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* Finite State Machine

* Moore Machine
e Qutputs depend only on the current state(S)

v S
inputs k i k )
Next State Register Output %. outputs
Logic (D-FFs) Logic
clk

* Mealy Machine
e QOutputs depend on the current state(S) and the inputs
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* Finite State Machine with Free Running

Counter/Timer

Output
Logic

N

%» outputs

optional
L Counter
T Timer
inputs v Next State i Register
Logic (D-FFs)
clk
Mealy Path
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CPE 1500

* Sequence Generator

* Run each of 4 output values for different amounts of time

1111 for 6 clks, 0110 for 7 clks, 1001 for 11 clks, 0000 for 8
clks, restart = total of 32 clks

run input to start/stop the sequence

inputs: clk, rstb, run
outputs: sequence signal

States: IDLE, SO, S1, ... S31
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* Sequence Generator
e 1111 for 6 clks, 0110 for 7 clks, 1001 for 11 clks, 0000 for 8

clks, restart = total of 32 clks
* run input to start/stop the sequence

CPE 1500 5 ©tj



CPE 1500

e Sequence Generator — timed

* Run each of 4 output values for different amounts of time

1111 for 6 clks, 0110 for 7 clks, 1001 for 11 clks, 0000 for 8
clks, restart = total of 32 clks

run input to start/stop the sequence

inputs: clk, rstb, run
outputs: sequence signal

States: IDLE, A, B, C, D
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e Sequence Generator — timed

e 1111 for 6 clks, 0110 for 7 clks, 1001 for 11 clks, 0000 for 8
clks, restart = total of 32 clks

* run input to start/stop the sequence

(run)(count < 5) (run)(count < 23)
(run)(count < 12)

run’

(run)(count < 31)

CPE 1500 7 ©tj



e Sequence Generator — timed

-- fsm_pattern_gen_free_run_clk. vhdl

-- created 4,/21/26
—_ tj

clock in an FsM

-- Example of usng a free runnin
each of 4 states

-- generates a timed bit wval for
7 clks, 1001 for

-— 1111 for 6 clks, 0110 for

-- total of 32 clks

11 clks,

15 for illustrative purposes
we would not hardcode the values
we would not use a free-running clock in most situatig

0000 for

8 clks, restart

architecture behavioral of fsm_pattern_gen_free_run_clk 1is

-- internal signals

type STATE_TYPE is (IDLE, A, B, C, D);

———————————————————— signal state: STATE_TYPE;
-- signal state_next: STATE_TYPE;
-- states: IDLE, A, B, C, D
-- Inputs: i_rsth, i_clk, i_run -- unsigned cnt signal -- to allow addition and comparison
-- Ooutputs: o_val signal cnt_sig: unsigned(4 downto 0);
———————————————————————————————————————— bhegin
Tibrary ieee;
use ijeee.std_Togic_1164.al7; --
use ieee.numeric_std.all; -- counter logic - free running, auto wrap
I
entity fsm_pattern_gen_free_run_clk is Eroce55(1 _clk, i_rsth, state)
port ( egin
i_clk in std_logic; 1f(1_rstb = "0") then
i_rsth in std_logic; e e |
i_run in std_logic; elsif (state IDLE) then
cnt _sig == tu Lns1gned(j 5);
o_val out std_logic_vector (3 downto 0O) =R e iatemiahiobicicielech it T
; cnt_sig <= cnt_s1g + 1;
end entity; end if;
end process;
CPE 1500 8
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e Sequence Generator — timed

-- next state logic

Erucess(state, i_run, cnt
egin
if{i_run = "0") then

state_next <= IDLE;

else

case state is
when IDLE ==
state_next <=
when A =»
if {cnt_sig =
sTate_next
else
sTate_next
end if;
when B =>

_siqg)

if {cnt_sig = 12

sTarte_next

else
sTate_next
end if;
when C =
if {cnt_sig =
sTate_next
else
sTate_next
end if;
when D =>

if {cnt_sig =

when others == state_next <=

sTate_next
else
state_next
end if;
end case;
end if;

end process;

31) then
<= A}

<= D

-- remember

IDLE;

0 counts, 6 clks --» cnt = &

-- Register logic
rocess{i_clk, i_rsth)
egin

-- reset

if {i_rsth = "0") then
state <= IDLE;

-- rising i_clk ed

state
end if;
end process;

-- output logic

Erocess(ﬁtate}
egin
case state is
when IDLE

when A

when B

when C

when D
when
end case;
end process;

