6.205
(aka 6.111)

Sequential Logic Il



Let’s make a Combination Lock

* 16-bit binary value entry: %
* Specify value with sw[0]

e Push BTNU to enter value into shift buffer at Isb

* After 16 pushes check if entry matches code. If
true, Make a beaver signal (turn on a buzzer)

e Default code: 16’'hF9AB
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Registers, Latches, and Flip-Flops

* The terminology is a mess for historical reasons and just people in
general, including myself. Here’s one interpretation:

* A “register” is something that holds a value. Flip-flops and Latches
are registers

* Further confusing the situation, people, including myself, often

use “register” or “reg” to just refer to flip-flops ,
Use a lot! Won’t use as much

D Flip-Flop D Latch

Edge-Triggered Sample-and-Hold Device | |Level-Triggered Sample-and-Hold Device

D D Q— Q D D Qf— q
_A_ E E
CLK “store D when clk risé s‘” “store D when E is high”

September 20, 2022 6.205 Fall 2022 3




D Flip-Flop Registers Give Us A Few

Critica

Capabilities

* We can store values for later use (simple memory)

* We can sample values at precise times

* Arising edge is as close to a delta-function like event as
we can get

* We can design in stages:
* Allow us to non-destructively limit signal propagation
which prevents:
 Combinational loops (last week)
* Glitches (today)



All Electronics are Non-ldeal

* Inherent to the logic is the need to charge and/or
discharge parasitic capacitances and inductances
through non-0 value resistances

* As 8.02, or 6.200/6.002 will have shown, this has
an inherent time constant involved with it

* ...meaning a finite time at which it will respond
given a change

* Obviously we don’t want this, but we didn’t want
Coronavirus either. What are you going to do? So it
goes



When one digital circuit drives another
digital circuit

* Inputs change outputs...but takes time

time
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The more complex/more
layers/the more delay you’ll get

* Each individual “stage” needs to charge up/down
before it can influence the next stage.

* Very complicated/deep logic will take time



1t’ll take time to transition

* Response of a function will take time (and energy)
e So if we move around on a truth table it can’t be

Instantaneous

If you’re here on the truth table And transition to here
Truth Table Truth Table
c b afy c b afy
o o ofo How 0o o0 oo
0 0 11 much 0 o 11
o 1 ofo time? o 1 ofo
0 1 11 \ 0 1 11
1 0 ofo 1 0 ofo
1 0 10 1 0 10
1 1 o1 1 1 o1
1 1 11 1 1 11
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Digital Delays

* For a given digital device, we need to quantify the
delay

e Utilize two different numbers:

* For a given change at the inputs to a digital system:

e Contamination Delay: How long before the system will
start to respond at its output?

* Propagation Delay: How long until we can be sure the
system has updated to new value (stabilized)?



The Combinational Contract

A—Do- B AB top propagation delay
(1) (1) tcp contamination delay

A
B T XK XXX
Note: N Must be < tpp

1. No Promises during X
2. Default (conservative) spec: tcp =0



Worst Case:
Propagation delay (tpp): An upper bound on the delay

from valid inputs to valid
outputs (aka “tpp max )

Vin |
VIH ________________________  ——— U
Vipp--mmmmmmmmmm - l """"""""""""""""""" \ """""""""""
NOT Gate i . Desi
. > esign goal:
Demo: | _ g .g
| minimize
VE)UT i propagation
| delay
Vo T T
T N—
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Best Case:

Contamination delay(tp): A lower bound on the delay from

invalid inputs to invalid outputs
(aka “tpp min )

Do we really need t;?

Usually not... it'll be
important when we
design circuits with
registers (coming
next!)

NOT Gate
Demo:

If top is not specified,
safe to assume it's 0.




Review: Example System

e Let’s assume: o—{ m, —
* myhast,y=3ns -l M
* my,hast,q=1ns )
* m.hasty,; =2ns i m

* My has t,q=5ns
 All four modules have t., = 0ns
* What is:
*i_Otoo_1t,?
*i_1too_1t,?
e t4 Of system?
* Critical Path of the system and t,4?



