in delay registers.

Stage 4: Normalization Shift stage

After the division, the next step is to normalize the result. The first step is to
identify the leading or first one in the result. In division, leading one is either available at
- MSB or next to MSB. Comparator logic is used here to find the first leading-one digit
from the MSB. The shifting is used to normalize the mantissa such that the leading-one in
the mantissa resides in the most significant bit location and accordingly the exponent is

adjusted. The upper 64 bits of the result are retained as mantissa.

Stage 5: Pack operands A
Finally sign, exponent and mantissa are concatenated to form the 80-bits results

and passed as an output from the FPU. The special condition flags are checked and if any
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of the flags are set high, then the result vary accordingly. The result is stored back in a
80-bit register.

4.10.3 Different types of integer dividers and their comparative

study

Following are the algorithms studied and simulated using Active HDL 6.1. It is
found that Digit Recurrence algorithm is easy to design, occupies less space and has low
latency.

a) Digit Recurrence Algorithm

The simplest and most widely implemented class of division algorithms is
- digit recurrence [42]. Digit recurrence algorithms retire a fixed number of quotient
bits in every iteration. Implementations of digit recurrence algorithms are tjpically
of low complexity, utilize small area, and have relatively large latencies. The
fundamental choices in the design of a digit recurrence divider are the radix, the
allowed quotient digits, and the representation of the partial remainder. The radix
determines how many bits of quotient are retired in an iteration. Larger radices can
reduce the latency, but incieasé the time for each iteration. This section introduces
the principles of digit recurrence division, along with an analysis of methods for

increasing the performance of digit recurrence implementations.

b) Restoring and non-restoring division

Given a dividend I and a divisor D, the quotient Q and remaiﬁder R are defined
by:
I=Q-D+Rwith0<R

The division is performed by a sequence of subtractions and

multiplications, as described by the following recursion formula.

Po=r-By—g-D

where, r is the radix. P; is the new partial remainder after the ith iteration, ¢; is the

ith quotient digit which is determined by comparing P;; and D. The comparison process is
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usually done by subtracting g; * D from r * P;;. If the result of the subtraction is positive,
g, will be increased and the subtraction process will be repeated until the result becomes
negative. When P; is negative, g; is decreased by I and the partial remainder P; must to be
restored to its previous value by adding one divisor D to it. Therefore, this method is
called restorihg division [45].

Non-restoring division also based on above equation, but the quotient digit is not
corrected and the remainder is not restored immediately if it isy negative. The correcting'
operations are postponed to. later steps. By alldvﬁng the quotient digit to be negative,
the restoring operation can be avoided. In restoring divfs_ion, gi can be only 1 or 0, but in
non-restoring division, g; belongs to the digit set {-1,1}. Notice that O is ndt allowed in
non-restoring division. When the shifted partial remainder 2P;; equal to 0, the division

process terminates.

¢) SRT division

Each step in the division is dependent on previous ones; so the next step cannot
begin unless the current remainder is known. The quotient digits are obtained from the
current partial remainder. If the quotient digit-selection process in each step can be
simplified, the time to complete each step can be shortened and the speed of division can be
increased [30]: In radix-2 restoring/non-restoring division, the quotient digits are obtained -
by comparing the divisor and the partial remai;}der in full precision. If the comparison
process can be speed up, then the division pr(;&ass can be accelerated. To achieve this
goal, the precision used in the comparison must be reduced. This is the idea of SRT
division:

SRT division is the most common implementation of digit recurrence division in modern mi-
croprocessors, taking its name from the initials of Sweeney, Robertson and Tocher, who
- developed the algorithm independently at approximately the same time. We analyze the
algorithm for an n-bit number. The input operands are assumed to be represented in a

normalized ﬂoéting-point format with n bit significands in sign and magnitude

representation. The quotient is defined to comprise k radix-r digits with
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ro= 2¢

k= nb |
wilere a division algorithm that retires b bits of quoﬁeht in each iteration is said to
be a radix-r algorithm. Such an algorithm requires k iterations to compute the
final # bit result and thus has a latency of k cycles. The cycle time of the divider
is defined as the maximum time to compute one iteration of the algorithm. In this
thesis, we analyze radix-2 SRT algorithm, hence k, no of iterations is equal to the

number of bits in the mantissa.

4.104 Division Parameters

a) Radix Selection

The fundamenfal overall method of decreasing the latency of the
algorithm is to increase the.radix r of the algorithm, typically chosen to be a power
of 2. However, as the radix increases, the quotient digit selection becomes vei'y A
complicated, which may increase the cycle time. Moreover the generation of all
tequired divisor multiples may become impractical for higher radices. Oberman
shows that the delay of quotient seieétion tables increases linearly with increasing
radix, while the area increase quadratically. Pre-scaling of the input operands
reduces the table complexity at the expense of additional latency. The limitation in
generating all of ‘the réquired divisor multiples for radix-8 and higher limits

practical divider implementations to radix-2 and radix-4.

b) Quotient Digit Set

' For a given choice of radix r, some range of digits is decided upon for the allowed
values of the quotient in each iteration. The simplest case is where, for radix r, there
are exactly r allowed values of the -quotient. However, to increase the performance of
the algorithm, a redundant digit set is used. This allows a quotient digit to be selected
based upon an approximatioxi of the partial remain&er representation as discussed in
the next section. Such a digit set is composed of symmetric signed-digit consecutive
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- integers, where the maximum digit is a. The digit set is made redundant by having more
than r digits, the complexity and latency of the quotient selection function is reduced.
However choosing a smaller number of allowed digits for the quotient simplifies the
generation of the multiple of the divisor. Quotient digit-set is said to be canonical is 0 <
g; < r - 1. Whereas it is said to be redundant when, gj¢ D; = (-a,-a+1, ..,- 1,0, 1, ..., a),
where the redundancy factor p = a/r -1 (p > 1/2). Specifically for radix 2, the digit set is {-
1,0,1}.

¢) Partial-Remainder Represéntation

The partial remainder can also be represented in two different forms, either
redundant or non-redundant. Each iteration of the algorithm requires a subtraction to
_compﬁté the next partial remainder. If this partial remainder is in a-non-redundant form,
then this oberation requires a time-consuming full width carry propagate adder, increasing
the cycle time. Therefore the partial remaindef is typically stored in redundant form so that

a fast carry save adder, can be used in the partial remainder calculation.

Quotient digit selection and remainder representation in radix-2
By allowing O to be one of the quotient digit choices, the radix-2 quotient digit

selection is changed to equation shown below.

e

=4 0 f=D<2Riy<D

-l 2R <D

A

Note that the regions overlap. This is good as it means we have freedom to pick a
digit even if we don't know exactly what P and D are. For binary SRT, it's particularly
easy, as we can get away with just looking at the sign bit of P. If it's 0, we know 0 < P, so
we can pick D = 1. If it's 1, we knbw P <0, so we can pick D = - 1. In other words, non-
restoring division is a special case of SRT division. If D is a normalized fractional

number, such that 1/2 < ID| < 1, the thresholds in above equation can be reduced from
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IDI to 1/2. This is because if IDI] is larger than or equal to 1/2, then the range [—D, D]
must include the range [—1/2, 1/2]. That means

|-D| < -1/2< 2Ry < 1/2.<|D)

Therefore, the comparison operatton (in above equation ) can be reduced to the

following simplified form.

r

Qéﬁi”—*-’-i‘it 0 if-1/2<2

| -1 2Rax -2

k)

Now the partial remainder 2 * R;.; can be compared to either 1/2 or -1/2, instead of
D or -D. This reduces the time required to generate quotient digits. A binary fraction is
larger than or equal to 1/2 if it starts with (0.1). Similarly, a binary fraction is smaller
than -1/2 if it starts with (1.0). That means, only the first two bits of 2 * R; ; need to be
examined to determine the quotient digit, instead of full comparison.

This is the basis of radix-2 SRT division. The following rules need to be followed for
the selection process when D is normalized for a radix-2 SRT division.

1 X 2P;u; <-1/2, gjos = -1 and Pjy; = 2P; + D

2 I6-1/2 < Pjy < 1/2, gjug = 0 and Pyyy = 2P

3 If 2Pj,; >1/2, gjs;s = 1 and Pjy; = 2Pj—-D

The number of iterations required for SRT division decreases as the radix increases.
Therefore, for high-radix SRT division, the complexity of the quotient selection process
increases may eliminate the advantage of the reduction in nurﬁber of iterations. This

makes SRT division impractical for high radices, such as 256 or 512.

4.11 Square root unit
Square root algorithm is hard to implement on FPGAs because of complexity of
the algorithms. In this thesis, I worked upon three algorithms and finally implemented a -

non-restoring square root algorithm. The operation latency is 66 clock cycles.
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4.11.1 Use of Tag word
The operand is checked for its validity using tag word. If the Tag word contains
any value other than 00, one of the following operations will be performed:
e If tag word is 01, the result is set with zero as this tag word represent zero in the
corresbonding register. |
e I tag word is 11, the result is unknown as this tag word represents empty registers.
o If tag word is 10, the result is set with zero as this tag word represents zero in the
corresponding register.
In all of the above cases, the clock cycles consumed are seven. The hbo§e mentioned

work of tag helps in saving the clock cycles and thus reduces latency.

4.11.2 Algorithm

This section describes the algorithm of square root unit.

Stage 1: Unpacking Operands
The sign, exponent and mantissa bits of the operand are latched in register which
are 1-bit, 15-bits, and 64-bits in length. The inputs are checked for special values:
Infinity, Not a Number and Zero and the appropriate flags are set which is passed on
through all stages.

