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ASIC Design
Objectives:

e Tofocus on the IC Design and the various design

e To understand the principles of design logic cells, 1/0 cells and interconnect architecture

e To explore the Application Specific Integrated Circuits (ASIC) design flow from the circuit and
layout design point of view.

e To study about logic synthesis, placement and routing

Outcomes:
After completing this course the student will be able to

e  Gain knowledge on various types of ASIC design

e Gain knowledge in the circuit design aspects at various levels of abstractions.
e Understand various architecture and its purpose in different application

e Understand placement, routing concepts in optimized IC design

Unit | Introduction To ASIC, CMOS Logic And ASIC Library Design

Types of ASICs - Design flow - CMOS transistors - Combinational Logic Cell — Sequential logic cell - Data
path logic cell - Transistors as Resistors - Transistor Parasitic Capacitance- Logical effort.

Unit Il Programmable Asics, Programmable ASIC Logic Cells And Programmable ASIC I/0 Cells

Anti fuse - static RAM - EPROM and EEPROM technology - Actel ACT - Xilinx LCA —Altera FLEX - Altera
MAX DC & AC inputs and outputs - Clock & Power inputs - Xilinx /0 blocks.

Unit lll Programmable ASIC Architecture

Architecture and configuration of Spartan / Cyclone and Virtex / Stratix FPGAs — Micro-Blaze / Nios
based embedded systems — Signal probing techniques.

Unit IV Logic Synthesis, Placement And Routing
Logic synthesis - ASIC floor planning- placement and routing — power and clocking strategies.
Unit V High Performance Algorithms for ASIC / SOCs

DAA and computation of FFT and DCT. High performance filters using delta-sigma modulators. Case
Studies: Digital camera, SDRAM, High speed data standards.

Suggested Readings:

1. Douglas J. Smith, HDL Chip Design, Madison, AL, USA: Doone Publications, 1996.



2. M.J.S.Smith, " Application - Specific Integrated Circuits", Pearson,2003

3. Mohammed Ismail and Terri Fiez, "Analog VLSI Signal and Information Processing ", McGraw Hill,
1994,

4. Roger Woods, John McAllister, Dr. Ying Yi, Gaye Lightbod, “FPGA-based Implementation of Signal
Processing Systems”, Wiley, 2008

5. Steve Kilts, “Advanced FPGA Design,” Wiley Inter-Science.
Weblinks:

https://www.electronics-notes.com/articles/electronic components/programmable-logic/what-is-an-

asic-application-specific-integrated-circuit.php

https://www.tce.edu/sites/default/files/PDF/14EC770-ASIC-DESIGN-K.Kalyani.pdf



https://www.electronics-notes.com/articles/electronic_components/programmable-logic/what-is-an-asic-application-specific-integrated-circuit.php
https://www.electronics-notes.com/articles/electronic_components/programmable-logic/what-is-an-asic-application-specific-integrated-circuit.php
https://www.tce.edu/sites/default/files/PDF/14EC770-ASIC-DESIGN-K.Kalyani.pdf

ASICs...THE COURSE (1 WEEK)

ASIC LIBRARY 3
DESIGN

Key concepts: Tau, logical effort, and the prediction of delay ¢ Sizes of cells, and their drive
strengths « Cell importance * The difference between gate-array macros, standard cells, and

datapath cells

ASIC design uses predefined and precharacterized cells from a library—so we need to
design or buy a cell library. A knowledge of ASIC library design is not necessary but makes
it easier to use library cells effectively.

3.1 Transistors as Resistors

—tppf
0'35VDD = VDD exp

de (Cout + Cp)

An output trip point of 0.35 is convenient because In(1/0.35)=1.04»1 and thus
tppt = Rpd(Cout * Cp) In (1/0.35) » Rpg(Coyt + Cp)
For output trip points of 0.1/0.9 we multiply by —In(0.1) = 2.3, because exp (-2.3) =0.100
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v(ini)
\Y, A v( out 1)/ t =0
m2 _DD

DD, eXp[-t'/ (de (Cp +Cout)]

inl

0.5Vpp |4
VT e
+
Iosn + (bsp*lbsn) >

i e <oy t C c, |c
Cout t'=0 »Rpg (C + Cout) p | “out
> t'=0

ml: off saturation linear = = - =

@ (b) (©

A linear model for CMOS logic delay

* Ideal switches = no delay * Resistance and capacitance causes delay

* Load capacitance, Cq * parasitic output capacitance, C, * input capacitance, C

* Linearize the switch resistance < Pull-up resistance, Ry, ¢ pull-down resistance, Rpq
* Measure and compare the input, v(i n1) and output, v( out 1)

* Input trip point of 0.5 « output trip points are 0.35 (falling) and 0.65 (rising)

* The linear prop—ramp model: falling propagation delay, tpp»Rpq(Cp+Coyt)
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(a)
v(outl)/V e
3 nonequilibrium path
A
equilibrium
path
2 1
1 Ipsn=psp
v
0 == "
0 1 2 3
v(inl) /V

CMOS inverter characteristics

* Equilibrium switching

» Non-equilibrium switching

* Nonlinear switching resistance

» Switching current

v(outl)/V

(c)
max(Ipsn, ~Ipsp) /MA e

0.4 1
equilibrium
path

0.2 1 Ipsn=—!bsp

0.0 T r )

0 1 2 3

v(inl) /V
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3.2 Transistor Parasitic Capacitance

e
Cep
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C
© @ (h) BSSW

Transistor parasitic capacitance

» Constant overlap capacitances Cggoy, Copovs and Cgrov

* Variable capacitances Cgg, Cgp, and Cgp depend on the operating region

* Cgg and Cpp are the sum of the area (Cggj, Cgpj), sidewall (Cgssw: Cgpsw), and chan-

nel edge (Cgsygate: CBDIGATE) Capacitances

* Lp is the lateral diffusion « Tgoy is the field-oxide thickness
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NANVE mil n2

MODEL CMOSN CMOSP

I D 7.49E-11 -7.49E-11
VGS 0. 00E+00 - 3. 00E+00
VDS 3. 00E+00 -4. 40E- 08
VBS 0. O0E+00 0. OOE+00
VTH 4. 14E-01 - 8. 96E-01
VDSAT 3.51E-02 -1. 78E+00
GV 1. 75E-09 2.52E-11
GDS 1. 24E-10 1. 72E-03
GvB 6. 02E-10 7.02E-12
CBD 2. 06E-15 1. 71E- 14
CBS 4. 45E- 15 1. 71E- 14
CGSov 1. 80E- 15 2. 88E-15
CGDOV 1. 80E-15 2. 88E-15
CEBOvV 2. 00E- 16 2. 01E-16
CGS 0. 00E+00 1. 10E- 14
CGD 0. OOE+00 1. 10E- 14
CGB 3. 88E-15 0. OOE+00

* I D(Ips), VGS, VDS, VBS, VTH (Vy), and VDSAT (Vpg(sat)) are DC parameters

* GV GDS, and GVB are small-signal conductances (corresponding to flps/fVgs:.
Mps/MVps, and lps/fVgs, respectively)
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Calculations of parasitic capacitances for an n-channel MOS transistor.

PSpice

Equation

Val Uesl for VGSZOV, VDS =3V, VSB =0V

CBD

Cep =Cgpy + Cepsw
Cgpy+Ap Cy (1 +Vpglfg)™ (fg =
PB)

Cgpsw = Pp Csw (1 +Vpg/f gy ™=W
(Pp may or may not include channel
edge)

Cgp=1.855" 10713+2.04" 10716=2.06"
1018 F
Cpgpj = (4.032" 107%)(1 +(3/1)) %6 =1.86"
1071 F

Cepsw = (4.27 10710)(1 + (3/2))9° =2.04"
10710 F

CBS Cps=4.032" 107°+4.2" 106 =4.45"
Cgs =Cgsy * Cassw 10715 F
AsCy=(7.2" 10719 (5.6 1074 =4.03"
Cpsy + As Cy (1 +Vgp/fg)™ 107 F
PsCisw=(8.4" 109G 10th)=42"
Cgssw = Ps Cysw (1 +Vsp/f g)™5W 1 10-16 F
CGSOV (Casov=WEerrCsso ; Wepp=W-2W e 10 16
D CGSOV = (6 10 )(3 10 ) =1.8" 10 F
GV | Copov=WerrCaso Copov=(6"10°)3 109 =18" 10°F
OBV | Copov=LerrCoro i Lerr=L—2Lp |Cgpov=(05" 10°)(4" 109 =2" 107'°F
C&  [ceg/Co =0 (off), 0.5 (lin.), 0.66 (sat.) [Co=(6" 107°)(0.5" 1075)(0.00345) =1.03"
Co (oxide capacitance) = Wgg L €ox | 10714 F
/ TOX CGS =00F
CGD CGD/CO =0 (Off), 0.5 (lln), 0 (Sat.) CGD =00F
C&EB  |Cgg=0(on), = Cqin series with Cgg |Cgp =3.88° 107° F, Cg=depletion capaci-
(off) tance
llnput |. MODEL CMOSN NMOS LEVEL=3 PHI =0. 7 TOX=10E-09 XJ=0.2U TPG=1

VTO=0. 65 DELTA=0.7

+ LD=5E-08 KP=2E-04 UO=550 THETA=0.27 RSH=2 GAMVA=0. 6

NSUB=1. 4E+17 NFS=6E+11

+ VMAX=2E+05 ETA=3. 7E- 02 KAPPA=2. 9E-02 CGDO=3. OE- 10

CGS0O=3. OE- 10 CGBO=4. OE- 10

+ CJ=5. 6E-04 MJ=0.56 CISWFS5E-11 MISW-0. 52 PB=1
outl inl O O cnosn WE6U L=0. 6U AS=7. 2P AD=7. 2P PS=8. 4U

ml
PD=8. 4U
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3.2.1 Junction Capacitance
« Junction capacitances, Cgp and Cgg, consist of two parts: junction area and sidewall

» Both Cgp and Cgg have different physical characteristics with parameters: CJ and MJ
for the junction, CISWand MJ SWror the sidewall, and PB is common

» Cgp and Cgg depend on the voltage across the junction (Vpg and Vgg)

* The sidewalls facing the channel (Cggjcate @and Cgpjcate) are different from the side-
walls that face the field

* It is a mistake to exclude the gate edge assuming it is in the rest of the model—it is not
* In HSPICE there is a separate mechanism to account for the channel edge capaci-
tance (using parameters ACMand CJGATE)

3.2.2 Overlap Capacitance
* The overlap capacitance calculations for Cggoy and Cgpoy account for lateral diffusion
» SPICE parameter LD=5E- 08 or Lp=0.05mm

* Not all SPICE versions use the equivalent parameter for width reduction, WD, in calcu-
Iating CGDOV
* Not all SPICE versions subtract Wy to form Wggg

3.2.3 Gate Capacitance
» The gate capacitance depends on the operating region

» The gate—source capacitance Cgg varies from zero (off) to 0.5Cg in the linear region to
(2/3)Cq in the saturation region

» The gate—drain capacitance Cgp varies from zero (off) to 0.5Cq (linear region) and
back to zero (saturation region)

» The gate—bulk capacitance Cgp is two capacitors in series: the fixed gate-oxide capaci-
tance, Cq, and the variable depletion capacitance, Cq

* As the transistor turns on the channel shields the bulk from the gate—and Cgp falls to
zero

 Even with Vgg5=0V, the depletion width under the gate is finite and thus Cgg is less than
Co
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capacitance/fF off saturation linear
«—> <

v
A
\/

ceb —O—cBs
CEBOV — A — CGS

*

A

The variation of n-channel transistor parasitic capacitance

* PSpice v5.4 (LEVEL=3)

« Created by varying the input voltage, v(i nl), of an inverter
« Data points are joined by straight lines

* Note that CGSOv=CGDOV
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3.2.4 Input Slew Rate

(@)

[OPTIONS RELTOL=0.0001
CHGTOL=0.01f YNTOL=0.01p
ABSTOL=0.011

FWL (0nz 0% 0.04ns
2 0.5ns 3Y 0.54ns 0]

crmosp W=12u L=0.6u
T+ AS=14F AD=14F
+ PE=14U FD=140
ermnosn W=5l L=0 .6l
+ AS=T7.ZF AD=T ZF
+ PS=2.4U PD=C 40

