6.5188

Build a Digital Clock from the Eighties

Lecture 3A:
Clocks and Oscillators
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Couple Remaining Things
* This will be our last lecture/recitation/thing
* After this one more optional lab (Hit the Bit)

* And then build your digital clock
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Oscillators

How do you oscillate?
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A Big Missing Piece...

* We’ve basically covered most of digital logic with
the exception of clock generation.

* Most digital systems work operate using periodic
signals to synchronize all the logic together.

* These signals came to be known as “clock
signals”
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Originally...

* The pulses were just kinda
poorly regulated RC-pulses.

* A lot of early digital circuits
had capacitors on input for

this reason.

e The RC circuit Adam did last

week to get an “edge” was
actually how they’d do it.

D latch —®
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Just Make Nice Periodic signals

* Instead of having mess of offset pulses that were
hard to maintain:

Cq
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* Prioritize clean square-waves:
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Single Inverter in Direct Feedback

 Connectthe
output of an
Inverter back to its
Input...

e What does it do?

Input | Output
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Single Inverter in Direct Feedback

Lpd

* Logic gates don’t
transition immediately.

* Everything needs time.

* The value t,4 indicates
how long a logic gate

should take to respond to Input | Output

an input tpa < — s
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Two Inverters in Direct Feedback

« What will this do? >>
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Three Inverters in Direct Feedback

* What will this do?
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In reality...

* Odd chains of inverters will tend to oscillate
(with the exception of one inverter which will
usually mush out into analog existence)

* Call these ring oscillators

* Even chains of inverters will find stable operating
points

* Ring oscillators are highly unstable...unless you
need sources of randomness they are very
randomly used.
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One Way to Kinda Fix...

e Add an external source of
timing...

* Adding a sizable RC circuit can
slow down the ability of the
NOT’s output to drive its input.

* Still isn’t perfect though
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This is better...

* Add in the Schmitt Trigger...

* The Schmitt Trigger’s
hysteresis means it will
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Hysteresis

* Once you start going, you can’t go back (positive
feedback and some other internal stuff)

* Makes a circuit much less prone to noise

* Also great at cleaning up signals and converting
analog stuff to digital stuff.
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Regular Inverter

Vout 4

5V

5V
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Regular Inverter

Prone to glitching Vin Vout
when in forbidden
zone
Vin A
>
t
Vout ¢
>
t
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Schmitt Inverter

Protects against Vin Vout
analog signals in | _I]-
forbidden zone
Vin A
>
t
Vout
>
t
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Aside...Biomimicry

e “Schmitt Triggers” receive their name from Otto
Schmitt who came up with the idea for them
after studying

* When our neurons fire there’s actually hysteretic
behavior happening that makes things actually
work.

1/20/26 6.5188 Eighties Clock 20



Even this has problems

* If you do lab 03a, even with
hysteresis, you’ll see the
neriod of oscillation will not _I]-
be stable since R’s and C’s
can drift a bit with

temperature and things. ‘ R

* Not reliable I
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Solution...use crystals

* Take Quartz, cut it into particular
shapes and utilize its
mechanical resonances as a
very high quality and stable
frequency reference

—[]
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Crystal is equivalent to LRC circuit®

[ ~ -

Z; = jwlL Lr=—
L=J]w C jwC

1
fT'eS_zn /—LC

\

Resonant frequency

*and a few other things I’ll ighore for now
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Pierce Oscillator

* All these components form a
very stable bandpass filter in
feedback at the frequency of
Interest.

* [t will lead to square wave
oscillations at the output

* Forms the heart of all
modern clock generators!!!
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Usually add a cleanup Schmitt as

well...

The inverter

here is kinda\
being used as

an analog
component
So its output
signals is not
a digitally
clean signal
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Limits on Crystals

* Very tough to make quartz crystals with low
resonant frequencies (get very large)...generally
lowest frequency you’ll see is ~32 kHz

* Also tough to make really high frequency crystals
(~1 GHz about the largest you’ll see).

