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Overview

= Part 1- Implementation Technology and L ogic Design
» Design Conceptsand Automation
= Fundamental concepts of design and computer-aided design techniques
» TheDesign Space

= Technology parametersfor gates, positive and negative logic and design
tradeoffs

» Design Procedure

= Themajor design steps. specification, formulation, optimization,
technology mapping, and verification

» Technology Mapping
= From AND, OR, and NOT to other gate types

* Verification
= Doesthedesigned circuit meet the specifications?

= Part 2 - Programmable | mplementation Technologies
» Read-Only Memories, Programmable Logic Arrays, Programmable
Array Logic

= Technology mapping to programmable logic devices
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Combinational Circuits

= A combinational logic circuit has:
* A set of m Boolean inputs,
* A set of n Boolean outputs, and

* n switching functions, each mapping the 2™ input
combinationsto an output such that the current output
dependsonly on the current input values
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Hierarchical Design

= To control the complexity of the function mapping inputsto
outputs:
» Decompose the function into smaller piecescalled blocks
e Decompose each block’sfunction into smaller blocks, repeating as
necessary until all blocks are small enough
* Any block not decomposed is called a primitive block

» Thecallection of all blocksincluding the decomposed onesisa
hierarchy

= Example: 9-input parity tree (see next dide)
* Top Level: 9inputs, one output
* 2nd Level: Four 3-bit odd parity treesin two levels
* 3rdLevel: Two 2-bit exclusive-OR functions
* Primitives: Four 2-input NAND gates
» Designrequires4 X 2 X 4= 32 2-input NAND gates
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Hierarchy for Parity Tree Example

—1X%o —_—
—|x?
] iﬁ 9-Input
— X odd Zo
—1Xs  function
—%e Ko™ (Ao 3-Input
—|x$
—1x; X;— A, odd By
function
(a) Symbol for circuit X A2,
Xg—A 3-Input Ao 3-Input
X;—{AL odd By Ay odd pi—7,
function function
Xs Ay Ay
6 AU 3-Input
Xy, A, odd o
fung#tn
—

(b) Circuit as interconnected 3-input odd
function blocks

Ao
Ay Bo
- \
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Reusable Functionsand CAD

= Whenever possible, wetry to decompose a complex
design into common, reusable function blocks
= Theseblocksare
 verified and well-documented
e placed in librariesfor futureuse
= Representative Computer-Aided Design Tools:
e Schematic Capture
e Logic Simulators
e Timing Verifiers
e Hardware Description Languages
= Verilogand VHDL
* Logic Synthesizers
* Integrated Circuit Layout
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Top-Down versus Bottom-Up

= A top-down design proceeds from an abstract, high-
level specification to a more and more detailed design
by decomposition and successive r efinement

= A bottom-up design startswith detailed primitive blocks
and combinesthem into larger and more complex
functional blocks

= Designsusually proceed from both directions
simultaneously

* Top-down design answers. What are we building?
* Bottom-up design answers: How do we build it?

= Top-down controls complexity while bottom-up focuses
on the details
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|ntegrated Circuits

= |ntegrated circuit (informally, a“chip”) isa
semiconductor crystal (most often silicon)
containing the electronic componentsfor the digital
gates and storage elementswhich are
inter connected on the chip.
= Terminology - Levels of chip integration
» SS| (small-scale integrated) - fewer than 10 gates
* MSI (medium-scaleintegrated) - 10 to 100 gates
* LSl (large-scale integrated) - 100 to thousands of gates

* VLSI (very large-scale integrated) - thousands to 100s of
millions of gates
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Technology Parameters

= Specific gate implementation technologies are
characterized by the following parameters:

Fan-in —the number of inputsavailable on a gate

Fan-out —the number of standard loads driven by a gate output
Logic Levels—the signal valuerangesfor 1 and 0 on theinputsand
1 and 0 on the outputs (see Figure 1-1)

Noise Margin —the maximum exter nal noise voltage superimposed
on a normal input value that will not cause an undesirable change
in the circuit output

