6.205

FSMs (finish), Clocking, Timing #4,



Admin

* Week 3 due tomorrow
* Week 4 out Thursday

* Hudson River Trading FPGA folks are here right
after class on Thursday:

* Presentation 4-5 (one of whom former 6.205 TA Driss)
* Food

* Q&A1 0on 1 (l guess?)

9/29/26 https://fpga.mit.edu/6205/F26 2



Notes on UART RX

* From the computer | decided to send down 0,
then 1, then 2, then 3...to 255 over UART.

 This was the trace on the UART _RXD line

9 A

| A
| |

LA AT T

8
A
| |
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UART Packet

* In the UART standard there is no guarantee in
regards to inter-byte spacing between bytes sent
down.

* It can vary (and often does)

Packet 1 Packet 2 Packet 3
10 bits 10 bits 10 bits

9/29/26 https://fpga.mit.edu/6205/F26



However...the F12232 chip on our
board that handles the UART...

* Packs the UART packets very tightly

9 A
i 1 | A 1
f Y Y Y |

ERTINTAn

0 1 2 3 8
A A A
| | |
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However...the F12232 chip on our
board that handles the UART...

* Packs the UART packets very tightly

Basically no inter-byte spacing

You get a full baud period for the stop bit and then it
immediately goes into the next packet

9/29/26 https://fpga.mit.edu/6205/F26



AS a reS u l_t. .o Could fall off cliff into next start bit... :/

* Be careful with verifying too long or staying in a
state too long! Read instructions for

uart_receive!
Start(0)Bit[0] Bit[1] Bit[2] Bit[3] Bit[4] Bit[5] Bit[6] Bit[7] Stop(1)

T

Verify low for half BAUD Verify high from 0.5BAUD to 1 BAUD

9/29/26 https://fpga.mit.edu/6205/F26 7



Finite State Machines...

Real Quick...
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Edward F. Moore
1925-2003

Virginia Tech
Worked with Claude
Shannon

Not same Moore as
Moore’s Law...that was
Gordon Moore from Intel

9/29/26
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George H. Mealy
1927-2010
Harvard, Bell
Labs



So Review: Two Types of FSMs
Moore and Mealy FSMs : different output generation

eMoore FSM:

next

S+

inputs outputs
Xo---Xp n Vi =fi(S)
CLK
present state S
eMealy FSM:
direct combinational path! outputs

9/29/26 https://fpga.mit.edu/6205/F26

Yi = (S, Xo...Xn)
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Design Example: Level-to-Pulse

* Alevel-to-pulse converter produces a single-
cycle pulse each time its input goes high.

* It’s a synchronous rising-edge detector.
« Sample uses:

* Buttons and switches pressed by humans for
arbitrary periods of time

* Single-cycle enable signals for modules

Level to
— L Pulse P
Converter
Whenever input L goes from |_
low to high...
CLK

9/29/26 https://fpga.mit.edu/6205/F26

...output P produces a single

pulse, one clock period
wide.
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Moore Valid State Transition Diagrams

11
High input,
Waiting for fall
P=0

01
Edge Detected!

P=1

Low input,
Waiting for rise

P=0

* Arcs leaving a state are mutually exclusive, i.e., for any combination
input values there’s at most one applicable arc

* Arcs leaving a state are collectively exhaustive, i.e., for any combination
of input values there’s at least one applicable arc**

* So for each state: for any combination of input values there’s exactly
one applicable arc (no ambiguity)

* Often a starting state is specified

* Each state specifies values for all outputs (in the case of Moore)

9/29/26 https://fpga.mit.edu/6205/F26 12



Moore Level-to-Pulse Converter
(SystemVerilog)

* An example of a
very explicit
Moore FSM
Implementation
of the level-to-
pulse converter:

9/29/26

module moore_fsm( input wire clk,
input wire 1_in,
output logic p_out);
localparam LOW_WAITING = 2'b0@; //define your states as...
localparam EDGE_DETECTED = 2'b0@1; //parameters for easy...
localparam HIGH_WAITING = 2'b1@; //reading!
logic [1:0] state; //contain state!
logic [1:0] next_state; //hold next state!
//0utput Logic:
always_comb begin
case(state)
LOW_WAITING: p_out = 1'b@; //output based only on...
EDGE_DETECTED: p_out = 1'bl; //current state! This is...
HIGH_WAITING: p_out = 1'b@; //a characteristic of Moore FSM
default: p_out = 1'b0;
endcase
end
//State Transition Logic (Combinational):
always_comb begin
case(state) //Also consider explicit if/elses
LOW_WAITING: next_state = 1_in?EDGE_DETECTED:LOW_WAITING;
EDGE_DETECTED: next_state = 1_in?HIGH_WAITING:LOW_WAITING;
HIGH_WAITING: next_state = 1_in?HIGH_WAITING:LOW_WAITING;
default: next_state = LOW_WAITING;
endcase
end
//State Transition
always_ff @(posedge clk) begin
//consider adding a reset here as well!
state <= next_state; //state becomes calculated next_state
end
endmodule

https://fpga.mit.edu/6205/F26 13




Moore Level-to-Pulse Converter

(SystemVerilog)

* Merging State
Transition Logic
and State

Transition into one

block

* Some people like
this more

9/29/26

module moore_fsm( input wire clk,
input wire 1_in,
output logic p_out);
localparam LOW_WAITING = 2'b0;
localparam EDGE_DETECTED = 2'b01;
localparam HIGH_WAITING = 2'b10;
logic [1:0] state;
//0utput Logic:
always_comb begin
case(state)
LOW_WAITING: p_out = 1'b0;
EDGE_DETECTED: p_out = 1'bl;
HIGH_WAITING: p_out = 1'b@;
default: p_out = 1'b0; //default
endcase
end
//State Transition and Logic:
always_ff @(posedge clk) begin
//consider adding a reset here as well!
case(state)
LOW_WAITING: state <= 1_in?EDGE_DETECTED:LOW_WAITING;
EDGE_DETECTED: state <= 1_in?HIGH_WAITING:LOW_WAITING;
HIGH_WAITING: state <= 1_in?HIGH_WAITING:LOW_WAITING;
default: state <= LOW_WAITING;
endcase
end
endmodule

https://fpga.mit.edu/6205/F26 14




Moore Level-to-Pulse Converter

next
state

S+
— OutputS
O | = (S
k
CLK

present state S

mputs

S1+ = LSO

So+=|_ P=S1SO

Moore FSM circuit implementation of level-to-pulse converter:

So* So

L D Q
P
CLK > Q —)7
&
) D Q @\ﬁ\ O
J Si | S -1,@\0\ 6‘$
> Q 6\ 6(\
<2
) 0\’0 S
\@ s\\OQ
NS
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Moore is One Way

 There is another...

9/29/26 https://fpga.mit.edu/6205/F26
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Design of a Mealy Level-to-Pulse

direct combinational path! >-
y 4 y 4
S Comb. P

Lom- ! N Registers Logic
ogic ‘
CLK =
n

S

* Since outputs are determined by state and inputs, Mealy FSMs
generally need fewer states than Moore FSM implementations

1. When L=1 and S=0, this output is
asserted immediately and until the state L
transition occurs (or L changes)A./.SK\ _j! @ @
/ P ___ N
Clock /_\_1: } \_
State

Output transitions immediately.
L=1|P=0 State transitions at the clock edge.

L=0| P=0

2. While in state S=1 and as long as L remains at 7,
this output is asserted until next clock.

9/29/26 https://fpga.mit.edu/6205/F26 17



Mealy Level-to-Pulse Converter
(SystemVerilog)

* An example of a
very explicit
Mealy FSM
Implementation
of the level-to-
pulse converter:

9/29/26

module mealy_fsm( input wire clk,
input wire 1_in,
output logic p_out);
localparam LOW_WAITING = 1'b@; //define states but notice...
localparam HIGH_WAITING = 1'bl; //fewer needed...Mealy usually...
//though not always, is like that
logic state; //state (smaller than before...only two states to rep)
logic next_state;
//0utput Logic:
always_comb begin
case(state) //outputs are based on state AND inputs!
LOW_WAITING: p_out = 1_in?1'b1:1'b0;
HIGH_WAITING: p_out = 1'b0;
default: p_out = 1'b0; //default
endcase
end
//State Transition Logic:
always_comb begin
case(state)
LOW_WAITING: next_state = 1_in?HIGH_WAITING:LOW_WAITING;
HIGH_WAITING: next_state = 1_in?HIGH_WAITING:LOW_WAITING;
default: next_state = LOW_WAITING;
endcase
end
//State Transition
always_ff @(posedge clk) begin
//consider adding a reset here as well (same goes for any...
//clocked logic block)
state <= next_state;
end
endmodule

https://fpga.mit.edu/6205/F26 18




Mealy Level-to-Pulse Converter
(SystemVerilog)