* We use support circuits to derive other clocks
from them
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Our Clock

1/20/26

6.5188 Eighties Clock

27



The Clock
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Build Options

* Two pre-made PCBs:
* One using surface-mount components
* One using through-hole components

* Breadboard your own clock from scratch using
schematic (with modifications as you see fit)

* Solder up your own clock from scratch on
perfboard using schematic (with modifications
as you see fit)

* Design your own PCB off of starting schematic
and we can send out (though likely won’t get
back prior to end of |IAP)
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USB Supply
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USB Supply

* Using USB-C connector

USB and standoffs

P1
USB_C_Plug_USB2.0
R1
VBUS = 5K1 R2 H1 H3
ccd-A3 AN ELE MountingQEMuuntingHule
VCONN-B2 AN
H2 H4
D—EL( {7 MountinngMuuntingHole
D+ A6 GND
— 5.1KOhm on Decoupling/Bypass
‘j? i the CC1 and Capacitors to
CC2 pins tells sSuppress noise
GND GND .
Supplies to keep power supply
provide 5V clean
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Power Supplies
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Power Supplies

* Many times in logic w SV

chips that have :
multiple internal T g | | | e TH |5
devices (gates) but a “ ] ]
common power : z ¢
supply, you’ll see a N
separate symbol for : T
the power supply TL™ 2o ¥ | Lo ]
hookup % I?

GND < v
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Decoupling Capacitors

* Very close to each chip
you should place a L
capacitor of around 0.1 (=9, |“=
to 1 uk.

* This capacitor protects o
the chip against .
electrical noise which o ¥ lw | 4
might cause it to have =T
problems |
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Why Decouple?

* Scenario without...
. mm Jjusta NAND gate \
* Normal operation...

livin’ my life!

Oooh a 1and 0?
That’sa 1! Oooha 1 and
1? That’s a 0!

C/ea/; Lalalala

O S

6.5188 Eighties Clock
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Why Decouple?

* Electrical noise gets on the power
supply...

e Wait!?1?! What the hell
Uicg is that? 11212
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Why Decouple?

* Variations in the power supply
can cause the digital chip to stop

being:
* Reliable
. Nigi E/@c . Oh god no! blah aagh
Digital NojsgCal ugh 1111000110707 2
« NOT GOOD [\NWW\ 0.5...101. 11.0101 blah
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With Capacitor in Place...

* Normal operation...

mm Jjusta NAND gate \
livin’ my life!

Oooh a 1and 0?
That’sa 1! Oooha 1 and

o) 1? That’s a 0!
supi;j; ,ZOO"’/er Lalalala........ Y,
5V !
O 712
.
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With Capacitor in Place...

* Electrical noise gets on power

supply line... (¢ >

Oooh another 1 and 0?
That’sa 1.

e Life is great.!!!

Ctyy
M0j5g5 Cleg

h
S o
....* G
Impedance of capacitoris . 9

low for high frequency stuff 9V

but infinite for DC C_,_) . E
1 T ®
Ze=— - v
C =~
jwC
/1
Protects device from noise
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Conclusion: Always Put Decoupling
Capacitors in your Circuit!

* You don’t always need them but they protect
against unforeseen issues, like seatbelts or
Insurance.

* Always include them.

* Seriously!
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Decoupling Capacitors

* In modern devices you’ll always see at least one
decoupling cap per set of power supply pins (and
many modern chips have many pins)
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Clock Generator
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Clock Generator
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talked about
earlier except % 1w
th h d 9 4060 010
Is chip does - s g w2 I
. ®0 Q5 —xX
It a llo 22M —MC o1 Q6 A
—NN—2 Q7 %( GND
Y1 ry ECR as 1—;'><
32.768K M2 Q9 ==X
Q10 2
._||:||—< i )
GND Q12 =X
— Cl -t C6 o WSX
— 15p - 15p Q Ql14 clk_2hz
[v0)
N 4 clock generator circuit
GND GND (32.768 kHz—>2Hz)
Fali NEn}
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What is the 40607

 Has built-in clock circuit,
Schmitt trigger and other
supporting logic to clean
up clock.

