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IC design styles

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

Design styles
-
* Full custom

Standard cell
* Gate-array
* Macro-cel!
+ FPGA"
« Combinaticns

Treste Navember yr I{hnstansen CERN 2
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Full custom

+ Hand drawn geometry

+ All layers customized

+ Digital and analog

* Simulation at transistor level (analog)
= High density

= High performance

» Long design time

Treste November 98 J Christiansen CERN 3

Full custom
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Standard cells

« Standard cells organized in rows (and, or, flip-
flops,etc.)

+ Cells made as fuli custom by vendor (not user).
« All layers customized

 Digital with possibility of special analog cells.

« Simuiation at gate level (digital)

» Medium density

+ Medium-high performance

+ Reasonable design time

Trieste November 98 1.Christiansen. CERN 5

Standard cells
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Gate-array

* Predefined transistors connected via metal

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

* Oniy metallization layers customized

* Fixed array sizes (normally 5-10 different)

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

* Medium density

* Medium performance

* Reasonable design time

Trieste November 98 I.Christiansen/CERN 7

Gate-array
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Gate-array

Sea of gates

T T IR A N R

Tneste November 98 ' J.ChrisuansensCERN EJ

Macro cell

+ Predefined macro blocks (Processors, RAM, etc)
» Macro blocks made as full custom by vendor

» All layers custcmized

» Digital and some analog (ADC)

.+ Simulation at behavioral or gate level (digital}

« High density

e

+ High performance —
+ Short design time L e
« Use standard on-chip busses P | i
p : : N W !
L/ H

- "System on a chip”

Treste November %8 ] Christiansen. CERN [54]




FPGA = Field Programmable Gate Array

+ Programmable logic blocks

* Programmable connections between logic blocks

* No layers customized (standard devices)

+ Digital only

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

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

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

* Low development cost

» High device cost

Trieste November 98 J.ChristiansensCERN 1

FPGA
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Comparison

FPGA Gate amay Standard cell Full custom Macro cell
Density Low Medium "Medium High High
Frexlbllity Low (high) Low Medwm High Medium
Analog No Mo Ko Yes Yes
Performance Low Medium High Very high Very high
Design imse Low Medium Medium High Medium
Oaslgn costs  Low Medium Mediym High High
Tools Simple Complex Complex Very complex Compiex
Volums Low Medium High "High High
Trieste November 98 ) Christiansen/CERN 13

High performance devices

« Mixture of full custom, standard celis and macro's

« Fuil custom for special blocks: Adder (data path), etc.
+ Macro’s for standard blocks: RAM, ROM, etc.

« Standard cells for non critical digital blocks

Trieste November ¥3 J Chnistiansen CERN B




ASIC with mixture of full custom,RAM and standard cells

L
Single port FAL
Cual port R
Full cusiom
Slandard ceil
FIFG
Trieste November 98 15

Pentium
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17
New combinations
+ FPGA's with RAM, PCI interface, Processor, ADC,
etc,
+ Gate arrays with RAM, Processor, ADC, etc
: ‘ 1 1 L i T TT —
Trieste November 98 ) Christiansen. CERN 18




Design methodology

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

Design Methodology

» Specification

+ Trade-off's

* Design domains - abstraction ieve!
+ Top-down - Bottom up

+ Schematic based

* Synthesis based

* Getting it right - Simulation

* iLower power

Trieste November 98 J.Christiansen CERN
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Specification

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

A detailed 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
Systemn

Board

Hybrid

IC

Specifications can be verified by system simulations.

Specification is 1/4 - 1/3 of total IC project !.

Trieste November 98 ).ChristiansenvCERN 3
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Design domains

Gajski chart

Structural Behavioral

Geometric

Trieste November 98 J.ChristiansensCERN

Design domains and synthesis

Architeciural el Lugie tevel Cireut level
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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 small bOXes - spiit up in small boxes = wuun srmvare

« Define required units ( adders, state machine, efc.}
* Floor-planning

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

{change algorthms or architecture if speed or chip size problems)
» Behavigral simulation tools

Treste November 98 J.ChristiansensCERN

Bottom - up

+ Build gates in given technology
» Build basic units using gates - =
+ Build generic mduizs Of use _

« 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 processor
i The design was made in a typical top - down , bottom - up ,i
! inside - out design methodology

Trieste Nuseniber 93 ).Christiansen 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

Basic gae Logc mocute

Symbol

..""-"1 | i: i
.. Schematic ™' =y g o

Trieste November 98 L.ChristiansenyCERN

Synthesis based

*+ Define modules and their behavior in a proper
language
{also used for siinulation)

+ Use synthesis tools to generate schematics and
symbois {netlists)

Trieste Novenmber 98 J.Chnstiansen CERN
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Getting it right - Simulation

Simulate the design at all leveis {transistor, gate, system)
» Analog simulator (SPICE) for full custom design

Digital gate level simulator for gate based design

Mixed mode simulation of mixed analog-digital design
Behavioral simulation at module level (Verileg, VHDL)
All functions must be simulated and verified.