* Merging State
Transition Logic
and State
Transition into
one block

9/29/26

module mealy_fsm( input wire clk,
input wire 1_in,
output logic p_out);
localparam LOW_WAITING = 1'b0;
localparam HIGH_WAITING = 1'b1l;
logic state;
//0utput Logic:
always_comb begin
case(state)
LOW_WAITING: p_out = 1_in?1'b1:1'b@;
HIGH_WAITING: p_out = 1'b@;
default: p_out = 1'b0; //default
endcase
end
//State Transition and Transition Logic!
always_ff @(posedge clk) begin
//consider adding a reset here as well!
case(state)
LOW_WAITING: state <= 1_in?HIGH_WAITING:LOW_WAITING;
HIGH_WAITING: state <= 1_in?HIGH_WAITING:LOW_WAITING;
default: state <= LOW_WAITING;
endcase
end
endmodule

https://fpga.mit.edu/6205/F26
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Mealy Level-to-Pulse Converter

&
1 . @‘O\e <
Input is high S O
AP UK
&N
) eV ©
L=1P=0 o Qo
R

Mealy FSM circuit implementation of level-to-pulse converter:

D

S* S

ol O

D
CLK =—t>

B
e [SM’s state simply remembers the previous value of L

e Circuit benefits from the Mealy FSM’s implicit single-cycle
assertion of outputs during state transitions

9/29/26 https://fpga.mit.edu/6205/F26 20



Moore/Mealy Trade-Offs

* How are they different?
* Moore: only
* Mealy and input
* Mealy outputs generally occur one cycle earlier than a Moore:

Moore: delayed assertion of P Mealy: immediate assertion of P

-— : :ifi_k_
Clock | [\ Clock 4/—\_IQL

State[0] State

e (Comparedto a Moore FSM, a Mealy FSM might...

— Be more difficult to conceptualize and design (both at circuit level and in
HDL)

— Have fewer states

— Be expressed using fewer lines of Verilog
9/29/26 https://fpga.mit.edu/6205/F26 21



Moore/Mealy Trade-Offs

* Moore:
* Usually more states
 Each state has a particular output

* Mealy:
* Fewer states, outputs are specified on edges of
diagram

* Potential Dangers:
Really-long combinatorial paths!

direct combinational path! y 4 direct combinationalpath! y 4 direct combinational path! y 4
St Comb. St Comb. St Comb.
T e d | mmew mwd 80 > Logic — " Comb. D > Logic
e N Registers 09 o N Registers 29 Logic N Registers 9
g9C k= 9 CLK => 1 g9C k=
S S S

Possible cyclic logic paths (combinational loops!!!)
Combinatorial logic driving itself asynchronously through
really hard-to-debug pathways!

9/29/26 https://fpga.mit.edu/6205/F26 22



Enums

* Another good practice to prevent against
accidental doubling of state variables

module mealy_fsm( input wire clk,
input wire 1_in,
output logic p_out);
localparam LOW_WAITING = 1'bl; //defin but notice...
localparam HIGH_WAITING = 1'bl; //fewer needed...Mealy usually...
//though not always, is like that
logic state; //state (smaller than before...only two states to rep)
logic next_state;
//0utput Logic:
always_comb begin
case(state) //outputs are based on state AND inputs!
LOW_WAITING: p_out = 1_in?1'b1:1'b@;
HIGH_WAITING: p_out = 1'b@;
default: p_out = 1'b@; //default
endcase
end

‘5\00(
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Enums

* Enums allow you to define variables that only
take on specific values *and™ which will
guarantee those values will be unique

module mealy_fsm( input wire clk,
input wire 1_in,
output logic p_out);

//fewer needed...Mealy usually...though not always, is like that
state_t state; //state (smaller than before...only two states to rep)
state_t next_state;
//0utput Logic:
always_comb begin
case(state) //outputs are based on state AND inputs!
LOW_WAITING: p_out = 1_in?1'b1:1'b@;
HIGH_WAITING: p_out = 1'b@;
default: p_out = 1'b0; //default
endcase
end

typedef enum logic {LOW_WAITING, HIGH_WAITING} state_t; //define states but notice...

9/29/26 https://fpga.mit.edu/6205/F26
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Encoding with Enums?

* Generally in SystemVerilog, an enum, unless specified
willbe 0, 1, 2, 3, etc...

enum {IDLE,GOT_5c,GOT_10c,GOT_15c,GOT_20c,
GOT_25¢,GO0T_35¢,GOT_40c¢,GOT_45¢c,
GOT_560c¢,RETURN_20c,RETURN_15c,
RETURN_10c,RETURN_5c } state, next;

* When synthesizing, Vivado may decide on a different
encoding, however if it is advantageous to the design
and/or allows logical optimization

typedef enum {IDLE,GOT_5c¢,GOT_10c,GOT_15c,GOT_20c,
GOT_25c¢,GOT_35c¢,GOT_40c,GO0T_45¢c,
GOT_50c¢,RETURN_20c,RETURN_15¢c,
RETURN_10c,RETURN_5c } state_enc_T;

state_enc_T state, next;

9/29/26 https://fpga.mit.edu/6205/F26 25



Why Design with FSMs?

* Most stuff is an FSM anyways, whether you like it or
not...

* The FSM structure is extremely amenable to digital
design, specifically FPGAs.

* Knowing a variable is “internal” like a state variable
can allow Vivado to optimize things better!

* In FPGAsS, Flipflops are “cheap” whereas LUTs can
tend to be more precious

* What this means is that as you design more and more, the
amount of combinational logic you’ll try to use will scale
faster than the amount of registers as we try to max out

timing.
* The number of LUTs and FF’s are fixed on an FPGA

9/29/26 https://fpga.mit.edu/6205/F26 26



* We try to add more and more logic between two
fixed sets of registers...so the relative usage will

grow differently if left unchecked...

Added thicker and thicker logic right up to

slack limits using more LUTs in process
/

4 / )
Combinational D Ol—
Logic

IIl-—» D Q

1. Slice Logic

L R DL EEE L L L Frmmm-- + + +
| Site Type | | |
L R DL EEE L L L Frmmm-- Fommmmm- S L L Fommm e m Fommmmm- + T .
| Slice LUTs | 2144 | o | o | 20800 | 10.31 | St’“./USt US’ng two
|  LUT as Logic | 2094 | o | o | 20800 | 10.07 |
|  LUT as Memor sets
y | 50 | o | o | 9600 | ©.52 |
| LUT as Distributed RAM | 50 | o | | | |
| LUT as Shift Register | o | o | | | |
| Slice Registers | 1931 | o | o | 41600 | 4.64 |
| Register as Flip Flop | 1931 | o | o | 41600 | 4.64 |
| Register as Latch | o | o | o | 41600 | ©.00 |
| F7 Muxes | o | o | o | 16300 | ©0.00 |
| F8 Muxes | o | o | o | 8150 | ©.00 |
L R DL EEE L L L Frmmm-- Fommmmm- S L L Fommm e m Fommmmm- +

* Warning! LUT value is adjusted to account for LUT combining.
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Xilinx Logic Blocks

e Our FPGAs have about
8500 of these =

* Called “Logic Slices”

* Each slice has four CLBs
(“Configurable Logic
Blocks”) that form the
clay from which we
sculpt our digital
functions

SR
cE N
CLK > 11—0“ v
— CK
02228 Jer &

September 10, 2026 https://fpga.mit.edu/6205/F26



module moore_fsm( input wire clk,
input wire 1_in,
output logic p_out);
typedef enum {LOW_WAITING, EDGE_DETECTED, HIGH_WAITING} state_t;
state_t state; //state (smaller than before...only two states to rep)
//0utput Logic:
always_comb begin
case(state)
LOW_WAITING: p_out = 1'b0;
EDGE_DETECTED: p_out = 1'bl;
HIGH_WAITING: p_out = 1'b0;
default: p_out = 1'b0; //default
endcase
end
//State Transition and Logic:
always_ff @(posedge clk) begin
//consider adding a reset here as well!
case(state)
. . . LOW_WAITING: state <= 1_in?EDGE_DETECTED:LOW_WAITING;
® If Vlva d O C a n I d e nt I fy th e EDGE_DETECTED: state <= 1_in?HIGH_WAITING:LOW_WAITING;
HIGH_WAITING: state <= 1_in?HIGH_WAITING:LOW_WAITING;
default: state <= LOW_WAITING;

logic as a FSM, itwill help
in optimizing logic usage.

endmodule

INFO: [Synth 8-802] inferred FSM for state register 'state_reg' in module 'moore_fsm'
INFO: [Synth 8-6159] Found Keep on FSM register 'state_reg' in module 'moore_fsm', re-encoding will not be performed

State | New Encoding | Previous Encoding
T ooolllooooolliooooolooooooooooooos
LOW_WAITING | 00 | 00
EDGE_DETECTED | 01 | o1
HIGH_WAITING | 10 | 10

9/29/26 https://fpga.mit.edu/6205/F26 29



INFO:
INFO:
INFO:
INFO:
INFO:

Vivado ldentifying FSMs

* Here’s a more complicated build from a side
project over the summer:

[Synth 8-802]
[Synth 8-802]
[Synth 8-802]
[Synth 8-802]
[Synth 8-802]

inferred
inferred
inferred
inferred
inferred

FSM
FSM
FSM
FSM
FSM

'xpm_fifo_base_parameterizedo’
INFO: [Synth 8-802] inferred FSM
INFO: [Synth 8-802] inferred FSM
'xpm_fifo_base_parameterizedl’
INFO: [Synth 8-802] inferred FSM
INFO: [Synth 8-802] inferred FSM
'xpm_fifo_base__parameterized2’
INFO: [Synth 8-802] inferred FSM

9/29/26

for
for
for
for
for

for
for

for
for

for

state
state
state
state
state

state
state

state
state

state

register 'fsm_state_reg' in module ‘'uart_tx'

register 'gen_rst_ic.curr_wrst_state_reg' in module 'xpm_fifo_rst’
register 'gen_rst_ic.curr_rrst_state_reg' in module 'xpm_fifo_rst’
register 'gen_fwft.curr_fwft_state_reg' in module 'xpm_fifo_base’
register 'gen_fwft.curr_fwft_state_reg' in module

register 'state_reg' in module ‘'dram_fifo'
register 'gen_fwft.curr_fwft_state_reg' in module

register 'state_reg' in module 'bit_unpacker'’
register 'gen_fwft.curr_fwft_state_reg' in module

register 'usb_state_reg' in module 'top_level'’

https://fpga.mit.edu/6205/F26
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Figuring out how to encode state

* Here Vivado is changing the order that states are
encoded OR using more bits to encode the state
all in the pursuit of logical optimization...

