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Why Digital?

Assume noise iny our electr onics ...
(lights fl icker for no apparent reason,
speaker s pop when refrig erator turns on,
cable station comes in fuzzy , etc.)

...and you want to eliminate/reduce pr oblem

9(31.4)

— f() T g0 - h() — Eggt(31.4))
T h(9(29.6))

Noise turns 29.6 fur ther noise?
into 31.4

Analog: noise-induced err ors propagate and
accumulate (e.g., further noise?); hard to
distinguish noisy signal fr om “true” signal
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Why Digital?

How would YOU solve the pr oblem?

—» f() ‘fr>QX)———D>hO —

INTERPRET INTERPRET
RANGE OF I RANGE OF I
OUTPUT OUTPUT
PRODUCED PRODUCED
) ' g0 ' h
VALID VALUES VALID VALUES

- Problem arises because the entire rang e
of output v alues is fair game as input

- Thus, itis har d to distinguish corrupted
or noisy signal fr om “true” signal
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Why Digital?

How would YOU solve the pr oblem?

—» f()

_>

*> 90 = h0

INTERPRET

INTERPRET

RANGE OF

OUTPUT
PRODUCED

D

Y NOISE

a()

RANGE OF

OUTPUT
PRODUCED

-

Y

VALID VALUES

VALID VALUES

- ECC-protect all transmissions?
(can't, literall y, but can do an analogy ...)

- Use a smaller v alid-data rang e so that
small err ors don’'t matter
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Why Digital?

How would YOU solve the pr oblem?

—» f() *F g() —»{ h() —>»

VALID DAT
INTERPRET \ INVALID
N RANGE OF DATA
OUTPUT =~ =t [ L each_ value
PRODUCED / gravitates
to nearest
) valid datum

I VALID DATUM

INVALID
__________ DATA
S%ALID VALUES—___ \L I > /

- ECC does this n umericall y; here, we're
talking about interpreting v  oltage levels

7 >

- Relativel y straight-f orwar d to do this with
various types of amplifi ers
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ENTIRE ’ GRAVITATE to “1”
RANGE OF VTAV|\_/|C[)) _____
POSSIBLE*** VALUES
VALUES
(voltages) | GRAVITATE to “0”
! HO” _____

BINARY (two values)

- Very robust in the face of noise
- Well-suited to BOOLEAN LOGIC

Q *** Dramatic o versimplifi cation
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Why Is This Rob ust?

AOUT

AOUT
uln ]

g(x) = x

“0”

“1”

g(x) = x

“0”

I > N

I > N

These cur ves are said to be regenerative
Noise neither propagates nor accum ulates

This Is e xactl y what digital logic does,
e.g. chain of in verters:

>

Noise on wire
changes this:

=

>

Output:

to this: M

>

>
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—7 ?——0 /K

“O” HO” HO”

Implementation: Transistor s (switc hes)

Inverter Function:

Do | connect m y output to “1” or “0" ?

O Each is eff ectivel y a signal repeater

UNIVERSITY OF MARYLAND
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How Is It Done? (de vices)

MOS Transistor s:

Gate Gate
Source Drain Source Drain
-] -]
VSS V
n channel n p channel p
p-doped semiconductor substrate n-doped semiconductor substrate

NMOS PMOS

Gate Gate

S°Ll”e_l_rl_mi“” Sm.’,rce_lTI_mi“”

Substrate Substrate

What's a “C” MOS?
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How Is It Done? (de vices)

MQOS Transistor:

.|.

o
PN N-Doped
Junction Region

[donor electr ons]

~7
LN ) _
o =

p-doped semiconductor substrate

ol
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How Is It Done? (de vices)

MOS Transistor:
VDD
P-Doped N-Dpped
Region Regions

[acceptor

VDD
o

DNS]

/{donor é{ectr
les]

[ 7

/
7

y 4

A L

o

o

p-doped semiconductor substrate
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How Is It Done? (de vices)

MOS Transistor:

VDD VDD
o

(o] Insulator
(gate oxide)