Timing Diagram

* The t,4 on any stage/module can’t start being used
until all inputs to it are set/stable:

tpdma >
m, output: P77 t set
pdmb
—
my, output: ??7? set
tpdmc >
m. output: 2?7 togmd  S€T
?272?

my output: ned

| | | | | | | | |

| | | | | | | | |

1ns 2ns 3ns 4ns 5ns 6ns 7ns 8ns 9ns
i 0Oandi_1

change



Timing Di

ag

"alm

e Additionally: the “unknown” periods for
subsequent outputs are quite large
tpdma >
m, output: ?7? - set
pdmb
—
my, output: 277 277 set
tpdmc >
m. output: 277 ??7? togmd  S€T
>
my output: 272 772 set
| | | | | .
| | | | |
1ns 2ns 7ns 8ns 9ns 10ns
time
i 0Oandi_1
change

Downstream outputs can be undefined for long time!
Undefined things still take on values



From the Outside

o1

* |f all you see is 0 1 how can you actually determine
what is valid and what isn’t?

* |sthat 1’b1 on o 1 valid or invalid? Who knows?

* Unless you know when you put in values and know the
total t_,4 of system very hard to discern what is good
and what isn’t
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Another Way to Look At Problem

* You have a system, takes in two numbers, a_in and
b_in and produces an output.

* System calculates square root of a_in an then adds

b intoit

(Notation to

sayitis 32
bit-wide bus)\
32 |sqre rooter

Until t,;=150ns passes, what shows up here is invalid

This module will keep

adding though!

T

32
. / R /
a_in > 7
/ tpa=150ns
32
b_in /

I+ ] 32

—/— output
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toqg =6Ns

b _in needs to be held a long
\ time. If you change it too

soon the processed a_in

won’t have appeared yet!
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Aﬂ Oth er P O b | em (being a real downer, | know...)

e Consider simple addition in binary (or any base):

11
10110 Math checks out:
22
+00011 2
11001 25

* Notice how we need to calculate the lower digits
first before we calculate the upper digits?

* Uh Oh...



Timing Diagram of Add

e Lots of invalids before the valid add!

thd full_add od full add od full add tpd_full_c;dd o full. add
adder output: 00110 00111 00101 00001 01001 11001
| | | | | | | | | -
| | | | | | | | | |
1ns 2ns 3ns 4ns 5ns 6ns 7ns 8ns 9ns 10ns
time

New numbers
Inputted
5‘b10110
5‘b00011



What if we then had this circuit?

i0—>

+ >
il1—
Adder from

previous page

]
¥ Uhoh :/
+ Lod_tun_addtpq_tuil_addtpd fuil 7 tull_add oa_funl_add :

00111

adder output: 00110

val_in

module grand_deity (input wire [4:0] val_in,
output logic destroy_world_out);

assign destroy_world_out = val_in == 5'b00101;

endmodule

destroy _world out —

00101 00001 01001 11001

September 20, 2022

I [ [ [ | | [
10ns

time
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Combinational Glitches!

* Combinational glitches arise when outputs
transition through unintended outputs in response
to transitioning inputs

e Caused by differences in overall OR internal delays
of logic

NOT _ain | bout_

i 0 XOR 0 1

a_in b out
Q . _ou 1 1

System should always have 1 as output, but during transitions from
0 = 1 or 120, b_out will glitch to 0.




Glitches Will Happen

* Inherent with complex and DEEP combinational
ogic!

 Perform calculations on irrelevant information
* Waste energy
* Very hard to debug

* Extremely difficult to design with reliably at scale
* Too many related time constants
* Too many invalid values

* Our only hope is to encode our data in glitch-free
ways and limit the range that combinational
glitches can propagate (next up)



* In modern digital devices the modules work
Del dysS so fast that their t 4 and t, are not the only
concern...

i 00— ma —————>

/.1

A\ 4

il

\ 4

\ 4

Interconnects can have as much or
more delay than elements

* Vivado will calculate delays for us (we will use it)

 But still have combinational issues! (glitches), various
propagation delays!
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Why didn’t this matter in Lab 17

* Let’s say t,4 = 1ns (conservative)
* Human is the consumer

* You push the button...

e System stabilizes before the photons emitted from the
LEDs have even reached your eye

 Human eye can only detect up to ~0.01s
phenomena...lol 6 or 7 orders of magnitude difference

* Basically we can’t appreciate the glitches...but they
are likely there.



So How to Fix this?

