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Registers and Register Transters

] Several D flip-flops may be grouped together
with a common clock to form a register




Registers and Register Transfers
4-Bit D Flip-Flop Register

Using gated clock data out
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Registers and Register Transfers
Data Transter between Registers
(] A _V Tri-state bus
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Registers and Register Transfers
8-Bit Register with Tri-State Output

Clock

A
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D A A
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En

Different from clock enable

CK

Registers and Register Transfers
Data Transfer Using a Tri-State Bus

Bus

Register

Register
A

EnA|_4

Register
B

EnC

Register

If EF=00, A is stored in G (or H)
If EF=01, B is stored in G (or H)
If EF=10, C is stored in G (or H)
If EF=11, D is stored in G (or H)

Register EnD Register
C D
E —
g | Decoder




Registers and Register Transfers
Parallel Adder with Accumulator

OO0 Accumulator:
A register of FFs that can store one number and add a second
number to it, leaving the result stored in it
Xp, X; X5 X,
| [ ] | [ ] | [ ] | [ ] Accumulator
Q' Q Q' Q Q' Q Q" 0Q Register
cee _c cee _c _c (
CE, D CE, D CEA, D CEA, D
| ! ! ! Ad
CLK
CIrN
S, VXn S; VXi S, sz S, Vxl
| Full | Full | Full | Full
P Adder «— ... <«— Adder «— ... «— Adder € Adder «——
Cs1 T C, Ciyq T C Cs T C, T c,=0
yn y| y2 yl 9

Registers and Register Transfers
Parallel Adder with Accumulator (cont'd)

O Implementation of adder cells (module-based design)
E.g., using Verilog
Adder cell Witxhout MUX Adder cell with MUX y
i i
L[] —
Q Q 0
—q
CEA D ce <X b
l Ad Ad«_—D _____ !
CLK Ld -
CIrN tmmmmmmmmmmmmmm e 71 0\
si| | Si
Y
< Adder [¢ '
Ciy C.
i+1 T i yi
Yi No need to clear before loading to X  1p

Need to clear before loading Y to X




Shift Registers

0 A shift register is a register where binary data
can be stored and shifted to the left/right when a
shift signal is applied

cyclic shift register (end-around shift)

Right-shift register /
| |
Serial in l i
(S D3 Qs D, Q. D, Qi Do Qo - > SeEISa(;;)Ut
p p p p
r CE r CE r CE |— CE
Shift 1—e . .
Clock

11

Shift Registers
Right-Shift Register

| |
r——ee-m-—-=—=== I
Serialin __1 | ||, Serial out
D D D D
(Sl) 3 Q3 2 QZ 1 Ql 0 QO (SO)
D D D D
r CE r CE r CE |— CE
Shift ° ° °
Clock
Initial state:
= 0101
ClOCk I I I I QSQZQlQO
-, -, [ -, Sl sequence:
sty . ] o~ 1101
; \ : \ — ; Ly Y,y
Q1 N\ ! !
; 1y Y ] Register states:
Q, ! ' N\ ! 0101
: \ ! N ; N 1010
Ql II 1 II 1 1101
o . .Iﬁ—h | 0110
o1 f f fl 1011 12




Shift Registers
Sertal-In, Sertal-Out Shift Register

COSerial in
M Data is shifted into the first flip-flop one bit at
a time

CdSerial out

B Data can only be read out of the last flip-flop
one bit at a time
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Shift Registers
8-Bit Sertal-In, Serial-Out Shift Register

Block diagram ; ; :
g Sl ,|8-bit Serial-In, Serial-Out > SO

(Serial in) Shift RRgister (Serial out)

Logic diagram Clock
Q7 QO

D
R Q'

Sli S QF1S QF1S Q1S Q1S Q1S Q[
— D D D D D D
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CLK
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Shift Registers
Parallel-In, Parallel-Out Shift Register

Block diagram
Parallel Output

Q3 Qz Q1 Qo
T T T T > so (Serial Out)