40fA

SEL» >

15fA T T T
oy 0.5y 1.00 1.59
O §CUiny0 . 04n/3 m =i CUinakd Odn /3

z.0u 2.5U 3.00

2.5U

[

-0.5u ¢k T
Os .2ns 0.4ns
oulinly mudoutil

wlinta
/\.
o \
0.2

0.6ns

Time

(c)

120fA

au o.5u 1.0u

1.5 z.0u 2.5U 3.0u

O P (Win 330N /2
wiinta
3.5U
————n. u’\_\ —
. o .
(126.530n, 106493 (
L] o
o . n . T
-0.5u T T T T T
Os 100ns= 200ns 300ns 400ns S00ns GB00ns
Oudinly muloutls
Time

Measuring the input capacitance of an inverter

0.8ns 1.0ns 1.2ns

(a) Input capacitance is measured by monitoring the input current to the inverter, i (Vi n)

(b) Very fast (non-equilibrium) switching: input current of 40fA = input capacitance of 40fF

(c) Very slow (equilibrium) switching: input capacitance is now equal for both transitions




ASICs... THE COURSE 3.2 Transistor Parasitic Capacitance

2.5u
PwLEOus 3% 1.0ns 3% 1.1ns n
Lo —
+ 0¥ 2.0n5 O 2.1ns 3Y Sns 3%) B i S Sl
YOI ’ ’ ]'-‘
2. ouA . .€1.1351R,1.50003 - . . . . . . .
md C1.2200n, 1.0402 ) .
+ { L 3
! . . {
a
WECCT [ ] f
DG 3 Y : : u
m3 m3 \
Winl i ou- . . AW
outl 1 outl _2 0.0335pF
— —L —L P 1.0n= 1.5n= 2.0ns 2.5ns
- - - Oulout?2 20 mulout] 2 «ulouti_1) + ulaut2 13
Time
a1l n-channel  omosn W=BUL=0.6U 511 p-channel  cmosp W=12u L=0.6u ( )
trangistors  + ASST.ZF ADSTEP transistors + &5=14F AD=14F
+ PS=8.4U PD=32 .41 + FS=14U FD=14l1 4.0U4 40ml)
except m?, 10 for which CEDO0=CGE50=CGBO=CJ=CJ5%w=0, and 1 2

AS=AD=PE=PL=0

YR
cmospp W=12u L=0.6u 2 oy o
+ AS=0 AD=0
10 + PS=10 PL=0 "
ou12_2 <>
m'." v vy —40mu
[sloge 20
0 o1 DpF 0.025pF | 0.0Z35pF e
in2 -z.ovd -s0ny

1. 10ns 1.15ns 1.20n= 1.25ns 1.30ns

- - - O owioutz_2y mudout1 2y [E + vioutz 2r—uiout1 23
P‘w’L(Dus 3% 1.0ns Y 1.1ns ernosnn W=6u L=0.6u Time
+ 0% 2.0ns OY 2.1ns 3% Sns W) + AS=0 AD=0
+ Pg=0FD=0

Parasitic capacitance measurement

(a) All devices in this circuit include parasitic capacitance

(b) This circuit uses linear capacitors to model the parasitic capacitance of nB/ 10.

» The load formed by the inverter (mb and n6) is modeled by a 0.0335pF capacitor (c2)

* The parasitic capacitance due to the overlap of the gates of n8 and m4 with their source,
drain, and bulk terminals is modeled by a 0.01pF capacitor (c3)

 The effect of the parasitic capacitance at the drain terminals of n8 and n¥ is modeled by a
0.025pF capacitor (c4)

(c) Comparison of (a) and (b). The delay (1.22-1.135=0.085ns) is equal to tpps for the in-
verter nB/ 4

(d) An exact match would have both waveforms equal at the 0.35 trip point (1.05V).




12 SECTION 3 ASIC LIBRARY DESIGN ASICS... THE COURSE

3.3 Logical Effort

We extend the prop—ramp model with a “catch all” term, tg, that includes:
* delay due to internal parasitic capacitance
» the time for the input to reach the switching threshold of the cell

* the dependence of the delay on the slew rate of the input waveform

tpp = R(Coyt + Cp) + tq
We can scale any logic cell by a scaling factor s: tpp = (R/s)(Cqyt +SCp) + sty

Cout
tpp= RC + RCp + Stq
Cin
(RC) (Cout/ Cin) + RCp + Stq
Normalizing the delay: d = =f+p+q

t

The time constant tau, t = Ry,, Ci,,, , IS a basic property of any CMOS technology

The delay equation is the sum of three terms, d =f+p +qor
delay = effort delay + parasitic delay + nonideal delay

The effort delay f is the product of logical effort, g, and electrical effort, h: f=gh

Thus, delay = logical effort” electrical effort + parasitic delay + nonideal delay

* R and C will change as we scale a logic cell, but the RC product stays the same

* Logical effort is independent of the size of a logic cell

» We can find logical effort by scaling a logic cell to have the same drive as a 1X

minimum-size inverter

* Then the logical effort, g, is the ratio of the input capacitance, C;,,, of the 1X logic cell to

Cinv
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Cﬁ

2 units of

e

nv

minimum-size
inverter.

inv
1 unit

Measure the input
capacitance of a

Ciny =2+1=3 —_I__

(@)

gate capac:ltance
g

2>

i

Make the cell have the same Measure ratio of cell input

drive strength as a

minimume-size inverter.

(b)

Logical effort « For a two-input NAND cell, the logical effort, g=4/3

1X

_2+24_]T?3£N

g= Cin/Cinv: 4/3

capacitance to that of a
minimume-size inverter.

(©)

Cin

(c) The logical effort of a cell is C;,/ Cj,yy

(a) Find the input capacitance, Cj,,, looking into the input of a minimum-size inverter in
terms of the gate capacitance of a minimum-size device

(b) Size a logic cell to have the same drive strength as a minimum-size inverter (assuming
a logic ratio of 2). The input capacitance looking into one of the logic-cell terminals is then

The h depends only on the load capacitance C,,; connected to the output of the logic
cell and the input capacitance of the logic cell, C;,; thus

electrical effort h = Cy; /Cj,

parasitic delay p=RCy/t (the parasitic delay of a minimum-size inverter is: pj,, = C,/

Cinv )

nonideal delay ¢ = sty /t

Cell effort, parasitic delay, and nonideal delay (in units of t) for single-stage CMOS cells

Cell (Iocg:ieclzl regi(giz) (Iocg:g?(lzl ?;?gt:r) Parasitic delay/ | Nonideal delay/t

inverter 1 (by definition) | 1 (by definition) | p;,, (by definition) | g;,, (by definition)
n-input NAND (n+2)/3 (n+r)/(r+1) NPiny NQiny
n-input NOR (2n+1)/3 (nr+1)/(r+1) NPiny NQiny
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3.3.1 Predicting Delay
» Example: predict the delay of a three-input NOR logic cell
» 2X drive
* driving a net with a fanout of four

* 0.3pF total load capacitance (input capacitance of cells we are driving plus the inter-
connect)

* p=3pj,y and q=3q;y, for this cell
« the input gate capacitance of a 1X drive, three-input NOR logic cell is equal to gCj,,
« for a 2X logic cell, C;, =29Cj,y

Cout 9+(0.3 pF) (0.3 pF)
gh=g = = (Notice g cancels out in this equation)
Cin 29Ciny (2)-(0.036 pF)

The delay of the NOR logic cell, in units of t, is thus
0.3° 10712
d =gh+p+q = +(3)-(1) + (3)-(1.7)
(2)-(0.036 © 10712

= 4.1666667 + 3+ 5.1
= 12.266667 t equivalent to an absolute delay, tpp»12.3" 0.06ns=0.74ns

The delay for a 2X drive, three-input NOR logic cell is tpp = (0.03 + 0.72C;; + 0.60) ns

With C,;1=0.3pF, tpp = 0.03 + (0.72)-(0.3) + 0.60 = 0.846 ns compared to our prediction of
0.74ns
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3.3.2 Logical Area and Logical Efficiency

An OAI221 logic cell

 Logical-effort vector g=(7/3, 7/3,
5/3)

* The logical area is 33 logical
squares

moOwX>
N

An AOI221 logic cell
* g=(8/3, 8/3, 7/3)
* Logical area is 39 logical squares

* Less logically efficient than OAI221
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3.3.3 Logical Paths

pathdelayD= & gihj + & (pi+q)
iT path iT path

3.3.4 Multistage Cells

@ delay d1
gozl 92:14 — —
b=l  py=2 —y hg=1.4 h,=1.0
Go=1.7 dp=34 py=2 AOI221  1OL 14] AOI221
P p) Y Tt Ty 2 oo
== ZN ZN
:gﬁl AOI21 3 P — B 3 T@OT
B2 Eg B2
O gs=1 :)FL>0—IT 1.0T
- 9 ‘6) Paz? - L il h,=C
p1=3' ' 4g=1.7 201 161 4L

d1=( gghg+pg+dg) +(gohs+py+0y) +(gzhz+pa+dg) +(gshy +pg+dy)
=(17 L4 +1+1.7)+(1.4 ~ 1+2+3.4)+(1.4 ~ 0.7+ 2+3.4) +(1 ~ C  +1+1.7)=20+ C_

(b) 101 2.6] delay d1
=1 M
Jo ZN

po=1

4o=17 L 9,=(2.6, 2.6, 2.2) by i
T o= () is

L' p1=5 slightly

AOI221 g,=8.5 faster

than (a)
di=(1 "~ 2.6+1+1.7) +(1° C +5+8.5)=18.8+ C =

Logical paths « Comparison of multistage and single-stage implementations

(a) An AOI221 logic cell constructed as a multistage cell, d1 =20 + C
(b) A single-stage AOI221 logic cell, d1 =18.8 + C.
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3.3.5 Optimum Delay

path logical effort G= O G
il path
Cout
path electrical effort H= & h ——
i1 path Cin

Cout Is the load and C;j, is the first input capacitance on the path

path effort F=GH
optimum effort delay 5 = gih; = FIN
optimum path delay DA =NFWN = NGH)W+P +Q
P+Q= & Ppith,
i1 path
3.3.6 Optimum Number of Stages
Delay of N inverter stages driving
delay/(In H th effort of H = C, /C...
Stage effort ej{}fﬂ”ﬂ h)) a path effort o out/Cin
12 1
h h/(In h) 10 +
15 3.7 8
2 2.9 6
2.7 2.7 4 -
3 2.7 2
4 2.9 0 -
5 3.1 1 2 3 4 5 6 7 8 9 10
stage electrical effort, h=H 1N
10 4.3

» Chain of N inverters each with equal stage effort, f=gh

* Total path delay is Nf=Ngh=Nh, since g=1 for an inverter
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« To drive a path electrical effort H, "N=H, or NInh=InH
 Delay, Nh = hinH/Inh

* Since InH is fixed, we can only vary h/In(h)

* h/In(h) is a shallow function with a minimum at h=e»2.718
* Total delay is Ne=elnH

3.4 Library-Cell Design

* A big problem in library design is dealing with design rules
» Sometimes we can waive design rules

* Symbolic layout, sticks or logs can decrease the library design time (9 months for
Virtual Silicon—currently the most sophisticated standard-cell library)

» Mapping symbolic layout uses 10-20 percent more area (5-10 percent with compac-
tion)

* Allowing 45° layout decreases silicon area (some companies do not allow 45° layout)
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3.5 Library Architecture

(@)

14 normalized cell use
(minimum-size inverter=1)

. >
— = cell number
— ordered by
cell use
(c)
4 cell area " cell use
(minimum-size inverter=1)
0-
— = cell number
=
— ordered by
cell use

Cell library statistics

 80percent of an ASIC uses less than
20percent of the cell library

* Cell importance

* A D flip-flop (with a cell importance of 3.5)
contributes 3.5 times as much area on a typi-
cal ASIC than does an inverter (with a cell im-
portance of 1)

