CS 5 A
Python ><
ol [H N :
119 D taking
Hmmm.u A L{\ the
>0 _/_ . .
computer B © circuit
! P — ¥ \ "canvas”
: T _/ | .
u main memory literally
R ) [
registers C
t T
S 1-bit memory: flip-flops | '
O S — I Unnecessarily convoluted wiring :'D <:|
arithmetic N
X3 X2 X1 @ X0 l
bitwise functions IsTfJ_ |

logic gates rLl." | \

switches: transistors

€&—— T 4>

& Y? Sumé sé Sum2 Sum1 Sum0 An example of a happy
- Things are awfully messy 'round here... Ripple-Carry Adder...




hwb5 ~ composing circuits

3-bit Full Adder Prime tester

4' b |t Rlpp le-Carry Ad d er using "minterm expansion”

4-bit Multiplier

3x2-bit Divider

—  extra credi

12 nGbits of memory (RAM) Optimized

Prime



Prime-tester...

Main fulladder ripplecarry prime

circuit for PRIME(x,y,z,w)
truth table for PRIME(X,y,z,w)

@'DO E(Z)*-DO four inputs

X y z w output: PRIME(x,y,z,w)
o (] o 0o o Row A
o (] o 1 o Row B
o (] 1 0o 1 Row C
o o 1 1 1 RowD
o 1 o 0o o Row E
o 1 o 1 1 Row F
0o 1 1 0 o Row G
o 1 1 1 1 Row H
PRIME(x,y,z,

(.y,2,W) 1 ] o 0o o Row AA
1 (] o 1 o Row BB
1 (] 1 0o (o] Row CC
1 (] 1 1 1 Row DD
1 1 o 0o o Row EE
1 1 o 1 1 Row FF
1 1 1 0o o Row GG
1 1 1 1 (o] Row HH

pure "minterm expansion”: one AND for each '1' output



Prime-optimizer?!

This one is

Main fulladder ripplecarry prime

problem 5, EC

circuit for PRIME(x,y,z,w)
truth table for PRIME(X,y,z,w)

@'DO @-DO four inputs

X y zZ w output: PRIME(x,y,z,w)
o o o (o} o Row A
o (] o 1 o Row B
o o 1 0 1 Row C
(o] (o] 1 1 1 Row D
o 1 o o o Row E
o 1 o 1 1 Row F
o 1 1 0o o Row G
o 1 1 1 1 Row H
PRIME

(6.y,2,W) 1 o (o) o o) Row AA
1 (0] (o] 1 (o] Row BB
1 (] 1 0o o Row CC
1 o 1 1 1 Row DD
1 1 (0] o (o] Row EE
1 1 o 1 1 Row FF
1 1 1 0 o Row GG
1 1 1 1 o Row HH

pure "minterm expansion”: one AND for each '1' output




Wiring tips...

®  ® [ css- AdvancedadditionGold X CircuitVerse - Digital Circuit & X 4

3-bit Full Adder

XOR fulladder ripplecarry

Samuel Chotzen ~

prime

out

~
<
o

c c o0
L -7 -
=T =T
- O 0 O

carry out

(S I T
- = 0 0
we wTa
=)

out

)
(=2 = = =
= =00
Lol E B el
o = = 0O

[
- - 0 0
purell .~ BRLor )
- 0 0o =

Decoders & Plexers

Sequential Elements draw away from gates, toward rails...