State | New Encoding | Previous Encoding
FSM_IDLE | 00 | 000
FSM_START | 11 | 001
FSM_SEND | 10 | 010
FSM_STOP | o1 | 011

INFO: [Synth 8-3354] encoded FSM with state register 'fsm_state_reg' using encoding 'sequential' in module 'uart_tx'
INFO: [Synth 8-5552] Implemented safe state 'default_state' for state register 'gen_rst_ic.curr_wrst_state_reg’

State | New Encoding | Previous Encoding
*
WRST_IDLE | 00001 | 000
WRST_IN | 00010 | 010
WRST_OUT | 00100 | 111
WRST_EXIT | 01000 | 110
| |

WRST_GO2IDLE 10000 100

INFO: [Synth 8-3354] encoded FSM with state register 'gen_rst_ic.curr_wrst_state_reg' using encoding 'one-hot’
INFO: [Synth 8-5552] Implemented safe state 'default_state' for state register 'gen_rst_ic.curr_rrst_state_reg'

9/29/26 https://fpga.mit.edu/6205/F26 31



Encoding State?

* Encoding state as sequential numbers may
seem natural, but it can result in more expensive
In terms of the combinational logic!!!

9/29/26 https://fpga.mit.edu/6205/F26 32



One-Hot Encoding

* Instead of sequential encoding (3 bits):
000 > 001 = 010 =>011 > 100 for 5 states...

* Do One-Hot encoding (5 bits):
* 00001 - 00010 - 00100 - 01000 = 10000 for 5 states

9/29/26 https://fpga.mit.edu/6205/F26 33



Remember how state is used...

eMoore FSM:

next

inputs outputs
Xo---Xp Vi =fi(S)
present state S
eMealy FSM:
direct combinational path! outputs

9/29/26 https://fpga.mit.edu/6205/F26

Yi = (S, Xo...Xn)
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Cheaper state decoding with One-
Hot

* |f state is encoded sequentially...
« 000 - 001 - 010 =>011 - 100 for 5 states...

* To determine if you’re in state n or not needs all
three state bits!

e |f state is encoded one-hot...
* 00001 - 00010 - 00100 = 01000 = 10000 for 5 states

* Determination if you’re in state n or not only needs
one single bit (bit,)

9/29/26 https://fpga.mit.edu/6205/F26 35



Remembering our Logic Blocks!

By encoding
more
expensively
using FF’s we
increase the
chances that
we can fit our
State and
output
decoding logic
into a single
LUTE6 (or fewer
LUTs overall)

September 10, 2026
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Use more of these
things since they’re

just sitting around

anyways



ASIC design

* Where you either add or don’t add components
has different economies going on when
optimizing things

* Making state have more bits/registers may not be the
right choice there...but that’s not for our class.

9/29/26 https://fpga.mit.edu/6205/F26
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FSMs in History

We’ve been doing FSMs forever and will keep doing them
forever...

9/29/26 https://fpga.mit.edu/6205/F26
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Car Alarm FSM

* Up until 2021 the
“FSM” lab in
6.111/6.205 was
making a car
alarm

* FSM design was
and still can be a
very common
approach to digital
circuit design

9/29/26

Final Projects
»Project info
»Project list
»Memorable proj

»Past projects - all

»Schedule

*MIT cert required
*Onli

*Submit PDFs
e

*$Staffed Lab Hours
Course info
Course objectives
Course calendar

Tools

Piazza (new tab)

Description of Anti-Theft System

Since your client is completely focused on her start-up, she wants an anti-theft system that's highly automated. The system is armed automatically after she turns off the i
passenger and both the driver's door and passenger’s doors are open, the system arms itself after all the doors have been closed and T_ARM_DELAY has passed; that del

Once the system has been armed, opening the driver's door the system begins a countdown. If the ignition is not turned on within the countdown interval (T_DRIVER_D]
(T_ALARM_ON) after the door closes, at which time the system resets to the armed but silent state. If the ignition is turned on within the countdown interval, the system|

Always a paragon of politeness, your client opens the passenger door first if she's transporting a guest. When the passenger door is opened first, a separate, presumably 1o}
driver's door and insert the key in the ignition to disarm the system.

There is a status indicator LED on the dash. It blinks with a two-second period when the system is armed. It is constantly illuminated either the system is in the countdow|

So far this all is ordinary alarm functionality. But you're worried that a knowledgable thief might disable the siren and then just drive off with the car. So you've added an
Power is only restored when first the ignition is turned on and then the driver presses both a hidden switch and the brake pedal simultaneously. Power is then latched on u

The diagram below lists all the sensors (inputs) and actuators (outputs) connected to the system.

Inputs:

« passenger door switch

« driver door switch \
* ignition switch

* hidden switch

« brake pedal switch \

Outputs:
« fuel pump power
* status indicator

* siren

Figure 1: System diagram showing sensors (inputs) and actuators (outputs)

The system timings are based on four parameters (in seconds): the delay between exiting the car and the arming of the alarm (T_ARM_DELAY), the length of the countd|
(T_PASSENGER_DELAY), and the length of time the siren sounds (T_ALARM_ON). The default value for each parameter is listed in the table below, but each may be
Time_Parameter_Selector switches specify the parameter number of the parameter to be changed. Time_Value switches are a 4-bit value representing the value to be prog
selected parameter to Time_Value. Note that your system should behave correctly even if one or more of the parameters is set to 0.

Default Timing Parameters

‘ Interval Name Symbol Parameter Number Default Time (sec) Time Value
| Arming delay T_ARM_DELAY 00 6 0110
| Countdown, driver's door | T_DRIVER_DELAY | o1 Il 8 1000
|Countdown, passenger door T_PASSENGER_DELAY 10 15 1111
‘ Siren ON time T_ALARM_ON 11 10 1010

Block Descriptions/Implementation

The ing diagram i a possible ization of your design into modules.
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Car Alarm FSM

* When Gim graduated from
MIT he got a job with DEC

(Digital Equipment | Gim Hom
C t- th t d th Took 6.111 in 1969..graduated in 1970

orpora |On) at made e 6.111 Instructor 2013-2021
PDP-1 among other Now retired

Before that was Anantha Chandrakasan

computers and then Tl Before that was Troxel (go back to

e Got b|g Signing bonus and 1960s/originated course)
bought a nice convertible

e Parked Convertible went into
apartment.

e Convertible was not there
came out

9/29/26 https://fpga.mit.edu/6205/F26 40



Car Theft FSMs

* 2016, MA: ~7 million people, 6,600 car thefts for year

* 1975, MA: 5.8 million people, 91,000 car thefts for year
(peak)

Massachusetts Population and Rate of Crime Rank Compared to other States

State Year Population Index Violent Property Murder Rape Robbery Assault Burglary Larceny Vehicle
Massachusetts 1960 8 35 36 33 41 38 32 36 34 38 11
Massachusetts 1961 8 29 35 28 42 35 31 34 29 32 7
Massachusetts 1962 9 26 33 24 40 37 25 31 26 31
Massachusetts 1963 9 28 33 27 40 39 27 33 27 33
Massachusetts 1964 9 26 33 25 37 37 24 38 25 34
Massachusetts 1965 10 23 33 22 36 39 21 36 23 35
Massachusetts 1966 10 24 32 23 38 41 19 36 21 37
Massachusetts 1967 10 25 34 25 38 37 23 37 25 38
Massachusetts 1968 10 21 31 20 35 35 21 35 19 35
Massachusetts 1969 10 19 29 18 35 38 19 35 15 34 1