Cost for a gate - a measur e of the contribution by the gateto the
cost of theintegrated circuit

Propagation Delay — Thetimerequired for a changein the value of
a signal to propagate from an input to an output

Power Dissipation —the amount of power drawn from the power
supply and consumed by the gate
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Propagation Delay

= Propagation delay isthetimefor a change on an input
of a gateto propagateto the output.
= Delay isusually measured at the 50% point with
respect totheH and L output voltage levels.
= High-to-low (tp, ) and low-to-high (tp, ) output signal
changes may have different propagation delays.
= High-to-low (HL) and low-to-high (LH) transitionsare
defined with respect to the output, not theinput.
= An HL input transition causes:
e an LH output transition if the gate inverts and
e an HL output transition if the gate does not invert.
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Propagation Delay (continued)

IN

IN*DO*OUT ouT —i i€— tpHL tpLH

tod = max (tpHL, trLH)
= Propagation delays measured at the midpoint
between the L and H values

= What istheexpression for thetpy, delay for:
* astring of nidentical buffers?
* astring of nidentical inverters?

Chapter 3 - Part 1 11

Propagation Delay Example

= Find tpy, tp y and t,q for the signals given
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Delay M odels

= Transport delay - a changein the output in
response to a change on the inputs occur s after
afixed specified delay

= |nertial delay - similar to transport delay,
except that if theinput changes such that the
output isto changetwicein atimeinterval less
than the rgjection time, the output changes do
not occur. M odels typical electronic circuit

behavior, namely, rgectsnarrow “pulses’ on
the outputs
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Delay Model Example
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Fan-out

= Fan-out can bedefined in terms of a
standard load

« Example: 1 standard load equalstheload
contributed by theinput of 1inverter.

» Transition time -the time required for the
gate output to changefrom H to L, ty,, or
fromL toH, t,

« The maximum fan-out that can be driven by
agateisthe number of standard loadsthe
gate can drive without exceeding its specified

maximum transition time
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Fan-out and Delay

= The fan-out loading a gate's output
affectsthe gate’'s propagation delay
= Example:

* Onerealistic equation for t,y for aNAND
gatewith 4 inputsis:

tog = 0.07 + 0.021 SL ns

« SL isthenumber of standard loadsthe gate
isdriving, i. e., itsfan-out in standard loads

« For SL =4.5,1,;=0.165ns
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Cost

= |n an integrated circuit:

* Thecost of a gateisproportional to the chip area
occupied by the gate

* Thegateareaisroughly proportional to the number
and size of the transistors and the amount of wiring
connecting them

* Ignoringthewiring area, thegateareaisroughly
proportional to the gate input count

» So gateinput count isa rough measur e of gate cost
= |f the actual chip layout area occupied by the

gateisknown, it isafar more accurate
measur e
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Positive and Negative Logic

= The same physical gate has different logical
meanings depending on inter pretation of the
signal levels.

= Positive Logic
* HIGH (more positive) signal levelsrepresent Logic 1
* LOW (less positive) signal levelsrepresent Logic O

= Negative Logic
* LOW (more negative) signal levelsrepresent Logic 1
* HIGH (less negative) signal levelsrepresent Logic O

= A gatethat implementsa Positive L ogic AND
function will implement a Negative Logic OR
function, and vice-ver sa.

Chapter 3 - Part 1 18



Positive and Negative L ogic (continued)

= Given thissignal level table: Input | Output
XY
L L L
L H H
H L H
H H H
= What logic function isimplemented?
Positive |(H =1) Negative |(H =0)
Logic |(L =0) Logic (L=1
00 0 11 1
01 1 10 0
10 1 01 0
11 1 00 0
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Positive and Negative L ogic (continued)

= Rearranging the negative logic termsto
the standard function table order:

Positive |(H =1) Negative |(H =0)
Logic |(L =0) Logic (L=1
00 0 00 0
01 1 01 0
10 1 10 0
11 1 11 1
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L ogic Symbol Conventions

