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Course Content

0 Introduction

0 Fabrication

0 MOS Transistor Theory and
Models

0 MOS Models and 1V
characteristics

0 Inverters: Static Characteristics
and Performance

0 Inverters: Dynamic
Characteristics and Performance

0 Combinational Logic Types
(CMOS, Ratioed, Pass) and
Performance

1

0O 0o oo

Sequential Logic

Dynamic Logic

Memory Design

Robust VLSI Design for
Variation

1/0 Circuits and Inductive
Noise

CLK Generation
Crosstalk

Transmission Lines

MOS Devices and Characteristics

cnn
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: Typical N-Well CMOS Process

Physical Structure Mask Top View
n* mask
p* mask
o p 7 [ ] [ N ]
p-substrate contact mask
Pn well
p-substrate L metal mask
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: Typical N-Well CMOS Process
.
Physical Structure Mask Top View
n 1
ubstrate
nitride— n-well
oxide
| |
active
_— photoresist
—
n-well
p-substrate
channel stop
thick field =
oxide
polysilicon
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: Regions of Operation
.
CUTOFF veom Onset of Inversion
y vs . i . V=0 \ "
B(G;) s _J‘_ﬂ“ , ¥ v i 2 om e
% = B(C,) s Aﬁr— p v
o — al
- Depietio_— ° IS °/o °
i ]
o
Substrate or e iy \°
ions i “"‘m“" depletion region
orbulk B

No depletion or inversion layer under oxide, no current flow

Vo

Vos

Channel acts like voltage controlled resistor
Current flows proportional to Vos ([ oV},
As Vo increases, channel depth at the drain decréases
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inversion region

Depletion region, and thin inversion layer (aka channel)
Thermal equilibrium in channel, no current flow

Saturation

rw

depletion region
pinch-off point 6
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MOSFET — IV Characteristics

Operating regions:

Sub-threshold (cutoff), Vs < Vin

Resistive (linear), Vgs> Vin

Saturation (active), Vés> Vigs-Vin Is

Channel as varying resistance
Short channel effects
Velocity saturation
Drain-induced Barrier Lowaring (DIBL)
Hot electron effect
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Drain current [arbitrary unit]

50

40

30

;‘ e Vs

Define:
Vyn = Threshold Voltage

Vs <Vas -Vru ‘

ST N eVl V
- s 6V

-—
et / Vas -Vin

Csv

Vos=Vaes -Viu | %

<z =

4 6 8 I
Drain to source voltage [V]

Vbs

7

CMOS Logic

Penn ESE 570 Fall 2020 — Khanna
9
: Voltage Transfer Characteristic
Vo @ ® ® @ 0 Output not going to rail
v h o Consequence?
TN , d :
LIN = — Voltage seen at the input can
‘S‘A be degraded
V= Vi AT 0 What can we do?
Vo = — Restoration with proper noise
! *LIN margins
Vr/;7 VI7/u
V,
N VTO Vo |
-1 v Vu
Vion /an Va p VotV oo ™ v, ransition Region
L m
0
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MOSFET Parasitic Capacitance

Ces=CaestCaso

—
\&
N
- o
L
]
IL
OIL
a
r‘lm_o_ ®

2

a Any two conductors separated by an insulator form
a parallel-plate capacitor
a Two types
= Extrinsic — Outside the box (e.g. junction, ovetlap)

= Intrinsic — Inside the box (e.g. gate-to-channel)