Memory Elements




Worst-case, so far...

g
Cc & circuitverse.org/simulator/edit/hw5startercircuits-8b871548-075a-4eec-9d99-79dd2efab939
i Apps  ® YouTube [} wishlist= [l Work [l College [l DND @ Philosopher Koder - [ Byron, The Vision o. * We Look to You - Y.. Slack | escape-roo. #8 Physics AE Queue S. Language Files 12-.. P LaTeX - Michael Die... @ Chem Lab

CircuitVerse Project ~ Circuit » Tools Help Imallett ~

XOR fulladder ripplecarry prime optprime 4x1 mult mult

Input

Output

Gates

Decoders & Plexers
Sequential Elements
Memory Elements
Test Bench

Misc

PROJECT PROPERTIES
Project : hw5startercircuits
Circuit : mult

Clock Time : 500

Clock Enabled : .
Lite Mode : [N

Delete Circuit

Edit Layout




RPRPRPRPPRPROOOO X

=

RPFRPOORKFHEFOOK

truth tables < circuits

OuT

circuit output

(the truth table) (the circuit)



truth tables < circuits

IN OuT

circuit output




RPRPRPRPPRPROOOO X

=

RPRPOORKHFHEFOOKK

truth tables <-> circuits

OouT
C circuit output
O O X Y. ... Camyln _ o .
1 0 g e
0 1 kb == D
O 1 — Sum
1 0 B
0 1 =)=
1 1 it

(the truth table) (the circuit)



truth tables <-> circuits -

Challenge 1: There is a mismatch between this function (truth table) and circuit.

Challenge 2: Fix it on BOTH sides: Draw how to make the circuit match the table + how to make the table match the circuit

IN OuUT AND gate for
each 1 in the
X y C circuit output truth table's
0 0 O 0 .
0 0 1=C g ; @3
0 1 O 1 T
O 1 1 0
1 0 O 1
1 0 1 0 1+
1 1 O I |
1 1 1 1
(the truth table) (the circuit)

Extra Challenge: This "minterm" approach can implement any function. But functions miss most of what computers do! What's missing?




tru th tabIeS <_> Circu itS Try this on the other page first...

een th n R A |
on uth ow 6 (110) has no ND gate.

R nA !

| . re is a mis tc tw this functi (tr th tabl ) and circuit. w1l (001) does A ND gate

Challenge 2: Fix it on BOTH sides: Draw how to make the circuit match the table + how to make the table match the circuit

IN ouUT AND gate for
. . each 1in the
circuit output truth table's

output

v

RHEFRRPROOOO x
PFROORROO<
HOROMROKRO n

RPFROROKFKPEFO

(the truth table) (the circuit)

Extra Challenge: This "minterm" approach can implement any function. But functions miss most of what computers do! What's missing?



truth tables <-> circuits v

Challenge 1: There is a mismatch between this function (tri+- *__

Challenge 2: Fix it on BOTH sid=-"__

\tch the circuit

AND gate for

' 2ach 1in the
S s Jle's

1t

"It's not real unless
it can be done in
Minecraft.”

‘ =t ey P i = o | Sum

RPRPRPRPPOOOO X

Extra Challenge: s missing?




Y3

Y2

| | | | | — —_— —
ompaosing ClIrcults| |: g —| @ —]&
7
Il Add i
.
~ minterm 6
. " " Sumé4 Sum3 Sum2 Suml Sum0
this FA gets "boxed up
N
This will be a fulladder circuit (FA), implemented from funda.ﬂlogic gates.
inputs
> éu @u 3 y c output: CARRY(x,y,c)
o o o o Row A
A S5 —\ o o 1 o Row B
o 1 o o Row C
r —/ o 1 1 1 RowD  Alpha
? 1 o o o Row E
1 0 1 1 Row F Beta
Et% 1 1 o 1 Row G Gamma
amp _J 1 1 1 1 Row H Delta
Gg W
J output: SUM(x,y,c)
Ein o o o o Row A
0 0 1 1 Row B Epsilon
o 1 o 1 Row C Zeta
0 1 1 o Row D
-\ 1 o o 1 Row E Eta
E —/ 1 o 1 o Row F
“‘q{ 1 1 o 0 Row G
—_/ 1 1 1 1 RowH  Theta
Zeta
)
—4 J
L/
— Theta

g

one FA for
each column
of binary
addition




Composing circuits
4-bit Ripple-Carry Adder

one FA for

each column
of binary

|
N N 1
. [ )l }1,
LLL/ L\QL( J:‘ xj
Cpe | |2 7 @i
~TNT U Y

addition

{3 8 bitsin

—> 5 bits out
5 fUll adders ﬁ one FA for

each column
of binary

" " - addition
5 "sum' bits




4-bit Ripple-Carry Adder keep

{1 8 bitsin

Z, Z, Z, 2, Z, —> 5 bits out



4-bit Ripple-Carry Adder keep
qbstracting’