Stage 2: Check Exponent Module

The second stage in the adder uses c;mpﬁrator logic to check whether the
exponent is odd. ¥ yes, mantissa is shifted only one place towards right and
“000000000000001” is added to exponent to compensate. If exponent happens to be
even, mantissa is shifted to.right by two places and “000000000000010” is added to
exponent to compensate. The combinational VHDL process compare the exponent’s LSB

with ‘0’. The comparator is left to the synthesis tool.

Electrical (M&I) 59
IIT Roorkee



Hardware Modules of Floating-Point Arithmetic Unit

Stage 1 UNPACK OPERANDS

L~ ] <

Stage 2 Check whether Exponent 15 odd

‘ : RIAS
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ADJUST ' MANTISSA

Stage 3
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Stage 5 A | EXPONENT |  |NORMALIZER
ATUST -
|~ L~ \ v
Satge 6 PACK OPERANDS

Figure 4.16 Square root unit Algorithm

Stage 3: Mantissa Shifter
As explained in stage 2, 1-bit or 2-bit right shifting on mantissa is performed
depending on whether exponent is odd or even respectively. The maximum number of

shifts required is two. The bias is subtracted from the exponent in this stage.

Stage 4: Mantissa Square root Stage
In this stage, the square root of mantissa is taken using non-restoring square root
algorithm [21][22][23] which is explained in detail in next section. This algorithm does
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not restore the remainder [21]. This stage consumes maximum number of clock cycles
and so it is area of research in my algorithm.
Different fixed-point square root algorithms are studied to determine which gives
the best performance. The different kinds of algorithms used for comparative study are
1. Newton-Raphson method
2. SRT-Redundant method
3. Non-Redundant method

All methods are implemented at the logic-level and the working of each algorithm is

explained in Section 4.11.3. The sign bits are stored in delay registers.

Stage 5: Normalization Shift stage ' ,

After the square root, normalization is the next step. Since shifting has already
~ been performed on mantissa before taking square root, normalization shall be required in
case if MSB is non-zero. So, the first step is to identify the leading or first one in the
result. Comparator logic is used here to find the ﬁist leading-one digit from the MSB. A
counter maintains the number of comparisons made which is the equal to the number of
shifts ﬁeeded. I would like to make a point that this value can not be greater than two.
The shift value is used to normalize the mantissa such that the leading-one in the
mantissa resides in the most significant bit location. This stage also uses the shift value to
adjust the exponent to the number of shifts required. The bias is also added to the
exponent in this stage. Shifter in this stage is left to the synthesis tool.

| Stage 6: Pack operands

Finally sign, exponent and mantissa are concatenated to form the 80-bits result
and passed as an output from the FPU. The special condition flags are checked and if any
of the flags are set high, then the result vary accordingly. The result is stored back ina
80-bit register. ' |
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4.11.3 Différent types of fixed point square root algorithms and

their comparative stildy

Following algorithms are studied and finally, Non-redundant method is used [23]
and based on simulation res_ults_, Non-Redundant method is used because it provides
lowest latency (66 clock cycles) and consumes least possible silicon space. Its algorithm
is described in detail.

a) Newton-Raphson method _
The Newton-Raphson method has been adopted in many applications. In order to

calculate Y = \/J—c , an appropriate value is calculated by iterations. For example, Newton-
Raphson method can be used on

fT) = /TP —x
to derive the iteration equation
| Tiws = Ty X (3— T2 x x)/2
where, T; is an approximate value of 1/ Jx.

After an n iterations, an approximate square root can be obtained by equation

Y= \/_ =T, xXx |

This method needs a ROM Table for generating To. At each iteratioﬁ,
multiplication and addition/subtractions are needed.

Disadvantage: -
Although the fast multipliers are available, this design is costly because the multipliers

require large number of gate counts.

b) SRT-Redundant method
- This method is based on the recursive relationship
Xier = 2%~ 2Yes — Yirs 2V
Yisy=Yi + Virs2 Y
where, x; is the ith partial remainder,
Y, is the ith partially developed square roof with Yo =0,

62 Electrical (M&I)
IIT Roorkee



FPGA Based Floating Point Arithmetic Unit for Turbine Efficiency Measurement

yi is the ith square root bit;
andy; e {-1, 0, +1}.

The y; is obtained by applying the digit selection method. In each iteration, there
are four sub-computations:
1. One digit shift of x; to produce 2x;.
2 Determination of yi+1.
3. Formation of F = -2Yiyi+1 — y;, ;220D
4 Addition of F and 2x; to produce x;, ;.

Disadvantage:
A CSA can be used be used to speed up the addition of F and 2x; but F needs to
be converted to the two’s complemented represented before feeding to CSA. Moreover, ‘

the selection function is also complex.

¢) Non-Redundant method

This method does not restore the remainder [23]. There is no need to do the F
conversion and the calculation of ¥; — 27*% that appear in SRT method.

The radicand (in stack register) is in extended-double precision i.e. 80-bit format
and the mantissa is of 64-bits:

Mantissa, D = Dg3Dg;Ds;1...D 1Dy
For each pair of bits of the radicand, the integer part of the square root has one bit. Thus
the integer part of square root for a 64-bit radicand has 32-bits:

0 = 031030029...0100

The remainder, R = D — Q % Q has 33 bits:

R = R;6R;5R4...RRy.

Reason of 33-bits in R:
D=0xXO+R<(Q+1)x(Q+1)
=> R<Q@+1)x(Q+1)-0xQ
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=> =2x0+1
ie. R<2xQ
because the remainder R is an integer. It means that the remainder has atmost one

binary bit more than the square root.

Algorithm
Step 1: Set ;6 = 0, r;s = 0 and then iterate from k = 15 to 0.
Step 2: If 7441 2 0, 1t = TersDoiersDox = G101,
Else e = e tDoke Dok + Grard 1,
Step 3: £r.20, q=qrstl (ie. Qp=1),
Else qx = qi+10 (i.e. O = 0),
Step 4: Repeat steps 2 and 3, until k = 0.

Ifro<O0, f0= ro + qu

Where, g = 0510350Q29... Oy has (31 — k) bits,
rkhas (17—k)bltS

In this method, I do not need multiplications, instead shift operations do the

necessary work.

4.12 Absolute unit
Absolute unit performs the conversion of floating point number to integer

number. This unit has the latency of 3 clock cycles.

4.12.1 Algorithm
This section describes the algorithm implemerited.

Stage 1: Unpacking Operands
The sign, exponent and mantissa bits for operand are latched in registers which
are 1-bit, 15-bits, and 64-bits in length. .The inputs are checked for special values:
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Infinity, Not a Number and Zero and the >appropriate flags are set which is passed on
~ through all stages. ‘

Stage 2: Conversion into integer
The Exponent and mantissa bits are retained as it is and passed on to the next

stages. The sign bit is set to 0 to make the number positive.

Stage 1 UNPACK OPERANDS
S L B k 4 M h 4
Stage 2 SIGNBIT CHECK ROUND

EXPONENT MANTISSA
S_OouT ’ E_OUT M_OUT
h 4 ¥ ¥
Stage 3 PACK OPERANDS
Figure 4.17 Absolute unit Algorithm
Stage 3: Packing Operands

Finally sign, exponent and mantissa are concatenated to form the 80-bit result and .
passed as an output from the FPU. The special condition flags are checked and if any of
the flags are set high, then the result vary accordingly. The result is stored back in 80-bit

register.

4.13 Exception Generation unit

This section describes the various conditions that cause a floating point exception
to be generated by the FPU [13][14].

e Stack Overflow Exception: Occurs when Load instruction attempts to load a

non-empty data register. A non-empty register is defined as a register containing a

zero (tag value of 01), a valid value (tag value of 00), or a special value (tag value .
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of 10). When this exception occurs, its sets the bit 5 in the status register and FPU

data register wraparound occurs and the new value of TOP is set to 7.

Stack Underflow Exception: Occurs when Store instruction references an empty
data register as a source operand, including attempting to Write the contents of an
empty register to memory ér external world. An empty register has a tag value of
11. When this exception occurs, its sets the Bit 6 in the status register and FPU

data register wraparound occurs and the new value of TOP is set to 0.

Invalid Arithmetic Operand Exception: Occurs when an arithmetic instruction
attempts to operate on empty data registers. When this exception occurs, its sets

the bit 0 in the status register and the set the output value to NaN.

- Divide by Zero Exception: Occurs when an instruction attempts to divide a finite

non-zero operand by 0. When this exception occurs, its sets the bit 2 in the status

register and the set the output value to infinite.

Numeric Overflow Exception: Occurs whenever the rounded result of an
aﬁthmetic instruction exceeds the largest allowable finite value that will fit into
the floating-point format of the destination operand (32 bit). When this exception
occurs, its sets the bit 3 in the status register and the set the output value to
infinite. ’

Numeric Underflow Exception: Occurs whenever the rounded result of an
arithmetic instruction is tiny; that is, less than the smallest possible normalized,
finite value that will fit into the floating-point format of the destination operand.

. 'When this exception occurs, its sets the bit 4 in the status register and the set the

output value to zero.
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CHAPTER 5
DESIGNING WITH FPGAs

| Field Programmable Gate Arrays are a relatively new class of integrated circuit;

first introduced by the Xilinx company m 1985. Since that time, the FPGA market has
expanded dramatically with many different competing designs developed by companies
including, Actel, Advanced Micro Devices, Algotronix, Altera, Atmel, 'AT&T,
Crosspoint Solutions, Cypress, Intel, Lattice, Motorola, QuickLogic, and Texas
Instruments. A field-programmable gate array (FPGA) is kind of like a CPLD turned
inside out[1]]17].