=]
I 0 Cep=Csen+Caopo
kﬂ_C—m_;’ = ‘r“mx; :':csa ¢y o Cgp B
&“_T_J/_lﬁ\—_l_‘—cmf D 0 Cep=
LI 0 Cpp=Cig
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: Static CMOS Gate Structure
a Drives tail-to-rail
\_/|d_d = Power rails are Vgq and
Gnd
= PMOS ) .
inputs K ﬁ;&lgk = output is Vg4 or Gnd
ot o Input connects to gates
Ly -> load is capacitive
L= nmos )
Ruldown a Once output node is
< charged doesn’t use
nd energy (no static current)
a Output actively driven
Penn ESE 570 Fall 2020 - Khanna 10
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: Restoration
o Necessity observed throughout the course
= Pass-transistor signal degradation (i.e. Vdd - Vthn)
= Ratioed-logic noise margin
= Inductive noise
= Crosstalk noise
= Reflections
o Becomes more important as the circuit complexity
increases
= Want to maintain robust signal everywhere
Penn ESE 570 Fall 2020 — Khanna 12

11

12




:
.
: 1st Order RC Delay Models
:
Tppy, =0.69:Cppy* R, Cload ~ thn + Cdbp +C ine T Cgh
0 Equivalent circuits used for MOS transistors
= Ideal switch + “effective” ON resistance + load capacitance
= Define unit resistance, Ru: “cffective” ON resistance of transistor with min length
and W=V (usually min width)
= i = Coand Ca = Cay = Ca for the unit n/pMOS transistors
= Scale R and C with transistor sizing (W and L)
0 Fan-out, driving stages, and sizing
0 Identify worst case delay scenarios for different gates
0 Tradeoff between large gates vs small gates (# stages,
fanin/fanout)
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Ratioed Logic

[m]

Only build PDN (or PUN)
Build NFET pulldown
= Exploit high N mobility

[m]

= Less transistor f
= Lessarea...? ,
.. —
= Less capacitive load...? ‘

a Cons:

= Constant power dissipation

= Need careful sizing (noise margin) —

0 Tradeoff between noise matgin and
area & capacitance

a Pros: = + o

13

Pass Transistor Logic

[m]

Simple switch-based logic

notB

a Pros:
= Less transistor...? A t
= Lessarea...?
notA
= Less capacitive load...?
o Cons:
= Needs restoration (buffering)
= Can be slow Vdd Vvdd  Vdd
= Limited voltage lowering for energy 2l o [
reduction Gnd —] >0y bror aach
0 Needs to take into account diffusion
capacitance, YCg— Elmore delay
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Design Abstraction and Performance

&Penn
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: Elmore Delay: Distributed RC network
a The delay from source s to node 7
= N = number of nodes in circuit
R, = ER] = (R; €[ path(s — i) N path(s = k)])
!
= 2GR,
P
a Special Ladder Case:
a For each resistor C;in path
= Compute R; = sum of all Rs upstream of C;
Y N 1000 1000
o= RGN R = RCR,
== =l ‘.. i
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: Digital Logic: Gate Level
0 We care about design for performance
= Functionality (e.g. F = A + B*C)
= Speed
= Hach gate has a delay caused by the output resistance and capacitive load
(which is the input capacitive load of the gate on the output)
= Critical path defines delay
= Power
= Switching power (comprised of dynamic and short circuit power) and
static power (Le Por=Pdyn+Psc+ Psa)
= Area
= For a gate the standard cell area, dependent on W and L of transistors 18
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Digital Logic: Transistor Level

0 We care about design for performance
= Functionality (e.g. F = A + B*C)
= Design for abstraction (VTC: switching voltage, high gain, noise margins)
= Speed
 Transistor sizing affects the output resistance and capacitance
= Power
= Switching power (comprised of dynamic and short circuit power) and static power
(Le Pur=Pasn+Psc+ Puar). Transistor sizing affects drive current and impacts
power consumption

= Area

= Fora gate the standard cell area, dependent on W and L of transistors

Power Sources

[m]

Static power
a Dynamic switching power

a Short circuit power

Prot = Pstatic + Psw
Q Psw = den + Psc = a(Cload+Csc)V2f

[m]

