6.205

Sequential Logic Il:

Sequential Logic Timing



Administrative

 Week 02’s content is due tomorrow
* Week 03’s comes out on Thursday

* ADCs (the MCP3008 modules) stay in lab along with
breadboards, pots, etc...



Think Like a Hardware Engineer

* Many programming constructs/patterns are done
to help you, the person, rather than reflect the
underlying hardware design

* Part of becoming a good hardware-focused
engineer is learning how to give the machine what
It wants.

* For example...object oriented programming. Who is
that really for?



< c 25 google.com

(=
)
0

Gc%le benefit of object oriented programming X

< AlOverview

Object-oriented programming (OOP) has many benefits, including: ¢

Modularity

Allows multiple programmers to work on the same module at the same time, which
increases productivity and reduces development time. &

Security

Security is integrated with encapsulation in OOP languages, making programs
more secure. &

Easier troubleshooting

Users can find the source of a problem more easily because the error indicates
where the issue is. @

cemamenne ENCapsulation
— Also known as data hiding, encapsulation protects variables within code so that
_ other parts of the program can't access them. &
Clane
SCALABILITY Scalability

OOP's key principles, such as encapsulation, inheritance, and polymorphism,
contribute to the scalability of software design. ¢

Sure as H not for QW Reusavity

‘ Creating objects based on classes allows for quick and efficient reuse of different

the Sake Of the % ’ parts of code. This saves time and results in cleaner, more readable code. &
computer > Productivity

OOP can increase programmer productivity and lead to better quality software and
lower maintenance costs. @
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Reconsider this task: Data Deserializer

e The bits are coming in in order of Isb-first

* They’re only ever going to go in one place, and we’ll use them in
order they come in....we don’t need array access.

8
bits_in ——» / » data_out
mc
clock ——— » data_valid_out

data_out[7:0] 71 106
data_valid_out 72 [

clock 72 [

bits_in A o | 1 | o | 1 | o | 1 | 1 | o 7

*in SPI in lab, data is transferred msb first
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1N

The solution must obviously

volve an Indexable array

* What are you assuming?
* What functionality/capability can be stripped away?

* Are you doing what you’re doing...

» foryou? (not right answer...you don’t matter)
e or the FPGA? (right answer...it is what matters)



logic [7:0] buffer;
logic [2:0] buffer_ind;

SO ugh always_ff @(posedge clk)begin
soe buffer[buffer_ind] <= bit_in;
buffer_ind <= buffer_ind +1;
end

* Oh but | gotta take care of wrap-around

logic [7:0] buffer;
logic [2:0] buffer_ind;
always_ff @(posedge clk)begin
buffer[buffer_ind] <= bit_in;
if (buffer_ind > BUFFER_LIMIT)begin
buffer_ind <= 0;
end else begin
buffer_ind <= buffer_in +1;
end
end

logic [7:0] buffer;
* Oh bUt baCkwardS logic [2:0] buffer_ind;
always_ff @(posedge clk)begin
buffer[7-buffer_ind] <= bit_in;
if (buffer_ind > BUFFER_LIMIT)begin
buffer_ind <= 0;
end else begin
buffer_ind <= buffer_in +1;
end
end
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So uh but also

* What if buffer is not a clean power of 2 and size is parameterized....”?

logic [BUFFER_LIMIT -1:0] buffer;
logic [3:0] buffer_ind;
always_ff @(posedge clk)begin
buffer[buffer_ind] <= bit_in;
if (buffer_ind > BUFFER_LIMIT)begin
buffer_ind <= 0;
end else begin
buffer_ind <= buffer_in +1;
end
end

* Now | have to worry about what is means if |
accidentally access an out-of-bounds spot in my
array or something. Ugh....



6 hours later...

* Your code is full of stuff like this

buffer_ind <= 2+ BUFFER_LIMIT - buffer_ind — 1 + (new_old_buffer_ind_a_new+0);

* You've gotten this gross functionality “working” but
it may not be beneficial for the problem at hand.




What do indexable arrays give us?

* “Random” Access to an array (in other words, at
any point in time | can access/modify any element
of the array)

* As we'll see, large-scale Randomly accessible
memory is a burden and also a precious resource.
You do not want to use it unless you need to!

* Do we need that here?



Reconsider this task: Data Deserializer

e The bits are coming in in order of Isb-first

* They’re only ever going to go in one place, and we’ll use them in
order they come in....we don’t need array access.

