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IC design styles

J. Christiansen,
CERN - EPMIC
Jorgen,Chn‘stiansen@cem,ch

Design styles
* Full custom
Standard cel!
* Gate-array
* Macro-cel)
* "FPGA"
* Combinations

Irieste N v ember 93 1 Chnstiansen CERN
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Full custom

* Hand drawn geometry

*+ All layers customized

+ Digitai and analog

* Simulation at transistor level (analog)
« High density

» High performance

* Long design time

Trieste November 98 Y ChristransensCERN 3

Full custom

Trieste Ny ember 9% FUhnstiansen CERN 4
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Standard cells

. Standard cells organized in rows (and, or, flip-

flops,etc.)

« Cells made as full custom by vendor (not user).

« All layers customized

- Digital with possibility of special analog cells.

« Simulation at gate level (digital)
+ Medium density

+ Medium-high performance

+ Reasonable design time

Trieste November 98 ). Chrishansen. CERN

Standard cells
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Gate-array

*+ Predefined transistors connected via metal

+ Two types: Channel based
Channel less (sea of gates)

* Only metaliization layers customized

+ Fixed array sizes (normally 5-10 different)

+ Digital cells in library (and, or, flip-flops,etc.)
* Simulation at gate leve! (digital)

* Medium density

» Medium performance

* Reasonable design time

Trieste November 98 J.Christiansen/CERN 7

Gate-array
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) Cann prncile be used by agjacent cell
)
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Gate-array

Sea of gates

L T T T L U I |

Tricste November 98 T I Christiansen;CERN 2

Macro cell

« Predefined macro blocks (Processors, RAM etc)

« Macro blocks made as full custom by vendor

« All layers customized

- Digital and some analog (ADC)

« Simulation at behavioral or gate level (digital)

« High density |

o e |

+ High performance ; T ‘
+ Short design time C L e
+ Use standard on-chip busses i ﬁm |
+ “System on a chip” p—— i
Treste November 94 J.Christiansen, CERN 10




FPGA = Field Programmable Gate Array

* Programmable fogic blocks

*+ Programmable connections between logic blocks
+ No layers customized (standard devices)

+ Digital oniy

* Low - medium performance (<50 - 100MHz)

* Low - medium density (up to ~100k gates)

* Programmable by: SRAM, EEROM, Anti_fuse, etc
* Cheap design tools on PC's

» Low development cost

* High device cost

Trieste November 98 1.Christiansen/CERN n
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Comparison

FPGA Gate armay Standard call Full custorn Macro cali
Denslty Low Medium Medium High “High
Flexibillty Low {hughy Low Medium High Medium
Analog No Ne No Yes Yes
Performance Low © Medium High Very high Very tugh
Design time Low Medium Medium High Medium
Design cosis Low Medium Medium High High
Tools Simpie Complex Complex Very complex Complex
Voluma Low Medium High High High
Trieste November 98 J Christiansenw CERN [N

High performance devices

« Mixture of full custom, standard cells and macro’s

« Full custom for spzcial biocks: Adder (data path), etc.
« Macro's for stardard biocks: RAM, ROM, etc.

« Standard cells for non critical digital blocks

Utieste November 9% I Christansen CERN 14




ASIC with mixture of full custom,RAM and standard cells

Sergie port RAM
Dual port RA
Full custam
Standard cell
FIFa
Trieste Novermber 98 15

Pentium

SUPERSCALER
INTEGER
EXECUTION
UNITS

MPLOGIC

Trieste Nosvember 98 1.Christiansen CERN 14
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17
New combinations
. FPGA's with RAM, PCl interface, Processor, ADC,
etc.
« Gate arrays with RAM, Processor, ADC, etc
—— B
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Design methodology

J. Christiansen,
CERN - EP/MIC
Jargen.Christiansen@cern.ch

Design Methodology

+ Specification

* Trade-off's

* Design domains - abstraction levei
+ Top-down - Bottom up

+ Schematic based

» Synthesis based

+ Getting it right - Simulation

+ Lower power

I'meste November 98 I .ChristiansensCERN




hd |

d |

-l
)}

<4
o

Specification

A specification of what to construct is the first major
step.

A detatled specification must be agreed upon with the
system people. Major changes during design will
result in significant delays.

Requirements must be considered at many levels

System
Board
Hybnd
IC

Specifications can be verified by system simulations.
Specification is 1/4 - 1/3 of total IC project |.

Trieste November 98 ) ChristiansenCERN 3

Trade offs
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Design domains

(Gajski chart

Geometric

Trieste November 98 1 Chnistiansen/CERN

Design domains and synthesis
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Top - down design

« Choice of algorithm {(optimization)

« Choice of architecture (optimization)

-« Definition of functional modules

+ Definition of design hierarchy ]

+ Split up in smail bOXES - spiitup i small boxes = o o nerasons

« Define required units ( adders, state machine, etc.)
» Floor-planning

+ Map into chosen technology (synthesis, schematic,
layout)

{change atgorithms o architecwre if speed or chip size probiems)
« Behavioral simulation tools

Trieste November 98 1 ChristiansenyCERN

Bottom - up

+ Build gates in given technology
« Build basic units using gates T —
+ Build generic madulas of use o '
+ Put modules together —

- Hope that you arrived at some reasonable
architecture

+ Gate level simulation tools

! Comment by one of the main designers of the Pentium processar
‘ The design was made in a typical top - down , bottom - up,
inside - out design methodology

1
i

J

Treste November 98 1 Chrishansen CERN
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Schematic based

= Symbol of module defines interface

 Schematic of module defines function

* Top - down; Make first symbol and then schematic
* Bottom - up: Make first Schematic and then symbol

Basc gaie Logic modute

Symbot

e ® Schematic =+~ - !f 1: Lo

Trieste November 58 ) ChristiansernvCERN 9

Synthesis based

* Define modules and their behavior in a proper
language
(also used for simulation)

* Use synthesis tools to generate schematics and
symbols (netlists)

Irieste Nosember 9% } Christiansen CERN i¥]
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Getting it right - Simulation

« Simulate the design at ali levels (transistor, gate, system)
+ Analog simulator (SPICE) for full custom design

+ Digital gate level simulator for gate based design

»  Mixed mode simuiation of mixed analog-digital design

« Behavioral simulation at module level (Verilog, VHDL)

« All functions must be simuiated and verified.