S/ * )
4 / g
/N /N

p-doped semiconductor substrate

| &
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How Is It Done? (de vices)

NMOS Transistor with gate:
0

(o)
+
(o)

O +

Conductor

Insulator
(gate oxide)

v 4

o —

o |/n —

p-doped semiconductor substrate

0O
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How Is It Done? (de vices)

NMOS Transistor with bias v oltages:
0

(o)

0
o

O +

Conductor

Insulator
(gate oxide)

v 4

Lv—

/'n |/n —

p-doped semiconductor substrate

0O
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How Is It Done? (de vices)

NMOS Transistor with bias v oltages:

+
o

0
o

O +

Conductor

Insulator
(gate oxide)

L — 7

y 4 y 4

n ey —~

CURRENT

0O

p-doped semiconductor substrate
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How Is It Done? (de vices)

NMOS Transistor with bias v oltages:

Gate
Source Drain
o
VSS
n channel n
p-doped semiconductor substrate
Gate Gate
Source Drain Source Drain
o o o o
>
0 0 V>0 0 V>0 V>0
(Vss) (Vss)

Electr on Flow
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How Is It Done? (de vices)

PMOS Transistor with bias v oltages:

Gate
Drain Source
-]
VDD
p channel p
n-doped semiconductor substrate
Gate Gate
Drain Sour ce Drain Source
o -] o < -]
0 VDD V>0 0 V<VDD V>0
(Vdd) (Vdd)

4/0- S N ——

Electr on Flow
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How Is It Done? (de vices)

MOS Transistor s:

Gate Gate
Source Drain Drain Source
-] -]
VSS VDD
n channel n p channel p
p-doped semiconductor substrate n-doped semiconductor substrate
Gate Gate

Substrate Substrate

CMOS Inverter = one of eac h
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How Is It Done? (de vices)

MOS Transistor s:

Gate Gate
Source Drain Drain Source
-] -]
VSS VDD
n channel n p channel p
p-doped semiconductor substrate n-doped semiconductor substrate
NMOS ot PMOS
Gate | Gate

S,_ITI Drain D._ITI_S,
]

Substrate Output Substrate

CMOS Inverter = one of eac h
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How ...7? (man ufacturing)

Wafer
(up to 30cm)

Individual
die

Y AMDI

Wafer is a thin slice off a silicon log;
Each wafer produces man vy identical ¢ hips
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How ...7? (man ufacturing)

Si-substrate

Silicon base material

Photoresist
Sio,

Si-substrate

1&2. After oxidation and
deposition of negative
photoresist

UV-light

Patterned
= — Optlcal mask

<—

I o O
TWYYPIVYVY

| | | 1]
vy YV

—

“Exposed resist

Si-substrate

3. Stepper exposure

PR LR oo

Hardened resist
SiO2

Si-substrate

4. After development and
etching of resist, chemical or
plasma etch of SiO,

Hardened resist
Sio,

Si-substrate

5. After etching

Sio,

Si-substrate

8. Final result after
removal of resist
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SLIDE 22 thic k else where

2. Deposit pol ysilicon

3. Etch thin o xide fr om
active region (pol vy
acts as amask f or the
diffusion)

4. Implant dopant

O

UNIVERSITY OF MARYLAND
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How ...7? (man ufacturing)
CMQOS Inverter

-«4— Cutline

—~ N-Well
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How ...7? (man ufacturing)

V. N
P-regions and gate
for NMOS device

Cut line

N-Well (“n-well pr ocess”)
P-type waf er

CMOQOS Inverter




ENEE 359a
Lecture/s 1+2

oeven  How ...7? (man ufacturing)

Bruce Jacob

University of
Maryland
ECE Dept.

SLIDE 25

5 for Gate P-relaions and ﬁate
sour ce, drain (poly) for PMOS de vice

iInput

GND VDD

N?V'OS output

Cut line

O

UNIVERSITY OF MARYLAND
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How ...7? (man ufacturing)

voD I m
T %’
ik tub ties\st _
T B . N vy out

#\i .
GND ?‘.

