Phys 315/519 Digital
Digital Electronics

In digital circuits only two values of Vi, or V. are considered, Low (L) or High (H). The two
values correspond to the logical states True (T) or False (F).

CMOS AND circuit
Voo (L)ow voltage = Vs Typ. CMOS output stage
(H)igh voltage = Vpp If V,=5V: Voo
— a Vsi=0, FET; off 17
| A B Y VGSZZSV, FETZ on
| Vou =0V Vin Vou
A el L L L o—1
- L H L
If Vi=0V:
B D_4‘E H L L Vssi=-5V, FET, on -I 2
H H H Ves:=0V, FET; off Vgg L
T Vs Vou =5V i
ECL OR circuit
A B Y
A L L L
5 L H H
H L H
H H H

Ci) 3.6mA
'VEE='5.2V

Standard convention is that L=FALSE=0 and H=TRUE=1 respectively. Logically the above
circuits function as logical AND and OR gates respectively.

Y=H if A=H or B=H



Combinational Logic Gates

Phys 315/519
OR Gate
A Y=A+B
B
A B Y
F F F
T F T
F T T
T T T

Digital

AND Gate
A Y=AB
A B Y
F F F
T F F
F T F
T T T

Some Boolean Identities

A+B+C = (A+B)+C = A+(B+C)
A+B =B+A

A+A=A

A+T =T

A+F=A

ABC = (AB)C = A(BC)
AB=BA

AA=A

AT =A

AF=F

A(B+C) = AB + AC

The first identity indicates how a logic gate having more than two inputs should behave, eg:

A

B 3 Y  equivalent to
C

>

=B
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NOT or INVERT Gate Truth Table Boolean Identities
- A Y A =4
A Y=A F T A+A=T
T F AA=F
A+AB=A+B
Additional gates formed by combining NOT with AND and OR
NAND NOR
A — Y-AE A Y-A+B
B — B
equivalent to equivalent to

1 > ) oD

=S ™ a3 T e
4 = T T W
Mmoo 33~
=S ™ a3 T e
== T T W
T g =

De Morgan's Theorem
If we had identified L voltage with TRUE and H with FALSE, then the NAND and NOR circuits
would actually have implemented the OR and AND functions respectively. Interchanging the
assignments L=F, H=T to L=T, H=F is equivalent to applying the logical complement to all

entries of a truth table...
{ »-3 >
- =

A+B+C = A*B C D - _}

Note: a circle indicates inversion of a logic level

>|
.
&
.
Al
I}

A+B+C

O
Il



Phys 315/519 Digital
Implementing Logic Equations with Gates

Take the assignment between voltage levels and logic quantities to be:
L=F=0,H=T=1
Then De Morgan's theorem will be used to treat signals that are “active low.”

General problem: Given a truth table, find some combination of logic gates that satisfy the table.
The first step is to find a set of logic equations to solve the truth table. There are two ways to do
this: (1) by inspection, a.k.a. 'divine intuition', (2) by Karnaugh Map. Then algebraic
manipulation can be used to reduce the expression.

Example: XOR (exclusive OR) gate

A A B Y
) D-veres
1 0 1
B 0 1 1
1 1 0
: . . , Y=(A+B)(A-B)=(A+B)(A+B
By inspection of the table and using De Morgan's theorem A4 BB AT+ AB
K-Map:
=>Y=AB+AB
Two implementations using NAND gates Y =4 B+ AB
Using De Morgan's Laws: Another solution using only 4 gates:
Y=AB-AB=>Y=AB Al Y=(A+B)(A-B)=(A+B)(A+B
=A-(A-B)+B(A-B)

=4-(4-B)-B(4-B)

Note: all logic functions can be built up from NAND gates alone (or from NOR gates).
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=/
Fin fﬂlpltl'nélr?)laﬁfm of  Yhe /47./4 w/},j Z-/)zfz,(/ NAMD jafcs s

@)—‘ Mu— S+op
S5, (53 E;,)

Si

52

dica)/

55, 65-54) + 3754 (575,)

< - Y
S5 (55) « 5,75,6r5)
Nate  SF 15 ectua //] befer for poise //hnian}L ! Pe %Vjané Th’ﬁ-)

Yo /m/x&mme/ fhe 1nvefer -Pu/mcﬁo\q éj
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Thes cxample  (llustdes  the geveval vesylt that any lope €% Can
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Digital

Open collector and Tri-State outputs

In addition to LOW and HIGH output voltage levels, some gates have a third, High-Z, output

state. This allows many outputs to be connected together on a single wire (or bus). Two
varieties re commonly used:

1) Open Collector

Al

G1

A2

G2

A3

2) Tri-State

A

I

= 0=4-G,+B-G,+C-G,

Ro

pull-up
resistor

Disadvantages:
1) not an active pull-up tis.~R,C
2) inverted logic must be used

Q=AG, +BG, + CCy

When both FETs are off (G=0) output is in High-Z
5V state

out
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Felaton to  Mamber Cocles

1)

N

In  base -2 a /La/ynﬁar

- bits (= é//)ar/ Q/lj‘n{r)

values o

‘e /e/)»e_cem/ca/ by a cequance oF
cach  assuminy cre of Hwa passible
or 1 lage crcuik can be wel A do Liary-
avithmete operations If e A/dﬁnf'[@ +he

L H witl  the  Fuoe Pofﬁfzé bif values /.

logic 5 fetec

The represen fatron ie  sumidav fo  base -9,

e f/lgrc /s a
ellflf /W/r/’//;/y/'nj cach  power of the base riumbenr

@ ©
ba |
¥ ¥ 3
eq. T R/ = yx2° 4 ox2 + 172" 4 ixz 13,
MsSE = f)’)o_gf S/jhﬂﬁlcah% bl/'
LSB = [east " o
Converting  from decipial 05 ac,comf/u/ucj by /"Cfea/ro/ v, éj’,i
13/2 = 6 rem 1 — LSB
é/l = 3 rem @]
te 13, = Ilol
22 = rem ]
y/z = 0 rem ] — MSB
Avdthmebe  with un,v@mac/ (ce pm?ﬁbe On/j) reewmberc Proczec/g
/’usf as tThe base -/0 case
|""“|’} 2
2 o 0. | o x 7 © 0 to
+.__'Z‘_ ‘O Vig it /4{ S (14 P
q 1 oo e 0010
y 0010
vt Jd o) O
7000 ® _
Lo = 14,
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. ) . VI
iy, 1~ bt sequence has 27 possible valwus, Thas f can rt/a\g;m

e pos?/lu{ //””(576’“3 G b 2°~1, Thae are twe ,Da'/)u/a/r, YrappInGs
From bit seq. to  posife nfegers; o
i) o -called “natuval” binary - alrcacl usecl m previcus example_
itS  Grey coce - bit paflerns corresponcling to successive numbers
differ by only one Lit. This code is useful in nersy
environments,

An  n-bi sequencd  cam also be used +a r&/ore.:onfa roenge of mj

. B . - -4 -
andl poS/;IVC nymbers -2" ’/ -2" o000, L 2"

The +hree most Popu.[a/}" cocles {or
TABLE 8.1. 4-BIT SIGNED INTEGERS IN

represen 7Llnj 5/7ncc/ it egevs  ave THREE SYSTEMS OF REPRESENTATION
y ; Sign- Offset
iles frak&/ in the fabl ( taken from Integer magnitude binary 2's comp
HFH PG 477). +7 0111 1111 0111
‘ . +6 0110 1110 0110
- : ' +5 0101 1101 0101
In “The E’?ﬁ(!”."?.’iﬂ[ﬁf‘f‘. represen 7%‘% W4 0100 1100 0100
L - ) . . +3 0011 1011 0011
the n'* b 15 used a sigh bit +2 0010 1010 0010
y _ +1 0001 1001 0001
; ) 0 0000 1000 0000 —~
with  1he others "e/’me’“f/'f? Tl - 1001 0111 111
. Lo u o -2 1010 0110 1110
W)ngﬁn& P27} /)4.7(&1#4,/ bena I'7 -3 1011 0101 1101
" -4 1100 0100 1100
7 ; -5 1101 0011 1011
Iy nof wseful far CGmP“%“ﬁO” -6 1110 0010 1010
-7 111 0001 1001
, -8 - 0000 1000
Both  OFF set E//)a;fy and Comf[eimf -0) 1000 - ~

BI‘I)CLVy have Fe useful featuve that
+he arder)ng Cin the sense of ‘hatural?
b/?)q,ry ) i5 7‘/{1 Sarmkl ﬁor baﬂ\ /ch/%ILC G/MC/ ﬂth/‘h/f //’;7/(7€r5,

OP‘F\SL}'“E/‘I')CZVj 5 4he natural cocle fo use for ﬂna/aj P
1o D/j/%ﬂ./ tonverters (ADC)  ancl A}9)fa/ fo Hﬁa/aj cenvertees (PAC)

's — camplement /o/hqrﬂ has  The advanfage that the
same  harolware Can be used Ffor acldition anrdl

subtracton , wheh s Jjust  addlifis, of a mgaﬁm

number .
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E;))ar/ Subtraction (3
70 ree u,Aj the 25 CampleiMenf re,oré.:emhﬁcm allows the sqme

havduwave 15 be usecd for addthon emd sub trachon consiclar +he
subtraction of twe H-bif numbers | B minus A .