« Worst case data must be used to verify timing

. Worst - Typicat - Best case conditions must be verified

- Use programming approach to verify large set of functions
{not looking at waveform displays)

Trieste November 98 J.Chnstiansen/CERN It

Low power design

- Low power design gets increasingly important:
Gale count ncreasmyg = iNCreasing power
Clock frequency ncreasing > increasing power
Packaging probtems ‘or high power davices
Panable equipment working on battery

- Where does power go:
1. Charging and dis-charging of capacitance: Switching nodes
2- Short circuit current; Both N and P MOS conducting during transition
3. Leakage currents: MOS transistors {switch) coes not turn completety off

FL e
i
T L_H_ PN e [0 Vag® % Nppon 7 B N "™ Ve
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n o [SRSENE
nd
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18



Decrease power

* Lower Vdd:

Sv > 2.5v gives a factor 41

New technologies use lower Vdd because of risk

hot electron effect.

* Lower Vdd and duplicate hardware

e functonal gni
frequency = 1
vad = 1

+

Two funconal units
frequency = 172
vda = 1.2 [optimaticy

—t

| Functional W
un

iu“_I
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| uncoona
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of gate-oxide break-down and

* Lower number of switching nodes:
The clock signai often consumes 50% of totaf power:

Gate ciocks ‘or modules not working

Not use clocks
Lower signai activity

Clock gating
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IC design Tools

J. Christiansen,
CERN - EPMIC
Jorgen Christiansen@@cem.ch

Cell development

+  Schematic entry (transistor symbaois)

- Analog simulation (SP!CE mocels}

«  Layout (layer definitions})

+ Design Rule Checking, DRC ( design rutes)

«  Extraction (extraction rules and parameters)

« Electrical Rule Checking, ERC (ERC rules)

- Layout Versus Schematic, LVS { LVS rules)

» Analog simuiation.

- Characterization: delay, setup. hold, loading sensitivity etc.
«  Generation of digital simulation modet with back annotation.
+  Generation of synthesis model

= Generation of symbol and black-box for place & route

Iieste Nunember 9% FChrisnansen CERN
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Digital design

» Behavioral simulation

* Synthesis (synthesis models)
+ Gate level simulation (gate models)

* Floor planning

* Loading estimation (loading estimation modet)

*  Simulation with estimated back-annotation

* Place and route (place and route rules}

* Design Rule Check, DRC (DRC rules)

*+ Loading extraction {rules and parameters)

+ Simulation with real back-annotation

= Design export

+ Testing: Test generation, Fault simulation, Vector transiation

j— Or direct schematic entry

Trieste November 98 I Christiansen/CERN

Design entry

» Layout
- Drawing geometrical shapes: Defires layc 't hierarchy
Defines tayer masks
Requires detailed knowledge about CAOS technaotogy
Reguires detaied knowledge about design nules
Requires detailed knowledge about circuit design
Slow and tedious
Optimum performance can be obtained
No yeld guarantee from manufacturer when making full custom calls

il = —_l=
| i} '3| v i TR g 1 n T "-“ﬁtw”i"ﬁ
& " R P ] L
Ei (SRR AT - B MY
Treste November 9Y J.Christtansen CERN
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+  Schematic

~ Drawing electrical circuit: ~ Defines electrical hierarchy
Defines electrical connections
Defines circuit: transistors, resistors,,,
Requires good crcuit deskin knowteoge tor analog design
Requires good logic desgn knowledge for digilal design (bookean logie. state machines}
Gives good avernew of design herarchy
Significant amount of time used for manual oplimizaton

Transmtor vel Gale wevei Module evel

"l i
P . = - -
— L
. » E l
e
- .,Ql To. - -
- e - -—ZEI
S ot
Trieste November 98 J.Christiansen CERN 5

- Behavioral
- Writing behavior ext). Dafines behawvioral hierarchy
Defines algorithm
Defines architecture
~ Synthesis ool required to map into gates
— Often integrated with graphical block diagram tool
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Verification

+ Design Rule Check: o
Checks geometrical shapes: width, length, spacing, overap. etc. % :
+ Electrical rule check; g

Checks electrical circuit: unconnected inputs
shorted outputs
correct power and grourd cannection

« Extraction:
Extracts electrical circuit: transistors. connections, capacitance,
resistance

* Layout versus schematic:
Compares eiectrical circuits: transistors. parallel cr serial
{schematic and extracted layout)

Trieste November 98 I Christiansen/CERN 7

Simulation

= Simuiates behavior of designed circuit

— Input: Modeis ‘transistor. gates, macro)
Textual nethist (schematic, extracted layout, behaviorai}
User defined stimulus

- Output:  Circuit response (waveforms, patterns)
Warnings
+ Transistor levei simulation using analog simulater (SPICE)
— Time domain
- Frequency domain
- Noise

Treste Novembet 98 I.Christiansen. CERN b
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« Gate level simulation using digital simulator
- Logic functionality
- Timing: Operating frequency. delay, setup & hold viclations

. i ) Nomally same
= Behavioral simulation simulator
- System and IC definition { algorithm, architecture )
- Partitioning J
— Compiexity estimation
Trieste November 98 1.ChristiansevCERN 9

Gate level models

+ Border between transistor domain {analog) and digital domain
Digital qate level models introduced ‘o speed up simulation.

+  Gate level model contins:
—~ Logic behavicr

- Delays depending on: operating conditions, icading, signal slew
rates

— Setup and hcld timing violation checks

»  (Gate level model parameters extracted from transistor level
simulations and characterization of real gates.