* Every combinational circuit has delays regarding how slowly (or
quickly) its outputs change in response to inputs, and this varies
based on design/complexity

* t.gminimum time input takes to start to change output
* t,g maximum time input takes to finish changing output

V'S
tpd=1 ns _I Input
Logic 1
(NOT gate) Logic

Input Logic 3 .
P (XOR gate) Logic 2

Logic 2 - \
[(NOT gate) tpg=1 ns

Logic 3

tpg=2 ns «

Glitch
Temporary solution based on differential delays

lllllll
---------
ann®
s




This is How We Fix This

* Registers let us isolate/limit signal propagation and
synchronize stages

t,q is propagation delay (how long
input takes to show up at output)
tog=1ns
Edge-triggered
Dregl

Logic 1 Edge-triggered
(NOT gate) Dreg3
Input Logic 3
P (XOR gate) ouT
Logic 2 t =1ns
pd
[(NOT Lz Edge-triggered
Dreg2
tpg=2 ns
CLK

CLK is a synchronization signal



Remember about Delays in Logic

* Registers let us |solate/I|m|t 5|gnal propagatlon and
synchronize stages - it .

Previous page: Logic 1 I ? :
o Dreg1 : | i §

—» OUT : ]
CLK 1 | I

Input

CLK

D reg 2 Intermediate glitch

Intermediate glitches : -
are minimized and }
suppressed in output : 3

time
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Design Complex Logic In Stages!

logic 1
regl

»ID Q
reg2
>
D Q

—)[ logic 2

D Q
reg3

>

logic 4

~

v

K)}?

CLK

* D flip-flops regulate signal propagation!

* Design complex logic systems in stages

* Worry only about affects of delays (t,q and t) and
glitches within a given stage, rather than how they

all interplay!

September 20, 2022
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s that All there is To It?

* No. No there’s not

* Let’s return to how Latches and Flip Flops actually
work



The D Latch

 Made of gates (which are made of D
transistors, which are made of Q
sand(currently))

* Something different though...what is 5

it? E

“latch” means it E|D
holds whatever 00| latch latch
0|l
L |0
L | L

value was already latch latch
present...basically: 0 |
“Previous Q” | 0

E = ”Enable” D= ”Data” Q = not sure,
https://www.allaboutcircuits.com/textbook/digital/chpt-10/d-latch/ bUt |t iS the

output
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The D Latch Provides Memory!

Set E=1
Set your D value
Set E=0

Whatever D was is
stored at Q forever
until E is 1 again!

B w e

5. Canwedo
better/different?

September 20, 2022

[EE

Ol

Eo—o—}_
Q

latch

latch

latch

latch

0

|

E
0
0
|
|

—|Q|— Q|0

|

0

6.205 Fall 2022

E = “Enable” D = “Data”

Q = not sure,
but it is the
output
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: Two D-Latches in Series dri
The D Flip-Flop (Reg)  win oosite enabie sonals
Data propagates through first D Latch
T >
Q

clk C >° >°
|
LOW lEnabled

CLK LINE is LOW

D e—

Enabled

/
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The D Flip-Flop (Reg)  winesoite enobre sonas

Data propagates through to output

T > e

IEnabled

B; ' A0
Ck C >. >. Enabled }

Data at Q after clk rises
is data at D slightly
before clk rises

CLK LINE rises to HIGH
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The Result: the D Flip-Flop

* The edge-triggered D register: D D Q
on the rising edge of CLK, the
value of D is saved in the
register and then appears
shortly afterward on Q. CLK

D

CLK I &% | cacke-
-

D

o

=

Example: 74L574 internals
When you simplify some common/redundant logic

between the two stages, you get to about ~25 transistors

./




. . . .F =undetermined state
D-Register Timing 1 ceemnea st

<tpp
" >
I 2t |
Q 0 ; 0

D—pD O0——Q

CLK ——— 0
CLK '
! ! :
D ____ X : X
l | I
IMPORTANT: — n > le— n !
='SETUP ='HOLD

tpp: maximum propagation delay, @posedge CLK D —Q
Maximum time it takes for Q to change after rising edge of CLK

tcp: Minimum contamination delay, @posedge CLK D —-Q
Minimum time it takes for Q to start to change after rising edge of CLK

tserup: Setup time
How long D must be stable before the rising edge of CLK
tyop: hold time New timing attributes

How long D must be stable after the rising edge of CLK for registers
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Register-to-Register Timing

regl - reg 2
From sigl >18 T
N D | 0 somewhere
somewhere D s U=
+ + —_ =determined state
CLK '