The pro,pe,r‘fg of “minus A// sheulel be that A mmas A = O,
Note  that . since +he INVERT Fancfn‘m converts O =13 (-0,

A plas A = I}

=> A plus /—q_i,lus | = | o000

Since we  are bUcrkinj wz/'[, 31/)5 & -bit nwmbws the
5t [MS8)  must be /§narea/A

O
=> loge> rmmnush = A plus |
“——
2's comF/‘emf/Hf

. }

So ;Cm‘a//j B minus A = B plas(A péusl)x

——

Nate  Fhus conzf)u'/z;,fmw /,u/// /;roo(ua a fald AT/ w/ucln

must be  discavcle

Gate _Level Lrmplmentation of ar Adder

Cansicer  First just two bits A amel B . The c’uf{pmf :'nc[omﬂs
Cbath A sum biF S amd «a cavry C i case A=) and B# ).
Start by wribing the trufh fable

n aut

|

By l‘h.fpad{?érn one G 643(/7 See
5= A@®R (xe®)  and C=z AR

—=Q o™
~Q - of®

~ ~0oln
—~ 0 QgD

10
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Trus 3 et a Comig(efc cdder — 1 fact S called a talf f‘b/\:&zr
A Fall - Adoler  would  ncluele o Caf\r)/-/n from a preuzéus
sfage as  an  addihonal inpul. N such stfases coudid be connected
fo Mmake oan N -bit  adder,

Truth  Tab (e
An . Ao By G || Sn. Cn
U S, a 0 9] o o
gh + [¢) o] ! l 12
P Cn lod / 0 I o
c + o [ | o |
n-y ! % = | o
! o | o f
Full Addev j I o o f
t I 1 | |

Loﬁ/c eq?  follows from the  combinabons of all )n,/pu/f ‘//‘clo[/n} on

QLulFtUL =1,
Sn = Ay By Coy t AIByCoy * A Balh, + AR (o
Ca = A—"-Eh‘CH’I —+ Aﬂ[‘?: C,,_’ + HA‘B”-E:,/ + AH‘B,, ’Cn-(

Each termn which invelves @ ,Drocluc/* of all //i/;m‘s s calleo @

minterm.  The exprwr}mg B S omd G are a cum (k) of

—

minferms = such & fornm 15 calleed  Standavd ov canonical Gru.
L

To  reduce +hese ex/orcvts)a)q.s fo farms  avenable +o Z—/,;fmt gafes

use  poalec a/acéra« APB., — XoR
&g, Sh = (A By * /7,,'3,,3‘(:,.,_/ t+ Coy (Hn ‘B, t A,-B, )

(Hn*5n7 + [ﬁh"’—s‘n)
1

0 4+ B - — — oo — mO
(An‘rBh)' [H"+B”> = (An ’B/) + A, B, + %ﬂ * /BH;B/; )

= 5, Gy (A®E) + Lo (MOB) = ¢, ®(A,OB,)

T ho Mo{/t;a/nxlh fov VHan//‘Du/aﬁh? the fernms 4o look étL-/\

XOR s come frovnm  +he O‘ASCH/::J/)ZM sf an xXor 7 The
Half Aolder  circudt,

11
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55 //)jpgcf)&m O)F thae FU-I'/‘ /qa[cfer} TI‘LL‘/’A 726{{1 a Carvy ‘6(,(7L -

Cn  occiurs when  Fwe or move of the M‘oaﬂ =1, Thus coulef
be olescrebedf éj/

) %
G = By lay * Ca A T AaB + ABG,
" ] L/j))arﬁ s‘,_;i;c.e I}L_r/‘
) 57/ woufA equlre 5  maore 9&1&551,“., redundlan

v preveows
. . 3 ferms,
Howe e wok-k/nj a/rN.Cfly from 1 ha previcus

&® a  mare Cawzfac% /mf[emwn‘aﬁau cam  be ac/u.éuca/‘

I
Cn = ﬁn'&?‘Cn—; -+ ﬁn’é:, C,‘_,, + Anlgn'[&'n//‘f" Cn)
= (A—"‘B"’ - Ah'En)' Chny -+ ﬁn'Bﬁ\
= P @B - Co, + A, -B,

0["&14}/ (’X/VS‘/S fram Sn

T F

Nofe — +he /m,o(emuﬁaﬁc'm isonet wm?cq eg. the stuolent manua|

Uses Z AMDs & L ORs fo  ferm C,. IFf  dme were

Vfcfu?l/t’a/ o use ounly AND ¢ OR e /mfamunéah%

weuld  have ben cven mare diffevent.

12
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E o>, B /;)ar)/ MQ?MW rator
A>B

. A
_— First  consicler Gcrnjaan'nﬁ S/nj& bt . g — E !’—“A:B

AcB
An eth.hly s o(z/fc/fJ W//A oy
exclusive MOR XOR

—_— ’ | F  A=R
E = A8 + AD - o  A¢B

The A>B Cmo(x?L?ow Is j/huem Aj C A
anal H(B “ " " A D = E

One mﬂ;olerﬂé/n}a«‘;?‘dn US&?j NAND ja/fj /s

Now  censicle- a  4—bit com/)a-ra%cf .
- E?Ma,///ly rﬁywires Ao =8,, A =8 - Az=85. Theretore
E = EO- E/ = EZ '53

W//lev{ eacA é/ﬁwue €7ua[4é Is }Droz,zc/&o/ éj an /YOR as

above.,
- The //1@91,«1&9 A>8 reyu}res

Az > Ba

o
<
D
w
{1
(%9

3 amef A, >B,
or Az = Bs amdf A= B, and A>B

o Ay = By Ma/ A, = B, awmed A, = B avo A, B,

13
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®

60, 1he /Oj/o €guice 7/70)/) for A>FB 4

C= A8 T ExAyB v+ ESE,-AB + EsEE -p-B

C=A>D

The E,) Comue fr‘a‘m clrquI[S of fhe /grcu'iam ,Da7<7,

14
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Multiplexers and Decoders

4-to-1 multiplexer (fan-in)
Abbreviated symbol

o—|

1

1

U Ukﬁ

3 —

0 —]

»r»r U000
|
O

1—

A, {>¢ 0 0 D,
0 1 D,
A
‘ > 1 0 D,
Address A[1:0] selects output from D[3:0] 1 1 D
3
2-to-4 decoder (fan-out)
1 > e
o—Qy
A1 —
o— Qs
| e -
._} Q, A A Q Q Q Qs
0 0 0 1 1 1
} Q, 0 1 1 11
1 0 1 1 0 1
A, > 1 1 1 1 1 0
A1
>c Address A[1:0] clears one bit from Q[3:0]

Both can be used to implement arbitrary functions of two boolean variables (bits)
Often these devices have enable inputs for tristate outputs.

15
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QPMQ Hrb:)‘rnrj~1_709,¢ E98s 1/ =2 Mu/ﬁf/fxék
“77?.( 9(42&4 ¢ o/tff)/ solupion “.. .. An  examply wall //kusﬁulz(

= fhe dechnque. Suppose you  wanteol to  implement  the carry -
cut logic of the Full Adeler wethad  goiny  Hhaugh g
logic  panumization . =D Apply inputs . to  aoldress line of
a mu{fjl.pff)(fk and set D lines h@/» or low cOrre_spano//nj
to the line of Fthe trath +able

Lt B Ca- Cn

o o (=] o o] e Do

i o [ ] o o Dt R c

? © ! o o o —o, "

3 O ( | { 45 __—'DS

q | o o o o ——iby

3 ( o { I e Ds A An

¢ { { o { +5 Do A A—— B1

2 A O ! €10, A Gy
LsY3y

16
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Karnaugh Maps

The Karnaugh map or K-map offers a convenient way to visualize logic equations from a truth
table. Consider the following logic problem:

We have a chocolate-covered coffee bean machine, that

returns a bean for a 20 cent fee. The machine accepts Q D1 D2 bean
only quarters and dimes. To make matters simple, we'll 0 0 0 0
ignore the job of making change. To enter the fee,
assume the machine has a drawer w/ three depressions, 0 0 1 0
one for a quarter and two for dimes (like many coin-op 0 1 0 0
washing machines). 0 1 1 1
Obviously, a single quarter or two dimes will satisfy the 1 0 0 1
fee requirement to get a bean. The truth table (for all 1 0 1 1
possible input combinations) is: 1 1 0 1
1 1 1 1
K-map for bean machine:
(note: grey code must used in all row/ columns)
O\ D,D, 00 01 11 10
0 0 0 1 0
1 1 1 1 1 =Q
=D, D,
Therefore: bean=Q+D,-D,
D1
D2 |
bean
Q

17
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A slightly more detailed example.

