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———
Storage Elements

Maintains a binary state as long as power is on
Provides control signals to switch the state
Level sensitive storage elements: Latches
Transition sensitive storage elements: Flip-Flops
Latches are the building blocks of Flip-Flops

Latches are useful for asynchronous designs

Flip-Flops are the choice for synchronous circuits
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Latches
@ Latches are level sensitive 4R aF
@ S and R stand for Set and Reset 18 a-
e S=1,R =0 set the output

S R|OQ

@ S =0,R =1 reset the output
@ S =0, R =0 retains the old value
@ S =1,R =1 causes race condition (forbidden)

(after S=1,R =0)

(after S=0,R=1)
(forbidden)
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D-Latches

@ Latches are level sensitive

@ S and R stand for Set and Reset

e S =1,R =0 set the output

@ S =0,R =1 reset the output

@ S =0, R =0 retains the old value

@ S =1,R =1 causes race condition (forbidden)

@ D-Latch eliminates the forbidden status
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D-Latches

@ Latches are level sensitive 17 C_D’
- Q_
@ S and R stand for Set and Reset
e S =1,R =0 set the output SRIQO
o S =0,R =1 reset the output 10l1 0
e S =0,R =0 retains the old value 0018 0 @fer§=1,R=0)
@ S=1,R =1 causes race condition (forbidden) (1) (1) g é E;‘(fi‘gfd;?”{:l)
@ D-Latch eliminates the forbidden status
. . R
@ Clk determines when change is allowed Q
CLK
D Q [
a P 0
Cllc D | Next state of Q D R
0
0 X | Nochange o
DO gy Gk—
o
N
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D Flip-Flop

Master and Slave D-Latches connected back to back '

Master and Slave receives complementary clocks —b
At Clk = 1, Master Latch is transparent
At Clk = 0, Slave Latch is transparent

[s]i»)

CLK

o ; 4T L CLK CLK

DD Q——D QFQ
‘ L1 o~ |2 _aFa
master slave

Clk
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Register

@ Enable determines whether data is loaded

@ Reset clear the output to 0

@ N-bit register is a bank of N Flip-Flops
CLK

4|74
Da:o— Qao

R
Clic

TEN Q, FEN Q, FEN Q TEN
I I I

EN
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_________________________________________________________
Register File

@ 4x4-bits register file

Cli \ \ |
@ 2 Read ports el
o 1 Write port i i sl e O
@ logz4 address bus I E— R
o

32x32-bits register file

m
=
L
m
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L
| \ |
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t o] t o] t 7] t o)
cLk En [ [} fien Q| [iEn Q
WE3 " T T i
t Al RD1 _";z ‘ ‘ ‘
=7 PR B E — J
7 A2 RD2 [ Decoder D] D] A D)
T A3 eegist A 1 a Q Q Q
egister i~ 10— lenv oy En Q) En Q) En Q)
7z WP3 e Ao a ’— !— !— !—
o
We 4,_100071011] 4 00011011
Ao Ao
RD1 RD2
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———
Synchronous Sequential Circuits

@ The outputs and the next state are both a function of the inputs

@ The state of the system is hold in flip flops

Inputs ——| Outputs

Combinational

circuit
Memory

elements
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e
Finite State Machines

@ Synchronous sequential circuits can be designed as Finite State Machines
@ At each clock both the state and the output of the circuit will be updated

@ The next state is computed based on both input and the current state
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e
Finite State Machines

@ Synchronous sequential circuits can be designed as Finite State Machines
@ At each clock both the state and the output of the circuit will be updated
@ The next state is computed based on both input and the current state

@ There are two type of FSM
o Moore machines: The output depends directly only on the current state

Inputs e—— Next State State Output
Combinational — 5 — Combinational —= Outputs
Register Hosie

Logic
Clock J
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e
Finite State Machines

@ Synchronous sequential circuits can be designed as Finite State Machines
@ At each clock both the state and the output of the circuit will be updated

@ The next state is computed based on both input and the current state

@ There are two type of FSM
o Moore machines: The output depends directly only on the current state

Inputs e—

—>

Next State
Combinational
Logic

State
Register

Clock J

—

Output

— Combinational —= Outputs

Logic

o Mealy machines: The output depends on both current state and the input

Inputs e———>
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State Diagram

o State Diagram:
A visual representation that depicts state transitions and outcomes in response to inputs
o States: Different conditions a system can be in
Transitions: Arrows showing movement between states
Inputs: Triggers for state changes
Reset state: Start and end points of the process
State Actions: Actions within states or during transitions
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State Diagram

o State Diagram:
A visual representation that depicts state transitions and outcomes in response to inputs
o States: Different conditions a system can be in
Transitions: Arrows showing movement between states
Inputs: Triggers for state changes
Reset state: Start and end points of the process
State Actions: Actions within states or during transitions
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_________________________________________________________
Moore Machine Design

