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GOENERAL TABLE LOOKVP SYNTHESIS

AB
AB|Fn(A.B) \u\
(o]0 0] — —|00
o1 1 > o1
10 1 o > Fn(A,B)
11 O\_ﬂ/
érener'alizing-

Remember from a Few lectures ago that, in theory, we can buiild
any Foutput combinational Ioaic block with muHiplexers.

N
For an N-input Function we need a ____g___ input muttiplexer-.

Bia Multiplexers? How about 10-input function? 20-input?
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Mux 6VTS

Decoder |; Selector

A —Q O\
A decoder B O /Il

a ﬁlﬁﬁe A G 1 N\ _:>—\ A DECODER +that
preduct Y identifFies the

MuHiPlexer‘G
can be Par+i+ionecl
into two sections.

terms for B / I
a set of 10

inputs A \
~/ B ©C 2/11
A 3\ o
B J

desired inpu+,and

a SELECTOR that
ehables that input
onto the ou+|9u+.

Hmmm, by sharing the decoder por+t of the logic MuXs could
be adaP’red to mie lookup tables with any number of outputs
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A New COMBINATIONAL DEVICE

/

1 DECODER:
2 k SELECT inputs,

» D
> D

> D Selected Dj HIGH;
N all others LOW.

.

k

Now, we are well on our way to lauilahnﬁ o
general purpose table-lookup device.

We can build a 2-dimensional ARRAY of
decoders and selectors as follows ..

I0/25 /2017 Comp 41 - Fall 2017

N = 2k DATA OUTPUTs.

Have I
mentioned
that HIGH

is a synonym
for ‘I’ and
LOW means
the same
as ‘0’

/

J



SHARED DECODING LosGiC

These are just
"DeMorgan"ized
/ NOR gates
’

There's an D d
extra level
of inversion A _ . eC9 er . . ® Py Py
that isn't ‘ ‘ ‘
necessary - * * oot
in the logic. ® ® ® ®
However, -
it reduces in ? r r ?
the “load” on A A
the module
s o)(1])(2])(3
this one.

This ROM stores 16 bils —— '\

in 8 words of 2 bits. ?&\

We can buid a
Read-Onl Memory
tdble a

Q

=]

(\

Q

(\

" out

A
Configurable Selector

neral purpose “table-lockup® device cdlled a

(RoOM), From which we can implement any truth

thus, any combinational device
Made from PREWIRED connections (), and CONFIGURABLE

conhections that can be either connected @ or not connected O.
Comp 41 - Fall 2017
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ROM IMPLEMENTATION DETAILS

Tiny PFETs with gates ed 4o ground = resistor pullup that

makes wire ‘I” unless one of the NFET pulldowns is on.
A o £95959 5959 5959597
These
+ransistors
Li Li_ Li_ Li mente  Hardwired "AND" logic 000
—>0- are Proarammable "OR™ logic Inputs o
el Lt s I E
B o =| =| =| = / are called
|_{ |_{ |_{ |_(i— -9 Advarﬁages: ADDRESSES.
| 1l 1 Ll 1 Ei - Very regular design m:‘:
LC_L‘_ I_{ L{ L{ These (can be entirely called
$ransistors WORD LINES,
o =] = Ll L e furction automated) and the
. “dependent” uts i
in LC_L‘_ L(J‘._ L{ L‘_I‘__ / . ou-}paf%enes
o = = = = Problems: selector are
I L{ L{ L{ - Active Pull-ups el
word'lng—— @, 1 = = = (static Power) '
- I_ona metal runs /
- e = = >0+ S (I_arae Caps) 9
‘bit"~line
~_ = = = = Do_ - 5|OW
«f SRR ] Cour
3 5

Decoder Values: 0 1 2 6 7
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Looic ACCOrDING TO ROMS

ROMs ignore the structure of combinational functions ..
® Size, layout, and design are independer\Jr ofF Function
e Any Truth toble can be "PFOﬁrammed" by minor
recon?iﬁur‘aﬁon:
- Metal layer (masked ROMs)
- Fuses (Field—Pr'oar‘ammalale PROMs)
- Charge on Hoating gates (EPROMs)
.. etc.
Model: LOOK UP value of Function in truth table..
inputs: 'ADDRESS' oFaTT entry,
ROM sSIZE = ¥ TT entries.. \
.. for an N-input boolean function, size = _ 2" x #outputs
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EXAMPLE: ?-SIDED DIE

What nature can't Provide... electronics can
(and with the same number of LEDS!).