State Year Population Index Violent Property Murder Rape Robbery Assault Burglary Larceny Vehicle
Massachusetts 1970 10 20 31 18 38 33 19 35 14 35 1 State
Massachusetts 1971 10 16 27 16 36 38 13 33 13 32
Massachusetts 1972 10 17 26 16 38 39 11 29 13 35
Massachusetts 1973 10 15 20 14 36 34 10 29 12 33
Massachusetts 1974 10 12 20 11 37 37 10 29 12 32
Massachusetts 1975 10 11 16 12 39 29 9 26 13 34
Massachusetts 1976 10 13 18 12 40 37 11 22 11 36
Massachusetts 1977 10 15 17 16 43 31 12 19 13 37
Massachusetts 1978 10 16 16 17 40 31 13 19 12 38
Massachusetts 1979 10 16 15 15 41 32 12 16 11 36 1

State Year Population Index Violent Property Murder Rape Robbery Assault Burglary Larceny Vehicle
Massachusetts 1980 11 16 13 17 39 31 9 13 13 39 1
Massachusetts 1981 11 20 12 21 40 30 8 15 17 40
Massachusetts 1982 11 18 14 21 37 31 10 13 19 40
Massachusetts 1983 11 20 12 22 40 28 9 10 20 41
Massachusetts 1984 12 25 13 24 36 25 12 12 25 41
Massachusetts 1985 12 23 16 25 39 23 12 14 24 40
Massachusetts 1986 12 26 18 27 38 26 14 17 28 43
Massachusetts 1987 13 26 14 28 42 26 15 14 31 45
Massachusetts 1988 13 23 13 25 38 25 14 11 29 41

~5% of cars were stolen per yearin MA

Massachusetts was
the #1 state for car
theft for 1965-1987!!!

Year Population Index Violent Property Murder Rape Robbery Assault Burglary Larceny Vehicle
Massachusetts 2000 i3 42 21 44 41 36 27 14 41 49 16
Massachusetts 2001 13 41 20 43 42 29 25 15 40 47 18
Massachusetts 2002 13 39 18 42 38 34 24 17 39 46 18
Massachusetts 2003 13 28 17 40 42 30 19 18 36 46 18
Massachusetts 2004 13 39 18 42 37 33 20 18 38 47 22
Massachusetts 2005 13 42 19 45 37 36 20 18 35 48 30
Massachusetts 2006 13 41 20 44 35 37 21 19 34 45 33
Massachusetts 2007 14 42 22 42 37 38 23 18 33 45 36
Massachusetts 2008 14 37 20 44 41 39 24 14 32 45 35
Massachusetts 2009 15 37 17 43 38 38 23 14 33 45 33
State Year Population Index Violent Property Murder Rape Robbery Assault Burglary Larceny Vehicle
Massachusetts 2010 14 32 13 38 31 35 18 11 29 41 34
Massachusetts 2011 14 36 14 42 37 37 20 12 32 43 34
Massachusetts 2012 14 40 19 44 46 39 20 14 33 48 39
Massachusetts 2013 14 36 16 45 43 16 18 15 35 46 39
Massachusetts 2014 14 39 18 46 43 35 20 14 38 47 40
Massachusetts 2015 15 42 18 47 45 38 27 14 42 48 42
Massachusetts 2016 15 45 23 47 47 42 26 20 45 49 44

e B N ]

e

W o = = N e
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Car Alarm FSM

e Gim built a car alarm for
NiS car.

* Designed it using an o ESMbsed cnr atar for
- im’s -based car alarm for his car
SM-based a pproac h. Built using 4000-series CMOS chips

° _|ad ~11 states (top of the line at the time)

* Built it just like we
talked about last week
(bubble-
diagram...developed
logic, implemented...)
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Magnavox Odyssey (1972

1TL200 BLAK & BK12 ODYSSEY GAME SIMULATOR

PLAYER 25POT
PLAYER 1SPOT CNDAZOSIVE
VIDE
HORIZ SYNC SUMMER
VERT SYNC
= it cenren 2 2
v 3
FERy HES
PLAVER T oc PLAYER 1 Pl wace e %1 i
ENGLISH L SPOT SPOT G
UNIT HORIZ| GENERATOR GENERATOR 4. | OSCILLATOR
3 CHANNEL
SwiTCcH
MODULATED
ENGLISH SPEED VHF
oc i BAI
ENGLISH o d GATE
FLIP-FLOP MATRIX
ENGLISH GENERATOR |¢ RF
3 r’ K FILTER
S ”
w
] '
BALL VERTICAL 8 le coro
t— sync 5
RESET FLIF:FLOR, GENERATOR H
8
L e
[ — ANTENNA
 Faaaie ) | GAME
verT SWITCH
PLAYER 2 C3 PLAYER 2 J HORIZONTAL ! g:gEWYBAR |
CONTROL SPOT SYNC |
EnaLi UNIT Homiz| GENERATOR GENERATOR '_: {08 s , ) I
C3
| Syt i o0 |
£

9/29/26

Figure 1 -- Odyssey Block Diagram

TO TELEVISION
VHF TERMINALS

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

* First commercially

available game system
* Completely FSM-base

CROWBAR CIRCUIT
Causes Ball and

PLAYER 1SPOT or Player to dis- RF FILTER
GENERATOR appear at coincidence.  Eliminates un-
Generates video  R39 RF OSCILLATOR  Circuit soldered on desirable fre-
for Player 1 VERT Generates RF Master Board quencies from
spot FREQ  TP1  carrier (HIDDEN) RF signal.

Q1 REGULATOR
Provides voltage
to all transistor
circuits

VERT. SYNC GEN.
Produces 5 V
60 Hz vertical
sync. pulses.

WALL SPOT
GENERATOR
Generates video
for Wall spot
W1BATTIN
W2 GROUND HORIZ. SYNC GEN. BALL SPOT
Produces 5V, GENERATOR
16,734 Hz, Generates
horizontal video for
sync pulses. Ball spot.

BALL

Mixes video
HEIGHT

Qa3
(BK 12 Onliv)

Figurs 3 Master Board Module Location

GATE MATRIX
ENGLISH FLIP-FLOP
Changes Ball's
direction and
control when it
touches Player

of Players and Ball or
Ball and Wall to
trigger flip-flops

or crowbar circuit.

BALL FLIP-FLOP
Makes Ball
bounce when it
touches Wall.

PLAYER 2SPOT  R31
GENERATOR PLAYER
Generates video 2 HEIGHT
for Player 2

spot.

Etgs://www.pong-story.com/odyssey.htm

43

Determines coincidence



* Implemented completely with discrete
transistors:

MAGNAVOX ODYSSEY 1TL200BLAK SCHEMATIC DIAGRAM
Scanned from original service manual by David WINTER
http://www.pong-story.com

HANO CONTROL NO. 1 703488-2

WANG CONTROL NO. 2 7034882

LY RE PLTER
sell___703498-2

ANT BOX ASSY |
70181721

o
- 2,110 10 wosuLaTe
e UL,
i o
o wo———
B of Furruor gt
e o (A rks
ot 1"l a 2
L{ | jsae 154p1
7 i 4 ¥
it
; >
e —
e :
] _":_rlij [Pl — —Fron e T ] a3 o
ll; :1'" Q) e aav CH 0 Ol ot
A, S ol &
-‘-@ % 5]
i
MASTER PG 80 T03490-4

https://www.pong-story.com/odyssey.htm
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Was just a large finite state machine

PLAYER 2 SPOT - 1 B r
PLAYER 1SPOT COS‘EPOOS'TE [} 1! T
Vi ¥
HORIZ SYNC SUMMER b
VERT SYNC
VERTICAL HORIZONTAL
= ] ——————centeR 2| 3
VERT { — ; g 3
PLAYER 1 DC PLAYER1 | WALL RE
ENGLISH CONTROL SPOT SPOT pram—
UNIT HORIZ | GENERATOR e GENERATOR . OSCILLATOR
DC CHANNEL
S SWITCH
MODULATED
ENGLISH BREED e
De >
ENGLISH g:oLTL GATE
ENGLISH FLIP-FLOP rro GENERATOR MATRIX RE
be FILTER
[ J
RESET § GAME
Y VERTICAL g ¢ CORD
FLIP-FLOP 1 SYNC S
RESET GENERATOR z
(=]
A ANTENNA
—J = i B GAME
VERT SWITCH
PLAYER 2 be PLAYER 2 HORIZONTAL [ cHONDAA |
CONTROL SPOT SYNC 4 |
ENGLISH UNIT HORIZ| GENERATOR GENERATOR '_j :;%';r?lme' | I ’
DC
x S |
VERTICAL HORIZONTAL TO TELEVISION
VHE TERMINALS

Figure 1 -- Odyssey Block Diagram

inputs state  state-transition logic  output logic “clock”

https://www.pong-story.com/odyssey.htm
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Magnavox Odyssey Game System

+ aln *ur, T ECH
B 3[‘_1 HH 5"8 Baf { .‘:-‘ Y
i T
THE 5 DYSSEY [Ez=
(\ @
S

Ko E O % ..

il ; _E*\ ﬂE al}
SINN ERELEER
\(“/‘:’g"'." [o|n s
A EZ0A B+ BRE

http://odysim.blogspot.com/2020/
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Magnavox Odyssey Game System

Hockey

Kim Rachael

Cat and Mouse

Patrick

https://youtube.com/playlist?list=PLtApm-Ri5SWTIAEV1ClufPrca2MTj4uSvT&feature=shared
https://www.youtube.com/watch?app=desktop&v=NsluZfTMRno&ab_channel=0dysseyNow
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Early 1970s

* Most arcade systems were just FSMs
Implemented in discrete logic, including:
* Pong
* Breakout

* Space Invaders was first arcade machine to
move some game logic to an Intel 8080
MIiCroprocessor.

