Digital IC Design and Architecture

Sequential Circuits




Classes of Logic Circuits

( LOGIC CIRCUITS ]

_— T~

[ COMBINATIONAL ] [ SEQUENTIAL j

(non-regenerative) (regenerative)

_—

[BISTAHLE J (MDN{]STABLE J [ASTABLE J

two stable op. Pts. one stable op. pt. no stable op. pt.
Latch — level sens. One-shot - single Ring Oscillator
Flip-Flop — edge trig. pulse output

Combinational Circuits: Current Output(s) depend ONLY on CurrentInputs.

Sequential Circuits: Current Output(s) depend on Current Inputs and PAST
Output(s).
2



Functions Using Sequential Operations
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at the
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Sequential Circuit Construct

VE Vnz

v — COMBINATIONAL —1— V.,

LOGIC CIRCUIT

MEMORY

|

-= Sequential Circuits: Current Output(s) depend on Current Inputs and PAST
inputs (via the teedback of some past State(s) and Output(s) to inputs),

= Memory 1s used to Store Past Values of State(s) and Output(s).



Bistable Sequential Circuits

Basic Cross-coupled
[nverter pair

BISTABLE BEHAVIOR

\Y%

0l

Vn / Vin = 1

&~ INV1VTC

V /V. >>1

/ INV2 VTC

+ ENERGY

> 1W‘il Vu:
n/vin{ 1




Bistable Sequential Circuits - cont.

Basic Cross-coupled
[nverter pair

Vv

DD

»

STATIC: V__ is required to
maintain stable state.

Basic Bistable Cross-coupled Inverter Pair has no means to apply input(s)
to change the circuit's State.



Unclocked Latch Circuits

” Q
S Q
NOR-based
SR Latch
R —Q
R Q
t=tl>t=t0
Stl Rt_l Q, (jﬂ Operation
0 0  Q Q hold
1 0 1 0 set”®
0 1 0 1 reset®
1 1 0 0 NOT allowed

*Data is written by over powering the feedback loop using S, R

inputs.



Unclocked Latch Circuits

Full CMOS Asynchronous SR Latch
VDD Vv

DD

NOR Based basic cross
[Latch —L _~coupled inverter
S e — R

STATE OF LATCH can be EXTERNALLY SWITCHED between the
2STABLE STATES

SET STATE: s, =1,R,=0=>Q,=1,Q,=0
RESETSTATE: S, =0,R,=1=>Q,=0,Q,=1 _
HOLD: 5, =0,R, =0=>Q,=Q, Q,=Q,

t_tl>t_t0 (two cross-coupled Inverters)

(M2, MP2 and M3, MP3)
NOT ALLOWED:S=1,R=1—state Q ,Q s indeterminate



Unclocked CMOS NOR Based SR Latch
Operation

SET OP: ob

Letatt=10:Q,=0,Q,=1

Att=tl>1t0

1.S, = V,,=>MI1ON, MP1 OFF => Q, =0

2R, ~0and Q,=0=>M4 OFF, M3 OFF, MP3 ON, MP4 ON =>Q, =V,
3.Q,=Vpp => M2ON, MP2 OFF = Q=0



Unclocked CMOS NOR Based SR Latch
Operation - cont.

\Y%
RESET OP: oo Voo

— de MP4 |p——

|c d[ MP3
- o

s—[ M\ M2 [ | M3 M4 |H—R

\/ \/

Letatt=t0: Q,=1,Q,=0
Att=tl >t0
1.R,=1=>M4ON, MP4 OFF => Q, =0

2.5, - 0and Q,=0=>M1OFF, M2 OFF, MP1 ON, MP2ON => Q, =V,
3. Q, = Vo, => M3 ON, MP3 OFF => Q, =0
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Unclocked CMOS NOR Based SR Latch
Oeeration - cont.

HOLD OP: P Voo

—d[ MP1 MP4 |o—
b— ——d[ MP3

: Q

s—U[m1 \w2 ] M3 \/I:E|——R

Y% 4

Att=tl>t0
1.5, = 0 => M1 OFF, MP1 ON; R, =0 => M4 OFE, MP4 ON

2.Q,=Q, =V,, Q,=Q,=0=>M2ON, MP2OFF, M3 OFF, MP3 ON
or

2b.Q,=Q, =0, (jﬂ = ﬁtoz Vp => M2 OFF, MP2 ON, M3 ON, MP3 OFF 1



Unclocked CMOS NOR Based SR Latch

Operation - cont.