8
bits_in ——» / » data_out
mc
clock ——— » data_valid_out

data_out[7:0] 71 106
data_valid_out 72 [

clock 72 [

bits_in A o | 1 | o | 1 | o | 1 | 1 | o 7

9/22/26 https://fpga.mit.edu/6205/F26 11



Make a queue or fifo-like structure

e Just push the data in as it comes in

logic [7:0] buffer;

always_ff @(posedge clk)begin
buffer <= {buffer[6:0], bit_in};

end

* Ohis that backwards? No biggie...

logic [7:0] buffer;

always_ff @(posedge clk)begin
buffer <= {bit_in, buffer[7:1]};

end

“SHIFT BUFFER”....a simple FIFO for bits!



Another Thing: / and %

* We’ve done nothing in this class so far that needs
these two operators.

* In the land of digital design, / and % should be
avoided at all costs until they are absolutely
needed.

* They are extremely expensive operations to
perform
* We'll see how expensive they are in future lectures and
labs.

* No need to use these for a cycle counter or for
anything so far



The Cycle Counter from Lab 01

 Build a thing that starts at zero and counts up to a
number, then goes back to 0.

* Every clock cycle you are asking this thing to
perform 32 bit integer division and find the
remainder....that is a monumental task to just
count a number and wrap it around

module counter( input wire clk,

input wire [31:0] period,

output logic [31:0] count

);
always_ff @(posedge clk)begin

count <= (count+l) % period ;

end

endmodule




Simpler, Cheaper

A

32 bit add, a 32 bit compare, an if/else

module counter( input wire clk,
input wire [31:0] period,
output logic [31:0] count
);
always_ff @(posedge clk)begin
if (count+l >= period)begin
count <= 0;
end else begin
count <= count + 1;
end
end
endmodule

9/22/26
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Now In some cases...

* The tools may be able to optimize an atrocious line
like this one for you, but that can depend on things
it knows...and it doesn’t know all the stuff you
know.

module counter( input wire clKk,
input wire [31:0] period,
output logic [31:0] count
);
always_ff @(posedge clk)begin
count <= (count+l) % period ;
end
endmodule

The tool doesn’t really know that count will never be greater than period...it will
likely synthesize a device that can do % for all possible count start values™



And at the very least...

* The closer your Verilog matches what should get
built, the less you’'re asking of the tool.

* Tools will always let you down so you want to help
them out as much as possible.



Simulation vs. Reality

* / and % may work in simulation, but likely not in
real life.

e Be aware of that.

* You can compute pi to 1000 digits “instantaneously
in simulation”...that does not mean it can be done
in real life



Asynchronous vs. synchronous
reset

* There’s very little to no reason to have an
asynchronous reset in our class, especially right
now

Don’t need this. Don’t’ do. Don’t’ wanna see it:

module thing( input wire clk,
input wire rst,
);
always_ff @(posedge clk || posedge rst)begin
if (rst)begin
//reset stuff
end else begin
//do normal stuff
end
end
endmodule




Asynchronous vs. synchronous
reset

* Just have the flip flop sensitivity list be the positive
edge of the clock

module thing( input wire clk,
input wire rst,
);
always_ff @(posedge clk)begin
if (rst)begin
//reset stuff
end else begin
//do normal stuff
end
end
endmodule




Even though some signals might
have “clock” in their name...

* Does not mean we should clock “our” logic off of
them...
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Specified in Lab

jodalyst

downwards.

Two "logic output" connections that provide the result of the data read in during a
transaction:

e [DATA_WIDTH-1:0] data_out: Where the deserialized data appears.
o data_valid: A signal that is high for one cycle when a new data frame has been fully
received and it is present on the data_out output.

In addition there are four connections that will get routed directly to the outside world to
interface with an SPI Peripheral device:

e copi: (output) that contains the actual data being sent. During transmission, each bit
(starting with the msb) will exist on this line for approximately DATA_CLK_PERIOD clock
cycles. Read the dclk pin information carefully for caveats about this timing.

e dclk: (output) a 50% duty cycle synchronization signal. We call it a "clock" but it
shouldn't be used the same as your system clock. No Flip-Flops should be clocked off of
this signal. Instead, what it does is provide the receiving party downstream a signal to
know when to sample the values on the copi line. In particular, when dclk transitions
from low to high, that is when the receiving party should sample the value this module
has placed on copi. In order to ensure that data is maximally stable around this sample
point, new bits of data should be placed on copi when dclk falls from high to low. The
duty cycle of this signal must be exactly 50%. Any deviation (even to 49%) will result in
additional harmonic distortion noise from the clock line which can impede the reading of
data. Consequently, the module must find the closest lower even-count period for a given
DATA_CLK_PERIOD. This sounds confusing, but shouldn't be. Here's an example:

o If DATA_CLK_PERIOD is specified to be 42, the module can implement the data period as
requested (high for 21 clock cycles, and low for 21 clock cycles).

o If DATA_CLK_PERIOD is specified to be 39, the module must actually implement a data
period of 38, so that it can cleanly have its signal on for 19 clock cycles and off [———
for 19 clock cycles.