(b)

501 normalized cell area
i (minimume-size inverter=1)
0 T >
- = cell number
— ordered by
cell use
(d)
15 normalized cell importance
(D flip-flop=1)
0 T >
- = cell number
— ordered by
cell importance
(e)

cell use (minimume-size inverter=1)

cell importance =cell area” cell use
(D flip-flop=1)

e »

cell number
ordered by

cell use and

by cell importance

100 1
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3.6 Gate-Array Design

Key words: gate-array base cell (or base cell) « gate-array base (or base) « horizontal tracks

vertical track ¢ gate isolation  isolator transistor ¢ oxide isolation ¢ oxide-isolated gate array

contact

continuous
p-diff strip

)

© 0 N o g A~ W N P

bent gate

/

continuous
n-diff strip

contact for
isolator

/

p-well ___
contact

@)

The construction of a gate-isolated gate array
(a) The one-track-wide base cell containing one p-channel and one n-channel transistor
(b) The center base cell is isolating the base cells on either side from each other

(c) The base cell is 21 tracks high (high for a modern cell library)

)

n-well ——p»

A
—>

(b)

VDD

VSS

(©)

I e L i < s =
B O © ® N o 0~ W N B O

u n-well
u p-well
__| n-diff
\_l p-diff
I poly
El ml
D m2

B contact
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break in diffusion

1 2 3 45 6 7
poly
n-well  [] [] i ]
// contect "I T TTT]

VDD p-well p-di p-di

| J/contact
I n-well n-diff
| p-well
1 n-diff
1 p-diff
_ poly
GND I Jm

:|m2

Il contact

~

@OO\ICDU‘I-P’GSI\.)H

T
=
v P oo
o

I base cell
« >

An oxide-isolated gate-array base cell

* Two base cells, each contains eight transistors and two well contacts
» The p-channel and n-channel transistors are each 4 tracks high

* The cell is 12 tracks high (8-12 is typical for a modern library)

* The base cell is 7 tracks wide
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n-well contact

'

poly cross-under

_I n-well
_| p-well
j n-diff
_I p-diff
1 poly
m
_m2

B contact

An oxide-isolated gate-array base cell

* 14 tracks high and 4 tracks wide
* VDD (tracks 3 and 4) and GND (tracks 11 and 12) are each 2 tracks wide

* 10 horizontal routing tracks (tracks 1, 2, 5-10, 13, 14)—unusually large number for mod-

ern cells

* p-channel and n-channel polysilicon bent gates are tied together in the center of the cell

» The well contacts leave room for a poly cross-under in each base cell.
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isolator

CLK
connector

contact for _—"|

—1

VDD

LA

— 1 |_|J |__|

il

I

]

_ CLR
L QN

7|— 1

— 1

.

—

£

Ll:

_|_|J_|

JERANAN

L
]

i3

VSS

Flip-flop macro in a gate-isolated gate-array library

* This is an older topology for 2LM (cells for 3LM are shorter in height)

* Only the first-level metallization and contact pattern, the personalization, is shown, but
this is enough information to derive the schematic
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10

11

The SIARC/Synopsys cell-based array (CBA) basic cell
» This is CBA | for 2LM (CBA 1l is intended for 3LM and salicide proceses)
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3.6 Gate-Array Design

a
b
‘l poly
d
€
aatbb ——pp | =— pdiff
= XX +yy g . . .
=2.75 .
aafbbcc:.dd ee ff hh i jj
=(05" P4+CJ3) 99 ik
yWw —p» <4—
|
=C.3
XX -«
=1.25
=05 P4
BB = cell bounding box .
contact
BB BB
base base . . .
cell 4 cell2 ndiff
- y N
p-well

n-well

mm 00

nn

ndiff

pdiff

A simple gate-array base cell

BB
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3.7 Standard-Cell Design

A D flip-flop standard cell

* Performance-optimized library ¢ Area-optimized library

* Wide power buses and transistors for a performance-optimized cell
* Double-entry cell intended for a 2LM process and channel routing
* Five connectors run vertically through the cell on m2

* The extra short vertical metal line is an internal crossover

* bounding box (BB) » abutment box (AB) « physical connector « abut
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A D flip-flop from a 1.0mm standard-cell library
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m5 |
ti2 113
il

]
contact
t14 15

c d e
| 5m 5
u B contact ]
VDD | N - .
[ n [ ] [ |
[
] E N u
4 m 5m E m 7 E E6g d
8
mb [ ]
m3 c m/
5 - 9 N
m 6 n
via I l 10
8 |
. [ ] [ ] _ L
VSS | H B
ml [ |
0 l [ |

(Top) n-diffusion, p-diffusion, poly, contact (n-well and p-well are not shown)
(Bottom) m1, contact, m2, and via layers

|
w 1
H u

D flip-flop
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3.8 Datapath-Cell Design

VDD

VSS

VDD

. VSS

A datapath D flip-flop cell
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VDD
8/1.8 8/1.8
— [t16 —9| [t20
pl pl
CLK —8Q
= nl 6/1.8|n1
8/1.8 — [u1s [0
B 6/1.8
4. t18
t10 4.5/6.7] p—
p1
6/1.8 "
' t9 7] =
= ni[" 45/13.6

The schematic of a datapath D flip-flop cell

A narrow datapath
(a) Implemented in a two-level metal process

(b) Implemented in a three-level metal pro-
cess




ASICs... THE COURSE 3.9 Summary 31

3.9 Summary

Key concepts:

* Tau, logical effort, and the prediction of delay
» Sizes of cells, and their drive strengths
* Cell importance

* The difference between gate-array macros, standard cells, and datapath cells
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ASICs...THE COURSE (1 WEEK)

PROGRAMMABLE 9
ASIC LOGIC
CELLS

Key concepts: basic logic cell » multiplexer-based cell « look-up table (LUT) ¢ programmable

array logic (PAL) « influence of programming technology ¢ timing ¢ worst-case design

5.1 Actel ACT

5.1.1 ACT 1 Logic Module

Logic Module Logic Module Logic Module
AO LI LI ¢
Al Do—T

SA L IFr

Actel ACT

SO
] >—ss
S1 o1

F=(A ‘B) +(B' -C)+D
(b) (c) (d)

The Actel ACT architecture
(a) Organization of the basic logic cells

(b) The ACT 1 Logic Module (LM, the Actel basic logic cell). The ACT 1 family uses just
one type of LM. ACT 2 and ACT 3 FPGA families both use two different types of LM

(c) An example LM implementation using pass transistors (without any buffering)

(d) An example logic macro. Connect logic signals to some or all of the LM inputs, the re-
maining inputs to VDD or GND
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5.1.2 Shannon’s Expansion Theorem

* We can use the Shannon expansion theorem to expand F =A-F(A="1") +
A"-F(A='0"

Example: F =A"-B + A-B-C'+ A"B'-:C =A:(B-C') + A"-(B +B'-C)

* F(A='1")=B-C" is the cofactor of F with respect to (wrt) A or Fp

* If we expand Fwrt B, F =A"-B + A-B-C'+ A"B"-C =B:(A'+ A-C') + B"-:(A"-C)

» Eventually we reach the unigque canonical form, which uses only minterms

* (A minterm is a product term that contains all the variables of F—such as A-B'-C)
Another example: F=(A-B) + (B':C) + D

* Expand F wrt B: F=B-(A + D) + B'-(C + D) =B-F2 + B"-F1

* F = 2:1 MUX, with B selecting between two inputs: F(A='1") and F(A='0")

* F also describes the output of the ACT 1 LM

* Now we need to split up F1 and F2

* Expand F2 wrt A, and F1 wrt C: F2=A + D=(A-1) + (A"-D); F1=C + D=(C-1) + (C'-D)

* A, B, C connect to the select lines and '1' and D are the inputs of the MUXes in the
ACT1LM

e Connections: A0=D, A1='1', BO=D, B1='1', SA=C, SB=A, S0='0', and S1=B
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5.1.3 Multiplexer Logic as Function Generators

The 16 logic functions of 2 variables:

* 2 of the 16 functions are not very in- o1 o1 o0 1
teresting (F='0", and F='1")

0o]o]Jo o|ofo 0112
* There are 10 functions that we can ol 1 1 |y 1110
implement using just one 2:1 MUX

. 4 ways to 6 ways to 4 ways to

6 functions are useful: INV, BUF, arrange arrange arrange
AND, OR, AND1-1, NOR1-1 one 'l two '1's one 0’

14 functions of 2 variables (and F='0', F ='1' makes 16)

Boolean functions using a 2:1 MUX

_ _ Min- Min- Func- M1
Function, F F= Canonical form terms term tion m
code number
10 (0} 0 none 0000 0 0O 0 O
2 NOR1-1(A,B) (A+B") A'-B 1 0010 2 B 0 A
3 NOT(A) A A'B' + A'B 0,1 0011 3 O 1 A
4 AND1-1(A,B) A-B' A-B' 2 0100 4 A O B
5 NOT(B) B’ A'B' + A-B' 0,2 0101 5 0O 1 B
6 BUF(B) B A'B + AB 1,3 1010 6 0O B 1
7 AND(A, B) A-B A-B 3 1000 8 0O B A
8 BUF(A) A AB' + AB 2,3 1100 9 0O A 1
9 OR(A, B) A+B A'B+AB +AB 1,2,3 1110 13 B 1 A
10 T g ABH AA?BJ’ AB Y 5123 1111 5 1 1 1

Example of using the WHEEL functions to implement F=NAND(A, B)=(A-B)'

* 1. First express F as the output of a 2:1 MUX: we do this by expanding F wrt A (or wrt
B; since F is symmetric) F=A-(B') + A"-('1")

» 2. Assign WHEEL1 to implement INV(B), and WHEEL?2 to implement '1'

* 3. Set the select input to the MUX connecting WHEEL1 and WHEEL2, SO0+S1=A. We
can do this using SO0=A, S1="1"
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20 M1
0 Fi1
Al — 1|
SA

A two-input MUX
can implement
these functions,
selected by AO,
Al, and SA.

The ACT 1 Logic Module can
implement these functions.

@) (b)

The ACT 1 Logic Module as a Boolean function generator

(a) A 2:1 MUX viewed as a function wheel

(b) The ACT 1 Logic Module is two function wheels, an OR gate, and a 2:1 MUX

* A 2:1 MUX is a function wheel that can generate BUF, INV, AND-11, AND1-1, OR, AND
* WHEEL(A, B) =MUX(AOQ, Al, SA)

« MUX(AO, Al, SA)=A0-SA' + A1-SA

* The inputs (A0, Al, SA) ={A, B, '0', '1"}

» Each of the inputs (A0, Al, and SA) may be A, B, '0', or '1'

e The ACT 1 LM is built from two function wheels, a 2:1 MUX, and a two-input OR gate

« ACT 1 LM =MUX [WHEEL1, WHEEL2, OR(SO0, S1)]

5.1.4 ACT 2 and ACT 3 Logic Modules
* ACT 1 requires 2 LMs per flip-flop: with unknown interconnect capacitance

* ACT 2 and ACT 3 use two types of LMs, one includes a D flip-flop

* ACT 2 C-Module is similar to the ACT 1 LM but can implement five-input logic func-
tions

» combinatorial module implements combinational logic (blame MMI for the misuse of
terms)

* ACT 2 S-Module (sequential module) contains a C-Module and a sequential ele-
ment
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5.1.5 Timing Model and Critical Path

Keywords and concepts: timing model « deals only with internal logic ¢ estimates delays ¢
before place-and-route step ¢ nondeterministic architecture « find slowest register—register

delay or critical path

Example of timing calculations (a rather complex examination of internal module timing):

* The setup and hold times, measured inside (not outside) the S-Module, are t'syp and
t'y (a prime denotes parameters that are measured inside the S-Module)

* The clock-Q propagation delay is t'co

» The parameters t'syp, t'y, and t'co are measured using the internal clock signal CLKi

» The propagation delay of the combinational logic inside the S-Module is t'pp

* The delay of the combinational logic that drives the flip-flop clock signal is t'c; kp

* From outside the S-Module, with reference to the outside clock signal CLK1:
tsup=t'sup * (t'pp — t'cLkp): th=t'w * (tpp — t'cLkp): tco=t'co * tcLkp

» We do not know the internal parameters t'sp, t'y, and t'co, but assume reasonable
values:

t'SUD:0.4nS, t'HZO.lnS, t'CO:0.4nS.