12

e

MP1
M5 = |:
MP2 :[

L

Q

C C + C + CdbS + Cdb4 + de + Csb7 + CdbS
C‘ - C + C + Cdbl + Cdb2 + CdbS + Csb5 + Cdb6

Estimate time to s1multane0usly switch Q & Q :solution of two
coupled differential equations.

Conservative Estimate: Assume Q & Q switch in sequence

Trise,@ (SR—latch) = Ty o (NOR2) + Tl O (NOR2) att=0:S->1,R->0
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Unclocked CMOS NAND Based SR
Latch Circuit - cont

> Q
|— " — 2
NAND-based
SR Latch .
_ R—o —Q
R Q
t=tl>t=t0 [ S, R, Q, th Operation
0 0 0 0 NOT allowed
0 1 1 0 set
1 0 0 1 reset
1 Q, c_gto hold
SR- Latches
+ Simplest form of latch
- Asynchronous

- Not Allowed Input Sequence
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ASYNCHRONOUS NAND BASED SR LATCH 13

VDD VDD
MPlal |CI>\/IP2 Mpi| E‘ :] |OMP3
basic cross
» — /coupled inverter
: Q
M4
| |
S [ M1 Vell| R
V. V
t=tl >t=1t0 e 1
s, R, Q, Q Operation
0 0 0 0 NOT allowed
0 1 1 0 set
1 0 0 1 reset
11 Q, Q hold




Unclocked CMOS NAND Based SR
Latch Circuit

ASYNCHRONOUS NAND BASED SR LATCH 13
Vv VDD

DD

MP1 MP?2 MP4 MP3
P\ b
basic cross

| ' d (—2 /coupled inverter
| |
| | M4

S [ M1 M3 || R
\/
t=tl>t=10 — 5 :
Stl Rtl Qtl Qtl pel‘atlon
0 0 0 0 NOT allowed
0 1 1 0 set
1 0 0 1 reset
1 1 Q, Qto hold
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Clocked CMOS lLatch Circuits

CLOCKED SR LATCH: Synchronization is introduced through clock CK.

S

NAI.N D SR Latch

- —

CK —

-

R

B

NOTE: S and R are
asynchronous.

s, R, Q G, Operation |
f] ] ] i MOT allowed

i 1 1 st

1 0 L[] 1 reset

1 1 Q. Q hold

When CK =0, 5" = R'=1 independent of the values of S and R => HOLD

HOILD STATE:
SET STATE:
RESET S5TATE:
NOT ALLOWED:

CK=0, S=x, R=x=>Q,_,=Q,.0Q,,
CK=0, S=0, R=0=>Q_, =1,
CK=0, $=0, R=0=>Q_ =0,
CK=0), S=1, R=1=>8=0,R' =0

Q
Q

Il
'

n+1

n=+1



Clocked CMOS Latch Circuits - cont. 1o

HOLD STATE:
SET STATE:
RESET STATE:

NOT ALLOWED: CK =1,

CK__

CK=0,S=x,R=x=>Q_,=Q, Q.,,=0Q,
CK=1,S=1,R=0=> Q=1 Q_.=0
CK=1,S=0,R=1=> Q_,=0, Q. =1
S=1, R=1

].s
{:}5
].s

-

T

S

gl .ﬁcﬁh

4 “GLITCH' 7>,

Q error due to

0 —

L] i

Glitch Free Q

WHEN “GLITCH” ON S (OR R) OCCURS DURING CK =1,

Q IS SET (OR RESET)

LEVEL SENSITIVE: WHEN CK =1, ANY CHANGES IN 5, R WILL

EFFECT Q.



Clocked CMOS Latch Circuits - cont.