9/22/26 https://fpga.mit.edu/6205/F26 22



Only thing clocking a Flip Flop
should be our high-speed clock

* Do not have numerous sequential numerous blocks
all being clocked by different signals

HORRIBLE, BAD, DO NOT DO: INSTEAD DO:
always_ff @(posedge a)begin always_ff @(posedge clk)begin
//stuff if (a)begin
end //stuff
always_ff @(posedge b)begin end else if (b) begin
//other stuff //other stuff
end end else if (c) begin
always_ff @(posedge c)begin //other other stuff
//other other stuff end
end end
Can make simulations mismatch reality Reliable Design Practice
Can make designs not meet timing and fail Simulations more likely to match reality
Will be very hard to actually make work Timing easier to meet

physically!



Or if you really need things to happen

on the “edge” of a non-clock signal...

* Remember old signal values and compare

9/22/26

always_ff @(posedge clk)begin
old _a <= a;
old_b <= b;
old c <= c;
if (a & !old_a)begin //on the rising edge of a
//stuff

end else if (b && 'old_b)begin //on the rising edge of b
//other stuff
end else if (!c && old_c) begin //on the falling edge of c
//other other stuff
end
end

https://fpga.mit.edu/6205/F26
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Clocks are Special

* A true Clock signals get special treatment inside the
FPGA

» Get to priority routing, go down special “clock
lines” to minimize skew (future class)

* Making lots of signals into official “clocks” can
cause congestion and the entire design to fail



Sequential Logic

Continuing on from Thursday...



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, if ever

Edge-Triggered Sample-and-Hold Device

D

CLK

D Flip-Flop

D Q

— Q

AVANS

“store D when clk rises”

Level-Triggered Sample-and-Hold Device

D Latch

D QF— Q

E

“store D when E is high”

9/22/26
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D Flip-Flop Registers Give Us A Few
Critical 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)

* Suppress impact of glitches
* Relieves combinational logic from the burden of holding values
for other combinational logic




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 | didn’t want MIT
to start using Okta for login stuff or put cameras
everywhere, but 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

Rs Rg Rg Rg Rg
AN +— AN = — AN = — AV = — AV

+
+ - — — — —
Vi (_ [ p— VourVIN [ Ap— Vour VIN [ Ap— Vour VIN [ A— Vour VIN [ Ap— Vour

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

 Very complicated/deep logic will take time



It’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 aly c b ajy
o 0o oo How o o ofo
0o 0 11 much 0o 0 11
0 1 ofo time? 0 1 ofo
0 1 11 \ 0 1 11
1 0 ofo0 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:

* Contamination Delay (t.;): How long before the system
will start to respond at its output?

* Propagation Delay (t,4): How long until we can be sure
the system has updated to new value (stabilized)?



The Combinational Contract

A —DO— B AO‘BT top propagation delay
110

tcp contamination delay

A __|
B T XX XXX
Note: N Must be <t

1. No Promises during
2. Default (conservative) spec: t.p =0
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“Worst” Case: Propagation Delay

Propagation delay (tpp):

An upper bound on the delay
from valid inputs to valid
outputs

NOT Gate

Demo:

> The logic will
get to where
< tpp its going by t 4

9/22/26 https://fpga.mit.edu/6205/F26 35



“Best” Case: Contamination Delay

Contamination delay (t.p): A lower bound on the delay
from valid inputs to invalid

outputs
VlN | p |
VIH-_______________________ "'“'"""‘"""""""""""ir ______________________
V||_ _______________________________________________________ \ ______________________
NOT Gate i i > The logic will
Demo: : :
v St | not even start
~ tcD o>t
ouT > — il to change
— I ——— untilatleast
1§ II tcd
VO[ __________________________ L R R N L Emm—m————s
9/22/26
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“Best” Case: Contamination Delay

outputs

VlN 1 p 1
VIH""_"""""_"""" . % _____________________
L % """"""""""""""""""" \ """"""""""

NOT Gate | |

Demo:
Vour > T > tep
A ﬁ: :@ —_

VOI_-I““"_"_""__"""__T_:-""""""_""_"_"""“"""I""""E
vl -—— .

Contamination delay (tqp):

A lower bound on the delay

from valid inputs to invalid

Sometimes yes,
sometimes no... it'll be
important when we
design circuits with
flops (coming next!)

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

[
»




All Together top propagation delay

tcp contamination delay

NOT Gate
Demo:
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Exa m p | e top propagation delay
o tcp contamination delay

In reality...it might look like this...

VIN .
A :
VIH________________________ . ':r ______________________
VIL - TTrmTmmmTmmmT % _________________________________________________
NOT Gate ? ? >
Demo:
A é: :@ %: «—
VOH\/ """""""""""""
Vor -~ oo
: — >

9/22/26 https://fpga.mit.edu/6205/F26 39



Example...

top propagation delay
tcp contamination delay

Or this...