9/29/26 https://fpga.mit.edu/6205/F26
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Evolution of FSM-based Games

* As 1970s rolled on, entire game
systems would get put on single
chips

* “Ball-and-Paddle” Chips would be
sold by companies and then other
companies would buy them and
put their own “skin” on them and
sell them as their own. Many times
it was the same game underneath

Ar-3-8500 . [

* Atari 2600 was first K Glessr sra

microprocessor-based home video |FEETTEEEEREEREs -
game system AY-3-8500 *Ball-and-Paddle” chip
* http://www.pong-story.com/gi.htm https://commons.wikimedia.org/wiki/File:AY-3-8500.jpg
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TV Fun

* Runs off an AY-3-8500

* Made by APF who started out importing
Japanese 8-track players

* Company went bankrupt in the great video game
crash of 1983.

* Have one set upstairs in lab in case anybody
wants to play.
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Tiger Electronics Games

ELECTRONIC

TIG

OFF

MAX ON
SOUND SCORE START ACL

\ \ \ (3

T™ and 1984 Cinema ‘84

rine

WEAPON

ELECTRONIC

OFF SOUND SCORE START ACL
\ \ B\ ®
TM and 1984 Cinema '84

WEAPON

https://oladaniel.com/pica-pic
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Tiger Electronics Games

* Tiger Electronics had 100’s of _—
versions of these in the 1980s & sl
and 1990s " ”

* Almost all of them were based
on three or four common
finite state machine game
chips or four-bit
microcontrollers (very poorly
documented/insider
information)

* They’d slap a different LCD
skin and game art onto the
same chip and resell
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Modern Games

* Modern games are far too complex to be
implemented with an FSM in any productive way
(though it is still generally possible)

* However well-characterized chunks of game
software is still used and re-used/skinned (for
example game engines)

* But also stuff gets reskinned all the time

9/29/26 https://fpga.mit.edu/6205/F26 53
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Pet Rescue Saga

3 @
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Soda Saga

9/29/26
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Bubble Witch 3 Saga

N~
Lo

https://fpga.mit.edu/6
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Farm Heroes Saga

9/29/26 https://fpga.mit.edu/6205/F26
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Finite State Machines Relevant

* Designing systems as finite state machines is
still very common in digital design.

* Doing it in a structured way can make your HDL
very transparent so you know what you’re
getting!

* You’ll see data sheets and other places with FSM
diagrams and many protocols express their
functionality with FSMs.
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See them
everywhere

USB 3.0 LTSSM

SS.Disabled

LFPS

Directed T'\"°°"' T>\o0\l
K\)\\
L 'ﬁ,“’ m — Hot Reset \
*\ Ovected
Training \
Directed

LFPS Handshake

LFPS Handshake T —
\

12C FSM

command

bit_cnt\= 0

bit_cnt=0

ena="'1
w ='0" OR new addr

ena="‘1"
rw = 1" OR new addr

bit_cnt\=0 bit_cnt\=0

ena =1
rw ="1" AND same addr

ena="1

rw = ‘0’ AND same addr bit_ cnt=0  bit_cnt=0
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Clocks and Time

Times and Clocks



Clocking and Synchronous Communication

Module M1 Module M2
I Signal 1 I
— >  —
o> o>
CLK
Ideal world:

CLKwu1 —
Signal 1 X A A

CLKm2 —

v

M1 and M2 clock edges aligned in time
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Delay Estimation: Slmple RC Networks

Va

Simple CMOS Circuit

l: 50%
Vou
Vihn 0—@ ° ‘ | | ¢
| |

_I gl 08 v : boHL | : toLH |
! : ! : 90%
- = | . |
| 50% |
| o ] |
Low-to-High High-to-Low :434 t, |
Yaa Yau _
review
(o]
R $ o

Vin

|1
I
a
b~
<
~

v out(t) - (1 _ e_t/T) V

RI [
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So Signals Experience Delays

e “Signals” generally have their delays expressed
with:
 Contamination Delay
* Propagation Delay

* But the clock is notimmune to delay too!

9/29/26 https://fpga.mit.edu/6205/F26
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Remember —__ =determined state
A

toLk S
§ =undetermined state
CLK > TpD,reg1 I
LD, reg ™ tsetupstack SETUPreg2
. N
1
i N\ N
“ »1pD, logic
sig2 m:
tcp logic*®
108
time >
tHOLD, reg2 wia-»; tHOLD, Stack

tpp,reg1 ¥ pp,logic T TsETUPreg2 T TsETURSIack = oLk

tepregt ¥ eb,logic = tHoLD,reg2 ¥ THOLD,Slack

N —
Equations tSETUP,Slack — tCLK'(tPD,reg1 + tPD,logic + tSETUP,reg2 )

thoLp,stack = tep,regt + teb,logic = tHOLD, reg2

9/29/26 https://fpga.mit.edu/6205/F26 *not i liti 65
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Clock Skew

Module M1 Module M2
I Signal 1 I
—_—) . > E——
——————————————————————————— " 1. Wire delay
2. Different clocks! Oops! Skew has caused a
Real world has clock skew: hold time problem!
- 7L -
Signal 1 X X X

CLKy, \ _

v

M2 clock delayed with respect to M1 clock
9/29/26 https://fpga.mit.edu/6205/F26 66



Clocks are Not Perfect: Clock

Skew

CL,.
r \\
n_Ip o Combinational D Ql—
Logic
+ \_ ) A
| > Wire delay clk2
clk1 -
clk |
clk2 i | | | |
.. . S
3 ot 83
0 oS e(\OdS\'
9/29/26 https://fpga.mit.edu/6205/F26 NO‘



You Can Have Two Types of Skew!

-

In

CLK A} tcikq

Combinational
Logic

Positive Skew:

D

R3

r tciks

Negative Skew:

\_

| R1 bomb / R2 R3
n ombinationa Combinational
— . —>
b a Logic b q Logic b a
JAN JAN JAN
f toikt tciko tciks
<> - 4> <
delay delay CLK

»Adapted from J. Rabaey, A. Chandrakasan, B. Nikolic,
“Digital Integrated Circuits: A Design Perspective” Copyright 2003 Prentice Hall/Pearson.

9/29/26
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Positive Skew
The launching edge arrives (in time) before the receiving edge
D)

/Q Flow of Data

>
R1 / R2 R3
In_, D Q D Q Comfg;%ional D QI
A A
CLK t t t
f CLK1 f CLK2_ f CLK3
f delay “Flow”ofClN'ay N
) Tojk+ 6 i
- Towk ;
CLK1 @ ©
0
CLK2 ® @
D 5 + th
S —

»Adapted from J. Rabaey, A. Chandrakasan, B. Nikolic,

“Digital Integrated Circuits: A Design Perspective” Copyright 2003 Prentice Hall/Pearson.
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Flow of Data

>
R1 Eormbinational R2 R3
ombinationa Combinational
b Q Logic D@ Logic D Q—
JAN JAN JAN
f torki - f tcik2 B f tciks
. delay “Flow” of Clock delay CLK
) Tok* 6 ”
h Teik ;
CLK1 @ ®
CLK2 @ N @

»Adapted from J. Rabaey, A. Chandrakasan, B. Nikolic,
“Digital Integrated Circuits: A Design Perspective” Copyright 2003 Prentice Hall/Pearson.
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reg 1 reg 2

TI m I ng From ___ I, Qﬂl logi sig? D Q| Tosomewhere

somewhere
JAN JAN
CLK
— =determined state
A toik
< > ~ _ .
& =undetermined state
CLK ‘ ....... , tpp,reg1 I
tepreg 1" tseTupstack [SETUPreg2
) A - - 2
sigl & &
; §< .................... > tPD’logiC
tco logic*™
I’ - : }
tHoLD,reg2 ,< tHoLD,slack time

N —
Equations tSETUP,Slack — tCLK'(tPD,reg1 + tPD,logic + tSETUP,reg2 )

thoLp,stack = tep,regt + teb,logic = tHOLD, reg2
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How does Skew Affect Those Equations?

