

















NQ&% a_ywl M()ope, Moo(el.{ o:f F;’m'#e S'hD’Q Mdc/u:nu

There are 4wo models ‘30 se'?ue,n%\aﬁ. clrewds : The Mpalj model and the
Moore moded shown below . 7he on lj difdfarence isin +he gerasration of owdpud .

Mealy Machine

Inpiits o——e—!

Outpurs

(Mealv-rvper
——

(a)

Moore Machine

Inputs emm———-' Ouipuits

(Moore-rvpe)

et ]

Clock

(b)

Block diagrams of Mealy and Moore state machines

1;1 ’H’le Mewll{ modd) 'Hﬁ& O(AtPWt 1S Q‘Fwncﬁkonaﬁ boH\_ ‘H'LA ﬁl’ew Jl‘d&
Q/la( +M I'n%.

In the Moore moa(eﬁ) the OW“‘M s o function 4;60».%7 the ‘ppemf state

_//ZL&‘,LUJO m edels j q/j,afu,em-{-;\az Moxe re(eneol do as a Finl'te S tate
Machine (Fsm). They are referecl fo as Meally FSM (o0 Mea,aef maching).
and Mogre FSM (ar Moore machine).

An eka«WlFZ& Of a Mealj model ¢s al‘m " F,‘g, 5,45 # the baok /#1@ examp/e,
with two D FFs, Here, the oulput Y i o funehon oqf both input x and the
pre,;eni'.;{ules of A and B .

An example of a Moore moded is gwen in Fig.5.18 of the book (the example
with fwo TK FFs. Here, the ouwlpud s a Funehion aj Wprewh% stades anl(v]t.
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Anobner exannple of o Moore model tsdhe Mﬂu@nh\d edrewt with tio T EFs
Shown " F-‘?, 5,20 od{ He hook . Here, Ha Ouﬂipud: depends onlj on He FFEs
cukput values whidhare w’ﬂio‘f Hhe presevt state only .

Lo a Moot podel |, e outpuds o:f'urt& vartiod cleut are syncheo nled
With the clock , becauce % dopaend oljt&on FF oukputs thot are

Wmuﬁt w«MWCLock Tn o Me deﬁ Mg o whpuds o
change (f the inputs change J*L—'Vj the clock . Thus cawses mom@;{ folse

volues ot He ovu‘t'ou*; becoumse oéﬁmdﬁiaa betwepn Hag :nputdmy\jga
and. Hu FF oukput cl’\a_n,&e, ln order 4o synron ze @ Mea-@(j ,Iyp.eapw,_t
HM..mpLdS ogf.:l"u seﬂu.uioaf elrewd must ‘oLyawokro\MuzL with the
clock amd Hhe owhpuds must be sampled amm_éauoj-e% before #e clock edge .
The f‘np»df are c/l«o.wg,zat ot tHe (nactwe edpe 06L~H/u. clo el 4o ensuse thot
o f\npuul-s o~§ Hwe FEs chabilize before Yo actwe eol.ge,o—i-“«o_ elocl eﬂl@z
occuts. Thus, He owhpud of He Meady machine ic thevalue Hot i
pre.ceunk :‘mM‘o\J(-%L be,{ére the acthuoe ‘“L?»iai Hw clock .

In the state diagram of a Mealy model aruut sukputs are marked

on the arcs i fre {brw\arf “ npuk foukput " I the stale oL’a_g rﬂ,w'&;f
a Moece sl ouJ:Pwi‘/S ae morked in Hre crccles in the -(::rw\ cri

¢5+ak/oukp~u-t ",
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ANALYSIS OF CLOCKED SEQUENTIAL CIRCUITS

Ahalvdsis of a clocked Seqw-v"?d orat desermbes Hhe behauvior o:f +he .
cireut from the fnpu}s/ oud:f:uis and the shka{ vks FPs .

The ouwtputs and the next stode are both funchonsof the inpuks and the
present dale.

The analysis of a sequental circwt wonsists of Ob*al'm'ng, +he stale eguadions,
and then the state table or statediasram.

State Eytca-/l'an.s : A state eq uation (or Fransition eq«—{a{-fo‘h) {s an cx[g}-br\-mle?ua#oh
that 5/ogc[ﬁ'es the next state as a function af %Lpre.r—em‘ state and inputs.

Example: Consider the .ceiuen#al cerenindt shown belows . T+ consisis aj +Awo
D FFs (Aand B), and an input X ancl an output g

A(H L ABx)  ADxB+BE)xW

. X (£) D-_L_J 4
xt) — D—‘D 4
j_egj&) > clk

B@) ~ _pe

Al) AT it -
x@®) |y gate] D B

Clock

8

Ad) | : \ A «e@) x’«;
D¢ x'(¢)

For a D FF, the nex+ sigle RQU+1) 15 e;iual 4o the D/'npui: after the
clock Hansihon . Theedfore , we can wate tha -@llgw.‘nj state ec]t.LoJ—r'ons :
A@E+1) =z AR x(@) 4+ B x(3)
B (£+1)= A4)x(+)
18-




The left side ofthe Sjraiée?ub}i‘an, With (£41) denotes Hha next stole of the
FFs one doaked?z later. The u‘g,H— s-‘olzoé{ He stole equa.tbn s a Boolean
ezPPeSSQaV\"\’V\aJC Sp—edﬁ‘&s Hne pre.ﬁev\'l'“‘ st ond the vapwt wv\J).'L\ons +het
moke the next state e7um-ﬂ-4o i.

