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CSCE 491
Computer Engineering Design

2005/8/23

Week 1
Systems Design Using VLSI Custom Logic

© 2004 Dr. James P. Davis

CSCE 491 Week 1 - Outline

Introduction
v Drivers for VLSI Systems-On-a-Chip (SOC)
+ Example: Wireless Communications
+ The Widening Productivity Gap: Capacity vs. Capability

e Hardware Systems Design with VLSI
v VLSI-based Design Space (Y-chart)
+ Designing with CPUs versus Custom Logic
v Abstraction Levels and Representation Domains

e Example — 802.11 WLAN Project
+ Hardware Design Representation
+ The CSCE 491 Design Process
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Introduction

or

What’s so important about this stuff
anyway and why should we care?
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Technology Convergence

_1B .
=0 s

Consumer
Telecomm Computers Electronics

«Speed
«Cost

«Functional
capability

«Power
consumption

«Package part il
count ge p Silicon
«Usability

«Security &
privacy B " At the root of cascading changes of modern economic life...devaluing

«Reuse and resources in technology, business and geopolitics...overcoming the
extensibility

t the constraints of material resources, the microchip has devalued most
«€1C.

large accumulations of physical capital and made possible the launching
of global economic enterprises...microchips find their value not in their
substance but in their intellectual content: their design..."

George Gilder, Microcosm, 1989
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Introduction - VLSI System “Drivers”

e Many market and technology factors coming together to create
pressure on electronics product engineering organizations
worldwide.

Increasing global competition and new markets.

Increasing rate of product innovations and new product introductions.

Decreasing time-to-market windows.

Decreasing “shelf life” for products in many categories.

Increasing pressure on competitive cost containment, profit margins.

Increasing convergence: integrated functionality in single electronics

devices and product packages.

+ Increasing quality expectations: means for containing distribution and
support costs.

+ Increasing innovation in silicon process technology and wafer scale

integration densities.

AN NN

v Increasing disparity: capacity of the underlying technologies versus
capability of designers to manage increasing design complexity.

vvvvvvvvvv
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Example — Wireless Communications

e The market is seeking product
technology options to cover
different geography ranges and
data rates.

v Bluetooth — WPAN.
v |IEEE 802.11 - WLAN.
v 2/3G Network — WWAN.

A

e

WWAN

Rang

e The opportunity for creating .
value chains encompassing G2I63
product offerings, distribution Network
and new service offerings CDMA
hinges on the ability to get low
cost solutions to market
quickly. PAI

+ Deliver content to wireless IEEE802.11a
handheld devices.

+ Function convergence in the
handset and at the base station.

~ Requires large cross-functional
design teams in varied disciplines.

xxxxxxxxxxxx
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WLAN

Data Rate

Source: Knowledge Edge KK




The Capacity vs. Capability Gap

e Increasing capacity of the
technology:

v The rate of new technology
and associated silicon -
process changes has A 10,000K
continued to follow Moore’s
Law.

o The capability of designers Device Capeci
and design teams to use o
X R ; Design
LT)S capacity isn’t keeping Morghe o
~ The Capacity versus 4 Product Time-to-Market
Capability Gap is widening.
+ Each set of technology and
process changes requires 3
designers to manage ever Desi pability
more complexity in the design
process.
abstractions, methods and
tools are required to address Source: Dataquest
this increasing complexity.

¥
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1,000K

I 100K

Course of Study

or

What are we going to do about it?
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The Systems |IC Development Decision Tree

Based on Wolf, © 2003 Prentice-Hall Publishers, Inc.

Select COTS
embedded
processor

Select
Programmable
logic platform

Select Custom
logic platform

Reduce
product
expectations
and try again!