‘ .
& =undetermined state

A ) tok
CLK
tPD,regl
tep,reg1*” ) ZtseTup reg2 -
" |
sigl N
, \ N
< tPD,Iogic
tCD logi 0
Jlogic %
, >
time
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reg1 siq2 reg 2
Register-to-Register Timing somewise—1° 0—91@—9»D Q

L To sonr
CLK
___ =determined state
A tok
< > ‘ — i
& =undetermined state
CLK P , t
PD,regl
tCD,regl"’é ZtsETUP reg2

A
\ 4

sigl

< ......................................... » tPD’IOgIC

»

7

A

tCD,Iogic

time

t +t .+t <t
Two Requirements/ PD,regl © *PD,logic © *SETUPreg2 = ~CLK

nclusions:
Conclusions tepreg1 * tep,logic 2 tHoLp,reg2

September 20, 2022 6.205 Fall 2022
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D Register Timing Conclusions

* .
tPD,reg ’ tSETUP,reg ’ tCD,regr 1:HOLD,regr and t CD,logic are all roughly f|XEd/
unchangeable

We may/will encounter this in 6.205!
If we try to make our combinational
logic tooooo complex and we won’t

t +t .+t <t
PD,regl PD,logic SETUP,reg2 CLK ‘1 satisfying timing. How do we fix?
Two options:

- B )
Slow down clock: /]\tCLK
6.205 Design Space:
Chop up combinational logic: J tep logic
\_

If you violate this, you have to change your design.

tCD,regl + tCD,Iogic 2 tHOLD,regZ A/I/ This is more an issue for the device engineers...on
our FPGAs the contamination delays (min change
times) are usually longer than HOLD times, so it is
hard for us to run into this problem in 6.205 (though
it is a very real problem for people laying out
circuits)

September 20, 2022 6.205 Fall 2022 38



Design Complex Logic In Stages!

logic 1
regl

»ID Q
reg2
>
D Q

—)[ logic 2

D Q
reg3

>

logic 4

~

y

/w’?

CLK

* Design complex logic systems in stages

* Worry only about effects of delays (t,4 and t)
within a given stage, rather than how they all

interplay!

September 20, 2022
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Single Clock Synchronous Discipline

* The timing requirements are already complicated
enough with one clock. Avoid multiple clocks at all cost!
DO NOT clock flip flops on non-clock lines.

* Single Clock signal shared among all clocked devices
(one clock domain)

* Only care about the value of combinational circuits just
before rising edge of clock

* Clock period greater than every combinational delay

* Change saved state after noise-inducing logic changes
have stopped!



Sequential Circuit Timing

Assume input is also coming
from a clocked system

L,

CLOCK—‘

tepreg = 1NS

tpp,Reg = 3NS
tseTupReg = 2NS
t =2ns

Current
State

S\—>

Input

Questions:

e Constraints on t.p for the logic?

e Minimum clock period?

e Setup, Hold times for Inputs?

Combinational
Logic

tepL="?

tPD,L = SnS

New
State

This is a simple Finite State Machine ... more In Tuture classes!

Output



Interfacing to Sequential
Logic

...Or what are the problems with working with Sequential
Logic?....



Huh?

* In Lab 2: [togic [1:0]
logic [1:0]

ps2b_c[0]

ps2b_d[0]

ps2b_c[1]

ps2b_d[1]
end

ps2b_c;
ps2b_d;

always_ff @(posedge clk_100mhz)begin

<= ps2_clk;

<= ps2_data;
<= ps2b_c[0];
<= ps2b_d[0];

* Basically builds this:

ps2_clk — pIp Q

Q

| » ps2b_cl1]

clk_100mhz

ps2_data— pip

Q)

> ps2b_d [1]

clk_100mhz




What if...? e ...we need to interface with outside
T equipment:
e Other systems (on different clocks or from

combinational logic?)
Another %, * Human-based inputs (buttons)
Oq/,
System | 0/702‘6@/./0 0/01‘0 .
ok,

Sequential
Aperiodic signals with no

Another respect for main system’s . SyS tem
System Il timing constraints

CLK é

Can’t guarantee setup and hold times will be met!




Example: Asynchronous Inputs in Sequential Systems

O
setup and hold

% times will be met!