We want to construct a die with the Po\lowinﬁ sides:

An array of LEDs, labeled as Follows, 3 0

canh be used to display the outcome
of the die: ©0C6C

© 6
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ROM-BASED DESIGN

Truth Table for a 7-sided Die Once we've written

out the truth table

A B C|T UV WXY Z , .

o ol®To o o 006 we've basicall
Finished desi

o o 1lollollol 1 lollollo inished the esign

O 1 010(l1//00 O O||1/ 0

O 1 10(/(1//0 1 01| |0

1 0 O1(/1|/0] O O||1||1| pPossible optimizations:

1 0 1j1n1y0] 1 /01111 Euninote redundant

1 1 olia|1{[1] o [1|ja|j2] T

1 1 1[al{1/2] 1 112 P

- Addrescsing tricks
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A SIMPLE ROM IMPLEMENTATION

A {>C = = = = = = = = A B C T/Z U/y V/X W
L:/ Wl e b 000/ 0 0 0 o0
G R N - O 0 1 0 0 0) 1
L‘i__ Li_ Li_ L‘i__ O 1 0 0 1 (0] o)
B Do—T—— L{ L{ L{ L{ o1 1| 0 1 o 1
| Ll L 1l 1 1 00 1 1 (0] 0
1 0 1 1 1 0 1
. TR KR S
| L{ L{ L{ L{ 1 1 1] 1 1 1 1
Li L{ L{ L{ That was Easy!
-,E‘! >o-T/Z ROMs are even more Flexible than
.:‘.' ".i. ".i. ":1. ".i. U /y MUXes, because you can desian the H/W
;:! -i -i -i -i -i -i {>O-V/X Lirst, and Piaure out the logic later!
L = = = = = = DO
.1:(.' -li' -li' wW This is the essence of programmability:
= —>0- prog Y
"_i_ "_i_ "_i_ "_i_ 'L ATE-BINDING" logic Gpeciﬂ(:icaﬂon.
Decoder Values: 0 12 3 4 5 6 7°

10/25 /2017 Comp 41 - Fall 2017 10



—
"ProcRAMMABLE” Look-vp TaBLes |||

—

Remember, EVERY combinational circuit can be expressed as a lookup

table. As a result a ROM is a universal logic device. Urhcor+una+ely, the

ROMs we've built thus far are '"HARDWIRED" That is, the Ffunction that

they compute is encoded by the pull-down transistors that are buit

into the OR-plane of the ROM. What we'd redlly like is a combinational

EaJre that could be reconﬁigured dynamically. For this we'll need some
orm ok storage

WORD line

The function of a How fo
ROM is determined “‘store” a
by the presence of I ‘bi'?
a transistor at the

intersection of @ ™ ilmli 'N'li ""li BIT hﬂe &
WORD line from the \'

AND array with a — = = =

BIT line going to

the OR array “"Ii ""'Ii '“"Ii

10/25 /2017 ComP 41 - Fall 2017 1



=\

ANALOG STORAGE: VUSING CAPACITORS |||

We've chosen to encode infFormation using voltages ond we know From
Ph\/sics that we can ‘store' a voHaae os "char‘ﬂe" on a capacitor:

. N-channel Pros:
werd line FET serves ° compac+!
bit line ' as an Cohs:
1 access o it leaksl = refresh
switch ® complex interface
— ° readinﬂ a bit, des’rroys it
(you have to rewrite the value after each read)
To write: VREF e it's NOT a diaiJral circuit
Drive bit line, furn on access FET,
Lorce storage cap to new voltage This G-I'or'age circuit is the
To read: basis for commodity DRAMs

Precharﬁe bit line, furn on access FET,
detect (small) change in bit line voltage

10/25 /2017 Comp 41 - Fall 2017 1



DynNAMIC MEMORY

TiN/TazOs/W IS
Capacitor

TiN top
electrode

REF): :

(V

poly
word access
line FET

10/25 /2017 ComP 41 - Fall 2017 13



A "DIGITAL” STORAGE ELEMENT

s adlso easy to build a settable DIGITAL storage element
(cdled a latch) using a MUX and FEEDBACK:

Here's a feedback path, " » .
so it's no lon?er aP S'l'a'l-e Slgﬂa'

2 / combinational circuit. CIPPeCIl"S as bo'l'h
/X ( input and output

—’0\ G DQy [Qy
> Q _ —
D 1 g 0 0 — Q stable
—>/ - 1 1 _
T 10 - 0 _  Q follows D
G 1 1 -- 1

I0/25 /2017 Comp 41 - Fall 2017



)

—

i
S

A Look VNDER THE COVERS

Lets take a quick look. at the equivalent circuit For our MUX
when the anre is LOW (the feedback Pa'l‘h is active)

3 O

Q ]

L =
D_ |

o=

I_ ——
i le = Lpeps

Advan+age9=
1) Maintains remembered state
For as long as power is applied
2) State is DIGITAL
Disadvarﬁage:

)) Reguires more transistors
10/25 /2.017 Comp 4 - Fall 2017 5

This 9+or'aae circuit is the
basis For commocli’ry SRAMs



Wy DOES FEEDBACK = STORAGE?

BiG IDEA: use positive Leedback. to maintain storage indePlniJrely. our
logic gates are built to restore marginal signal levels, so hoise shouldn'+t
be a Prob\em!

ResuH: a bistable
storage element
V|N VOUT
VTC for Feedback constraint: Nol;l. dﬁeded
inverter pair Vv =; ' y holse
Voury \ R Three solutions: \

- two end—Poin+~s are stable
. middle point is unstable

/

v, We'll get back o Fhis!