% UNIVERSITY of Adopt tools,
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Behavior to Architecture Mapping

Algorithms & Behaviors

Application-Specific
Architectures

General Purpose
Architectures

High-degree of L Optimized for
programmability Ver-Newumann Bit-slicad Arregy Svectar Reconﬁgfdmbie Custom Logic application-
Micropro 'S Pro £ Pro & Logic s R

pecific

High-degree of processing
LEUSE Most 802.11b MAC implementations are We'll be implementing our MAC layer, o

N o done as embedded systems executing on design in VLSI custom logic using Area, timing,

ot optimized for ) ) power

application-specific @ CPU (e.g., MIPS or ARM processor). concurrent state machines, and will
processing (hopefully) generate a circuit using Xilinx — Tightly defined
FPGA devices. derivative

trajectories
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Levels of Abstraction in VLSI System Design

e A design transforms from i
"concept" to "implementation" in !

a series of ordered levels.

quéueing network

block diagram

e From the highest level to lower - 22220 e

H n H n state equations

levels of design "abstraction”, a Behavioral state diagram
design is iteratively refined.

Sflowdiagram

Analysis models to be done in UML.

RTL notation
Functional/RTL datapath diagram
truth table

e The design description is verified
and Vallda.ted at eaCh Ievel’ Design models to be done as ASM charts.
often cycling between levels of oo
abstraction.

schematic diagram

Structural netlist

e Design descriptions are
described using one or more Geometrical layout
domain representations
(Behavior, Structure, Physical).

ﬁgnxvrnp,lrv or
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Application Design Project

or

How are we going to do it?
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Mobile Computing - 802.11b/g WLAN MAC

. Station-4
Station-3 (Print Server)

e Wireless Local = e
Networking (PCF) 1

v Supports pervasive
computing on PCs,
laptops, PDAs and other
Internet-enabled devices.

Screen shorts © 2002 D-Link Corporation

s ks et Guimbons b s )Mt Seeet SnatBoai!

Wireless Gateway m

Wireless Setting |

802.11 Wireless
Medium
(CSMAICA)

v Most Access Points
support broadband access
to a wired network.

Station-1

v Personal network

[T e 7

management screens Wirooss ataway \DIT13P )
access functions that R I
control behavior of the =
MAC Layer. :
z:]::;:d, }
v Example: wireless router . |
from D-Link®. EEREE ']
» DHCP. ced [ Logout|
%UNIVERSII’Y or ] Done [ 19 Inemet Z
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Typical 802.11 Product Architecture

Clock
Peak Power Memor frequenc
CPU core Die area Consumptio Syst y &qMIPSy
n (MW/MHz) ystem
performance
4.9mm?on 0.18um Selectable | &
ARMOE / ARM946E-S | estimated size with D cache sizes: | 150MHz on TSMC
cached processor 16KB instruction & 4KB 1.1 mW/MHz 0, 4K, 8K... 1M | 0.18um (worst
with tightly coupled data caches and no @ 1.8V Selectable | & | case)
memory interfaces TCMs (estimated) D TCM sizes: | 230MHz on TSMC
Using Artisan cell library 0, 4K, 8K... 1M | 0.18um (typical)
& RAM compiler
»
MAC device
controller — T driver Protocol
(bas.lc Stack q
BUS function 8 Applicat-
| interface call, 7 os ion
Front . | BBP MAC __ A ontrol kernel - iRy
End [l etc.
Targyﬁf"&MAc Controller Chip Softdriver
PHY MAC \
Memory block On chip memory depens on 10K gates
(4~15kB) + control firmware size (100 ~200KB) PCI/PCMCIA
block the FW size depends on the MAC
feature 11e&i? Source: Knowledge Edge KK

NIVERSI|TY oOF
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802.11 WLAN — Example Use Case Diagram

e Operations

v Inventory of basic
functions to be supported
in our MAC layer
Receiver architecture.

+ Interaction at the system
boundary with the PHY
layer

+ Each Use Case will be
iterated using Sequence
diagrams, then hardware
block diagrams.

v Each Use Case will have
a set of behaviors
associated with it that we
will want to model as an
RTL hardware
description.