Another Gate Level
schematic of a
Clocked NAND
Based SR lLatch

CK

R

g
;: Q

17
s R, 9, Q, Operation
0 ] 0 ] MNOT allowed
0 1 1 0 set
1 ] 1] 1 reset
I 1 Q, E'jm hold

SR LATCH

When CK =1, 5"= R'=1 independent of the values of S and R == HOLD

"ACTIVI
[LOW?™

— ) D

o=

vl o—e A

Q... Q.. Operation
0 0 NOT allowed
1 0 set
0 1 reset
Q, Q, hold

S'=R'=0




Clocked CMOS Latch Circuits - cont.
CMOS Clocked NAND Based SR Latch or Flip-Flop

¥ CK VDD

T N N

18

i

+ Syncronous operation CK
- Level Sensitive
- Not Allowed Input Sequence

‘ v CKIS R |Q,. Q. Operation
—C| }'3 4 F_ 0 0 0 0 0 NOT allowed
0 L0 1 | 0 set
? _ 011 (0 0 1 reset
¢ Q L& X Q, Q. hold
: M4




CMOS Clocked Latch Circuits - cont.

NAND BASED CLOCKED JK FLIP-FLOP

J equivilent to S

] D@_@ S A . O K equivilent to R
CK — | SR -

K p— R ——Q
ELIMINATES THE NOT \
ALLOWED INPUT

COMBINATIONS
J 1K Q
CK— LATCH
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Clocked NAND Based JK Latch Operation

] . : S o0
CK =0 =>hold
CK —
CK = 1=> active o
— ol
| SRLATCH
JK1Q, Q. S R} Q. Q.. Operation | The not-allowed S, R
} _ values S =R =0 do
Lo o1 0l hold not occur for any
g ? (1) (1] : i [1) [1} hold values of J, K, CK,
B reset (hold)
CR=T10 11 o1 o 0 1| Treset
1 0 0 I/ 0 1] 1 0 set
I 0] 1 0 1 1] 1 0] set(hold) not desirable
1 110 1,0 1 1 0| toggle __» but the state
OSC .
1 1 o 1 0 O 1 toggle Q ,Q is

determinate
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Clocked NAND Based JK Latch Operation

0
0
0
CR=1] 0 1
1
1
1
1

J] K Qn Q.| S R QMQH Operation
01 0 1| 1 1 0 1 hold
0] 1 0| 1 1 1 0 hold
| 0 1] 1 1 0 1 reset
1 0 1 0of 0 1 reset
0O O 1| O 1 1 0 set
0 1 0 1 1 1 0 set
1| 0 1| O 1 1 0 toggle o
1|1 of1 o 0 1| -toggle |©OC

TO PREVENT OSICLLATION WHEN J =K =1:

|

UL

o J LI

|

1

Tcp > T1

(high speed

clock may be
impractical)

T = INPUT-OUTPUT PROP DELAY OF JK LATCH
(CK 1 -> 0 BEFORE Q, Q CAN SWITCH 2*¢ TIME)



CLOCKED SR FLIP FLOP: Negative Edge Triggered. 19

SR-NAND Latch1 (master) SR-NAND Latch2 (slave)
T e )
+ Syncronous operation
LK >< + Not Level Sensitive

CLK

- Not Allowed S, R

) j‘ } | }30__ Sequence

=l

=

« Start with CLK =0, the S, R inputs are disconnected from the input Latch1.
«Changesin S, R cannot aﬁect the state of Q, Q.

When CLK =1, S, R are able to control the state of Latch1.

« Inverted CLK applied to Latch2 prevents the state of Latch1 from effecting Q, Q.
« Any changes to R, S are tracked by Latch1 while CLK = 1, but not reflected at Q, Q .

When CLK =0, S, R are again isolated from Latch1.
* Inverted CLK allows the current state of Latch1 to reach Latch2.
»Q, Q can only change state when the CLK signal falls from 1 to 0.
* This is the falling (negative) edge of the CLK signal.
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CLOCKED EDGE TRIGGERED JK FLIP-FLOP
JK - LATCH1 JK - LATCHZ2

e o
><R>~c

Ay

¥

L] 1

+ Synchronous Operation

+ No Not-Allowed Inputs

+ Not Level Sensitive

+ No Q, Q Oscillation when J =K = 1

Since the behavior of the JK flip-flop iIs completely
predictable under all conditions, it is the preferred

type of flip-flop for most logic circuit designs.
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gate level implementation CMOS D-Latch

modifying an SR latch

i

D N;ﬁND SR Latch
g’ [fCK=1:Q , =
= Q IfCK=0:Q_ =
D —
CK — D
LATCH
— CK =
L Das
CK D Hh HI QM—I Qﬂ+1
1 1 0 1 1 0 SR-Sel
1 0 1 0 0 1 SR-Reset - VDD “"Tnn
0 x 0 0 Q Q SR-Hold C ]- —_
_$_ —C . —C_
transistor level implementation - CK B
using transmission gates uses
fewer transistors CK % _J,_ g?
L