 Also has a built-in 14-
stage counter... So we
can divide down clock

1/20/26 6.5188 Eighties Clock

{’? TeEXAS
INSTRUMENTS

Data sheet acquired from Harris Semiconductor
SCHS049C - Revised October 2003

CMOS 14-Stage Ripple-
Carry Binary Counter/Divider
and Oscillator

Qe 7
, Qs /2
14-STAGE £ (s
(:)-;— - ?
R RIPPLE :. s
COUNTER 14
o AND Q9 I3
SCILLATOR
¢ 1()—>— a0
1
Vgg* @ Qis
Vpo 16 gl =
Oo@—d—l
%o @——I
92CS-2%073R!
FUNCTIONAL DIAGRAM
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Chain of flip flops

4060 Guts to divide clock

Crystal and
supporting
parts go
here

1/20/26

down
* —— ——
s ® + -
e é QI —in QI3 — $i4 QI
%o |
FFI | FF2-FFI3 | FFia
apl _— —_ _— —_—
+1(W $ Ql—J¢2 qisl—]| e Qia
T er*]‘f T
: L Ql4
]
RESET ~::I>—— e
04 ai0
Q12,Qi3
¥ ReHIGH DOMINATES {RESETS ALL STAGES) Voo * :
0D *® ALL INPUTS ARE PROTECTED
A COUNTER ADVANCES ONE BINARY COUNT BY CMOS PROTECTION
ON EACH NEGATIVE - GOING TRANSITION NET WORK

OF ¢I (AND ¢0) 92CM-29074R2

Vss

6.5188 Eighties Clock 47



Long Chain of divide-by-2 counters

Clock Generator

Pierce Oscillator

n U6¥/ J— Ci1

r g 4o

0.1u
x2350 S fiuL
R3 10 860 =~ fas -2
22M — 11351 a6 |
GND
Wy 12 a7 164
%! - CLR Qs
32.768K § qQo (13
2M2 ailn |15
32.768 kHz quartz oscillator HDE NS iz Lt
2
Q13
+ —— Ch —— C6
1Oppm = = g a1sf3 clk_2hz |
@
N 6 clock generator circuit
GND GND (32.768 kHz—>2Hz)
el Nin}

* 32.768 kHz crystal is our ultimate clock source
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Counters

T I (3 5
uta
sy s Signal Chain
e [2E]
©| w080 —ve
A 8 auTx R13 < A1k 2 RIS < R16 < R17 E R2L < R25 < R26 < R27 < R28 < R29| (A
as[ 5 & ArZ RS REDD RLEDD RLED RLEDS RLEDS RLEDD RLEDD RLEDD RIED
s GND.
a7l Ex
Vi 12 fcir
s2.788¢ = RIS < RIS < R20 < R2 < R22 S R23
w2 Y otV 27 3Y o0 P o5 3 R 3 RLEDS RLEDS RS RUDS A2 0 o1 ol 07 06N 017
D e[y LE0 Y Leo [y Leo [y Lep Y LED [y LED [ L0 [y LED  LED | LED
N
4 @ L e w ~ 4 > - ¥ v v < H
15p 15p > GND GND. GND. GND GND be o7 08 09 big, Df’ GND GND GND GND GND GND.
Y o Ty o[y e[y eo |y ep |y Led
clock generator circuit ~ ~ Display
GND GND (32.768 kHz->2Hz)
e
7u1521
s
B B
sy
4 hour_signat]
b h Lettovers
H s H
8 u28
uic > T4HC393
74ricr3al usc = 6 ust
= 74iic333 ticay sy
H +5V
L u3e U3F
74iiCL 74HCLy
c| 9
GND ~
+5V oo
+5v 4
2
e o Y
Programming Logic
A
[ — B 19
744393 — 0.1 7us21 I
A —
100k - [
© 7asisy e
U3A 2 u 3
w8 TeRCHE usc o g 2o H——Caeemrian]
¥ 100K 744C14 [second prog> a > o
swz Corogram] st HIE n|7 e
and FROGRAM s MINUTE i
Poer oty -] i . 11| o o Ry
Supplies 0.1 [hoursignal) 10 10 e
[ [rour_prog) i1c
+5V
1 2
v < od oza 2x
+5V USB and stardotfs GND N 13 11g
H PL H
USB C Plug USB2.0 [program> = a
2 RS 15de =
Vs 5k1  R2 +o0x usp
a5 skt < BT - )3 13 761c16 -
ced 100= 0.t Malontin gRBReMabnLing Hole uss
veonnd-BE. TUHC14
12 m w3 <
Y O o
o 0l Ol | | o
. ™ N0 N secow XN .
-r 04u
R N4 ono
il 7 GND.
oD GND
Sheet: /
File: clock v3.kicad sch