@ Assigning binary codes to sates

So — 00
S1 — 01
S — 10
Sz — 11

@ State coding is not unique and will affect the design
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_________________________________________________________
Moore Machine Design

@ Assigning binary codes to sates
@ Obtain the binary-coded state table

Present Next
State Input State
S So X S So

e e =R =-R==)
——_— o0~ oo
SRR = =)
— ook, o O R~=O

_ o = O = O~ o
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Moore Machine Design

@ Assigning binary codes to sates
@ Obtain the binary-coded state table
© Obtain the equations for flip flops inputs

Present Next
State Input State
S So X St So
0 0 0 0 0
0 0 1 0 1
0 1 0 0 0
0 1 1 1 0
1 0 0 1 1
1 0 1 1 0 , o
1 1 0 0 0 So= S1S0x+SSpx+ 51 S0x
1 1 1 0 1 Si=SiS+5Sx
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_________________________________________________________
Moore Machine Design

@ Assigning binary codes to sates
@ Obtain the binary-coded state table
@ Obtain the equations for flip flops inputs

@ Obtain the output equations in terms of states

Present
State Output

S So y

¥=55

i e i R e R e R
[ == R e B
= -0 000 oo
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Moore Machine Design

@ Assigning binary codes to sates
@ Obtain the binary-coded state table
© Obtain the equations for flip flops inputs

@ Obtain the output equations in terms of states

DJﬁl

@ Draw the logic circuit diagram

So
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SystemVerilog

@ Moore's FSM implementation

@ typedef,always_ff, always_comb

module moore_ FSM ( input logic clk,

input logic reset,

input logic a,
output logic y

typedef enum logic [1:0] {S@,S1,52,S3} State;

State curr_state, next_state;

always ff @(posedge clck, posedge reset)

if (reset) curr_state <=S

0

)i

else curr_state <= next_state;

always_comb
case (curr_state)
S0: if (a) next_state
else next_state
S1l: if (a) next_state
else next_state
S2: if (a) next_state
else next_state
S3: if (a) next_state
else next_state
default: next_state = SO;
endcase

assign y = (state==S3);
endmodule

S1;
So;
S2;
50;
S2;
S3;
S1;
So;

curr_state

a

clk

reset

S3

—1 >y
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_________________________________________________________
Mealy Machine Design

@ Assigning binary codes to sates

So—>00
Sl—>01
SQ—>10

@ State coding is not unique and will affect the design
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Mealy Machine Design

@ Assigning binary codes to sates
@ Obtain the binary-coded state table
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_________________________________________________________
Mealy Machine Design

@ Assigning binary codes to sates
@ Obtain the binary-coded state table
@ Obtain the equations for flip flops inputs and outputs

Present Next

State Input State Output

S S x NI y

0 0 0 0 0 0

0 0 1 0 1 0

0 1 0 0 0 0

0 1 1 1 0 0 S)= Sox
1 0 0 0 0 1 )
10 1 0o 1 0 Si=Sw
1 1 X X X X yY=5x
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Mealy Machine Design

@ Assigning binary codes to sates

@ Obtain the binary-coded state table
© Obtain the equations for flip flops inputs and outputs

@ Draw the logic circuit diagram

Sy

Clk

RST

J

So
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SystemVerilog

@ Mealy’s FSM implementation

module mealy FSM ( input Tlogic clk, a
input logic reset, - curr_state L y
. 1'h0 o
input logic a, a _‘
output logic y  ); clk [>——clk 1
reset [ >———reset

typedef enum logic [1:0] {S0,S1,S2} State;
State curr_state, next state;

always ff @(posedge clk, posedge reset)
if (reset) curr_state <= S6;
else curr_state <= next state;

always_comb
case (curr_state)
S0: if (a) next_state = SI;
else next_state = S0;
S1: if (a) next_state = S2;
else next_state = S0;
S2: if (a) next_state = SI;
else next_state = S0;

default: next_state = SO;
endcase

always_comb
case (curr_state)
S0: y = 1'b0;
S1: y = 1'b0;
S2: y=(a) ? 1'b0 : 1'bl;
default: y = 1'bo;
endcase

endmodule
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_________________________________________________________
Timing Diagram

-

Cycle 1 | Cycle 2 | Cycle 3 | Cycle 4 | Cycle 5 | Cycle 6 | Cycle 7 | Cycle 8 | Cycle 9 iCycle 10iCycle 11
CLKMN_ M N S
Reset_! / T\
A \O /1 \0 /A 1 \O | /A 1 1
Moore Machine
§ 77 XS0 X351 ) El X 51 XS2 XS3  XSi ) EH
/T
. . . . . Mealy Machine —! . ‘ . .
SIS0 i DET__DE0T ET_ & )E XE XE
i i i | i | i i

)
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Timing Specification

CLK
output(s) ;@C

: | N
input(s),00000C 1 H000

L
tsetup t hold
I e
! tocq
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Timing Specification