Trieste November 98 I.Christiansen CERN 1"
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Gate data sheet

Trieste Novernber 98 J Christiansen/CERN
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Place and Route

« Generates final chip from gate level netlist
- Goals: Minimum chip size
Maximum chip speed.
» Placement:
— Plaging all gates to minimize distance between connected gates
+ Floar pianning toot using design hierarchy
- Specialized algorithms { min cut, simulated annealing, etc.)
« Timing dnven

Manual intervention Simulated snnestng

High temperaiure

— Very compute intensive move gnes vandomly

Hierarchy based Moor planning Min tut [asw teTmperacure
Move gares local'y

Kevp culting desyn
it equal ared ey

Tor cach emt
Mone gates around
W] ST conkction

acrse gut

Trieste November 58 1. ChristiansenvCERN 13
+ Routing:
Channe! based: Routing only in channels between gates
{few metal layers: 2}
— Channel less: Routing over gates

(many metal layers: 3 - §)
- Often spht In two steps:

Global route Find a coarse route depending on local routing
density

Cetaled router  Generale routing layout

I'tieste November 94 I Chnstiansen CERN 14
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* Performance of sub-micron CMOS IC's are to a large extent
determined by place & route,

— Loading delays bigger than intrinsic gate delays
- Wire R-C delays starts to become important in sub-micron
~ Clock distribution over complete chip gets critical at operating
frequencies abave 100Mhz.
i helav “uwmnber of wires

:mpki \\ L W hasd dalay T

! . 7 | sl comwe
| S -

———
Sopw

Uilubal connections
gy t /\
L . T T ¥ Techmabigy P T~ S

1 sy 1l n

Trieste November 98 I.Christiansen/CERN
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Design tool framework

+ Design toois from one vendor normally integrated into a
framework which enables tools to exchange data.
- Commeon data base
- Automatic translation from one type to another
— (Abows third part tcols to be integrated into framework}
+ Few standards to allow transport of designs between tools from
different vendors.
- VHDL and Verilog behavioral models and netlists
— EDIF netlist, SPICE netlist for analog simulation
- GDSli layout
Standard Delay Format {(SDF) for gate delays.
Small vendors must be compatible with large vendors.

Transporting designs between tools from
different vendors often cause problems

!

Trieste November 9% J.Christansen. CERN 16
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Required tools for different designs

FPGA

A: PC based schematic entry with time estimator and simple Place &
route

B: Behavioral modeling with synthesis, simulation and place & route.
« Gate array
A: Schematic entry and simulation
B: Behaviorai modeling with synthesis and simulation.
« Piace and route performed by vendor
Full custom
— Layout, DRC, extraction and transistor level simulation
« Standard cell, macro and full custom
— All tools described reguired

Treste November 98 J.Christiansen CERN 17

Source of CAE tools

- Cadence

- Complete set of tools integrated nto framework
« Mentor

— Complete set of tools integrated into framework
- Synopsis

- Power full synthesis tools

- VHDL simulator
+  Avant

— Power full place and route toocls

— Hspice simulator with automatic characterization tools
- Div commercial:

— View-logic, Summit, Tanner, etc.

Frieste Nosvember 98 ) .Chnistiansen CERN 18
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* Free shareware:
- Spice, Magic, Berkley IC design tools, Aliance
— Diverse from the web.
* Complete set of commercial high performance CAE tools cost
~1 M3 per seat | (official list price).
= University programs: Complete set of tools ~10K$
~ Europe: Eurochip

- us: Mosis
— Japan: ?
Treste November 98 J ChnstiansensCERN 19
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Hardware describing languages
and
Synthesis
J. Christiansen,

CERN - EP/MIC
Jorgen.Chnstiansen@cern.ch

Hardware describing languages (HDL)

« Describe behavior not implementation

» Make modefl incenendent of technology
- Model complete systerns

« Specification of sub-module functions

+ Speed up simulation of large systems

+ Standardized text format

» CAE tool independent

Trieste November 9% I.Chrstiansen CERN 2
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* VHDL
- Very High speed integrated circuit Description Language

— Initiated by American department of defense as a
specification language.

— Standardized by IEEE
* Verilog

- First real commercial HDL language from gateway
automation (now Cadence)

— Default standard among chip designers for many years
— Until a few years ago, proprietary language of Cadence.

— Now also a |[EEE standard because of severe competition
from VHDL. Result; multiple vendors

Trieste November 98 }.Christiansen/CERN

+ Compiled/Interpreted

-~ Compiled:

+ Descr Lticn compiled into C and then into Dinary or
directly into binary

+ Fast execution
+ Slow compilation

— Interpreted:
« Description «nterpreted at run time
= Siow execution
+ Fast "compiation”
» Many interactive features

— VHDL normally compiled
— Verilog exists in both interpreted and compiled versions

Trieste November 98 I Christiansen CERN
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Design entry

+ Text:
— Tool independent
— Good for describing
~ Bad for gettingan o

algorithms
verview of a large design

Trieste November 98

J Christianseny CERN

« Add-on tools

- Block diagrams to get oveniew af herarchy
- Grphical descripton of final state machines CESME

Generates 5.r00.es12a0.
- Flowchans
— lLanguage sensiwe editors
- Waveform aispiay toois

HDL code

Trieste November 98

J.Christansen. CERN




Synthesis

Algonithm For1ad 1215
0% lechnology dependent A = wum « darali]
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Register ievel .‘ N
20% tachnology dependent Clock Ciear “g

N @

Gale loved
100% technology d&pendent

Architecture
10% tachnology depndent

Treste November 9% I.ChristiansensCERN
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Logic synthesis

+ HDL compitation (from VHDL or Verilog)
— Registers: Where storage is required

- Logic: Boolean equation. s, if-then-else, case, etc.
» Logic optimization
— Logic minimization (similar to Karnaugh maps)
- Finds logic sharing between equations
- Maps into gates available in given technology
- Uses local optimization rules
j N Tiege gaes ::/\DJ)% 5 hase SMOS Jaies
L B W
_‘—\}__‘r:i/} = B P—{:\ 0_,7'_/“‘!//\0—
I Q- -
=1
P ., 3 basc CMOS gates
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e

S
Trieste November 4§ L Chnistiansen. CERN
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= Timing optimization
— Estimate loading of wires
~ Defined timing constraints (clock frequency, delay, etc.)
— Perform transformations until all constraints fulfilled

Asrawing fate Artrang fate

i

—

woge 1
5 i
I Bty

j g = — 1
Arrnang late = i
1 Comples
loge Arrrang late

Trieste November 98 J ChristianservCERN 9

« Combined timing - size optimization
—~ Smallest circuit complying to ai timing constraints

ze
EY

—* Cear
Reguirerenls

— Best solution found as a combination of special optimizatior

algerithms and evaluation of many alternative solutions
(Similar to simulated annealing)

Trieste November 9% }.Christiansen CERN 10




* Problems in synthesis
- Dealing with “single late signal”
- Mapping into complex library elements
— Regular data path structures:

* Adders: npple carry, carry look ahead, carry select,etc.
* Multipliers, etc

Use special guidance 1o select speciai adders, multipliers, etc. |
Performance of sub-micron technologies are dominated by
wiring delays (wire capacitance)
Synthesis in many cases does a better job than a
manually optimized logic design.