1/20/26

6.5188 Eighties Clock

49



33333333

Counters

Signal Chain

* Three separate counters

for seconds, minutes, o

and hours afo gl
ﬁMR gsixx

* Same exact type of -

counters we talked about | . ./ -

previously...just now all e SR T

packaged up a bittosave = | [ e D

onh some wiring. L

our_signal
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74393...dual four bit counters

‘393, 'LS393

eao\(\ 393, 'LS393

3.11 outpuT

Q
(1,13) A Qa
INPUT A T

‘ Qg }¢- 412 outpuT
Qg
p T

(9) 8 Qc (5,9) outpPuT
l Qc
D>
2A ’1g= 20c T

UL 'S

CLEAR (2,12) \'d
INPUT |> ¢
Die miimabince abhmisiin mea d
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‘393, 'LS393

: CTRDIVIE |
USI”g 74393 (2) 0 -—EL-"IQA
1CLR CT=0 100
(" o -—ﬂ-‘]q:
1A S0l +
« We’ll use one 393 for 3%
seconds, one for minutes, an
one for hours. acLp=i12— oy A
. , . F——208
* On each chip we’ll chain ; ®_ac
each 4 bit counter togethe & _2ap
so each chip can count up : )
: ect
+ 255 P00t g O st

e ...butwe’ll actually reset
them early using logic for
the time chunks
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Counters

* Three separate counters

* First counts to 120 2-
seconds...use logic to
generate “minute signal”
both to reset the second
clock and to provide a 1
minute pulse

3333333

2
1
2 12
13
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Signal Chain

33333333

Counters

* Three separate counters

* Second counts to 60
minutes...use logic to
generate “hour signal”
both to reset the minute

clock and to provide a 1 gs T :
hour pUlse p— Qo 1; 123: B
e
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S EE? x0] U7A
13 Lep Qo 13 (53]
ol 2R @™
T - il minute_signal |
* Three separate counters | ... .——
* Third counts to 24 o
hours...use logic to T
generate “day signal” to |
reset the hour clock = [ @
' o e ) 7Al\JLZS‘;1
L=
day_signal |

1/20/26 6.5188 Eighties Clock
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Reset Logic

e Use 74LS21 to reset
seconds, minutes

* What value to reset at (in
binary?)

e Use 74LS11 to reset the
hour

* What value to reset at (in

binary?)...
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Why did | use a three-input AND gate
Instead of a two-input AND gate?

e Because | had a bunch extra +5V
and I’'m stupid. )

U2A
] 741511

12

A
13.___’//
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Programming Logic

T T 3 T T 5 3 5
m
- o signal Chain
o w g g B 6@
| ue o
J — o @
| ‘4080 — o MY Q3 |
A - 8 auTx A3 < RL6 < RIS < R16 < R17 R4 < R25 < R26 < R2T < R28 = R29 | A
B ] o . w3 And w3 mnd wo WS woS wHS WS K0S Ay
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A Q7%
278K —ee RiE < RIS S R0 S RS R2Z S R |
oL YV o0V 2% o3 ot os RLED S RLEDS RLEDS RLEDS RLEDS RLED 012 013 014y 0:15Y 016y 017
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15 15p £ GND  GND  GND  GND  GND ve o7 o8 o8 DIOM D1 eNp  GND  GND  GND  GND  GND
; ™ Y 0 [y o]y o[y o [y L0 [y LED
® 74HC393
4 clock generator cireut 1l wls ~ v < Disptay
GND. GND. (32.768 kHz->2Hz) ot |+
|2 u7B
2 {ug Q3 |6 g 741521
B El
+5V e
R l |
ha o Leftovers
H . H
8 c vz8
uic > T4HC393
Piersal wsc © o N Tusis
- 7LIIC393 7Licay [hourseD>——— L pce Qo <no] * +5v
2 <hi | +5V
2 U3t usF
e 7anctn
c <
GND ~
+5V one
-5V +sv
A
8 3 Brogranming Lagic
uic e ure
Tncsos — o T2
" u3c clk_2hz
0 744c16 B
< v
inute_prog
GND oo
Power
Supies
+5V USB and stardotfs N
H P H
USB € Plag USB20
B
7
prpa POl
5k1  R2 uzp
7 c10 Hi 43
cofas skt A= « 1R« XN 74 icts
veonnd-BE.
2 m
o-d A7 O i @iintingroe
X s oo o A
b
o Gno
Sheet: /
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You 110% need
to debounce this!

Programming Logic Do not gnore this

part!