CPE 1500

end behavioral;

others

WoNONW WOV W

o_wval
o_val
o_wval
o_val
o_wval
o_val

elsif (r1s1ng_edge (1 _clk)) then
<= STaTe_next;

"0000";
111175

std_Tlogic_
std_Togic_

"1010";
{others =>

vector (to_unsigned(6,4
vector (to_unsigned(2

07

));
S
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e Sequence Generator — timed

i clk

irstb[
irun| >

1hO cn  AddO cnt_sig[4..0]
N
A[zl..O]m OUT[4.0] 5
5'h1 B[4.0] Kk a
S0k
CLRN

cnt_sig[4]~0

i

Counter

state

Ik

state~1

1'ho

]

nt_sig[4..0]

i_run

reset

A

o_val~3

B

o_val~1

C

—h D

IDLEpF——

o val~0

o_val~2

o_val[3]~not

o_val[1]~not

j>—<—D o val[3.0]

A
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e Sequence Generator — timed

File Edit View Add Format Tools Bookmarks Window Help
HWa\re—Deﬁ:ult

ffam_pattern_gen_free_run_dk_tbCLK
ffsm_pattern_gen_free_run_dk_tb/RSTE
ffsm_pattern_gen_free_run_dk_tb/RUN
Jfsm_pattern_gen_free_run_ck_tb/VALU . 1111
ffsm_pattern_gen_free_run_ck_tb/DUT/state . A
Jfsm_pattern_gen_free_run_dk_tb/DUT/state_next TA

B [fsm_pattern_gen_free_run_ck_th/DUT/ent_sig I 11 ¥2 Y3 ¥4 ¥5 {6 {7 Y& ¥ {i0{11y4o i3 14{i5 1617 1519 20121 }22 {5 {24125 {26 {27 2B (29§30 31]0 |1

Normal operation restart §

File Edit View A Format T
HWa\re—Deﬁ:ult

ffam_pattern_gen_free_run_dk_tbCLK
ffsm_pattern_gen_free_run_dk_tb/RSTB
ffsm_pattern_gen_free_run_dk_th/RUN
ffsm_pattern_gen_free_run_dk_tb/VALU 11010 J1111 o000 fi111 joi0 1001
ffsm_pattern_gen_free_run_ck_tb/DUT/state (5] A TIDLE I B c
ffem_pattern_gen_free_run_dk_tb/DUT/state_next D Tal TIDLE A B ic
ffsm_pattern_gen_free_run_ck_tb/DUT/ent_sig 118 {19 20 {21 {22 {23524 {2536 {27 {38 {25 {30 {310 {1 J0 J1 12 {3 14 Y5 ¥l 17 {8 J9 fio i {1215 14}15]16 {17}
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* Stoplight — timed
* 4 way stoplight — Adir and Bdir

ARG for 20 clks, A RY for 3 clks, A GR for 20 clks, A YR for 3
clks, restart = total of 46 clks

* inputs: clk, rstb
e outputs: sequence signal

* States: ARG, ARY, AGR, AYR

CPE 1500 12 © tj



* Stoplight — timed
* 4 way stoplight — Adir and Bdir

ARG for 20 clks, A RY for 3 clks, A GR for 20 clks, A YR for 3
clks, restart = total of 46 clks

count <20 count <43
count<23 count <46

CPE 1500 13 © tj



* Stoplight - timed

-- stoplight_timed_free_running. vhdl

-- created 3/30/18
- tj

-- Inputs: i_rsth, i_clk,
-- outputs: o_lights_adir, o_lights_gdir

Tibrary ieee;
use ieee.std_logic_1164.al1;
use ieee.numeric_std.all;

entity stoplight_timed_free_running is
port (
in std_logic;

in std_logic;

out std_logic_vector(l downto 0);

o_lights_adir
out std_logic_wvector (1l downto 0)

o_Tlights_Bdir

3
end entity;

CPE 1500 14

architecture behavioral of stoplight_timed_free_running is

-- internal signals

t},l-’pe STATE_TYPE 15 (AGR, AYR, ARG, ARY);
signal state: STATE_TYPE;

signal state_next: STATE_TYPE;

signal cnt_sig: unsigned(5 downto 0);

-- create constants to allow changing the encoding
-- in one place
-- could also use generics

constant green: std_logic_vector = "00";
constant yellow: std_logic_vector = "01";
constant red: std_logic_vector = "10";

begin

-- counter logic - free running, auto wrap
-- need count from O - 45 - not a power of 2
-- --> modulo counter
Eru;ess(i_ch, i_rsth,
egin
if(i_rsth = "0") then
cnt_sig == tu_Lnsi?ned(D,é);
e1sif(r151ng_edge(ﬁ_c k) then
if{cnt_sig < 45) then
cnt_sig <= cnt_sig + 1;
else
cnt_sig <= to_unsigned{0,&6);
end if;
end if;
end process;

state)