Since all the varpables 1y the Boslean expressions are a funchon of Hha
pr\csem)(‘ J'l'ad'ef/ we. coun OW\W\.H: HAQ, clestg r\aJHOn ({;) q-ﬂér each umalrb—
for convenien and can expreis the stale e_z(u.ah‘ons in the more Wmpeacd

form
At+1)= Ax + Bx

BL+l) = A'X

St ZW? , the present-sicle value of Hhe output can be expressedk
alg).,bmicatllg as
&) = [AQ) +B®) ] x'(+)

B% rewoving. the syaloel (&) for the present state ,we obfain the ouwlput
Poslean e?u_aiévs 3 ‘
A 5 (A + B) X ’

State Table ! The fime sepuenca of l'f\pu:)r:/ oukpuds andl FF stales
can be shown in o staje doble (or 4ransihon +able ) /n one 01(7&/)4,
{5“0\).1!'\!\3, fwo -@)rms.

State Table for the Circuit

Present Next

State Input State Output i

Second Form of the State Table e
A B x A B y
Next State Output

0 0 0 0 0 0 Present —

0 0 1 0 1 0 State x=20 x=1 x=0 x=1
0 1 0 0 0 1 T » -

0 1 ) 1 1 0 A [ A B A B | 4 y

1 0 0 0 0 1 0 0 0 0 1 0 0

1 0 1 1 0 0 0 1 0 0 1 1 1 0

1 1 0 0 o 1 1 0 00 10 1 0

1 1 1 1 0 0 I 0 0 10 | 0

I/'l ma,/unf a :la"’( &bla/ we- W‘l@ hS%z Ol,l P@SS";A/Z; mmlﬁfﬂ&“ﬂ"&ﬂ}
Of the presen stafes and inputs (4 ,5,and x for ths exam,a/e,),
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The next ctale yalues ouwe dhpn defermined from the stake e:iua.#ans
(Or from the ,Og,i‘c, C‘—tagf‘a.m)

man
[n generdd, o S?ui&)#o\ﬂ,a;ﬂw:d: with mm FRs and n \‘npui‘s needs 2
raws dn Hie state toble . The next state ' sechon has m colomns, one
,For each FF.

State Diagram : Represents the informedion availdble ina ctate table
%Kupk'lca”g, In a stale dn,‘qiram/ a | | ;
- A stale is represended by a circle,

- (C“I ock %Qj,ereo()fmnsiﬁ\ov\s belween states are indicoded ‘gﬁ

dicected |\nes CoanC)Hng Hha circles.

“The s-nlwl-ed.ia.gmw\ of the squanhod clrewit %u:ev\ in He exomple (s

Shown ow .

Stake d/a Qram

The stale oU.a:ymm me‘de: the cawme "nﬁrmd#on as Hha state table .
- The b:'narJ nuwm bors /:/Yf/‘de each cirele /‘de,n#ﬁg: ‘#!e states raf'ﬂu.FF-i-
~ The directed /ines are labeleol with fwo binary numbers sepamfed
by-a. slash ( Present value of the lnput / Convesponding oudput value)
Note that +he output oceers . _dun‘nf the present state anol -
with the c‘ndica,{ﬁd inPu.f, and has no-’h;ng,%dﬂ with +he dransiton
to the next shale. |

For example, the diected line from stale 00 4o 01 is lobeled 1/p,
meanfrj that when the seyuem‘:‘ai eirewd s in the preszn,ts-}ate oo
and the {n(;ui s, the oudput (s O. After the newt clock C‘Bc’le‘/
the circuit goes fo the nextstale Of. Ifthe input chanpes to O,
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then +he outpul becomes 4, and the s slm‘(fcs fo 00 state ; [+e

Snpwt chamga o4, then Hu mjffmi’ bocpmes O, and. the FFs goes +o
stale 11.

A dicected Iine conned-ing.a circle with tsel€ indieates thot ne change
of stale occurs.

There is no difference bedween a stale table ang o state de"q.xgl‘nm, except
In the manner of representotion . 5
~ The stade table is easier to denve from a Fiven logAe cl"w and
the state eﬁwa:l—n'ons ;
- The state diagram gues plctoriod view of stede transibons and
is in the -ﬁ)m more. switable {E;,- human ?nQ-el‘Pre»'fu:Hen OZLHUL

1] \
elcounts opem}t on.

Flip - Flop Input Equatrons

The Boolean funckions Hhot desembe the i'npu.-f: af the FFs are
Ca”Qoﬂ FF l\”f)”«,‘ &?U\Q*I‘Oﬂs (O/) sometime, excitahon 37443,“0,1:) .

1he  Boolean funchons descnbing the part of #he combinahionod cireust
that wmfex the extemal outputs are called oubput equations.

For example, the ﬁ:,b ~Flop 1npult eguotion

:DQ = X =+ )/
means +hot, a D Llip-Llop whase owtput is labeled with H&sgmbe—e@)
and Whose mput s ohtained flom an OR gote with a"npg&ﬂ Xa.ndd\.

For 'qupr\ew‘ou,s -exqmple_) wns:‘s‘#ng, g Jwo D FEs Aand B) an .‘npu.kx,
and an ouwkpunt 3) the FElnpud equations and +he eutpud efuo-ﬂcw:

DA: A’X-f- Bx
DB:AIX
_y:(A+B)x’

o ] s



The FF input eguations imply e fypo of the FF fop, the leter
symbol, and thoy fully specify ombinational ciewd thot drives
qu,e FF: '

Note that the input equation of a D FF js idenheod fo the stale
%uah‘ono This is becomse the charactesistle efw.t{,,n that e7un.to,5 the .
next state fo the value of#u._iD /'ofu-t / Q(é+() = D@,

Analusris with D Flip - Flops
, +he eirewid
Sufposm Mm Jo anolize s deoscrbed by Hhe l‘npwé“ -éqLLoJ-zbn

'DA = A @ x @ y |
The D, szm\ool implies oo D FF with output A. The x and y vanables
are the inpuks o the creuid. No oudput equations are given , which
implies that the owlput comes from the output of the FF.