4D
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CMOS D-Latch Operation 2

C_f
D Q 0
T CK
CK Py
L
T
D —ov Y —0
CK=

CK=0

| /
DH/H>O@_DD*_Q
o0

+ Much simpler then JK Latch.
+ Does not require Edge Triggering for Safe Operation.



CMOS D-Latch - cont.

Tri-State INV 1 Tri-State INV 2
V
D Tri-state ‘iDE
E_*ﬁ Inverter ~~u 2
__Cl Vi — L
CK CK—d[ _
_q I: _Ci |: Q Q
D P ] *
ck—[ —|E|7 CK —
V4 A\V4

alternative implementation using clocked tri-state inverters
CK = 1: Tri-state INV 1is active, Tri-state INV 2 is Hi-Zand Q_=D,_ _
CK = 0: Tri-state INV 11s Hi-Z, Tri-state INV 21s active and Q_and Q_ are held



D-Latch Timing Requirements

cycle time T 28

>

CLK

t
data stable [ ‘sewp

clock-to-Q

Coorup - time before the POS(neg)-CLK edge the D-input has to be stable.
t ., - time after POS(neg)-CILK edge that the D-input has to remain stable.
- Delay from the POS(neg)-CLK edge to new stable value of Q output. .

tclock—to—Q



METASTABILITY AND SYNCRONIZATION FAILURES 29

If data and clock do not satisty the setup & hold time constaints of a register,
then syncronization failure may occur. This due to inherent analog nature of
storage elements.

METASTABLE STATE - indeterminate state between "1" & "0", 1.e. latch 1s
perfectly balanced between making decision for "1" or "0". In practice noise
will eventually arbitrarily push latch output to "0" or "1".

Example: register entering metastable state (shown for negative edge trigger case)

3 4ns D = data fast fal.h.ng ”CI:K
T laj; ;= slow rising “D
CLK ‘2 > time
ns
Q
delay = 2.2 ns / 0 .

),

- Q metastable point
="
- ~— time
% —— (Q__ metastable point
A Q

\
delay = 2.3 ns /7\
A

delay = 2.4
— T time

29
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CMOS D Flip-Flop
Positive D - Latch

CLK D ] Q
D ﬁl SoPorQ CLK=0 v |Qt1'ack5[)

IJ‘]P- D—¥o Q
K CLK =1 Q acquires D

CL

Negative D - Latch

CLK
D«a—»z_! >°_—|j Q
D D: DC e CLK =1 Q tracks D
-[—4 - D—¥ Q
CLK CLK =0 Q acquires D

D Flip-Flop = Positive D-Latch + Negative D-Latch

29



CMOS D Flip-Flop — Positive Edge Triggered o

t— O, Q. F— 0
D—7] ~[>o—[>9—<-—g D?%—«-—Qs
master (neg D) | ! [ slave (pos D)
CLK CLK

1. CLK = 0: master () tracks input D;
slave Q_= previous D_ sample (Q_is

FOR CLK=0 0 Q transparent to variations in D).
D—o—»‘—L—DD—Dc»—IH " 2. CLK =0 -> 1: master stores ) = D (new
v D sample).
R 3. CLK = 1: master passes () =D _to slave
FOR CLK =1 output Q (<, and Q, are transparent to
Q. Q Vvanations m D).

5. CLK = 0: master ) begins tracking D.
(Q, 1s transparent to variations in D)

6. CLK =0 -> 1: master stores ) =D

Dﬁ!@@ 4. CLK =1 -> 0: slave locks 1in new D .

n+l"



CMOS Dynamic D Flip-Flop

_!;_

.

<

T
CK

Q

|—o|
1,

T

C

E]Ml

v
K

T

. CK

YV N !b"

&
T
CK

>0

1. NO FEEDBACK REGENERATIVE FEEDBACK LOOP
2. STATES STORED ON SOFT NODES
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