+ Waorst case data must be used to verify timing

«  Worst - Typical - Best case conditions must be verified

- Use programming appreach to verify large set of functions
(not looking at waveform displays)

-

Trieste November 98 J Christiansen CERN I

Low power design

- Low power design gets increasingly important:
Gate count .ncreasing > INCreasing power
Clock frequency inCreasing > INCreasing power
Packaging prot’ .ms ‘or high power Gevices
Portable equipment working on battery

+ ‘Where does power go.
1. Charging ang Sis-charging of capacitance: Swilching noces
2- Short circuit current. Both N anag P MOS conducting duning transition
3 Leakage currents: MOS transistors (switch) does not turn comoletely off

Trieste Nos ember 98 ] Christiansen CERN |
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Decrease power

+ Lower Vdd:

Sv > 2.5v givers a factar 4 |

New technologies use lower Vdd because of risk of gate-oxide break-down and

hot egiectron effect.
+ Lower Vdd and duplicate hardware

e funcional uru Twe funclional units
frequency = 1 fraquency = 12
/dd = 1 Vad = 152 (optimstic)

) f—“‘—v

Functionat

unt 1

f
Functional
| "

L

Furctonal |
wnit 2 I

v %ﬁl

Pz 11z P22 (2% 212
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* Lower number of switching nodes:
The clock signal often consumes S0% of totai power:
Gate clocks “or modules not wzrng
Not use ciocks

Lower signal activity

ina
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IC design Tools

J. Christiansen,
CERN - EP/MIC
Jomgen Chrigtianseng@cem.ch

Cell development

Schematic entry (transistor symbols}
+ Analog simulation (SPICE models)
Layout {layer definitions)
+ Design Rule Checking, DRC ( design rules}
Extraction (extraction rules and parameters)
+ Eiectrical Rule Checking, ERC (ERC rules}
« Layout Versus Schematic, LVS ( LVS rules)
» Analog simulation.
» Characterization: defay, setup, hold, loading sensitivity eic.
+ Generation of digital simulation model with back annotation.
+  Generation of synthesis model
« Generation of symbol ang black-box for place & route

Trieste Navember 9% J.Chrisuansen CERN
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Digital design

» Behavioral simulation

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

» Floor planning

* Loading estimation (loading estimation model)

+ Simulation with estimated back-annotation

» Place and route (place and route rules)

» Design Rule Check, DRC (DRC rules)

+ Loading extraction (rutes and parameters)

» Simulation with real back-annotation

» Design export

+ Testing: Test generation, Fault simulation, Vector translation

Or direct schematic entry

Trieste November 98 J.Christiznsen/CERN

Design entry

+ Layeut
- Drawing geometrical shapes: Defines layout hierarchy
Defines layer masks

Reaquires cetaled knowtedge about CMOS technology
Requires detailed knowledge abaout design rufes
Requires detailed knowledge about circuit design
Slow and tedious
Ophimum performance can be obtained
No yeld guarantee fram manufacturer when making full custom cells

Trieste November 2 J.Christiansen. CERN
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+  Schematic

- Drawing electrical circui:  Defines electrical hierarchy
Defines electrical connections
Defines circuit; transistors, resistors,,,
Requires good circult desn knowleage for analog desgn
Requires good logic design knowledge for digital design (boolean logic, stale machines)
Gives good overview of design hierarchy
Sgnificant amount of hme vsed for manual oplvMZaLON

Tranmsior level Gale laval
. Tl g jiody i
ST = g -
. » = i . .
- .- i -
. . " -: T e .
Ea eoiis
I
Trieste November 98 1 ChristiansensCERN

+ Behavioral
— Writing behavior {iext): Defines behavioral hierarchy
Defines algonthm
Defines arcrutecture

— Synthesis tool required to map 1nto gates
- Qften integrated with graphical block diagram tool.
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i R oem oo M oamme B oo
Sar M motnat moammie mones 4 el

[T s

-

Carn vane Fed I arn o

e = awnt wd sl

sare e deda

Ak e M el e - )

L mentule bl md @it 0B o
pan b9l ke
a1 e
i sl mema) ol

P mddlinb. miemal wldi

maluntier 12 i 4wl adkd. .
mdmadale

Tneste November 98 J.Christiansen. CERN

14



Verification

» Design Rule Check:
Checks geometnical shapes:  width, length, spacing, overap, etc.