Vin |

A :
R o L
Vigp--mmmmmmmmmmmm e e
NOT Gate ? ? >

Demo: : :

A é: :@ %: «—
Vo T \/ __________________
oo .
. >
9/22/26 https://fpga.mit.edu/6205/F26 40



Exa m p | e top propagation delay
o tcp contamination delay

Or this...
Vin |
VIH""_""_""_"_"_"_ . 'ir ______________________
VIL - TTrmTmmmTmmmT % """"""""""""""""""" \ """""""""""
NOT Gate ? ? >
Demo:

A %: :@ %: €«—
VOH\ """"""""""
. -

: < 5 >
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Example...

NOT Gate
Demo:

9/22/26

top propagation delay
tcp contamination delay

Or this...

! '

https://fpga.mit.edu/6205/F26

From a glitch
(discussed last
week)
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Combinational Glitches!

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

* Caused by differences in overall OR internal delays

of logic
_a_in | b_out_
0 1
1 1

System should always have 1 as output, but during transitions from
0 =21 or 120, b_out will glitch to 0.



Glitches Will Happen

* Inherent when you have complex and DEEP
combinational logic!

* Extremely difficult to eradicate completely and
prevent them from happening in combinational
logic.

* Instead we must deal with them by:

* Giving the logic enough time to settle

* |solate the propagation and impact of glitches using flip-
flops



As Engineers Our Job is...
* To be downers! tpo propagation delay
« To not trust things tcp contamination delay

* We should always assume the worst.

«—> <>
<t - < T
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Review: Example System

* Let’s assume: io— m

d

>

*myhast,y=3ns

* my hast,; =1ns
* m.hast,y=2ns
* mq hast,y=5ns
 All four modules have t_4 = 0Ons

* What is:
*i_Otoo_1t,?
*i_ltoo_1t,?
* t 4 of system? (best best case)

i

* Critical Path of the system and t4?

* (worst worst case)



Timing Diagram

\—mc

ul

* The t 4 on any stage/module can’t start being used

until all inputs to it are set/stable:

tpdma
m, output: ?7?? ¢ set
pdmb
—
my, output: ?7?7? set
tpdmc
m. output: ?7? togma  S€L
>
my output: 77 set
| | | | | | | | | L,
| | | | | | | | | |
1ns 2ns 3ns 4ns 5ns 6ns 7ns 8ns 9ns 10ns
time
i 0Oandi_1



io—'m

. ° . a > m > o1
Timing Diagram [ S
T
* Additionally: the “unknown” periods for
subsequent outputs are quite large
tpdma >
m, output: 7?7 ¢ set
pdmb
—_—
my, output: ?7?7? ?7?7? set
tpdmc >
m. output: ??7? ??7? togma  S€t
>
my output: 27? 77? set
| | | | | L,
| | | | |
1ns 2ns 7ns 8ns 9ns 10ns
time
i Oandi_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_inand b _in and

produces an output.

e System calculates square root of a_in and then adds b_in to it

Until t,4=150ns passes, what shows up here is invalid

(Notation to

This module will keep

say it is 32 adding though!
bit-wide bus)\ M /
.32 |sqre rooter| B
a_in >
- ’ t,q =150ns / +> output
t,q =6ns
32
b_in /

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

soon the processed a_in

won’t have appeared yet!

9/22/26 https://fpga.mit.edu/6205/F26
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Aﬂ Oth er P O b | eim (being a real downer today, | know...)

* 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 result!

thd full_gdd thd full_gad tod full_add tpd_fu//_c;dd tod full add
> —)

adder output: 00110 00111 00101 00001 01001 11001

Ceaseless
progression of

| | | | | | | | | |
| | | | | | | | | -

1ns 2ns 3ns 4ns 5ns 6ns 7ns 8ns 9ns 10ns

New numbers
Inputted
5‘b10110
5‘b00011



What if we then had this circuit?

i0—
+ » val

il1—

module grand_deity (input wire [4:0] val,

output logic destroy_world);

assign destroy_world = val == 5'b00101;

endmodule
Adder from destroy_world —|>
previous page

]

' Uhoh :/
i

i 1Ipr!_lull addtpd_lull adofpd_lu// a i_full_add tpd_lull add O °

adder output: 00110 00111 00101 00001 01001 11001
R R R S

2ns 3ns 4ns Sns 6ns 7ns 8ns 9ns 10ns
time
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So How to Fix this?

* Using smart designs can somewhat minimize
glitches...

* For example ripple adders have more bad states
from the worse intermediate delays of the carrying
compared to carry-lookahead adders.