© tj



* Stoplight - timed

-- next state logic
rocess(state, cnt_sig)
egin
case state is
when AGR ==
if{cnt_sig = 19} then
state_next <= AYR;
else
state_next <= AGR;
end 1f;
when AYR ==
if{cnt_sig = 22} then
state_next <= ARG;

else
sTate_next <= AYR;
end if;
when ARG ==
if(cnt_sig = 42} then
sTate_next <= ARY;
else
sTate_next <= ARG
end if;
when ARY =>
if{cnt_sig = 45) then
state_next <= AGR;
else
sTate_next <= ARY;
end if:

others =»

-- cant just jump to an unexpected state
-- freeze the current state until resolved
Le_next <= state;

end case;
end process;

b

CPE 1500 15

] ——
-- Register logic
] process(i_clk, i_rsth)
begin
-- reset
] if (i_rstb = '0") then
state <= AGR,;
: -- rising i_clk edge
] elsif (rising_edge(i_c1k)) then
state <= state_next;
end 1if;
end process;

] —
-- Output Tlogic
] process(state)
begin
I case state is
when AGR =>

o_lights_Adir <= green;

o_lights_Bdir <= red;
when AYR =>

o_Tlights_Adir <= yellow;

o_lights_Bdir <= red;
when ARG =>

o_lights_Adir <= red;

o_lights_Bdir <= green;
when ARY =>

o_lights_Adir <= red;

o_lights
e€rs =>

wh

-- something went wrong - force red-re
o_lights_Adir <= red;
o_Tlights_Bdir <= red;
ase;
end process,;

‘end behavioral;

© tj



* Stoplight - timed

CPE 1500

LessThanO
ts.00 fIN ou

y
( 6'h2d B[5. w cnt_sig~[5..0]

1hOcin - AddO 6'h0 o

Modulo Counter

Q o150 NP
ik [

> o_lights_Bdir[1..0]

[ o_lights_Adir[1..0]

\

cnt_sig[5..0
_sigl2.0] state
A[S5.. m QUT[5..01 1 D / 1k AGR ——
V ClK Q nt_sig[5.0]  ARY
6ccir :/ eset AYR
1ho State~1 | o_lights_Adir

i_rstb [

o_lights_Adir[1]~not
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* Stoplight - timed

File Edit View Add Format JTools Bookmarks Window Help
£&| Wave - Default

H-2E@ &8 $BE D

] x|

H ';I'ﬁ

+
nsn

|2-a-2a-3

ISENITE SRR AR D ECHITN 5

SDDONODEEI | oo o Snnonnes 00000 os  A00n0fos  =annnn A e TR e AAARAA e AN e ARAAAAR

P —y — , u
Normal operation cycles back to AGR

0 ps to 1050 ns Jstoplight_timed_free_running_tb/CLK P
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CPE 1500

* Stoplight — timed

* Improvements
e Add a state for flashing red in both directions if something fails

* Use generics or constants for the times
e Can we calculate the modulo???

 Maintenance, emergency, short RR after YR and RY

18
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CPE 1500

 Accumulator — counting 1’s
* Generate a 1 clk wide pulse for every Nt 1 entered

e generic: target count
inputs: clk, rstb, din
outputs: pulse

States: IDLE, COLLECT, PULSE

19
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 Accumulator — counting 1’s
* Generate a 1 clk wide pulse for every Nt 1 entered

count =0

IDLE
pulse =0

count < TARGET

CPE 1500 20 © tj



 Accumulator — counting 1’s

-- ones_counter. vhdl

-- created 3/30/18
— tj

-- Inputs: i_rsth, i_clk, 1i_din
-- Qutputs: o_pulse

Tibrary ieee;

use ieee.std_logic_1164.al1;
use ieee.numeric_std.all;
use ieee.math_real.all;

entity ones_counter is

H
end entity;

generic(
CNT_TARGET: positive 1=
port (
_clk: in std_logic;
i_rsth in std_logic;
i_din: in std_logic;
o_pulse: out std_Togic