Another vie w (note: wells/tubs not sho wn)
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SLIDE 27 VDD (“17) VDD ("1")
s=0 p s=1 P
out = VDD (“1") out = GND (“0”)
s=0 n s=1 n
GND (‘0") VoD GND (*0")
_ —Q
n_| out
N S
L




ENEE 359a
Lecture/s 1+2
Overview

Bruce Jacob

University of
Maryland
ECE Dept.

SLIDE 28

O

UNIVERSITY OF MARYLAND

How Is It Done? (logic)

CMOS NAND-gate

VDD VDD VDD

nmaos -

nmos |

S2
sl
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How Is It Done?

CMOS NOR-gate

(logic)

S2
<1 0O 1
VDD VDD
ol 1 0 :l-
s2 A pmos 1o o B—q|
A —dl
sl & pmos ] output
1 [ oupu A_||j t"_B
sl nMos s2 nMos
GND GND
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VDD ol o 0 VDD
d

S2 nmos 11 0 1 B— _
A o

sl & nmos ] output

1 [ oupu A_c||j jp_B
sl Emos sS2 Emos 1
GND GND

O TEMPTING, BUT BAD IDEA (wh y?)

UNIVERSITY OF MARYLAND
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How Is It Done? (design)

Divide & Conquer:

Modular , hierar chical
design

Well-defined interfaces

Multiple le vels of
abstraction

EXTENSIVE use of
CAD tools ...

Back-end integration

Increasing ¢ lock rates, increasing densities,
Increasing design comple xity, 1000s of I/O,
decreasing design times ...
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How Is It Done? (design)

Big c hang e in industr vy, late 1970’s:

Mead & Conwa y intr oduced design rules

Previous to this, all IC work was b y hand,
and integration of components was at the
chip le vel (CPU = tons of connected ¢ hips)

Design rules enab led CAD tools

Popular (and po werful) tools toda v:
Cadence tools (beha vioral-to-la yout)
Synopsys tools (synthesis)

HSPICE (cir cuit sim ulation)
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How ...? (tools: verilog)

The Many Faces of NOT (inverter)

Structural Verilog:

wire s;
VDD wire sbar;
NOT notl(s, sbar);
_C

Behavioral Verilog:

in_| :l out
L

wire s, shar:;
sbar = ~s;

34[><R§
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VDD Structural Verilog:
SLIDE 34 — .
wire a, b;
A q l,: B wire out;
lj ::l NAND nandl(a, b, out);
| output
A —
| Behavioral Verilog:
B — wire a, b, out;

1 out =~(a & b);

A
: } output
B

UNIVERSITY OF MARYLAND
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How ...? (tools: synopsys)

Logic synthesis: Behavioral -> Structural

wire a, b, out;

out = ~(a & b);
Logic Synthesis ' VDD
A B
wire a, b; A _qﬁ m’_
wire out; B —} out Spit
NAND nand1(a, b, out); A_E

Librar y Instantiation

¢

out

4
jiE]

4

4 /|54
o] \\\\A
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How ...? (tools: synopsys)

Logic synthesis: Behavioral -> Structural

wire a, b, c, out;
out=~((a&b)|c);

Logic Synthesis '
wire a,b,c,out; out = [ab+c] :
wire tl,t2, Qe 8 {4
AND and1(a,b,t1): symbol .

circuit
OR orl(c,t1,t2);
NOT notl(t2,out);

Librar y Instantiation '

LAYOUT

out
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How ...? (tools: synopsys)

The tool will pr ovide design options ...

wire a, b, out;
out=a+ b;

Four Ad ders:

* Ripple

e Brent-Kung

e Carry-
Lookahead

« Fast Carry-
Lookahead
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CLE CLE

SLIDE 38

Q Very accurate sim ulation of cir cuits

UNIVERSITY OF MARYLAND
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How ...? (tools: cadence)