= Use of polarity indicator to represent use of
negative logic convention on gate inputs or

outputs XY|z
X— ———

C L H

Logic Circuit HLIH

HHIH

X X
Y:D_ 4 Y_m}z
Positive Logic Negative Logic
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Design Trade-Offs

=  Cost - performance tradeoffs
=  Gate-Level Example:

NAND gate G with 20 standard loads on its output has a delay

of 0.45 nsand has a normalized cost of 2.0

21

* A buffer H hasanormalized cost of 1.5. The NAND gatedriving

the buffer with 20 standard loads gives a total delay of 0.33 ns

*  Inwhich if the following cases should the buffer be added?
1. Thecost of thisportion of the circuit cannot be morethan 2.5

2. Thedelay of thisportion of thecircuit cannot be more than 0.40 ns

3.  Thedelay of thisportion of the circuit must be lessthan 0.30 ns

and the cost lessthan 3.0
= Tradeoffs can also be accomplished much higher in the design
hierarchy

. Constraintson cost and performance have a major rolein making

tradeoffs
Chapter 3 - Part 1
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Design Procedure

1. Specification
*  Writea specification for thecircuit if oneisnot
already available

2. Formulation

* Deriveatruth tableor initial Boolean equations
that definethe required relationships between the
inputs and outputs, if not in the specification

3. Optimization
*  Apply 2-level and multiple-level optimization

* Draw alogic diagram or provide a netlist for the
resulting circuit using ANDs, ORs, and inverters

Chapter 3 - Part 1

Design Procedure

4. Technology M apping

« Map thelogic diagram or netlist to the
implementation technology selected

5. Verification
* Verify thecorrectness of thefinal design

Chapter 3 - Part 1
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Design Example

1. Specification

BCD to Excess-3 code converter

Transforms BCD code for the decimal digitsto
Excess-3 code for the decimal digits

BCD codewordsfor digits O through 9: 4-bit
patterns 0000 to 1001, respectively

Excess-3 code wordsfor digits 0 through 9: 4-
bit patterns consisting of 3 (binary 0011) added
to each BCD codeword

| mplementation:

= multiple-level circuit

= NAND gates (including inverters)
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Design Example (continued)

2. Formulation

Conversion of 4-bit codes can be most easily
formulated by atruth table

Variables Input BCD Output Excess-3
- BCD: ABCD WXYZ
A,B,C,D 0000 0011
: 0001 0100
Variables 0010 0101
- Excess-3 0011 0110
W, XY ,Z 0100 0111
Don’t Cares 8%2% 1882
- BCD 1010 0111 1010
to 1111 1000 1011
1001 1011

Chapter 3 - Part 1 26



Design Example (continued)

3. OptimizationZ— TIAT Y= e
a. 2-levelusing [ I N Y
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Design Example (continued)

3. Optimization (continued)

b. Multiple-level using transformations

W =A +BC+BD

X =BC+BD+BCD

Y=CD+CD

z=D G=7+10+6+0=23
« Perform extraction, finding factor:

T,=C+D

W =A +BT,

X = BT,+BCD

Y=CD+CD

z=D G=2+1+4+7+6+0=19
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Design Example (continued)

3. Optimization (continued)

b. Multiple-level using transformations
T,=C+D
W =A + BT,
X =BT, +BCD
Y =CD+CD
z=D G=19
« An additional extraction not shown in thetext sinceit
uses a Boolean transformation: (CD=C +D =T,):

W =A +BT,
X=BT,;+BT,

Y=CD+T,

Z=D G=2+1+4+6+4+0=16!

Chapter 3 - Part 1 29

Design Example (continued)

4. Technology Mapping

Mapping with alibrary containing invertersand 2-input
NAND, 2-input NOR, and 2-2 AOI gates
A

X
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_E))_—\_WJTDo BDM
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Technology Mapping