PHY_Layer

UNIVERSITY oOf
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/ TransmltFram\

Q

ReceiveFrame

O

DecodeFrameHeader

-

|

/
/
)

DecodeAddresses

-

DecodeDurationID

O

DecodeFrameCheck

O

DecryptFrameData

O

DecodeSequenceControl

© 2004 Dr. James P. Davis Page 15

802.11 WLAN — Example Sequence Diagram

x

: Shifter

I

x

: WordS elector

1: Shift in 4-bits

i

This scenario is designed
to show how state information
for the Frame_W ord might

be correlated with the passing
of signals between blocks,

actions corresponding to state
change for the Frame_Word

1

3: Shift in 4-bits

i

4: Shift in 4-bits

2: Shift in 4-bits ‘

i

AR A

_. FrameHeader

Decfder

_ Decoder

Seljctar

: Frame

Seg Fncer

5: Create Frame_Word

7: Signal new Frame7WUrd‘

In this scenario, we assumel™
this is the first word created
for a new frame.

Check if 1st Word in Frame

9: Signal Sequencer to 1st W ord

o |

10: Set Decoder_Selector = "FrameHeaderDecoder"

_

[

11: Signal "Target_Decoded"

6: State = "Created"

=

12: State = "Target_Identified"

14: Latch Frame_Word

A
I |
| |
| |
x |

UNIVERSIT

]C SOUTH(AROLINA

I
13: Signal Frame_Header_Decoder
15: Signal "Select_|

Enable”

18: Pass Frame_Sublype

17: Decode Header

p—

|
19: Signal "De‘codeiComplele"

16: State = "Latched"

—

—_ i —

=T] 20: State = "Fully_Decoded"

—
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802.11 WLAN — Example Block Diagram

o bJ
i

DD decodr
Architeziural - Losal

DID. anable

5 v,

i word 00 vkl

w*

14

s :
ey atcle #

¥

— e

B o 05 s
ol l— S
bl BODY valid I
e o
,,,,,,, p-

m.'g’]fg“m SOUTH(AROLINA © 2004 Dr. James P. Davis Page 17

802.11 WLAN — Example ASM Thread 1

<

1
B ses
word_tusi

FHY_Datn

7
18] < FHY_In2

Aval

<

1
B se s
wird_bus[s:

FHY_[ats

avers O

4
]« FHY It

Aval

Haw_Word

e A model for a MAC-layer functional
thread.

v We use Executable ASM diagrams to
model state machine behavior and
datapath operations for the hardware.

v Executable ASM models have a
raphical symbol set that looks like a
lowchart.

v Algorithm structure can be easily
modeled using the ASM graphics.

v The diagrams are annotated with
register transfer notation (RTN)
expressing operations and events.

v Executable ASM models are directly
executable in Nimbus™, are “correct by
construction” and result in VHDL/Verilog
code optimized for circuit synthesis.

© 2004 Dr. James P. Davis Page 18




802.11 WLAN — Example ASM Thread 2

eSB!

We can use a Case with nested

) If-Then Else constructs.
MAV_register<-DECRMNC{ NAV_register)

DID_enable
Eﬁ?_ﬁ_\!ECODE = B01001"

DID_Vslus<-word_bus

MAV_register<-DI0 s Value
MAW_register<-DID_Vaue

AV _register < hE

@‘ ;S(")liﬁillQ Go back to the “poll” state.

ir. James P. Davis Page 19

802.11 WLAN — Example ASM Thread 3

Rhdang)

- <«——————— We have reset states for Hard
Reﬂel and “soft” reset signals.

FEE Fametnghle = o0
FEE ReEO

We have polling loops to
synchronize with other concurrent
threads.

! FCE% R =RCRC_|

Fe3- Bt

A4 university o FRE-ERRconE-b1ooto

#f)fi: SOUTH(AROLINA
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802.11 WLAN — Example ASM Thread 4

ASM sub-flow has cascading tests
as nested If-Then-Else structure.