* But even then...smarter systems often minimize but
don’t reduce where these inevitable delays/glitches
in temporary computation show up



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

V'S

tpa=1ns _I Input

Logic 1
(NOT gate)

| Logic
InPUt Logic 2
tpd:l " Logic 3 \
t,g=2 ns <
Glitch ],
Temporary solution based on differential delays -===**""" |~
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SV Previous page:
toe=1ns
Logic 3

Logic 1
(NOT gate)
(XOR gate)
Logic 2 t..=1ns
(NOT gate) pd

t,4=2 ns

Input

logic inputt, outputt;

logic ol, 02, 03;

//assume modules are combinational:

not_gate_a nga(.val_in(inputt), .val_out(ol));
not_gate_b ngb(.val_in(inputt)), .val_out(o2));
xor_gate xg (.vala_in(ol), .valb_in(o02), val_out(o03));

assign outputt = o03;
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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)
t,g=1ns

Logic 1
(NOT gate)

Edge-triggered
Dregl

Logic 3

Input

(XOR gate)
tog=1ns
Edge-triggered
Dreg?2
CLK

CLK is a synchronization signal

» OUT



Solution 1

* Balance output

Previous page:

tog=1ns

Logic1
(NOT gate)

Logic 2 “
(NOT gate) >

Edge-triggered
Dreg2

Edge-triggered

Logic 3

Input
(XOR gate)

ouT

CLK

Intermediate glitches
are minimized and
suppressed in output

9/22/26

Logic 1 I

V'S

_I Inpgut

- (
Logic 2 | i

CLK &

Dregl

Dreg?2

OUT: Logic 3

All good...sort of

https://fpga.mit.edu/6205/F26
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Combinational Logic At Output

* There still could be slight differences in register to
XOR routing 4 :

_I Input
Previous page: Logic 1 I

o
.
.
.
.
1 .
t.s=1ns
pd Edge-triggered
Dregl H
ogic Logic 2
ate . M
. .
Input ogic ouT .
ate
Logic 2 —
ate pa=- N
Edge-triggered
Dreg2

CLK

-

CLK Dregl
xb
Dreg2 Zlntermediate glitch

. . OUT: Logic 3
Intermediate glitches osles
are minimized and
suppressed in output

>
time
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SV

Previous page:

teg=lns

Edge-triggered
Dregl

Input ouT

CLK

logic inputt, outputt;
logic ol, o2, 03;
logic olr, o2r;

not_gate_a nga(.val_in(inputt), .val_out(ol));
not_gate_b ngb(.val_in(inputt)), .val_out(o02));

always_ff@(posedge clk_in)begin

olr <= o01l;
02r <= 02;
end

xor_gate xg (.vala_in(olr), .valb_in(o2r), val_out(o03));

assign outputt = 03;

9/22/26 https://fpga.mit.edu/6205/F26
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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)
t,g=1ns

Logic 1
(NOT gate)

Edge-triggered
Dreg3

Logic 3
Logic 2 =
thg=2 Ns
CLK

CLK is a synchronization signal



Remember about Delays in Logic

* Registers let us |solate/I|m|t S|gnal propagatlon and
synchronize stages = Inp:ut

Previous page: Logic 1 R

Logic 2
Input
CLK
CLK l
Intermediate glitch
. . Logic 3 :
Intermediate glitches :
are minimized and
suppressed in output OUT:Dreg3 :
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Intermediate Glitches

* Even though that glitch is now internal, the fact
that it happens means the XOR is now cycling for

no reason... - Input

Previous page: Logic 1 R

Logic 2

Input

CLK

CLK

Intermediate glitch

May not be happy with Logic 3
having large internal
logic needlessly flipping OUT:Dreg3

bits for no reason
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SV

Previous page:

toe=1ns

Input

Logic 2
(NOT gate)

tg=2 ns

CLK

logic inputt, outputt;
logic o1, 02, 03;

not_gate_a nga(.val_in(inputt), .val_out(ol));
not_gate_b ngb(.val_in(inputt)), .val_out(o02));
xor_gate xg (.vala_in(ol), .valb_in(02), val_out(o03));

always_ff@(posedge clk_in)begin
outputt <= 03;
end

9/22/26 https://fpga.mit.edu/6205/F26
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Add more

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

t,q is propagation delay (how long

input takes to show up at output)
t,g=1ns

Logic 1
(NOT gate)

Edge-triggered
Dregl

Edge-triggered
Dreg3

Logic 3

Input (XOR gate)

ouT

tog=1ns
Edge-triggered
Dreg?2

CLK

CLK is a synchronization signal
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Remember about Delays in Logic