= Chip design styles

= Céllsand cell libraries
= Mapping Techniques
NAND gates

NOR gates

Multiple gate types

Programmable logic devices
= The subject of Chapter 3 - Part 2

Chapter 3 - Part 1

Chip Design Styles

= Full custom - the entire design of the chip down to the
smallest detail of the layout is performed
e Expensive
« Justifiable only for dense, fast chipswith high salesvolume
= Standard cell - blocks have been design ahead of time
or aspart of previous designs
* Intermediate cost
» Lessdensity and speed compared to full custom
= Gatearray - regular patternsof gatetransistorsthat
can be used in many designs built into chip - only the
inter connections between gates ar e specific to a design
* Lowest cost
e Lessdensity compared to full custom and standard cell

Chapter 3 - Part 1
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Cdl Libraries

= Cédll - apre-designed primitive block

= Cdl library - a collection of cellsavailable for
design using a particular implemen-tation
technology

= Cédll characterization - a detailed specification of
acell for use by a designer - often based on
actual cell design and fabrication and
measured values

= Cdlsareused for gatearray, standard cell, and
in some cases, full custom chip design
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Typical Cell Characterization Components

= Schematic or logic diagram

= Areaof cdl

« Often normalized to the area of a common, small cell such asan
inverter

= Input loading (in standard loads) presented to outputs
driving each of theinputs

= Delaysfrom each input to each output
= Oneor more cell templates for technology mapping
= Oneor more hardwar e description language models

= |f automatic layout isto be used:
* Physical layout of the cell cir cuit

< A floorplan layout providing the location of inputs, outputs, power
and ground connections on the cell
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Example Cell Library

Typical
Typical  Input-to- Basic
Cell Cell Normalized Input Output Function
Name Schematic Area Load Delay Templates

0.04
+0.012 x SL

0.05
1.25 100 014 SL =)=

0.06
D 1.25 1.00 4 0.018 x SL ?D‘DF
0.07
2:2 AOI B:>w 2.25 0.95 | 0019 % SL BL—D‘DP
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Inverter 1.00 1.00

Mapping to NAND gates

= Assumptions.
» Gateloading and delay areignored
* Céll library containsan inverter and n-input NAND
gatessn=2,3, ...
* An AND, OR, inverter schematic for thecircuit is
available

= The mapping is accomplished by:
* Replacing AND and OR symboals,

* Pushinginvertersthrough circuit fan-out points,
and

* Cancelinginverter pairs
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NAND Mapping Algorithm

1. Replace ANDsand ORs:

[ty oS
oo

2. Repeat thefollowing pair of actionsuntil there
Isat most oneinverter between :
a. Acircuit input or driving NAND gate output, and
b. Theattached NAND gate inputs.

. s
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NAND M apping Example

s >

S%|
= s

@ ()

© (d)
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Mapping to NOR gates

= Assumptions:
» Gateloading and delay areignored
» Cdl library contains an inverter and n-input NOR
gates,n=23, ...
* An AND, OR, inverter schematic for thecircuit is
available
= The mapping is accomplished by:
* Replacing AND and OR symboals,

* Pushinginvertersthrough circuit fan-out points,
and

» Cancelinginverter pairs
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NOR Mapping Algorithm

1. Replace ANDsand ORs:

ot

DD

2. Repeat thefollowing pair of actionsuntil there
isat most oneinverter between :
a. Acircuit input or driving NAND gate output, and
b. Theattached NAND gateinputs.

. nen
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NOR Mapping Example
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Mapping Multiple Gate Types

= Algorithm isavailablein the Advanced Technology
M apping reading supplement
= Céll library contains gates of morethan one*“type”

= Concept Set 1
o Steps
= Replaceall AND and OR gateswith optimum equivalent circuits
consisting only of 2-input NAND gates and inverters.