T‘be /09/(‘(, o/z‘a.ym.m I‘-f Obfa)'ned aﬁ“om the l\”F‘Nt .37,,(_4110” as é//ow: 5

Present . Next
state Inputs state

A xy A
0 00 0
Adxey [ 0 01 1
N , X&Y ¥ Ry A 0 10 1
‘ | A@e-A®m) 0 11 0
SCUT] 1 00 1
& caa] =h=hexdy 01 0
‘ 1 10 0
Clock Vosasansss 1 11 1
(a) Circuit diagram (b) State table
00, 11{:;\&“"“‘%@ /fj )00, 11
e ™
01, 10

(c) State diagram

SquenwLI'Ot[ cireutt with D FF
D



The stale fable has one column for+he present stata of A FF | fwo columns
for the Hwo inpwhs(x andy), one column {or +he nextstaleof A. Axy are
Iisted frem ©O0O +hrough 141 . The naxt stale values are obdained from
the state eduation

AlL+)=Aexay

e expression speaties an odd funchion and is efu,o.ﬂ,-/o 1 when onlj
one Varable is 4 or whan all three varables are 1. 705 v (ndicatad

in the colwn {or the next state of A .

The cirewt has one FF and +wo stades. The stale diagram consicts of
1o ureles , one for each stale . The present state and. Hhe oudput

can be O aor 1, as indueaded baj’&tnu.@zr Inside the elreles. A slash
on +he directed |ines i< not neededl , because there is no ouwdput for the
combinationel cireut, The two mpufs can have four possible
combinahons for eoch state . Two input combinations clu.n‘ng,ea,ck stale
transibon ore separated. bA& a_ comma ‘o su‘mp\fﬁ He notadion
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Analyms with TK Flip-Flops

For a D FF the state E-?uabt«bn 1's the same as +he r‘mpwf e?uadbn.
When a EF other than the D »Lype s whed | sueh as TR or 7, /¢ /s hecessary
to use the chamctlrshs 'é7ua»t50n$7£0 obtain the pawt stofe values.

Tre next state volues afa m?u.ui(.ot@ cireuwt thot wses TR or 7%
FFs can be denved as follows. |
4, Derermine the FF inpmt equations in tems of the present state

and Fmpui? vodues .
2, List b»‘no-ry vaduzs ér— each vnpud equ.abk)n \
2. Use the choractershe +able (or the state eguahions ) b determine
the next state volua in the slote tabte .
Example i Obtain Hhe state tatle and +he state dizgram for e
5equ1.n-|'aoﬂ curcut 6hown below .

The /‘r‘l'_pu,i" e-fwaat:ans of the ciredlt :

Ja =B KA_ = Bx’
Jg=x Kp=A'x+ Ax' = A®x

- 24 -



The state table of the %w\ﬂo.l elreunk ;

Presant Next Filp-Flop
State ~ Input State Inputs -

A B X A B Ja K,; ‘ Is Kg
0 0 0 0 ] 0 0 1 0
0 0] ] 0 0 0 0 0 1
0o 1 0 | ! I 10
0 1 1 1 0 | 0 0 1
1 0 0 1 1 0 0 1 1
I 0 1 ! 0 0 0 0 0
1 l 0 6 0 1 k 1 1
1 1 1 1 1 1 0 0 0

- The input equahons are not part of the stafe table , but are needed. fortha
evaduotion of the next state (os speafed in siep 2 af#m proceduve) - These
colwmns are not needed when +he stafe equai'céns are wuiael,

T}L& b/‘nary values FF inputs (T, Ka J'B, and. Kg) e for tha combinations
of thepresent slafes A and B, and the irput X .

The next state of each FF s obtained from He corrﬁ.st\d.wg J I v pacts
and. He chamectenshc fable af the TK_ FF ?.vem below .

Charactrirhe Tible of #he TK FF

T K XU +1)
0 O | W) No change
o 1 0 Resat
1 0 i Set
) 1 | @@  Complement

The next state values can also be oblained by ,e,uaﬂtu.%‘ng, e stote
eqtuﬁnns {from +He chormctershr equation as follows:
Chamcteishe equotion ofa TK FFE 1 Q(t+1)= TQUL) + K. G &)

5uv\;SH‘HW§ A and B instead cf QC&),

Alt+i)= TA + 1A
B(t+l)z TB/* KB

-425-



S“‘H“‘““? ha values of 3, , K, , g, and Kp in +he above equations:
We obtain the stale eguotions: , ) / ' |
Atd+) = BA + (Bx/)A= AB+(B+x)A=AB+AB + A x

BL+) exB +(ABX) ' B=BXt (A% +AX)'B
=Bx/+[(A'x). (Ax')]B
_ il [(A+x!)(Al#X)]B

- { ¢ ’ Pt /

= Bk/+ (AA +AX+A x+5v5)5
) <]

= Bx+ABx+ABx’

These stade equations provides the bit values for the columa headed
"N ext State” /n the state fable. Note Hhat the columns headed
"Blip - flop inputs " are. not needad whan when sh-}aequ,#ons are used .

The stale diapram of the sequantiol cirewst is obtaines ffom the stafe
table as follows =

1 i Note thok, sine the cirewst
Se S, has ho eudpuds, the diredtedt
1'npv,£ e hnes oui“‘aaa%l;drdes are
g 0 morked with +he vabue of X
Gnl&.
Sy S,

26~



Analysis with T Flip-Flops

The anaig/n‘; aa" a sm)u.r,w#a.L ek wWith T Bfs 15 similar fo thot
OJ;TK FFs, The next state values iy Hhe stole table com be obloned

byﬂ U«Si‘ﬂg_v'et\['w the choracderihe oble |tted . below or tha characlensfic
aqw:u‘ﬂ‘w\ ,

The charactenshe fable g’{’ a T £lip-fFlop

T @+ ()
@) Q C-E) No chonr o2
1 Q(t) Complement

The charcerisli. equation ofo. T FFE (|@e1)=T@Q=TQ+TQ’