* Two parts:
* Debounced buttons for setting time

* Multiplexer to choose between button pulses (for
programming) and clock pulses (for normal
operation)
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74HC14 Schmitt Trigger

* To help with debouncing

1/20/26

1A 1

1Y 1

2A 1T

2Y 1T

3A T

YIYLY

3Y 1T

GND 1]

D OB W N |-

N

A

14
13

1 Vee
11 6A

12

11

T 1 6Y
11 5A

10

AlA

11 5Y
T 4A

[ T14Y
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Programming Buttons

Push to
increment
minute
counter

yd

Push/hold to
putinto
program
mode

Push to

increment \ _
second —
counter* e

PROGRAM

N~

+5V

U3A
T4HC14

Programming Logic

U3C
74HCLY

R12

sw2 \O swi (O
2 MINUTE \,
0.1u - 0.1u
f Push to
+5V .
+5V Increment
GND GND ;
§ RY minute
N 100K
100K U3D counter
- 74HCLL
T4HCLG ~
1OOK SW3
2(_; 3 {>Q {second_prog HOUR }
c12

j- 0.1u

GND

*In half-second increments
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Selection done with 74157

‘157, ‘L8157, 'S157

: - (15}
* Quad 2-to-1 Multiplexer Rl I
A8 a4t G1
. . . r
* (we derived circuit for w2 @
: {3} 1Y
these in week 1!!!) N o
-
+5V
3A
(10) L9 3y
ue L o {14)
Sl 7415157 g,liﬁu 4A -{-—.—-1 ‘12) 4Y
Ry pmm [ e
o mpemED
A I
6N 1 o i B
(pragram>—— 1 s

.l B | gND
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T I 3 I 3 5
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sy s Signal Chain
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Display

* Just a bunch of resistors and LEDs. Nothing else
to see here...move along

§R13§R14§R15§R16§giz0 @ @ @ @ @

R28 R29
RLED RLED RLED RLED RLED RLED

R18 § R19 § R20 < R21 § R22 < R23
VYV 01V 02V 03 o4 05 RLED RLEDS RLEDS RLEDS RLEDS RLED Y/ 012/ 013/ 014/ 015\ 016Y D17

§ LED § LED § LED § LED § LED § LED § LED

v v

4 ~ 4 <~ <~ v
GND GND  GND  GND  GND 3 b6 SZ\ b7 SZ\ b8 SZ\. b9 SZ& DlOSZ\ D11 GNp GND GND  GND  GND  GND
N LED T[N LED [y LED [y LED T[S LED [y LED

%7 A4 %7 A4 <7 Display
IN| A IN}
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Extra Gates

s T 3 T 7 5 3 5
m
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7uhcr3aal usc = u3G st
— T4IIC393 7Liicay
= u3E U3F
e 7aHcL
c| 4
GND ~
+5V one
50
o 50 .
Programming Logic »
[ — B 19
ey — o4, sz e
w
100¢ N L oas
o Tasisr o
e T s 2fon g 20 e
¥ 100K 744C14 [second prog> 3 lima > o
w2 E CGorograr] st Sl w7 e
rocRAM S
Shower oL N T o Choursignaty ez
fopias . hosepron e
+5v
w 2
s & od zs 2
+5V USB and stardotfs GND GhD 13 f4q
H P H
US8 C Plag USB20 [T S
2 RS 15de =
KB 5k1  R2 100K o
s sk = O i e -
cod 10, o Moot o eifatingtiote uss
veonne-BS TUHC14
12 m W3 <&
Y 0. Rk
04 7x (. .
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Extra Gates

* Tie the inputs of unused gates to
some value so they don’t randomly
flip on/off from electrical noise
(causing noise and using power in
the process)

Leftovers

uzB
74LS11

+5V
6 +5V
3 U3E T U3F
13

£~ |

74HC14 74HC1 Y
u2c
N 74811 11 0

0 2
GND g

10 8

11

GND
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OK so Build Options:

* Two pre-made PCBs:
* One using surface-mount components
* One using through-hole components

* Breadboard your own clock from scratch using
schematic (with modifications as you see fit)

* Solder up your own clock from scratch on
perfboard using schematic (with modifications
as you see fit)

* Design your own PCB off of starting schematic
and we can send out (though likely won’t get
back prior to end of IAP at this rate...)
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