* Originally in our model circuit, we assume all devices

experience the clock edges at the same time!!!!!
reg1 . reg 2
Z%thr D Qﬂ slg2 D Q| Tosomewhere
A A
4 CLK I l
; tok
E‘ .................................................................. p:
CLK
; | | |
everywherel : terk = tedge2 = tedget :

tedget teol.ge2

* This whole time:

tsetupsiack = toLk(tpp,regt + D 1ogic T tsETUPreg2 )

* ...was really short-hand for:

tseTuPSlack = -'-'(tPD,reg‘I *+ tpp,logic T tsETUP reg2 )
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reg 1

With Skew in the Mix... == [ & T,
CL

reg 2

V' .
54 .................................................................. p.
ok

CLK I I I

@ : :

regi tskewf ..... »

| | u

@ HE—

reg2 — ->
tedge1 1:edge2 :

tork * Tskew :
@t RN EEEEEEEEEEEEEEEEEEES A REEEEEEE AR AREEEEEEEEEEEEEEEEEEEEEEEEEEEEEE >

* With skew the equation turns into:

tseTuPSlack = -"' Tskew '-'(tPD,reg‘I + 1pp logic +
tseTupregn )
. i og2
¢ BUt Slnce tCLK - tedgez_ tedge1

+1

tsetupsiack = tork t tskew (e regt T tpD,logic  tsETUPreg2 )

9/29/26 https://fpga.mit.edu/6205/F26 73



reg1 reg 2
sig1

° From ____ | sig2 To somewhere
With Skew ==, "= T
JAN JAN
o S

+1

tsetupsiack = tolk t tskew ~(tpp regt  tpD,logic T tsETUPreg2 )

* Remember! Our goal is always to get Slack to be
nositive!

* If that’s now our modified setup equation...
* Positive skew makes equation easier to satisfy
* Negative skew makes equation harder to satisfy

* |t can still be fixed even in negative skew case

* BUT you have degree of freedom with tpp |44 -..Maybe you
can change that?

* AND/OR you could also increase t, as well.
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What about Hold Time?=— $*=F "
oL Giew >

* If the second register is getting its clock edge t,.,, after
the first register that means the signals going into reg2
need to be held for t, ., longer after the clock edge than
otherwise.

* Effectively increases the hold time requirement of
receiving register

* Hold Equation gets modified to be :-/

thoLp,stack = tep,regt + Teb,togic = tHOLD reg2 = Lskew
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What about Hold Time?=— $*=F "
oL Giew >

tHoLp,stack = T regt * tep.logic = tHOLD,reg2 = tskew

* The goal is always to have positive slack, so a
minus sign here means...

* Positive skew makes equation harder to satisfy.

* Further there’s nothing you can do since contamination
delays are usually very low and beyond our control

* Negative skew makes equation easier to satisfy.
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reg 1
From D Q

() sig1 sig2
J To somewhere
Conclusions =P

A\ /\

oL aokow >

skew ~(tpD.regt * tpD 1ogic T tsETUPreg2 )

reg 2

tseTupstlack = ok T 1

thoLp,stack = tep,regt + Teb,logic = tHoLD reg2 = Tskew

* Positive clock skew improves the minimum cycle
time of our design but makes it harder to meet
register hold times.

* Negative clock skew hurts the minimum cycle time
of our design but makes it easier to meet register
hold times.

* Positive skew is tougher to deal with
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Low-skew Clocking in FPGAs

* When Vivado is doing place-and-route it tries to
position logic so that skew is minimized wherever
possible.

* [t’ll sometimes play games to take advantage of skew, but
as we saw, it is very much a double-edged sword.

* Special clock paths and buffers exist throughout the
chip to distribute the clock as effectively as possible.

* Think of it like priority boarding/VIP status for signals

Figures from Xilinx App Notes
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From the Vivado Docs

AMDA

€ Search

Table of con-
tents

Va

PDF and at-
tachments

9/29/26

Keywords

Technical Information Portal

Vivado Design Suite Properties Reference Guide (UG912)  UG912

Search in document

BLOCK_SYNTH
BUFFER_TYPE
CARRY_REMAP
CASCADE_HEIGHT
CELL_BLOAT_FACTOR
CFGBVS
CLOCK_BUFFER_TYPE
CLOCK_DEDICATED_ROUTE
CLOCK_DELAY_GROUP
CLOCK_EXPANSION_WINDOW
CLOCK_LOW_FANOUT
CLOCK_REGION
CLOCK_ROUTE_GUIDE
CLOCK_ROOT

2] Signin

2025-05-29 (RAZERLEINIR 4 -]

« Opt Design

Related Information
GCLK_DESKEW

CLOCK_DEDICATED_ROUTE + e @

The CLOCK_DEDICATED_ROUTE property is enabled (TRUE) by default, and ensures that clock resource placement DRCs are considered
error conditions that must be corrected prior to routing or bitstream generation. CLOCK_DEDICATED_ROUTE=FALSE downgrades the
placement DRC to a warning and lets the Vivado router use fabric routing to connect from a clock-capable 10 (CCIO) to a global clock
resource such as an MMCM.

A CAUTION! Setting CLOCK_DEDICATED_ROUTE to FALSE can result in sub-optimal clock delays, resulting in potential timing violations
and other issues.

External user clocks must be brought into the FPGA on differential clock pin pairs called clock-capable inputs (CCIO). These CCIOs provide
dedicated, high-speed routing to the internal global and regional clock resources to guarantee timing of various clocking features. Refer to
the 7 Series FPGAs Clocking Resources User Guide (UG472), or the UltraScale Architecture Clocking Resources User Guide (UG572) for
more information on clock placement rules.

The CLOCK_DEDICATED_ROUTE property is generally used when it becomes necessary to place clock components in such a way as to
take clock routing off of the dedicated clock trees in the target FPGA, and use standard routing channels. If the dedicated routes are not
available, setting CLOCK_DEDICATED_ROUTE to FALSE demotes a clock placement DRC from an ERROR to a WARNING when a clock
source is placed in a sub-optimal location compared to its load clock buffer.
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Other Problems you can have with
clocks...

e Stable Clock:

S [ A A I N O

* Jittery Clock:

Clock jitter means cycle-to-cycle you can have larger or shorter clock periods!

I I I

/ N\

Effectively longer Effectively shorter
clock period clock period
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Clocks Are Not e

Perfectly Periodic!: 7 °

" REGS Combinational
7 Logic
AN

* Jitter is an approximation of how mu¢h the cl8tk
period can increase/decrease cycle to cycle:

* Can make it harder to meet timing since it effectively
shortens t ...

* Even though some cycles might have larger tclk, we,
as engineers are required to be big pessimists and

plan for the worst case at all times... Typicalcrystaloscillator
100mhz (10ns)

* and that affects the setup equation... ’iter:1pes
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Other Problems you can have with
clocks...

* 50% Duty Cycle Clock

S [ I N B O I SN I N

* Not 50% Duty Cycle Clock

n_n_mn _nf— Tl

What is the clock period of the 50% duty cycle clock vs the non-50% duty cycle clock?

Trick question: they’re the same. | got you.
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So What? Fifty Shmifty

* Even though the clock period is the same, there can
be issues.

* |In more advanced designs, you use both clock
edges (timing gets more complicated). 50% duty
cycle ensures equal time for both halves of logic

* Too far of a deviation from 50% may also break the
setup/hold time model of our flip-flops

* Most flip flops have minimium-pulse duration specs...go
too low and they won’t react appropriately.
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Also 50% is “Pure”

h l' 3

* A pure 50% Duty cycle signal has no od
harmonics™

* Non 50% duty cycle will

Ref 107.0 dBuV Atten 20 dB
Peak
Log
10

dB/

s wJ \"'r

FC

Center S0.00 MHz
#Res BH 100.0 kMz

#VER 300.0 kHz

g ey

Span 100.0 MHz
#Sveep 100.0 ns

Ref 107.0 dBu¥Y Atten 20 dB

5 sl

FC

Center S0.00 MHz
#Res BH 100.0 kHz

AN

#VBH 300.0 kHz

i A

Span 100.0 MHz

#Sveep 100.0 ns

49% Duty Cycle

https://incompliancemag.com/spectra-of-digital-clock-signals/

50% Duty Cycle

nave odd harmonics, so

*Take 6.300
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Almost All Modern Digital Design is CMOS:

* PFET in charge of making PFET-....
signalgoto1. e .

VOUT

* NFET in charge of making
signal go to 0.

* They workina 7
Complementary fashion NFET =" <
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DeViCe PhySiCS iS Hard"{a.zoso, 6.2090, 6.6400, etc...)

1500

* The electrons and holes that ——
N- and P- channel devices ]
use are uneven in mobility so ™
it is very hard to make exactly :
balanced N- and P- channel =~ 2 =™
FETS :

* They may pull to 1 and pull to W o e T
0 with different “strengths” -

(

* Very easy for circuits to
quickly deviate from equal *but fun and fulfilling
time in on and off state!
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Duty Cycle

* Driving clocks with healthy circuits that get some
daily exercise is important

AMDA1 Technical Information Portal 5] Signin
«search  Vivado Design Suite 7 Series FPGA and Zynq 7000 SoC Libraries Guide (UG953)  UG953  2025-05-29 N -

T LIIUU T M U U M GV UM AU W AT V)

— Search in document

Table of con- Keywords Q| = BUFG # e @

tents
XIlINX Parameterizea Macros
Primitive: Global Clock Simple Buffer

Unimacros

&

PDF and at- Functional Categories BUFG
tachments
Design Elements
o BSCANE2
e BUFG X10654
BUFGCE

BUFGCE_1

BUFGCTRL This design element is a high-fanout buffer that connects signals to the global routing resources for low skew distribution of the signal.
BUFGs are typically used on clock nets as well other high fanout nets like sets/resets and clock enables.