CLK §
output(s)
|nput(s)XXXXXX XX
I

<« > '
tsetup t hold

| tccq :
>
! tocq

@ tyetyp: It's the time input must have stabilized, before the rising edge
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Timing Specification

CLK §
output(s)
|nput(s)XXXXXX XX
I

<« > '
tsetup t hold

| tccq :
>
! tocq

@ tyetyp: It's the time input must have stabilized, before the rising edge

@ tpoiq o It's the time input must have stabilized, after the rising edge
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Timing Specification

CLK §
output(s)
input( s)XXXXXX
I

<—>|<—> '
tsetup t hold

| toq :

! tocq '
@ tyetyp: It's the time input must have stabilized, before the rising edge
@ tpoiq o It's the time input must have stabilized, after the rising edge

@ tapr o It's the sum tecrup + thotd
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Timing Specification

CLK §
output(s)
input( s)XXXXXX
I

<—>|<—> '
tsetup t hold

| teeq i

I( tpcq >
@ tyetyp: It's the time input must have stabilized, before the rising edge
@ tpoiq o It's the time input must have stabilized, after the rising edge
@ tapr o It's the sum tecrup + thotd

@ t.oq: It's the contamination delay from the clock to output of the flip flops
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Timing Specification

CLK E
output(s)
input( s)XXXXXX
I

<—>|<—> '
tse(up thold

| toq :
I‘ tpcq >
@ tyetyp: It's the time input must have stabilized, before the rising edge
@ tpoiq o It's the time input must have stabilized, after the rising edge
@ tapr o It's the sum tecrup + thotd
@ t.oq: It's the contamination delay from the clock to output of the flip flops

@ t,cqt It's the propagation delay from the clock to output of the flip flops
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Timing Specification

CLK E
output(s)
input( s)XXXXXX
I

<—>|<—> '
tse(up thold

| toq :
I( tpcq >
@ tyetyp: It's the time input must have stabilized, before the rising edge
@ tpoiq o It's the time input must have stabilized, after the rising edge
@ tapr o It's the sum tecrup + thotd
@ t.oq: It's the contamination delay from the clock to output of the flip flops
@ t,cqt It's the propagation delay from the clock to output of the flip flops

@ The clock cycle T, must be long enough for all the signals to be settled
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Timing Specification

CLK E
output(s)
input( s)XXXXXX
I

<—>|<—> '
tse(up thold

| toq :
I( tpcq >
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@ The clock frequency is given by F,. = Ti
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Timing Specification
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———
Timing Specification

@ Determine the minimum clock cycle in the following circuit
c CLK

LK
e
R1

R2
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———
Timing Specification
@ Determine the minimum clock cycle in the following circuit

Cl

LK CLK
e P
R1 R2

@ Based on the following timing constraints,

CLK I | I

ar Dk |

D2zt

e b |
> i
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———
Timing Specification
@ Determine the minimum clock cycle in the following circuit

Cl

LK CLK
e P
R1 R2

@ Based on the following timing constraints,

CLK I | I

ar Dk |

D2zt

e b |
> i

We must have:
Tc > tpcq + tpd + tsetup
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Timing Specification

@ Determine the minimum clock cycle in the following circuit

Cl

@ Based on the following timing constraints,

CLK
output(s) ’%

! |
input(s) )OO0 |
| |

tse(up tho\d

| lecq
)

tooq
We must have:
Tc > tpcq + tpd + tsetup
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CLK

LK
e
R1

R2

Q1

D2

|tccq tcd

thold

thold < tccq + tcd



———
Timing Specification (Example)

@ Determine the max and min delay for the given circuit

C‘LK CLK
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Timing Specification (Example)

@ Determine the max and min delay equation for the given circuit

CLK, /
A-D| )X

IRt e

X OXXXRXKKRRB
CLK CLK Y OXKRKKXKRIKXKRR®

=TT
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Timing Specification (Example)

@ Determine the max and min delay equation for the given circuit
CLK) s
n XXXXXXgé—\

X XROKKKRO,
Y OXKXKXKRXRKRR®

t,

=TT

IN
A T e
A L )

nl | 7

X )

v

Tc > tpcq +3 tpd + tsetup
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Timing Specification (Example)

@ Determine the max and min delay equation for the given circuit

CLK, /
A-D| )X

IRt e

X XROKKKRO,
Y OXKXKXKRXRKRR®

=TT

t,

bea 1y
A T e
A L )
nl_ ) a
X ) N
Y L

Tc > tpcq +3 tpd + tsetup fsoup
thotd < tccq +teq £

X' .
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Question

@ Determine the maximum F. and maximum tolerable t5,:4 for the following circuit

CLK Flip Flop fecg(ps)  Ipeq(ps)  Esetup (ps)  Epota(ps)

30 80 50 2
Gate tpd (ps) teq (ps)
2-input NAND 20 15
3-input NAND 30 25
2-input NOR 30 25
2-input OR 40 30

Frae =7

thota ="
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