00 OO0 00 00—

5
%
00 0O OO Dél

00 OO0 OO OO

OO oo oo oo

Figure 5.1 FPGA Architecture

As shown in Fig. 5.1, the logic is broken into lérge number of programmable
logic blocks that are individually smaller than a PLD. They are distributed across the
entire chip in a sea of programmable interconnections which can be conﬁgured by the
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user at the point of application, & the entire array is surrounded by programmable J/O
blocks. User programming specifies both the logic function of each block and the
connections between the blocks. An FPGA’s programmable logic block is less capable
than a typical PLD, but an FPGA chip contains a lot more logic blocks than a CPLD of

the same die size has PLDs.

5.1 Introductionto FPGAs

The FPGA is an integrated circuit that contains numerous (over 10,000) identical
logic cells that can be viewed as standard components. Each logic cell can independently
take on any one of a limited set of personalities. The individual cells are interconnected
by a programmable interconnect (matrix of wires and programmable switches). A user’s
logic design is implemented by specifying the simple logic function for each cell and
selectively closing the switches in the programmable interconnect matrix. The cell's
combinatorial logic is physically implemented as a small look-up table memory (LUT) or
as a set of multiplexers and gates. LUT devices tend to be a bit more flexible and provide
more inputs per cell than multiplexér cells at the expense of propagation delay. The array
of logic cells and interconnects form a fabric of basic building blocks for logic circuits
(also named as Logic elements - LE). Complex designs are formed by combining these
Logic elements to build the desired circuit.

Field Programmable means that the FPGA's function is defined by a user's
program rather than by the manufacturer of the device. A typical integrated circuit
performs a particular function defined at the time of manufacture. In contrast, a program
written by someone other than the device manufacturer defines the FPGA’s
function. Depending on the particular dgvice, the program is either "burned’ in
permanently or semi-permanently as part of a board assembly process, or is loaded from
an external memory each time the device is powered up. This user programmability gives -
the user access to complex integrated designs without the high engineering costs
associated with application specific integrated circuits,

Figure 5.2 shows an example of a logic block consisting of a 3-LUT, and a flip-
flop. An 8-to-1 multiplexer in a LUT is implemented using 2-to-1 multiplexers.
Therefore, the propagation delay from inputs to the ouipﬁt is not the same for all the
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inputs. Input IN 1 experiences the shortest propagation delay, because the signal passes
through fewer multiplexers than signals IN 2 and IN 3. Since a LUT can implement any
function of its input variables, inputs to the LUTSs should be mapped in such a way that
the signals on a critical path pass through as few multiplexers as possible. Logic blocks
also include a flip-flop to allow the implementation of sequential logic. An additional
multiplexer is used to select between the LUT and the flip-flop output. Logic blocks in
modern FPGAs are usﬁally more complex than the one presented here.

Each logic block can implement only small functions of several variables.
Programmable interconnection, also called routing, is used to connect logic blocks into
" larger circuits performing the required functionality. Routing consists of wires that span
one or more logic blocks. Connections between logic blocks and routing, I/O blocks and
routing, and among wires themselves is programmable, which allows for the flexibility of
circuit implementation. Routing is a very important aspect of FPGA devices, because it

dominates the chip area and most of the circuit delay is due to the routing delays.

INT

N2 4

SELECT

ouUT

N3

Fig 5.2 Simple Logic Block Structure
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/O blocks in an FPGA connect the internal logic to the outside pins. Depending
on an actual device, most pins can be configured as either input, output, or bidirectional.
Devices supporting more than one I/O standard allow configuration of different pins for
different standards.

Prdgrammability of FPGAs is commonly achieved using one of three
technologies: SRAM cells, antifuses, and floating gate devices. Most devices use SRAM
cells. The SRAM cells drive pass transistors, multiplexers, and tri-state buffers, which in
turn contro] the configurable routing, logic and /O blocks . Since the content of SRAM
cells is lost when the device is not powered, the configuration needs to be reloaded into
the device on each power-up. This is done using a configuration device that loads the
configuration stored in some form of non-volatile memory.

Programmability of FPGAs vcomes at a price. Resources .necessary for the
programmability take up chip area and consume power. ’I'hefefore, circuits implemented
in FPGAs take up more area and consume more power than in equivalent ASIC
implementations. Furthermore, since the routing in FPGAs is " achieved using
programmable switches, as opposed to metal wires in ASICs, circuit delays in FPGAs are
higher. Because of that, care has to be taken to. exploit the resources in an FPGA
efﬁciently. Circuit speed is important for high-throughput applications like Digital Signal
Processing (DSP), while power is important for embedded applications. CAD tools are

used by the designer to meet these requirements.

5.2 Basic Architectures

FPGAs are commercially available in many different architectures and
orgahizations. Although each company's offerings have unique characteristics, FPGA

architectures can be generically classified into one of four categories:

A Symmetrical Array. |
B Row Based.

C Hierarchical PLD.
D Sea of Gates.
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Figure 5.3 illustrates this classification based on the geng:ral internal organization of
the design. ‘

A SYMMETRICAL ARRAY B. ROW BASED

D. SEA-OF-GATES

Figure 5.3 The Four FPGA Architectural Classes

The target FPGA kit in the dissertation is Xilinx’s Virtex Il Pro whose architecture
is similar to that of Symmetrical Array (see figure5.3 (a)). All the synthesis results are
generated for Virtex II Pro only.
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5.3 Programming with FPGAs
Although early PLD and FPGA designs were generated largely by hand, access to
today's complex programmable logic devices requires the use of an integrated Computer-

Aided Design (CAD) system.

SCHEMATIC
CAPTURE
& Simulation

Cadence, Mentor,

viewLogic, OrCAD; | VHDL, Vetilog

PALASHM, ABEL,
PLDesigner,,.etc. :

BEHAVIORAL
SPECIFICATION

LOGIC
OPTIMIZATION

PRy

Wﬁ, .\.;;”'. é
Circuit Mapped o
target FPGA Image

A it s st b

FPGA Physical Design Complete.
 critical path fiming analysis and
back-annofation to simulation

P T e

/' DOWNLOADor .
PROGRAMFPGA .}

Evaluate Design
in Target Application

Figure 5.4 Typical CAD system design flow for FPGAs

Figure 5.4 illustrates the typical sequence of operations needed to go from
concept to programmed chip. Both commercial CAD tool vendors and FPGA companies
offer appropriate tools. For example, traditional Electronic Deéign Automation (EDA)
vendors such as Cadence, Mentor Graphics, Synopsys, and ViewLogic all offer tools to
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support FPGA design. These tools are typically used for the front-end design entry and
simulation operations and provide the necessary interfaces to vendor-speciﬁé back-end
tools for chip placement and routing.

Examples of vendor specific tools are the Xilinx XST system and the Altera
Quartus II software. It is worth noting that Altera's Quartus II software supports the entire
design flow illustrated in Figure 5.4 on either PC or workstation platforms. I have used
Aldec’ Active HDL 6.1 and Mentor’s Modelsim for simulation and Xilinx ISE 7.1 for
Synthesize the design. A detailed discussion of available FPGA CAD tools is outside the
scope of this chapter. ARather, the following discussion is meant to be indicative of the
general operations and steps required in FPGA design. Where appropriate, examples are
taken from the Xilinx and Altera CAD design flows to illustrate the generic operations.

| The starting point in any logic or digital system design is a set of architectural or
behavioral specifications. Traditionally, a designer uses schematic capture tools for
graphical entry of a logic design which has been manually generated to meet the
architectural or behavioral specifications. The upper left hand arrow in Figure 5.4
identifies some of the commercial CAD tools available for FPGA schematic capture. One
of the more significant recent innovations in the EDA industry is the development of
'~ tools which allow the designer to move from the gate level to the behavioral level for
design entry. A behavioral design speciﬁcatidn is created using a Hardware Description
Language (HDL) [19][20], and then a synthesis tool automatically compiles the gate level
schematic or netlist from the behavioral description. The upper right hand arrow in
Figure5.4 indicates some of the HDLs currently being‘ used for FPGA behavioral
mode]J'Jig. '

Options for behavioral description of designs include the VHSIC Hardware
Description Language (VHDL), the Veﬁldg hardware description language, timing
diagrams, logic state diagrams, and PLD deécﬁpﬁon languages such as ABEL, As an
example of how pervasive the behavioral design style has become, the PC-based Xilinx
ISE 7.1 software provides multiple options for behavioral design entry. In addition to
traditional schematic capture it will acéept VHDL, text design description in the Xilinx
Hardware Description Language (including truth tables and Boolean expressions), and

Timing Diagrams which describe the desired input and output waveforms. Whichever

" Electrical (M&I) 73
IOIT Roorkee

o P
RS FL L



Designing with FPGAs

behavioral design entry method is chosen, the design system provides logic synthesis,

which aufomalica]ly creates gate-level schematics.