Now we have a vending machine that takes up to 6 coins (2Q, 2D, 2N). Candy may be returned
if at least 40 cents is input, gum may be returned if at least 30 cents is input. Let's look at the
Kmap for candy:

22 G Qo

D2 D1 N2 N1
(Ao
Q001
Qo1
Q010
0110
0111
0101
0100
1100
11041
1111
1110
1010
1011
1001
1000

L}
g

11

=
[}

tQ1+Q2 ,I-Dl-l, -"\-’1+-'V2,I

1Q1+Q2,|-lD1-D2 )

L. I - I o s e o e o o o o
[ (PSP DE—— I R R o B

4444444444444.444
. (PEFRRSFERE DUFIR I o [ =

tQ1+Q2,|-D2-LN1+N2,|

Q-Q

Q1
Q2

candy

y,

>
o2 O
Eps

e —)Jo—

candy=Q,-Q,+(Q;+Q,)(D;-D,)+(Q,;+Q,)(D,+D,)-(N; +N,)

18
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More K-Map Examples:

Kmap
Truth Table B A 00 01 11 10
ABCD Y DC
0000 0 00 0 1 1 1
0001 1 o1 1 T [ ©O 4
0010 0 11 1 (4] 0 I_O_
0011 1 10 (1] G | C | g |
0100 1
0101 1
g“? :] Soultion 1: - -
1001 1
1010 1
1011 0
1100 1
1101 0
1110 1 B A 00 01 11 410
1111 0 DC
00 0 1 1 1
01 1 1 D 1
Alternate solution (choose 11 1 )] 0 4]
large region and remove 410 (1) 1 g | 1
‘Ghole”)
Y=(A+B)(C-D)-(A4-B-C
+C-A-B

Another Example

B A 00 01 11 10
DC
oD 1 1
o1 1 1] (1] 1
11 1 0 0 1

Can also group 0's and invert to get solution: Y =C-4

Grouping largest possible regions always simplifies the problem

19
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Logie  Kace  Conolitians &2

77’14': clz;cnées a 7‘/‘;,/)_;/2»77/ ("’/Oru’) Wféﬂj (Ja.flouf Sfa/c «

Cecwrs  hecause
5) /hfefna/ pfa/ct?aﬁbp) O(E/a‘)’s \/'nay/ naT/ Ae maJC/uc/ /[é?’ o(AtﬁTcVé‘n'f' /}%aﬁ'

\
2) /ﬂpuf Syna/s miay nof be a/Jp[uc/ sﬁna/ﬁm&ws& (Precée/])
XX /) fidglthfo sggcuﬁ/ aw[/;u/s res/oonc/ cmf/)waus/j in Fime GCCOFOé;Mj
Although cne can't do much about idems i) 4 7) , by aéwén;nj
C/‘FCM‘%S whose au?l/:u{s chwje a}?& whey a syhckroh/zaﬁdﬂ,, ;7;7.1/
/5 QﬁDLLlO/ org can an/'c/ Ldgic race Ca”nd,c\%/éw., 7724} 7(//26 Of

/Oy/c i Called s‘@cwmé@/ /07/¢ ~olescribed Jater.

outputs

tpd
Example of logic race in  XOR =
; ~ e . r':E
5 ft{}’ b 1 L
tD»—Q A [
L
e
A
Even  though gm‘e Prapa7a1/70w =
~ ® ;
dulays  maght be m:néJ.e:// the extra ___.m
gede elay nuded fov A, B caues U tramsient /nc?_rrec*
sufpu

764,1‘6[,1 af cur/‘/bml.
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ﬁﬁguﬁnf/a [ wa/c Z,’/‘

In combimatonal logic circants  tha outputs  depemol mo% an
e present (or Tow earher) z'n/auf:, It \,': Ccanvenrent to  be

B able to  shre +the culputs of a  combinahoral circad For
use fater i succeeoling sheps of come &m,b/xc@/eo/ algorithm.
Legre circunte /);avw'nj me oty are caffead sz?‘u.&nﬁ'a/
circedds . In 9enem/ *heir  owlputs o%o@nd on prcV}oZAS
autputs  as well as perhaps present Soputs.  Fack @ present

are sometirmes a/.z///wa/cc/ ,67 a S/nc/)ran}z'/bj Lor C/acé) §(9‘/7a/,

The maoest  basic memory element 1c a  bistable latch  madle

from  Fus  inverters

4 ) Voo
W X A realizahoy
' ysing  ri-chanang !
MOXFET s
i
y z +

By éreaémj the Z-W feeolback , but u_s/'@ #y constraint vV, =%
one cav see that thire ave 3 ec;u,i//briw points , two of
whch ave  stable (ALC)  and one  wnstble (B)

Vg

D

Y

Consider  +he wnstable Po/hf B. Refer increrwntal [,0/)‘:1735 v, ele
about  that ’pomf. In any cirecant theve s unam&(aﬁ& noise
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chich  n

alis fuvbamce s mylg/t’zc/ amd affer « ,oropagaa‘mn 'oét/aj/

Thus

time

s~

(A

7hes  case  appears as

appears at +he cutpal
Ve t) = GUylt-T) ..
Now when the feeolback i re- es fablsheo! V()= G Uy (£ -T)

.

Y 5 2

T @) T Uy e

an inchal value

3

Yy @ F0.

Digital

Thus result, +hat +he é/yevaﬁ/i? /Dam‘tl ka,ozé//j maves o g;féer

pa/rz‘/s

A or C  refes

+ha usual case . The s;Laé/A//%j afpc}nf: A awd C kllow

077/3 o 61 amd T small whech

’s

beccse  The //"/crﬁ)nbn?é./ 3%; G 0. {Le. U= (G- % ‘*G“<0j

Jo

Mmake

7L/Z€ 515 /45 / [

bircewt Meﬁ«/' we

radf o way =

bvce info one of the stabl ctates, The ;'/.mp[e_ﬂé /ea/fyza/z}m ef
Set/Reset Flp Flop (RSFE).

Fhus

S.__

/s

the

~
7
&
1]
N
B NN NN

RSFF from NOR Gajes

RSFF  Truth Table

S R Q[ &7.

—‘r W y .
o o) (8] 1 MEM previous

ar values "heldl.
[
N H
o ! o | | Reser
! 0 { 0 SsEv” Y.
e

| ] o 0 * avad! —

Note that v nermalf oferzt,ﬁ&n @, = @,

/h /*/’Zz

22

i

2

achive LGW,/,/
&, \K
S—4qs QR
Z—dR Q] Q
Ry
RS FEF  from NAND Gates

o~ The //'7/>uf Cdno&*?cﬂ? (ER= 0,0
chould be avordec] smee upon
release of S 4K the resuliing

MEM

Stafe  SET or RESET will

be unpredictable

< )La -/t.

~——
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Digital
Gt ///QS%#&?L)U"I of f/u un/or\cc[/tc/zzb;//@ at 71/1( SR C&Sfer)‘eo/ ,,q/pb,/ %;/
S%CL)LC MS/C)j ‘//72 § E FE /)LLA[',/ /’rc)'y) /\/ﬂND_( X
5 R g &y
[T TS T
0 | { (@] SET
] o o {  RESET
o] Q

S ‘ { ) o ‘ } — whichever s rel easéw/ lafer ddcrmm@s

the Pinal state oiﬁ&, % &, . Even /F
T LR are re/ea;e stmu [faregus
R the clower oF ,?:J A d-ﬂ
well slefermune 7‘/22 ﬁrm/s
)
I oty by e —
/ _
3(”‘01«; F S +R
don't g0 fow s}ma/fanacu:{j
725 KSFF

s the basis  of more camlp/)cé.)[ta/ oncl usebil Flj Flops
Neverthelese  +he sz)np/e Fwo ga/e circeaf has  seme a,op/)m/fdm

D Swikch Debouncer
+5

23
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Z) One — Shot

POSIfAUf - Eo{ e
Ditfeven f]afc s

o

’ R.
3Y)  Gated Oscdlator
+s ——]

C
RINIOR
A
R
Q, .
E
enable
Nofe R'~10R . peeded

e fo  integ radeol fmfacﬁm
OQOCQQ o” /ﬂ.PMJ[.(

t5

'

(gj

24

fowey s P/

Digital

x| . W)
L
T
f

LI Ld

Thus aSCZ//m%V 5 move Sews e ta
f}ﬂn #/M 7553 © i
Howeuver May be mare conyenien
as . gn ao/o/—an R an already
éxistin CIrci_z (F there are sané
wm“: s .
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‘ . .2
There dare Fwo /oroéléms urth +the :(m;a/e RSFF  that Preuenf : y

its use /n roore Cﬁﬂ’zp//.caleo/ crrcunts
i) S8 ¢ R need fo Ej)anj@ S/W/ﬁzneaus{cj
i) Must avered  S=R= L.
Two circunts  whicl  address  thece problems (— not ,comf>/efr/j)

D) D -type Tr’aﬁS‘p@y'c;Mf Latch

‘S — a/>f/-"na/ -~

Function Table
D E & R
X (@] ne ¢ a
Frem previay
x I p D
o JL o |
{ I [

il 7 e
R ‘Gpﬁ%/ —

The siduation of assevf}nj mpats Cie midde rpet=0) to both Ay Ay
is  awicdec! 57 The Inverfer - in ﬁ»m:‘f af A,. The S/IOC.//IOVI"ZQ/’?W

of /n/pm% is acwmjp//‘s/wc/ by fhe enable E m%mv‘

Nelc: +he meaning of the lnes i the Functon 7able wheve E=_J 1
is that f D has Fhe g/uem value de{' before the end of the