= Placetwo invertersin seriesin each linein thecircuit containing
NO inverters

« Justification
= Breaksup the circuit into small standar dize piecesto per mit
maximum flexibility in the mapping process

= For the equivalent circuits, could use any simple gate set that can
implement AND, OR and NOT and all of thecellsin the cell
library

Chapter 3 - Part 1
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Mapping Multiple Gate Types

= Concept Set 2
e Fan-out free subcircuit - a circuit in which a single output cell
drivesonly oneother cell
o Steps
= Usean algorithm that guar antees an optimum solution for

“fan-out free” subcircuits by replacing inter connected
invertersand 2-input NAND gates with cellsfrom thelibrary

= Perform inverter “canceling” and “pushing” asfor the NAND
and NOR

« Justification

= Stepsgiven optimizethetotal cost of the cells used within “fan-
out free” subcircuits of the cir cuit

= End result: An optimum mapping solution within the
“fan-out free subcircuits’
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Example: Mapping Multiple Cell Types

= Uses same example circuit as NAND mapping
and NOR mapping

= Cdl library: 2-input and 3-input NAND gates,
2-input NOR gate, and inverter

= Circuitson next dide
(a) Optimized multiple-level circuit
(b) Circuit with AND and OR gatesreplaced with
circuits of 2-input NAND gates and inverters (Outlines
show 2-input NANDs and inverter sets mapped to
library cellsin next step)
(c) Mapped circuit with inverter pairscancelled

(d) Circuit with remaining inverters minimized
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Example: Mapping Multiple Gate Types
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Verification

= Verification - show that thefinal circuit
designed implementsthe original specification
= Simple specifications are:
* truth tables
* Boolean equations
* HDL code

= |f theaboveresult from formulation and are
not the original specification, it iscritical that
the formulation process be flawless for the
verification to bevalid!

Chapter 3 - Part 1
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Basic Verification M ethods

= Manual Logic Analysis
» Find thetruth table or Boolean equationsfor thefinal circuit
» Comparethefinal circuit truth table with the specified truth
table, or

» Show that the Boolean equationsfor thefinal circuit are equal
to the specified Boolean equations

= Simulation
e Simulatethefinal circuit (or itsnetlist, possibly written asan
HDL) and the specified truth table, equations, or HDL
description using test input valuesthat fully validate
correctness.
e Theobvioustest for a combinational circuit is application of all
possible “car€e’ input combinations from the specification

Chapter 3 - Part 1
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Verification Example: Manual Analysis

= BCD-to-Excess 3 Code Converter

* Find the SOP Boolean equations from thefinal
circuit.

* Find thetruth table from these equations
» Comparetotheformulation truth table

= Finding the Boolean Equations:
T,=C+D=C+D
W=A(T;B) =A+BT,
X =(T,B)(BCD)=BT,+BCD
Y =CD+CD=CD+CD

Chapter 3 - Part 1
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Verification Example: Manual Analysis

= Find thecircuit truth table from the equations and compare
to specification truth table:

Input BCD Output Excess3
ABCD WXYZ
0000 0011
0001 0100
0010 0101
0011 0110
0100 0111
0101 1000
0110 1001
0111 1010
1000 1011
1001 1011

The tables match! Chapter 3-Part1 49

Verification Example: Simulation

= Simulation procedure:

« Usea schematic editor or text editor to enter
a gate level representation of thefinal circuit

« Use awaveform editor or text editor to enter
atest consisting of a sequence of input
combinationsto be applied to thecircuit

= Thistest should guarantee the correctness of the
circuit if the ssmulated responsesto it are correct

= Short of applying all possible“care’ input
combinations, generation of such atest can be
difficult
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Verification Example: Simulation

= Enter BCD-to-Excess-3 Code Converter Circuit Schematic

> o™
NAND2

NAND2

) INV
NOR2
B—Dg;
NAND2
NAND2
@ {>|ﬁv NAND3 /AOl Symb0|
[ | 4] not available
INV AND2 D
l NOR2

AND2 AOI

>
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Verification Example: Simulation

= Enter waveform that appliesall possible input combinations:

INPUTS F T I
e T T
B 1 T | 1
cL [ 1 [ 1 -
D [ [ | I | [ | 1
O , T , ,
0 50 ns 100 ns

= Areall BCD input combinations present? (Low isa 0 and high
isaone)
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Verification Example: Simulation

= Run thesimulation of thecircuit for 120 ns
INPUTS_

OUTPUTS |

X
vy 1 T L1 1
z

:_|_
1
W [ 1
[ 1
I
|

0 . . 50ns i 100 ns |
= Dothesimulation output combinations match the original
truth table?
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