* Registers let us isolate/limit signal propagation and
synchronize stages 1 ‘ s

_I Input
Previous page: Logic 1 I

tg=1ns
Edge-triggered
Dreg1 i
Logic 1 e-triggere Loglc 2
al . o
Logic 3 M
ate
ogic o=
ale dge-triggered
Dreg 2

Input

CLK

CLK Dregl

&b
Dreg?2 Zlntermediate glitch

Intermediate glitches Logic 3

are minimized and
suppressed in output Dreg3 : ;
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Previous page:

tg=1ns

Edge-triggered
Dreg1

Logic 3
(XOR gate

Edge-triggered
Dreg3

Input

— OuT
A

Logic 2 “
(NOT gate),

CLK

logic inputt, outputt;
logic ol, o2, 03;
logic olr, o2r;

not_gate_a nga(.val_in(inputt), .val_out(ol));
not_gate_b ngb(.val_in(inputt)), .val_out(o02));

always_ff@(posedge clk_in)begin

olr <= o01;

02r <= 02;

output <= 03;
end

xor_gate xg (.vala_in(olr), .valb_in(o2r), val_out(o03));
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Tradeoft for all this “protection™?

* No free lunch!
 Use More resources

* Have More latency



Design Complex Logic In Stages!

logic 1

CLK

* D flip-flops regulate signal propagation!
* Design complex logic systems in stages

* Worry only about affects of delays (t 4 and t ) and
glitches within a given stage, rather than how they
all interplay!
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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
transistors, which are made of
sand(currently))

 Something different though...what is
it?

“latch” means it
holds whatever
value was already
present...basically:
“Previous Q”

https://www.allaboutcircuits.com/textbook/digital/chpt-10/d-latch/

9/22/26
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Q
Q
E/D Q Q
00| latch latch
0L | latch latch
L 10 0 L
L | L L 0
E = “Enable” D =“Data” Q=notsure,
but it 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!

> w N

5. Canwe do
better/different?

9/22/26

Do——lggzzzij o
el >— °

E/IDl Q Q

0 (0| latch latch

0L | latch latch

L 10 0 L

L |1 L 0

E = “Enable” D = “Data” Q= notsure,

but it is the

https://fpga.mit.edu/6205/F26

output
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| o
The D Flip-Flop (Reg)  wineoositeencbre sonais

Data propagates through first D Latch

D
Q
Enabled
Q
cLk L(O:W > |IEnabled

CLK LINE is LOW
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The D Flip-Flop (Reg)

Two D-Latches in Series driven with opposite enable signals

NOT Enabled

CLK ¢ ». >.
Enabled

HIGH

CLK LINE rises to HIGH

9/22/26

Data propagates through second D Latch

B; oy
B Ao

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

74
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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

— Q

D
CLK

Ql

Q

Example: 74LS74 internals
When you simplify some common/redundant logic

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

 What about on the falling edge?

e What about it?



| o
The D Flip-Flop (Reg)  wineoositeencbre sonais

Data propagates through first D Latch

D
Q
Enabled
Q
cLk L(O:W > |IEnabled

CLK LINE is LOW
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The D Flip-Flop (Reg)

Two D-Latches in Series driven with opposite enable signals

NOT Enabled

CLK ¢ ». >.
Enabled

HIGH

CLK LINE rises to HIGH

9/22/26

Data propagates through second D Latch

B; oy
B Ao

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

78
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The D Flip-Flop (Reg)

Two D-Latches in Series driven with opposite enable signals

Data propagates through first D Latch
Data propagates through second D Latch

Enabled

CLK LINE falls to LOW

9/22/26



In Reality

o T
* E
o T

ne cartoon gates are not real. They are models
ectricity doesn’t really flow like magical juice

ne gates don’t really act like valves to electricity,

but moreso valves to information...and even then
they’re not valves...they’'re amplifiers

* There’s not really any momentary transparency
since there is some deadzone during the transitions
and the flops are designed so both latches
deadzones overlap

* So you have:



The D Flip-Flop (Reg)

Data propagates through first D Latch

D
Q
Enabled
Q
CLK C ’ - ’ - | —
LOW lEnable

CLK LINE is LOW
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The D Flip-Flop (Reg)

Data propagates through to output

D
.’ e Q
NOT Enabled
L B 1 g
- H(I:GH >. Enabled
CLK LINE is HIGH
9/22/26 82
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And it cycles back and forth

/\

Data propagates through first D Latch D Data propagates through to output

NOT Enabled

Ol

Enabled

CLK

IEnabled

CLK LINE is HIGH

CLK LINE is LOW

22—

* The exact behavior during the transition is a little
vague...

e But it should be considered
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Things to Keep in Mind: Delay

* Flip-flops are circuits at the end of
the day...they have contamination
and propagation delays

e Just like regular combinational
circuits!!!