0

0 Pt = a(Cioaat+Co) VH+VI (W /L)e VV/(OK1/9
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Energy-Delay Tradeoff

o Tradeoff and Vy, effect
= Speed
= Switching energy
= Leakage energy
a Ignoring leakage,
= Energy proportional to V2
= Delay proportional to 1/V
= Et - Energy & delay tradeoff
a From project, logic family, logic optimization,
sizing, ... Rich energy optimization space to explore

20
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Design Space Dimensions

o Vdd
0 Topology
= Gate choice, logical optimization
= Fanin, fanout, Serial vs. parallel
0 Gate style / logic family
= CMOS, Ratioed (N load, P load)

[m]

Transistor Sizing
0 Vth

0 The choices you make impact area, speed (delay), power
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Sequential Logic

& Penn
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Sequential Circuit (or State Machine) Construct

v Inputs Outputs
1 Va1
v, — —,
vV, COMBINATIONAL Vo3
LOGIC CIRCUIT
Present Next
State State
REGISTER

A

Clock
-> Register is used to Store Past Values of State(s) and Output(s)
-> Synchronous Sequential Circuit — clock, outputs change with clock event

-> Asynchronous Sequential Circuit — no clock, outputs change after inputs change
Penn ESE 570 Fall 2020 — Khanna 24
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Memory Storage (Latches and Registers)

a Level-sensitive device a Edge-triggered storage

Positive Latch element

4)0 ¢1

In—p{ D O —Ppour

G
* CLK

0=CLK-Q+CLK - In

Latch Timing Issues

Inputs —— ——> Outputs
COMBINATIONAL

LOGIC

T=t +1

c-q F plogic + Lsu

Current State Next State

Registers

Tedregister ¥ edlogic = Thold

CLK \ / \
Tou Thotd
D >< DATA ><
STABLE t
< leq »
o X o
Penn ESE 570 Fall 2020 — Khanna 26
26
: Charge Storage and Leakage
o Iaj
- Igatep
/,Vm: 0
/ T
T Leoge -T- C Igaten
N CK=0 g
a Assume logic-high is stored onto V during active
phase (CK=1)
a When CK=0, Vi,20
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Memory

&Penn
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Register
2 X000 w1 LI
ou Y XNROXCX000 2 X000
rol . S — o —
ou o
stable  follows In i ’ °
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: Domino Logic
o Single transition
= Once transitioned, it is done = like domino falling
a All inputs at 0 during precharge
= ‘Outputs’ pre-charged to 1 then inverted to 0
= Le. Inputs are pre-charge to 0
o Non-inverting gates
Inputs
Penn ESE 570 Fall 2020 - Khanna 27
27
: Charge Sharing
VDD
charge
sharing
()A Vurul
L
Vm Cnuﬂ
When Vi) = 0V (or 5V) and Viyi+1) = 5V (or 0V) for i = 1,2 (stage)
“Charge Sharing” is an issue when @; and ¢ switch
Penn ESE 570 Fall 2020 — Khanna 2
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Array-Structured Memory Architecture

Problem: ASPECT RATIO or HEIGHT >> WIDTH

LK Bit Line
Storage Cell
T Word Line
] 3 T T w

Amplify swing to

Sense Amplifiers / Drivers rail-to-rail amplitude

Ao *-
\ Column Decoder

Selects appropriate
o = word

Input-Output
B bits)

Penn ESE 570 Fall 2020 — Khanna
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Read-Write Memory Cells

a Static (SRAM)
= Data stored as long as supply is applied
= Large (~6 transistors/cell)
= Fast bit bit_b
= Differential word
a Dynamic (DRAM)
= Periodic refresh required
= Small (1-3 transistors/cell)
= Slower