(in much shorter time)

Trieste November 98 J.Christiansen/CERN

= Wire loading
Timing optimization is based on a wire foading model.
Loading of gate = nput capacitance of following gates + wire capacitance

Gate loading known by synthesizer

Wire loading must be estimated

Fela‘ive numzor

: 2R
4_——""’-"\\\ i L :
. - - ! . TN
e - | AN —~ Vi %, Large crup
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« Estimate wire capacitance from number of gates
connected to wire.

Wre capaclance

T Large ctip

L — Numbec ol gates per wre

Advantage: Simple model
Disadvantage: Bad estimate of long wires
{which imits circuit performance}

Trieste November 98 J.ChristiansenyCERN 13
» Estimate using floor plan
roe aCal t2gon Spger T T -
Exiorale as ‘uritor o oLATDer -
31 zaley ara 5 oe i tegor ————
. Sugaen
Setaer agers
~se RslFAle oL sca Gislancg
Duiweer oul ng TeQIons ~egar I f ‘:‘":_
|
Advantage: Realistic estimate
Disadvantage: Synthesizer most work with complete design
Trieste November 98 JChristiansensCERN 14
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* [teration

Synthesis with crude estimation

P&R with extraction of real loading
Re-synthesize starting from reaf loads
Repeat X times

* Timing driven P&R

Synthesize with crude estimation
Use timing calculations from synthesis to control P&R

* integration of synthesis and P&R

Floor planning - timing driven - iteration

Trieste November 98 J.Chrastiansen/CERN

* Synthesis in the future

Integration of synthesis and P&R

Synthesizavie stancard modules (processcr, PCl interface,
Digital filters, etc.)

Automatic insertion of scan path for producticn testing.
Synthesis for low power

Synthesis of self-timed circuits (asynchronous)

Behavioral synthesis

Formal verification

Trivste November 9% L.Christransen. CERN
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Reguirements to package

- Protect circuit from external environment

« Protect circuit during production of PCB

« Mechanical interface to PCB

+ Interface for production testing

- Good signat transfer between chip and PCB
+ Good power supply to IC

« Cooling

+ Small

« Cheap

Trieste November 93 1.Christiansen CERN
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Materials

» Ceramic

~ Good heat conductivity

— Hermetic

- Expensive ( often more expensive than chip itself 1)
* Metal (has been used internally in IBM)

- Good heat conductivity

— Hermetic

— Electrical conductive {must be mixed with other material}
* Plastic

— Cheap
— Poor heat conductivity
Can be improved by incorporating metallic heat plate.

Treste November 98 I .Christiansen:CERN

Cooling

+ Package must transport heat from IC to
environment

* Heat removed from package by:

— Air: Natural air flow. Forced air flow
improved by mounting heat sink

- PCB: Transported to PCB by package pins
— Liquid:  Used in large mainframe computers

Aeaalvg g s

e lackage ’_.“‘—Lﬁ
# ! .
A S e
T
LR T
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« Package types:
— Below 1 watt: Plastic
— Below 5 watt: Standard ceramic
— Up to 30 watt: Special

wutive hoal aink Waler conbed marnlraie computer

Pumive heat ank

Trieste November 98 1 ChristiansensCERN 5

Chip mounting

+ Pin through hole
— Pins traversing PCB
— Easy manual mounting
- Problem passing signals between pins on PCB (All layers}
— Limited density
« Surface Mount Devices (SMD)
~ Smail footprint on surface of PCB
- Special machines required for mounting
~ No blocking of wires on lower PCB layers
— High density

Trieste November 98 3 Christiansen CERN 3
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Traditional packages

+ DiL (Dual In Line) e
+ Low pin count o /ﬁ
+ Lamge <
. . < /@Q@ﬂ
* PGA (Pin Grid Array) “*4
High pn counl (up to 400}
Previously used for most CPU's /,/“\\
* PLCC (Plastic leaded chip carrier . =
+  Limtted pin count (max B4) W“
» Lame
- Cheap ,/'/\\_
+ SMD /:\\\\\ ’/’,“
* QFP (Quarter Flat pack) I
High pin count {up to 300)
small
« Cheap
+ SMD
Trieste November %8 I.Christiansen:CERN 7

New package types

+ BGA (Ball Grid Array)

Small solder nalls o cornect to hoard

+ small
* High pin count \_-_\_; .‘»‘,-,'J"‘;(
« Cheap A
Low mductance
oy luctance

+ CSP (Chip scale packaging)
+ Similar to BGA
* Very smali packages

I'meste November 98 I.Chnstiansen-CERN S
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« MCP (Multi Chip Package)
- Mixing of several technologies in same component
— Yield improvement by making two chips instead of one

Po: processor + second level cache

Triestc November 98 J Christiansen/CERN 9

Chip to package connection

+ Bonding
» Only perphery of chip available for 1O connections
Mecharmic ' bancing of ong pin at a ime (sequential}
Cooling from vack of chip
= High nductance {~1inH)
» Flip-chip

Wholae ctip arez available for 10 connections

RERRE =TT

. Automatc akgnment (_m_l
Subsums |
+ One step process (parallel) [ ————

+ Cooling wia balls (front} and back if reguired
+ Thermal maiching between chip and substrate required
- Low inductance (~0.1nH)

Trieste November 93 J Christiansen CERN
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Multiple Chip Module (MCM)

* Increase integration level of system {smaller size)
» Decrease lpading of externai signals > higher performance
* No packaging of individual chips
+ Problems with known good die;

- Single chip fault coverage: 95%

- MCM yield with 10 chips: (0.95)'° = 0%
* Problems with cooling
«  Still expensive

Trieste November 98 I.ChnstiansenCERN 11
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Signal Interface

- Transfer of IC signais to PCB

— Package inductance.