» Electrical rule check:
Checks electnical circutt: unconnected inputs
shorted outputs
commect power and ground connection

«  Extraction:

Extracts electrical crrouit; transistors, connections, capacitance,
registance
< Layout versus schematic:
Compares electrical circuits: transistors: paraliel or seriat

(schematic and extracted layout)

Trieste Noveinber 98 1.Christiansen/CERN

Simulation

+ Simulates behavior of designed circuit

- Input: Maodels (transistor. gates, macro)
Textual netlist ischematic, extracted layout, behavioral)
uUser defined stimulus

— Output:  Circuit response (waveforms, pafterns)
Warnings

* Transistor level simulation using analog simulator (SPICE)

— Time domain

- Frequency domain

- Noise

Treste November 98 J Christiansen. CERN

a0



* Behavioral simulation simulator
~ System and |C definition ( aigorithm, architecture )
- Partitioning
— Compiexity estimation J

Trieste November 98 1.ChrastiansenCERN 9

Gate level simulation using digital simulator N
~ Logic functionality
- Timing: Operating frequency, delay, setup & hold violations

Nomaily same

Gate level models

Border between transistor domain (analog) and digital domain
Digital gate level medels introduced to speed up simulation.
Gate level mode! contains:

— Logic behavicr

- Delays depending on: operating conditions, loading, signai slew
rates

— Setup and hoid timing violation checks

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

Treste November 98 1.Christiansen CERN
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Gate data sheet

Trieste November 98 I Christiansen/CERN [H
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Place and Route

. Generates final chip from gate ievel netlist

- Goals: Minimum chip size
Maximum chip speed.

« Placement:
— Placing all gates to minimize distance between connected gates
+ Floor planning toot using design hierarchy
+ Specialized algorithms ( min cut, simulated annealing, elc.)
Tirning dnven

+ Manual intervention Simulated annealing
1ligh tempetaiure

- Very compute intensive move gites randomly

Min eut lLuw temperature

Hierarchy based floor planning
Move gates ncally

Kewp cutting Jesign
10t equal sared preves

For cach vul

Soase galen aruumd

Wl UMMM SHRACENN
scrim ot

Trieste Novernber 98 J.Christiansen/CERN 13
= Routing:
- Channel based: Routing only in channels between gates
ifew metal layers: 2}
— Channel ess: Routing over gaies
(many metal layers: 3 - 5)
— Often split in two steps:
Glopal route: F.nd a coarse route Gepencing cn 10¢al routing
density
Detaled route;  Genera’s routing layout
14

Trieste November 98 J Christiansen CERN
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* Performance of sub-micron CMOS IC's are to a farge extent
determined by place & route.
— Loading delays bigger than intrinsic gate delays
~ Wire R-C delays starts to becorme important in sub-micron

- Clock distribution over complete chip gets critical at operating
frequencies above 100Mhz.

Number of wires

kLT Mot load delny

laseal connectinmy

<iae delsy

T T T T * Technolagy

[ M AT iy

Trieste November 98 L.ChristiansenCERN

tilnba! amnections.

* Wre lenth

Design tool framework

* Design tools from one vendor normally integrated into a
framewaork which enables toals to exchange data.
— Common data base
- Automatic transtation from one type to ancther
— (Allows third part tools to be integrated into framework)

+ Few standards to aliow transport of designs between tools from

different vendors.
- VHDL and Verilog behavicral models and netlists
— EDIF netlist. SPICE netlist for analog simulation
GDS 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

Treste November 98 I Christiansen. CERN
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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: Behavioral modeling with synthesis and simulation.
« Place and route performed by vendor

Full custom

— Layout, DRC, extraction and transistor level simulation
Standard cell, macro and full custom

— All tools described required

Trieste November 98 J.ChristiansensCERN 17

Source of CAE tools

Cadence

- Complete set of tools integrated into framework
Mentor

- Complete se. of tools (ntegrated into framework
Synopsis

- Power full synthesis tools

- VHDL simulator
Avant

- Power full place and route tcols

-~ Hspice simulator with automatic characterization tocls
Div commercial:

- View-logic, Summit, Tanner, etc.

Trieste November 98 J Cheistiansen 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: ?
Tneste November 98 } Christiansen,CERN
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Hardware describing languages
and
Synthesis
J. Christiansen,

CERN - EP/MIC
Jorgen.Christiansen@cemn.ch

Hardware describing languages (HDL)

« Describe behavior not implementation

+ Make model independent of technology
+ Mode! complete systerns

+ Specification of sub-module functions

» Speed up simulation of large systems

« Standardized text format

+ CAE tool independent

Trieste November 93 ).Christiansen. CERN
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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

i

Trieste November 98 J.ChristianservCERN

« Compiled/Interpreted
— Compiled:

Descr .tica compiled into © anc than inig CINEry or
directly intg Dinary

+ Fast execulion

+ Slow compilation

— Interpreted:

Description interpreted at run time

+ Slow execution

« Fast "compilation”

+ Many interactive features

- VHDL normally compiled
- Verifog exists in both interpreted and compiled versions

