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Lecture #20: Sequential Logic Design Practices ; Counters
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Sequential Circuit - Timing Diagram

®= To function correctly, we must have:

tclk - tffpd(max) - tcc:mb(max) - tsetup >0 ‘
setup-time margin

‘ tffpd(min) - tcomb(min) - thold >0 ‘
hold-time margin

k signal current state
[ recall this diagram from Lecture #17 |

Xxxx € Crosshatching indicates when change can happen:
CLOCK

H flip-flop
state of flip-flops t;,q > obtputs
| s [+
: H H combinational =
excitation logic t ., = outputs | AN MAAL
~ lompy ———=
next state input needs > t gy, > fiaine _M) XXX
setup-tim m'rgmj totup ] 4-[ t




Sequential Circuit - Functional Timing

= We have to find the longest delays for each part

= Typical & longest delays are given for the circuit by the manufacturer

— For some latches & flip-flops, the timing parameters are
in the book, Table 8-1 on pages 684-685

= Te diagram shows only the functional behavior
+ qualitative relationships, not actual delay quantities:

cock | || [ L4 LJ L
SYNC_L\[

SIG1

DBUS DATAT k. 4 | DATA2 X «

don’t care signal values

= Propagation, setup and hold times are not shown
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Multibit Registers and Latches

Wakerly, 4t Ed., Section 8.2.5, page 691 =

74x175 raats
9
. . CLK
4-bit register (D g
. . 4 112 ) @
Register = collection P b2 1D > T, 1Q
of 22 D flip-flops with a o PR B G
common clock input . ig v Q
3D 5 7

Note negative edge 28 o 20— b q ;’ 2Q
triggered flip-flops —ap st '—;0 ok op-"-2a.L
But the external CLK 9
has an inverter > b o2 3q
positive-edge triggered v Lok oL 3q L
w.r.t. external CLK C?LR
input pin )

(13) o a (15) 4Q
Asynchronous CLR_L \ © [:‘ Lok oo™ aq L

CLR

CLK & CLR_L buffered . L%J

before fanning out
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8-bit (octal) Register: 74x374

" 74x374 oL > I

— Eight positive-edge- R
triggered D flip-flops —aboik QWQ%‘” 1a
— 3-state output buffer ! >
drl)[/est active-high L bk alo & © 0
Ou pu 7
— Common active-low % ° [E ©
»—OPCLK QO 3Q
OE_L (output enable)
input a2 o
+—OPCLK Q&$‘—J4Q
(13)
5D D )
) 74x374 L obcik afod E (12) sa
g O?ELK 60— D -
%m 1Q% »—0cu<acy>:)| >——6Q
S Pl
%4[) 4Q% »—OPDCLK Q&Mﬂ)
73 N £ o .
A P O N ; FOCLKQDMSQ
18ep  salt CLKL[><F
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8-bit (octal) Register: 74x377

m 74x377
— Similar to 74x374, but

does not have 3-state
output

— Clock enable input EN_L

74x377 ) ) )
bk ' ' :
1gen
%10 1Q% L T o412 gq
—]2D 2Qf— -OPCLK QfO-
s s gp -8 ]
S s
Blsp  safZ
ﬁ 6D eQi EN Lﬁ%%
% 7D 70% -
ep  saf >
ok 10 Do
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Octal Latch

® 74x373 D latches PALCIE
= Qutput enable when “dor
C is asserted and —“{i 1ol
OE_L commands 2 PO
the three-state output I
(look up 74x374 above) oo eaf
— 7D QF—
lep  sal>

= Register vs. latch, what'’s the difference?
— Register: edge-triggered behavior
— Latch: output follows input when C is asserted

7 of 21

Counters

= Counter: Any sequential circuit for which the state
diagram is a single cycle

EN'
EN
RESET —
EN
EN'
EN'
EN ‘e
EN

EN

= A counter with m-states is called a modulo-m-counter,
or sometimes a divide-by-m counter

= Counters can count up, count down,
or count through other fixed sequences 8 of 21




Ripple Counter

= T flip-flops are used in simple counters
® The simplest solution is the ripple counter

= 4-bit binary ripple counter: » L @ LSB

— It doesn’t have EN!