- PCB wire capacitance.

— L - C resonator circuit generating oscillations.
Transmission line effects may generate reflections
— Cross-talk via mutual inductance

1< Ceeklaton

[y
Fere(LCP?}
L =10 nH
€= 10pF
! = -S00MHZ
R >

Tranamasmm L reflections

Packape

U

Trieste Noveniber 98 1 ChristianservCERN 13

10 signals

» Direct voltage mode
- Simple driver {Laige CMOS inverter)
— TTL, CMOS, LV-TTL, etc. Problems when Vdd of IC's change
. Large current peaks during transitions resuiting in large
osciliations
« Slew rated controlled
~ Limiting output current during transitions
— Reduced oscillations
— {Reduced speed)

,J) & ,
! Tmax s
[ /(—74"\7%&'
Vo
‘i’/'/ Xlew rate comrenlled .
Treste Navember 94 1. Christiansen. ¢ 'ERN 14
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= Current mode

- Switch current instead of voltage
Reduced current surge in power supply of driver
— Reduced oscillations

External resistor to transiate into voltage or
Low impedance measuring current directly

Very good to drive transmission lines (similar to ECL)

Trieste November 98 J.Christiansen/CERN 15

+ Differential
— Switch two opposite signals: signal and signal inverted
~ Goad for twisted pairs
— Common mode of signal can be rejected
—~ TWO0 pins per signal required
— High speed

weateel e

- ' L= L =

B . L -

Ineste Navember 9% J.ChristiansenCERN 16
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« LVDS (Low Voltage swing Differential signaling)
— High speed (up to 250 MHz or higher)
Low voitage (independent of Vdd of different technoiogies)
Differential
Current mode
Constant current in driver power supply (low noise)

I

Sk r

t
‘ Amplitwde M mV
(xmy JuTerenuatt
LI (LT "'unﬂmn mewke 0 1 25w
Trieste November 98 J Christianseny CERN 17
Power supply

- Power supply current to synchronous circuits strongly
correlated o clock

« Large current surges when normal CMOS output
drivers change state

+ Inductance in power supply lines in package.

« 10% - 25% of IC pins dedicated to power to insure

on-chip power with low voltage drop and acceptable
noise.

Iwet

FA L T orBre
AV I O =[]

pns
- T | Lo

IR A ARV AU .

Trieste November 92 } Christansen CERN 18
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Good design practices
(What not to do)

J. Christiansen,
CERN - EPMIC
Jorgen Chnstianseng@cemn ch

Purpose of good design practices

+ Improve chance of chip working first time

* Reduce {tctal) design time

+ Reduce development cost

+ Improved reliability

» Improved production yield.

» Follow vendor rules to get standard guarantees.

+ Some performance reduction may have to be
accepted

* {Be smart but not to smart}

Trieste November 9% JChrsstansen CERN
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Specification

- Specification must be complete before starting to do
detailed design.

. Specification must be agreed upon and “signed” by
involved partners

« Specification must be exact and leave no space for
different interpretations

+ Specification should be simulated at system level
- HDL specification is preferable.

. Realistic guesses of design time, design costs and
production costs must be made (factor 2).

Trieste November 98 1 Christansen CERN

Choice of technology

» Performance (speed, complexity}
+ Design tools : Synthes's, P&R, etc.
- Libraries (gates, adders, RAM, ROM, PLL’s, etc.)
» Development costs

- Full engineering run: NRE

— Multi Project Wafer (MPW)
. Life time of technology

— Modern CMOS only have a life time of ~5 years
= Production

— Price as function of volume

- Production testing

Tneste November 98 J.Christiansen CER
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Well planned design hierarchy

* The hierarchy of a design is the base for the whole
design process.
— Define logical functional blocks
— Minimize connections between branches of hierarchy
~ Keep in mind that Hierarchy is going to be used for
synthesis, simulation, Place & route, testing, etc.
» Define architecture in a top-down approach

* Evaluate implementation and performance of critical
blocks to see if architecture must be changed.

Treste Novernber 98 J.Christiansen/CERN 5

Synchronous design

* Aliflip-flops clocked with same clock.

* Only use clocked flip-flops
— noe RS laches, cross coupled gates, J-K flip-flops, etc.

* No asynchronous state machines
+ No self-timed circuits

b

T
i
— —-/
1 wRaxe condiion

R

_‘1 Legal ransinons
bl

Trieste Nuvember 9% I Christiansen CERN )
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Clock gating

- Clock gating has the potential of significant power
savings disabling clocks to functions not active.

« Clock gating introduces a significant risk of
malfunctions caused by glitches when
enabling/disabling clock

Enabis
Enabie E
Ana q ar
I q q
iy
Clock Chock

PP LU g SN ey NS e gl S gy BNy NS
T e e

Edge omlayed Ghich E'\abd:fﬂlsaﬂte
geiayed
Trieste November 98 ) Christianserv CERN 7

- 1t may be required to use clock gating on timing
control signa's to on-chip RAM:

— Write enable '3 often used to latch address o rising edge
and data on falling edge

— Simulate very carefully circuit generating write-enabie pulse.

Treeste November 5% J Christansen CERN 3
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Clock distribution

* Even in synchronous designs, race conditions can
occur if clock not properly distributed
— Flip-flops have set-up and hold time restrictions
~ Clocks may not arrive at same time to different flip-flops.

- Especially critical for shift registers where no logic delays
exists between neighbor flip-lops.

- Clock distribution must be very carefully designed and
dummy logic may be needed between flip-flops.