{1 8 bitsin

Z, Z, Z, 2, Z, —> 5 bits out

{71 8 bits in

+ X3 X X X
Z, 23 2, 2Z; Z, )& Sbitsout

our ripple-carry schoolbus 1" "'




Composing circuits keep

abstra cting!
4-bit Ripple-Carry Adder

{1 8 bitsin

n X; X, X, X,
2, 43 24, 24, 4, J‘:> 5 bits out

our ripple-carry schoolbus

[m (Q s *J
Now let's make lots of them!! .




hw5pr3: A 4-bit multiplier

1 1 0O 1 Multiplicand

x 0 1 1 0 Multiplier
0 0 0 0  4partial products
-+ 1 1 0 1
s 1 1 0 1 e 16 bisvou
need to create! Q
+ 0O O 0 O \2 =

Each bit will
have a wire!

0o 1 0 0 1 1 1 0 Final answer...

(Q3) How could THREE 4-bit ripple-carry adders help here? —

(Q2) What bit would be correct for the starred spot “— ?

(Q1) What circuit could you use to create the four "partial products” ??



S

/ >e)

‘ SEN

S A -
dodds@hmc.edu — Carson Stubstad | Qﬂ‘ Clara Mcintyre [ =

[P

W% CS5 - MinisculeMultiplicat % CircuitVerse - Digital Circuit X CS 5 Gold Dashboard | Gr 4 CircuitVerse - hwhstarter X # #gaming-channel X B Added to a group in Circu

&« C ()} & circuitverse.org ) w @8 R »

;i Apps [@ Hotchkiss Bookmarks - = Outlook - free per... . Orientation Deadli... 4= TS62 Contact Info... Redirecting to Sak... [} Home | Portal § HMC Residence: L... M Hyperschedule -...

CircuitVerse Project~  Circuit~ Tools~  Help N
XOR fulladder ripplecarry prime optprime mult exrails ex 4*1 circuit

Input Examples to test: 0111x 01

Output

Gates

] 1
Decoders & Plexers I \

E X3 X2 X1 X0 YO X3 X2 X1 X0 yO X3 X2 X1 X0 yO X3 X2 X1 X0 yO
Sequential Elements 3 ¥ 3 y 3 y 3 y

Memory Elements
4*1 circuit 4*1 circuit 4*1 circuit 4*1 circuit

Test Bench

Misc z3 z2 z1 20 z3 z2 71 Z0 z3 z2 71 Z0 z3 z2 71 Z0

¥3 y2 yl YO X3 X2 X1 XO
PROJECT PROPERTIES ripplecarry

Project : hw5startercircuits 24 23 22 71 Z0

Circuit : mult

Clock Time : 500 P8 YR RS B S

Clock Enabled : 'l
Lite Mode : I 24 73 72 71 20

Delete Circuit

ripplecarry




hw5pr3: A 4-bit multiplier

1 1 0O 1 Multiplicand

x 0 1 1 0 Multiplier
1‘3 O O 0] O 4 partial products
1 1 0 1
% . S U | &=
| 1 1 0 1
B T o
0 0 O O v
| VAR
° 7t A° AD 11
o 1 O 0” 1 1 1 0 Final answer...
(A1) The AND gate is single-bit multiplication. (A2) ==

(A1) Use a 4x1-bit helper circuit to find the four partial products...

(A3) You need three (3) ripple-carry adders to finish: see above...