Pu/sz fhen @ Aassumes the g/uen va fae Jagl after the pu/)’e-

- = el of D Just before end of pulst —

This  kind of tatch s fowund 1 the HP oé{s/&)/f Usecl
o lab. "

7 seqment [ED

\

—
—

l

—

-
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L TKR Latch —  Ths furps cut o have a  Sercus Flaw \Lcé)
optie nel Evaiﬁrléﬁfr
Tk e g O
< x o o"
o I IL o
| o JL
" x IR o SO
R opfFrena | - indefermmate if E
foo /a”nj

Agaw a Synchannéafzém pube  E = L1 s used fo mlmye

that )nroufs fo  As¥ Ay Qﬁaﬂ?e S/ﬂw/ﬁrwuaus/j, Thae async/”ranru:
(qptiomal ) Set and feset act incleperdent of E amel,in gencr.,
Sheuwld cfnlj be .gsﬂa/ to olefme nihal conclibeens . The fumetton

table cam be verifud < Fom the  Aruth  table  belw  which awes

Q"™ the oufpuf jus')( atter Epulse for fhe /}2/>u7‘ cond? Jm)/f/(m)..‘. Ex/Sﬁﬂi ‘
Just before the ensl of o~

J'(n) K(r») Q(n) a:)‘ dmo
o / s RN

ot bl o 6 0 o | o bem Tw the E pulse.
3 (o o | { i } |

for TR LCdZL\ { o | o o™

C_ o { o i a™ % 5

o [ i O v
[ { 0 I}
l ! i

DL Teegle”

Note o race —arewmd candutinn accurs  when T=k=E=1 the
arcant will oscillate betweann @R =lo)) amet (10> with Pe,»,;@/

< 2Zpd )l Whan E =0 b 1 incleterminate whuch state the circudt
will end up m . A way fo avared this ;s fo insure  that the
E puke s very Short , eg. use edge defecfor from py 29

B
m

wE [ - C')n/j feclje praoéac,es a ,bu./;.@
= widty ~ Tpol  of mverter

26



Phys 315/519 Digital
Masfer —Slave TK F/:/; Flop -
The oScr //a{?ém Pmé/e m o the 7&99[3 state of the JTK /cuz'cA

cam be cureed by breaking  tu teeolback w/ the Master - Shve
| Contigu rafion .

Slave —~ RSFF

Mas{’t"‘JPK La,+<,,L\

Whew ck=1 the master s enabled amd it follows the TK lateh
Truth Table with (é'(m be/'/y Proufdé’a/ by the Slave aafpafs Gy

When Ck=0  the master holds and the slave respands v Gn as
mput accorcling fo the KSFF fable on pq 22. Therehwe the
Masfer -Slave T KFE  follows  the fumchon fable of #he %Dp
of Py 26 . Note thet omfoulf( cha/n?é m% an  Fthe

A/egaf/ue’goxfz? 80{72 of the clock Ck,
However  thare s shil a problem with ths crcait! T amel K

must remam  constamt eLar/'/)j Ck pulse othiruwise +hae /r;fuf.r
befeve  the pulse 9é> stafe  after pulse acccrc//}qj fo  table.

eq.  suppase K=0O and  +he #;//aw/}.j s€g.
Smex T=K<0 before Ck pule

ce T
Table = 4" =d” .

J
. p v, .
Tnsteacddl @ ™" — ] , \aneg ca/c/w/lj,

Qu ______§ T
3y
Qe [T

27
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Edge ~Triggeredd Flp Flps

Generally 1hese  are #he  most convernent fo opply cozrz/m,yeof fo

- the  (wvel sensrhue types (D latch  TK lafch)  and MJS canﬁéumﬁdu/
because. fhe oudput  chounges affer o clock edge accoro//)y fs the
1nput(s) present just befre the clock edge. Twe  major fypes
wsecdd i our Lab.

‘) ﬂosﬂlwf—Eo(ge 7r1§75repf D -ty F/'P Flop

(D) ST

S R Ck D @
% i x X ! o
i o x % o f
) Y o o |
{ ! _{— I | o
i | 1 X Q™ am

\ > means edge - %r)ggereal

Note: ) Ouput chamges only on the posthve shping edse of ck,

a) S+ R overce Cck  they act shartly after applecl
indapendent of Ck. (This s calledd  asynchronous)
the  nversicn  Symbol r‘L\ Mueapns the s,oec;uqéf//
action fakes place  when signal s fow de S=0
o cef Q=1

i) Set wp  omcl Hald Fimes
must be satistred

. D Valnd
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Consicler T = Type (Toggle) Flip Flop  bualt from  DFF

Divides  Ck /’reqaemcy éy Y

Suppose. ane tried fo we a b -lateh /55)‘@ao/

' I ok L L T
& Bl T

Wheih E={  cwcand  oscillates

= wﬂpréJlafaL/e Sate when E =0 |

o
R
]

2) Nej?afwé Edje Tf/‘js,o:r«‘,/ J K F/tf) 7:/0)() 1

I > ] a { »® > v o
—tK XR
“ { 0 ” o ‘
Q
[ ! 0 ! T o
:‘1> R
/ ] I l o L l
kT’“’.ﬂﬁﬁ‘fU// ( [ 8] o 1 Q™ Hald”
o /g fdj&- | | l | = am) “Toasle”
gy’
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30

Edge - Triggeccd  Fip Flep  Hpplicatuns

——m

5y Synchronizer m a  clockecd s/me aw  offen weanfs fo ctarf
the achon of a cocwit wy an stnc/wvnou: S'jha/
67 [~ pusll /Duil/zm .w/ucll Sfav?‘s f/ze C/océ

F/r‘sé an exa-m/b/e of a bad g)/nc/lran}zcr

e :j )D ck AL
GRTE
GATE f

(fr; " Pus(a Lu#CM

e houncer ot T UL

L;unf” pulse caysed by logc race

4 befter gynchmh}zer would  have GATE c/')omﬁmj on/7 whidle
Ck =0  since then the Omzpa% I deﬂm%c{y H/jh

neja}wt —{:di&

v‘n??emnj

Note /t£ cne ‘}WS#CQ_O/ asw( C vpos'//ﬂ/c - €O{76 'Fh;?jerec/ FF
there e e a/Wa.yS be a 9//}‘514 af tha enol of GATE
because ¢’ goes lour S//é/)fﬁ mfﬂ:r Lk I

g NgNgupNpRninianink
Gate [ T
¢ 1 L
ot T LT Ly
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) kipple Cownt<r — counfs Ck pulses us/hﬁ 7-type FE \@

. 0
Note it faéc.x S Tho For bl)L.r to 0
0

seffle +to  final values, This would

be CK fr a Frec,ueym)/ divicler.

Howevey in some applicapons eq. ao/c/rggs/nj memory ; ane
olesmec  all bids  fo chan?e at /zm/r/j the same instamlf;

- fync/rf‘oncmf Cown/er cliscussedt /oc‘/:f‘,

To make a divide -A/~N add a feedback jafe so that
of cunt N all FF are asynchmously resef. Sinca the
propagation delay from Clear +o & ay vary from FF fo
FF the resef pube should be starecl 1o insare that all FE
ave  resef befere  Fthe resef sigral ends. As an exaniple

consider a d:‘uc&é’é/-/o_ will rad 4 FF (max ccnt=18)

31
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()

Zn many cases one woudl  like  the bifs of a cownter fo  all
change smw//aneoas/j i respopse Jo  Ck rather  thawn charge
Sequen %ia//j as heppens s a ripple counter. 7o do thys
one neels to “cool*-af)// /oj/bc that has  the present state of
the cownter bite {@.F = aa .« oas /hpu?‘} and produces pew
$onl o STnke3 Fr the FF in time for the rext ck,
For  example  copsicler  #he  seGuenc of states o a bt

Synchrencus  Cownters

(natural ) binary  cownter

20000

; lgg?é pai ru{e gofcrniirj fh,(r . Se?wgni! /<
g?(’)é Em *O%’/“‘ anly when &1
3 for all z<m,
. { (lO [
St

-~ I# turns ouf to casest fo realze thes w/  JFE Flip Flops
sice 7"/1,2}/ 7L09:7/¢’ or hold  based on TK /n,/oafs‘,

™
d Whan @&Q,@, = Il

}: Hhen TK=11 amd
FF wilf 1(’03‘yl¢ at
next Ck

[

Ck —i

Nofe  that /olea//j afl &= clmoga Sim ltavuous fj whey Cck —F .
Therefore  a  divecle ~by-n  made witf a synchrenous  co wrter
will  operate ot much /749})0(" freguancy  thap v/ m/'op/,g colunter
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Uther  features é.va_/t./aé/e n LC coumters \/@

~ “Direction” Up/Down Control
Fromw  the .cown/mj gec;u,md one Cam sez  that +he rule £
cownf/rg down 15 @y Foggles whey,  all Pre.)/au: Q@; =o,
So  the logic  for dr/b/bﬁ the JK //')/>a'/s for the m* FF
would ook like

u/D e - .
contraf 1
'lnpu‘f

&7 frem | ¢ -
previeus m-l {

Sfagc;

& From
previgus M-
S*acl‘zc

Qm

~
)