Trneste November 93 J.Chnisuansen CERN




Design entry

+ Text:
— Tool independent
— Good for describing algorithms
~ Bad for getting an overview of a large design

v

s ke e s e

Trieste November 98 J.Christiansen CERN

« Add-on tools

- Block diagrams to get overview of hierarchy

- Graghical description of final state machines :FSKY
Senenles s 28 Tiee —0 | oo

~ Flowcharts

- Language senstive editors

- Wavetorm display tools

Seam osua I Sumed Zesgn

Trieste November 93 J.Chnistiansen. CERN




Synthesis

Algorithm Forrad 1215
0% techngiogy depardert Surm = sum - o]
'
Oata0] Daca{0] Data 15
Architecturs !
10% technology dependent Catal T
Sum
Bahaviral synibesia ﬂ Sum

Register laval
20% tachnology deperdent

Logi syrehess ﬁ

Gale level -
100% technology depancent . - =
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Logic synthesis

+ HDL compilation (from VHDL or Verilog)
- Registers: Where storage is required

- Logic: Boolean eguations, 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

‘*—\‘... 3 logic gates 1"_\0_5 8 bagie CMOS gates
= — PV S
= e

p— B ~.

Ea ‘

J_}?j_{_\ 3 basic CMOS gates
B

g A

T

jp E—
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+ Timing optimization
— Estimate loading of wires
- Defined timing constraints (clock frequency, defay, etc.)
— Perform transformations until all constraints fulfilled

frving late Artrang tate

—> -
E Compiex
3 logic
Compl i
mpiex | I
e [ =2 1
Arrring late =
= Complex
= ogc AfInang 1aie
— i
Trieste November 98 1 Christiansenw CERN 9

» Combined timing - size optimization
~ Smallest circuit complying to all timing constraints

Cequirereris

— Best solution found as a combination of special optimization

algorithms and evaiuation of many alternative soiutions
{Similar to simulated annealing)

Trieste November 93 J.Christiansen CERN 10
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* Problems in synthesis
- Dealing with “single late signal”
— Mapping intc complex library elements

— Reqular data path structures:
* Adders: ripple carry, carry lock ahead., carry select,etc.

* Multipliers, etc.
Use special guidance 1o select special 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}

Treste November 98 I ChristiansensCERN

+ Wire loading
Timing cptimization is based on a wire loading model.
Loading of gate = nput cauacitance of follow ng gates + wire capacitance
Gate loading known by synthesizer
Wire loading must be estimated

Selative numper

- 'y erage -'-.!'ég!
R
T LN e el —
. T E Tt .
BRI R b o
,___——’“/-( ) ' { !
! \ I . /__‘\
ps 1 . v / % Large chip
H N e dulav i J Smal chip
3 ~{ "/ ¥/
= T T T Techmdugy >
ER - " fu Wire capacilance
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+ Estimate wire capacitance from number of gates
connected to wire,

Wre capacilance

/ T ot

o Number of gaies per wre

Advantage: Simple model
Disadvantage: Bad estimate of long wires
{which limits circuit performance)

Trieste November 98 J ChristiansensCERN 13

+ Estimate using fioor plan

nEGE OCA 4 egon
o zates ane 0
Sager
Selmeen rwqKrs
s 2srraie L oL scal 2.5lance
belween ~Llrg egicns Seqan I
Advantage: Realistic estimate
Disadvantage: Synthesizer most work with complete design
Trieste November 98 3.Christiansen. CERN 14
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+ lteration

- Synthesis with crude estimation

— P&R with extraction of real loading

— Re-synthesize starting from real 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

— Floar planning - timing driven - iteration

Trieste November 98 I Christiansen. CERN

« Synthesis in the future
— Integration of synthesis and P&R

~ Synthesizavl” stanaard modules (processor. PCl interface,

Digital filters, etc.)
~ Automatic insertion of scan path for production testing.
- Synthesis for low power
— Synthesis of self-timed circuits (asynchronous)
- Behavioral synthesis
— Formal verification

Trieste November 98 1.Chrisuansen. CERN
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Requirements to package

+ Protect circuit from external environment

« Protect circuit during production of PCB

+ Mechanical interface to PCB

+ Interface for production testing

+ Good signal transfer between chip and PCB
+ Good power supply to IC

+ Cooling

« Small

+ Cheap

Trieste November 938 1 Christiansen CERN 2
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Materials

+ Ceramic

- Good heat conductivity

- Hermetic

- Expensive ( often more expensive than chip itself N
* 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.

Trieste November 98 I.Christiansen;CERN

Cooling

+ Package must transport heat from IC to
environment

* Heat remcved from package by:
— Ajr: Naturaf air fiow, Forced air flow
improved by mounting heat sink
- PCB: Transported to PCB by package pins
- Liguid:  Used in large mainframe computers

Avssine cgan aent

e wink
BT xha g iy
b Fachage f -__J_“ gt et pwer

s —_— Vo temperalure
S/ ﬁﬁ [ e wperalure
/T
r .