10/25 /2017 Comp 41 - Fall 2017 [




stAaTic b LAaTeH

— D Q—— —ID QI—
—1G —O0|G
Positive latch Negative latch .. 4.
Q follows difference?
/ ) n
D | »
G —Q
Q| |

I

Q stable

‘static’ means latch will hold data (ie, value of Q@) whie G is
inactive, however Iong that may be.

I0/25 /2017 Comp 41 - Fall 2017



A

DYNAMIC DISCIPLINE

Design of sequential circuits MUST guarantee that inputs to sequential devices
are valid and stable durina Periodc; when they may influence state changes.

This is assured with additional >t

timing specifications. PULSE
these 4 >tserue | >tuoin

€ Timing
specs relate D —G
changes in >, <t.p
inputs to h y If 4, isn't provided
changes in Q you can ;afel)(;

_ is 0.

W}P}J' t.,: minimum contamination delay assu:S °

the soonest that an output will change in response to an input changing
t,,: maximum propagation delay

These relate to the latest that an output will become valid in response to an input changing
‘| "°|"9°5 | t,, s Minimum pulse width
inputs. " guarantee G is active for long enough for latch to capture data

~ t .

I0/25 /2017

setup- Setup time
guarantee that D value has propagated through feedback path before latch closes

tHOLD: hold time

guarantee latch is closed and Q is stable before allowing D to change
Comp 4l - Fall 2017



STORAGE ALONE IS NOT ENOVGH!

We need 1o

open the gate
long enough to

“start” button — capture the
output of the

“0” button —> » unlock ROM, but ne

ROM R

respends to
64x4 Hs new input
. before the

Next gote closes.

Current Opening gates

“state” "state” ¢ iy

"
Q D«

Hmm. Hard to get pulse

f\ [\ width exactly right!

I0/25 /2017 Comp 41 - Fall 2017
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FLAKEY CONTROL SYSTEMS

Here's a
strategy For
saving 2 bucks
the next time
you Find
yourseIP at a
toll boothl

I0/25 /2017 Sornp 4l - Fall 2017
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ESCAPEMENT STRATEGY
TOLL

The Solution:
Add two gates
and only open
one at a time.
(Psst.. Don't

tell the toll
Folks)

KEY: At no time is there an open
path +hr'ou6h both 3a+es...

10/25 /2017 Comp 41 - Fall 2017 38



EDGE-TRIGGERED FLIP FLOP

LOGICAL "ESCAPEMENT”

W
D——D Q D Q—Q D—D Q—Q
master slave —
—O G G — CLK—>
CLK
Observations:

e only one latch “ransparent' at ahy time

netants nok master closed when slave is open (CLK is high)
/ infervals slave closed when master is open (CLK is low)
ho combinational path through fip Fop
Q only Chm??" shortly after O—l +ransition
of CLK so Hip Hop appears to be '+r'igger'ed' by
rising edge ofF CLK

Transitions mark

-
\
e o o

®

I0/25 /2017 Comp 41 - Fall 2017 39



FLIP-FLOP TIMING

YA
D——(D Q D Q—Q D—D Q
maste slave —
—O G G —  CLK—>
CLK
D__| | ]
CLK | I
Q___ |
\ } \ }
master closed e N slave closed
slave open master open

10/25 /2017 Comp 41 - Fall 2017
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Two IsSves .
D

—/D Q D Q—aQ

master slave

—0O G G

CLK

- Must dllow time for the input's value to propagate to the
Master's output whie CLK is LOW.

. This is called 'SET-UP" time (How long a D input must
valid before the clock rises)

- Must keep the input stable, just after CLK transitions to HiGH.
This is insurance in case the SLAVE's gate opens just before the
MASTER’s 3a+e closes.

.. . . (How long a D input must ‘remain"
- This is called *HOLD-TIME valid a-PI-aer' the IZT.ock rises)
. Can be zero (or even neaaﬁve!)

- Assuring ‘set-up' and ‘hold' times is what limits a computer’s
PerFormance

I0/25 /2017 Comp 41 - Fall 2017



FLIP-FLOP TIMING SPECS

<top
D—D Q—Q
Q K
CLK —>
CLK
D
>tseruel >towo

t,,: maximum propagation delay, CLK —-Q

toeryp: Setup time
guarantee that D has propagated through feedback path before master closes

t : hold time

HOLD"
guarantee master is closed and data is stable before allowing D to change

I0/25 /2017 Comp 41 - Fall 2017
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SUMMARY

e Regular Arrays can be used to implement arbitrary logic
Functions
® ROMs decode every input combination (Fixed-AND array)
and compute the output for it (customized-OR array)
® Memories
o ROMs are HARDWIRED memories
o RAMs include storage elements at each WORD-line and BIT-line
intersection
n dyr\amic memory: compact, only reliable short-term
m static memory: controled use of positive feedback
e Level-sensitive D-latches for static storage
e Dynamic discipline (setup and hold times)
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