Y
D1

o ——

U/D must he asserted some setup tme” b befoe Ckt
N order  fo  werk  properlys

- Farallel Load
Allows  yeu  te presel the  counfer to a parpeular valuae,
Can b synchronous ‘e takes effeed when Lt
or asynchrencus e takes effect /'Mmeobzéi/é/ﬁ. An  example
of  synchrenocus /dac//}aj the T K mnpufs ﬂu‘jhf Jook ///<L/’

5 ol e
M

RN,

(b +o be laqded—

¢
/
1] : b e
Tope » S R s
ot ”:Dj )
-above T T ! :‘ ’
\ 10ad Dy mtc
3 FF here.
— 1o K, )
N

Fortunately ol of thes com //czé/ca/crrc‘uj 75 {
1is10de f/?Z re/d ‘ ” ’L’Y )
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<

TC  Gunfer Features ¢ td {Q@

_ Co,V‘ry ~n (Cin) aund CarT)/ -ouf (Com‘)

These are /)f/;nafl“/j usee] for .C’an€€7él;7ﬂ two  rC p-brt

counters to make a 2Zn—bH counter

Yy IFf Cn s False then wunf/rlij shauld  be ;h/)%/'/{c/,
If)‘ffrna//y it IY)IﬁA{' ook ///<¢
o~

L or appl

Ck o0 4 %ao‘gf’é’ >
Ck to FF fo held

Cm o—— A~ Ths 15 lesse

Sensifure fo
(1 gltfche: on Cin

Cin

i) Cout s  an 'omfpu‘f whach s frue  when +he 7Lerm/;1a/

caunt of  the counter s reacheel, ic o # cown'//fﬁ down,

Ma/ﬂnj a 7Zn-bit counter

out of two p-bif counters /s
usually — +hs somple

nofe

achve
{ow !

Ch—-=
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e,
Counters  are wuseful in  measarement ¥  the ph)/s/-ca/ qaamﬁ?ﬁlf
o be measures! can be ‘converteal” nte pule  whose duvutrer
(s & fo the value of the qaa,nﬁ\ﬁ/, A cownter then counts
the number  of  Clock “ticks” (Ck1) durmy the pulse.

Tha cxarnp/é‘ buwlt in Lab 5 a 607046:(7(2/»’761 meler

ouT
/cr"wrm

1
’k,-—v—————’ 4

- '/3 Vcc

tiow = RaCy n 2 =< Cx

fow
Caunt  Clocks whule ovr=Low = measammz/nf‘.

The main detail that one neols 4o dake cave of /s how
fo store fhe count at the end oF o measuvewent C)'c/C
reset the coumber for the pext cycle . The olescreot pulse.

sequence  fooks Like
CounNT . ]

srere 1
RESET counER . __ Jl

Note d the s%oraye reqisfer s edye senshwve  STORE anol RESET
could otcur af the same time if th regued hold time of the
n’:9,'$r4zr’r FF 0. If #he l"f?l‘.ﬂé‘,’k /s level sems,hic you must
have RESET @couvz})j later  to  ave! STokE'u;j zera,/
In the Lab the necessary  delay ancl puke Krmotzon s
achieveed  with o shiff regustev ‘
ek (LI L CoonT >
Goonr __ [
Fem LT o
geser T L[

D R
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s/
State Machines (\‘/

A collection, of n Flp= Fflaps  (n-bib regisfe) can  have 2”7 possible
sfates e walues of R, @,@.. @n . A state machine s a clocked]
oL{gdLa/ syfem whore Qi3 move fhrau7/. the sfale space . The
%mjec/zzry ey be determ inect by the $0:3 , edernal ripats or
bolh . In the Fformer , more restuchie, case the fraj'ccrlovx /e
Clasesd i it repeafs.  Ths s a 9e}nem//éca/ cownter, The lffer
case s comewhat lke a ccm/uuler.

The gem:ra/ avchidecture of a stafe machine rs

Combinationa] 4 m external 'hpmlr

Lagie

n-bit regzgf&r

Mate ) It rs /mPonlaM/' that Hhe VCyI.Sv;eV‘ be ’e\?jgﬁ fr(‘??erec/ So
that {6?;} remain C’an.s/amf whale a//rr :}9;:@/:. ,Dm{pa?a/f
through fhe combinatrona! logic. . .

) The com b/‘naﬁéwa/ 109;4 coukl be re/b/cww/ by erther
n  (n+my~dne mulh/}lexur (see pg 19)  ar a
27" Caddress) X n-bit mewiory.  The laffer Jr move
gereral  bat s usaally samewhal  Slower than the
decodars or using Cdmb//.)aﬁm/ log te..

/\/\',_\/
Pl M i SR

| Use - :
of Exterval l_nlpaf;g ‘—’n;é“_"‘f\"*‘“‘f %: " O n _
: & S To ”37‘9[’6"
Memo;?/ . n [ woooaly mputs .
From rejlsfer fQcy —7Th 2

514,25 AE-10, 9.3, 4
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We can think of a state machine as somewhat like counter with 2”n possible values, but state
machine can progress in a more general way (not limitied to monotonic progressions).

Example: washing machine

Extra Dirty

Agitate
2

Count progression is: 00, 01, 11, 10, 00, ... These represent out states and their relative ordering.

First detailed example: 2-bit gray code counter

Previous Qi Next Qi
To construct this device: write a truth table for input for comb” logic GHEPILL G @M= 1agie
input/outputs: inputs=current stare info, outputs = Ql Qo I 51 B
next state info. State
0 0 0 0 1 These are the
. . 1 0 1 1 1 inputs we need to
Devise necessary logic from the T Table to generate 2 11 1 0 get fo the next
D's from Q'S' 3 1 0 0 0 state
Do:Q1Q0+Q1Q0:Q1'(Q0+Q0)2Q1 LD 5
ray _ n _ 0 1
Dl_ 1Q0+Q1Q0_Qo'( 1+Q1)—Q0 QOJ_O Q,l—-o

State 00 01 11 10 00
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An 6xam/;/c of a Skrfe Machine as a Generalizecd counter @

«  a Gr‘cy Code  caumter Suppose.  we  wanl Ffo have 8

Stafec ‘e count O—7. =D Neecl 3 bof VE?,;S)ZCV‘ - Co

Wrife a Truth Table o
the regisfer D inputs  ouncl

& ou)LP ats .
Previeus fQ;} Next EDJ}
[ 1nput to Cambt leg ) (output of Gmbe bg{c)
————— —_ T N N———
& & 6 S 5 23
) o o { o 2]
o o { I 1 o
o ! { O | o
1) 1 o o] { !
[ ( o) ! ! I
i I I { 0 !
] o | o o |
{ o o l @] 9] o

Now  simply  ceaol-off minferms  From  table

Do = 8RB + R R-Q + & R-Q Tt % Q-Qq,

= %@, + 9@
T %d R (=
b, = @&-® T+ Q-a

Ro & 5

S SN

I>]]

2%
Al

W= [

Nete  The trajecfory of thus sfafe mackine fillk the enfwe spacs.
F insteacl one rmaoke @ il —by-k , where k<2"  then somae s/a/q{ﬁ

would raver be reacked woley  ropme/ o,oeraz[{cm— called exeluchec] States,
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N rnusT fakc Care, /‘/”af i+ An Exc[uol&c// :sz( « /‘fa.c/’i.ea/ \J\I/}
(eg. at power -up ) thew rtha comb®™ logic will insure that
eucmha//j a  state wnflin  the 75 CC‘/&rj will be reachad.
For exa,mfla consicler a  down—counter Fo/lou):i'b the sequence.
3272412 3.... e (1) = (1o)y = /o) = 0]) . Exclucleel stafe is (80).

The truth +table s

Previcus 1@:2 Next3Di3
Q, So ) Do - —
| ] [ o Do = Q@ t+ &-0Q, = Q.,@Q,
/ ) o ! => —
o { ! i Dl = aa * Q, + qc - a[_ = QO

Nete that € one uses Do= @@, then the excludled state (0a)— [bo)""
te if the crecat ever winols up in (60) It will sfay there .
A way to avord thac prableny, is fo add mnterms. Corrcs,aonal }nj -

fo exlucded states 20 For stafes in ;Lruj'fdér)/,

ie. bt Q: = Qo'(s., + _éo’@, + TR, T O-Qi
= (@ TR)Q + (@ +& &+® = @@

+

~

fal
I

7

S, & circunf for the down- counter which doecnt get focked 1 (o) ig
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Fhase Lecked Lecp \

[h"/@,,; we  ana /)/25(/ OPA I/ /eeo/éacl C/‘rc@ff rcpa// ?hat /A(
_ PAMP %p&eg\/ G anal/ 00//&76 Uiyt a Ffeed back modited
sersien of its oubpul  voltage, FVs. The speratron was suach as to

vecluce 1he ervor Vi, =BV, Yo Eeve,

7—/& /7/764‘.6 éOcAeo/ LOOP /s aéo [«3 )%éo/é.’« < /( C/.rC (,af éa 2‘.{ 7%@ 7144 72 lé)ﬁ/
whah s being  com avecd 15 The /)/Mfc of cfc_;//a/cy// s /‘7)%%_ The
Aas'/c '/c/)c, /57)/ /coc: ///cc #Le fo//cwmﬁ 0//&7‘/&”) P