-3 BB T B B ] 3l Ll L o L i

L T

L] -

semi-custom, die photo

SR TR TR eI

UuEEEBL OO

E‘fliljlly synthesiz ed, layou
| R

MMUCDERR

SoRDanRRTRERDD

BN
|
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How Is It Done? (design fl ow)

Begin with a Beha vioral Description:

module testcounter(clk2, rst_I, out_w);

input clk2, rst_I;
output [7:0] out_w;

reg [7:0] srcl, out;
wire [7:0] out_w = out;

always @(posedge clk2)

begin
if('rst_lI)
begin
srcl <=1'd0;
out <= 1'd1;
end
else
begin
srcl <=out_w;
out <= srcl + out_w;
end
end

endmodule
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How Is It Done? (design fl ow)

Instantiation of ph ysical design libraries &
place+r oute yields Ph ysical La yout:

(two views shown: one with black boxes for high-level structures like
flip-flops/adders/MUXes, the other showing all transistors and wires)
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SLIDE 43

testcounter

¢

UNIVERSITY OF MARYLAND
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completes

SLIDE 44

Simplest possib le system-b uilding sc heme:

Sequential—Do One Thing Ata Time

Advantages:

Simple , predictab le, easy to deb ug

Disad vantages:

Slow, wastes har dware (g & h b locks idle
while f computes, f& h blocks idle while
Q g computes, etc.)

NNNNNNNNNNNNNNNNNNNN




ENEE 359a
Lecture/s 1+2

Overview HOW IS It D()r]e’> (SyStem)

Bruce Jacob

University of Next input
e L= 10 [—= g0 [—= h0 [—=po"
completes

SLIDE 45

VERSUS

LI JTL L Nextinput

TL—= 10 =0 = h( = gons

completes

Called a PIPELINE: extremel y common

- Hardware used as full y as possib le
Throughput increases n-f old (n b locks)

Q Question: How to contr ol this?

UNIVERSITY OF MARYLAND
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VERSUS

LI JTL 'L Nextinput

TL—= 10 =0 = h( = gons

completes

Control: Think traffi c in a city (stop lights)

'|_|' J‘L J‘L Next input
TL—= {0 {90 [ hO =75 >

completes

AN AN

L
O O Clock sync hroniz es movement of data

UNIVERSITY OF MARYLAND
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What Are The Gotcha’s?

“High-speed digital design, in contrast to digital design at low speeds,
emphasizes the behavior of passive circuit elements. These passive
elements may include the wires, circuit boards, and integrated-circuit
packages that make up a digital product. At low speeds, passive
circuit elements are just part of a product’s packaging. At higher
speeds the directly affect electrical performance.”

— opening par. of Johnson & Graham, High-Speed Digital Design

The bottom line:

At high speeds, digital systems (whic h
diver ged from analog: simpler , remember?)
start to beha ve just like analog systems
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What Are The Gotcha’s?

HIGH-SPEED DESIGN exposes pr oblems:

Even small amounts of NOISE
Even small amounts of DELAY
Even small amounts of CURRENT

... can cause a cir cuit to misheha ve.

At high speeds, signal le vels are small
(small noise le vels become signifi cant)

At high speeds, event timing is tight
(small err ors in time become signifi cant)

At high speeds, current c hanges quic kly
(even if di is small, Ldi/dt can be lar ge)
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Gotc ha’s? (noise)

Typical noise sour ces:

1L U

— 00— T
— (01> >

Inductive coupling Capacitive coupling

Lo AN

Groundplane noise Implicit/e xplicit cir cuits (current return)
make great radiator s and antennae
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SLIDE 50
® 06 o
A

®

®

®

O [ éﬁ

UNIVERSITY OF MARYLAND
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Gotc ha's? (delay)

Argument f or sour ce-sync hronous c locking:

A B C D

DATA BUS | | | |

if CLK isused to sample data *,
this ad ds 0.14ns to uncer tainty
/ (*def’n: tell A when to look at data b us)
@CLOCK )
| | logic dela y |20ps

NET

20ps

C D

120ps L L A/{

drive b us @ t=100ps

160ps

7’@

DATA BUS 140ps
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Gotc ha’s? (current)

ldeal Scenario vs. Reality (gr ound bounce):

VDD Current flo w chang es direction

:|_ / when input (thus output) v alues change
_C \L
LT — ]7 'u vDD

1 % L (20)
IDEAL

nn— ;,%w

Magnitude of current ¢ hange is di _——
The time to s witc h directions is dt

The voltage-drop induced on thiswire g L (¢O)
at time of s witc hing is L di/dt

REALISTIC
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What Are Some Solutions?