Bl
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» Package types:
— Below 1 watt: Piastic
— Below 5 watt: Standard ceramic
— Upto 30watt:  Special

Aotive heat ank Watey aibed frasnitame computer

Prosi ve heal uink

Trieste November 98 ).ChristianservCERN

Chip mounting

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

Trieste November 48 ). Christiansen CERN
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Traditional packages

* DIL (Dual In Line) e

= Low pn count ’/__,%
+ Lamge -~ o
<
PGA (Pin Grid Array) ‘-?\qs;m/-’%ﬂw

= High pin count {up 10 40Q)
+ Previously used for most CPU's -

PLCC (Plastic leaded chip carrier
+  Limited pin count (max B4)
+ Lamge
- Cheap
- SMD

QFP (Quarter Flat pack)

¢« High pin count {up lo 200)
- small

- Cheap

- SMD

Trieste November 98 J ChristiansensCERN 7

New package types

+ BGA (Ball Grid Array)

» Small solder balls 1o connect to board
¢ small

» High pin couwnt

+ Cheap

* Low mnductance

.\;“4‘\-\:{/: P

+ CSP (Chip scale packaging) oo
+ Similar to BGA
= Very small packages

Treste November 98 IT.Christiansen CERXN 8




+ MCP (Multi Chip Package)
- Mixing of severa! technologies in same component
- Yield improvement by making two chips instead of one

P6: processor + second level cache

Trieste November 98 1 .ChristansenyCERN

Chip to package connection

+ Bonding
+ QOnly perorery of chip available for |Q conneciions
Mechanir ' tonging of cne in gt a ime (secuental)
Coohing “cm back of chip
+ High inductance {~1nH)
* Flip-chip

Whole crup area avallabie for 10 connections

Lis e ATCACTUAN

putomane hgnment El
Subsrmle |
One step process (parailed)

+ Cooling viz balls {front} angd back if required
Thermal matching between chip and substrate reguired
Low inductance (~0.1nK}

Trieste November 98 I.Christiansen. CERN
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Muitiple Chip Module (MCM)

* Increase integration level of system (smaller size)
+ Decrease loading of external 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)'® = 60%
+ Problems with cooling
+ Still expensive

Trieste November 98 1.ChnistiansensCERN 11
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Signal Interface

» Transfer of IC signals to PCB
— Package inductance.
~ PCB8 wire capacitance.
— L - C resonator circuit generating oscillations.
— Transmission line effects may generate reflections
- Cross-talk via mutual inductance

[ vacslbatpon
PUIS race el R(Ler?)
. LoEDnM
C=10pF
T = ~500MHMZ

Tranamusaon line reflecinns

b=
<H

Pak

[

Trieste November 98 I.ChristiansenyCERN 13

1O signals

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

Imaa J
= v : ," ey :. :
i i Tm— ,':’
7 : . e
\FJ Lmax M / Shew rave compiied .
Triesle Noverher 9% J.Christiansen. CERN 14
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* Current mode

Switch current instead of voltage

— Reduced current surge in power supply of driver
— Reduced osciliations

- External resistor to translate into voltage or
Low impedance measuring current directly

Very good to drive transmission lines (similar to ECL)

1

7

@—HW_D?D

Trieste November 48 i Christiansen/CERN 15

+ Differential
— Switch two opposite signals: signal and signal inverted
— Gocod for twis’ 2d pairs
—- Common mode of signal can be rejected
— Two pins per signal required
High speed

i smpnude
e restn g

ry
—_— N e N

| e : ’ hY - “ ” rerenual ampin e

. >\_'.‘_‘ﬁ __/(\_ N

RLE DT TTN T

|
B
¥ »

Trieste November 98 I Christiansen CERN 16
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» LVDS (Low Voltage swing Differential signaling)
High speed (up to 250 MHz or higher)

Low voltage (independent of Vdd of different technologies)
Differential

Current mode

Constant current in driver power supply (low noise)

B 25mAa

Ampliude - 231 mV
(30my dafferental)

Trieste November 98 J.Christiansen. CERN \7

Power supply

=Tk

« Power supply current to synchronous circuits strongly
correfated to clock

+ Large current surges when normat CMCS 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.

I

T” N H_;/“ -\ o GST——%E

A : —t
LA

LA R /
: :f -U.‘ \"\ Yah \"‘\,."; j FANaY \_/\

Chap
capaciiance

Board
capa e

Trieste November 98 J.Chnistiansen CERN 18
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Good design practices
(What not to do)

J. Christiansen,
CERN - EP/MIC
Jorgen.Christiansen@cemn.ch

Purpose of good design practices

» Improve chance of chip working first time
+ Reduce (tcial} design time

+ Recuce development cost

« Improved retfiability

- 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 98 !Christiansen CERN
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Specification

» Specification must be compiete 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.Christiansen CERN

Choice of technology

» Performance (speed, complexity)
+ Design tools . Synthesis, P&R, etc
Libraries (gates, addars, RAM, ROM, PLL’s, etc.)
* Development costs
— Full engineering run: NRE
— Multi Project Wafer IMPW)
+ Life time of technoiogy
— Mocdermn CMOS only have a life time of ~5 years
= Production

— Price as function of volume
— Production testing

Trieste November 98 J.Christiansen CERN
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Well planned design hierarchy

* The hierarchy of a design is the base for the whole
design process.
— Define logicat functional blocks
- Minimize connections between branches of hierarchy

— Keep in mind that Hierarchy is going to be used for
synthesis, simulation, Place & route, testing, stc.