Figure 5.5 Designing with FPGA
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No matter what method is used for initial design entry, the next step in FPGA
design is to translate the entire design into a standard form which can be processed by a
logic optimization tool. The goal of logic optimization is to perform minimization of the
Boolean expressions and eliminate redundancy, thus minimizing the area of the final
circuit, The tool may also be constrained to maximize speed at the expense of area by
Jlimiting the number of logic levels between clocked registers. This optimization process
s usuailly merged. with the logic synthesis step when behavioral design entry is employed.
Simulation is performed both before and after the logic optimization steps to verify that
the design meets the original system requirements for functionaiity and timing, The next
step is to convert the generic gate level design into one which uses the FPGA circuit
building blocks of the target technology. |

Let me take a concrete example, the Xilinx XST design system flow is used (in
dissertation) to illustrate the steps needed to go from logic design to programmed FPGA.
In the Xilinx design flow, the native format of the logic design (Aldec’s Active leL,‘
Modelsim etc.) must first be translated into the Xilinx Netlist Format (XNF) which is
understood by the Xilinx tools. Next, the XNF circuit description must be mapped into
Xilinx Configurable Logic Blocks (CLBs). This is the technology mapping step.referred
to in Figure 5.4. Xilinx calls this step "partitioning", and the XST tools also attempt to
optimize the circuit during this step. For example, circuitry associated with unused logic
" block inputs or outputs is eliminated from the design. In Iaddiﬁon, the partitioning
~ program attempts to minimize either the total number of CLBs used or the number of
logic stages in the critical delay path. L ‘

The next step is to place and route the design on the selected chip image. The
XST system allows manual and/or automatic placement and fouting. In the automatic
placement.o;-)eration,_ each CLB generated during the "partitioning” step is assigned to a
physical location on the chip. Xilinx uses a Simulated Annealing algorithm which starts
with a random placement, and then goes through a series of improvement passes. This
program can be run multiple times with different starting random seeds in an attempt to
generate a more optimal placement. Following placement, interconnections between the
CLBs must be routed using the available interconnect segments and switch matrix

elements. XST uses an automatic Maze Routing Algorithm to perform this operation.
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With the physical placement and routing completed, exact timing values can now be used
to determine chip performance. The XST tools provide a critical path timing analyzer
which provides delay information on the loﬁgest through shortest paths through the chip.
In addition, the physical layout timing information can also be back-annotated to the
schematics to gét more accurate functional simulation results. The final step in the Xilinx
or Altera design flow is the creation of the BIT file which contains the binary
programming data needed to configure the SRAM bits of the target chip. This file is then
downloaded to configure the chip for final functional and timing tests of the programmed
chip.
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CHAPTER 6
EXPERIMENTAL RESULTS AND VERIFICATION 4‘

This chapter presents the experiments conducted to determine the performance of
the FPU.

6.1 Introduction to experimental approaches

I assess the FPU performance by considering each compdnent in turn that is, the
floating point adder, floating point multiplier, floating point di\?ider, floating-point square
root and absolute. My objective was to design thé efficient FPU with the least possible
latency and silicon area. The design was targeted on a Xilinx Virtex II Pro FPGA whose

synthesis results are presented in Appendix C.

6.1.1 Design Environment
The software and hardware design environment is presented in this section. It

gives information about the development tools used in this dissertation.

a) Software Environment:

® - Operating System : Windows XP-Pro

e Processor o : Pentium 4

e RAM | : 256 MB

* Processor Speed o 2.40 GHz.

e HDL used : VHDL

e Simulation Tool : Aldec Active HDL 6.1

b) Hardware Environment:

¢ Processor : Pentium 4
¢ RAM - o 256 MB
e Processor Speed . o 2.40 GHz.
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¢ Development Kit

¢ FPGA Device Family

¢ Package o

® Speed Grade

e Top-level Module Type.
. Synthesis Tool

e Simulator
Modelsim XE 5 .7p

¢ Generated Simulation Language

6.1.2 FPGA Design Flow

Xilinx

Xilinx Virtex I Pro

xc2vp100

5

HDL

Xilinx ISE 7.1i (using VHDL)

Aldec Active HDL 6.1 and

VHDL.

Since the goal of this dissertation is to create a full custom processor design in

FPGA, for this reason the implementation of embedded_processbr requires FPGA design

flow steps to be followed. Figure 6.1 shows. a standard design flow for a FPGA design:

. Schematic entry

Synthesis

il

Place and Route

U‘

1

@umtion
A

4

Encoding chip

Figure 6.1 FPGA Design Flow

Schematic entry

The design is entered into a synthesis design system using a hardware description

language. The language used here is VHDL.

78

Electrical (M&I)
IOT Roorkee



FPGA Based Floating Point Arithmetic Unit for Turbine Efficiency Measurement

Synthesis
_ A netlist is generated using the VHDL code and a logic synthesis tool (Xilinx
ISE7.1) '

Place and Route

- The place process decides the best locaﬁon of the cells in a block based on the
logic and desired performance. The route process makes the connections between the
cells and the blocks. Automatic place and route is done by the synthesis tool after

generating netlist.

Configuratibn

This is done by loading the configuration data into the internal memory. Synthesis
tool generates a bit stream file after p‘lac‘in-g and rou;cing, which is then downloaded in
FPGA. I used Xilinx’s JTAG cable to load my design in the FPGA.

Verification

At each step of the deéign process, I verified my architecture using software
" simulation. Initially I used Aldec Active HDL 6.1 software package for simulating my
VHDL code. |

6.2 Simulation results (

This section shows the simulation results of each kind of hardware module

implemented in the design.

6.2.1 Data registers .

Signals data_int_in and data_fract_in are the input data’s integer and fractional
part. Signals data_int_out and data_fract_out are the output data’s integer and fractional
part. Bit No. 13, 12, 11 of status register indicates TOP field of stack. In address field
(opcode), 00 is the opcode for Load instruction and 08 is for Store instruction. Signal

cs_main is Chip select.
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Figure 6.2 Simualtion Waveform for Stack operation

On reset, data registers contains FFFFFFFFH, which marks data registers as
empty. When chip select is active, the decoder decodes the opcode (address field); the
execution unit executes the decoded instruction (i.e. FLOAD). FLOAD instruction
decrements the top by one and loads the input value into the stack (i.e. at 6™ location).
Here, the input data (data_int_in and data_fract_in) in hex format is automatically
converted into single precision format and then to the extended double precision format
as shown in Figure 6.2.

To execute the next instruction chip select should be deactivated after the busy
signal goes low and reactivated in the following clock pulse.

When chip select is reactivated, decoder decodes the fresh opcode; the execution
unit executes the decoded instruction (i.e. FSTORE). FSTORE instruction oﬁtputs the top

of stack value and increments the top by one. Here, stack content in the extended-double
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precision format is automatically converted into single precision and then to the hex

format as shown in the Figure 6.2

6.2.2 Control Register
As shown in Figure 6.3, on reset, the control word is set to 0C00 which marks all
floating-point exception unmasked and sets the rounding to nearest. The content of

control word alters after FLDCW instruction loads it.

ek
Ar reset
Er c3_main 1
A data_int_in 000o
e e :
Hi °r data_int_out vuutuuuy
B o data_fract_out uuuuuuuy
M & address &0
) or statis word . :BB00
i 57 control_woid Q03F
i 0T tag word . :FFFF

Figure 6.3 Simulation Waveform for Conrol word

6.2.3 Tag register 4

On reset, the tag word is set to FFFFH,(i}.g.;_ each tag is set to 11) which marks all
FPU data registers are empty. ' o '

As shown in Figure 6.4, loading a valid number in thé data register stack changes
the corresponding tag value to 00. Similarly, loading a zero number in the data register
stack changes the tag value to 01 and loading an inﬁnite or invalid number on the FPU

data register stack changes the tag value to 10. _
The tag word content D3FF (i.e. 1101001111111111) indicates, the R6 contains

zero number and RS contains a valid number and rest of the data registers are empty.
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)
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FFFRGREFFFFFRERFRFFE:

* Loadmng a zeré mnR6 changed,/ Loading a vahd number\ n R5
correspondning tag to 01 changed corresponding tag to 00

Figure 6.4 Simulation Waveform for Tag word

6.2.4 Precision Converter
The opa represents single precision 32-bit input and opa_80 represents 80-bit

extended-double precision output.

O0IBEREE .

Ho opa 001B24BF  j¢=...

0000182A8...

@ opa_80 {_{oooots2REF0000000000

Figure 6.5 Simulation Waveform of Single Precision to Exten_ded-Dbuble Precision
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The result_80 represents 80-bit extended double precision input and result_32

represents single precision 32-bit output, rmode represents rounding mode.

- clk

0

& e result_80

4007FCO000...

# 2 result_32

© overflow

43FCO00D

© yndeiflow

Figure 6.6 Simulation Waveform of Extended-Double Precision to Single Precision

6.2.5 Addition/Subtraction Unit

o P e

s on

e e

00000284

02800000

T NO0000288 N,
=t f

(UUUUUUUU' / T

7\ 02800000

08

g 3000
% = contol_word Upuy
¥ o tag_ward C3FF
& o gtack (FFFFFFFFF.
@arlack(d) | FFFFFFFFFY..

#: &r gtack(B)

an0aAtogA.

® 9 stacks) | 4AOGDTQHA...

4006D701AF 00000000

o zero_flag 0 / / A

= invalid_flag 0 ‘/

& infirily_flag

or stack_overflow

5 gtack_undeiflow

& numeric_overflow # /

& pumeric_undetliow (0/

ar divide_by_zero J.'ﬁ

data input to FPU in
user friendly manner

7
address 08 leads the top-of-stack with
input data in double-extended format

.
address 11 performs
addition operation

Figure 6.7 Simulation Waveform of Addition

Electrical (M&I)
IIT Roorkee

oy i

address 08 stores the result into
output port in user friendly manner
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The Floating point Addition/Subtraction unit accepts the data in double extended
preéision format only. The operands can be available in any of the eight data registers or
stack. All addressing of the data registers is relative to the register on the top of the stack.”
The data contained by the top-of-stack is taken as operand-A while the operand-B is
contained in the register whose effective address is given by “top-of-stack + offset given
in instruction”. Addition/Subtraction operations keep the 80-bit result in the register as
indicated by the top-of-stack. Please note that the TOP (stack TOP) field is not modified -

in this process and as a result, operand-A will be lost.
Consider the following example:
FADD ST (5);

Let the top-of-stack is fourth register (ST(5)) which is containing operand-A and
operand-B is contained in ST(5). The result of addition operation is stored back in ST(4).

Simulation waveforms are shown above.