-« J_ Dummy _

e
o

";_ x 20

Trieste November 98 ) .Chnistiansen/CERN 9

* Use of both rising and falling edge of clock

Doubling effective speed of circuiis

Strict reqguirements to clock duty cycle from external source
Duty cycie distortion in clock distribution

Use PLL to generate clock multiplication

——len” urpalanced lnading

— L. Balanced ading

Trreste November 9% I Christansen. CERN 10
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Delay based circuits

+ Pulse generator
+ Clock doubler

Trieste November 98 ) Christiansen. CERN il

Resets

« Asynchronous resets must still be synchronized to
clock to insure correct start when reset released

« Synchronous reset made by simple gating of input

Asynchronous reset Synchronous reset

Recowery
nme

Frieste Noenvember 9% J.Christiansen CRRN 12
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Interface to asynchronous world

Itis in some applications necessary to interface to
circuits not running with the same clock.

— Natural signals are asynchronous

— Signals between different systems

- Many chips today uses special intemal clocks (eg. X 2)

* Asynchronous signals must be synchronized

- 8Synchronizers are sensitive to meta-stability

— Use double or triple synchronizers

[P
Async I Delay ; Wolt age Double synchromzer

| . Asyre Tooa 5 q r,
Normal ‘ @ |
- aelay [ —_
Data | e Time _ Time Chotk
a differencs
Trieste November 98 4 Christiansen;CERN

On-chip data busses

* Data busses are often required to exchange data
between man: furcticnal units.

- Insure that only one driver actively driving >us

Afso before chip have been properly initalized

Bus dnivers are often power full and a bus contention may be destructive.
~ Insure that bus is never feft in a tri-state state.

A floating bus may result in significant shor circut currents in receivers
» Always have one saurce driving the bus
+ Use special bus retention generators

i Bus zomenign comral ey

L ' id

T
— | ————

F@Q*@ \LE[ R T

—F T —i— e
h 4 k4 k4 L~"a

Treste Navember 4 JChnstansen:CERN
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Mixed signal

- Extreme care must be taken in mixed analog - digital
integrated circuits to limit coupling to the sensitive
analog part.

Separate power supplies for analog and digital

Guard ring connected to ground around analog blocks

Separate test of analog and digitat (scan path)

Use differential analog circuits to reject common mode noise

Be careful with digital outputs which may inject noise into
analog part (use if possible differential outputs)

1

Trieste November 98 }.Christiansen/CERN 15

Simulation

« Simulation is the most important tooi to insure correct
behavior of IC.
- Circuit must e simulated in all possible operating mades

- Digital simulater output should not only be checked by
looking at waveforms

— Circuit must be simulatecd under all process and operating

conditicns
» Best case -20 deg. . good process. Vdd + 10% x ~0.5
+ Typical 20 deg., typical process, Vdd x 1.0
+ Worst case: 100 deg.. bad process, Vdd - 10% x ~2.0

« Waorst N - best P: NMOS bad process. PMOS good process {analog)
.« Best N - worst P: NMOS good process, PMOS bad process (anafog}

Trreste November W& 1 .Chirisiiansen. CEFRN R
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Testing

Trieste November 98 ] ChristiansensCERN

One can “never” put to much test facilities in chips.
Put scan path where ever possible.

Have special test outputs which can be used for
monitoring of criticai circuits.

Put internal test pads on special tricky analog circuits.

If in doubt about critical parameters of design make it
programmable if possible.
Do not forget about production testing.

Do not make a redesign before problems with current
version well understood.

Most designs needs some kind of redesign.

952
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Overview

Overview

Basic testing theory:

. Why testing: cost of testing and yield.

. Reliability of VLSI circuits.

. What to test : Combinatorial, Sequential, Memory.

. Basic testing terms, fault models.
« Fault coverage.

. Generation of test patterns.

« Memory testing.

« Steady state power supply current testing.

« VLSI testers.
« E-beam testing.
. Test of analog IC's.

Testing:
« Design verification
 Production

o Trieste november 98
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Overview

S

Built in self test (BIST):

. Different schemes of BIST.

Pseudo random generators.
Signature analyzing.

Built in logic block observer (BILBO).
Running self test via JTAG.

Design for testability guidelines.

Testing seen by an ASIC designer.
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Basic testing theory

Price of finding and repairing a failing design/chip

LEVEL

FAILURE MECHANISM

PRICE

Specification

Functionality, Performance
Testability, reliability
Interoperability

Design

I

Prototype

Production margins

Veritication,
Qualification,

¥

nectors

A

Design
verification
testing

price per design)
00K$-? 9

(if not sufficient
design verification

performed)

Production
testing

(price per chip)
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RBasic testing theory

Reliability of VLSI circuits

Failure rate

A Infant mortality Badly designed component
\ {electron migration. hot electron, corrosion, etc.)

Wear out

/

| — > Time

1000hours 10years
Failing parts within first 1000 hours: 1-5%

Burn-in testing : Heating up chips to 125 deg. accelerates 1000 hours
period to approx. 24 hours.

Static: power supply connected.
Dynamic: Power + stimulation patterns.
Functional test: Power + stimulation patterns + test.

Temperature cycling: Gontinuous temperature cycling of chips to provoke
temperature gradient induced faults.
(Non matching thermal expansion coefficients).

Trieste november 98 8
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Basic testing theory

Basic testing terms

. CONTROLABILITY: The ease of controlling the state of
a node in the circuit.

. OBSERVABILITY: The ease of observing the state of a
node in the circuit

Example: 4 bit counter with clear - q3 |~
2 L

Control of q3: —lr MA o

Set low: perform clear = 1 vector q0 >

Set high : perform clear + count to 1000B = 9 vectors

Trieste november 98 10
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Basic testing theory

Fault models

. Fault types:  Functional.
Timing.

. Abstraction level: Transistor. (layout)
Gate. (netlist)
Macro ( functional blocks ).

Doping

Parameter SV: QV.