* Define architecture in a top-down approach

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

Trieste Noveimnber 98 } ChristiansewCERN

Synchronous design

+ All flip-flops clocked with same clock.

+ Only use clocked flip-flops
— no RS latches, cross coupled gates, J-K flip-flops, etc.

+ No asynchronous state machines
+ No self-timed circuits

Race concilion

Legal transitions

Trieste Nasember 98 J.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

Enaple

a Enabla d
And g o9 O or .
A S S S N S S

Enatie < H i
Galed dock *——@— \ g L _J
En-u:fan abie

Edge delayad Glich

Chock

gelayeq

Trieste November 98 I .ChristiansensCERN

+ It may be required to use ciock gating on timing
control signa's to on-chip RAM:

— Write enat ‘e is often used to latck address on rising edge
and data on falling edge

- Simulate very carefully circuit generating write-enable pulse.

I'neste Nosember 98 1. Christiansen CERN
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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 artive at same time to different flip-fiops.
— Especially critical for shift registers where no logic delays
exists between neighbor flip-flops.

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

Trieste November 98 J ChristiansenvCERN 9

+ Use of both rising and falling edge of clock
— Doubling effective speed of circuns
— Strict requirements to clock duty cycle from external source
~ Duty cycle distortion in clock distribution
— Use PLL to generate clock multiplication

—>o— — " Unbalanced loading
: M|

> o

— R >0{/\0- Ll>cy L Bafanced ioating
. o= \ [
‘ .

A >°r o
Do

Trieste November 98 L Christiansen CERN 10
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Delay based circuits

« Pulse generator
« Ciock doubler

=

Trieste November 58 J.ChristiansenCERN §]

~.

Resets

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

« Synchrenous reset niade by simple gating of input

Asynchronous reset Synchronous reset
-3
1= -,
oen = Tese-e-
. i
Resel T - i
e
Sioen R I
Resat —— —
Recovery
nme
Trieste November 93 J.Christiansen CERN 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
— Synchronizers are sensitive to meta-stability
— Use double or triple synchronizers

Asyre I Deiay ; VT"" age Doutie synchromzer
Iy
Clock \ Asyne " e
b D
Clock __}——1 Norrmal
deiay
osa Time Time croc
g dritarence

Trieste November 98

J.Christiansen/CERN

On-chip data busses

Data busses are often reguired to exchange data
between many furzticnal units.

— Insure that on.y one driver actively driving bus
Also before chip have been properly initialized

Bus drivers are often power full and a bus comtention may be destructive
- Insure that bus is never left in a tri-state state.

A floating bus may result in significant shor circunt currents in receivers
* Always have one source driving the bus

* Use special bus retention generztors

i Bus cortenton control

0 L i i ~ay ) .; —

b s ‘—Wﬂ LF@ e "2

4 1 : v v ‘ ¥ I">°‘ ; f”“ \"- an
= L

Trieste November 9% L.Christiansen, 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 digital (scan path)

Use differentiai analog circuits to reject common mode noise

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

Trieste November 98 1 .Christiansen’CERN 15

Simulation

« Simulation is the most important tool to insure correct
behavior of IC.
— Circuit must be simulated in all possible operaiing modes

— Digital simulator cutput should not only be checked by
tooking at waveforms

— Circuit must be simulated under all process and operating

conditions
+ Bestcase: -20 deq. . good process, Vdo + 10% x ~0.5
« Typical: 20 deg., typical process, Vadd x 1.0
- Worst case: 160 deg., bad process, Vad - 10% x~2.0

- Worst N - best P NMOS bad process, PMOS good process {(analog)
+ Best N - worst P NMOS good process, PMQOS bad process (analog)

Trieste November 98 J.Christiznsen CERN 16
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Testing

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 critical 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.

Trieste November 98 J.Christiansen,CERN 17
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Overview

S ——

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

e Production



86 TOQUIIAOU NS ]

‘OVLI JO 8SN SAIJBUIBYY
Juswidinba 18} OYI [ »

Seuelql DISVY OVLr -

'$|190 yjed ueds oy| " [eo1dA] .
'Jse) Atepunog .

'1000)04d OV [ »

"6 1} piepuels 333) ‘(dnoib uoijoe isey juior) OLL -
'syred ueos buisn AJjiqealasqo pue Alijige|041u0d Buinoidw .