Example : Obtoun the stotetoble and shate &‘ag,m.m of +he se.qutewﬁaﬂ
; u,‘rc.w.t ;}wv/n below .

x ‘ A
B \ AB
. 5

Clock  reset

The se?mﬁ‘aé arewd has dwo FFs Aand B, one input x,omd omow[-p«d&y.v

~2F~



The fn/owf‘ and output 67%},1_; s

Ip=Bx

TB=X

%:AE

Stade equations are obtained by sm%‘hﬁ‘ngﬁw /nput equations Tp and
Tg in the chacoctem'she Equ.a.:qons , «ja‘elding,

A(t+) = (Bx) A+ (Bx)A'= (B'+x')A + A'Bx

= AR+ Ax + A'Bx

B+ )=x BB

The next state values oj’

A and B are oblaired from these stale equakons.

ond Jnserted i g .Fgllawfn} state table .

State Table for Sequential Circuit with T Ffip-F{ops

Present Next
State Input State OQutput
A B x A B y
0 0 0 0 0 0
0 0 1 0 1 0
0 1 0 0 1 0
0 1 1 1 0 0
1 0 0 1 0 0
1 0 1 1 1 0
| 1 0 ] | 1
. 1 1 0 0 1

The state dew :

As lovie as x s e?ua.Q-Loi Hw.mj: behaves

as a bl‘na-ﬁj counter with a seq uence a-fs-LuJ-e; |
00,04, 10, 44 ,and back f 0O, |

NO'LQ -H'\ai' Sines ‘Hl.e, C,{f‘cu.;,t l/yq,; no ouatp.t.u('s)
the directed Llines oui*oj Hhe areles are marked
with +he value of +he input x ml:t, Tha voluss
of tha oukput 9 are shown in the cireles afde
e slash becowse +hae auwlput g depends onl«d

on the present stales ﬂmc(,/?:; s fmdi/;-enalem-t oj the /"npui X .

-2 -



DESIGN PROCEDURE

The design of @ clocked sequential arcwt starts with a set of speci fications
and ends up with a looglc diagram or a bist

from whweh tha (03&. d«?o.gm-m com be obtained.

Oj- Boolean -(m)'n ons

Design Sieps of a Synchronows Sepuariiad Circuts
I

1. From #he word dQSCN}DAbn an ol Jpwé‘ccdifon.: oj +the dlesired G/DM")
den've the state ci2grom of the clrauit .

2. Recluce the number of states /£ necessory .
D )q's:fgn, bfnau-& values +o the slades.

4+ Obtaun Hhe binary coded chufe fable
T 5. Chose He Hype of He PR do be used,
6. Derive Hhe simplified mput equotions ound oudput e.gu-a.ﬂom :

7. Droaw the lay/«\cﬂ %'Ww

Example :
:Des:‘an a C-:.Puwf *H’lai detects a S—Q»?‘-Lew% of +hree or more

QOY\S&W "’5' 'n Q. 5"7‘;“34 bits C-Oml’hg"’ H\,mwgh oan fnpu.k“ne.
(+he ingut 45 a sen'od bit shream) . '

The stade cl:‘a.gmm -ﬁr Hus arcud 1 derved b‘j 5‘}01‘“{7.(\? with 5, ,
o npoks the reset state.,
outp If mpuk 20, the cirawd remains at stale S,

states
S,100

S 104 Ifinput =1, the craudt goes o stale S,
5‘;-“) to indicate that 1 i delected.
Sylr If the next inpul = L, stale goes +o S,

fo indicate the arrivad of 4wo |

, conseculive 1 bits.

' L the next input = 0, stote 3,095-/—9 S,-
4 ,

-%6-



--ﬁua -/-h_l}cl wnW 4 sends Mww,t ~l~0$+wl-e Sz,, IF mMmore. :L's

are &@w) M&éwi*‘nﬁs l‘n 53 . Qﬂj O an,uj: send.s '\Lh.{l M
back do S, - |

Thes s a Moore wmodal se.?miw.ﬁ elrend | stnee e owpud 4 4

when the arcwndk s h stafe S, ond s O o"-ﬁum‘m. That 15 , the
oudput 15 o funchon of e Prwesud:‘ S![ak-anlg)‘ﬁ'bu.t nota funchon aj
the input - :

To CL&H‘%V\. -HAL M bg{ "m.me) we. ne&A "v a:;,’m;! bw‘vxa{-a,_ codaes 40 'HL?,
stales and Lich the stake table (An altematice way isFo use HDL_
Hordware Desenphion Lanpuage for the state diagron) .

Stode Table for Sequance. Detector

Presant Next _

State  Input State  Oulput

A = X A B e

o 9 o o o 0

g o A9 o (1) o

g | 0 o o o

O 1 (n o o)

1 0 ¢ o 0 0

/o DROR |
Qi% 0 O o© @} y=1 for the present stole AB=11
T D1 @@ D

Led’s choose D FRs to represent the four S'l"aké/ and label . |
A and B, There s onl&,_ one_ Mpud':)( and one oasf,ooct g-

The chamecterishe equakion of the D FF s QE+1) = D, , wheh
means thot the next shade valuss in the clade Jable specify the D input
condihon 0‘4»% F:P.

—ﬂlﬂ, F:p (\Y\P-U.t egu.a:biorss ore C’-‘:(ﬁd{y Ob"\"@':ﬂ&d ‘QON\ -H/._Q M,,g!' SJ‘aJ'ﬂ COIUJ"'\’U
of Aand B and expressed in sum=-of -minterms form as (llows
~-%6-




A(‘é'ﬁ‘{):DA (A,B,x):é(g,?,;} ‘\n‘Mraq -
B(t+l) =D, (A,B,x) =2 (A5,F) ) oftha FFs
g(A,B,*)=é_(6,?) 30&1‘9&* W‘on

Leds Simp\((d -H\a,'\n(uaf €7LLA£:OM b.a means oi tha Ko.rmwgh wop .