Introduction

BUFGMUX
BUFGMUX_1 Port Descriptions

BUFGMUX_CTRL
Direction
BUFH $
|

BUFHCE Input 1 Clock input.
BUFIO
BUFMR

O Output 1 Clock output.
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And Other Special Circuits

* Other Special Circuits like Phase-Locked Loops

help designs keep healthy, clean 50% duty cycle
clocks with low jitter

* They can also be used to make clocks from other
clocks!
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How to Make
Frequencies and Clocks

Where do they come from???

9/29/26 https://fpga.mit.edu/6205/F26



Goal: Use as few clock domains as possible

Suppose we have a reference clk at frequency f and we
want signals at /2, f/4, f/8, etc.:??7?7?

logic clk2,clk4,clk8,clkl6;

always_ff @(posedge clk)begin
clk2 <= ~clk2;

end

always_ff @(posedge clk2)begin
clk4 <= ~clk4;

end

always_ff @(posedge clk4)begin
clk8 <= ~clkl6;

end

always_ff @(posedge clk8)begin
clk1l6 <= ~clkl6;

end
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Goal: use as few clock domains as possible

logic clk2,clk4,clk8,clkl6;

Suppose we have a e No!don’tdo
end it this way, you’ll
reference clk at aWways A1 elposedse clilbesine B never make a
frequency fand We Want :r{:ays_ff @(posedge clk4)begin dime
signals at /2, f/4, /8, PR
always_ff @(posedge clk8)begin
etC. .?’)?? clkl16 <= ~clk16; 0$
end E!
CLK
CLK2 L
CLK4
CLK8
CLKQ _

Very hard to have synchronous communication between

clk and clk16 domains... Can lead to lots of timing
9/29/26 violations! https://fpga.mit.edu/6205/F26 91



Goal: Use as few clock domains as possible

Suppose we have a reference clk at frequency f and we
want signals at /2, f/4, f/8, etc.:??7??

logic [3:0] count;
always_ff @(posedge clk) begin

count <= count + 1; // counts 0..15
end
logic enb2, enb4, enb8, enbl6;
assign enb2 = (count[0] == 1'b1);
assign enb4 = (count[1:0] == 2'bl11);
assign enb8 = (count[2:0] == 3'b111);
assign enb16 = (count[3:0] == 4'b1111);

always_ff @(posedge clk) begin
if (enb2) begin
// get here every 2nd cycle
end
end
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Solution: One clock, Many enables

) Use one (hlgh Speed) logic [3:0] count;
clock, but create enable always_ff @(posedge clk) begin

count <= count + 1; // counts 0..15

signals to select a subset end
logic enb2, enb4, enb8, enbl6;
of the edges to use for a assign enb2 = (count[0] == 1'b1); \

assign enb4 = (count[1:0] == 2'b11);

partioutar piece of T e e T Yes! A good
sequential logic (much ’ i o ' idea that will
easier on t|m|ng always_ff @(posedge clk) begin lead to good
if (enb2) begin
reqUirementS) // get here every 2nd cycle outcomes
d
enzn
CLK ~ |
count| 145151 0] 1] 2 ]3] 4[5 ]6] 78] 9 ]10]11]12]13] 14
’
ENB2 <x f f f f f f f 1
ENB4 1 1 ] 1
ENBS 1 ]
ENB16 1

= clock edge selected by enable signal
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How to Make
Frequencies and Clocks

Where do they come from???

9/29/26 https://fpga.mit.edu/6205/F26



Where do we get frequencies?

oo >
e Particular combinational circuits that are fed

back onto themselves so that they cannot be
stable can be made to form oscillators.

* The ring oscillator above is a classic example.

* There is no stable set of output states so this
circuit perpetually oscillates.

* Period of oscillation is based on the delay of
each element

9/29/26 https://en.wikipedia.org/wiki/Ring [SERBaf4fPga-mit.edu/6205/F26 95



Where do we get frequencies?

* Most frequencies come from

. 16MHz Crystal
Crystal Oscillators made of
quartz N
: : O
* Equivalent to very High-Q RLC COSE
tank circuits L

* Incorporate into circuit like that
to right and boom, you’ve got a
square wave of some specified f fL

frequency dependent largelyon [ )i, [ )i
the crystal L

I

0

120pt SERIES RESONANT OSCILLATOR CIRCUIT

l_<

http://www.z80.info/uexosc.htm https://en.wikipedia.org/wiki/Crystal_oscillator
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From XDC file:

# clk _100mhz is from the 100 MHz oscillator on Urbana Boad

set_property -dict {PACKAGE_PIN N15 IOSTANDARD LVCMOS33} [get_ports {clk_100mhz}]
create_clock -add -name gclk -period 10.000 -waveform {@ 5} [get ports {clk 100mhz}]

&

= =
&a
E} 08 =

I’I ]
ENERENERE

1
]
o2

R R T I - T - T T I - B R

* ¢ o e o =
I o0 o0 o8 o0 o8 of o8

*» L] > L) L] »
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High Frequencies

* Very hard to get a crystal oscillator to operate
above ~200 MHz (7t harmonic of resonance of
crystal itself, which usually is limited to about 30
MHz due to fabrication limitations)

* Where does the 2.33 GHz clock of my iPhone
come from then?

* Frequency Multipliers!
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Voltage Controlled Oscillator

* |tis very easy to make voltage-
controlled oscillators that run up to
1GHz or more.

» Low voltage circuit oscillates at low -3 o<y
frequency . . |
* Higher voltage—>higher frequency i ——ov-.
oscillation — s
_L_ O oV
e Block Diagram: A simple VCO (not type found

in FPGA). Same general
idea... You use FEEDBACK to
v, VCO £ me-;ke a circ.:uit un.s.tal?le but
guide that instability into
productive oscillations with
careful tuning and external

control!
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Voltage Controlled Oscillator

* |[tis very easy to make voltage-controlled oscillators that run
up to several GHz or more.

* Why don’t we just:

Vi VCO fo

* Pickthe voltage I/; that is needed to get the frequency we
want f,?

* That’s gotta be ok right?
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Phase Locked Loop (PLL)

* Place the unstable, but capable, VCO in a
feedback loop.

Phase, Charge LP Filter
Jres Detector l| Pump [ ] —\ J

. Y

fmeas
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Phase Locked Loop (PLL)

* APLL is a circuit that can track an input frequency
fref of a system and reproduce it at the output f,

Phase, Charge LP Filter
Jres Detector l| Pump [ ] —\ J

. Y

fmeas

GOTTA GO THROUGH EACH PART

9/29/26 https://fpga.mit.edu/6205/F26 102



Phase Locked Loop (PLL)

* The Phase, Frequency Detector

s, Charge LP Filter
Jres Do l| Pump [ ] —\ J

. Y

fmeas
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Phase Detector
* Can be a simple XOR, XNOR gate

* Low-pass the output

Gain =2/t _.

Fl——-.
!
0 /2 ! Phase
T T /2\ / T difference

Phase detector
range =Tt

9/29/26 https://fpga.mit.edu/6205/F26
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Phase S
CI-k1 o 1
DeteCtO r... clk, Dcomp : ‘1’ ;
XOR
Almost In Phase Signals: B \

-~

@p(avg
/

o LT L

mjs

(quite low)

clk,
comp L LA L R RAD RADDDRRD DORRNTNNT

comp(avg)T

A

lmost Out-of-Phase Signals:

L

o LT L

[L

[L

clk2J
comp IIIIIIIIIIIIIIII IIIIIII

(quite high)

9/29/26
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Phase

Phase Detector | caneam
* Can be a simple XOR, XNOR gate : “/2/5\ Phase

I /2 m difference

* Low-pass the output

Phase detector
range =Tt

* If near the desired frequency already this can work...if
it is too far out, it won’t and can be very unreliable
since phase and frequency are related but not quite
the same thing, it will lock onto harmonics, etc...