6.2.6 Multiplication Unit

The Floating point Multiplication unit accepts the data in double extended
precision format only. The operands can be available in any of the eight data registers or
stack. All addressing of the data registers is relative to the register on the top of the stack.
The data contained by the top-of-stack is taken as operand-A while the operand-B is
contained in the register whose effective address is given by “top-of-stack + offset given
in instruction”. Multiplication operations keep the 80-bit result in the register as indicated
by the top-of-stack. Please note that the TOP: (stack TOP) field is modified in this process

and as a result, operand-A will be lost.

Consider the following example:

FMUL ST (5);
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Let the top-of-stack is fourth register which is containing operand-A and operand-

B is contained in ST(5). The result of Multiplication operation is stored back in ST(4).

Simulation waveforms are shown in figure 6.8.

2 contiolwoed
F51 4T rop susid
[Booack

B stackdl]
B2 stask(i)
B stack(d]  |EFRFEFFFF...
W a3 (FFEFFFFFFE..
B k) FEEERFRAFE S

% shackib]
B gtaadl]
B wakll) [FERRRRREE,
. N - . - v
address 00 loads datain address 21 multiply RS with Ré address 08 stores the
data registers {80-bit format) and stores the result back in RS result at output port

Figure 6.8 Simulation Waveform for Multiplication

6.2.7 Division Unit

The Floating point Division unit accepts the data in double extended precision format

only. The operands can be a\_)ailable in any of the eight data registers or stack. All
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addressing of the data registers is relative to the register on the top of the stack. The data
contained by the top-of-stack is taken as operand-A or dividend while the operand-B or
divisor is cbntained in the register whose effective address is given by “top-of-stack +
offset given in instruction”. Division operations keep the 80-bit result in the register as
indicated by the top-of;sfack. Please note that the TOP (stack TOP) field is modiﬁed in

this process.and as aresult, operand-A will be lost.

I dsla el ol
SERTAE
3R gohee wind
A ool word
T4 lag woid
A gk
Ersteddl) FEFFRFIFE.
o ki) FFRRFIFIE,
“E T FRFFFFFEFE..
F ey FFFEFFFFFF...
CEwoadfy]  IFFPFFEFFFF..
o deck)  |A0N0L. | |FFPFFIGRRCRAT YUuAOrRORURONT)
% & dacklf) AODEOIA. | N Youvewsmooepey :
@& gel)  IFFFFFFFFFF.]  \STRPRFRFEERFRERTPR o o -

S T

The explamnation to above waveforms 15 similar to previous ones

Figure 6.9 Simulation Waveform of Division

.Consider the following example:

FDIV ST (5);
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Let the top-of-stack is fourth register which is containing operand-A or dividend
and operand-B or divisor is contained in ST(5). The result of Division operation is stored

back in ST(4). Simulation waveforms are shown in figure 6.9,

6.2.8 Square Root Unit

B et ot ONG0EN
0 ghaty deack ot LHB8I0
eI .
SRl word <hind
[ ol wend DD

A gy wad CHE
Twgak  FFFIFRFR.
gkl FEFETREFTE..,
Wt THFRIFIT.
Fap s sharky2y YEFRFEFFIF..
ey FIRRRFIFIE.,
o dasky) FEREFERFIF...|
B ackih) LEASHD...

address 00 loads Address 38 takes square address 08 stores
data in data register root of RS and stores the the result oh the
(0 bit format) result mto RS output port

Figure 6.10 Simulation Waveform of Square Root
Stack(5) contains the number whose square root is to be taken. The opcode for
square root is 38. When this insﬁuction is executed, square root of top-of-stack i.e. ST(5)
is taken and the result is outputted through address 08. Since square root operation

consumes 66 clock cycles, above waveform is modified so that it can be contained on this

page.
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6.2.10

Address 30 takes the absolute of a number and

Absolute unit

stores the result in the same

register. The following waveform depicts the operation.

o ek
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o reset 0 R - e
© cs_main 1 C iirhr. e oyl e
@ 0 data_int_in 8056 P W
% 0 data_fract in {0228 <= @B
%0 data_nout 00000065 CTTER
# 0 daty_frac_out 102280000 Juy.
# o addess 08
+ 0 status_woid 3800
% -0 tag_word CFFF
© zen_flag 0
© irvalid_Rag 0
o irfinity_flag 0
Har glack (FFFFFFFFF...
B & stack(0) FFFFFFFFFF... KFEFFFEFFRFRERFFELFE]
5 stack(1) FFFFFFFFFF... KFFFFFFEFFEFFFEFFEREF.
W stack(2) FFFEFFFFFF..|  {FEFREEEFEFRFFFPFEFEFRE:.
@ stack(3) FFFFFFFFFF..]  {CPEFFFRFFRRRFFFFRFTFY
@ & stack(4]) FFFFFFFFFF... (rrprrrp;rprpssppprpa‘\ o
wRr stack(5) FFFFFFFFFF..|  (EFEFEFFEFFRFEFFRFEEE _ \1 -
& stack(B) "~ |4005CC0456.. (FEFEEEEFFFRFFFFERERE. JCO05CCO4560000050000
MR stack(7) FFFFFFFFFF... i s
R “Opcode for FABS . 7% S

Figure 6.11 Simulation Waveform for Absolute Unit

. Exception Generation Unit

The waveform for each exception is as shown in figure 6.12. On reset, the TOP

field of the stack is set to 7; hence an attempt to read (FSTORE instruction opcode 08)

will lead to stack underflow exception. As shown in figure 6.12 (b) when stack is full i.e.

when TOP field is set to 0, an attempt to write (FLOAD instruction opcode 00) will lead

to stack overflow exception. Similarly, Figure 6.12 (c) shows the divide by Zero

exception, Figure 6.12 (a) shows numeric overflow exception.
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o eset 0 R —L —~——
- cs_main 1 C ] 75[_]} f TLUT <.
% o data_int_in 8066 <= .. Keose Y ﬁ/___,; D
o data_fract_in 0228 <=.. {ozes | DA Azl
Ko data_int_out FFFFFFFF AUbUYLULY 1 S AB000006€ : ﬁCFFFF:FFF'-"L}‘
@ © data_fract_out  FFFFFFFF {LUUULUOU - i ~¥02280000 - . . \YEFErEEFE 1
= o address 08 oo~ _ f?(ﬁ& I T j T TN
# © status_word 0048 (3800 X (008 T~ WTNTA3800 ~ XX )ooas ? T
3 @ tag_word CFFF GIE i FFFFE ﬂ\ NS }L ;
= zero_flag 0 N A
2 jnvalid_flag 0 o f o
o infirity_flag 0 S
o stack_overflows 0 i Rmeeemdaien 1 AR
= stack_underflows i1 ] Fesoeeemeeecennboo- o
o numeric_overflow i1 - 1.
© numeric_underflowi0 -1 e
< divide_by_zera ul i ] ﬁf _,/-"""/" o
8 stack (FFFFFFFFF... Y : x
W L RX
numeric overflow ﬁ;n Opcode o FSTORE  rsnq datafrom stadi_—y&hen '
: ' stack is empty S
Figure 6.12 (a) Simulated Waveform for Exception Generation
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Figure 6.12 (b) Simulated Waveform for Exception Generation
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Figure 6.12 (c) Simulated Wavéfor_m for Exception Generation

6.2.11 Turbine Efficiency Measurement
The formula used for unit efficiency measurement (see chapter 2) is

Generator _ Output, P, X100%

UnitEfficien -, =
fictency, my Hydraulic _ Input, P,
where, Hydraulic input, P; = gHQ
g is the acceleration due to gravity, m/s?,

is the density of water, kg/m°,
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H = H,; — H, is the net water head, m,
" H; is water head at inlet, m,
H; 1s water head at outlet, m,

Q is the water discharge through the turbine, m*/s

Description of Unit Efficiency Measurement Waveform:

‘ Signals data_int_in and data_fract_in are the input data’s integer and fractional
part. Signals data_int_out and data_fract_out are the output data’s integer and fractional
part. Bit No. 13, 12, 11 of status register indicates TOP field of stack. Bit 15 of status
register is busy bit as dcs‘éribcd in chapter 4. In address field (opcode), 00 is the opcode
for Load instruction and 08 is for Store instruction. Signal cs_main is Chip select.

On reset, FPU data registers contains FFFFFFFFH, which marks data registers as
empty. When chip select is active, the decoder decodes the\ opcode (address field); the
execution unit executes the decoded instruction (i.e. FLOAD). FLOAD instruction
decrements the top by one and loads the;input value (1000.0 (= )) into the stack (i.e. at 6"
location). Here, the input data (data_int_in and data_fract in) in hex format is
automatically converted into single precision format and then to the extended double
precision format as shown in figure 6.13 (a). |

To execute the next instruction chip. select should be deactivated after the busy
signal goes low and reactivated in the following clock pulse. '

Similarly, next number (9.806 (=g) in hex format) is loaded into the stack. Then
the address in address field is changed to 21 (opcode of FMUL ST(1)). This instruction
multiplies top of stack (RS or 5" Jocation of FPP data rcgistef) with content of top + 1 of
stack and stores the result back into top of stac"‘l‘c"%RS) as shown in figure 6.13 (b).

Again, next data i.e. 16.5 (= H) is loaded into the stack in the same manner. Now
the top 6f stack points to 4“‘ location or R4 as shown in figure 6.13 (c). Multiplication is
performed aftef loading and the steps are repeated to find Hydraulic input, P;. This
followed by loading of generator output, P, into R2, as shown in figure 6.13 (e) followed
by division (opcode 0x29) of result as shown inAfigure 6.13 (f) which gives the unit

efficiency.
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9 Finally, FSTORE instruction outputs the top of stack value and increments the top
by. ?one.,Here, stack content in the extended double precision format is automatically
converted into single precision and then to the hex format as shown in the figure6.13(f)

(data_int_out and data_fract_out).