Bx B
A 00 01 11 10
"b ml mg M.Z
0
A4ql
’ T s g
X

D, = Ax + Bx Dy =Ax+ B'x y=AB

The simplified input equations are ; |
Dpy=Ax+Bx ; Dp=Ax+B% ; y=zAB

The advantage of designingwith ‘D FF is that the ivput eguakions
are df'neolég obtaied Fom tho_ stafe table

The (ogic dragram 9[%@ sefuznce,ddedor ]

B x

Clock

2 AR

> |m




STATE REDUCTION AND ASSIGNMENT

State reduckhon is referred 4o as the reduchion in the numbe of FFs
.‘nam?uuatfal edewt , whide keeping Hhe input - oudput pe?wm
unchanrged, Since m FFS produces 27 stades , a reduckion in +Ha nunber
of stedes oy (or moal,no/j resudt ina recueton in the number 4 FFs.
Keolucine e wumbeor of FFs Somehimes couses an increase inthe number of
comb inational 3@*-% in the e7u.¢'va,@md: crewt . We will Nuhate He
stade - reduction proccdure with an example -

Example i For Jha shote dﬁo.@mm %ure,.,\ below, conside~ the input S2qUuance
©1 01010100 starhng ffow +ha initial ctake a. Each

inpuk of 0 and prodices aun owkput of O and 4 ovdl camses Hhe crend

% %,p do ‘HA.Q.—VLCH— S'('aCte_, ‘

(/n this example, since ongm /HPWL-OQJPMJL
Seguences ane inporfant”; the internal states are
wsed m&re,é# w‘épnov;‘cl.e %Nqu.ﬁ\eaé (.1.7% )
stales marked inside the ol doc ore dopoded ba
letes insdead of biruua_} Vo..Qu_g)

From e state CLLa-g/rm , we obtdin Jhe
oUAPLE and saguence for He girtin input
;e,?u.u»u, as follows!

LWith e crcuib n nihial shede @
on ,‘W a,(' O produces an ow(:pwkofo
and. He ciresk rewmains mstate a | .
With present stede a and input of 4, H#e ocudput s zeo and the et
sbole s b, Co'\\lﬂ‘nw\“n(g Haes process we «[.ML the complete 29 uance
lo ke as follows:;
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UNIT - VIII

15.1 INTRODUCTION

The binary information stored in a digital system can be classified as either data or control
information. Data are discrete elements of information that are manipulated to perform arithmetic,
logic, shift, and other similar data processing tasks. These operations are implemented with digital
components such as adders, multiplexers, counters and shift registers. Control information provides
command signals that supervise the various operations in the data section in order to accomplish
the desired data processing tasks. The logic design of a digital system can be divided into two
distinct parts. One part is concerned with the design of the digital circuits that perform the data
processing operations. The other part is concerned with the design of the control circuits that
determine the sequence in which the various actions are performed. Figure 15.1 shows the
relationship between the control logic and the data processing in a digital system. The data processing
path, commonly referred to as the datapath, manipulates data in registers, according to the system’s
requirements. The control logic initiates a sequence of commands to the datapath. The control
logic uses status conditions from the datapath to serve as decision variables for determining the

sequence of control signals.

Extarnal —— Input data ——s — Cutput data
inputs Control Datapath
loglc Commands

Status conditions
Figure 15.1 Interaction between conirol logic and datapath.
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From the above discussion it is clear that to design a digital system, we have to design two
subsystems—idatapath subsystem and control subsystem. A datapath subsystem consists of digital
circuits which are required to perform specified operations on the data information. A control
subsystem is a sequential circuit whose internal states decide the control commands for the
subsystem. At any given time, the state of the sequential circuit initiates a prescribed set of
commands. The sequential circuit considers the status conditions and the other external inputs to
determine the next state to initiate other operations.

The control sequence and datapath tasks of a digital system are represented by means of a
hardware algorithm. An algorithm consists of a finite number of procedural steps that specify how
to obtain a solution to a problem. A hardware algorithm is a step-by-step procedure to implement
the desired tasks with selected circuit components.

A state machine is another term for a sequential circuit which is the basic structure of a
digital system. Just as a flow chart serves as a useful aid in writing software programs, algorithmic
state machine (ASM) charts help in the hardware design of digital systems. An ASM chart is a
special flow chart that has been developed specifically to define digital hardware algorithms. ASM
charts provide a conceptually simple and easy to visualize method of implementing algorithms
used in hardware design. ASM charts are advantageously used in the design of the control unit of
the computer and in general control networks in any digital systems. ASM charts look similar to
flow charts but differ in that certain specific rules must be observed in constructing them. An ASM
chart is equivalent to a state diagram or a state graph. Normally state diagrams are used for the
design of finite state machines. For larger circuits ASM charts are useful. ASM chart is a useful
ool which leads directly 1o hardware realization.

The ASM chart is an alternative for describing the behaviour of finite state machines and is
similar to a conventional flow chart used in various engineering designs except for the timing
considerations. A conventional flow chart describes the sequence of procedural steps and decision
paths for an algorithm without any concemn for their time relationship. The ASM chart on the other
hand describes the sequence of events as well as the timing relationships between the states of a
sequence controller and the events that occur while going from one state to the next state after each
clock edge.

An algorithmic state machine (ASM) diagram offers several advantages over state diagrams:

For larger state diagrams, often are easier to interpret
May be easily converted to other forms

A key point to remember about ASM charts is that given a state, they do not enumerate all the possible

inputs and outputs. Only the inputs that matter and the outputs that are asserted are indicated.