AN RS

\

Open

Source | Drain

_
_
_
i
1

1/2

Gate

12

T1C B B i

Trieste november 98
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Rasic testing theory |
AN
{
| A BIlY
— Y 0 01!1
Full functional NAND A — o 1|1
] 1 110
1011
w Jrl
A BlY
........ o 01
...... 10 1
1110
0 111
One PMOS stuck open A A BIlY
I
0
B 10
1 1 0o
Combinatorial logic may become sequential if stuck open faults
14
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Bridge
. The gate level stuck at 0/1 is the dominantly used fault
model for VLS| circuits, because Of its simplicity.
qult simulation are always

. Fault coverage calculated by f
/1 model. Other more com-

calculated using the stuck at0
plicated tault models are 10 compute intensive for VLS

designs.

Fault coverage = \Emc:m amﬁnﬁmlwv\;wm&mw pattern
Total number of possible stuck at faults In circuit

16

Trieste november 98
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Basic testing theory

i i -

Generation of test patterns

Test vectors made by test engineer based on functional
description and schematics. Proprietary test vector
languages used 10 drive tester. (over the wall)

Testvectors made by design engineer on CAE system.

Subset of test patterns may be taken from design verifi-
cation simulations.

Generated by Automatic Test Pattern Generators
( ATPG).

Pseudo random generated test patterns.
Fault simulation calculates fault coverage.

L

Trieste november 98 18
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Basic testing theory

Test development cost when complexity increases:

Cost (time)

100 o\ol?

Mixed analog/digital

Digital

Test development
» Complexity

0% m .
Today ( time )
pins/gate +
1
Testability is decreasing 01
drastically with increased
integration level 0.01
0.001
v

SSi MSI LS| VLS!

Trieste november 98 20
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Basic testing theory

\‘

VLSI testers

High speed high pin count VLS| testers are very expensive and complicated machines.

(100 k§ - 10 M$ ). Vector speed: 100 - 500MHz,

Vector depth: 32k - 100M

Time resolution: 100ps - 10ps
Pin count: 100 - 512

Shared resources: Tester per pin:
timing : .
vec tim. olla
] 1 generators —* |[mem| | gen elec | [
>_@o:53_o
" mwmmﬂmﬁoq __ i Pin | . .
|||||| . elec system vec || tim. || pIn
__ sync. — Imem| | gen || elec {[**
_ :
vector |-~ n__: \ig TIIIIIIIIIIIIITICIi
memory elec ivec ¢ tim. ;ipin i
CIIT - X ' e
— Pin . imem;: gen :: elec ;.
— elec.! b it
+ Measurements of DC characteristics
Testers must be faster than current IC technology .
,_.:nm.nnﬁnacnqem 22
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Basic testing theory

Quiescent current testing (Idda)

. A CMOS device consumes very low current in steady
state.

. |f a transistor is stuck on, the steady state current will rise
orders of magnitude when the right test pattern is applied

. Slow vector rate to get

Current
A current to settle
. Many nodes tested in
parallel
« Used as an additional test to
improve fault coverage
B
™
Vector

Trieste november 98
- - T T TE - T umw TE ) N‘m IM M’m n_M\

ifi



L4
86 IaquraAou ajsau

‘8ouanbes uieyed
ul swin dy0ads e Je aunyoid 1Seliuod abejjon 196 01 diyo jo ueos 819|dwion

Buibesane [eonsiers Buisn
( sdpQ I~ ) uonnjosa. Buiwi poob Aion Yiim Buigoud juiod sjbuig

lojeisuab > | 10]08}|0D
ulsled i onLm,_co
L pepeyey
« Buisnoo)_,. @
weaq
J8)nys

"OUAS
O11B}S0.}08|3

92.N0S U0J}09|] _J _._

‘80eLINS 8y] Jo
[enusjod abejjon Aq paousnju s 9JBLINS B WOJ) Wesag-3 ue Jo uoijoa|es ay |

bunse) weag-3

ATOoattn AfTAgean ATcoer



A i : 2
1 ' -1 i . .
: - i i : T

Basic testing theory

Test of analog circuits

. Each analog circuit is always special.
. Difficult to access internal nodes (drive external load).

. Mixed analog/digital testers are often a digital tester with
analog add ons ( GPIB, VXI, VME ).

Computer
VXI
y
000 GPIB
Digital
tester \

26
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Packaged
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( production testpatter

Production testing

( Production test 20 - 50%

Burn-in ?

of final chip cost)

Functional test:

Margins ? (noise, measurement accuracy, etc.)

Analog parameters:
gain, noise,

time constants,
precision, etc.

i.ﬂm

n development 5 - 25 % of development costs

Internal speed test:

- fault coverage, - :
stuck at 0/1 clocking speed
Temperature ?.
Supply voltage ?
External loads ?
B J
/0 level test: External speed test:
<] output levels, <] sSetup time,
input thresholds hold time,
| delay
28
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Scan path testing

Scan path testing

* Improving controllability/observability by enabling all
storage nodes to be controlled/observed via serial scan

path.

Scan clock
|l —
<« Scan data in

Logic 7

Logic 4

Scan data out

Test principle: 4. Enaple scan mode and scan in control data.

2- Disable scan mode and clock chip one cycle.
3 Enable scan mode and scan out cbserving data.

Generation of test vectors: With the high controllability/observability the test vectors
can be generated automatically with a ATPG program.

30
TT - L R T ) Mmm i ;m
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Scan path testing

\

. Scan path advantages:
Test vectors can be generated by ATPG programs.

Observability/Controllability problems do not have 10 be considered
during the design phase.

Testers do not need to have complex test vector generation capabilities for
all pins of the chip ( only scan in and scan out necessary ).

. Scan path disadvantages:
Hardware overhead: additional multiplexers must be included in the circuit.
example: 20.000 gates with 500 flip-flops
1 flip-flop = 10 gates > 500 ff = 5000 gates
1 scan flip-flop = 12 gates > 500 ff = 6000 gates.
overhead = 1000 gates = 5%

Speed degrading: additional multiplexers added in signal path.
example: 2 input inverting multiplexer in 1 um CMOS dly= 0.44 ns (typ.).
special scan flip-flop in ium CMOS dly = 0.3 ns (typ.).

32
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The JTAG standard

S —

Boundary scan makes it possible to test interconnections between
chips on a module.

Test of chips and board connections can be performed in-situ.