Sl (Serial In) —
Sh (Shift En) —>| 4-bit Parallel-In,

Parallel-Out
L (Load En)— Shift Register
Clock —o>

T

D, D, D, D,
H_/

Parallel Input

Application: conversion between parallel and serial data
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Shift Registers
Parallel-In, Parallel-Out Shift Register

Logic diagram
(implementation using FFs and MUXes)

Qs Q, Q Qo
| | l l
N L Ly L J
0o 00 00 0o
01 01 01 01
o_l10 D o0 D ol10 1D o0 D
Sl Lo Qre Ll Qe ) i Qs ) Bl % Q

D31/-C> Dz(*» 01(-» DOW/>
Sh * * g r
L
CLK

Shift register operation

Inputs Next State Action
Sh (Shlft) L (Load) Q3 QZ Ql QO Q3+ — Sh-L-Q3+Sh|LD3+ShSI
0 0 Qs Q2 Q; Qo | nochange |(Q,* = Sh'L"Q,+Sh"L-D,+Sh-Q,
0 1 D, D, D; D, load Q,* = Sh'L"Q,+Sh"L-D,+Sh-Q,
1 X SI Q; Q, Q, | rightshift [Qo" = Sh"L"Qy+Sh"L-Dy+Sh-Q,
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Shift Registers
Parallel-In, Parallel-Out Shift Register

Timing diagram
(assume D;D,D,D, = 1011 initially and 0000 afterwards)

Clock
L (Load) : i i i i i
sh (shift)
e s S O

o BTiol ol .

o el lo o

Q M2 o 21 o

% @ il 11 o [1 1 @

t, ! t ! L ' t, ! t; ! 17

Shift Registers

Shift Register with Inverted Feedback

0 A circuit that cycles through a fixed sequence of
states is called a counter

0 A shift register with inverted feedback is often

called a Johnson counter
gl
L iy RN Py (001) @Q

b of rbo] hol @ @ @
e e
ok —— =

Flip-flop connections State graph

Start

™

"4
)
N
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Design of Binary Counters

0 We focus on the synchronous counter, where flip-
flops are synchronized by a common clock pulse

State table
Present State Next State
C B A C+t B+ At
0] 0 0 0 0] 1
0] 0 1 0 1 0
0 1 0 0 1 1
0 1 1 1 0 0
1 0] 0] 1 0] 1
1 0 1 1 1 0]
1 1 0] 1 1 1
1 1 1 0] 0] 0
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Design of Binary Counters
D Flip-Flop Implementation

] State table

Present State Next State Flip-Flop Inputs
c B [A]| ct B* [A*]| D. D, [D,
0] 0 0 0 0] 1 0 0 1
0] 0] 1 0] 1 0 0 1 0
0] 1 0 0 1 1 0 1 1
0 1 1 1 0 0] 1 0 0]
1 0 0] 1 0] 1 1 0 1
1 0] 1 1 1 0] 1 1 0]
1 1 0] 1 1 1 1 1 1
1 1 1) 0 0O |0 0 0 0]

FF inputs are next-state functions in terms of A,B,C
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Design of Binary Counters
D Flip-Flop Implementation

O Karnaugh maps for D flip-flops

c;OI:I-I

BA
00

8

01

11

OHOO

0
10 1

D. = C @ AB

BA
00

01
11
10

Co

1

Rl ©

0

BNy

o

0

=

ala

BA
00

01

Dg=A@®B 11

0 Binary counter with D flip-flops
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Design of Binary Counters
T Flip-Flop Implementation

] State table

Present State Next State Flip-Flop Inputs
c B [A]] ct B [A*)| To Ts (T4
0] 0 0 0 0] 1 0 0 1
0] 0] 1 0] 1 0 0 1 1
0] 1 0 0 1 1 0 0 1
0 1 1 1 0] 0 1 1 1
1 0] 0 1 0 1 0 0 1
1 0] 1 1 1 0] 0] 1 1
1 1 0] 1 1 1 0] 0 1
1 1 1) 0 0O |0 1 1 1

FF inputs are next-state functions in terms of A,B,C
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Design of Binary Counters
T Flip-Flop Implementation