D.Y.PUSHPAMITHRA, ECE DEPT., SITAMS.
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COMPONENTS OF ASM CHART:

There are three components of ASM chart:

1. State box,
2. Decision box &
3. Conditional output box.

Out of these, the state box and decision boxes are familiar from use in conventional flow charts. The
third element, the conditional box, is unique to the ASM chart.

The ASM Diagram Blocks

An ASM chart has an entry point and is constructed with blocks. A block is constructed with the
following type of symbols.

1. State box:

A state of a clocked sequential circuit is represented by a rectangle called srate
box. It is equivalent to a node in the state diagram or a row in the state table. The name of the state
is written to the left of the box. The binary code assigned to the state is indicated outside on the top
right-side of the box. A list of unconditional outputs if any associated with the state are written
within the box. They are clearly Moore type outputs. These outputs depend only on the values of
the state variables that define the state. Finally a line drawn into the state box indicates the state
entry and a line drawn from the state box known as state exit indicates the path to the next state.
Figure 15.2 shows a state box.

State entry State entry
]_. VY =— Slate code 1 011
State name — 5 Heg':‘f L;;:ﬂmmn A Z=1

i}

State exit State exit
(a) General description {b) Specific example
Figure 15.2 State box.

In simple, State box is defined as:

The state box has a name and lists outputs that are asserted when the system is in that state. These
outputs are called synchronous or Moore type outputs and is shown in figure below.

Possible N 52 Stﬂtﬂ Code
Positions L
™ Asserted
* Qutpuis
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2. Decision box:

The decision box or condition box is represented by a diamond-shaped symbol
with one input and two or more output paths. The ocutput branches are true and false branches. The
decision box describes the effect of an input on the control subsystem. A Boolean variable or input
or expression written inside the diamond indicates a condition which is evaluated to determine
which branch to take. The exit paths lead to the blocks comesponding to the next states of the
circuit following the next clock pulse. For example, X written inside this box indicates that the

decision is based on the value of X, whereas A + B written inside the box indicates that the true
path is chosen if A + B = 1 and the false path is chosen otherwise. Figure 15.3 shows a decision
box.

Entry Entry

(False) O 1 (True) (False) O 1 (True)

Exit path 1 Exit path 2 Exit path 1 Exit path 2
(a) General description (b) Specific example
Figure 15.3 Decision box.

In simple, Decision box is defined as:

A decision box may be conditioned on a signal or a test of some kind.
FALSE ‘TRUE

‘T'est Condition
3. Conditional output box:

The conditional output box is represented by a rectangle with rounded
corners or by an oval with one input line and one output line. The outputs that depend on both the
state of the system and the inputs are indicated inside the box. These are Mealy type outputs.
Figure 15.4 shows a conditional cutput box.

Entry

List of
conditional outputs

Exit
Figure 15.4 Conditional output box.

In simple, Conditional output box is defined as:

Such an output box indicates outputs that are conditionally asserted as shown in figure below. These
outputs are called asynchronous or Mealy outputs.

Asserted Outputs
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ASM block: An ASM chart is constructed from one or more interconnected ASM blocks. Each
ASM block contains a single state box and any decision and conditional output boxes associated
with that state. An ASM block has a single entry path and single or multiple exit paths represented
by the structure of the decision boxes. Each ASM block is associated with one specific state;
therefore, it describes the finite state machine operation during the time the machine is in that
state, i.e. it describes the state of the system under one clock pulse interval.

When a synchronous sequential system enters the state included in a given ASM block, the
outputs in the output list in the state box are asserted (become true). The conditions in the decision
boxes are evaluated to determine which path(s) is followed through the ASM block. When a
conditional output box is encountered in such a path, the corresponding conditional outputs become
true (asserted). A path through an ASM block from entry to exit is referred to as a link path.

SUMMARY FOR ASM BLOCKS:

Name 2 |} xx=— Optiomal —One state box: The state box has a name and lists outputs that are
Possible™~{ g3 State Code | ,ocorted when the system is in that state. These outputs are called
Pasitions Zx % sxerted SYNChronous or Moore type outputs.
* Quiputs
- Optional decision box (es): A decision box may be conditioned
FALSE IRUE on a signal or a test of some kind.
Test Condition

Optional conditional output box (es) Such an output box
indicates outputs that are conditionally asserted. These outputs
Asserted Outputs  @T€ Called asynchronous or Mealy outputs.

There is no rule saying that outputs are exclusively inside an a conditional output box or in a state
box. An output written inside a state box is simply independent of the input, while in that state.

The idea is that flow passes from ASM block to ASM block, the decision boxes decide the next state and
conditional output. Consider the following example of an ASM diagram block. When state SO is
entered, output Z5 is always asserted. Z1 n however is asserted only if X2 is also high. Otherwise Z2
is asserted.

An ASM block
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Certain Rules
The drawing of ASM charts must follow certain necessary rules:

e The entrance paths to an ASM block lead to only one state box

e Of 'N' possible exit paths, for each possible valid input combination, only one exit path can be
followed, that is there is only one valid next state.

o No feedback internal to a state box is allowed. The following diagram indicates valid and

invalid cases.
r““i‘“] P ““I
! S0 I . S0 |
! o :
! | ! |
A ol || 1 0
LT T~ !
Incorrect Correct

Parallel vs. Serial

We can bend the rules, several internal paths can be active, provided that they lead to a single exit
path. Regardless of parallel or serial form, all tests are performed concurrently. Usually we have a
preference for the serial form. The following two examples are equivalent.

= " °
Parallel Form

Serial Form
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15.3 SALIENT FEATURES OF ASM CHARTS

The following are the salient features of ASM charts:

1. An ASM chart describes the sequence of events as well as the timing relationship between
the states of a sequential controller and the events that occur while going from one state
to the next.

2. An ASM chart contains one or more interconnected ASM blocks.

. Each ASM block contains exactly one state box together with the decision boxes aml

conditional output boxes associated with that state.