* t'pp (combinational logic inside the S-Module) is equal to the C-Module delay, so
t'sp=3ns for the ACT 3

* We do not know t'c| kp; assume a value of t'c kp=2.6ns (the exact value does not mat-
ter)

* Thus the external S-Module parameters are: tgp=0.8ns, t4=0.5ns, tco=3.0ns

* These are the same as the ACT 3 S-Module parameters (I chose t'c kp SO they would
be)

 Of the 3.0ns combinational logic delay: 0.4ns increases the setup time and 2.6ns
increases the clock—output delay, tcq

* Actel says that the combinational logic delay is buried in the flip-flop setup time. But this
is borrowed money—you have to pay it back.

5.1.6 Speed Grading
» Speed grading (or speed binning) uses a binning circuit
* Measure tpp=(tp_ 4 + tpy)/2 — and use the fact that properties match across a chip
* Actel speed grades are based on 'Std' speed grade
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D00
D01
D10
D11

Al
Bl

A0
BO

Cc2
C1

CLR

S-Module (ACT 2)

D00
D01
D10
D11

Al
Bl

A0
CLR

CLK

SE (sequential element)

(b)

S-Module (ACT 3)

Lol

S
master
latch

combinational
logic for clock
and clear

=

(d)

Actel ACT 2 and ACT 3 Logic Modules

(a) The C-Module for combinational logic

(b) The ACT 2 S-Module
(c) The ACT 3 S-Module

slave
latch

D00
DO1
D10
D11
Al
B1
AO
BO
CLR
CLK
(c)
D D Q—0Q
—Q  ck c2
s
CLR ——CLR
flip-flop macro
D—ip | 0
CLK —C1
1

(€

(d) The equivalent circuit (without buffering) of the SE (sequential element)

(e) The SE configured as a positive-edge—triggered D flip-flop

 '1' speed grade is approximately 15 percent faster than 'Std'

* '2' speed grade is approximately 25 percent faster than 'Std'

* '3' speed grade is approximately 35 percent faster than 'Std'.
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5.1 Actel ACT

tpD lsub co sup tco
(@) combinational setup clock to setup clock to
logic delay time output delay time  output delay
3.0ns 0.8ns 3.0ns 0.8ns 3.0ns
_, > —> —_ >
(t)
(hold time)
internal internal
signal C-Module (0.5ns)  s-Module  S-Module signal
o« o « oo
>
clock S1 CLK1 CLK2 S2
pad clock buffer
CLK internal clock [D] = variable routing delay
S1 S-Module  {iming S1 S-Module
tpp  tsup tco parameters 3ns 0.4ns 0.4ns
(tw) typical (0.1 ns)
—_— —> —> figures > —> —>
pid ¢ M2 o p1H ¢ 2 -
CLK| CLKi S
9 TtCLKD tsup tco Tz.6ns 0.8ns 3.0ns
' (tH) | (0.5ns)
View CLK1 . CLK1 . )
from
inside D1 — D1 —/DQf— Q1
looking
out. CLK1 — CLK1 —
View
from teyp = teyp + tpp — t' toyp = (0.4 + 3.0 - 2.6) = 0.8ns
oitside  'sup = 'sup *tep ~Teikp sup = ( )
looking

in. ty =ty +tep—tcLkD
tco =tco * tekp

(b)

ty =(0.1+3.0-2)=0.5ns
tco=(0.4+2.6)=3.0ns

()

Timing views from inside and outside the Actel ACT S-module
(a) Timing parameters for a 'Std' speed grade ACT 3
(b) Flip-flop timing

(c) An example of flip-flop timing based on ACT 3 parameters
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5.1.7Worst-Case Timing

Keywords and concepts: Using synchronous design you worry about how slow your circuit

may be—not how fast « ambient temperature, T, ¢ package case temperature, T (military)
» temperature of the chip, the junction temperature, T; ¢ nominal operating conditions:
Vpp=5.0V, and T;=25°C « worst-case commercial conditions: Vpp=4.75V, and T;=+70°C
« always design using worst-case timing ¢ derating factors ¢ critical path delay between
registers ¢ process corner (slow-slow ¢ fast—fast « slow—fast * fast—slow) « Commercial.
Vpp=5V % 5%, T, (ambient)=0 to +70°C « Industrial. Vpp=5V + 10%, T, (ambient)=—40 to
+85°C « Military: Vpp=5V = 10%, T (case)=-55 to +125°C « Military: Standard MIL-STD-

883C Class B * Military extended: unmanned spacecraft

ACT 3timing parameters

Fanout
Family Delay 1 2 3 4 8
ACT 3-3 (data book) tep 2.9 3.2 3.4 3.7 4.8
ACT3-2 (calculated) tpp/0.85 3.41 3.76 4.00 4.35 5.65
ACT3-1 (calculated) tpp/0.75 3.87 4.27 4.53 4.93 6.40
ACT3-Std (calculated)  tpp/0.65 4.46 4.92 5.23 5.69 7.38

ACT 3 derating factors

TemperatureT; (junction)/°C

Vpp/V -55 -40 0 25 70 85 125
4.5 0.72 0.76 0.85 0.90 1.04 1.07 1.17
4.75 0.70 0.73 0.82 0.87 1.00 1.038 1.12
5.00 0.68 0.71 0.79 0.84 0.97 1.00 1.09
5.25 0.66 0.69 0.77 0.82 0.94 0.97 1.06
5.5 0.63 0.66 0.74 0.79 0.90 0.93 1.01

5.1.8 Actel Logic Module Analysis
* Actel uses a fine-grain architecture which allows you to use almost all of the FPGA

» Synthesis can map logic efficiently to a fine-grain architecture
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* Physical symmetry simplifies place-and-route (swapping equivalent pins on opposite
sides of the LM to ease routing)

» Matched to small antifuse programming technology
» LMs balance efficiency of implementation and efficiency of utilization
* A simple LM reduces performance, but allows fast and robust place-and-route

5.2 Xilinx LCA

Keywords and concepts: Xilinx LCA (a trademark, logic cell array) « configurable logic block

e coarse-grain architecture

5.2.1 XC3000 CLB
* A 32-bit look-up table (LUT)

» CLB propagation delay is fixed (the LUT access time) and independent of the logic
function

* 7 inputs to the XC3000 CLB: 5 CLB inputs (A-E), and 2 flip-flop outputs (QX and QY)

2 outputs from the LUT (F and G). Since a 32-bit LUT requires only five variables to
form a unique address (32=25), there are several ways to use the LUT:

» Use 5 of the 7 possible inputs (A—E, QX, QY) with the entire 32-bit LUT (the CLB out-
puts (F and G) are then identical)

 Split the 32-bit LUT in half to implement 2 functions of 4 variables each; choose 4 input
variables from the 7 inputs (A—E, QX, QY).You have to choose 2 of the inputs from the 5
CLB inputs (A-E); then one function output connects to F and the other output connects
to G.

* You can split the 32-bit LUT in half, using one of the 7 input variables as a select input
to a 2:1 MUX that switches between F and G (to implemen some functions of 6 and 7
variables).

5.2.2 XC4000 Logic Block
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@ data in

| flip-flop
QX }DQ
A M —p | Qx|
combinational X
function RD| F M -
F
B, ¢ cLe
G outputs
B G
oYl |y
QY | — fIip-floj
L DQ
M IS
@ enable clock =
'l' (enable) M
clock
@ reset direct
'0' (inhibit) M

(global reset)

The Xilinx XC3000 CLB (configurable logic block)

(Source: Xilinx.)

I;l programmable MUX
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5.2 Xilinx LCA

11

G

to/from adjacent CLB

) ) B 2

four control lines per CLB for internal
control or SRAM control

to/from adjacent CLB

I;l= programmable MUX

A
programmable
H1 DIN EC S/R |MUX
carry carry clock SET/RST
in out enable | |control
DIN sD
E \
< .
w ||
ogie flip-flo
—L ] EC p-tlop
4 4 G |RD
| 1:G4 G [LuT L [~ 1 -
L H‘]_M/ CLB
LUT L~ outputs
4™ s |‘ y B
F1:F4 G PHLUT M/
>
1 SET/RSTI I
oy EIN control SD
ogic 0 \‘
= .
H M) > .
@ global clock <EIB—J = flip-flop
IRD
carry carry 1
in ¥ out

The Xilinx XC4000 family CLB (configurable logic block). (Source: Xilinx.)
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5.2.3 XC5200 Logic Block

LCO to LC1 and
LC2 to LC3 only CO Logic Cell (LC)

A canry 3} gﬁ;% L 3
F5_MUX out

. «— DO > LC3
data in D [I]
@ MJ flip-flop or -+
latch N
] T o el

T —p
4 . S CLK N LCl[lI]
F4:F1 LuT /WI
N,
= X > LCO[J]
combinational
function carry A CE
in CLB ¢k
I;l = programmable MUX cl CE, CK, CLR (4LCsinaCLB) CLR

The Xilinx XC5200 family Logic Cell (LC) and configurable logic block (CLB).(Source: Xilinx.)

5.2.4 Xilinx CLB Analysis
The use of a LUT has advantages and disadvantages:
» An inverter is as slow as a five-input NAND
* A LUT simplifies timing of synchronous logic
» Matched to large SRAM programming technology
Xilinx uses two speed-grade systems:

* Maximum guaranteed toggle rate of a CLB flip-flop (in MHz) as a suffix—higher is
faster

» Example: Xilinx XC3020-125 has a toggle frequency of 125MHz
* Delay time of the combinational logic in a CLB in ns—lower is faster
* Example: XC4010-6 has t o=6.0ns

 Correspondence between grade and t; g is fairly accurate for the XC2000, XC4000,
and XC5200 but not for the XC3000
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5.2 Xilinx LCA 13

Xilinx LCA timing model (XC5210-6)
(Source: Xilinx.)

tbick ko  to Yck tcko
setup clockto combinational setup clock to
time output logic delay time output delay
delay
08ns 58ns  5.6ns 2.3ns  5.8ns
—_ —p » » —Pp
internal
signal CLB1 CLB2 CLB3
D] —DH ¢ o ¢ | —PQ—{01)
S >
CLKC1 CLKC3

IK -
D internal clock

[D]= variable routing delay
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5.3 Altera FLEX

Logic Element (LE)

Altera FLEX :
: LE3.:
89 !otcal . CRYO CASCO
ﬂ E Interconnec \ \ LE2
g o carry | cascade
o O D4:D1 carry out out
8 E [ chain ouT
85 41 [+ /——1PRE
0000 00Q D4:D1. LUT F ¢ ¢ DQ
Logic Array CLK flip-flop
Block (LAB) / 03 A ) cascade y—P
............................... PRE, CLR Chaln
+ L ¢ - ,—JCLR
// LC2:LC1 {
(b) L ek
LC4:LC3: |M
LE2\ ) carry icnascade :l = programmable
N LC4:LC1 i MJ MUX
8LES ................... ’ CRYI CASCI
per LAB LA LEL:
_/ .
: LEQ.:
(c)

The Altera FLEX architecture

(a) Chip floorplan

(b) Logic Array Block (LAB)

(c) Details of the Logic Element (LE)

(Source: Altera (adapted with permission).)
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5.4 Altera MAX

k macrocells

j-wide OR array

°
programmable AND array (2~ jk) :
product
N\ _iterm
/i,
[ J
[ J J o
(] [ J
— -
__/
L N J
E i inputs

macrocell

Aregistered PAL with i inputs, j product terms, and k macrocells. (Source: Altera (adapted with

permission).)