IN GENERAL:

Prevent the Pr oblem

Design as if the pr oblem doesn’t e xist
(contin ue using same old tec hniques as
you did with lo w-speed designs)

Use mec hanism to counteract pr oblem
Design Ar ound the Pr oblem

Re-think the wa y you design systems:
assume the pr oblem happens; ensure
that it doesn’t aff ect design (design
makes no assumptions re: problem)

Don’t need to counteract pr oblem
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What Are Some Solutions?

One solution to dela y problem:
heroic r outing
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What Are Some Solutions?

(clock trees w ork, but may be better sol'ns?)
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What Are Some Solutions?

Another solution to the noise pr oblem:

% %W>

Single Ended Transmission Line

Diff erential P air Transmission Line
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What Are Some Solutions?

Another type of shielding:

Smooth PYVC A282 Shielded Cable for
Low Voltage Instrument and Control
Applications

afuaided insulaled Comducions

Seated Overdap of Tape

Couples e xtremel y well with pre vious sol'n
(less eff ective if used f or single-ended
transmission)
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What Are Some Solutions?

IN GENERAL:

Prevent the Pr oblem

Requires no ¢ hang e in design practice;
no learning cur ve, no increase in NRE
design costs

- The mechanism might be e xpensive or
skittish, or both

Design Ar ound the Pr oblem

Requires engineering creativity
willingness to be uncon ventional

First attempt might not succeed
Cost/reliability might be better (long run)




ENEE 359a
Lecture/s 1+2
Overview

Bruce Jacob

University of
Maryland
ECE Dept.

SLIDE 63

O

UNIVERSITY OF MARYLAND

Historical

Digital design has been an enormous| vy

successful paradigm,

driven lar gely by the

ability to use CAD tools to verify designs

Result: exponential increases

In design

comple xity that were predicted in 1965*
and have contin ued for FOUR DECADES

A

10° _
108 —

7 4 .
10 integrated
108 —  circuit
invented

# transistors

10° —|
4| °
10 °
10% — ®
°
102 _
101 _

® memory
o CPU

10°
1960 1970

\
1980

\ \ >
1990 2000 2010 year

* Moore’s Law. 1965: transistors on chip doubles every year.
Revised in 1975: number of transistors doubles every two years.
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1000 transistors
800 KHz operation
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Historical

Intel 8086

1978
29K trans.
10 MHz
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Historical

Intel 80386

piE g g L A R iR R (B

.......

S RERR L R RN

(BN

T

G h RmE A EEREEE Wak¥u l. e i?'l_'l-r-'l-.

1985/89
275K trans.
16/33 MHz
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4 1.6M trans.
$ 100 MHz
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¢ 3.1/4.5M trans.
60/300 MHz

UNIVERSITY OF MARYLAND




ENEE 359a
Lecture/s 1+2

Overview H |St0r|Ca|

Bruce Jacob

University of Intel P entium Pr o
aryland

ECE Depit.

SLIDE 70 + B AT T R ."' l-"J A ity

¢

UNIVERSITY OF MARYLAND




ENEE 359a
Lecture/s 1+2
Overview

Bruce Jacob

University of
Maryland
ECE Depit.

SLIDE 71

UNIVERSITY OF MARYLAND

Historical

Intel P entium IV
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robust vs. fragile

BUT: This is Onl y True at Lo w Speeds
(And Nothing is Lo w-Speed Any More)

Analogy of Ar chitect and the Carpenter:

Architect does a better job
If he kno ws carpentr y

Digital systems design can’t be done

2 without using analog concepts
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