'/z‘ amd Va
Vin ave 05(1'//(1///7 5/-7/“1&
8¢ 9,3 V, ~ sin(wet <0 1))

V, ~ smlw it + 90 (#)

#

~ Commen " ca w’ﬁe»«”» -
ff‘é’?u&VlC/ . .Z-f /J’/()L/‘."s/_[
broge, than” € -0, ~ % 60,

(Optiona )

The c;L//;“/' cf 7[/34. /phafc o{c/éc/gv /..s a Uc/léd,?t’ r’c‘/a/::c/ f‘/o //Zg 04?/@%;4@
in phases & - %’ . A ﬁy/ey)n* Fhis oc//agp /s ‘%/J/ﬁac/ % 00//47{
comtisllecd escllafon VO 4o mao&f/ G to give a copstant phase
diffecence  G.= 8, -2 ot th phase fer,

Type I Phase Defecto

) __{Xg_/_?" - Usecdd ay 507 Olu// factor Sguave Wwaves

Low fss 1
(_Alft’rva_j I 3 Vin m_jmm L
Veet § 6,3 v g T Voef _Jjﬂ___lm

~,at

AG= 92"9‘, = w.h
{W”:,j slope fom
(2%

e Fescliach o NN

nega
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'-\9

Noafe Z) £ ref s at g harmeme or  subbavmone at Vi,
thein <o) 6 u,ncha/n7€a/. Thavefore.  PLL copy Jock
onty  harmerwes  of /hpcnl pkz?u.ency whoy as/nj Type T
a&‘)lcalovr

27) Zm}é& Iy  assume VCO [ free ru nn‘mﬁ’ before /-ﬂpuf
Oﬁpédcjj, 7711r) U = Z/ VCC => VCO (,Ln / go ‘/5
%7’77[CV #Y‘C?W‘Cy .

721) When /00/5 /s o fock  the A8 Cor—mspcna/s fo that

reeded % gue  +he receessary  VCO input Vo/iéa,?e fer the
mfma‘ freguency, le e //'z,oa/ ﬁm7 neanr max of VCO:

range 7hen A6 —TT,

Type L __Fhase  Lefector

E_a/7e sensihoe  nahoork — baseod on FL(%’F/OPS

45 Assuwy )ntlﬁa//j Sig.in fod C}Jynp,?n, ‘
‘1 5/3 /);) } l R
Lo
pass GJMPM j__r

R ] owt 1. i Hi Z state
hter 7
Fille,

-Qducvy)fa?eg o Correchion pulses gemgrach/ only when neechecd,
Doesn't jock on  harmonics
AB = 0 whey, lockeof '/no(e_f: of €

Dfsac/uwn/a?e ¢ Sensihve fo nowe amol olitovfon .

A T
mﬂc /ﬂkrpmkf/ as fwo eo/yei_
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@)

VCO  and FM Genercihon

Gaim: Sappose control weltage (ic awlis) = Flt) . Then outout anvelorm

~ cos w.t + ff{i}di) B 7 e exam/)/csj

//‘4/'7/6 (/r.cu/z/ /7 /CC(/A%/L ZC;/D

1y

) 5‘//'&(.455/,5/4// ﬂfcvz//ﬁizm'j - U:ua//)/ /;aU( an L

/waao(/‘c ‘
pu/}e c/caw’c’ﬂf
' 4 .
f—co T e / , : / .
“ Vavia bl CQPQC(/Q//ILL (5 il dgsy / rca /'j «c/
Vv / . P

, 6@2/[ A (/4 1/&(/01«- - /:)a(/< /)/a S(’a/ AJ/cc/é e Aofe ]wﬂc/icso

p) o /

£ /; b Cappac 7{5’67"/(1 3éef[z wols avm e /7‘51 "

. - /

I L favse capac: e

i |

: ?%’ = I"“I\’f:’v_ﬂ confrof vo/vlai’g () Vg
L \—

C o T
[Ve + 0.6

/ ‘ . > L
&w_«xd,u//,yj the LC Fank Crrevind abeoe ; = ¢cv = -V o
Al "
LGy (/+ s ) v o= \/ whave NC = C[qg/v;?e I Caf)aaz[awof e ()
) to mcaéa/q.wénj (oeclis) S/j}va./ dvg = fi),
PR
Vo~ e e ve é /5 asf(/w'/u’c«/n

Asswmie  a :c&uécw of Il /bv;w;
o haye /)m,;m/;r; 4, a lUnear o(gxsfnﬁét gee .
/ /e ASS rry %k( ¢ Gi€ Gﬂ/)’ S/)vco:/A & /’f'a,.))fm‘j' 7r7 @L )

La /)&/r/ééu/ay "’/JPVGX//%751/[< alf'”pjo 7>/,

I / ; .
f)u/lu’:'; Hus solabrovs nite 1)

S [ L 4 AC
TP o T (T EE) s e ek (o
, ‘- o Y
whe ve We = Vi, anel K, = % (Vs + 0.6)
. e . ad// £
( 77 C¢a /(c(/ the Cavreg v frc?wwc// coied /)’o /5 7[/11 Vo 9&,:/7 “ 10 V_V;ZC>
‘ J';bm
Vo~ fe e = Cos (wet + K [Fw) ) /2

//{, f{/{) i5 callecd  The /"'“ff’“'“‘()/ Atera 'éc)? )

(}'/)4/;»:)/,'( /3) /a ft_/yfl Sc /30/5‘,
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@
4 Sgware Wave COscillaiove - Heve oc///a?{* cerificlleed Uarenl Scierees
ot wsed  to Céa‘vj(" P (‘a/;)zjccf/éy,
-
v, =
mm&-bo—-
voo - V%
Ver §
L‘l vb
_E
DemoouLaTor (19)
our
vcootnLoq— V[‘oouf
' (vg)
!
f The GQP“C’“{GV velfases v, 11/,
/
are //»ua,r//a re/a/cr/ o the
phase gs, TV
FIGURE 2. Logic Diagram for VCO AR wh;a \/6 e
©7 2 - :’I(Z‘f‘!é)
A Vg whuly V—,:O
7 : T Y%, T I
-ZN €c/[<4/v case @ = 2 ’\/¢ = 2y 'E;
—
: Y . : )
But Iz s set é, a CL(/}—r{QV;/ rmervey Iy = I +§"’7 ity (fu)=veo vnT)Uf)_
e 7 % T g
— - EA et LU S £
=> @ = (/Uc + Ko ;(() ; WLL/(/\H” VJC = 2 A c, Q/mo/ /{U =7 VT C‘
oVeo,, ~ Hlcos(wt + K fJrues)] /4
Heve 4 [s //L( /l/fwvz/_s/g[( /Z//nc/ﬁn -— /Kw’nj S.//Le wauvé info 571,(:»1/@ wa bt
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Llesvy the Loop = Freguepcy Demoolulation ©,

P

o Demodulatecd signal (e awdlio )

Ascume S/jnqz /f,youf Vi[t) ~ H [5‘.0 (we?t + X )]
amel VEO  cutput  VeO) ~ H coslwet +6.@)) ]
Note o 90° phase shift betweon /},/)uf ane! Vco cu‘/}a’/ s meluded f/f‘/)[uf///

Shrce ///a{/:/ﬂasf g&/f)}rema Ccrffs/gano/J to the  moid value of Fhe T/V/:eI
phase Ccrry)u,ycuér gué@d/‘

\’m(u CEMP G’uzllbuf LU, = KD {gi'ea)

. , [+700 T
Fiter cpd % Ko whive K= FEmmy L Tas ki

. /
Vco cu‘lzPu{ : eo = KD QfF => 60 = J_u:) Ko U;:
{ Wole  the w1 abeve expression s relafes to the lime c&/)woﬁwa of G 49, )

. /
The /66/3 egua foérn 15 6, = y'o—v Ko K K, (8; - 0o

{ o+ j‘w KoKp Kr

The vesistev s R, 4R, are asq_a/é/ (‘Acgfh /‘?2 << R{ o f."/f a ole P/Cf

A .
- ‘53 ; . whuel has a s/a/ue ~—bdBroct  Lhen  Gain
.. ) ‘ .
= %_é‘m\’?\,\/_ligdg phsses //Ixtzco«}/‘ Cd 5. Tust like 0PAMP case ,
P =
.0 i
O ; ' -~ 6dB
o ! N oct
= N i
7/ '
Z—(:‘:CL E'L /03 w
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g S EAapieidicn for A/F , Cua Iéc i () 5—& COJIES (9
9o Kok (1 + 4 0T2)
7. = — LN
2 YT #T) + g I+ T K ky) + KoK, ¢
_ (6D
- [+ 3wt ‘2
= C 5_)2'; N Z_j‘ { %3') N 1 a;/’u"f W = ZK" KD/(Z"H—Z“,) ] //OOP /\/a%a,ra/ f;e?uenc/)

‘v——-————-" .
omel &= e Rk (1T koK) (Darn/;mj Facksr )

\> ; f .
S nde Fr 3wnTy, F ’L‘?_KOKD>>/§

[+ ng%,, <

(8,0 + 2458, + 1

o

Sinee The PLL s 4 be O(SPC/ to  demeslii)ate FM the loep éano/w-z;/fz ~ 0,
sheuld be macls  as levge as poﬁ/[é 100 croler  to follew The 5/5»742[ O Fhu
J//IJ&/ //&r/f(f/ /Z( rn,aﬂ/ not be 6,«6&:&12(4 /mg( o au&zc/ /mé)e‘ Sines weﬁ'f’
//z/r,z/és/t’c/ o awolrs e 'Sl anf/'c%/»ﬂ/c/ oy = 2 x 2okHy .