Division? hw5pr4

> Logisim: coveredDivide

File Edit Project Simulate Window Help
&r]aA|® e >D D
D@IB S
+ 1t I X

| hw5_sols*®

£} Myxor

Fulladder

4-bit Ripple Carry Adder
4-bit Multiplier

3by2 divider

12 nGb memory

4x1 multiplier

2-bit decoder

D latch

4input example

2 bit equals

test2

- coveredDivider

[ ) Wiring

- |, Gates

[+ |, Base

Circuit: coveredDivider
Circuit Name coveredDivider

Shared Label
Shared Label Facing East
Shared Label Font SansSerif Plain 12




_ - INPUTS OUTPUT
Minterm Division Y2Y1Y0 X1X0  Z2Z1Z0 E

dividend divisor quotient e{)ﬁ’r

"principled"

design

div.byo  anything O O anything 1

(1) Any function of bits can be made a truth table ——>

\)\\x

S

W

(4) Are there subcircuit patterns to notice?

(5) If not, use an AND gate to select each input
for which the output should be 1 (a minterm!)

'ed?
To implement the red 1, how many oy ey WD Eak

: - o)
inputs will its AND gate need?” What division is that line?

(6) OR the outputs from step (5) together.

or never

HHRHRHOOOO | RFFRRROOOO |RFHERKFEOOOO
HHOOHRKHOO | FROORKFOO FRFHOORKROO
HOHROHOHO | HFOROKFHOKRO | FOHROKOKRO
RRERRRRBEHER | RRRERRRREE | 0O0O0OO0OO0OO0O0O
RFRRRRPRHEHER | 00000000 |RRERRERRRREE
COO000O00O0 | OCO0OO0O0O0O0O0 | HFRKHEKFROOOO
RFROOOOOO | RFRRHROOOO | HFROORKROO
OCOrRHRHOOO | HHFOOKHKHOO | HFOHOKROKRO
CO0OO0O00O000 | OO0OO0O0O0O00O 0OO0OO0O0O0O0O



Circuit Optimization?

=
—) >

T ) I‘D—G o

) — ] co

A1

BO

el

>

Figure 5: A 2-bit multiplier generated by a human designer

TN

LE > DfD

Figure 7: A 2-bit multiplier generated by a GA using our approach

0994@36

16 gates

Perhaps artistically

als optimized!

e

7 gates

for exploring genetic algorithms...

Optimizing for what?!




Time-optimized circuits: Carry lookahead adders

The following circuit is called a carry lookahead adder.

By adding more hardware, we reduce the number of levels in the circuit and speed things up.

We can "cascade" carry lookahead adders, just like ripple carry adders.
We'd have to do carry lookahead between the adders too.

How much faster is this?
For a 4-bit adder, not much. There are 4 gates in the longest path of a carry lookahead
adder, versus 9 gates for a ripple carry adder.

But if we do the cascading properly, a 16-bit carry lookahead adder could have only 8 gates
in the longest path, as opposed to 33 for a ripple carry adder.

Newer CPUs these days use 64-bit addersgiE15 AV WA K-F 171306 ] ()8 o [=1=1e [T]6 )

The delay of a carry lookahead adder grows logarithmically with the size of the adder, while a
ripple carry adder's delay grows linearly.

The thing to remember about this is the trade-off between complexity and performance.

Ripple carry adders are simpler, but slower. Carry lookahead adders are faster but more complex.



Deta'\\s‘- A 4-bit carry-lookahead adder circuit

Sum bits

ﬁGT
2
SGT
o @@0—%
|
(e
~&(
|
I Ki*—%
(=

S e e A

“carry-out”,
not “c-zero” i Carry bits




Flows!

A 4-bit carry-lookahead A 4-bit ripple-carry
adder circuit adder circuit
s e e g .
L

By Sjs[e 5& QJ

j> What information is needed? Where? How?

speed vs. complexity tradeoffs ~ the "cs facets” of engineering






Today's gates?