Features and keywords:

* product-term line

» programmable array logic
* bit line

* word line

« programmable-AND array (or product-term array)

* pull-up resistor
* wired-logic

» wired-AND

» macrocell

* 22V10 PLD
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5.4.1 Logic Expanders

Features:

000000000000000000 b
(a) o o (b)
o o
8 LAB LAB g LAB
o o (Logic Array Block)
[m] [u] -
: :
g | a8 LAB | g§
: —3 -
g 8 LA
8 LAB LAB E 16
Altera |O A u] ! macrocells
MAx |00000000bp0000000O0 1 per LAB
T
chipwide
interconnect
r system system
clock(s) clear
A LN [ [ * i macrocell 1
(local { 3 + + macrocell 2
array) programmable > clock, clear,
| inversion preset, enable
product
term | DO E ouT
5 5 select —
- 7 -~ macrocell
— > output
N ol y parallel expander
~N
shared to next macrocell
N 0, expander macrocell feedback
N <]
| 114 i | other
: ﬁ . macrocells
i } in LAB

(©)

The Altera MAX architecture (the macrocell details vary between the MAX families—the func-
tions shown here are closest to those of the MAX 9000 family macrocells) (Source: Altera
(adapted with permission).) (a) Organization of logic and interconnect (b) LAB (Logic Array
Block) (c) Macrocell

* Logic expanders and expander terms (helper terms) increase term efficiency
 Shared logic expander (shared expander, intranet) and parallel expander (internet)
» Deterministic architecture allows deterministic timing before logic assignment

* Any use of two-pass logic breaks deterministic timing

» Programmable inversion increases term efficiency
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5.4.2 Timing Model

@) flocaL tap tsu  trD
local logic setup register
array array delay
0.5, 40, 30, 1.0 total=8.5ns
internal internal
signal LA M1 ; signal
(©) focaL tap Exp tsu D
local logic  parallel setup register
array array  expander delay
05, 40, 1.0, 30, 10 total=9.5ns
internal internal
signal LA M1 M2 . signal
Rk ' t5[+192 )
(€) flocaL fap  Isexp tLocaL tcoms
local logic  shared local combinational
array array  expander array
0.5I 4.0. 5.0 > 0.5. 1.0I total=11ns
internal internal
signal LA M1 LA _M_2__E signal
-H 4 t ty ty E{oa}

(b)

local I1 macrocell
array array
ty
t tp t > Ol
2 ('3 4 (w1
LA M2
(d)
12
ty
'Ot M1
i t
EI]. a5 o o2
LA M2
() 13
t
: t i3
M1
4
i
» 03
LA M2

Altera MAX timing model (ns for the MAX 9000 series, '15' speed grade) (Source: Altera .)

() A direct path through the logic array and a register

(b) Timing for the direct path

(c) Using a parallel expander

(d) Parallel expander timing

(e) Making two passes through the logic array to use a shared expander

(f) Timing for the shared expander (there is no register in this path)
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5.4.3 Power Dissipation in Complex PLDs

Key points: static power ¢ Turbo Bit

5.5 Summary

Key points: The use of multiplexers, look-up tables, and programmable logic arrays ¢ The dif-
ference between fine-grain and coarse-grain FPGA architectures « Worst-case timing design ¢
Flip-flop timing » Timing models « Components of power dissipation in programmable ASICs ¢

Deterministic and nondeterministic FPGA architectures

5.6 Problems
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PROGRAMMABLE 6
ASIC I/O CELLS

Key concepts:

Input/output cell (I/O cell) « I/O requirements « DC output » AC output « DC input « AC input *
Clock input « Power input

6.1 DC Output

A robot arm example

To design a system work from the outputs <A =

back to the inputs open—close 3 motor
up—down ;

(a) Three small DC motors drive the arm Hﬁ—right L

direction control

(b) Switches control each motor
(@) (b)

A circuit to drive a small electric /O buffer all R=470 W

i AW
motor (0.5A) using ASIC I/O buffers |'{

5V

Work from the outputs to the inputs | +
The 470Wresistors drop up to 5V motor
if an output buffer current ggﬁtcrg?n
approaches 10mA, reducing the | = = =

| W—

drive to the output transistors | omay =10MA (continuous)

ASIC
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VDD _IOHpeak IOLpeak

lon
(negative)

off

(@) (b)

CMOS output buffer characteristics
(a) A CMOS complementary output buffer
(b) Transistor M2 (M1 off) sinks (to GND) a current I, through a pull-up resistor, R,

(c) Transistor M1 (M2 off) sources (from VDD) a current —lgy (Ioy is negative) through a
pull-down resistor, R,

(d) Output characteristics:

+ Data books specify characteristics at two points, A (Voumin: loHmax) @nd B (VoL max:
loLmax)

Example (Xilinx XC5200):

VoLmax=0.4V, low-level output voltage at Ig; ;ax=8.0mA
Vonmin=4.0V, high-level output voltage at Ioymax=—8.0mA
« Output current, lg, is positive if it flows into the output

* Input current, if there is any, is positive if it flows into the input
* Output buffer can force the output pad to 0.4V or lower and sink no more than 8mA
* When the output is 4V, the buffer can source 8mA

* Specifying only Vo max=0-4V and Vgopmin=4.0V for a technology is strictly incorrect

* We do not know the value of Ig| peak OF loHpeak (typical values are 50-200mA)
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6.1.1 Totem-Pole Output

Keywords: totem-pole output buffer ¢ similar to TTL totem-pole output ¢ two n-channel

transistors in a stack * reduced output voltage swing

6.1.2 Clamp Diodes

VDD
M1

L 2

I %T

loL

—lon

J_ >
Vpp +0.5V

(a) (b) (c) (d)

Output buffer characteristics
(a) A CMOS totem-pole output stage (both M1 and M2 are n-channel transistors)
(b) Totem-pole output characteristics (notice the reduced signal swing)

(c) Clamp diodes, D1 and D2, in an output buffer (totem-pole or complementary) prevent
the I/O pad from voltage excursions greater than Vpp and less than Vgg

(d) The clamp diodes conduct as the output voltage exceeds the supply voltage bounds

6.2 AC Output

Keywords: bus transceivers ¢ bus transaction (a sequence of signals on a bus) « floating a bus
* bus keeper  trip points ¢ three-stated (high-impedance or hi-Z) « time to float « disable time,

time to begin hi-Z, or time to turn off « slew ¢ sustained three-state (s/t/s) ¢ turnaround cycle
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Three-state bus timing

The on-chip delays, t,og and tzoE,

for the logic that generates signals
CHIP2.E1 and CHIP3.E1 are
derived from the timing models

(The minimum values for each chip
would be the clock-to-Q delay times)

1 hi-Z hi-Zto'0’ ‘0
+— P < >4 —P> < —>
VOHmIn VILmax
(Xilinx)
BUSA.B1 < > > < S
tioat lactive < > VoLmax
tslew

CHIP2.0E \_50%

- 50%

(ACT2/3)
CHIP3.0E
(XC3000) 7
CLK
—>
toE

.\

B30E

/]lfSO% \

Spare
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6.2 AC Output

6.2.1 Supply Bounce

VDD VDD

(b)

M1 switching
causes ground

bounce \/_vlov : (d)

Supply bounce

VOHmin

2.5V
1.4V

VOLmax

V02 A

1.4V
VOLmax

VilA

3.0v

1.4v
ov

Vol A

t

<«— falsel

A substantial current |5 may flow in the resistance, Rg, and inductance, Lg, that are be-
tween the on-chip GND net and the off-chip, external ground connection

(a) As the pull-down device, M1, switches, it causes the GND net (value Vgg) to bounce

(b) The supply bounce is dependent on the output slew rate

(c) Ground bounce can cause other output buffers to generate a logic glitch

(d) Bounce can also cause errors on other inputs

Keywords: simultaneously-switching outputs (SSOs) ¢ quiet I/O ¢ slew-rate control « I/O
management ¢ packaging « PCB layout » ground planes ¢ inductance
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6.2.2 Transmission Lines

R0 9 Q/Cin
Vin Vl 2 . i | . o
.D_ﬁ )_D_ 0 t 0 t

DR = TXline RX
Vi \Z
<§z0 Z, §> Vin - é e |
— svA 0 8)
ki || ) Vin
0 t + L

1ns per 15cm

@ (b)

Transmissionlines
(a) A printed-circuit board (PCB) trace is a transmission (TX) line (Zo = SOW-100W)

(b) A driver launches an incident wave, which is reflected at the end of the line

(c) A connection starts to look like a TX line when the rise time is about 2 line delay (2t;)

6.3 DC Input
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VDD

R =»300W
Vi Vs Zo %
-D—g » lOOW]-P' -D—ﬁ » 100 \_/-9 -D—ﬁ » 100 !\Z)
— TX line L I
I Cin Rg » 100 W » 100 W

@) (b)

LON s
e

Zy Zg
-[>IW\,-§ »100W )—[>— -D—ﬁ » 100W) -D—ﬁ » 100
R — — —
1= = Ro=»100W = Ry » 100 W
»50W +
Vg C; ——» 100pF
I L

(d) (e) (f)

Transmission line termination

(a) Open-circuit or capacitive termination
(b) Parallel resistive termination

(c) Thévenin termination

(d) Series termination at the source

(e) Parallel termination using a voltage bias

(f) Parallel termination with a series capacitor

A switch input

(a) A pushbutton switch
connected to an input buffer
with a pull-up resistor

Switch closes,
bounces, and
closes again.

(b) As the switch bounces avd....) I S D
several pulses may be . VN
generated

We might have to debounce ! S
o X \ 23 &5
this signal using an SR flip-flop
- @) (b)
or small state machine
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Vi v (b) Vin
|n_®o_ out iy A IO pad — b
3v "
Vouth hysteresis 25v3-iilX v in Yout
soviy * 2V outh 5 200my
| > <
ov > sV
2.5v |4 © Vouh t (_
oV (no hysteresis) TU;T glitch 2.5V [ j
oV 5V Vin (d) Vout t oy L N
OV 14V 5Vy
(@) —>, @
DC input

(a) A Schmitt-trigger inverter « lower switching threshold ¢ upper switching threshold
difference between thresholds is the hysteresis

(b) A noisy input signal

(c) Output from an inverter with no hysteresis

(d) Hysteresis helps prevent glitches
(e) A typical FPGA input buffer with a hysteresis of 200mV and a threshold of 1.4V
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6.3.1 Noise Margins

input output

Vi Va ,
_Do_ buffer/inverter buffer
Vv, Vv -

>V slope=-1 V * Vot IS
= Vi, is here DD out!
for logic '1' ViHmin | VOHmin* her_e for
bad logic '1
ov 5v Vi Vi is here *VILmax _:VOLmax* Vout IS
for logic '0' Vgg A here folr
VILmaX:]'V IOglC 0
@) (c)
. CMOS
inputs outputs CMOS CMOS CMOS
—»| logic
v
5.0v ; —
CMOSs F4-5V socketF F noise F | VNMH =1V
3.5V \/ :
\Y =0.5Vv
1.0v NML
0 — 05V - - — w—
0.0V |
CMOS piug

(d) (e) (f)

Noise margins

(a) Transfer characteristics of a CMOS inverter with the lowest switching threshold
(b) The highest switching threshold

(c) A graphical representation of CMOS logic thresholds

(d) Logic thresholds at the inputs and outputs of a logic gate or an ASIC

(e) The switching thresholds viewed as a plug and socket

(f) CMOS plugs fit CMOS sockets and the clearances are the noise margins
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TTL 5.0V CMOS 5.0V TTL ___CMOS
4.5V
57y 3.5V
2.0V Lov
0.8V 0.4V 0 o 0.5V
0.0V 0.0V
TTL CMOS TTL CMOS

(@) (b) (©

TTL and CMOS logic thresholds

(&) TTL logic thresholds

(b) Typical CMOS logic thresholds

(c) ATTL plug will not fit in a CMOS socket

(d) Raising Vonmin Solves the problem

TTL/ICMOS 5.0V

3.86V
2.0V
0.0v
TTL/CMOS

(d)
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6.3.2 Mixed-Voltage Systems

FPGA logic thresholds

. Input Output levels (high Output levels (low
/O options levels current) current)

