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Announcements

Labkit
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*MIT cert required
*On-line Grades
*Submit PDFs
*Submit Verilog
*Lab Hours
Course info
Course calendar
Course description

Previous terms

Webmaster

6.111
Introductory
Digilal Systewms
Lalbovatory

Week of September 1, 2008

e This week's to-do list:
o Thu: lecture
o Fill out information form in Thu lecture

o Read Safety Memo
o Get started on Lab #1 (see below)

e The first meeting of 6.111 will be at lecture on Thursday, 9/4 at 2:30p in
32-141. Consult the Course calendar for schedule of lectures and labs.

Please take a moment to read the Course info page which describes course
mechanics and policies.

e Gim Hom will be giving demos in the 6.111 lab (38-600) on how to use
the logic analyzer and labkit -- info you'll want to know for completing the
labs! Here's the demo schedule (each demo is offered multiple times):

o Logic Analyzer:
= Sunday, 9/7, at 7:00pm and 9:00pm
= Monday, 9/8, at 7:00pm and 9:00pm
o Labkit:
= Sunday, 9/14, at 2:00pm, 7:00pm and 9:00pm
= Monday, 9/15, at 7:00pm and 9:00pm

e The TAs and LAs will start staffing the lab this Sunday (9/7). See the Lab
Hours page for the current week's staffing schedule.

Lab #1 has been issued. Take the Lab Kit Signout form to the Instrument
Room (38-601) after Friday, 9/5 at 1pm to check out a kit of parts, tools
and test equipment leads you'll need to work on the labs.

See Announcements to read previous messages.

Done
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* One stop shopping for
all 6.111 information
* Handouts
* Labs

e On-line submissions
« Policies

* Please read "Course
info" to get oriented



Assignments

Lecture Problems (20%)

Final Project (40%)

Labs (30%)

CI-M Paper (10%)

A large number of students do "A" level work and are, indeed, rewarded
with a grade of "A". The corollary to this is that, since average
performance levels are so high, punting any part of the subject can lead
to a disappointing grade.



Labs: learning the ropes

Lab 1

— Experiment with gates, design & implement some logic

— Learn about lab equipment in the Digital Lab (38-600): oscilloscopes
and logic analyzers

Lab 2
— Introduction to Verilog & the labkit
Lab 3
— Design and implement a Finite State Machine (FSM)
— Use Verilog to program an FPGA
— Report and its revision will be evaluated for CI-M
Lab 4

— Design a complicated system with multiple FSMs (Major/Minor FSM)
— Voice recorder using AC97 codec and SRAMs

Lab 5
— Video circuits: a simple Pong game



Final Project

Done in groups of two (or sometimes three)
Open-ended

You and the staff negotiate a project proposal

— Must emphasize digital concepts, but inclusion of analog interfaces
(e.g., data converters, sensors or motors) common and often
desirable

— Proposal Conference, several Design Reviews
Design presentation to staff
Staff will provide help with project definition and scope, design,
debugging, and testing

It is extremely difficult for a student to receive an A without
completing the final project. Sorry, but we don't give
incompletes.



6.111 Topics

* Combinational logic
Digital * Sequential Logic

Building Blocks * Memories

& Architecture * Performance issues

Design
Methodologies

Implementation
& Tools Technologies

* Design metrics * FPGAs

« HDL: Verilog * Flash, ZBT ram

« Simulation tools « AC97, TripleDAC
* Synthesis, Place & Route ...
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The trouble with analog signaling

Processing
Element

The real world is full of continuous-time continuous-
value (aka "analog”) signals created by physical
processes: sound vibrations, light fields, voltages and
currents, phase and amplitudes, ...

But if we build processing elements o manipulate these
signals we must use non-ideal components in real-world
environments, so some amount of error (aka "noise") is
introduced. The error comes from component
tolerances, electrical phenomenon (e.g., IR and LdI/dt
effects), transmission losses, thermal noise, etc. Facts
of life that can't be avoided...

And the more analog processing we do, the worse it
gets: signaling errors accumulate in analog systems since
we can't tell from looking at signal which wiggles were
there to begin with and which got added during
processing.



Solution: go digitall

Continuous values
Continuous time

So we can detect small
changes and restore
original values

N

Discrete values
Discrete time

\A\

So we don't look
while it’s changing
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The Digital Abstraction

Noise and inaccuracy are inevitable; we can't reliably engineer
perfect components - we must design our system to tolerate some
amount of error if it is o process information reliably.

"Ideal”
Digital World

Bits

Real
Analog World

Volts or
Electrons or
Ergs or Gallons

Keep in mind that the world is not digital, we would simply like to
engineer it to behave that way. Furthermore, we must use real
physical phenomena to implement digital designs!