:buiysal yjed ueog




Overview

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.



86 JQUIAA0U 1S3 |

A1oay) Bunsa) oiseg




- & S . . & S ] . .

Basic testing ﬁﬁmoww

Price of finding and repairing a failing design/chip

LEVEL FAILURE MECHANISM PRICE
o Functionality, Performance
Specification Testability, reliability
Interoperability

Design ¥

<m_‘_=.o.m:o:.
Qualification,
| ?oacoﬁmo: margins

Prototype

Design
verification
testing

( price per design;

—— 100K$ - 7 $

(If not sufficient
design verificatiot

performed)

Production
testing

(price per chip)

T e e hae OR
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Basic testing theory

Reliability of VLSI circuits

Failure rate
A

Infant mortality Badly designed component
(electron migration, hot electron, corrosion, etc.)

S

| | . 1iMEe

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

Wear out

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: Continuous temperature cycling of chips to provoke
temperature gradient induced faults.
(Non matching thermal expansion coefficients).
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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 =5 g3l
2

Control of q3: wllr m: -

Set low: perform clear = 1 vector q0 |~

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

Treacte nirvwermber QR 10N



I 86 J9QWIAOT ASII],

'8pOU JO 91e]S
obueyo Jou 1snw sousnbas 10108 Is8] BuIIaSO BY | D) e

'PBAISSQO 8Q 0} 8pOU JO d)e)S So|ge
-US YIIym 1indJI0 0} S10}08A s8] Jo aouanbas Ajddy g »

'9]B]S pspuewWwap 0} spou
S18S YIIym JINdJI1D 0} SI0J08A 1S9} JO aousnbas Alddy (v .

1IN2JID B Ul 8pou e Buljss|

r ~



Basic testing theory

Fault models

+ Fault types:  Functional.
Timing.
 Abstraction level: Transistor. (layout)

Gate. (netlist)
Macro ( functional blocks ).

Boping

Open Short Parameter gr g

. . R gm
Source Drain _ / / “ D
| Delay
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Basic testing theory

Full functional NAND A

|
<

—_ ) —— ek -<

One PMOS stuck open A

O—L_LO>

—_— ) —d -<

Combinatorial logic may become sequential if stuck open faults

- —-0O|»

oo =<

N
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Gate level

Stuck at 0

ng‘ Stuck at 1
Open

Bridge
. The gate level stuck at 0/1 is the dominantly used fault
model! for VLSI circuits, because of its simplicity.

. Fault coverage calculated by fault simulation are always
calculated using the stuck at 0/1 model. Other more com-

plicated fault models are to compute intensive for VLS!
designs.

Number of fauits detected by test pattern

Fault coverage = : ..‘.
Total number of possible stuck at faults in circuit

16

Trieste november 98
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Basic testing theory

e —

Generation of test patterns

. Test vectors made by test engineer based on functional
description and schematics. Proprietary test vector
languages used to 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.

18
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Basic testing

n . a - % - . r . L I * b . .

theory

Test development cost when complexity increases:

Cost (time)

A

100 %[

Mixed analog/digital

Digital

Test development

0% : » Complexity
Today (time)
pins/gate A
1
Testability is decreasing 0.1
drastically with increased
integration level 0.01
0.001

SSI MSI LSI VLSI
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Basic testing theory

VLSI testers

High speed high pin count VLSI 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. pin
F—————— -~ | generators N
- mem|| gen || elec |[**
| Algorithmic | J
, pattern . 5
| in : :
_rmo.amﬁmﬁmﬂlu_ elec | system vec || tim. pin
” sync. | ||mem{| gen elec |7
_ .
vector | _u__: > IIIIIITIIIIIIITIIIIIIL
memory elec pivec 1o tim. ol pin o
ceme - X X tiee
— Pin i\ imem;: gen : elec 1
L elec. ) SRRt

+ Measurements of DC characteristics

Testers must be faster than current IC technology !.
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Basic ﬁmmwwsa theory

Quiescent current testing (Iddq)
« A CMOS device consumes very low current in steady
state.

» If atransistor is stuck on, the steady state current will rise
orders of magnitude when the right test pattern is applied

Current « Slow vector rate to get
A current to settle

« Many nodes tested in
parallel

« Used as an additional test to
improve fault coverage

» 1lMe
4 Vector

24

Tracte nowambar OR
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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

000 BRI GPIB

Digital
tester \
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Basic ﬁmmﬁum@ theory

v ——

Production testing
. ( production testpattern development 5 - 25 % of development costs)
Packaged ( Production test 20 - 50% of final chip cost)

. Functional test: Internal speed test:
Burn-in ? e fault coverage, . .
stuck at 0/1 clocking speed

Margins ? (noise, measurement accuracy, etc.)
Temperature ?.
Supply voltage ?
External loads ?

