REALIZATION OF SYNTHESIZED RTL
STRUCTURES ON LUT ASED FPGAs

By
A. R. NASEER
Department of Computer Science & Engineering

A Thesis submitted
in partial fulfilment of the
requirements for the degree of
DOCTOR OF PHILOSOPHY

to the
INDIAN INSTITUTE OF TECHNOLOGY, DELHI

NEW DELHI-110016
INDIA

AUGUST. 1995



M1 T e
AR ARY "

Lo ¢ Th-2.356 '!



CERTIFICATE

This is to certify that the thesis entitled Realization of Synthesized RTL Structures
on LUT based FPGAs, being submitted by A. R. Naseer to the Indian Institute of
Technology, Delhi, for the award of Degree of Doctor of Philosophy, is a bonafide
research work carried out by him under our supervision and guidance. The results
obtained in this thesis have not been submitted to any other university or Institute

for the award of any other degree or diploma.

O \\A e L /JM/\ L / 21_'\\%_

Dr. M. Balakrishnan Prof. Anshul Kumar
Associate Professor, Dept. of CSE Professor, Dept. of CSE
Indian Institute of Technology Indian Institute of Technology

New Delhi, 110 016 New Delhi, 110 016



Dedicated
to

my parents



Acknowledgements

I am greatly indebted to my supervisors Prof. M. Balakrishnan and Prof. Anshul
Kumar for their technical guidance and moral support during the course of my re-
search. Their foresightedness, technical acumen, inexhaustible enthusiasm, immense
patience and constant interest have inspired me a lot and without their active involve-
ment, it wouldn’t have been possible for me to complete this ardous task. Working
with them has been a great pleasure and learning experience for me. I once again
thank them for providing me an opportunity to work in the famous IDEAS project

and introducing me to the fascinating world of FPGAs.

I am very grateful to Prof. Shashi Kumar and Prof. P.C.P. Bhatt for their
support, friendly guidance and encouragement. They have been a constant source of

inspiration during my research.

I take this opportunity to thank Prof. K. K. Biswas and Dr. Santanu Chat-
terjee for being on my Ph.D. Comprehensive examination committee and for their
valuable suggestions and comments. I also thank the Chairman and members of the

Department Review Committee for their help and support.

My heartfelt gratitude to Prof. N. R. Shetty, Vice Chancellor, Bangalore Uni-
versity, Prof. K. M. Hebbar, Professor and Head, Department of Computer Engg.,
Nitte College of Engineering, Karkala, and Dr. Chandrashekar Shetty, Controller
of Examination, Mangalore University, for their support, co-operation and constant

encouragement during this research period.

I would like to thank Prof. Sudhakar Shetty, Principal, Karnataka Regional Engi-
neering College, Surathkal and Prof. B. T. Nijaguna, former Principal for allowing me

to continue my research work and extending my deputation period beyond the QIP



stipulated period of three years. Without their support and constant encouragement,

it would have been difficult to complete this work.

My friends, Mr. Madhu Shettian, pals computers, Mangalore, Dr. Gopal Muger-
aya, Prof. M.S. Kamath and Prof. Balaveera Reddy, K.R.E.C., Surathkal, Mr. V.
Sridhar, P.E.S. College of Engg., Mandya, Mr. Ramachandra Master, Navabharat
Night High School, Mangalore and Mr. Naveen Rajpal, IIT Delhi deserve special
mention. Their love and sincere well-wishes are really appreciated. They gave me
monumental support, encouragement , and enthusiasm in my work. I am forever

indebted to all of them.

For making my stay at IIT Delhi comfortable and wonderful, I owe infinite grat-
itude to Mrs. & Mr. M. Balakrishnan, their parents, their sweet little daughter
Swathi, Mrs. & Mr. Baladev Prasad, Mrs. & Mr. Anshul Kumar, their sweet little
daughters Asavari and Shaivalini, Mrs. & Mr. Shashi Kumar, their sons Kabir and
Gautham, Mr. Naveen Rajpal and his parents, Mrs. & Mr. Athre, Suprabhatha,
Mrs. & Mr. C. P. Ravi Kumar, Mrs. & Mr. V. Sridhar, Mrs. & Mr. C. L. Put-
taswamy, Mrs. & Mr. R. N. Moorthy, Mrs. & Mr. Purohit and Mrs. & Mr. Shenoy,
for providing me with much needed emotional support and love. I won’t forget the

wonderful lunch and dinner parties I had with them.

This work was partially supported by Department of Electronics(DOE), Govt. of
India under IDEAS project and Ministry of Human Resource Development(MHRD),
Govt. of India under QIP programme. I gratefully acknowledge their support.

During the last four years, I had the proud privilege of working/interacting with
the faculty members of the Computer Science and Engg. Department. The flexible
and open stimulating research environment they have created is a matter of pride and

a thing to be appreciated the most. I take this opportunity to express my gratitude

1



to Prof. S. N. Maheshwari, Prof. B. N. Jain, Prof. R.K. Arora, Prof. B. B. Madan,
Dr. Sanjeev Kapoor, Dr. Arun Kumar, Dr. Gautam Shroff, Dr. Sanjeev Prasad, Dr.
Subhashish Bannerjee, Dr. Huzur Saran, Dr. Saroj Kaushik, Dr. S. K. Gupta, Dr.
Prabhat Shobha and other staff members of the Department for all their help, support
and encouragement for making my research period in the Department enjoyable and
most memorable one. My special thanks to Dr. Sanjeev Kapoor for his wonderful
company during non-working hours in the Minicomputer lab and inspiring me with

his innovative work.