Digital Signaling: sending

To ensure we can distinguish signal from noise, we'll encode
information using a fixed set of discrete values called symbols.

Given a bound N on the size of possible errors, if the analog

representations for the symbols are chosen to be at least 2N apart, we
should be able to detect and eliminate errors of up to +N.
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Since we will use non-ideal components in the sender, we allow
each transmitted symbol to be represented by a (small) range of
analog values.
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Digital Signaling: receiving

Since the channel/wire is imperfect and we will use non-ideal
components in the receiver, we require the receiver to accept a
(larger) range of analog values for each symbol.

forbidden zones

To avoid hard-to-make decisions at the boundaries between
symbol representations, insert a "forbidden zone" between
symbols so that some ranges of received values are not required
to be mapped to a specific symbol.



Digital processing elements

\\Dll
——
pEhimetiay Digital processing elements restore noisy input
N bt values to legal output values - signaling errors don't
accumulate in digital systems. So the number of
, processing elements isn't limited by noise
Processing problems!
Element
The "trick” is that we've defined our signaling
v convention so that we can tell from looking at a
D signal which wiggles were there to begin with and
5 which got added during processing.




Using voltages to encode binary values

We'll keep things simple by designing our processing elements
to use voltages to encode binary values (O or 1). To ensure

robust operation we'd like to make the noise margins as large
as possible.

Oout lout
— —
OUTPUTS:
| volts
0
INPUTS:
volts

Noise Margins



Digital Signaling Specification

Digital input: V< Vy or Vo> Vi
Noise margins: V-V, and Vo, —Viy

Where V,,, V7, Vzy and Vg, are part of the
specification for a particular family of digital
components.

Now that we have a way of encoding information
as a signal, we can define what it means to be

digital device.



Sample DC (signaling) Specification

ViL Vin VoL VoH loL loH
I/O Standard — . ~ :
V, Min V, Max V, Min V, Max V, Max V, Min mA mA
LVTTL -0.3 0.8 2.0 3.45 0.4 24 Note(3) = Note(3)
LVCMOS33, -0.3 0.8 2.0 3.45 0.4 Veco—-04 | Note(3)  Note(3)
LvDCI33
LVCMOS25, -0.3 0.7 1.7 VCCO + 0.3 0.4 VCCO -04 N0t6(3) NOle(S)
LvDCI25
LVCMOS18, -0.3 35% VCCO 65% VCCO Vcco +0.3 0.45 VCCO —-0.45 N0t6(4) NOte(4)
LvDCI18
LVCMOS15, -0.3 35% Veeo 65% Veeo Veeo + 0.3 25% Veeo 75% Veeo Note(4) = Note(4)
LVDCI15
LVCMOS12 -0.3 35% VCCO 65% VCCO Vcco +0.3 25% VCCO 75% VCCO Note(6) Note(6)
PCI33_3(%) -0.2 30% Veeo 50% Veeo Veeo 10% Veeo 90% Veeo Note(5) = Note(5)
PC|66_3(5} -0.2 30% VCCO 50% VCCO VCCO 10% VCCO 90% VCCO Note(5) = Note(5)
PCI-X!5) -0.2 35% VCCO 50% VCCO VCCO 10% VCCO 90% VCCO Note(5) = Note(5)
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A Digital Processing Element

A combinational device is a processing element that has
~ - ohe or more digital /nputs

- one or more digital outputs

- a functional specification that details the value of
Static each output for every possible combination of valid
input values

- a timing specification consisting (at minimum) of an
upper bound t,4 on the required time for the device
to compute the specified output values from an

. arbitrary set of stable, valid input values

One of two discrete values

discipline <

Output "1" if at

input A least 2 out of 3 of

> my inputs are a "1".
input 8 Otherwise, output “0". outputy
input C I will generate a valid

\ 4

output in no more than
2 minutes after
seeing valid inputs




Why have processing blocks?

* The goal of modular design:

ABSTRACTION

* What does that mean anyway:
— Rules simple enough for a 6-3 to follow...

— Understanding BEHAVIOR without knowing
IMPLEMENTATION

— Predictable composition of functions

— Tinker-toy assembly %

— Guaranteed behavior under REAL WORLD circumstances




A Combinational Digital System

« A set of interconnected elements is a combinational device if
— each circuit element is a combinational device

— every input is connected to exactly one output or a constant (e.g.,
some vast supply of O's and 1's)

— the circuit contains no directed cycles

* Why is this true?
— Given an acyclic circuit meeting the above constraints, we can derive

functional and timing specs for the input/output behavior from the
specs of its components!

— We'll see lots of examples soon. But first, we need to build some
combinational devices to work with...



Example Device: An Inverter
l
Vour VINCS  Your 0T>-1 120

Voltage Transfer Characteristic:
Plot of Vot vs. Vin Where each
measurement is taken after any
transients have died out.