O Karnaugh maps for D flip-flops

Co 1 Co 1
BQO oo Bgo oo Bgo 1] 1)
o1]| O 0 o1l[2 1 o1||1 1
11&_1] TC:AB 11 Ej TB:A 11 (11 1 TA:1
10] 0] o 10| 0| o 03]y
0 Binary counter with D flip-flops
1
C C B'" B A A
A Tc A s A Ta
| [
1
Clock
23
Design of Binary Counters
Up-Down Counter
] State graph and table for up-down counter
U
0 @ CBA C*+ B+ A+
5 o) U [ o
U \u 000 | 001 | 111
D D 001|010 ]| 000
@ @ 010|011 | 001
5 011|100 | 010
} D/ U 100 | 101 | 011
101|110 | 100
’\D\ D @ 110 | 111 | 101
\/ 111|000 | 110
U U

0 count up
1 count down
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Design of Binary Counters
Up-Down Counter

0 The up-down counter can be implemented using
D FFs and gates through the logic equations
D, =A*=A® (U+D)
Dg = B* = B & (UA+DA")
D, = C* =C @ (UBA+DB'A")
B When U=1, D=0, they reduce to binary up counter
B When U=0, D=1, they reduce to
D,=A*"=A®1=A
D =B*=B&®A
D.=C*=C®BA
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Design of Binary Counters
Up-Down Counter

D, = A* = A ® (U+D) U— .l
Dg = B* = B ® (UA+DA") D ——{ Up-down Count
D, = C* = C ® (UBA+DB'A") Clock ——f Counter | 73
| ] [ 1
c C B’ B A’
A D /|\ D A

A
D
Clock Q Clock Q Clock Q

D U

(o
(@
O
C
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Design of Binary Counters
IL.oadable Counter with Count Enable

0 CIrN Ld Ct (Ona B+ ATt
Ct — X X 0 0 0
O— CIrN
Ld — 1 X Dc Dy D, (load)
/A D 1 0 O C B A (no change)
| \|‘3 1 O 1 | Present state + 1

(Ld“A+Ld-D,,) ® Ld"Ct
(Ld"B+Ld-Dg,) ® Ld"-Ct-A
(Ld"C+Ld-Dg;,) ® Ld"Ct-B-A

+
+
+

Ow>
I
1

Da
Dg
Dc
Note that CIrN does not appear in these equations.

Why not?

27

Design of Binary Counters
IL.oadable Counter with Count Enable

A* = D, = (Ld"A+Ld-D,;,) ® Ld"Ct
B* = Dg = (Ld"B+Ld-Dg,) ® Ld'-Ct-A
C+ = D, = (Ld'-C+Ld-D;,) ® Ld"-Ct-B-A

[ 1
C B B A A
CIrN CIrN CIrN
A Dc A Ds A DPa

A ,
L A% |

Ld Ld Dain
-
Ct— J
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Counters for Other Sequences

State graph State table
C B A|C*rB*A*
\ 000|100
@ @ oo1, - - -
O10 011
O11, 000
010+—(111) 100[111
101 - - -
110 - -
111 1
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Counters for Other Sequences
Counter Design Using T Flip-Flops

State table T FF input
C B A|C*B*A* T.TgT,
O00|[100 100 QQ* | T
O 0 1 _ _ _ _ 00| O
010|011 001 o111
011/ 000 011 12(1)
100111 011
1 01| - - - X
110/ - - - - TR
111 1 0
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Counters for Other Sequences

Counter Design Using T Flip-Flops

Next-state maps

C=0 half

C
BA

00

01

atal

O|O| X]|PrP|Oe
X|lo|X|r|F

10

C+

Cc=1

BA
00

01
dbal
10

half
o

0

BA
}B=O half 00

01

X
0
1

X|r|X]|rR|F

10

dtal
B=1 half

B+

Derivation of T inputs
C=0 half c=1 half

o 1 Co 1
BA BA _— BA
oof 1] 0O 00| © Il [lg=0 haif 00
o1 (LX) X o1 | X [ILX] 01
11710 |1 111l o 11
— B=1 half
100 [ x 10| 0 | x a0
TC TB
[.—CBIICE [ —CAFCE