Priority sequence defined by the
order of nesting:

o
REC_CTS

( o Q
) REC_DATA

BFE_fram4Subtype<-b1 12}

[ EFB_frameg

4]
REC_ACK

- +
BFE_framqSubtype = B1011°

:_) 1 0 BFBE_framaSubtyps = b1100

Eﬁﬁr_ﬁeﬁajg”mw'wn 1 DEFB_ﬁameSubI = 'hO0DD

[ BFE_framaSublype-b1101 pecil
Y

BFE_framaSubtype-<-b1101

mit This logic block encapsulates output
Decoding logic, which is good to put
In ASM sub-flows.

@ S(]JTHQ\ROUNA © 2004 Dr. James P. Davis Page 21

Tool Chain

Creating initial platform-independent designs for later
retargeting to specific mobile computing footprint

NIVERSITY ofFf
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Exploration Process - Methods & Tools

. oach - "stepwise 1 "o
Start Exsedia Nimbus™ B Design Approach - "stepwise refinement", with
& IPalette™

"iterative enhancement".

Capture B Create design "skeleton", with core functions and

Design

cycle-level timing information specified.

Compile &

Checking area and timing constraints.

‘ M Iterate the design through synthesis, checking key

Cycle-based
Simulation?

Synopsys Design Compiler ™

HDIgSimul

Behavioral ‘ Required? -, 'y HDL Compiler '
Simulation ™
FPGA Compiler
. . ™
Correct ‘ Functional Svﬁ?lﬂzis DesignWare
No  Behavior? Simulation . Design Analyzer
P ™
‘ Gage-!evel Timing Analyzer
< L Timing
‘ Function? ;s Analysis
I | Correct
[ NO Timing?
- Partition. Xilinx ISE™
5
Place &
. . Route
B Return to the top of the process to make corrections, and
to enhance the design description. Area &

. . No  “Speed?
B Integrate completed behavioral block with other blocks

for HDL "system" simulation.

DI T
Bitstream

(%{;"':‘LNVVERSVYV o r
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Model Creation using Nimbus™

—| Nimbus — pegasus326vhdl.nim — ErrorHandler \ e

=] smrer | 100] [ ADDR_Decoder E

File Edit Sheet Pakfie View Tools Options

/el s - RN | - | -6k

Eo|o|olaie|= ¢ | =]

Shee]
— Py
[~ Stiter]
|— ErrorHander
|| BT ( RR_HND_ it
|— DID_Decader i
|— FoH_pecader
|— Fos_pecoder!
|— 5GD_Decoder
|— ADDR_Decoder,
|— BoDY_Decoder
[— Wordselecior
|— Fm_seq chk
|— ADDR_input]
|— scD_ERRCHI
|— ToB_Encader!
|— BFB_Encoder,
|— TFB_Encoder
|— ma_Encocer]
|— ToB_retryLogie
|— ToB_trameselector
|— Trans_shitter

— TFB_wail,

5l [ B

— RevTmscChtri

|— BME_Encoder
|— TFB_Encoder2, i

|— Rev_GRG!

|— Trans_GRG
|— Medium
|— Memory
|— CRC_Table

|— CRC_tableGen I

%LNVVFR‘VYV o r
7
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Model Verification Planning — ASM Model

® |n examining an ASM “thread”, we want to evaluate which logic paths we can test by defining

a set of input stimuli to excite the deS|gn so that each run allows different logic to be tested.

"RES

Bus_1 = Seed
Bus_2 < Direction
Bus_3 <- NoGounts
Loop <0
Countyal <- 0

Enable ="1'

Bus_1

< DECRNC(5 1)

-*-'-l\vvrnsvrv or

r|\lﬂ]fﬂ|l » SOUTH ()\ROU NA

e Test points:

v

We start by looking at
specific points allowing us
to check different logic
paths through the design.

We look at the signals and
the value ranges that will
cause our design to
choose a different logic
path.

We then create a set of
stimulus “steps” that will
allow us to trace the
design in simulation.

Use McCabe’s cyclomatic
complexity as additional
metric.