Note: VTC does not tell you
anything about how fast a device i
. »Vin© S—it measures static behavior not
Voo Vi dynamic behavior

Static Discipline requires that we avoid the shaded regions (aka
“forbidden zones"), which correspond to valid inputs but invalid
outputs. Net result: combinational devices must have GAIN > 1 and

be NONLINEAR. - /N\J

oV



Combinational Device Wish List

ViN 4|>% Vour

VOUT

Von— \

Vo, - \
T 1 Vin

v

AN

Design our system to tolerate
some amount of error

= Add positive noise margins
= VTC: gain>1 & nonlinearity

Lots of gain = big noise margin
Cheap, small

Changing voltages will require us
to dissipate power, but if no
voltages are changing, we'd like
zero power dissipation

Want to build devices with useful
functionality (what sort of
operations do we want to
perform?)



T T

Wishes Granted: CMOS

VOUT

\Y%

PR
1N

> Vour = Vou

Vout eventually
reaches Vpp

-

Vin
Vi Vin

| H—] >o—1

\

_Z
— > VOUT = VOL

<j\§:ow eventually

< reaches GND




MOSFETS: Gain & Non-linearity

gate

Polysilicon wire

Inter-layer SiO, insulation
Heavily doped (n-type or p-type) diffusions / 4 2

Very thin (<20A) high-quality SiO,

insulating layer isolates gate from
channel region.

drain

Channel region: electric field from
charges on gate locally “inverts” type of

substrate to create a conducting bU | k

) Doped (p-type or n-type) silicon substrate
channel between source and drain.

MOSFETs (metal-oxide-semiconductor field-effect transistors) are
four-terminal voltage-controlled switches. Current flows between the
diffusion terminals if the voltage on the gate terminal is large enough

to create a conducting “"channel”, otherwise the mosfet is of f and the
diffusion terminals are not connected.



Digital Integrated Circuits

IBM photomicrograph (SlO2 has been removed!)

Mosfet (under polysilicon gate)
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Metal 2
M1/M2 via

Metal 1

Polysilicon

Diffusion
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CMOS Forever!?

MOORE'S LAW Intel” Itanium® 2 Processor 1,000,000,000
Intel® itanium®@ Processor

Intel” Pentiuma 4 Processor ?.

Intel® Pentiuma il Processor ;

Intel” Pentium® 1l Processor .~ 110,000,000

Intel” Pantiumn Procossor "
Intelago™ Ptoco”or

INtel386™ Processor

1970 1975 1980 1985 1990 1995 2000 2005
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Functional Specifications

AlB|C|Y
O[]0 0]O
Output "1" if at 0O 0 1 0
input A least 2 out of 3 of
> my inputs are a 1" 0 1 0 0
input B Otherwise, output "0". outputy 0 " A "
input C I will generate a valid
»  output in no more than 1 o) 0 0]
2 minutes after
seeing valid inputs 1 0 1 1
111011
111111

3 binary inputs
so 23 = 8 rows in our truth table

An concise, unambiguous technique for giving the functional
specification of a combinational device is to use a fruth table to
specify the output value for each possible combination of input values
(N binary inputs -> 2N possible combinations of input values).



Timing Specifications

Propagation delay (tp5): An upper bound on the delay
from valid inputs to valid

outputs (aka "tpy max')

Vi
Vi / \
Vi
Design goal:
minimize
V‘_OUT < Tpp < Tpp propagation
NG delay




Contamination Delay

an optional, additional timing spec

Contamination delay(t.y): A lower bound on the delay
from invalid inputs to invalid
outputs (aka "tpy min')

Do we really need

Vi / \ ten?

Vi Usually not... it'll be

important when we

design circuits with

VpUT >Tep ><1£D registers (coming
soon!)

Vo
\ If TCD |S nOT
Vol

specified, safe to
assume it's O.

v




The Combinational Contract

A Do B AB tpp propagation delay
(l)é T contamination delay

A

R ey
A .
é\e} Must be cD

Note: N Must be < Tep

1. No Promises during XX
2. Default (conservative) spec: t 5 = 0



Summary

Use voltages to encode information
"Digital” encoding
— valid voltage levels for representing "0" and "1"
— forbidden zone avoids mistaking "0" for "1" and vice versa
Noise
— Want to tolerate real-world conditions: NOISE.
— Key: fougher standards for output than for input
— devices must have gain and have a non-linear VTC
Combinational devices
— Each logic family has Tinkertoy-set simplicity, modularity
— predictable composition: "parts work — whole thing works"
— static discipline
- digital inputs, outputs; restore marginal input voltages
« complete functional spec, e.g., a truth table
« valid inputs lead to valid outputs in bounded time (<tpp)