C

<«——A=0 half

ROl X|O|o

<+«——A=0 half

QQ*
00
01
10
11

opl—\o‘—|

T=0Q"9Q
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Counters for Other Sequences

Counter Design Using T Flip-Flops

ClFor T flip-flop implementation

m If the Q" map has a don’t care in some square,
the T, map will have a don’t care in the

corresponding square
W Divide the Q* map into two halves

corresponding to Q=0 and Q=1, and transform
each half of the map

OWhenever Q=0, T=Q"*
= Copy the half for which Q=0
OWhenever Q=1, T=(Q™")"

= Complement the half for which Q=1
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Counter Design Using T Flip-Flops

Counters for Other Sequences

i |
| \ |
“ m ! “
1
1 4 1 !
L =< O] ! i
| 1
I “ “
1 1 1
ORaRnoE EEREERERE TS oo
1 1 1 !
] <, 1
“ oyl |
1 |C|II“II_ 1
1 o 1 1
17 - oot ie, |
LL i III_I_|“ 1
. O
|
12 o S
c o L
I D i
e o ! 1!
._ﬂla. “ 1 “ 1 “
! M--q-kq-
IIIC (@) 1
v - .
L - i
a I FO--- -4
o __ X — !
= o 09 !
|
0 O A
Y—
- g
O o
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3

3

-

P

B Negative-edge triggered

Counter Design Using T Flip-Flops

Counters for Other Sequences

0 Timing diagram




Counters for Other Sequences

Counter Design Using T Flip-Flops

0 In the process of completing the circuit design,
the transitions of the original don’'t care sates will
be specified

B Don’t care states need to be checked to make sure they

eventually lead into the main counting sequence unless
a power-up reset is provided

OWhen the power in a circuit is first turned on, the initial
states of the flip-flops may be unpredictable (can be in an
arbitrary state)

@ What are the transitions for
states 001, 101, 110 by the
@ @ realization in Slide 33?

T.=C'B'+CB

010—{uas oo
T,=C+B
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Counters for Other Sequences

Counter Design Using T Flip-Flops

CDExample (cont'd)

If FFs are powered up at (CBA)=001, then
T.=Tz=1 and T,=0 leads to next state 111

@ @ T.=C'B'+CB
Ty=C'A+CB’
T,=C+B
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Counters for Other Sequences

Counter Design Using T Flip-Flops

0 Example

B Without power-up reset, the following Johnson counter
may be incorrect when powered up at states 010 and
101

Start

i
o oo oo o | (@0 @@

o bl hel @ @@
e e
ok —— =

Flip-flop connections State graph

™
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Counters for Other Sequences

Counter Design Using D Flip-Flops

State table D FF input
State graph A7 <
C B A|C*B*A* D.DgD,
000100 100 D | Q*
™ loo1l --- .- 0|0
012) o9 010|011 011 Lt
011/, 000 00O
@ @ 100/ 111 111 Q"=D
10 1| - - - - - -
110 - - - - -
111/ 010 01
/' D.=C* =B
Dy = B* = C+BA’
Not copy this! D, = A* = CA'+BA"' = A'(C+B)
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Counters for Other Sequences

Counter Design Using D Flip-Flops

D.=C+ =
D, =B = C+BA
D, = A* = CA'+BA' = A'(C+B)
C C B B A A
| | | | | |
Bl
C Al
B A |
Clock —> cB
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Counter Design Using S-R and J-K FFs
Counter Design Using S-R Flip-Flops

C0S-R flip-flop inputs

S RQ| Q* QQ*| SR Q Q*|S R
0oo0o0| O o o |[00 0 0|0 X
0o01| 1 |:> _________ 0 _}__:>o110
010} o 0 1| 10 1 oo 1
011 o i AalAq 1 11X 0
100/ , 1. 0101

101 4 11{oo

110 - | inputs not 10

111 allowed
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Counter Design Using S-R and J-K FFs
Counter Design Using S-R Flip-Flops