. . . N =undetermined state
D-FlipFlop Timing 1 ceremnee

<tpp

D—PD O0——Q Q

CLK—— i

g

2tep !
]

j

]

IMPORTANT: . >

2tseTup 2thoLp

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

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



Vulnerability

Ol

A >

* During the transition period Flip-flops are
vulnerable during so we need to help out by
treating the device in certain ways!

* Digital circuits are high-gain amplifiers
* There is also feedback present

* Messing with the flip-flop’s inputs during a
transition period can be catastrophic*®

* So we must give the flops their space when they
are most vulnerable!!!

*metastability



. . . N =undetermined state
D-FlipFlop Timing 1 ceremnee

<tpp

2tep

D—bp og—q Q

I ml
CLK ——

|
IMPORTANT: . >

2tseTup 2thoLp

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

tcors 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 input must be stable before the rising edge of CLK New timing

tyolp: hold time attributes
How long D input must be stable after the rising edge of CLK for registers



Register-to-Register Timing

regl : reg 2
From D Q S'gll logic sig2 D al— To somewhere
somewhere
+ + —_ =determined state
CLK a
=undetermined state
A tok
R »:
CLK g tPD,regl I
tcp,regi ™ ) 2tseTUP reg2 .
. R "N
sigl & &
< >tPD,Iogic
tCD,Iogic "'
i . }
time
9/22/26
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Register-to-Register Timing

From

regl

somewhere

D Q

sigl
—)

_ZF_

reg 2

sig2
logic

D Q

> To somewhere

_ZF_

CLK

=determined state

§ =undetermined state

Focused on how signals generated and
consumed by registers all on the same clock

signal (“same clock domain”)

edges rising

Which means signals will originate from clock
edges rising and will be consumed on clock



reg 1 reg 2

I ! : : From sig1 sig2 T
Register-to-Register Timing & es—To af->(ead 5o s 7osor
JAN /\
CLK
: =determined state
4 tewk
p N |
) . & =undetermined state
ct > tPD,regl I
TeD regt ™™ « 2tsETUP reg2 R
sigl §
P i > Upp, logic
tCD,Iogic alg
- >
time

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

Conclusions:
tep,regt t e, logic 2 tHOLD reg2
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D Register Timing Conclusions

* .
tPD,reg ’ tSETUP,reg ’ tCD,regl tHOLD,regr and t CD,logic are all roughly flxed/
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:

( ) )
Slow down clock: /]\tCLK
6.205 Design Space:
Shorten combinational logic: J trp logic
k ’

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

tCD,regl + tCD,Iogic 2 tHOLD,regZ /l/ 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)
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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!



Only thing clocking a Flip Flop
should be our high-speed clock

* Do not have numerous sequential numerous blocks
all being clocked by different signals

INSTEAD DO:
HORRIBLE, BAD, DO NOT DO: always_ff @(posedge clk)begin
if (a)begin
always_ff @(posedge a)begin //stuff
//stuff end else if (b) begin
end . //other stuff
always_ff @(posedge b)begin end else if (c) begin
//other stuff //other other stuff
end end
always_ff @(posedge c)begin end
//other other stuff
end Reliable Design Practice
These will likely never be able Simulations more likely to match reality
to meet timing Timing easier to meet because the timing

equations are valid since everything on same
clock



Sequential Circuit Timing

CLOCK—‘

Assume input is also coming
from a clocked system

L,

tCD,Reg = 1ns
tpp,Reg = 3NS
tsetupReg = 2NS
tHoLD,Reg = 2NS
CLK ,heg

Current
State

Input

S\—>

Questions:

—P> o Minimum clock period?

» Constraints on tcp ?

Combinational
Logic

tepL =7

tPD,L =5ns

New
State

e Setup, Hold times for entire system?

(Aka for the system input?)

Output



Minimum Clock Period?

L,

CLOCK

tCD,Reg =1ns
tpp,Reg = 3NS

tsetupReg = 2NS

Current
State

CLK tHoLD,Reg = 2NS

S\—>

After3 ns I

Input

1. Rising Clock Edge Shows up...
2. Itis tppreg = 3Nns until flop has finalized changing
3. Itis then an additional tpp | = 5ns until logic has finalized changing and starts sending

data back to flop
4. That change must be done at least tserypreg = 2ns before the next rising clock edge

9/22] 20

>

Combinational
Logic
tepL =7

tPD,L =5ns

Assume input is also coming
from a clocked system

After 5 ns

ew
tate

NTTPS://Tpga.mit.eau/oZuUd/FL0

Output
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Sequential Circuit Timing

CLOCK—‘

Assume input is also coming
from a clocked system

L,

tCD,Reg = 1ns
tpp,Reg = 3NS
tsetupReg = 2NS
tHoLD,Reg = 2NS
CLK ,heg

Current
State

Input

S\—>

Questions:

e Minimum clock period?