\‘—v"—
A

!

pin

d

..................................

v
“' -
y v

AT s

AR AN RN

..............

< b

=
{

' PN

-
D) !

U LINS

o

'
:
v €

W

............................

Area on the chip
....................... MEarathe e
(500x magnification)

Microprocessor chip (actual size)
in its ceramic package

https://www.youtube.com/watch?v=2z9gme_ygRI
https://www.youtube.com/watch?v=Fxv3JoS1uY8



are from silicon-based switches ~ transistors

switches?

a single etched transistor labeled with
base (b), emitter (e), and collector (c)




are from silicon-based switches ~ transistors

S S S AT O e y
3 Nl o e
Vil

|
S

T e A

Stteh
gate?
door?
portcullis!

a single etched transistor labeled with
base (b), emitter (e), and collector (c)



One transistor!




One transistor!

E85's transistors

"high"
a +5v voltage here

Now

allows current here

open-on-high type transistor

single-electron tunneling, or SET transistor




Lots of transistors!

E85's transistors

"high n

Then a +5v voltage here

Graphic: Transistor Production Has
Reached Astronomical Scales

Alook at Moore’s Law in action
https://en.wikipedia.org » wiki » Transistor_count

By Dan Hutcheson Transistor count - Wikipedia

108 @ About featured snippets + B F

. PRICE PER TRANSISTOR
(BILLIONTHS OF $1)

1070

100M

People also ask

1015
------ ™ How many transistors are produced each year?

Global production of transistors has surpassed 20 trillion per second—hundreds of

10% 10K quintillions per year. Apr4, 2017
Q_A
5 100
10° ——TRANSISTORS '
MADE PER YEAR

2014

allows current here

open-on-high type transistor

single-electron tunneling, or SET transistor




Two types of transistors...
/ Transistors are \ "high"

current gates: a +5v voltage here

open-on-low (pmos)

!Ov I S5v
N/
— 7\

Ov "opens” this wire 5y "cuts” this wire

open-on-high (nmos)

|0V 4 5v ) ‘
— - ‘ allows current here

Ov cuts” this wire | 5v "opens" this wire i )
\_ - j open-on-high-type transistor

an input of 1 opens the portcullis...




Two types of transistors...

-

Transistors are
current gates:

open-on-low (pmos)

_$5_v

_g)l

—

N

\

7\

Ov "opens" this wire

5v "cuts” this wire

open-on-high (nmos)

-~

-

N
7\

~

5v

—

Ov "cuts" this wire

J

\S

5v "opens" this wire

/

"IOW"

a Ov voltage here

X ‘X

blocks current here

X
open-on-high-type transistor

an input of 0 closes the portcullis!




Rotations are common...

Transistors are
current gates:

open-on-low (pmos)

_g)l

—

_éS_V

NZ.
7\

Ov "opens" this wire

5v "cuts"” this wire

open-on-high (nmos)

1

NZ.
7\

5v

—

Ov "cuts" this wire

5v "opens" this wire

Transistors are

current gates:

open-on-low (pmos

5v

Ov

7\

5v "cuts" this wire

Ov "opens" this wire

nmos)

open-on-high (

5v

Ov

_I 7\

5v "opens" this wire

Ov "cuts"” this wire



Transistors are

Building a NOT gate

current gates:

open-on-low (pmos)

09

Ov "opens" this wire

.

_I

| SV_0|

|
X
-

5v "cuts"” this wire

open-on-high (nmos)

|

4
N

ov —|)

Ov "cuts" this wire

-

s

|

|
a

5v "opens" this wire

input output

Building a NOT gate from transistors:

+5v POWER a two-
transistor
0 4 NOT gate
0 0
e (1 or0)
(0 or 1) D p&y OUTPUT
INPUT |

~

Ground = Qv



a NOT gate

Implemented!