State graph

N

o1

o191

209

|
C B A
cle allcB A+ |(sc | RY| Ss | Re | Sa | RA
oloof[1floo [z ] oo x]|o]x
olo || - - IIx|x||x|x]|x]|x
oj1oflojz1|lo|x|[x]o]|1]o0
o1 1||ojloo|lo|x||o|1|o]1
1loo|laf1 1 ||x|ol/2|lo]1]o0
1o 1| - - |Ix|x||x]|x]|x]|x
tlro||-|-- |Ix|x||x|x]|x]|x
1j1 1{loj10 |lo]1)[x|o]o0|1
Q Q*|s R
0 0|0 X
01|10
1 0|01
1 1[x0 "

Counter Design Using S-R and J-K FFs
Counter Design Using S-R Flip-Flops

Next-state maps

C

BA
00

01
11
10

Cc

<+——A=0 half

RO X]|O|oO

X|lo|X|[r|F

0 1 0o 1
BA BA
101 0|1
00 00 B=0 half
o1| X X o1| X X
112/0]o0 117001
10| o X 10 1 X B=1 half
c+ B+
Co 1 Co 1
BA BA
00 oo | X 1
01 X o1| X X X X
11 1 11 1 X
10| x | x x | 10 X X | x
Re Rg Se
Re=A  S.=B' Re=C'A Sg=C

S-R flip-flop equations

0o 1
BA
oo | X
o1| X X X X
11| 1 1
10 X 1 X
RA SA
Ry=A S,=CA'+BA'
=A'(C+B)
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Counter Design Using S-R and J-K FFs
Counter Design Using S-R Flip-Flops

C0S-R flip-flop realization

c cC B B A A

| | | | | |

Q" Q Q' Q Q" Q

R . S R . S R A S

! | | !

A | B i C A

A C' A
CLK
B C

(feedback lines omitted)
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Counter Design Using S-R and J-K FFs
Counter Design Using J-K Flip-Flops

C1J-K flip-flop inputs

000| O s o l[00 o o0lo x
001| 1 :> _________ Q_}__:>011x
0101 0 10 1 0|x 1
0110 O 1111 1 1|X 0
100 , = —mme—frite

01
1 01 1 1 0

11
110 ; e

00
111] 4 11{

10
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Counter Design Using S-R and J-K FFs
Counter Design Using J-K Flip-Flops

009
/‘\
o191

|
C B A
cle allcBrar (3. [ K| s | Ke | 34 | K
olo of[2foo [z | x[[o]|x]|o]|x
olo || |- - |Ix|x||x|x]|x]|x
oj1oflojz1 |lo|x|[x]o]|1]x
o1 1||oloo |lo|x|x|1|x]|1
tloo|lafr 1 ||x|ollz|x]|1]x
1o 1| - - |Ix|x||x]|x]|x]|x
1ol -|-- |Ix|x||x|x]|x]|x
1j11{loj10 |x]| 1| x|o|x]|1
Q Q| J1kK
0 0|0 X
0 1|1 X
1 0|x1
1 1[x0 a5

Counter Design Using S-R and J-K FFs
Counter Design Using J-K Flip-Flops

Next-state maps
C

C
BA

00

<+——A=0 half

01

11

RO X]|O|oO

10

X|lo|X|[r|F

A+

0o 1 0o 1
BA BA
1 1 0 1
00 00 B=0 half
o1| X X o1| X X
11| O 0 11| O 1
10 0| x 101 | x B=1 half
C+ B*
Co 1 Co 1
BA BA
00 1 X X 00 1
o1l| X X X X o1| X X
11 X X 1 11| X X
10 X X X 10| X X X
JCZB' KCZA JBZC KBZC A

J-K flip-flop equations

0o 1
BA
00 1 X | X
o1l X | X X | X
11| X | X 1 1
101 1 | X X | X
‘]A KA
J,=C+B K,=1
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Counter Design Using S-R and J-K FFs
Counter Design Using J-K Flip-Flops

C1J-K flip-flop realization

A R N S N

Q" Q Q' Q Q Q

K o J K A J K o J

| | |

Al e ﬁ c A
C'A CB

CLK ¢ ¢

(feedback lines omitted)
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Derivation ot Flip-Flop Input Equations