XC3000 TTL 20 08 386 -4.0 040 4.0

CMOS 385 09 38 -4.0 040 4.0
XC3000L 20 08 240 -40 040 40 280 -01 02 01
XC4000 20 08 240 -4.0 0.40 120
XC4000H  TTL TTL 2.0 0.8 240 -4.0 050 24.0

CMOS CMOS 385 09 4.00 -1.0 0.50 24.0
XC8100 TTL R 20 08 386 -4.0 050 24.0

CMOS C 385 09 38 -4.0 040 4.0
ACT 2/3 20 08 24 -80 050 120 3.84 -4.0 0.33 6.0
FLEX10k 3visv. 20 08 24 -40 045 120

VDDIO T - VDDINT
Mixed-voltage systems
(a) TTL levels TTL g 5.0v  CMOS3V
(b) Low-voltage CMOS 2.7V 2:%
2.0V 2.0V
levels « JEDEC 8 0.8V 04y 0.8V 0.4V
3.3+0.3V 0.0V 0.0V X
_ TTL CMOS3v ~ core e
(c) Mixed-voltage ASIC «
5V-tolerant 1/O * V ppint @ ®) ©
and Vppio Vop1 + G — CHIP1 |
(5 M1 |D1 powers D3 M3 d)DDZ

(d) A problem when con- 5.5V X CHIP2 3.0V
necting two chips with l - 2 l
different supply - > —\W\—] =
voltages—caused by the OouT1 if{/v IN2

input clamp diodes

(d)
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6.4 AC Input

Keywords and concepts: input bus « sampled data ¢ clock frequency of 100kHz « FPGA e« sys-
tem clock « 10MHz « Data should be at the flip-flop input at least the flip-flop setup time before

the clock edge. Unfortunately there is no way to guarantee this; the data clock and the system

clock are completely independent

6.4.1 Metastability

Metastability

to another

upset

(a) Data coming from one clocked (@)
system is an asynchronous input

(b) A flip-flop (or latch, a sampler)
has a very narrow decision window
bounded by the setup and hold
times to resolve the input

If the data input changes inside the
decision window (a setup or hold-

time violation) the output may be (b)
metastable—neither '1' or '0'—an

CLK2

CLK mf —

Lur & tpd lsu2
—_> — > > >
/O asynchronous
ad input
D1 1 D2
— i ¢
f
data P> >
[0 o | |
CLK
decision setup and hold window
window (limits of decision window)

Q1
D2
Q2

metastable output

= Q
[
. 3
R
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Metastability parameters for FPGA flip-flops (not guaranteed by the vendors)

FPGA Tols te/s
Actel ACT 1 1.0E-09 2.17E-10
Xilinx XC3020-70 1.5E-10 2.71E-10
QuickLogic QL12x16-0 2.94E-11 2.91E-10
QuickLogic QL12x16-1 8.38E-11 2.09E-10
QuickLogic QL12x16-2 1.23E-10 1.85E-10
Altera MAX 7000 2.98E-17 2.00E-10
Altera FLEX 8000 1.01E-13 7.89E-11

The mean time between upsets (MTBU) or MTBF is

MTBU =

where fq ok IS the clock frequency and fq4, is the data frequency

1

exp t/t.

Pfeiockfdata

fclock fdata

A synchronizer is built from two flip-flops in cascade, and greatly reduces the effective val-
ues of t. and Ty over a single flip-flop. The penalty is an extra clock cycle of latency.
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MTBF/s A
1012 4 *  QuickLogic pASIC 1-0
f =10MHz
o QuickLogic pASIC 1-1 clock
) , fdata=1MHz
*  QuickLogic pASIC 1-2
108 O Actel ACT1
(3 years) + Xilinx XC3020-70 s
o
104 - [} A/
100 T T > .
resolution
2 3 4 5 time, t./ns

Mean time between failure (MTBF) as a function of resolution time

The data is from FPGA vendors’ data books for a single flip-flop with clock frequency of
10MHz and a data input frequency of 1MHz
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6.5 Clock Input

/0 tpick =7Nns /0 tpick =7NS
(@) pad _— pad —_
o Di Qi Dn | Qn
tpsuF L "
pino-pin —Dhrct —DOerot
: - /0 1/0
setup time CLK CLKi cell CLKn cell
D— .
C P ‘skew
clock-buffer cell I L skew
CLK : » PG
latency . .
gnoOOooon] HoO00000O00G [O] = variable routing delay
. & CLK —f50% 7/
0| — —=—%—— |0
o — Peﬁ% 5 cLKki |
u| / g
u| 7 g
g / ['E CLKi
0l —/ Bl /0 cel CLin —
=] 7; u] >
g 7 tskew E
m <0 Dn
-] NS >
Sl SN
m] [m] clock >
S blooooooooooooooooo o spine
cLKn (b) (©)
Clock input

(a) Timing model (Xilinx XC4005-6)

(b) A simplified view of clock distribution * clock skew ¢ clock latency

(c) Timing diagram

(Xilinx eliminates the variable internal delay tpg, by specifying a pin-to-pin setup time,
tpSUFmIn=2nSs)
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6.5.1 Registered Input

pin-to-pin  pin-to-pin internal hold time clk
. setup time hold time /0O (tck =0ns) clki — N\ ¥\
without gy e pad — > g
delay =2ns =5.5ns D1 D1D 1  D1D=D1
sniimee BT (without ——F | S—
with tPSU tPH CLK1 S delay) tPSUF > <4 P> tCK| (zero)
delay =21ns  =0ns P tonE
CLK _ D1 -
= programmable delay (with delay) >l 1oy, (zer0)
tpg (variable) tpsu >
@) (b)
Programmable input delay
(a) Pin-to-pin timing model (XC4005-6) with pin-to-pin timing parameters
(b) Timing diagrams with and without programmable delay
Notice tpsyrmin =2 NS * tpick — trgmax = —1 NS
: tokpor=7-5ns
Registered output tckop=15.5ns  — > CLK "\ — \__
(a) Timing model with | CLK1 \ 1 \
values for an XC4005-6 clock > *ipg
: buffer CLK1_} I/O pad Q1 ¥
programmed with the
fast slew-rate option OB +»  [*lokpoF
- . CLK <« >
(b) Timing diagram — tieKOR
tpg (variable)
@) (b)




ASICs... THE COURSE

6.6 Power Input

17

6.6 Power Input

6.6.1 Power Dissipation

6.6.2 Power-On Reset

Thermal characteristics of ASIC packages
Package Pin count M?Dxn;imer q(]éAti/IT%\iIY)_l q%étfflcgg\rf)_l
CPGA 84 33 32-38
CQFP 84 40
CQFP 172 25
VQFP 80 68

tial state of a state machine, for example

Key concepts: Power-on reset sequence ¢ Xilinx FPGAs configure all flip-flops (in either the
CLBs or I0Bs) as either SET or RESET e after chip programming is complete, the global

SET/RESET signal forces all flip-flops on the chip to a known state  this may determine the ini-
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6.7 Xilinx 1/0 Block

slew passive passive
rate pull-down pull-up VDD

M) ] D1

l " three-state R1
output »100 kohm
. FFO buffer
ouT l M DQ M1 I/Od
output pal
clock o P ) AM\— 10
-OK l flip-flop or B
o . latch _<} D2 R3
»100 ohm
1. input
buffer | il
M FFI M2 "
»100 kohm
(2 ] 3 1
M flip-flop or i = SRAM cell

latch L input clock
m Bl = programmable MUX

The Xilinx XC4000 family 10B (input/output block). (Source: Xilinx.)
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¢ L—fpe o1
—> D

D pick ko  tiLo tick tcko
input (slow) setup clock to combinational setup clock to
output logic output
11.4ns 0.8ns 5.8ns 5.6ns 2.3ns 5.8ns
—_— —_— —> > » —>
tpsu 10B1 CLB1 CLB2 CLB3
pin-to-pin
sewp [t o >—B—]oo}oH ¢ |
8.5ns /0 CLK2
pad A
. CLK3| A
internal [D:I
global clock clock HIK
buffer i
— |12 [
CLK |
BUFG' global buffer delay=9.4 ns 3

13

7

N
L~ 10B2

input (fast), tp|pg =5.7ns

»
L

top

output
4.6ns (fast)
9.5ns (slow)

10B3

10B4

DQ-D—OZ
>

CLK4

[D]= variable routing delay

¢ = combinational logic

_—
clock to output

lokpo
10.1ns (fast)
14.9ns (slow)

The Xilinx LCA (Logic Cell Array) timing model (XC5210-6). (Source: Xilinx.)
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6.7.1 Boundary Scan

Key concepts:

boundary-scan test logic structure with a four-pin interface ¢ in-system programming (ISP)

IEEE boundary-scan standard 1149.1 « Many FPGAs contain a standard

6.8 Other I/0 Cells

A simplified block diagram of the Altera

/0 Control Block (I0C) used in the D output enable
MAX 5000 and MAX 7000 series Logic Array Block le}
(LAB) pad
The 1/0O pin feedback allows the 1/0
pad to be isolated from the macrocell Do 6-12 10Cs
It is thus possible to use a LAB without per LAB
using up an 1/O pad (as you often fast input to macrocell (7000E only)
have to do using a PLD such as a N\ :
/0
22V10) N Q_ fee(?llagck
The PIA is the chipwide interconnect Programmable /O Control
Interconnect Array (PIA) Block (I0C)
FastTrack Interconnect
S data in
A simplified block diagran_1 of the Altera output enable M
I/O Element (IOE), used in the FLEX b /o
8000 and 10k series 1 pad
o N—] 10
The MAX 9000 IOC (I/O Cell) is similar D[R E'[ a1
> -
The FastTrack Interconnect bus is the [ |_ FE1 ﬁj}zﬁe
chipwide interconnect | MICLK [ S
The Peripheral Control Bus (PCB) is [ slew-rate
used for control signals common to | MIEN control
each IOE —~
b IEI = programmable MUX
| MJcLrRN

Peripheral

Control Bus (PCB)

[fs] = programmable memory
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6.9 Summary

Key concepts:

Outputs can typically source or sink 5-10mA continuously into a DC load
Outputs can typically source or sink 50-200mA transiently into an AC load
Input buffers can be CMOS (threshold at 0.5Vpp) or TTL (1.4V)

Input buffers normally have a small hysteresis (100—-200mV)
CMOS inputs must never be left floating

Clamp diodes to GND and VDD are present on every pin
Inputs and outputs can be registered or direct

I/O registers can be in the I/O cell or in the core

Metastability is a problem when working with asynchronous inputs
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Questions

In which design all
circuitry and all
interconnections are
designed?

Which design
contains only the
interconnections
designed?

In which method
regularity is used to
reduce complexity?

Size of the die is
determined using

Which design is
faster?

Which has relatively
low-level
capabilities?
Computer-assisted
graphical entry is
done through
Which method is
used for verification
along with
generation?

Whih method uses
high level
programming
language?

The set of design
rules does not give
When setting the
voltage for an
external device that
must interface with
an FPGA, you must
Which of the
following digital 1C
logic families is most
susceptible to static
discharge?

Which of the
following is a

optl

full custom
design.

full custom
design

random
approach

transistor
size

full custom
design

hand-
crafted
designs

monochrom
e.

hand-
crafted
designs

hand-
crafted
designs

widths

VCCIO.

RTL
mechanical
shock

opt2

semi-custom
design

semi-
custom
design

hierarchical
approach.
inverter size
semi-custom
design
computer

assisted
textual entry

grayscale
graphics
computer
assisted
textual entry
computer
assisted

textual entry

spacing

VDDIN

ECL

electrostatic

opt3 opt4
gate
array transistor
design design
gate
array transistor
design . design
algorithm semi-
ic design
approach approach
area of length of
the the
circuitry . circuitry
gate
array transistor
design . design
compute silicon
r assisted compiler-
graphical based
entry design
bichrome trichrome
compute  silicon
r assisted compiler-
graphical based
entry. design
compute  silicon
r assisted compiler-
graphical based
entry design .
colours . overlaps
VDDIO VCCIN
MOS. TTL
under
fan out  voltage

opt
5

opt
6

Answer

full custom
design.

gate array
design .

hierarchica
| approach.

area of the
circuitry

gate array
design .
computer
assisted
textual
entry .

monochro
me .
computer
assisted
graphical
entry.
silicon
compiler-
based
design .

colours .