When an asynchronous signal causes a setup/hold violation...
l I 1]

3.3V
|—O % Can’t guarantee

CLK

D _ S
Cock __ [~ \__ [\ _J \_J \ S
Q / Y - s
Transition is missed on first Transition is caught on Output is metastable for an
clock cycle, but caught on first clock cycle. indeterminate amount of time.

next clock cycle.
Q: Which cases are problematic?



Metastability

* D-registers have issues with all _
that feedback and stuff going on.  ..;

Can go metastable

Figure 2. Effects of Violating tgy & ty Requirements

Metastable Metastable
State State

-------

Stable 1

Output glitches. Output temporarily remains at a metastable
state and may return to either stable state,
incurring additional delays.

* Metastability is where the
SySte m h overs b etween LO g' C Figure 1. Metastability Timing Parameters

High and Logic Low in an
unpredictable way

D o——

Ol

A >

September 20, 2022

DATA \ \\ \

CLK

Metastability in Altera (&) Devices
Altera Application Note 42 (1999)

t., = “min time from clock to output”
....think of it as t,, here (not exactly the same,
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Hand

ing Metastability

* Can’t globally prevent peynatvonous =1 ———
metastability, but can isolate MPUE 1 FF2
Itl Clock | /l\

 Stringing several registers
together can isolate any

Figure 8. Two-flip-flop synchronization circuit.

freakouts!
cock _(@D\_(@\ /@ _ _[® (@ (@ _ _[® (@ [\ _ _[(®\ [@\ (@ _
D1 — — ] —
Qr__ |/ w L
Q2 S / a
(af) (b,d) (c) (e)

September

“Metastability and Synchronizers: A Tutorial”
Ran Ginosar, Technion Israel Institute of Technology
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Handling Metastability

e Completely preventing metastability turns out to be an impossible
problem

* High gain of digital devices makes it likely that metastable conditions
will resolve themselves quickly

e Solution to metastability: allow time for signals to stabilize

Can be Very unlikely to be Extremely unlikely to be
metastable right metastable for >1 metastable for >2 clock
after sampling clock cycle cycles

T \A ¢ / Complicated
—o0 © D Qb QD Sequential Logic
L System

AN

Clock
How many registers are necessary in 6.205?

e Depends on many design parameters (clock speed, device speeds, ...)
e In 6.205, a pair of synchronization registers is sufficient
* And for simple designs...with low t,4 you may not even need anything




Handling Metastability

* Don’t break off an asynchronous input until
it has gone through some registers

* Basically: Ensure that external signals feed
exactly one flip-flop chain before branching

1 \__/ — :
e Sequential

ro O D Q—D Qp— . Downstream Systems
L]

CLK
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CLK

sigl

sig2

. . . Erom sig1 sig2
D Register Timing 2 Sma—T (oo
JAN
CLK-
__ =determined state
ek
< n )
) g =undetermined state
. .............. , tPD,regl
tCD,regl"’é ) ZtsETUP reg2 .
| g
N
< _________________________________________ > tpp jogic
tCD,Iogic ©
time

reg

1

reg 2

JAN

Q

Two Requirements/
Conclusions:

tep,regr * tep,logic 2 THoLD,reg2

tpp,reg1 t Tpp,logic T TseTupreg2 S teik

September 20, 2022
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reg 1 reg 2

. . . E sig1 sig2

D Register Timing 2 ST 3= p b
JAN JAN

CLK
__ =determined state
A teik
« g =undetermined state
CLK . .............. , tPD,regl
tCD,regl"’é ZtsETUP reg2

A
\ 4

7

sigl

< ......................................... » tPD,|0g|c

tCD,Iogic

A
\ 4

time

t et T 1 ictt <t
Two Requirements/ PD,regl " *met PD,logic SETUP,reg?2 CLK

Conclusions: Lo reg1 * tep,logic 2 thoLD,reg2
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Clock Domain Crossing

* For example:

* Data gets sent in at 25 MHz from one device (running on its

own clock)

* Your system runs at 50 MHz

Old clock
domain

Metastable
danger region

New Clock
domain

—>

AN

——>

AN

>

i

1

new clk

//xfer_pipe can be >2 bits wide (2 is usually fine...3 better)

always_ff @(posedge new_clock)

{ new_val, xfer_pipe } <= { xfer_pipe, i_val };

* This only works when original clock domain frequency
is less than or equal to new clock domain frequency

https://zipcpu.com/blog/2017/10/20/cdc.html
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