—F N\
e
= Short to ground
ICA
] IC3
) Solder bridge
1C2
] Open

Trieste november 98 34
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The JTAG standard

JTAG block diagram

-
| I
. Boundary scan register JFVJF‘
" o
" .
v ID code register — " =z
: ! , C

Tdi ————p =i %< = Tdo
|
Ny User definable registers -
" |
v L Instruction register JLW >
yreT L_, ............... |

Telk Test .

ClK ——®| Access Instruction IIWW Extest
Tms ——=| Port decoder Intest
Trst control Sample
! (TAP) » Runselt test
etc.
Trieste november 98 36
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The JTAG standard

1

Connection of IC’s with JTAG

TD| 1 TDI TDO»={ TDI ._.DO’Y. TDI ﬁuo‘v'_ TDI TDOR» TDO
_
TCK  TMS TCK TMS_| | TCK TMS L TCK  TMS
TCK
™S

Serial connection

TDI —¢» TDI TDOR» TDI TDO
TCK TMS TCK TMS
TMSH1
TCK —» TDO
TMS2
TCK TMS TCK TMS
Lp{ TDI TDO}-»= TDI TDO-»-

Hybrid serial/paraliel connection

,_.Juam m_Q.ang 98 38
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The JTAG standard

S

JTAG scan cells

Observing scan cell

To next cell
Shift/observe oﬂsm ce

Observednode —— 1 —

From previous cell  Scan clk

Observing and controlling scan cell

To next cell
Normal/control Shift/oberserve 4

Node in
Node out

3

From previous cell  Scanclk  Update clk

Trieste november 98
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|

Controlling scan cell

Tonextcell  Normal/control

Node in ._ﬁ _f

From previous cell  Scan clk Update cik

JTAG cells required for Input/Output pin

JTAG cell
JTAG omFT

ifO PAD

Tristate

g YOPIn

JTAG cell
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The JTAG

} ) : <y .
| -y i , .

standard

P

Trieste november 98

JTAG libraries from ASIC vendors

In EPGA'’s a standard JTAG controller is often available
and 10 cells are prepared for boundary scan

Libraries of JTAG components are normally availeble
when designing with standard cells or gate arrays.

%.ﬁ“ TAP Controller - JTAG FMC_TAPC
ONTL3 [Firm Macro)
ONT4
. g.l:.%:n'; 11 FMC_TAPC
ERE TS 00 . couv anEE | NOTE SOFT_MACRO
T N - --- - $of Macro version MC_TAPC I8 —J 1m0 00—
" s . } available, bul nol prelered due lo ] MTST MSF f—
P . Rev 204  layout dependent timing —i TN st |—
CUTPUTSANPUT
_ _ MACRO acilite 8 ~— TCxK 1B e
_ o fw — DR CXDR,CKIR ENABLE IDLE MSE AB GHD-, —J{ TRSTR ENABLE[—
o Tt " v b 1] FMC TAPC BHIR SL,TCKB TOO.UDDH UDIRA-D ¢ CKIRt —
E ™R
T O et rmwaﬂ e e MTST.ICK.TOLTMATASTE SHIR |-—
L ] -—
" - TOO}— — — . ulIA —
e — o WACRD INPUT CAP, , CxDA |—
lede et shoun. Foy HGH oala WMTST 0 30pF |A SHORT —
Dot bl 20 2. 3o d . TCK: 0.43pF | UDDA—
" FMC TAPC TOI; 0. 14pF 1CKB —
TMS3: 0.20pF IDLE p—=
. o TASTB14&F
A
Bl
C—
P ni—
42



134
86 19QUIA0U SN[

o1
(suonosuuod diys ey 104 uonesausb uisiied 159) oszoS«w

sonsoubeip jney
suooUNy 159}
(eBenbue| uondiosep ueos Aiepunog) aoepa)ul :o:a:omm%c“ma wwwr%
(4103) eorpalul IsiON
BOB}ISIUI 10}0BA 1S3

181EM}J0G

uoleoddy

8JelBlUI O]

Od
'$9011d BAnORINE JE B|qR)IRAR JusWdINDS S8} DL Peseq D

SONINOBY IS8} Dy [erdads jo suondo aney Aepoy sis)sa} diyd 1Sopy

Juswidinba 1s8] O

MTOMITD Y O MYrT M ~NTT T



| i + -y
' 1 ' .. . .
. i _. [ . -y

The JTAG standard

- Alternative use of JTAG

. Load programming data into programmable devices be-
fore use.
. Monitor function of device while running.

. Read out of internal registers in micro processors and

digital signal processors 10 ease debugging of programs.
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Different schemes of built in (self) test

Make self checking during operation
by duplicating all functions

Include test pattern generator and
response check on chip

i i N
Logic Logic
under test block 1
P
Pattern qamw _ Response wmmmm
ontro
generator ¢ checker i

Generate local check sums and check
with transformation of previous check sum

Fail
Transform Compare J Transform Compare
Check sum Logic Check sum Logic Check sum
3 block 1 block 2
Hardware overhead !!
Treste november 98 46
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Built in test

BILBO (Built In Logic Block Observer)

10 _ﬂ Jm
S - S -
B2 — Ly~ [ N ] L 57T T/ NI _
Scan in . lﬂﬁMMHVILP\WMf L) r|L\\er\\.v T.I.Uom:oE
| sl |
- | T _
qo q1 q2 g3
B1,B2 = 11, Normal register mode B1 B2 = 00, Scan path mode

12

B1 B2 = 01, Reset of BILBO

48
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Testing seen from an ASIC designer.

ﬁ.ﬂmmz:@ seen from an ASIC designer.

. Design verification simulations performed at full speed.
Functional testing performed at low speed ( 1 Mhz ).
Few timing path delays performed to monitor process.
« Single quiescent current measurement.

Test structures on wafers used to monitor process.
Test vectors taken from design verification simulations.

Test vectors must conform to tester restrictions.
( checked by special programs )

Most ASIC manufactures offer scan path cells and ATPG
programs.

Most ASIC manufactures offer JTAG boundary scan /0O
cells and TAP controller.
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