0 Determination of flip-flop input equations from
next-state equations using Karnaugh maps

Rules for Forming Input Map
Q=0 Q=1 From Next-State Map*
Type of Q=0 Half of Q=1 Half of
Flip-Flop Input Q*=0| Q*=1 [ Q*=0| Q*=1 Map Map
Delay D 0 1 0 1 No change No change
Trigger T 0 1 1 0 No change Complement
Set-Reset S (0] 1 o X No change R(_aplace D5
with X's**
Replace O's
R X 0] 1 0] with X's** Complement
J-K J 0 1 X X No change Fill in with X’s
K X X 1 0 Fill in with X’s | Complement

*Always copy X’'s from the next-state map onto the input maps first

**Eill in the remaining squares with O’s
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Dertvation of Flip-Flop Input Equations

Flip-Flop Input Tables

Q QY D Q Q7 T
00 0 00 0
0 1 1 0 1 1
10 0 10 1
11 1 1 1 0
Q Q* S R Q Q* J K
00 0 X 00 0 X
0 1 10 0 1 1 X
10 01 1 0 X 1
11 X 0 1 1 X 0

Realization using J-K flip flops usually
yields lower cost implementation
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Dertvation of Flip-Flop Input Equations
Example

Q
BA

00

01

11

10

rlo|lr|o|o
X|lo|lo|r|F

Q+
Next-state

map

BA
00

01
11
10

D=Q'A'B+QB'+AB'

Q

1
1
0
0

R|l|O|FR,|O|lO

X

D input map
Qo 1 Qo 1
BA BA
0ol 0| X ool X |0
o1 1 0 o1]| O 1
11|/ 0|0 11| X | 1
10| 1 | X 101 o | X
S=AB'+Q'A'B R=QB
— _/
~

S-R input maps

Q

BA
00

01

11

r|lr|O|F

R|l|O|PFP|]O]O

10

X

T=A'B+AB'+QB

T input map
Qo 1 Qo 1
BA BA
ool 0] X ool X |0
o1| 1| X o1 X | 1
11| 0 | X 11| X | 1
10| 1 | X 10| x | X
J=A'B+AB' K=B
. _
~

J-K input maps
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Dertvation ot Flip-Flop Input Equations
Example (1/3)

O Derivation of Q, (T flip-flop) input equation using
4-variable maps

Q,A
BCN\ 00 01 11 10

00| O 1|10 |1
01| X | 1 10
1111 | X | X | 1
10 0 | 0| O | X
T < 7
Y Y
Q,=0 Q=1
half half
Q"

8000 01 11 10
00| O 1 1 0
01| X 1 0] 1
11| 1 X X 0
10| O 0 1 X

Tl
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Dertvation of Flip-Flop Input Equations
Example (2/3)

O Derivation of Q, (S-R flip-flop) input equations
using 4-variable maps

AB AB
2:oCQ2 00 01 11 10 CQ,
half ~ 00| 1 | X|1|O0 00
Q,=1 {01 oO|0|X|1 01
half 11110 | X |1 11
10| X0 |01 10
Q"

AB
00 01 11 10 CQ,
O X |0 |X 00
1|11 (X|0 01
O|1|X|O 11
X|X|X]0 10
RZ

00 01 11 10

1| X|1]|0

OO0 | X |X
X110 | X | X
X001

S,
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AB

AB

Q,C\_00 01 11 10 Q,C

0]

1

X

00| O
Q=0 half 4

1
X
1

X
0]
1

1
0
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Dertvation ot Flip-Flop Input Equations
Example (3/3)

O Derivation of Q5 (J-K flip-flop) input equations
using 4-variable maps

AB

00 01 11 10 Q4C

0]

0]
X
X

O |1
(1 ]1X]
x |Ix)

X |\ |

J,= A+BC

00
01
11
10

00 01 11 10

X
(X
X

X
- e e ] x]

53

Dertvation of Flip-Flop Input Equations
Summary

CTo implement a counter of N states, we
need at least log,N flip-flops

CIDerive input equations depending on the
target implementation using D, T, SR, or
JK flip-flops

CJPay attention to don'’t care states for
power-up conditions. Sometimes reset

may be needed
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