© 2004 Dr. James P. Davis Page 25

Model Debugging & Verification in Nimbus™

Nimbus — UART.nim — Controller_1

|1cd

Step through

=S o|o|olw=

File Ecit Sheet Paketle View Tools Opfions

olela s |

J=Ip a9

| =lef )

executing model.
ePU_1

Controlier_
Receiver_-

Set stimulus. Tl
Memory|

State Machine
Constant

= Enumeration|
- System

= Binary

o#F

Animation of
executing threads
(control flow).

— Sheet

Display of data
and cycle timing
values (data).

_I_I_I_IiI_ILI_I_IJ_I_I

Hep

j

BN SN

]

P“L\vvrnsvrv or

© 2004 Dr. James P. Davis Page 26




Checking Model Latency in Nimbus™

1. On start of simulation, operands are sampled at inputs.

2. After total 2-cycle latency, product appears at output.

| 4. After a cycle latency, 2" operand set is sampled at inputs.

o | o | Ql ;;.;,l k| )ﬁcl 1

[ $frndm 3]

signel

5. After a 2" cycle, 2" product generated at output.

3. As product from 1% operation appears on output, new operands appear
on the data inputs (for pipelined operation of multiplication for streaming

o data).
f}f—;’“{lh’l\'l’ﬂs\fv or )
b@g SOUTH(AROLINA ©2004 Dr. James P. Davis Page 27
—|FPGA Compiler Il — [UART _fc2?_proj— UART-Optimized [Schematic] — /"UART—Optimiz - | ||
a Eile Edit Synthesis Script  Filters  ¥iew Window Help = & x
N@EHE =28 @ I em—— W || &
Use "Paths" constraint page to cross-prabe hetween schematic and timing. Press "=" to start Zoom In tool. Hold z T 7
Fe&hift=<Ctrls down while dragging to pan. Use View menu to navigate hierarchy, fanout, or highlight paths.
SIS TS TN o s, Messaes
" Eu-r"Help., press”ﬁ ;
%LNV\'FH*\YV or
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Architecture Evaluation using Xilinx® ISE

B mul_shiftadd32. par - Notepad

File Edt Format Yiew Help

Release 4.7i- Par E.35Copytight () 1895-2001
Mon May 24 18:01:25 2004

nar-f_parrsp

Constraints file: mul_shiftadd32 pcf

[]
Generating PAR statistics.

The Delay Summary Repart The Score for this
The Number of signals not completely routed fo

The Average Connection Delay on the 10 Warst

Durnping design ta file mul_shiftadd32.ned.

All signals are completely routed

Total REAL time to PAR completion: 42 sees
Total CPU time to PAR completion: 39 secs

PAR done

Loading desian for application par from file par_temp.ned. "MUL_Shithdd 32" is an NCD, version 2.37, device xc4062xla, package ho432,

The Average Connection Delay for this designis:  6.473ns
The Maximum Pin Delay is 45084 ns.

Listing Pin Delays by value: (ns) d=800 =d=1800 =d=2700 =d<36.00 =d<4600 d == 46.00

1216 1 27 35 22 0

Placement: Completed - Mo errors found Routing: Completed - Mo errors found

Hiling, Inc. Al rights reserved

speed-08

g&ﬁ;gi;;me for application par from file '4062x/a.nph' in ervironment Resource usage: does
Device speéu data version: PRELIMINARY 115 200-12-18 ’the design ﬁt‘)

Device utilization summary.

Mumber of External I0Bs 133 outof 384 3T%

Flops:

Latches 0

Hurnber of IDBS driving Glabal Bufiers 1 autof 8 12%

Mumber of CLBs 200 outof2304 8%

Total Latches: 0 outof 4608 0% d 1 .

Total CLA Flops: 160 outof 4608 3% Worst case de ay: can
4input LUTs: 324 outof4608 7% .

3 input LUTs: F0outof2304 3% we clock it fast enough?
Number of BUF GLSs 1 outofs 12% |~

Hurnber of STARTUPs 1 outof1 100%

Will we have stable
outputs within timing
desian e 100 tolerances of resources?

t this design is: 0

Mets is: 22677 ns

UNIVERSITY OF

@ SOUTH(AROLINA
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The CSCE 491 Design Process-1

Specification to be supplied by the course instructor.

tested 802.11 Protocol
Emulator test harness
Create Abstracted 802.11 (Gt Hin ks lplaiig
System Specification & TestHarness Emulator Test Harness
Y P Specification (C++, VHDL/Verilog PLI)

UML-based
Project Spec.