VCCIO.

MOS.
electrostati
C



concern when using
CMOS type devices?
Which of the
following is not a
solution to interface
problems between
CMOS and TTL?
Which of the
following is not a
common logic family
used today?

The output current
for a LOW output is
called a(n)

Which of the
following are not
characteristics of TTL
logic gates?

) Which of the
following output
levels would not be
avalid LOW for a
TTL gate?

A family of logic
devices designed for
extremely high
speed applications is
called

) Unused inputs on
TTL, AND, and NAND
gates

) The lower
transistor of a
totem- pole output
is OFF when the gate
output is

) The input
transistoron aTTL
circuit is unusual in
that it has

) The 54XX TTL IC
series is the military
version and has

pull- up
resistor

RTL.

exit current

Totem-
pole output

0.3

NMOS

degrade
the gate's
noise
immunity.

HIGH.

multiple
bases.

a wider
temperatur
e range.

discharge .

pull- down
resistor .

ECL

sink
current.

Bipolar
transistors

0.5

ECL.

if left open
will have the
same effect
as HIGH
inputs.

malfunctioni
ng

no collector.
more
stringent
power
supply
requirement
s.

level-
shifter

TTL

ground
current

CMOS

transistor
S.

0.2

PMOS

should
be tied
HIGH.

LOW

no base

higher
current
output
capability

buffer

CMOS

fan- out.

Multiemitt
er
transistors

All are
valid .

TTL

All of the
above are
correct .

over
driven

multiple

emitters .

all of the
above

discharge .

pull- down
resistor .

RTL.

sink
current.

CMOS
transistors

All are
valid .

ECL.

All of the
above are
correct .

HIGH.

multiple
emitters .

a wider
temperatur
e range.



Which potential
problem must be
overcome when
interfacing TTL to
CMOS?

Typical TTL LOW
level output voltage
is

When the outputs of
several open-
collector TTL gates
are connected
together, the gate
outputs

) The abbreviated
designation for
output current with
a LOW output is
The input transistor
(Q1) of a TTL gate
acts like

The unused input
for a NOR gate
should be tied to
Which of the
following output
levels would be a
valid HIGH fora TTL
gate?

The HIGH
output
voltage
may be too
low.

0.3v.

produce
more fan-
out.

(0]0]

NAND

HIGH.

3.0V

The LOW

output

voltage may
be too high.

0.0v

usually

burn out.

IOL.

NOR.

ground..

2.6V

The
HIGH
output
voltage
may be
too high.

3.4V

are
ANDed
together

iOH

AND..
another
unused
input.

51

The
output
current
may not
be
sufficient

4.0V

produce
more
voltage.

IIH

OR

both B and
C

All are
valid .

The HIGH
output
voltage
may be too
low.

0.3v.

are ANDed
together .

IOL

AND

ground.

All are
valid.



The noise margin for a
standard TTL gate is

) When a TTL gate
output connects to a
CMOS gate, what must
be added to the circuit?
Which of the following
levels would not be a
valid LOW fora TTL
gate?

) What advantage does
the 74HXX series
device have over
standard TTL?

The CMOS series that
is pin compatible with
the TTL family is the

) The propagation
delay of standard TTL
gates is approximately
) Which alteration is
made in the manufacture
of a TTL gate to create

1.0v
a decoupling
capacitor

0.1v
reduced
propagation
delay .

74C00
series.

2 psec

The output
transistors are
replaced by

0.4V.
a pull- up
resistor .

0.7V
higher
propagation
delay

4000 series.

10 nsec .
The input
transistor is
replaced bya

1.4v

a pull-
down
resistor

1.0v.

low
power
consumpti
on

5400

series.
4 nsec.

The
output
transistors

0.8V

an open-
collector
gate

All are

valid

lower
voltage
requirement
s

7400 series

1 psec
The top
output
transistor is

0.4V.
a pull- up
resistor .

1.0v.
reduced
propagation
delay .

74C00
series.

10 nsec .
The top
output
transistor is



an open- collector
output?

) One advantage that
MOSFET transistors
have over bipolar
transistors is

The original CMOS line
of circuits is the

diodes.

reduced
propagation
delay.

5400 series.

diode.
higher

switching

speed.

4000 series..

are
missing.
high

input
impedance

74C00
series

missing..

low input
impedance
74HCOO
series.

missing..

high input
impedance.
4000 series.



Questions

new generation

of a
re emerging that
could add
flexibility and
investment
protection for
networks.

ASIC stands
for

FPGASs may be
more
___thanan ASIC
design
The programming
technology in an
FPGA determines
the type of
scheme
programming
technologies are
classified into
Antifuse PLDs
have advantages
over SRAM
based PLDs. they
do not need to be
configured each
Each bit
contains

is
programmed by
triggering one of
the two.
antifuses employ
a very thin oxide
barrier
between

SRAM s a type
of semiconductor

optl

FPGA

Applicatio

n_
specified
integrated
circuit

costly

logic cell

applied
time

fuse

semi

conductor

bistable |
atching

opt2

programm
able
ASICs
Applicati
on-
specific
integrated
circuit

low cost
basic
logic cell
and the
interconn
ect

time
power is
applied.

none

a pair of
conductor
S

flip flop

opt3

ASIC

Application
-specific

intermodul
ated circuit

cost
effective

interconnec
tion

power
speed

both a fuse
and an
antifuse

conductor

stable

opt4

logic
cell
Applicat
ion-
specific
inter
circuit

effective

basic
cell

applied
power

antifuse
d
conduct
or and
semi
conduct
or

unstable

opt
5

opt
6

Answer

programma
ble ASICs

Application
-specific
integrated
circuit

cost
effective

basic logic
cell and the
interconnec
t

time power
is applied.

both a fuse
and an
antifuse

a pair of
conductors
bistable lat
ching



memory that
uses

to store each bit.
Types of SRAM

is

The power consu

mption of

varies widely
depending on

frequently it is

accessed.

EEPROM cells
consist of one,
one-and-a-half, or
two transistor.

then EPROM

cells consist of

___isaspecial
type of ROM that
is programmed
electrically and
erasable under

UV light.
The EPROM
device is
programmed
forcing an

by

electrical charge
on a small piece

of

locat

ed in the memory

cell.

EPROM floating
gate transistor

characteristic

theory also
applies
to

EPROMSs were

created in
the

circuitry
(flip-flop)

NV-
SRAM

RAM

one
transistor

SRAM

silicon

flash
devices

1980s

PS-
SRAM

SRAM

two
transistor

EPROM

silicon
metal

EEPROM
and flash
devices.

1960s

BOTH

ROM

three
transistor

RAM

polysilicon
material

EPROM

1970s

none

EPROM

four
transisto
r

ROM

monosili
con

none

1990s

circuitry
(flip-flop)

BOTH

SRAM

one
transistor

EPROM

polysilicon
material

EEPROM
and flash
devices.

1970s
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and have long
been the
cornerstone of the
non-volatile
memory market
Actel FPGA is
very similar to
that of a

array
the logic core is
the interface to
the of
the devices
The first Actel
logic module was
the Simple Logic
Module is used in

core module of
the act 3 is
The storage
element can be
either
a
the 3200DX
family has a
number of special
logic modules
optimized for
implementing

functions
directly driving
device
outputpads.

used

inthe ACT 3
family is a
refinement of the
Sequential Logic
Module

non
conventio
nal gate

output
pads

the ACT 2
family

sequential
order

register
or a latch.

output

logic
module

none

I/0 pads

the ACT
4 family

enhanced
sequential

register

input and
output

The
Enhanced
Sequentia
| Logic
Module

convention
al gate

all the
above

the ACT 1
family

combinator
ial

latch

wide-
inputcombi
natorial
logic

sequential
logic

all the
above

none

none
Combin
atorial
and
Enhance
d
Sequenti
al
Modules

none

all the

above

all the
above

convention
al gate

1/0 pads

the ACT 1
family

Combinator
ial and
Enhanced
Sequential
Modules

register or
a latch.

wide-
inputcombi
natorial
logic

The
Enhanced
Sequential
Logic
Module



the hierarchical
Xilinx LCA
interconnect
architecture

Xilinx 8th
employee Bill
Carter hired in
1984 as

suggested that
this concept
required many
precious transisto
rs

is a special
implementation
strategy was
elaborated for the
microprocessor’s
RAM and ALU
blocks
Altera FLEX 10K
family contains
up to of
embedded
memory;
The Altera
Max 10 has

and user
memory the
routing switches
are based SRAM.
Each clock source
can come from
any
of
located on the
same side of the
device as the
PLL.
The MAX 10
device family
supports

The vertic
al

and horizo
ntal lines
run
between
CLBs.

the second
IC
designer

20KA
technolog

y

100K
gates and
24,576
bits

programm
able

the two or

four clock
pins

low speed

Cross
section

the third
IC

designer

Altera
FLEX
10KA

technolog

y

10,000
bits

reprogram

mable
flash

configurat

ion

the one or

2 clock
pins
high-
speed
LVDS

vertical
lines

the fourth
IC designer

none

1240 bits

flash
configurati
on

the two or
five clock
pins

speed
LVDS

horizont
al lines

the first
IC
designer

all the
above

1856
bits and
200k
bits

none

only 6
clock
pins

high
LVDS

The vertical
lines

and horizon
tal lines run
between
CLB

the first IC
designer

Altera
FLEX
10KA
technology

100K gates
and 24,576
bits

reprogram
mable flash
configurati
on

the two or
four clock
pins

high-speed
LVDS
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__protocols
through the
LVDS 1/0 banks
The MAX 10
solution uses shift
registers, internal
PLLs, and I/0
elements to
perform

FPGA logic
thresholds of
xc3000 input
levelis___
FPGA logic
thresholds of
ACT 2/3 output
(low level)

is

1/O cells handle
driving signals
off chip
Receiving and

Design Entry -
Description of a
microelectronic
system to

__is the most

common method

of design entry

for ASICs

HDLs are

replacing the

conventional
schematic

entry

A second

problem with

ASIC schematic

libraries is that

there

are for

serial

1.0,2.0

9.0,3.11,5.
7

internal
input

a set of
ASIC
tools

systematic

entry

gate-level

standards

parallel

2.0,0.8

6.45,0.08

conditioni
ng
external
inputs

a set of
EDA
tools

none

sequential
level

no
standards

serial-to-
parallel and
parallel-to-
serial

5.0,0.1

3.84 4.0
,0.33,6.0

internal
output

none

Schematic
entry

combinator
ial

sequential
standards

serial to
parallel

0.6,4.0

1.67,2.6

external
output

all the
above

all the
above

enhance
d

sequenti
al level

all the
above

serial-to-
parallel and
parallel-to-
serial

2.0,0.8

3.84 4.0,
0.33,6.0

conditionin
g external
inputs

a set of
EDA tools

Schematic

entry

gate-level

no
standards



cell behavior.

Schematics can
be a very
effective way to
convey design
information
because pictures
are such

a set of
medium

a
sequential
medium

a powerful
medium

none

a powerful
medium



Questions
Which of the
following HDLs
are IEEE
standards?
VHDL is based
on which of the
following
programming
languages?
What is the
advantage of
using VHDL
instead of any
other HDL?
Which of the
following is a
characteristic of
Verilog HDL?
The most basic
form of
behavioral
modeling in
VHDL is

The main
problem with
behavioral
modeling is

What is the use of

simulation deltas
in VHDL code?
Which function is

used to create a

single value for
multiple  driver
signals?