Program: -
. The assembly language program written to compute the above expression is as
follows: E

Assume that initially the top-of-stack is R7.

FLOAD t= 1000 Kg/m3); /*decrements top-of-stack and loads in extended-double
format into R6*/
FLOAD g (=9.806 m/s%);  /*decrements top-of-stack and loads g lin’ extended-double
E format into R5*/ '.
FMUL ST(1); /*RS5 € RS x R6*/
FLOAD H (=16.5 m); /*decrements top-of-stack and loads H in extended-double
‘ format into R4*/ ‘
FMUL ST(1); /*R4 & R4 x R5%/ ‘
FLOAD Q (= 0.3125 m®/s); /*decrements top-of-stack and loads Q in exténded—double
format into R3%/
FMUL ST(1); [*R3 € R3 x R4*/
FLOAD P, (= 31.326 kW); /*decremients top-of-stack and loads P, in extended-double
format into R2*#/ |
FDIV ST(1); /*R2 € R2 + R3*/ )
FSTORE; /* stores y in output port and increments top-of-stack */

Machine language codes for all operations are given in Appendix B (Design

Customized Instructions and their Usage).
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a

Knowing the value of the generator efficiency, . ,, the turbine efficiency can be

calculated by the following relation:

Unit _ Efficiency,n,

TurbineEjﬁciéncy-, =
T Generator _ Efficiency,n,

X100%

Explanation of turbine efficiency measurement waveform is similar to that of unit

efficiency measurement waveform. Let the generator efficiency be 81.25%.

Program:

The following program gives the estimation of turbine efficiency.

FLOAD . (=0.8125); [*decrements top-of-stack and loads , in extended-

double format into R6*/

FLOAD y (calculated ﬁbove); /*decrements top-of-stack and loads p in extended-
double format into R5*/

FDIV ST(1); /*R2 € R2 + R3*/

FSTORE; /* stores 7 into output port and increments top-of-
stack */

Machine language codes for the above programs are presented in Appendix B

(Design Customized Instructions and their Usage).
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6.3 Verification of Simulatiog Results

Random binary test vectors were generated of length 32-bits, 16-bits for integer
and 16-bits for fractional part, and were used to verify the output of each FP core
element. The vectors used for testing were pre-selected such that it included all exceptions.
The floating-point numbers included zero, maximum/minimum positive and negative
numbers. Special values‘ include positive and negative infinity and Not a Number. The
output of the FP core elements :afe of IEEE-754 format. Appropriate flags are set for the
special values and on an occurrence of overﬂow/underﬂow The simulation results were
verified both after the behav1oral design and the structural design. The results for each
fixed-point unit algorithms were also verified with the standard simulator. The standard
.simulator used for verification was Aldec’s Active HDL 6.1. The following table will give

idea of what kind of test vectors were generated.

Table 6.1 Example of Test Vectors

_ IL FPoperation Result | Valueorflagset-
- ZERO-"NaN NaN NaN flag-
ZERO -« NEG_INF POS_'[NF Inﬁmty flag-
‘MIN_POS - MAX POS | MAX.NEG | dfeffaf guer
,MII_\E_’PQS ‘NaN- \TdN _ NaN flag
MAX_NEG - MAX POS | NEG_INF Infinity flag.
POSINF - NEG.INE: | POSJNF Infinity flag
7.5 PGS_INF NEGINF Infinity flag -
N'EG_INF + POS.INF ZERO Zero-flag
NalN - ZERO NaN NaN flag
ZERO * 7.5 ZERO, “Zero flag
POSINF * ZERO ZERO- Zero flag
NEG.NF *3.25 ZERO Zero flag
NaN * 0: 45 . NaN NaN flag-
7.5 / ZERO Infinity Trifinity flag
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CHAPTER 7
CONCLUSION AND FUTURE SCOPE

This chapter concludes and suggests the future work which can be done in this

arca.

7.1  Conclusion

I presented the design of the Floating-Point Arithmetic unit for FPGAs based on
IEEE 754 standard. Performing the arithmetic operations on IEEE Floating-point
numbers imposed challenges beyond the challenges of Fixed-Point arithmetic. These
challenges particularly include the task of normalization and IEEE compliant rounding. I
implemented both normalization unit and rounding unit (capable of berforming all four
rounding modes). Based on simulation and synthesis results, it is concluded that the
design is performing in desired fashion and the purposed design is very euitable for
FPGAs (see Appendix C Synthesis Report, less than 17%: of available resources in Virtex
II Pro is used). The Floating-point arithmetic unit is simulated using Aldec’s Active HDL
6.1 and synthesized using Xilinx ISE 7.1i supported by ModelSim 5.7. The design is
targeted for Xilinx Virtex II Pro FPGA. The input/output number format confirms IEEE-
754 standard single precision real numbers. Internally, calculations are performed
according to IEEE-754 standard double-extended precision real numbers (as incorporated
in Intel Pentium4 processor). This inherited feature assists floating-point arithmetic unit
in enhancing the accuracy. Besides implementing the  addition, subtraction,
multiplication, division, square root, and absolute unit, some other supporting units like
general purpose registers, control registers, tag register, status register etc are also
implemented to make it independent programmable chip and the FPU works in stand-
- alone mode. With that limited exception handling has also been implemented. Although
most of the features are taken into account from Intel’s Pentium4 but new things have -
been added to Pentiumd’s FPU and successfully implemented. One of the most exciting

such thing is the Tag register. Tag register available in Pentium4 needs to be taken care
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of by the end user to check the validity of a number, but here in my design, it is
automatic. The FPU checks,,-itself, the validity of a number before and after the
- computation. Thereby, it also saves the large number of clock cycles whenever the data
register is empty or contains some invalid number. In eésence, my work is superset of all
previous works related to this area. Since the target application was turbine efficiency
measurement which may require lot of computation on number of variables, special
attention has been paid to all kinds of arithmetic algorithms to design best possible core

units for FPU.

7.2 Suggestions for Future Work

. Some suggestions are presented in this section which can be considered for future
work.

¢ Apply pipelining to all units/subunits. It helps in reducing Jatency.

< A few more complex instruction related to trigonometric and logarithmic can be

integrated into the FPU to perk up flexibility.

< I implemented Normalization unit within the floating-point arithmetic modules. ‘Area

consumed will decrease if a separate hardware module is designed for Normalization.

% Denormalization unit can also be implemented [26][28][32]. I have discussed

advantages of denormalization in Chapter 3.

The work can be extended for quad precision and dual double preci_sion format [38].

&
°n

% Power reduction techniques can also be implemenfed.
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APPENDIX A

GLOSSARY

A

ASICs
An ASIC (application-specific integrated circuit) is an integrated circuit (IC)

customized for a particular use, rather than intended for general-purpose use.

Aldec’s Active HDL

The Active-HDL from Aldec Inc. suite is a comprehensive and totally integrated
- environment for digital IC design and verification that employs hardware ldescription
languages and C/C++ solutions. It provides tools for efficient and vendor independent
design implementation and testing for engineers and design teams. Active-HDL supports

even the most coniplex FPGA and ASIC designs.

Altera

Altera Corporation is a manufacturer of programmable logic devices.

ASCII .
ASCIl (dmerican Standard Code for Information Interchange), generally

pronounced [aski], is a character encoding based on the English alphabet. ASCII codes

represerit text in computers, communications equipment, and other devices that work

with text.
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C

CPLD

CPLD stands for Complex Programmable Logic Device. It is a programmable
logic device with complexity between that of FPGAs and PALs, and architectural
features from both. The building block of a CPLD is the macro cell, which contains logic

implementing disjunctive normal form expressions and more specialized logic operations.

CAD

. Computer-aided design (CAD) is the use of a wide range of computer-based tools
that assist engineers, architects and other design professionals in their design activities. It
is the main geometry authoring tool within the Product Lifecycle Management process

and involves both software and sometimes special-purpose hardware.

Compile-Time
In computer science, compile time, as opposed to runtime, is the time when a

compiler compiles code written in a programming language into an executable form.

CLBs, IOBs & Interconnects

The FPGA has three major configurable elements: configurable logic blocks
(CLBs), input/output blocks, and interconnects. The CLBs provide the functional
elements for constructing user's logic. The IOBs provide the interface between the
package pins and internal signal lines. The programmable interconnect resources provide
routing paths to connect the inputs and outputs of the CLBs and IOBs onto the

appropriate networks.

D

DSP
Digital signal processing (DSP) is the study of signals in a digital representation

and the processing methods: of these signals. DSP and analog signal processing are
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subfields of signal processing. DSP has three major subfields: audio signal processing,
digital image processing and speech processing. The microprocessor class of digital
signal processor (DSP) is a specialized microprocessor designed specifically for digital

signal processing, generally in real-time.

E

EDA .

Electronic design ‘automation (EDA) is thé category of tools for designing and
producing electronic systems ranging from printed circuit boards (PCBs) to integrated
circuits. This is sometimes referred to as ECAD (electronic computer-aided design) or
just CAD.

F

FPGA

Field-programmable gate array or FPGA is a semiconductor device containing
programmable logic components and programmable interconnects. The programmable
logic components can be programmed to duplicate the ﬁmctiohaiity of basic logic gates
(such as AND, OR, XOR, NOT) or more complex combinatorial functions such as
decoders or simple math functions. In most FPGAs, these programmable logic
components (or logic blocks, in FPGA parlance) also include memory elements, which

may be simple flip-flops or more complete blocks of memories.