Rational Rose

Rational Rose MS-VC++,

Implemented and

UML-based
Harness Spec.

HDL Simulator PLI

Project Planning, Conduct
Domain Study, Architecture
Preliminary Analysis &

Lectures, etc. Design

Project Plan,
Homework, Rational Rose

E Exam IPalette

Conduct Detailed VHDL/Verilog Design
Design, Implementation Integration and
Verification & & Module System
Optimization Verification Verification

Abstract state
charts, activity
diagrams.

UML Packages
and interfaces.
Partitioned block
diagrams. To be carried out by the project teams.

Nimbus ModelSim VHDL, Protocol Emulator

test harness

Classes and E
Silos Verilog E

@‘UN,VEKS"YUNOAF
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The CSCE 491 Design Process-2

Decompose into functionally
partitioned modules.

Capture, analyze and verify IPalette
entry ynit-level module behavior.
Designer %
“ j Capture, plan and verify the
cycle-based Lead system test harness graphically.
. . Designer Y Y
verification & test spec
. entry
Designer Test
#2 1.3 Engineer
1
n cycle-based
verification
d
Nimbus b Nimbus
automatic es'g“er t
HDL code
generation (1]
b
Nlmbus 1
0 automatic
HDL test harness
C generation
k

Integrate HDL modules Integrate HDL test harness
@1 M@kbhl\‘ﬁ © 2004 Dr. James P. Davis Page 31

The CSCE 491 Design Process-3

e Projectteams of 2 or 4

We focus on MAC layer design and v Team of 4 works on both MAC Tx and Rcv
performance optimization, but we hide blocks.
PHY layer in the test harness.

v Team of 2 works on a single side—either Tx

—J— e or Rev.

MAC MAC : :
Layer Layer e Team organization
v Team pair #1 carries out design on Tx block,
CRdC-32 coding of CRde-32 decoding and test development for Rev block.
ata stream of data stream
PHY Layer PHY Layer v Team pair #2 carries out design of Rcv block,
(ne. CRC-18 (croe and test development for Tx block.
coding lecoding
BBP BBP e Outcomes:
v All team members will get “down and dirty”
y with 802.11 protocol.

v You will have digital systems and ad-hoc
wireless networking protocol design
experience.

v THIS MAKES YOUR EXTREMELY

% MARKETABLE IN THE JOB MARKET.

M SOUTH(AROLINA ©2004 Dr. James P. Davis Page 32




Homework Assignment #1

e Topic:

v

Introduction to ASM modeling using the Nimbus tool set.

e Objective:

v

v

e Task:

v

2

To learn to use the Nimbus tool set to carry out design entry and simulation activities.
To ramp the learning curve so you can be proficient using the ASM method as quickly as
possible.

Read the Nimbus Tutorial Guide, located at the link on my Tools web page:
http://www.cse.sc.edu/~jimdavis/Tools/exsedia/tutorial.pdf

Start Nimbus on a Sun workstation (lab 1D39, 1D43), follow the steps in the tutorial, and turn in
the printout of the design file you have created. Keep this file, as we will use it again in a later
assignment. Do your own work!

Starting Nimbus, follow these steps explicitly: (1) logon to a Sun workstation, (2) cd $HOME, (3)
mkdir csce491; mkdir nimbus, (4) /usr/local/nimbus/setup_user (specify Printer as ‘139’ and

Acrobat Reader as ‘acroread’), (5) cd $HOME/csce491/nimbus, (6) ./run_nimbus& (note the *./
in front of the command, and the ‘&’).

Once you have completed the Tutorial: (1) put your name, “assignment #1” and date in fields
accessed from Options -> Design Information menu, and (2) print “All Sheets” option from the
File -> Print menu.
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