—p + Constraints on tcp; ?

Combinational
Logic

tepL =7

tPD,L =5ns

New
State

e Setup, Hold times for entire system?

This is a simple Finite State Machine (next lecture)

(Aka for the system input?)

Output



tcep Constraints?

Assume input is also coming
from a clocked system

L,

CLOCK

tCD,Reg =1ns
tpp,Reg = 3NS

tsetupReg = 2NS

Current
State

CLK tHoLD,Reg = 2NS

S\—>

After 1 ns >

>

Input

1. Rising Clock Edge Shows up...

> wn

clock edge

9/22/26

Combinational
Logic

tepL=7?

tPD,L =5ns

After ',) ns

ew
tate

It is tep reg = 1S until flop output starts changing
It is then additional tcp, = ? Until feedback wire starts changing

That change cannot be happening until at least tyopreg = 2NS has passed from

https://fpga.mit.edu/6205/F26

Output
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Sequential Circuit Timing

CLOCK—‘

Assume input is also coming
from a clocked system

L,

tCD,Reg = 1ns
tpp,Reg = 3NS
tsetupReg = 2NS
tHoLD,Reg = 2NS
CLK ,heg

Current
State

Input

S\—>

Questions:

e Minimum clock period?

» Constraints on tcp ?

Combinational
Logic

tepL =7

tPD,L =5ns

New
State

> . Setup, Hold times for entire system?
(Aka for the system input?)

This is a simple Finite State Machine (next lecture)

Output



Setup Time for Inputs of Whole System?

\_> teppeg = 1NS Current ew
tpp,Reg = 3NS State tate
. ttSETUP,Reg = ;ns H Combinational
ri ing CLK CHOLDReg =Zns Logi
gic
CLOCK
tepL=7? >
tpp,L = ONS Output
Input

1. Input signal comes in

2. ltistpp, = 5ns until comb logic has processed it and it is fed back...
3. That change must be completed at least tserypreg = 2ns before the next rising

clock edge
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Hold Time for System Input?

After 1 ns

L,

CLOCK

Input

1. Clock rises

> wn

9/22/26

tCD,Reg = 1ns
tpp,Reg = 3NS
tsetupReg = 2NS
tHoLD,Reg = 2NS
CLK ,heg

Current
State

Input signal comes in
It is additional tcp = 1ns until comb logic starts to feed back any change...
That change must be done at least tyo preg = 2n5 after the prior rising clock edge

S\—>

Combinational
Logic

tepL=7?

tPD,L =5ns

ew
tate

https://fpga.mit.edu/6205/F26

Output
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Sequential Circuit Timing

CLOCK—‘

Assume input is also coming
from a clocked system

L,

tCD,Reg = 1ns
tpp,Reg = 3NS
tsetupReg = 2NS
tHoLD,Reg = 2NS
CLK ,heg

Current
State

Input

S\—>

Questions:

e Minimum clock period?

e Constraints on tep ?

e Setup, Hold times for Inputs?

This is a simple Finite State Machine ...

Combinational
Logic

tepL =7

tPD,L =5ns

New
State

Output



Conclusions |

SETU
CLK HOLD,Reg
CLOCK—| A

Current
State

+>

Combinational

Logic
tepL=?
tpp,L = 5Ns

* Propagation delay, setup time, and clock all

constrain each other!

* Contamination delay and hold time constrain one

another

New

State

Output



L tep peg = 1NS Current
tpp reg = 3NS State
° tseTupReg = 2NS
onciusions : g oS
CLOCK A
Input X

Combinational
Logic
tepL = ?

tpp,L = 5Ns

New
-1 state

* The thicker the propagation delay of a piece of
combinational logic, the higher your clock period

needs to be to adhere to setup constraints

Output



New

tep peg = 1NS Current »
) e 1 state

tpp reg = 3NS State
C | . | | | ttSETUP:RGEfEE:;.r» Combinational
ONCIUSIONS _| g "o Logic
tCD,L = ? _>
tpp, = 5NS Output

Input P

* When driving a registered system with a signal,
having combinational logic between it and the
input to the register worsens the setup constraint

on the system!
* Meaning signal at the input needs to be “ready” sooner

than it would otherwise be relative to the clock edge
compared to if you were driving the register directly.



tpp reg = 3NS
tseTupReg = 2N,

Conclusions IV ..

Current
State

______J&<___'.

Input

Combinational

* When driving a registered system with a signal,
having combinational logic between it and the
input to the register may lessen the hold constraint

* Meaning a signal may be allowed to start to change

sooner dfter the edge of the clock because it may be
able to rely on some of the contamination delay of the

combinational logic inside

New

State

Output



Next Class

* More Timing