4. Every block in an ASM chart specifies the operations that are to be performed during one
common clock pulse.

5. An ASM block has exactly one entrance path and one or more exit paths represented by

the structure of the decision boxes.

. A path through an ASM block from entrance to exit is referred to as a link path.

. The operations specified within the state and conditional output boxes in the block are

performed in the datapath subsystem.

8. Internal feedback within an ASM block is not permitted. Even so, following a decision
box or conditional cutput boxes, the machine may reenter the same state.

0. Each block in the ASM chart describes the state of the system during one clock pulse
interval. When a digital system enters the state associated with a given ASM block, the
outputs indicated within the state box become true. The conditions associated with the
decision boxes are evaluated to determine which path or paths to be followed to enter the
next ASM block.

15.4 INTRODUCTORY EXAMPLES OF ASM CHARTS

L8]

=1 o~

Example 1 Mod-6 counter: The state diagram of a mod-6 counter is shown in Figure 13.5a.
ASM chart equivalent of Figure 15.5a is shown in Figure 15.5b. The states are now represented by
state boxes instead of nodes. State transitions are still represented by arrows but the inputs indicated
adjacent to arrows in the state diagram are replaced by decision boxes with true and false branches.
In the state diagram the outputs are indicated along with inputs using a separator slash or comma.

In the ASM chart Mealy type outputs are now indicated in conditional cutput boxes and Moore
type outputs are indicated within the state box itself.

Page | 7
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(a) State diagram &) ASM chan
Figure 155 State diagram and ASM chart lor mod-6 counter.

Look at the ASM chart which has six state boxes named S through S.. For every clock pulse,
X is sensed. If 1, then, the machine goes to the next state: if 0, then, the machine remains in the

Example 3 Serial adder: We discussed earlier that a serial adder adds serial binary numbers.
The state diagram of the serial adder i1s shown in Figure 15.7a. The structure of the serial adder is
shown in Figure 15.7b. The ASM chart equivalent to the state diagram describing the same behaviour
is shown in Figure 15.8. In the ASM chart observe that there are four exit paths from each state
depending on the values of inputs A and B arranged in the form of a binary tree. Also observe that
all the paths merge into one entry path for each state. Comparing it with the state diagram, we
observe that in the state diagram from each state there is an exit path to the other state and three
re-entry paths to itself. This is because there are four different values that AB can assume 00, 01,
10 and 11 and hence there must be four exit paths—three of them happen to be re-entry paths in
this example. Observe in the state diagram that there are four incoming paths which merge into
one entry path to each state. Correspondingly, there are as many branches in the ASM chart. If the
number of inputs is large, the state graph will become guite complex and the ASM chart will
become unwieldy. The decision boxes are usually binary as we aim at an algorithmic procedure
comprising primitive steps. As we have two inputs we have to show four exit paths from each state.
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k CL —— s
Cloc G; Full-adder — 7
combinational
B— circuit CoY)

Y D e

FF <—CL

¥

(a) State diagram (b) Structure

Figure 15.7 State diagram and structure of a serial adder.

Figure 15.8 ASM chart of serial adder.

D.Y.PUSHPAMITHRA, ECE DEPT., SITAMS.
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Synthesis of the circuit: By inspection of the ASM chart, we note that there are only two states S,
and S, and hence we need to have only one flip-flop. We choose a D flip-flop, because D is easily
synthesized looking at the entry paths into each state. For the only flip-flop, D becomes 1 for state
S,. There are four arrows confluent on entry into S3,. Hence, by inspection and tracing the paths
indicated by arrows, we write the expression for D given below. Remember that y is the present
state variable of the only flip-flop.

ALGORITHMIC STATE MACHINES 679

D= JAB + yAB + yAB + yAB
= AB(y + ¥) + Ay(B + B) + By(A + A)
=AB + Ay + By

_ By asimilar reasoning, the state 5, is characterized by y = 0. The corresponding excitation is
D. There are four paths confluent on the entry into 5, . By inspection and tracing the paths, we may
write L B _
D=yAB+ YAB + yAB + YyAB
=AB(y+ ¥)+A¥(B+B)+By(A+A)
=AB+A7V+BYy
See the consistency in the expressions for D and D. There are four conditional output boxes.
Remember that the cutput £ is the sum bit to be produced serially. Tracing the corresponding
paths it is easy to write the expression for Z.
Z=JAB + JAB+yAB+yAB
= ¥(AB + AB) + y(AB + AB)
= Y(A®B)+y(AOB)
=ADPBDy

Notice that the expressions for Z and D are the same as those for sum S and output carry C,
of a full-adder.

Control subsystem implementation: The control subsystem consists of a sequential circuit. The

process to implement the sequential circuit described by ASM chart consists of the following

steps: -

1. Translate the ASM chart to a state table.

2. Assign the states and convert the state table to a transition and output table.

3. Select the type of flip-flops and obtain the excitation table.

4. Obtain the minimal expressions for circuit outputs and memory element inputs in terms
of the present state variables and external inputs.

5. Draw a logic diagram based on those minimal expressions.

Page | 10
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The ASM chart of the waveform generator can be expressed as a state table as shown in
Figure 15.10b. In the state table, the outputs along with next states are listed in the columns
corresponding to each combination of input values and the states are listed in the rows.

In the state table there are three don’t cares. When the machine is in state C, for input
XX, = 11, the next state and output are don’t cares because that waveform is repeated after two
clock cycles. Also when the machine is in state D, the next state and output entries for X, X, = 10
and 11 are don't cares because these waveforms are repeated after the third clock pulse.

EXAMPLE: Draw the state diagram and ASM chart for the state table given below.

Solution

It is easier to draw the state diagram and the ASM chart from the state table, There are two
flip-flops, so two state variables and four states will be there. Let the states be A(00), B(01),
C(10) and D(11). The state table for the given circuit is shown in Figure 15.37a. The state
diagram based on the state table is shown in Figure 15.37b.