Analog parameters: I/0 level test: External speed test:
gain, noise, | output levels, < Setup time, e
time constants, input thresholds hold time,

precision, etc. delay

Trieste november 98 LA o
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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

Logic
Scandataout | gn on o

Test principle:

1: Enable 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.
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Scan path testing

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

Observability/Controllability problems do not have to 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-tlop = 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 pum CMOS dly= 0.44 ns (typ.).
special scan flip-flop in Tum CMOS dly = 0.3 ns (typ.).
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The JTAG standard

T

Boundary scan makes it possible 1o test interccnnections between
chips on a module.

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

= Short to ground
- X
IC1 |4
| — #ﬂ
k) .
T Solder bridge 1
1C2 -
Open

T i rvrm vy har OR I - - o - - - - - — - T ¥
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The JTAG standard

[y /- I ¢ 1 « )

Tdi ————p |

Telk ——a=
Tms ——

Trst ——p

JTAG block diagram

Boundary scan register

ID code register

User definable registers

XNN

. Tdo

Instruction register

Port
control
(TAP)

Instruction
decoder

—

| o

Extest

Intest
Sample

Run self test
etc.

16
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The JTAG standard

Connection of IC’s with JTAG

TDI —»{ TDI TDO= TDI TDOR» TDI TOOs TDI TDOM» TDO
TCK TMS TCK TMS TCK TMS TCK TMS
TCK
TMS
Serial connection
TDl -+ TD! TDORs{ TDI TDO
TCK TMS TCK TMS
TMS1
TCK = TDO
TMS2
TCK TMS TCK TMS
Ly TDI TDOq»{ TDI TDO

Hybrid serial/parallel connection
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The JTAG standard

A

JTAG scan cells

Controlling scan cell

Observing scan cell

Shilt/observe

Ocmo?ma node

From previous cell

ﬁv

Scan clk

To next celi

1

Observing and controlling scan cell

To next cell

Normal/control  Shift/oberserve

Node in

&

Node out

From previous ceff

[ T U T o - )

1

A

Scan clk

rﬁam_o clk

To next cell

. Normal/control

Node in

e

Controlled node out

From previous cell

-

ﬁv

Scan clk  Update clk

JTAG cells required for Input/Output pin

v

Tristate —W

JTAG cell

¥O PAD

¥

JTAG cell

JTAG ce!

IIIIIIIIII
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The qewm standard

Tneste november 98

JTAG libraries from ASIC vendors

In FPGA’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.

FMC _TAPC

ozﬂ.m TAP Controtler - JTAG
ozo_..a_ " {Firm Macro)
OMAT 4
__ RcTiow Tame b
T I
w0 .__m. QT (L ] MACRO EQUIV. GATES NOTE-
W . R — Soh Macro version MC TAPC Is
W A FMC_TAPC - e . | Auardpdia, bt not prefered dus 1o ]
. . t . L Rev L4 fayoul dependant Liming —]
MACRD OUTPUTRANPUTS .I
T 7] —icxmR CXORA.CHIAENABLE IDLE WMSE, AR SHINR, —
For S0 s Vot o, | —1uooR FMC _TAPC BHIR 5L, YCKB.TDO.UDDR U A D/
e T 14 A Loge T T.3CK, 101, TMS, TRST
T O’ s g | 8. .Ii; —_— MTST.ICKIDLTMI.TRSTE |
- -
- - o ™ MACRO weUTCAP.
G oyt e Fr G ot - wrsT gﬂm
il 102300 d . TCK: 0.4
' FMC TARC 1Ok 0. 14pF
TMS' 0.20pF
TRSTB: 1 460F
}
]

FMC_TAPC
SOFT_MACRU
o 00
MTST MSF
NS 51
TCK nB
TRSTB ENAGLE
CKIN
SHIR
IR
CXDR
SHDA
UDDA
1CKB
IDLE

Do

AR ERRERERN

Tl
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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 to ease debugging of programs.
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Built in test

Different schemes of built in (self) test

Include test pattern generator and Make self checking during operation
response check on chip by duplicating all functions
Logic Logic
:mmoq test block 1 Y
i Compare
_||_ - response
Pattern Tost Response Logic | —%
generator control checker block 2

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

ﬁ|le Fail

Transform Compare jﬁm:ma:: Compare

Check sum Logic Check sum Logic Check sum
3 block 1 3 block 2 ¥

Hardware overhead !!

Tracte navemhbher OR 44
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Built in test

BILBO (Built In Logic Block Observer)

12 13
] o .

B1
0 Y Y -
Scan in I_UUV_U Scan out
- - T_ P
_ o _
q0 ql q2 Gq3
B1,B2 =11, Normal qm_mmmﬁm_‘ mode B1,B2 = 00, Scan path mode
. i1 [2

B1,B2 = 01, Reset of BILBO

Trieste november 98 48
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Testing seen from an ASIC designer.

Testing 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 I/O
cells and TAP controller.
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