— Clock is connected to a at
flip-flop clock input on Lpbr a
the LSB bit flip-flop

— For all other bits, a flip-flop output a @2
is connected to the clock input —pT_ @
-> circuit is not truly synchrgnous 40—‘

— Output change is delayed more @ MSB
for each bit toward the MSB bit g AL o

— Resurgent because of low power consumption time =n - t;q

® Synchronous counters are faster ...
— The operation of all flip-flops is synchronized by a common clock
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[Recall Lecture #16] T (1'099'6) Fllp-ﬂop

® Changes state at every clock tick
— Signal on the Q output has frequency =% T

® Used in counters and frequency dividers
= Can be constructed from D flip-flops

D flip-flop:

|:D Q 0 Q

T O—PCLK QO——0O QN

Next-state equation: Q*=Q’
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How Ripple Counter Works

= When there is a positive GKk—pr @
edge on the clock input of
QO0, Q0 complements a ar
(toggles) T ap-

= The clock input for flip-
flop Q1 is the
complemented output of

the first flip-flop, QO’ CLﬂmm

* When flip Q0 changes ool | Y]
from “1” to “0”, there is a L 3
positive edge on the clock
input of Q1 causing Q1 to Qo' | |
complement ¥/__\‘ 8

Qtl|

Q1Q0> 0

[EEN
N
w
o
IR
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Synchronous Serial Counter

= Called so b/c combined

enable signals propagate LSB
serially from LSB to MSB —

® Master count-enable CNTEN BQ a
CNTEN o |

— T flip-flop toggles if-and-only-
if CNTEN=1 and all lower-

EN Q Q1

order counter bits are “1”

— Fixed amount of logic per bit LD
= |f CLK period too short, the 4{ BN Q Q2

counter doesn’t count

— Not enough time for a
change in LSB to propagate

to MSB -
MSB

EN Q Q3

Serial enable logic
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Synchronous Serial Counter

State table for binary counter:

Current State Next State Flip-Flop Inputs

Q2 Q1 Q0 Q2+ Q1* Q0x EN2 EN1 ENO cyren ™o a Q
0 0 O 0 0 1 0 0 1 CLK T

0o 0 1 0 1 0 0 1 1

o 1 0 0 1 1 0 0 1 LD * ENT  Q Q1
0o 1 1 1 0 0 11 1 Tt

1 0 O 1 0 1 0 0 1

1 0 1 1 1 0 0 1 1 LD BNz Q Q2
11 0 1 1 1 0 0 1 -

1 1 1 0 0 0 1 1 1

Q2 toggles every time Q1 and QO are both 1
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Synchronous Parallel Counter

= Eliminates the problem
w/ Synchronous Serial
Counter

— Replace AND carry
chain with ANDs in
parallel

* Each EN input driven
w/ a dedicated AND
gate—just a single
level of logic
= Advantages:
— Reduces path delays
— Called “parallel gating’
— Like carry lookahead
® The fastest binary
counter

LSB
o
CNTEN EN Q Qo
CLK T
1 " EN Q Q1
I EN Q Q2
u —PT
} EN Q Q3
—>T
V\
MSB

Parallel enable logic
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74x163 MSI 4-bit Counter

Most popular MSI counter

Inputs Current State Next State
Synchronous
CLR L &LD L (Load) CLRL LD_L ENT ENP QD QC QB QA QD+# QC# QB# QAw
Synchronous parallel count o xoeoxx g g g 2
enable
ENP & ENT 1 1 0 X X X X X QD QC QB QA
1 1 X 0 X X X X QD QC QB QA
ENT acts also on RCO
) ) 1 1 11 0 0 0 O© o 0 o0 1
(“ripple carry out”) 1 1 11 0 0 0 1 0 0o 1 0
— Indicates a carry from 1 1 1 1 0o 0 1 0 o o 1 1
MSB 1 11 000 1 1 0 1 0 o0
1 1 11 01 0 0 o 1 0 1
Tax163 1 1 11 0o 1 0 1 o 1 1 o0
X 1 1011 01 1 0 o 1 1 1
] CLK 1 1 1 1 0o 1 1 1 1 0 0 0
J9CR 1 1 11 1.0 0 0 10 0 1
*73 LD 1 1 11 1.0 0 1 1 0 1 0
—o1Ene 1 1 11 1.0 1 0 10 1 1
= f\”T ol 1 1 11 10 1 1 11 0 o0
] P (Y 1 1 11 1.1 0 0 11 0 1
Sle ackz 1 1 11 11 0 1 11 1 0
—{o - 1 111 11 1 0 L T
5
RCO 1 1 11 11 1 1 0 0 0 0
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for 74x163