-

0v—o| [ 5v—«:|><

Transistors are \
current gates:

open-on-low (pmos)

| J

B B

Ov "opens” this wire 5y "cuts" this wire

o]

open-on-high (nmos)

| |

< 5v—|]

1 1

\/

\Ov “cuts" this wire 5y "opens" this Wiry

(Oor1)
INPUT

phatograph
of g two-
transistor
NOT gate

+5Vv POWER a two-
‘ transistor
4 NOT gate
® (10r0)
| OUTPUT

Ground = Ov



) (1) What will be output? ‘
Tra n S I S tO rS! Fill out the truth table to the right

Transistors are
current gates:

open-on-low (pmos)

w4| w%ﬁ

Ov "opens" this wire 5y "cuts" this wire

open-on-high (nmos)

v{

Ov "cuts” this wire 5y "opens" this wire

(3) Extra! How could

you alter the transistor-level
design to make the design
above into an AND gate?

AND

Power, 1 or +5v~

|

let's follow these
inputs together...

1 o
X 9 X 4{
Inputs: X, ¥

eachis Oor1 O
independently

y - Y_4 k

Z

[
O
V)

RERO O X
RFOK O K

©,

(1) Fill in this
circuit's truth table

Output: Z 7
—

Z is either O or 1,

depending on X, Y

[><
S

£

= Ground, 0 or Ov

(2) Challenge: What gate is the above diagram? It's one of these four:

=B P B

"not and" "not or" "exclusive or'

HHOO N
HOK O |K

OHI-‘ON



) (1) What will be output? ‘
Tra n S 1 S to rS ! Fill out the truth table to the right

X Y | Z
0O 0
. Power, 1 or +5v 0O 1 0
these 3 result in outputs
Transistors are of 0 - not detailed here 1 O 0
current gates: n 1 1 0
X X
open-on-low: (emes) (1) Fill in this
Inputs: X, ¥ circuit's truth table
eachis Oor1
(1)74 —C{ l 5v —4 independently
Y Output: Z

Ov "opens" this wire 5y "cuts" this wire /_> Z
Z is either O or 1,

open-on-high (nmos) depending on X, Y

Y 0 C\ogeé

0v "cuts" this wi " this wii J_

= Ground, 0 or Ov

(3) Extra!

you alter the transistor- Ievel
design to make the design

. AND

"not and" "not or" "exclusive or'

(2) Challenge: What gate is the above diagram? It's one of these four:

HHOO N
HOK O |K

OHKHO N



Their M
ark 1 an early, relay-based computer

2 i S
e

m i A




Transistors as disruptive technology

point contact transistor

The First
Transistor

4o "'.-t;".;’v.‘ ’-
\u" |

- -
-
- 0
g -

copyright: Lucent / Bell Labs

1947: Bell Labs

seeking better amplifiers for phone lines

team of physicists: W. Brattain, W.
Shockley, and ]. Bardeen

1948: junction transistor
much more robust design

1956: Shockley Semiconductor Co.

in hometown of Palo Alto...

in a few months...
the "traitorous eight" left to found

1957: Fairchild Semiconductor Co.

... and so begins the valley's siliconization



What's the other half
of computation?




Half a computer: the CPU

[ L g R

8% Y3 Y2 Y1 Y0 X3 X2 X1 X0
_ hws_sols_2014* @I @] @
o :
3 4-bit Ripple Carry Adde _@ t ra n S I Sto rS
41 4bit Multiplier
] 3by2dividgr Z7
B — ® l
3 SR latch Z6
%?E::p d I ! ates
“H oo —® 5
] e 2 |
“H cveredvenany
{} coveredAdder _@ . °
s 24 arithmetic
[+ 1, Wiring
4 Py —®
Z3
g [P

ircuit: coveredMultipl...

Circuit Name  |coveredMulti...
Z2
Shared Label
Shared Label... [East
Shared Label... [SansSerif Pla... @
6x7..!
Z1
[ o .