= Single ended

Penn ESE 570 Fall 2020 — Khanna
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Structured Design Strategies

o Strategies common for complex hardware and
software projects

= Hierarchy: Subdivide the design in several levels of sub-
modules

= Modularity: Define sub-modules unambiguously and well
defined interfaces

= Regularity: Subdivide to max number of similar sub-
modules at each level

= Locality: Max local connections, keeping critical paths
within module boundaties
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Array Architecture

o Periphery Circuits

o e e 4
ioning

Wordiines

= Row Decoders

= Address bits for each word to reduce

%

oono

inputs
= Bitline Conditioning

= Precharging bitlines

Memory
Cals

»

gy gy

19p008Q Mo

2" rows x
2™ columns

= Driving bitline capacitance
= Sense Amplifiers

= Amplify bitline voltage change to get rail-
to-rail output and faster operation &

= Column Decoders \/|

=

[H CH O CH CH CH OH CH CH CHOH CH O

oo i Y o

[m]
[
O
[m;
[m)
[m;
[m)
[
[m;
[m]
[m;
[m]
[
[m]

[m)

Address  Data (2" bits)
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VLSI Design for Manufacturing

& Penn
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: Impact
o Changes parameters o Higher Vy,?
= W, L, tox, Vi = Not drive as strongly
= Id,vmroc (Vgs‘Vrh)
o =T » Increased Delay
B e 1 o )
- o Lower Vg?
s = Don’t turn off as well
< 150 -> leak more
s
0
nIr5 200 225 250 275 300 325 350 375
Thiehodsatags ()
Vi, Variability @ 65nm
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Parametric Yield

r=r(x)=1(d+s) actual performance - random variable

ro(ﬁ) = 1-(3 i 50) nominal or designed performance - deterministic variable

Each statistical circuit performance measure is illustrated using a histogram
Gircuit 1
Count

120 i i
§ 80 | |
Monte Carlo
Simulations used to

estimate PDFs of 4 |
parameter values I I I I I I I I I
and estimate yield 0|l | : 1.
alios 0.142 0.179 0.216 0.25
Propagation Delay T, [ns]

due to AVy,, AV, and At,,

total number of acceptable circuits

parametric yield (Y) = x 100%

~ total number of manufactured circuits
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Testing Principle

Test responses.
10—
00

Test pattems
—1
01

‘ Device Under

01

- Test (DUT) i

Comparator

Test result
0 Observability: measure of the ease of observing a node by
watching external output pins of the chip

o Controllability: measure of the ease of forcing a node to 0 or
1 by driving input pins of the chip

37

Wiring and Interconnect Considerations
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CLK Generation

a CLK design and distribution is necessary for correct
operation and timing
= Tree, Grid, Mesh, H-Tree
« CLK Gating

clks

Distribution
External_|*Xtclk

Clock ——‘

Clock
Generator
Gaters.

Elements.

Chip
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: Inductive Noise
a Inductive noise
= Originates in signal paths and supplies
= Minimize wires when possible and add bypass capacitors
Penn ESE 570 Fall 2020 — Khanna 40
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: Optimally Buffered Wire Delay
a Wire delay linear once buffered optimally
= Optimal buffeting equalizes delays
= Buffer delay, Delay on wire between buffers, Delay of wire
driving buffer
L2 I\ L/2
05R,,..C,.
N = — wwre "wire W = Run Cwire = Run unit
Rbuf (CS"lf + Cload) 2Rwi1’ecg 2RuniICg
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Crosstalk

o Capacitive crosstalk
= Diversion and recovery

» Clocked and driven wires

= Slow down transitions
= Undtiven wires voltage changed

= Can cause spurious/false transitions

Vy Vy

==

I

c y y
Cy 2 2
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Admin

a Final Project
= Design CLB

= EC for best figure of merits
FOM = Area*avgEnergy/maxFrequency
= Due 12/10 (last day of class)

= Can turn in up to 12/17 with no penalty
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Transmission Lines

o Pulses travel as waves
o Transmission lines

= high-speed

= high throughput

= long-distance signaling

o Termination
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Mismatch Termination

sic
middle
sink

A
0 fe-08e-08e-08te-085e-0te-0&7e-0tBe-08e-08
s
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