The utilization of
CAD tools for
drawing timing
waveform
diagram

and transforming
it into a network

optl

a) VHDL
and Verilog

a) ADA

programmin

g language

a) Week
typing
a) Strongly

typed
language

a) IF
statements

a)

Asynchrono

us delays

a) To create
delays in
simulation

a)
Resolution
function

a. Wavefor
m Editor

opt2

b) C and
C++

b) C

b) Based
on ADA

b) Case
sensitive

b)
Assignmen
t statements

b)
Simulation

b) To
assign

values to
signals

b) Package

b. Wavefor

Estimator

opt3

c) Altera
and Xilinx

C)
Assembly

)
Portability

C) Better
library

c) Loop
statements

c) No
delay

c) To order
some
events

c)
Concurrent
assignment
S

c. Wavefor
m
Simulator

opt4

d) Quartus
Il and
MaxPlus
|

opt5

d) PHP

d) Easy to
code

d) Not
portable

d) WAIT
statements
d)
Supports
single
driver
only

d)
Evaluate
assignmen
t
statements

d)
Sequential
assignmen
ts

d. Wavefo
rm
Evaluator

Answer

a) VHDL
and
Verilog

a) ADA
programm
ing
language

C)
Portability

b) Case
sensitive

b)
Assignme
nt
statements

a)
Asynchro
nous

delays

c) To
order
some
events

a)
Resolution
function

a. Wavefo
rm Editor



of logic gates is
known as

Which among the
following is a
process of
transforming
design
entry
information of
the circuit into a
set of logic
equations?
is the

fundamental
architecture block
or element of a
target PLD.
Among the
VHDL features,
which language
statements are
executed
at the same time
in parallel flow?
In Net-list
language, the net-
list is generated

synthesiz
ing
VHDL code.
In VHDL, which
object/s is/are
used to connect
entities together
for
the model
formation?
Which type of
simulation mode
is used to check
the timing
performance
of a design?

In the simulation
process, which

a. Simulatio
n

a. System
Partitioning

a. Concurren

t

a. Before

a. Constant

a. Behaviour

al

a. Compilati

on

b. Optimiza c. Synthesi

tion

b. Pre-
layout
Simulation

b. Sequenti
al

b. At the
time of
(during)

b. Signal

b. Switch-
level

b. Elaborati
on

]

c. Logic
cell

c. Net-list

c. After

c. Variable

c. Transist
or-level

c. Initializa
tion

d. Verifica
tion

d. Post-
layout
Simulation

d. Test-
bench

d. None of
the above

d. All of
the above

d. Gate-
level

d. Executi
on

c. Synthes
IS

c. Logic
cell

a. Concurr
ent

c. After

b. Signal

d. Gate-
level

b. Elabora
tion



step specifies the
conversion of
VHDL
intermediate

code so that it can

be used by the
simulator?
Which type of
simulator/s
neglect/s the
intra-cycle state
transitions by
checking the
status of target
signals
periodically
irrespective of
any events?
Which among the
following is not a
characteristic of
‘Event-driven
Simulator’?
Which among the
following is an
output generated
by synthesis
process?

Which type of
digital systems
exhibit the
necessity for the
existence of at
least

one feedback
path from output
to input?

a. Event-
driven
Simulator

a. ldentificat
ion of
timing
violations

a. Attributes
& Library

a. Combinati
onal System

b. Cycle-
based
Simulator

b. Storage
of state
values &
time
information

b. RTL
VHDL
description

b. Sequenti
al system

c. Both a
and b

c. Time
delay
calculation

c. Circuit

constraints

c. Botha
and b

d. None of
the above

d. No
event
scheduling

d. Gate-
level net
list

d. None of
the above

d. No
event
scheduling

d. Gate-
level net
list

b. Sequent
ial system



Questions

The serial shift register
is driven using

Which is used to
control the scan path
movement?

The circuit operation is
independent of

Boundary scan test is
used to test

The boundary scan
path is provided with

The boundary scan
path tests the

In scan/set method,
is used to
implement a scan path
The automatic test
pattern generator
method has

phases

Faults which produce
same faulty behaviour
are known as

The process of
removing  equivalent
faults is called as

The stuck-at model is
a fault model
The between
two signal is called as
bridging fault
The sum of all
propogation delays
along a simgle path is
given as

of the area is
dedicated for testability
Partitioning into
subsystems are done
at

In  prototype
the circuits are

testing,

What are the dominant
faults in diffusion
layers?

optl

a) one
over-
lapping
clock

a) clock
signals

a) rise
time

a) pins

a) serial
input
pads

a) input
nodes

a) serial
registers

a) two

a)
similar
faults

a)
equivale
nt
removin
g

a)
recurring

a) open
circuit

a) gate
delay
fault

a) 20%

a)
design
stage

a) open
circuited

a) short
circuit
faults

opt2

b) two over-

lapping
clock

b) input
signals

b) fall time

b)
multipliers

b) parallel
input pads

b) output
nodes

b) storage

elements

b) three

b)
equivalent
faults

b) bulk
damaging

b)
equivalent

b) break

b) transition
fault

b) 10%

b) prototype
stage

b) short
circuited

b) open
circuit faults

opt3

c) one
non over-
lapping
clock

c) output
signals

c)
propogati
on delays

¢) boards

c) parallel
output
pads

c) buffer
nodes

c) parallel
registers

c) four

c)
correlative
faults

c) fault
collapsing

c) simple

c)
connectio
n

c) path
delay fault

c) 30%

c) testing
stage

c) tested
as a
whole
circuit
c) short
and open
circuit
faults

opt4

d) two non
over-lapping
clock

d) delay
signals

d) all of the
mentioned
above

d) wires
d) buffer
pads

d)
interconnecti
on points

d) separate
register

d) five

d) ambigious
faults

d) fault
reduction

d) logical

d) short
circuit

d)

propogation
fault

d) 25%

d) fabrication
stage

d)
programmed

d) power
supply faults

opt5

Answer

d) two non
over-lapping
clock

a) clock
signals

d) all of the
mentioned
above

¢) boards
a) serial
input pads

d)
interconnecti
on points

d) separate
register

a) two

b) equivalent
faults

C) fault
collapsing
d) logical

d) short
circuit

c) path delay
fault

c) 30%

b) prototype
stage

a) open
circuited
a) short

circuit faults



Test pattern
generation is assisted
using

of faults are
easier to detect

Observability is the
process of

Exhaustive testing is
suitable when N is

To propogate the fault
along the selected
path to primary output,
setting is done
In  D-algorithm, a
particular fault
is detected by
examining the
conditions

D-algorithm is based
on

In D-algorithm,
discrepency is driven
to and observed

and thus detected

Primary objective of
testing is to guarantee

Verification targets

Testing targets

In a certain batch of
10000 chips produced
100 are detected faulty
at the manufacturing
site while

10 more fails in the
field. The yield of the
process is

a)
automati
c test
pattern
generato
r

a) 50%

a)
checking
all inputs

a) large

a) OR to
1

a)
internal,
output

a)
existenc
e of one
fault
machine

a) all
inputs

(A)
Fault-
free
products
(A)
Design
errors
"
Design
errors

(A) 99%

b)
exhaustive
pattern
generator

b) 60%

b) checking
all outputs

b) small

b) NOR to 1

b) internal,
input

b) existence
of one good
machine

b) particular
inputs

(B)
Detection of
design error
(B)
Manufacturi
ng errors
(B)
Manufacturi
ng errors

(B) 98.5%

c)
repeated
pattern
generator

c) 70%

c)
checking
all
possible
inputs

C) any
value for
N

c) AND to
1

c)
external,
output

c)
existence
of one
fault and
one good
machine

c) output

©)
Reduction
of product
cost Ans:
A

(C) Both
(A) and
(B)

(C) Both
(A) and
(B)

(C) 90%

d) loop
pattern
generator

d) 80%

d) checking
errors  and
performance

d) very large

d) NAND to
0

d) external,
input

d) existence
of two fault
machines
alone

d) end of the
circuit

(D) All of
these

(D) None of
these

(D) None of
these

(D) None of
these

a) automatic
test pattern
generator

d) 80%

b) checking
all outputs

b) small

a) ANDto 1

a) internal,
output

) output

(A) Fault-free
products

(A) Design
errors

(B)
Manufacturin
g errors

(A) 99%



Applying all possible
test patterns to a CUT
is called

A quantity to measure
quality of a test set is

PODEM stands for

(A)
Exhaustiv
e testing
(A) Fault
coverage
a) Peak
Output
Decision
Making

(B)
Complete
testing
(B) Test
coverage
b) Path
Oriented
Decision
Making

(©)
Functional
testing

(C) Total
coverage
c) Path
Output
Decision
Making

(D) None of
these

(D) None of
these

d) Peak
Oriented
Decision
Making

(A)
Exhaustive
testing
(A) Fault
coverage
(b) Path
Oriented
Decision
Making






Questions

In
floorplanning,
placement
and routing
are

tools.

In VLSI
design, which
process deals
with the
determination
of

resistance &
capacitance of
interconnecti
ons?

In
floorplanning,
which plays a
crucial role in
minimizing
the ASIC
area and the
interconnecti
on density?
Timing
analysis is
more efficient
with
synchronous
systems
whose
maximum
operating
frequency is
evaluated by
the

pat

h

delay between
consecutive
flip-flops.
Maze routing
is also known

optl

a. Front end

a. Floorplan
ning

a. Placemen
t

a. shortest

a. Viterbi’s
algorithm

opt2

b. Back end

b. Placeme
nt &
Routing

b. Global
Routing

b. average

b. Lee/Moo
re

opt3

c. Both a and
b

c. Testing

c. Detailed
Routing

c. longest

C. Prim’s
algorithm

opt4 opts

d. None of
the above

d. Extractio
n

d. All of
the above

d. unpredic
table

d. Quine-
McCluskey

Answer

b. Back
end

d. Extract
ion

a. Placem
ent

c. longest

b. Lee/M
oore



as algorithm algorithm algorithm

Maze routing
is used to
determine the
path
for a single a. Shortest  b. Average c. Longest
wire between
a set of
points, if any
path exists.

d. None of a. Shortes
the above t



applied time

fuse

semi
conductor
bistable latc
hing
circuitry
(flip-flop)
NV-SRAM
RAM

one
transistor
SRAM

silicon

flash
devices

1980s
non

low cost
basic logic
cell and the
interconnec
t

4

time power
is applied.

none

a pair of
conductors

flip flop
PS-SRAM
SRAM
two
transistor
EPROM
silicon
metal
EEPROM
and flash
devices.
1960s

none

cost effective

interconnecti
on

5

power speed
both a fuse
and an
antifuse

conductor

stable
BOTH

ROM

three

transistor
RAM
polysilicon

material

EPROM
1970s
conventional

effective

basic cell
2

applied
power

antifused
conductor
and semi
conductor

unstable
none

EPROM
four
transistor

ROM
monosilico
n

none
1990s
all the



conventiona
| gate
output pads
the ACT 2
family

sequential
order
register or a
latch.

output

logic
module

The vertical
and horizont
al lines run
between
CLBs.

the second
IC designer

20KA
technology
100K gates
and 24,576
bits

programma
ble

the two or
four clock
pins

low speed

serial

I/0O pads
the ACT 4
family

enhanced
sequential

register

input and
output
The
Enhanced
Sequential
Logic
Module

Cross
section

the third IC
designer
Altera
FLEX
10KA
technology

10,000 bits
reprogram
mable flash
configuratio
n

the one or 2
clock pins
high-speed
LVDS

parallel

gate

all the above
the ACT 1
family

combinatorial

latch

wide-
inputcombina
torial logic

sequential
logic

vertical lines
the fourth IC
designer

none

1240 bits

flash
configuration
the two or
five clock
pins

speed LVDS
serial-to-
parallel and
parallel-to-

above

none

none
Combinator
ial and
Enhanced
Sequential
Modules

none

all the
above

all the
above

horizontal
lines

the first IC
designer

all the
above
1856 bits
and 200k
bits

none

only 6
clock pins

high LVDS

serial to
parallel



1.0,2.0
9.0,3.11,5.7

internal
input

a set of
ASIC tools
systematic
entry

gate-level
standards

a set of
medium

2.0,0.8

6.45,0.08
conditionin
g external
inputs

a set of
EDA tools

none

sequential
level

no
standards

a sequential
medium

serial

5.0,0.1
3.84 4.0
,0.33,6.0

internal
output

none
Schematic
entry

combinatorial
sequential
standards

a powerful
medium

0.6,4.0
1.67,2.63

external
output
all the
above

all the
above
enhanced
sequential
level

all the
above

none