For systems, a face-lift is to add

an edge that creates a cycle, not

inputs

output

1,ets eng
1ot

N

eel
of

just an additional node.

- also Alan Perlis

emOTy\‘

NOR's Truth Table

gnis 10

4 NOR
XY Z
0 0 1
0 1 0
1 0 0
1 1 0

~




NOR's Truth Table

* The circuit starts with R being 0 + S being 0

) I
and Q starts at _0 the "loopback wire" M e m O ry "

—_ from S to R will be 1

* What if SstaysOand Rissetto1?
Q isthensetto 0

1
* What happens if Sstays0 and R is set back to 0? "Set" g . 0
Q still stays (!)at _0_

* What happens if RisO0 and Sissetto1?

Q isthensetto 1
* What happens if Sis0 and R is set back to 0?
0 still stays (!)at 1 0 NOR 1 0
"Reset"
Why does "S" stand for "Set" and R for "Reset" ? R Qs a single
S "sets" Qto 1; R "resets" it back to 0. bit of storage
Take a look at this circuit: D data -\
inputs AND
The D (data) line holds a "strobe” Z — ) NOR
single bit we want to store "we are ready
(eitheraO ora1). to handle the
data"
How does the strobe bit on 0
help store the bit D into Q? AND
Qis 1 bit
of storage

Hint: What happens when the "strobe" is 1?



The flip-flop Demo,

D data
inputs -\

AND
"strobe” / NOR

"we are ready
to handle the
data"

AND NOR Q
I_/ Qis 1 bit
of storage

4

D the flip-flop's diagram

 strove 1 bit of memory! .




D data

"strobe"

the flip-flop's diagram

1 bit of memory! .,



Random Access Memory
Extra: Design 12 nano-Giga-bits of RAM

Demo!

3 data input bits

S ———

—_—
—
 ———

—_—
2 data address bits

write enable line
 E—

read enable line

Simplified
Prototype for
Accessing

Memory
12 bits of RAM

6

memory
. values
locations

 ——
 ——
 ——

Outputs

3 data output bits

3 bits stored at location 00
3 bits stored at location 01
3 bits stored at location 10
3 bits stored at location 11



Ex Cl‘ 3 data input bits STORE

0. Make data input bits 101 .
the value 5 into

1. Give 01 to the decoder (the 1 goes on) mem I ocC #1

2. Make the "Write Enable" high S

—2;4—-3;

3. How do the * AND gates make 6—0;5—1;

sure that the value does go into

memory location #1? D Q D Q D Q O

memory

4. How do the * AND location strobe ﬁ strobe D strobe

gates make sure that the D |_ |_

value does NOT go into 0 r‘_/

memory location #0? Binary

Address
Decoder
D Q D Q D Q ]
strobe ﬁ strobe >strobe
1 -B [ [
A1
. D
data address, U/ t] t]
in binary
2 -
1D

&

write enable line

OR

read enable line OR I
OR

two other memory lines and their flip-flops are not drawn 3 data ou‘l‘pu‘l‘ bits



0. Suppose 101 is in Location #1 3 data inpu’r bits LOAD

1. Give 01 to the decoder (the 1 goes on)

2. Make the "Read Enable" high take data from
3. Which gates will ensure bits from mem. location #1

memory location #1 are read out? .

4. Which gates will ensure bits from
memory location #0 are not read out?

5. .Draw where ’the "Read Enable" memory D Q D Q D Q O
wire should go- location |_ strobe ﬁ strobe |_>strobe
0 FD
Binary
Address
Decoder 5 Q 5 Q 5 Q 1
strobe strobe > strobe
1l H [ [ [
L/
Al —
. D
data address, V), t] t]
in binary
2 -
15D
write enable line
OR
read enable line OR '

OR

two other memory lines and their flip-flops are not drawn 3 data ou'l'pu'l' bits



