Yale

EENG 426/CPSC 459/ENAS 876

Silicon Compilation

Transistors and Switching Networks

Computer Systems Lab

http://csl.yale.edu/"rajit

Fall 2018

AVLS!

Manohar

EENG 426: Silicon Compilation

Fall 2018

1/

32



Feature size

We are going to be using abstract geometry.

@ Dimensions will be in integer units of A
@ Manufacturing rules specified in A
@ Examples:

o Minimum width of a wire > 3\
e Minimum spacing between two wires > 3\

F = .6um, the feature size, determined by the smallest
transistor that can be manufactured

A=0.3um, or F/2
= minimum transistor width is usually 2\
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@ Charge ox Voltage
e Q=CV

Normally,

dv
I=CZ
dT

Units: Farads (F)

Order of magnitude in 0.6pm CMOS: 1fF /um?
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C=€eA/d
When we draw geometry, we control A

So for us C = (¢/d)A ~ 0.1fF /O

Ll L. £ L.
L.

I T T

Series/parallel combination of capacitors:

o CH = C1 + C2
1 _ 1,1
*cTatag
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Resistors

Yale

e /=V/R,orl=GV,or V=IR
Units: Ohms ()

Order of magnitude in 0.5¢m CMOS: 0.1Q/0

Rzp%

A= w X t, t: thickness of wire

So for us R:(p/t)%
1 _ 1 1 _—
?”—?14'?2 R,—R1+R2
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Transistors

e Green: “ndiffusion” (“ndiff")
e Brown: “pdiffusion” (“pdiff")
@ Red: “polysilicon” (“poly”)
The intersection defines the gate region.

e width W, length L
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Simplified transistor equations

Vs — VT <0 < Vps (subthreshold):
Ips ~ 0
0 < Vs — VT < Vs (saturation):

W (Ves — V)2
IoszuCOXL(GSZT)

0< Vps < Vgs — V71 (Iinear):

w
IDS = ,U,CoxT[( VGS - VT)VDS - VBS/z]

Yale AVLSI

Manohar EENG 426: Silicon Compilation Fall 2018 8 /32



Digital abstraction

We will simplify all this to:

e If V(g) > min(V(s), V(d)) + vin, current flows between s
and d until V(s) = V(d); otherwise no current flows.

o If V(g) < max(V(s), V(d)) + v4p, current flows between s
and d until V(s) = V(d); otherwise no current flows.

Note: vy, < 0, vy > 0 for standard MOSFETs.
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Digital abstraction

Drawing transistors:

£

d
if V(g) is "high” long enough, then V(s) = V(d)

if V(g)is “low” long enough, then V(s) = V(d)
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Digital abstraction

Using an nFET:

AL wg;

g—z7 gzl

current flows when

V(g) > min(V(s), V(d)) + vin
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Digital abstraction

Using a pFET:

oL, gdg;

—g—z7T gzl

current flows when

V(g) < max(V(s), V(d)) + vsp
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Switching networks

In general, we have something like:

T
pull-up network [ by z 1
F— -
pull-down network by by — 2z

We only use pFETs in the pull-up and nFETs in the pull-down.

Yale

AVLS!

Manohar EENG 426: Silicon Compilation Fall 2018 13 / 32



Production rules

G+ Sis called a

@ Sis xT or x|
@ G is a Boolean expression, called the

XAy — zt
-x = oul

ax = oul
-x — vt
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Inverting logic

Yale

CMOS is said to be “inverting.”

Given a one-stage circuit C computing
y =C(x)
where x is a Boolean vector of inputs, we know that if any

component of x changes from false to true, the output changes
from true to false or remains unchanged.

Why?
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Production rules

What can we say about a CMOS gate represented by a
production rule?

o xAyw—uf
e XAy ul
e ~(aVb)—ct
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Ratioless logic

vdd
&2 Q‘ in | out
S in out 0|1
R 1]0
GND
Ron ~ 10*Q
Rof‘f ~ 109 Q
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Switch is controlled by V/(c).
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Computing with switches

Use the switches to set nodes to specific voltages.

The voltage could come from:

@ Power supply

@ Another node

switches power supplies.

logic switches other nodes.
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Switches in CMQOS

A restoring inverter using switches?

NAND? NOR?
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Can reduce transistor count
Can reduce logic stages (non-inverting logic)

Does not restore signals!

Unintended “sneak” paths
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Multiplexer

A 2-input MUX:
¢ c
X
— X
y y
-q
Terrible!
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Restoring multiplexer
4
‘\Cd
-
4

V

(=xAc)V(my A—c)— _zt
(xANec)V(yAN—c)— z|
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Pass gate MUX

L
>

Simple and fast, but it doesn't restore the quality of the logic
signals.
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Pass gate MUX

To restore the pass gate MUX signals:

o —_
o

[ 1

T

Can we simplify this?
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Simple functions: static CMOS

If we want to compute the Boolean function f(x):

@ Pull-up switching network: f(x)
e Pull-down switching network: —f(x)
The net result: the output is always connected to a power

supply.

f(x) — z?t
—f(x) — z|
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Production rules

A CMOS gate is of the form:
BT — zt
B~ w—z|

We require: =(BT A B™)
Gates come in two flavors:

e BTV B~ = the gate is or
(This is the same as Bt = —=B™)

@ BT # —B~ = the gate is or
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Production rules

b;Vz— zt
b,V -z — z|

b;V-_z — zt

bV _z+— z|
z = _z|
-z = _zT

Yale

b, —

staticizer

AVLS!

Manohar

EENG 426: Silicon Compilation Fall 2018 28 / 32



Production rules

B I

by —by

b; V—-by A=z — zt

boV-obi A z— z|
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Production rules

An execution of G — S is an unbounded sequence of

@ If G is true, the firing amounts to executing S
e If G is false, the firing amounts to a skip
o If a firing changes the state, it is effective; otherwise it is
vacuous
The execution of a production rule set:
@ the parallel composition of the individual production rules
in the set

@ assumption is “weak fairness”: a specific production rule
will get a chance to fire eventually
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Production rules

. an important property of a production rule.

A production rule G — x7 is stable in a computation iff

@ G can change from true to false only if x is true

@ Alternatively: G can change from true to false only in
states where a firing would be vacuous

(Similar for G — xJ)

What happens in the circuit if a production rule is unstable?
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Production rules

If all production rules in a set are stable, then their execution is
equivalent to the following:

@ Repeat the following steps forever:

@ Pick one production rule (in a weakly fair fashion) from the
production rule set;
@ Fire the selected rule
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