/}/}o ) cocdia éy f/é{ /00/> fo re 11 /oé[,eo/w/f% /r-?/pu][ 14/(1( pﬁafc cvve \‘
S"/?au/i;/ A( é’c'/nuv/tc/ fo £ 900, /,07//1111/60}/,( /ha/ aqa/rf /)cj/)é(;g /ao/éac/f* ?\ \U}K

Ay -eedbs

Cons1clen 5—//?,(/{,50?;0/0«/ FM ‘\Vt lj’/ 2
..

(womt D> jcu,,,z‘ 7: AG
G;14)=  Aw fej At = jwm €

. ; e
wheve @, = ﬂ'/ao//a/ménj /re?w_ﬂ,y/cy e

Aw = a,ny/plk?Za(,\/{ of /»67, ozr»iaf?éw‘

J
-~ Ao
=> 9{("’3 = o;’w’" S[W'WM) [V)o/éi wovk Lu/ Fewvircor 7‘rafn:1évm5) (7

US/»j /é ) d/na{ (7) ‘/ﬁ( /DACLS( Erver Cean é‘( Gf/)l"o/{"//)’?aé(,/

w2 B
5 _ ya) ) _ ( & A ~ — ‘@iﬁ_i_ﬁﬁ_)ﬁ\m
e 7 © - / a;>&1 - *(%})1"} 2‘75%})&:*— { O
Lo Wn
L S _wn .
- W 2 e W (%) »
b oo, =(w) + 258, o
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11T
15 ARrY “
. . / 14
H plol of an(!) /S sbewn heve — 2 % \
S s =080
1y
, ‘ s Wit
Tax. Phasé Crve Bg 9CCysS ud/z,gn «?E 08 | §=0707
i :[;€7wac)/ of the M?aoéu/a/'mj 9/7))4/ 06 4{1_515
. 04 H
w, = Wy { Matave ! He?, of /05/3). 5= 20
02 T }fﬁ”[ .t
I

0
01 0203050710 2 3 57 10

wWnlw,

At Fhus ﬁf?z,wym)/ we  oosipe

b

o .
I Ee i = 25 W S 7 (ot @p=wy) ’9)
Ec;ns 6> apd () can he usedd to sel e ﬁ/%w Cc/?"l/’)s/—zr'// valuss,
Vee
E_’!’ Phase D{/tc/gr ! KD = 7 = 59 V/"Or/ o Vee = 5V
Vco Data ¢ veao,, S
Tl T ——=r ’ 3
r2sv 33kHa ‘ o (17 e .
2,5v 98 kiz I ko= 7 Zov = 3xio0 "Vﬂ
3.75v {50 kHz )
i Choose  co,, = 2mx jpkHz  Hor  amdio 5 +hin Frenn g7ﬁ )
Ko Kp -4
T, +Z, = W, T = ).2x/0 Secr

A c/a/w;/:w‘swj foctor of 0.5 < §<f %sua//\/ jfbc; jéaﬁﬁl Pe,V)[Grmam(:(

ie, not teo pruch »”/ky}/y. Usua /é/ §= 0.7 15 consilored cp Frered 7.
i i A

Filse Frew 67‘- ,/5)

25 -5
T, = wn T 2.2x10 7 sec

[ B
o= Gka ¢, = Jo n#‘;

R, = 2.2k |

e S |

Arn QKC&/'D/C(,,/;(& set of  Lalues wenld e

S =.7 /e J[;(i/[,(_{;,r;}z// deviabrass  slcw ol be [7}//‘/7/56/ %o /;(;,;,./ O
5
Aw £ w8y = [.2X10 radfe. - bODF = 20kHz

I:GV T/;, = /OOQH? (r(cu/,(;gy) '7//{";4 /(/'H"("‘Se,/)/g 23 207& W,cc@/a /4‘0)/7,
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Data Conversiom
e i et e TN

The measwwment of Some  phy sical /Dm/oc.rfy by an clectrome
frapsclucer s us aa//j A Cm'la/aj voltage. or Cavrent  whuch i<
refated (1-to1) o the value . 5M6.re<7ua/m7i/7 ore anshes Fo edher stowe
the measunecd value or uce i in a favther computation.

In either case H turns  out fo  be most convevuent o comyert

Hhe wmeasarement 4o a  namber - élba/t/g or otherwist .

Digital to Analeg_ Comversian (PAC) _ ,
Begin first with the imverse operation; guen a number convert
H to a wltase or curvent, (This Fums the basis. of all feedback
Apaleg - fo -Pigital converters) T+ turns aut, ouz fo the Act  that
cighs) conversicn o carrent i the most nateral

+av 2R R
A fust a#’cimlp‘/‘ M{?lnt m- Dy -
d’?’fal ,\———f‘/\g/\/ﬁ
be the summing-oamp bifs Dwg ~f -
: Cmt"rot«/‘: N N BK ¥
1pproach  frema Ex 4.5 switeas (Dyy o4 ' Dy
ik | : DT s )L g

The main dbao/vam;é.?e, ot fhus scheme is  thaf an n-brt
DAC  would reguire nwl  oifferent resskr values , each cne
baving an _absalute ac@vracy = % smallest vales , te. for a 10-bef

converter . the /am?es/f f‘e.s/.r/cr woulel /Leed 0. 05% aCCuVCLC\/x(

A more elego.nf scheme which wses d??/g Fwe /t’:/sﬁr valugs

s 4he R-2R Lladder . A 4-bif version 15 shoun helow
e |
Tr inside. L.C. |

H

. : ¥ \/< o n
Swrtch S, controllect Ay = Vour =~ ;"f Z‘:z,D"

P/jn‘q/ /hpu‘f Dn
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PP 3

D How fhe R-2R lpolder works ..

! At each “/‘wwsa of lackher Hu elrcuut looks (e

7
& — S e .
o

b Crest of fackdas) -
'/é r‘ 'I: VR“ v \\\ : “ ) I{ RL = R '/'}’IEVD

(e uzétfn )’ j”‘u ( ) frm Lhs. Ru =B

) ,

{ = L= _ ) %) In= z Tin

{

[

Lo

Note i) Uses CMaS o/ma,/Oj §w)/dh€.s
i) Bath summing Imes  must be held at growyia/
(rea/ or virtuall +o werk PmPe’/j as a OAC.
W) Summing Jine usaally has a lorge  capdectanct
fo growmd which can be cmpensoted ~fov  comewhat

by Comp . M--,—_[;,—_}
el

one can avaid the extornal OPAMP | wiuch  cakisties i abave | A)/
using @ carrent —source DAC.
- .
. ————— r fo OPAMP
Reef l J’—— 7 3 ° suornmmj m/mf,
sz Ts K _ =
. Loap = Le - Iout_ﬁzuE
~0V o~
Bewave of ,
- Compliance ran
= 1 ﬁﬂLpLC Rl_. ?e
autput i useo/,
Vg v 15V
e R P
Sju;ff‘cl‘ C’au/q’ b&
PR QORI N V4
imple menpked L/y __/—__\,h
leng ~tailecl ,mJ““
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DOAC _ Error SPM&

Suppose a volfage oulput a/f/ua% same vesulfs ) obuwous . .
o maclifaccdums  wrll pr/j fo cuwrent cut fdéc.//j, #he ,z/av/‘/dge
lewels cut Shoué/ be /EEM fo Olljt/a/ Cod¢ 65 7

-
Vot = Ve 2 Tm 2 Dac2",

 Between adjacant numbere  Voy  should change by an amaunt

. S _ , Vi
wrresponelu:'j b the /eaxv":g/uﬁum‘/‘ An[) (e My = —;—E—,f- = Vg -

—

. et _ g
(L& YnaxVOb@/\/geF= ﬁ";zh:z{m(%)z IA_ZL"")‘

Comsecley  transfer curve  Vour s d/g/fa/_cc;o(L

Ves. 4

& ...
1) Scale error =  max Vet F Vs obfined] above
2) Inf<‘35ra/ Non//hear;/y = max € Mg ex}msssm/ in ynifs of LSB S
3)  Difecential Nan/l'near(.ﬁc = max [V =Vl Sy units of LSBs

C/) Mdno*’ahl-’:!.ﬁ/
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Digital

2%

W) RS ONS

i)

77

17)

The  cuvyent meste DAC s um,;o/ar te  Ix © requiesd, while
ama/cﬁ switeh DAC 4 bz',aa/a/r ‘e Vs SO (Igx $0) allowedd, 7
Qlthaugh both DACs reguire ew/7 fwo reuskr valuws the corvent .
mecle DAC  must have m different sized tremsstors oo Ahat
Ts (hrom Ehers Moll) seales . Thic s nade] tfo insure all
lacloler  travsistore  have same Vke, s Age ~ bomV for Z,= 0.
Curvent -mace  DAC oa;’fvu% ca,oaci/a/nce ~ Constant  wihule
amabg—rcwh/cl\ DAC capao;.ﬁmce varus  w/ coode. 00/7 affecfs
mjl s/peea/ apem/z‘a’m

V) As /Drvaxe,l/héta/ both DAC  are “'m(ff/‘,o/y/)ﬁu & Vout < Vref

e a/na/zg—:wzﬂ DACs have  Veer and a%ém% o,mpai%zr
/b%c?m/fc/,
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flialog _To Digite]  onversion

Given o Vo/kz?fi range defineof by limdds  Vor + Vpg « Where
= Ver > Vg . Divide +he range inte 27 equal mbervals hawhj

bOWV)da ""I ég

Vk = Vag + (Ver—Veg)om , k=g ... 2"/
The task of the ADC s fo Lol k cuch that Vi < Va< Y,
Theve are  fwe broad cafegsrias ; sampling ¢ converts Vin (tnms)) andl
@raﬁnj Ceanverts  <Vind). Examples of MM
Conceptually  simple  bat requives lofs of circuatry eg. 2" Comparators!