CAD lab has been a pleasant place to work in. I am thankful to IDEAS group
friends, Manoj Karunakaran, Naresh Maheshwari, Sandeep Dawar, Jasvinder Pal
Singh, C. Veerabhadra Rao, Heman Khanna, Balakrishna and Vandana for their help,
co-operation and for several useful technical discussions. . My thanks are also due
to several friends at IIT Delhi, specially research scholars Neena, Monica, Moorthy,
Somayajulu, Shoma, Sumantra, Rekha, Nileema, Abdulla, ERNET project staff R.P.
Rustagi, Sunay Tripati, Ms. nandini, Anand, Parallel processing project staff Arun
Chauhan, Sanjay, Sangeetha, Al project staff Verma, Vadhera, Mishra and Mrs.
Lipika Dey, Shivalik and Nalanda hostel friends Arvind, Raghavan, Ravindranath,
Ranganath, Mir, Ashok Babu, Suresh Hebbar and all other friends and well-wishers

who have helped me directly or indirectly during this period.

My parents have constantly encouraged and inspired me throughout my life. With-
out their blessings, I wouldn’t have been successful in my endeavours. I take this
opportunity to sincerely thank my family members - Ameena Mohammad, Moham-
mad Abdul Rahman, Mrs. & Mr. Ahmed Kabeer, Mrs. & Mr. Nazir Hussain, Zakir
Hussain, Mumtaz, Fakruddin Ali, Shafique, Zahira, Shameel, Uppama and Ummarma
from Arikady, for their love, affection, and support. The last four years of separation

from me have been very difficult for them, especially for my mother. Their sacrifices

111



have brought me where I am now. I do not know how to thank them for their immense
patience, selfless love, and unbounded affection. I respectfully and lovingly dedicate
this thesis to my parents - Sri Khalid Mohammad who has dedicated his entire life
for adult education and Smt. Fathima Khalid for being a wonderful mother, friend

and my inspiration.

A. R. Naseer



Abstract

The Field Programmable Gate Arrays(FPGAs) provide a new approach to Ap-
plication Specific Integrated Circuit(ASIC) implementation that features both large
scale integration and user programmability. Short turnaround time and low manufac-
turing cost have made FPGA technology popular for rapid system prototyping and
low to medium-volume production. The increase in complexity of FPGAs in recent

years have made it possible to implement data path oriented designs on FPGAs.

Technology Mapping problem involves transforming a technology independent net-
work into technology dependent circuits. For FPGAs, a technology dependent circuit
is a collection of interconnected CLBs. This thesis addresses the problem of mapping
synthesized RTL structures onto LUT based FPGAs. The key distinctive feature
of our thesis is a novel approach to perform this mapping by utilizing the iterative

nature of the data path components.

The RTL components are generic in nature and because of their large size, they
cannot be directly mapped onto a single Configurable Logic Block(CLB). Hence a
RTL component is viewed as an array of cells or slices where cell is a single-bit of a
component that is iterated to form a component and slice is an array of contiguous
cells of a component. The slice width is not decided a-priori, rather it is decided
dynamically during the technology mapping process. For a node in the network, we
define a cone rooted at that node (termed apex) as a subgraph consisting of that node
and its predecessors such that any path connecting a node in the subgraph and the
apex node lies entirely in the subgraph. Closely connected slices of different modules
are considered together and mapped onto one or more logic blocks. Both cost-optimal
and delay-minimal mappings are supported. The objective in cost-optimal mapping is
to cover a given data path network with minimum number of CLBs. Similarly in delay
minimal mapping the objective is to reduce the number of CLB levels in the paths
corresponding to the combinational logic between the primary inputs/register outputs

and register inputs/primary outputs. The mapping techniques result in a significant



reduction in CLB count and CLB levels in the critical path over manufacturer’s

proprietary tools and is much faster than these tools.

In this research, we also address the problem of decomposition of a function into
two or more parts to be mapped onto a CLB. We propose a decomposition technique
which belongs to the class of functional decomposition techniques, but is faster than
these exhaustive methods. Observing that in data path designs almost all the logic
encountered is completely specified, our method uses only onset of the function in
contrast to exhaustive methods which require onset as well as offset. As decomposition
process is compute intensive, to speed up this, we present a fast heuristic which
eliminates a large number of trial partitions of the input variable set. Comparison of
our decomposition approach with Roth-Karp method for some of the Logic synthesis

benchmarks demonstrates the efficiency of our approach.

We also present an efficient technique for selecting an optimal clock period es-
pecially in the context of allocation of multi-cycle operators for FPGA targeted de-
signs. In general for any technology like FPGA, where interconnection delays are
significant, clock period selected ignoring the interconnection delays cannot guaran-
tee performance. The task of selecting an optimal clock period is handled as a post
technology mapping task with interconnection delays back-annotated onto the RTL
structure after place and route. Experimental results on RTL structures generated
from High level synthesis benchmarks show both the utility as well as the efficiency

of our approach.

The data path technology mapper is integrated to a high level synthesis system and
it forms a backend to the data path synthesizer. Starting from a behavioral description
language and a global time constraint, RTL data path is generated automatically.
This forfns the input to our data path technology mapper. The output of the data
path technology mapper is a CLB map of the design which can be directly placed

and routed using manufacturer’s layout tools.

Vi
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