Finite State Machine (FSM)

A finite state machine or finite automaton is a model of behavior composed of
states, transitions and actions. A state stores information about the past, i.e. if reflects the
input changes from the system start to the present moment. A transition indicates a state
change and is described by a condition that would need to be fulfilled to enable the
transition. An action is a description of an activity that is to be performed at a given
moment. |
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Front-end and back-end
In their most general meanings, the terms front end and back end refer to the
initial and the end stages of a process flow.

In software design, the front-end is the part of a software system that deals with
the user, and the back—end is the part that processes the 'inpﬁt from the front-end. The
separation of software systems into "front ends" and "back ends" is a kind of abstraction
that helps to keep different parts of the éystém separated.

In compilers, the front-end translates the source language into an intermediate
representation, and the back-end works with the internal representation to produce code
in the output langﬁage.

In electronic design automation, front-end stages of the design cycle are logical
and electrical design (e.g., schematic capture, logic synthesis). Sometimes floor planning
is also considered front-end. Back-end are place and route, custom layout design and
physical verification (design rule checking, layout versus schematic, parasitic extraction).

Many programs are divided conceptually into front and back ends, but in most
cases, the "back—cnd." is hidden from the_ user. However, sometimes programs are written
which serve simply as a front-end to another, alréady existing program, such as a
graphical user interface (GUI) which is built on top of a command-line interface. This
type of front-end is common in Unix GUIs, where individual programs are developed on
the design philosophy of many small,..tested programs, able to run independently or

together.
G

Graphical User Interface

A graphical user interface (or GUI, sometimes pronounced "gooey") is a method
of interacting with a computer through a metaphor of direct manipulation of graphical
images and widgets in addition to text. GUIs display visual elements such as icons,

windows and other gadgets.
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H

High-Level Language (HLL)

A programming language such as C, FORTRAN, or Pascal that enables a
programmer to write brograms that are more or less independent of a particular type of
computer. Such languages are considered high-level because they are closer to human
languages and further from machine languages. In contrast, assembly languages are

considered low-level because they are very close to machine languages.

Hardware Description Languages (HDLs)
In electronics, a hardware description language or HDL is any language from a
class of computer languages for formal description of electronic circuits. It can describe

the circuit's operation, its design, and tests to verify its operation by means of simulation.

IP (Intellectual Property)

In electronic design a semiconductor intellectual property core, IP block, IP core,
or core is a reusable unit of logic, cell, or chip layout design. Cores that are the property
of one party may be licensed to another party though cores can also be owned and used
by a single party alone. The term is derived from the licensing of the patent and source
code copyright intellectual property rights that subsist in the design. An uncommon
alternative expansion is "integrated processor block". IP cores can be used as building
blocks within ASIC chip designs or FPGA logic designs.

IDE |

An integrated development environment (IDE), also known as integrated design
environment and integrated debugging environment, is a type of computer sofiware that
assists computer programmers to develop software. IDEs normally consist of a source
code editor, a bompiler and/or interpreter, build-automation tools, and (usually) a
debugger. '
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Integrated Circuit

Another namé_ for a chip, an integrated circuit (IC) is a small electronic devicé
made out of a semiconductor material. Integrated circuits are often classified by the
number of transistors and other éiectrbﬁic components they contaih: '

SSI (small-scale integration): Up to 100 electronic components per chip

MSI (medium-scale integration): From 100 to 3,000 electronic components per

chip ’

LSI (large-scale integration): From 3,000 to 100,000 electronic components per

chip :

VLSI (very large-scale integration): From 100,000 to 1,000,000 electronic

coinponents per chip

ULSI (ultra large-scale integration): More than 1 million electronic. components

per chip

T1A-32

IA-32, sometimes generically called x86-32, is the instruction set architecture of
Intel's most successful microprocessors. Within various programming language directives
it is also referred to as "i386". The term may be used to refer to the 32-bit extensions to
the original x86 architecture, or to the architecture as a whole. The term means Intel
Architecture, 32-bit, which distinguishes it from the 16-bit versions of the architectu_re
that preceded it.

IEEE

Institute of Electrical and Electronics Engineering.

IEEE-754
IEEE Standard for Binary Floating-point Arithmetic is the most widely used

standard for ﬂoatmg—pomt computation, and is followed by many CPU and FPU

implementations.
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JTAG

JTAG, an acronym for Joint Test Action Group, is the usual name used for the
IEEE 1149.1 standard entitled Standard Test Access Port and Boundary-Scan
Architecture for test access ports used for testing printed circuit boards using boundary

Scarmn.

L

- LUT

In digital logic, an n-bit lookup table can be implemented with a multiplexer
whose select lines are the inputs of the LUT and whose inputs are constants. This is an
efficient way of encoding Boolean logic functions, and 4-bit LUTs are in fact the key

component of modern FPGAs.

LE
Logic Elements, FPGA are defined in terms of Les. . The array of logic cells and
interconnects form a fabric of basic building blocks for logic circuits. Complex designs

are formed by conibining these Logic elements to build the desired circuit.
M

MicroBlaze

The MicroBlaze is a soft processor core from Xilinx for use in Xilinx FPGAs.
The MicroBlaze is based on a RISC architecture very- similar to the DLX architecture
described in a popular computer architecture book by Patterson and Hennessy. It features
a 3-stage pipeline, with most instructions completing in a single cycle. Both instruction

and data words are 32 bits.
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N

Netlist .

In Electronic Design domain, a "netlist" describes the connectivity of an
electronic design. Netlists usually convey connectivity information and provide nothing
more than instances, nets, and perhaps some attributes. Netlists can be either physical or

logical; either instance-based or net-based; and flat or hierarchical.
-0

On-Chip Peripheral Bus (OPB)

This is a part of the IBM CoreConnect architecture. A processor (hard or soft)
core accesses low speed and low performance sysitem resoﬁrces through On-chip
Peripheral Bus (OPB). The OPB is a fully synchronous bus that functions independently

at a separate level of bus hierarchy.

On-Chip/Off-Chip Memory _
On-Chip memory refers to a memory tightly coupled to processor, generally on
the same silicon chip. Off-Chip memory refers to a memory which resides outside the

silicon chip where the processor actually resides.

P

PROM

A programmable read-only memory (PROM) or field programmable read-only
memory (FPROM) is a form of digital memory where the setting of each bit is locked by
a fuse or antifuse. Such PROMs are used to store programs permanently. Some of its

types are EPROM, EEPROM etc.,
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Programmable Logic Devices (PLDs)

Programmable Logic Device or PLD is an electronic component used to build

' ~ digital circuits. Unlike a logic gate, which has a fixed function, a PLD has an undefined

function at the time of manufacture. Before the PLD can be used in a circuit it must be

programmed.

Process (in VHDL)

Behavioral descriptions are supported with the process statement. The process
statement can appear in the body of an architecture declaration just as the signal
assignment statement does. The contents of the process statement can include sequential
statements like those found in software programming languages. These statements are
used to compute the outputs of the process from its inputs. Sequential ‘statements are
often more powerful, but sometimes have no direct correspondence to a hardware
implementation. The process statement can also contain signal assignments in order to
specify the outputs of the process. The body of the process appear between the begin and
end keywords. Example of a process is shown below.

compute_xor: process (b,c)
begin
a<=b xor c;

end process;

Sensitivity List

Next to the keyword process (in VHDL), which starts the definition of a
process there is a list of signals in parenthesis, called the sensitivity list. The signal
.sensitivity list is used to specify which signals should cause the pfocess to be re-
evaluated. Whenever any event occurs on one of the signals in the sensitivity list,

the process is re-evaluated.

Run-Time
In computer science, runtime or run time describes the operation of a computer

program, the duration of its execution, from beginning to termination.
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Reconfigurable Computing (RC)

Reconfigurable computing is computer processing with highly flexible computing
fabrics. The principal difference when compared to using ordinary microprocessors is the
ability to make substantial changes to the data path itself in addition to the control flow.
Ex: FPGA, CPLD etc. | |

RTL '

Register Transfer Language (RTL) has two meanings in computer science. The
first is an intermediate representation used by the GCC compiler. Register Transfer
Language also refers to a language that defines precisely what each instruction in a .
processor does, to a level of detail that allows synthesis of the hardware. The acronym

RTL is also used for register transfer level, an attribute of a hardware description

language.

RAM
Random-access memory (commonly known by its acronym RAM) refers to data
storage formats and equipment that allow the stored data to be accessed in any order --
that is, at random, not just in sequence.
Static Random Access Memory (SRAM) is a type of semiconductor memory.
The word "static" indicates that the memory retains its contents as long as power
remains applied,
Dynamic random access memory (DRAM) is a type of random access memory
that stores each bit of data in a separate capacitor. As real-world capacitors are not
ideal and hence leak electrons, the information eventually fades unless the
capacitor charge is refreshed periodically. Different variations of DRAMS are:
PSRAM, DDR SDRAM, DRDRAM, SDRAM, QDR SDRAM, SGRAM,
MDRAM, BEDO DRAM, EDO DRAM, WRAM, and VRAM.
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RISC (Reduced Instruction Set Computer)

The reduced instruction set computer, or RISC, is a microprocessor CPU design
~ philosophy that favors a smaller and simpler set of instructions that all take. about the
same amount of time to execute. The most common RISC microprocessors are ARM,
DEC Alpha, PA-RISC, SPARC, MIPS, and IBM's PowerPC.

'RTOS

A real-time operaiting system (RTOS) is a class of operating system intended for
real-time applications. Examples include embedded applications (programmable
therrhostats, household appliance controllers, mobile telephohes), “industrial robots,

industrial control (SCADA), and scientific research equipment.