PS w NS OoF
Y. Yo X Y1 Yo z
0 0 0 1 1 1
0 0 1 0 1 1
0 1 0 1 1 1
0 1 1 0 1 1
1 0 0 1 1] 0
1 0 1 o o0 1
1 1 0 4] ] 0
1 1 1 1 0 1 00
{a) State table {b) State diagram

Figure 15.37 Example 15.9.
From the state diagram, the ASM chart can be drawn as shown in Figure 15.38.

Z=1 Z=1

Figure 15.38 Example 15.9: ASM chart.
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Sequence Detector Example

The use of ASM charts is a trade-off. While the mechanics of ASM charts do reduce
clutter in significant designs, its better to use an ordinary state diagrams for simple
state machines. Here is an example Moore type state machine with input X and
output Z. Once the flag sequence is received, the output is asserted for one clock
cycle.

The corresponding ASM chart is to the right. Note that unlike the state diagram
which illustrates the output value for each arc, the ASM chart indicates when the
output Z only when it is asserted.

RESET

O @

State diagram for sequence detector

ASM chart

The following timing diagram illustrates the detection of the desired sequence. Here it is assumed that
the state is updated with a rising clock edge. The key concept to observe is that regardless of the input,

the output can only be asserted for one entire clock cycle.

CLock 4l | 4 |4 |4 [ 4 ]
RESET {| |

x 4 e U W
STATE MO & MI I M2 | M3 | M2

z & [

Timing diagram
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EXAMPLE 15.10 Draw the state diagram, state table and ASM chart for a D flip-flop.

Solution
A D flip-flop has two states A(0) and B(1). In one state (A), it stores a 0 and in the other state
(B) it stores a 1. Its output is same as the present state which is equal to the input after time
delay. While in state 0, it may receive the D input as 0 or 1. If the input D = 0, the flip-flop
will remain in the same state and outputs a 0. If the input D = 1, the flip-flop will go to state
1 and outputs a 1. While in state 1, it may again receive the input as O or 1. If it is 0, it goes
to state O and outputs a 0. If it is 1, it remains in the same state and outputs a 1.

The state diagram, and the state table of the D flip-flop are shown in Figures 15.3%9a and b
respectively. The ASM chart of the D flip-flop is shown in Figure 15.39¢. The circuit will
have two state boxes for states 0 and | and two decision boxes controlled by D input.

11 1 0
A Z=0
¥e0 (DD
g D
0/0 1
(a) State diagram |5y 3
PS NS, O/P
Input D
D=0 D=1
A A0 B, 1
B A0 B, 1
(b) State table (c) ASM chart

Figure 15.39 Example 15.10.
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EXAMPLE 15.11 Draw the state diagram, state table and ASM chart for a J-K flip-flop.

Solution

We know that the J-K flip-flop has two states A(0) and B(1). While at A, if J-K = 00 or
J-K =01, it remains in state A itself and outputs a 0. If J-K = 10 or J-K = 11, it goes to state B
and outputs a 1. While at B, if ]-K = 00 or J-K = 10, it remains in state B itself and outputs a 1.
If J-K = 01 or J-K = 11, it goes to state A and outputs a 0. The state diagram and the state
table of a J-K flip-flop are shown in Figures 15.40a and b respectively. The ASM chart of the

J-K flip-flop is shown in Figure 15.40c.

101 111
mm .
01/0
{a) State diagram
PS NS, O/P
Input J-K
0 1]] 10 11
A AD A0 B.1 B1
B BEI1 A0 B,1 AD
(b) State table

00
101

{c) ASM chart

Figure 15.40 Example 15.11.
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EXAMPLE 15.17 Obtain the ASM charts for the following state transitions:

(a) If x =0, control goes from state T, to state T,. If x = 1, generate the conditional operation
and go fromT, to T,.

(b) If x = 1, control goes from T, to T, and then to T;. If x = 0, control goes from T, to T,

Solution

The ASM charts for the given state transitions are shown in Figure 15.54.

{a) ASM chart " {b) ASM chart

Figure 15.54 Example 15.17: ASM charls.

EXAMPLE 15.18 (a) Draw the state diagram and the state table of the control unit for

conditions given below.

(b) Draw the equivalent ASM chart leaving the state box empty.

(c) Design the control unit with the multiplexers for the above problem.

(d) Design the control unit using D flip-flops and a decoder.

(i) From 00 state, if x = 1, it goes to 01 state and if x = 0, it remains in the same state (0.

(ii) From 01 state, if y = 1, it goes to 11 state and if y = 0, it goes to 10 state.

{ij‘Liijm 10 state, if x =1 and y =0, it remains in the same state 10 andifx=1landy=1,it
goes to 11 state, and if x = 0, it goes to 00 state.

(iv)From 11 state, if x =1, y =0, it goes to 10 state and if x = 1 and y = 1, it remains in the
same state, and if x = 0, it goes to 00 state.

Solution

(a) The state diagram and the state table for the given conditions are shown in Figures 15.55a
and b respectively.

(b) The equivalent ASM chart of the tontrol unit leaving the state box empty is shown in
Figure 15.56. Let the state assignment be A=00,B=01,C=10,D=11.

{c) The design of control unit using multiplexers is as follows. From the ASM chart write the
transition table. Looking at the conditions of transition in the transition table, write the
inputs of the multiplexers as shown in the inputs for multiplexers table. The control circuit
using multiplexers is drawn as shown in Figure 15.57.
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(d) To design the control unit using D flip-flops and decoder write the state table as shown in
Table 15.18.

PS NS
Input x y

o0 o1 10 1"
A-D0 A A B B
B—-01 c D c D
C—=10 A A C D
x=1y=1 D=1 A A c D

(a) State diagram . (b) State table

Figure 15.55 Example 15.18.

Figure 15.56 Example 15.18: ASM chart.
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