Logic Diagram

D flip-flops, to have N
easier synchronous o
clear and load than ¥ &,
T flip-flop &,
Q*=EN®Q & &
2 &
NS
CLR_L LD_L K1 K2
1 1 0 1 '
1 0 10
0 1 00
0 0 00 2
R

ENT, ENP are “1”
to count on bits
QA to QD

RCO (“ripple carry
out”), when ENT is
asserted

>

I | DKZ

0U 00| 00| we

VABVARARY

o

- -
_ _
a o
8 g
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Free-running Counter Operation

" “Free-running” == enable
inputs enabled continuously

® Count if ENP and ENT both 74x163
asserted and cLOCK 285 CLK
— Load if LD L is asserted [=0] —9cr
(overrides counting) +5V 9w
— Clearif CLR Lis asserted [20] L nLRPUT|ENT

(overrides loading and —
counting) B
= All operations take place on =
rising CLK edge
® RCO is asserted if ENT is
asserted and count = 15
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Free-running 4-bit 74x163 Counter

® Timing diagram for a free-running “divide-by-16” counter

= QD is the MSB and QA is the LSB

®" From QA on, each signal has 7% frequency of preceding one
= =>» can be used as divide-by-2, -4, -8, or -16 counter

o) a 2| al4 56l 7ls] 9ld0) 42 18] 24| 15] 0
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Decoding Binary-counter States

= A modulo-8 counter and decoder combined for a set of 1-
out-of-m-coded signals, each representing a counter state

= Used for controlling a set of devices, based on counter state
- each output enables different device

+5V

RPU —_
74x163
) R 74x138

CLOCK ; CLK . volo 15 0L

+—QO| CLR G1 14
’_90 D 5 GoA Y1 OT S1_L
” {Eenp ‘Oes 2P St
10 Y3[O—— S3 L

ENT 11
3 A QA 14 Q1 1 A Y4 0710 S4_ L
4 B aB 13 Q2 2 B Y5 097 S5 L
5 c ac 12 Q3 3 c Y6 077 S6_L
slp Qb 11 Y7O——S7_L

15
RCO |—— vz
u1

® but it has limitations due to a function hazard ...
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Modulo-8 Counter/Decoder Timing Diagram

= Glitches on state transitions in 74x138  (function hazard)
— The outputs of the counter do not change at exactly the same time
— Signal paths in the decoder 74x138 have different delays

S igigigigigigigiglgigig
soL l\ _ ‘\' \ If .
siL ¥ f ¥ \_/_
saL N \ i \_
ssL ¥ ¥ ¥ '
Semmm g
S5 \
seL N \ ']
s7_L _/ ¥ if

COUNT | 0 1 2 3 4 5 & 7 | o 1
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Glitch-free Outputs

= To achieve the same function of a mod-8 binary counter
and decoder, but remove glitches on outputs:

— Connect decoder 74x138 outputs to a register (74x374) that
samples the enable-decoded outputs on the next clock tick

— 74x374 is an 8-bit register with OE_L three-state output
® Registered outputs delayed by one clock tick
= Alternative solution: use an 8-bit “ring counter”

74x374
RPU il y
CLK
74x163
, R 74x138 JWO oE
cLock CLK 5 S0l 3 2
1 6 voo—>2=— 14 1q*— Rsi_L
g clr I 4 S1L_ 4 5
9 5 YIO————=—2D 2Q|— RsS2_L
QLo 296A vl S2L Mlay oS Rssy
——— 12 8 -
10 E:i 628 yspo- 22{ —{4 4 Lz RS4_L
JHEN PR EER < i, VAP —— 5 5 %5 RS5_L
p e |y vspr— {0 eap—RselL
B3 P EER - Sle oo 7| RsTL
G P K vro—3%L Tlep a2 Rss L
15
RCO f— U2 u3
U1
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