Vr £ Gimparator . Ay exam)a/e' of a 3-bit Flash ADC
P ic> s showsn to leff If % < l:/,'n.ﬁ V‘(fl
o if £y

fj?en Cl ou/'PLA)L /s {1 i€ ’€\<k ”

RS L |
gi 1% L . The P//or)/a encadler 5/1/2:‘ *he
i R % c g ~ A, 3-bif address of the hfiAcsf
G T : 2‘ bﬁ CD/ ﬁ hl L.
R % L_J——— o Numper CO@/’@VC‘  whuc

was on.

R L b

R % o L
Frior:

V. Co EnCo:?/C(‘

Conv erqlkfer

Note that the Pe9/3f¢r plays the rale of a ohj'//a/ s 4t
when conv % the ccmpumfar aw‘pufs ave latched.

ancl Vin may change without affecting the conversion,

This s the fastest methad of H-D Conversior) however
1‘ypz¢a//j s ’///m.)[co/ fo lower resolufron (less bits) than other
methodls due o large ameumt of crwhy-

Y Also compavater Vs must be < 70 (Ver —Uks) +o  avored non//heav;/y‘
~——— —

Visg
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Cne  can gr‘fcfﬁﬂ reduce the numbev of C’om/oav‘a,)ébf.! ete reeclec/ (_‘D
with  the adelibon of a DAC i the /é//cl-u/nj Feodlbock rmethools

2, Mﬁ ADC

Reqister

/Go‘ <7

Q:'D7

Ny Naiinl
Co—;lﬂé::_—li&h data

+the  max 5-;’-" that can be Followeo] is Visg* Fey -

Twus scheme s slow;

¥ Y, c/nanyes faster than this then one  Should use a S&H
in fromt of Compo.ni)%r. amel wait 256 /2™ clock cycles.

3. Successive Appro ximahon
This  methocl  rfecatively . bisects the wolfage range 4o find
the buary # of the inferwal confaining Vin . At each rteration
the range s reduced by 2. For pa bik  the answer
arvweel of In m Steps [rather than 27 o above)

Stepli  Set DAC MsB=[ ,all othevs =0 ie. 100.. =Dy, = 7 Fis
Step 2 "F\/VM>VMC AR Thus  redefines the rapge
Vin < Vopa, set MsB=o 7
to be the upper orF lower half of the orlgfha/ renge .
Then set bt FSE-1 =1 and all lesser biks =0,
23 FS.  f lo00. .

=2 Vpac ~ f y ‘
4 F‘S { oloo.. . .

Step 3 Test Vin SVipe as above apd adjust bt MsB- .
Then sef bt MSB-2 =1 and all lesser bibs = O.

ch i
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Fi

Digital

. . ‘ =
grwp/’ucﬂ/ d,/sp/ay af DAC m vs S)L(:P’i (time) is chown \\/

pelow  For a 4-bit Conversiarn  and  Fwe oétffeﬁfe.ﬁf Vi

Coo/eg

OAcC

Tha

[

1

) D S T A

oo o

IR U SR T DS U |

0000
! A 3 4 Conversion
. . Complete
Step # g

sequentrial  logic whech  does His is calledd o “Successive—

Approximation /?egzsfev “ or SAR. IFk  use in an ADC s

chown  pelow.

START ~—f+\—l

Ck

Vin

Tt s crucial that Vi remain  consfart  withis % (SR
during the convevsior,. IF thes sn¥  the case +hen
the co mpa vefor Vi p ut  shouled  be Preceee/ec/ by a S£&H
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&/

i1ie SAKR we wse n Llab ( “Lsso03) assumes neg - Frue /aj e

on its  1fo pins  alhowch i sn't  cbvwus frem the data sheet
diagram, The LS503  assumes that a g data outbput adds
current fo the DAC oufput , e Q0O =DFS. awd i = vy =o,
One can nevertheless  hook it wp as shown on prev. Pg ar in

lab manual anc A4 will ~work , but there will be o few m/.s_c/nj
codes even o DAC i pertect, Doing «+ correctly involves swa/ap'mf
+/= puts of comparatr anrd aa(a//bj inverters between SAR outpulfs
and DAC inputs, or dsing  complomentory current cutpuf if there
s ane .

Given the Ck and S mputs as shawn +he oul—Pmls are

ck WW
S T\ 1

677 1 / 657 =D
Qs 1 fer=bDu

Qo ‘ J & =Dbin

4
—_ |

cc ‘ e

Since both & and CC change " res,éonse to  Ck £

you would  wamt +o  latch om‘pu‘f oafce  when  Clk ¥
and CC =0, le
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N
Ths //}Zuuf;;“y of tha Tfac,éinj aud SAR ADCs  depends
a/;'recf/j on Tha Qaa//@ of the DAC, £ i+ is nevlinear the
the ADC. will exhibit  Fhe same Fype of non/mea,w@ . _
In the ﬁo//ow/nj ADC s Vin & converied info a ,Du/s( whase
davation s measured wity a stable clock and counter,
avoicloy the necescity of a DAC  altgether,

4, S/r)c]/e Slape Converter

Ry

B,—ﬁ_] (574

3

W a-Qy

Cin Yq
Dy — D7
- $
START | ]l
: 7
wn[, ,/\)amp Uo/faqe Ve lt) = ’Z‘ft

x ﬂ = Dllfa.{“léh t = %@F .

Cin _w 469 counts while Cn  asserted
Lo 1 { [ load L‘I‘éﬁ 45 00, when Cn goes o‘F?r

. Fiok €
"[c"/ae.k' tr‘a.mp = ﬁ X Vin .

ESC'a./e Errovs /p C 7 Iﬁe{-‘ ar Fc,oc_k C/Y‘;H wy/ TLIMC € ‘/EW)/;,

When don,c/ the count

Howeer A4 s mcnofnm/c and DML« 9000/ Sihce a/nj drift
uxua/lj occurs  on a much longer  fime ccale  thaun Tramp,

= Any variabion of Vin (€9 roise Spfkcsl), occurng near end of reomp

will cause error,
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o
5 Duol Slope Convertev
By avero.ginj /n,am‘ thie methoo] 15 lesc sensihve 4o nose on Via,
and even becomes inclependent of R,C and perhaps  felock . —
, ;‘B’US}’
Gae LI
Je
%-45
t449
Do~ D9q
42
S’W/l‘}ala Po:.tﬁéns_ shown for GATE  and BVJY true,
T "”E‘"“ AT—_’L At the €n¢/ 0)[ 3@%& }n'/crva/ i=T/"{“

. T, -
! W) = re Vi dt = 2 <u) .

I R
- | ﬁffcr.gcr}d (T<E<THAT) V. Llr&mtos—
| .
i .
Ve 1/ \5 down” af rafe V.= “B Veef
H
! - - _ Vet gy -
J . e => V)= (Y - 22 (e-T)

The durahon of the ramp -down  measured by the coumler s

RC . T, Vi) 3
AT = g V> = T RYAY: (= MTyoer )

Nefe =  Result jndependent of RC
- If T= 5Tk then resalt s alio mdepenclent of  Feiol!
e m = n %’2 wheve M is measured ramp-olown count,
= If T = infegral # of 60He pereds then result s not
aFfectecd by Otz naise.
Of the varus “Slow " methods this one is the best in most

cases.
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Cthe i m%fgrafirﬁ con u{k/frg

7 VFEC (Vo /fajc - fo —Fp’e?-m,’) <y )

Thes  methool counts  the number  of cycles of a .woffage controlled
o iffator accuring o&xﬂrg e Fued /im interval say Isec.
Ex 4.3 an pg 240 of Hf Fach

Recall +he VcO ama/)/zec/ /n
required. a  time L given bj

cycle of the output  waveform
3. Vi)

3y = £= T = B& Vi .
V>

L T e
- RiC; o

-

do vt =

T Defla=Sigma_Conerter

to the VEC exc,epf that g Feeolback s

‘ Thas 15 sinddar

use fo  nsure a //)?eo«" rco,
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