SOC

System-on-a-chip (SoC or SOC) is an idea of integrating all components of a
computer or other electronic system into a single chip. It may contain digital, analog,
mixed-signal, and often radio-frequency functions — all on one chip. A typical application

is in the area of embedded systems.

SOPC
System-on-a-Programmable-chip, Similar to SOC, only difference it is build in

programmable hardware

SOPC Builder

SOPC Builder is a powerful system development tool developed by Altera for
creating systems based on processors, peripherals, and memories. SOPC Builder enables
you to define and generate a complete SOPC in much less time than using traditional,

manual integration methods
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Soft Processor/Soft-core

A soft processor is a processor created out of the configurable logic in a FPGA.

Synthesis

In the world of electronic design automation, synthesis is the process of
converting a digital design written in a hardware description language (HDL) into a Jow-
level implementation consisting of primitive logic gates. Most large integrated circuits

" designed today are written in an HDL and "compiled” using a synthesis product.

Serial Port
In computing, a serial port is an interface on a computer system through which

information transfers in or out one bit at a time
U

UCF file

The User Constraints File is an ASCII file that you create. You can create this file
by hand or by using the Constraints Editor. The UCF file contains timing and layout
constraints that affect how the logical design is irﬂplemented in the target device. The

constraints in the file are added to the information in the output NGD file.

User-defined

User defined items are the one which are developed and implemented by the users

or developers as applicable.

A

VHDL
VHDL or VHSIC Hardware Description Language, is commonly used as a
- design-entry language for field-programmable gate arrays and application-specific

integrated circuits in electronic design automation of digital circuits.
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Verilog |

Verilog is a hardware description language (HDL) used to model electronic
systems. The language (sometimes called Verilog HDL) supports the design, testing, and
implementation of analog, digital, and mixed-signal circuits at various levels of

abstraction.
X

Xilinx, Inc.

It is the world's largest developer and manufacturer of the class of reconfigurable
hardware chips known as Field-Programmable Gate Arrays' (FPGAs). Xilinx is a
de\;eloper of FPGA and CPLD devices that are used in numerous applications within
telecommunications; automotive, consumer, defense, and other‘ fields. Xilinx offers
device families for glie logic (CoolRunner, CoolRunner II), low-cost (Spartan), and

high-end (Virtex) applications in addition to supporting devices such as PROMs.

Xilinx ISE & EDK

Xilinx offers electronic design automation (EDA) tools for use with its devices.
- Chief among these is ISE, which offers a complete EDA flow. The other being Xilinx's
Embedded Developer's Kit (EDK), which is aimed primarily at designers wishing to use
the embedded PowerPC 405 core in the Virtex-II Pro and Virtex-4, or Xilinx's own soft
microprocessor/microcontroller (MicroBlaze) in ‘their designs. Other domain-specific
tools include System Generator for DSP, which provides seamless simulation and

implementation of high-performance DSP designs on Xilinx's FPGAs:.

X86
x86 or 80x86 is the generic name of a microprocessor architecture first developed
and manufactured by Intel. The x86 architecture currently dominates the desktop

computer, portable computer, and small server markets.
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XS Board

FPGA developmenf board series.
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APPENDIX B
' DESIGN CUSTOMIZED INSTRUCTION AND THEIR USAGE

1 FLOAD instruction :
Load real number from the input port into the stack.
~ Opcode: 0x00 |
Clock cycles: 5
Description:
It merges the integer and fraction part of the real number and then
converts the number into extended dduble precisibn format and decrements the

data register stack by one and stores the converted data into top of stack.

2 FSTORE instruction
Store real number from the stack into the output port.
Opcode: 0x08.
Clock cycles: 6
Description :
It retrieves the extended double precision number from the top of stack,
converts it info equivalent real number, and then stores the converted data into

output port

-3 FADD instruction -
~ Add TOP of data register stack to the TOP + X and store the result in TOP
of data register stack.
Opcode: 0x10 +X. X 2> 0to 7)
* Clock cycles: 18 (if both numbers are valid)
7 (if one of the number is invalid, zero or infinite)
Description:
It adds the content (extended double precision number) of the top of data

register stack to the content of the top of stack plus X mentioned in instruction—0
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to 7 (extended double precision number) and stores the result (extended double

precision number) into the top of data register stack.

FSUB instruction . v

Subtract TOP + X of data register stack from the TOP and stofe the result
in TOP of data register stack. |
Opcode: 0x18 +X. X > 0to 7)
Clock cycles: 18 (if both numbers are valid)

7 (if one of the number is invalid, zero or inﬁhite)

Description: ' ) |

It subtracts the content (extended double precision 'nuniber) of the top of
data register stack plus X mentioned m instruction—0 to 7 froin the content of the
top of stack (extended double precision number) and stores thé result (extended

double precision number) into the top of data register stack.

FMUL instruction

Multiply TOP of data register stack to the TOP + X and store the result in
TOP of data register stack.
Opcode: 0x20+X. X2 0to 7)
Clock cycles: 11 (if both numbers are valid)

7 @f one of the number is invalid, zero or infinite)

Description: _

It muitiplies the content (extended double precision number) of the top of
data register stack to the content of the top of stack plus X mentioned in
instruction—O to 7 (extended double precision number) and stores the result

(extended double precision number) into the top of data register stack.

FDIV instruction
Divides TOP + X of data register stack from the TOP and stores the result

in TOP of data register stack.
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Opcode: 0x28 + X. (X > 0to 7)
Clock cycles: 18 (if both numbers are valid)
7 (if one of the number is invalid, zero or infinite)
Description: v
It divides the content (extended double precision nurﬁber) of the top of
data register stack plus X mentioned in instruction—0 to 7 from the content of the
~top of stack (extended double precision number) and stores the result (extended

double precision number) into the top of data register stack.

7 FSQRT instruction
Computes square-root of TOP of data register stack and store the result in
TOP of data register stack. ’
~ Opcode: 0x38.
Clock cycles: 66 (if number is valid)
' 7 (if number is invalid, zero infinite or negative)
Description:
It computes square root of the content (extended double precision
number) of the top of data register sfack and stores the result (éxtended double

precision number) into the top of data register stack.

‘8 FCHS instruction

' Change sign of TOP of data register stack and store the result in TOP of
data register stack. '
Opcode: 0x40.
Clock cycles: 5
Description:

It changes the sign of the content of the top of data register stack
(extended double precision number) and stores the result (extended double

precision number) into the top of data register stack.
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FABS instruction
Computes the Absolute value of TOP of data register stack and store the
result in TOP of data regis.ter stack. '
Opcode: 0x30.
Clock cyéles: 5
Deséription:

It 6omputes the absolute value of the content of the top of data register

' stack‘(exténded double precision number) and stores the Iesult.(extended double

precision number) into the top of data register stack.

RTI instruction ,

Round to nearest integer TOP of data register stack and store the result in
TOP of data register stack. '
Opcode: 0x58.
Clock cycles: 5
Description: .

It rounds the content of the top of data register stack (extended double
precision number) fo thé‘ nearest integer and stores the result (extended double

precision number) into the top of data register stack.

LDCW instruction

Load FPU control word
Opcode: 0x60.
Clock cycles: 5
Description:

* Load the immediate input data into the control word register.

FRSW instruction
Store FPU status word into the output port.

. Opcode: 0x68
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Clock cycles: 5
Description: ‘
Store the status word (different states) into the output port.

13 FCLEX instruction
Clear floating-point exception flags.
Opcode: 0x70
Clock cycles: 5
Description:

Clears the exception flags in the status word.

14 NOP instruction
Do nothing,.
Opcode: 0x78
Clock cycles: 4
Description:

Do nothing for 4 clock cycles.
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APPENDIX C
SYNTHESIS REPORT |

Presented work is simulated using Aldec’s Active HDL and the simulation results
obtained in Active HDL simulation environment are available in Chapter 6. Xilinx ISE
7.1i supported by Modelsim [15] is used to synthesize the Floating-point Arithmetic unit.
The target FPGA was Xilinx’s Virtex Il Pro [17]. This appendix Rrovides the crucial part

of synthesis results.

Device utilization summary: |
The following table gives utilization summary of Floating-Point Arithmetic unit
which is synthesized on Xilinx Virtex II Pro FPGA kit using Xilinx ISE 7.1i.

Target Device : xc2vp100

Table C.1 Device utilization for FPU

.| Used| Available] Utilization]
o] 76887, - 44096 17%
6712 88192 7%
14145 88192 16%
163 1040 15%
16 444 ¥
8 16 50%

Timing Summary:

Speed Grade: -5
Minimum peried: 107.329ns (Maximum Frequency: 9.31 7MHz)
Minimum input arrival time before clock: 16.416ns
Maximum output required time after clock: 15.594ns

Maximum combinational path delay: 6.407ns
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Rest of the tables shows utilization summary of sub units of FPU.

Table C 2 Devxce utlhzatlon for Stack Reglster

Table C.4 Device utlhzatlon for Load (part of stack)

: {Logic Utilization iised| Available] litilization]
24 44036 0%
41 88192 1):4
5 88182 0%
118 1040 11%
1 168 6%

Tset ﬁvanlablerhllzallﬂn ;

44036 0%
98192 D%
88192 . 0%
1040 2%
16 6%

Table C 6 Devnce utilization for Addltlon Umt

jUsed Available Uhllzatlon

1330 440396 3%

-lip:Elapsl 1709 88192 1%

2249 88182 2%

200 1040 19%
T %]
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Table CJa Dev1ce utlllzatlon for Multiplication Unit
i i _{Used| Available) Utlization,

615 44096 1%
664 88192 0%
1050 28192 1%
200 1040 19%
16 444 3%

1 16 6%

: Used Avallabla Utlhzalmn

44096 0%
868192 0%
88192 0%
104D 16%
16 6%
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