* For frequency we instead use a PFED:
* Phase/Frequency Detector:
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Phase-Freqguency Detection

* Built around Flip-Flops with Asynchronous

Resets' always_ff @(posedge clk or posedge rst)begin
- D Qp— if (rst)begin _—
q <= 0; //immediate reset to 0
—>CLK end else begin
q <= d; //update on clock edge
RST end

I end /

clk

d

q | | [ ] |
rst I I

time
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VbD

Build This Circuit:
P Ry o X Up
Both D’s are tied to 1 clka——{ Clk R
f a8
| \.
D R QB Dn
FFg Q >
clkg — > Clk Fig. 2.2-12

State 11 BT State 0 A T State I

AT BT Fig. 2.2-13

1.pallen.ece.gatech.edu/Academic/ECE_6440/Summer_2003/L070-DPLL(2UP).pdf
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Phase Frequency Detection

Vbp
State II BT State 0 A T State I
— D FF A 0 04 [gp
Cl.kA » Clk R
A 4 : —
—D R QB Dn
Q >
ClkB — C]kFFB Fig. 2.9-1

* Circuit starts in State 0 (middle) (“Up” off, “Dn” off)
* First clock to rise will move into one of two side states:
* clk,?: State 1 ("Up” on, ”Dn” off)
* clkg?: state |l (“Dn” on, “Up” off)
* When loser finally rises, circuit resets to State O
(middle)
* Competition starts again

1.pallen.ece.gatech.edu/Academic/ECE_6440/Sumnyer_2003/L070-DPLL(2UP).pdf
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Phase Frequency

Detecti P w
etection clip —afci v
saell Bl sue0 Al Sutel [ ( -
D R QB Dn
FFg Q >
Clk_® Fig. 2.2-12

* If clk, is higher frequency, it will, on average, win more
races and the FSM will spend more time in State |

* If clkg is higher frequency, it will, on average, win more
races and the FSM will spend more time in State Il

* The closer they are, the more balanced the State | and
State |l time will be

* The greater their difference, the greater the on-average
discrepency

1.pallen.ece.gatech.edu/Academic/ECE_6440/Summer_2003/L070-DPLL(2UP).pdf
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UP and DN control a capacitor voltage

* If you’re in State I:

* Increase voltage on
capacitor vodp o}

u, o—— cp FF

* If you’re in State II:

* Decrease voltage on | =
capacitor

* The voltage that builds  «—«
up will be tightly related ""——
to how different these

DN

two clocks are P:ase Charge Low
red Pump Pass
Detector Filter

http://www.globalspec.com/reference/72819/203279/2-7-phase-detectors-with-charge-pump-output
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Phase Locked Loop (PLL)

* So that’s those three pieces

Phase,
frefH Frequency

Detector

_,|

. Y

fmeas

Charge
Pump

LP Filter
N\

VCO

o

9/29/26
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Phase Locked Loop (PLL)

* So this circuit can make f, = f,.r and there’s lots of

uses for this (frequency locking, etc...)

* Butthat doesn’t help us! | want higher frequencies. You said we could
do that.

* |feel betrayed and angry and don’t know how to express that emotion
in a healthy way

* How can we make a higher frequency?

Phase, Charge LP Filter -
Jres Detector l| Pump [ ] —\ J

Y. Y

fmeas
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Use Resistors in Voltage Divider in Feedback Path!

V, e :
Ve + * Avoltage divider in feedback path gives
] ® Vo us voltage gain!
—>
R, 1 1
A K = p =~ 0.9999 means —
l1-p+aG K G
R . R,
Ry +R,
= The gain A, of this circuit is therefore:
R +R;
v T Rl
_ Ry The gain of a “non-inverting amplifier”
V=1
R, +R,

Same Idea with Phase Locked Loops!
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Use a Clock Divider in Feedback Path!

* Aclockdivider in feedback path gives us clock gain!

* By lying to the circuit, you can emotionally manipulate
the system as a whole to make higher, stable
frequencies.

Phase, Charge LP Filter
fres Detector l| Pump [ —\ J

’
meas

13

We ”lie” to the PFD so that
it pushes the system more
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Where is that coming from?

Phase, :
Frequency LP Filter VCO

Detector \

We ”lie” to the PFD so that
it pushes the system more
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Can actually just use flip-flops to divide

Phase,

| Charge LP Filter
” &—P| Frequency > = VCO ® f,
f ! Detector Pump \ f

N

”f meas i

* The PFD will handle the phase
mismatch that arises from the
propagation delays naturally

9/29/26 https://fpga.mit.edu/6205/F26

logic clk2,clk4,clk8,clkl6;

always_ff @(posedge clk)begin
clk2 <= ~clk2;

end

always_ff @(posedge clk2)begin
clk4 <= ~clk4;

end

always_ff @(posedge clk4)begin
clk8 <= ~clk16;

end

always_ff @(posedge clk8)begin
clkle <= ~clk16;

end
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Example of a Toxic Retattenship Circuit

—P *Makes 100 MHz*

100 MHz Phase Ch LP Fil
’ arge 1ter
&—P| Frequency 5 — VCO
Detector Pump \
Y S
+4
”Sorry VCO. You tried, but

you’re only making 25 MHz.
Be better.”

9/29/26
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Example of a Toxic Retattenship Circuit

A

“How about now?”
*Makes 200 MHz*

100 MHz Dhase h LP Fil
’ arge iter
&—P| Frequency 5 — VCO
Detector Pump \
—
+4
”Nope still not good

enough, VCO. Sigh.
I’m only seeing 50 MHz.”

9/29/26
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Example of a Toxic Retattenship Circuit

A

“How about now?”
*Makes 500 MHz*

100 MHz Dhase h LP Fil
’ arge 1lter
&—P| Frequency 5 — VCO
Detector Pump \
Y
+4
”Gosh, VCO. You never do

anything right | see That’s
125 Mhz.”

9/29/26
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Example of a Toxic Retattenship Circuit

A

“How about now?”
*Makes 400 MHz*

100 MHz Dhase h LP Fil
’ arge iter
&—P| Frequency 5 — VCO
Detector Pump \
Y
+4
”Finally you’re doing what |

see 100Mhz.”

asked you to do, VCO. |

9/29/26
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Conclusions

* Do not be in emotionally manipulative friendships
or work relationships, or regular relationships, or
situationships. You are better than that.

* Do not emotionally manipulate other people.

* Circuits are not people so it is probably ok and can
be beneficial.

* Negative fractional feedback in PLLs allows us to
generate higher frequencies that are stable since
they are referenced to lower (stable) frequency
sources.
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Add a Pre- and Post- Divider for Flex

* There will often be additional stages of frequency
division to improve flexibility and range

fref Phase :
1y | Frequeney Charge N LP Filter VO <,
Detector Pump \
——
“fmeas’]
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Do we/l have to build this?

* Yes/No. Circuitis too sensitive for us to
specify details in Verilog on an FPGA

[ ] -
@ Documentation (= IP Location
1P symbol Component Name |clk wiz_0
.
¢ » | Ose vdsabiedpors
I a r e e IIIIIIIIIIII
l j I l Kequestea Acwa  nequesten  Acwal  kequestea | Acual
@ clk_outt clk_outt 200 0.000 50.000 500

200.00000 0.000

nnnnn

clk_out2 clk_out2 100.000 0.000
L]
clk_out3 100.000 0000 e 50000
ixed-Mode Cloc =
clk_outs 100.000 0.000 50.000
clk_outé 100.000 0000 s 50000
Mallagell'el't (| |MCM) ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
Source
° clk_out1
n ItS a n d PI I S to - ® Automatic Conrol on-Chip
l I .
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
MMMMMMMM
L]
° f reset () power_down
You Ca|| COI' I ure ““““““
<

User-Controlled Off-Chip

them using the
datasheet and/or
wizards”
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Our FPGA?

* It has five MMCMY/PLL units spaced throughout
the FPGA.

* Each unit can make up to 7 somewhat
Independent output clocks™

* Lots of caveats with how independent these can be,
but often times you don’t want completely
iIndependent clocks anyways...you want a bunch of
clocks that are tightly related in phase/clean
frequency divisions which is what this can do.

9/29/26 https://fpga.mit.edu/6205/F26 126



In Week 04

 We’ll build HDMI video from scratch.

* For 720p we’ll need:
* aclockat74.25 MHz (for the pixels)

* Aclock at 371.25 MHz (for the bits of the pixels

to be sent serially)

* We’ll use this clock along with a device that is built to
run using always @(posedge clk or negedge clk) to get
742.25 MHz of data out to drive the 720p data.
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So to Make 74.25 MHz and 371.25 MHZz"?

* Instance of MMCM clock manager:

This is a hardened specialized component on your FPGA

MMCME2_ADV
#( .BANDWIDTH ("OPTIMIZED"),

.CLKOUT4_CASCADE ("FALSE"),

. COMPENSATION ("ZHOLD"), L

.STARTUP_WAIT ("FALSE") 2. Divides by 5

-DIVCLK_DIVIDE (5), — 3. Multiplies by 37.125

.CLKFBOUT_MULT_F (37.125) 4

. CLKFBOUT_PHASE (0.000),

.CLKFBOUT_USE_FINE_PS ("FALSE"), — 4a. Divide by 10 for 74.25 MHz

.CLKOUT@_DIVIDE_F (10.000), -

.CLKOUT@_PHASE (0.000),

.CLKOUT@_DUTY_CYCLE  (0.500),

.CLKOUTO_USE_FINE_PS ("FALSE"), — 4Ab. Divide by 2 for 371.25 MHz

.CLKOUT1_DIVIDE (2) €

.CLKOUT1_PHASE (0.000),

.CLKOUT1_DUTY_CYCLE (0.500),

.CLKOUT1_USE_FINE_PS ("FALSE"),

.CLKIN1_PERIOD (10.000) )= 1. Takes in 100 MHz

mmcm_adv_inst
// Output clocks
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Side-Note

f ref Phase :
o— =1, | Frequency Charge N LP Filter veo ke =7,
Detector Pump _\

1] ’
meas

* nfandn, can generally be fractions by switching
between several dividers with a time-weighted
averaging
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Final Projects Coming Up

* In another ~week or so, we have to start thinking
about planning on starting to get going on final
projects.

* First part of that is teaming and teams benefit
from targeting shared goals

* On the site, we’ll put up an archive of final
projects
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