(%]

architecture behavioral of ones_counter is

-- dinternal signals

type STATE_TYPE is (IDLE, COLLECT, PULSE);

signal state: STATE_TYPE;
signal state_next: STATE_TYPE;
Constant CNT_SIZE: positive = integer (ceil(log2(real (CNT_TARGET)})));

signal cnt_sig: unsigned({CNT_SIZE - 1) downto 0);

begin

-— —-» modulo CNT_TARGET
Eroce55(i_c1k, i_rsth, i_din)
egin
if{i_rsth = '0") then
cnt_sig <= tu_Lnsi?ned(D,CNT_SIZE};

eTsif(r151ng_edge(1_c k)Y then
if{cnt_sig < CNT_TARGET) then
if(i_din = "1°) then
cnt_sig <= cnt_sig + 1;
else
cnt_sig <= cnt_sig;
end if;
else
cnt_sig <= to_unsigned(0,CNT_SIZE);
end if;
end if;

end process;

CPE 1500
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CPE 1500

-- next state Tlogic
rocess(state, cnt_sig)
egin
case state is
when IDLE =>
if(cnt_sig = 0) then
state_next <= IDLE;
else
sTate_next <= COLLECT,;
end if;
when COLLECT =»

if(cnt_sig = CNT_TARGET) then

state_next <= PULSE;
else
state_next <
end 1f;
when PULSE =>
state_next <= IDLE;
when others =>
state_next <= IDLE;
end case;
end process;

COLLECT;

 Accumulator — counting 1’s

22

-- Register logic
rocess{i_clk, i_rsth)
egin

-—- reset

if (i_rsth = "0") then
state <= IDLE;

-- rising i_clk edge

elsif (rising_edge(i_clk)}) then
state <= state_next;

end if;

end process;

-— output Tlogic
rocess{state)
egin
case state 1is
when IDLE =>
o_pulse == "07;
when COLLECT =>
o_pulse «== "0°;
when PULSE =>
o_pulse «= "1°;
when others =»
o_pulse == "07;
end case;
end process;

© tj



 Accumulator — counting 1’s

ik [
i_din
din [ - MODULO COUNTER
| cnt_sig~[2..0]
0
Thocan  AddQ
1 cnt] 0]
Al2.0] e OUT[2.0] | state
3'h1 2] cnt_sig~[5..3] D clk
1h0 an  LessThanO 0 K Q cnt_sig[2.0] PULSER— » o_pulse
Al2.0 ouT —SCLR reset
- m CLRN
3'h5 B[2.0]
Lrsto [ \ /
—
state~1
1ho
; Source State  Destination State Condition
n||1 COLLECT PULSE (ent_sig[ol).{tent_sig[1]).(cnt_sig[2])
2 COLLECT COLLECT (tent_sig[0]) + (cnt_sig[0I).{lent_sig[1]).(tent_sig[2]) + (cnt_sig[0]).{cnt_sig[1])
3 IDLE IDLE (tent_sig[O]).{lent_sig[1]).(lcnt_sig[2])
4 IDLE COLLECT flent_sig[0]) lent_sig[1]).(cnt_sig[2]) + (lent_sig[0]).(cnt_sig[1]) + [cnt_sig[0])
v 5 PULSE IDLE
e}
.
i Transitions / \ Encoding [
100%: 00:00:01
CPE 1500 23
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 Accumulator — counting 1’s

N = 6 for sim

JCOLLECT {FJUISE JIDLE {COLLECT ¥ PULSE IDLE
T COLLECT YPOLUSE JILLE | COILECT JPULSE JIDLE JCOLLECT
Al Y21 13 6/ To[ 11 a1 45 ¥ [ o R

0 ps to 533094 ps

m Wave
File Edit View Add
ﬂ Wave - Default

JCOULECT JPULISE JIDLE {COILECT JPULSE JIDLE {COILECT
J COILECT YPULSE YIDLE | J.COILECT JPULSE {IDLE  {COILECT
A 1z [ 13 e a1z G Ja {5 ie 1

v oo Do oo Do e v e e e e e e e
150000 ps 200000 ps 250000 pg

50000 ps

Opsto
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 Accumulator — vending machine
* Collect coins and vend when button pushed

e inputs: clk, rstb, coin (5, 10, 25)
e outputs: vend

» States: IDLE, COLLECT, CHECK, VEND

CPE 1500 25 ©tj



 Accumulator — vending machine
* Collect coins and vend when button pushed

cash =0 button =0 cash <75

COLLECT
vend =0 é a
C G, 4
%, 3
K S
V4 S

CPE 1500 26 © tj



 Accumulator — vending machine

—— wvend_1_item. vhdl

-- created 4/25/25
- tj

-- nickles, dimes, quarters
-— 01 10 11

-- 1inputs coin, button, clk, rstb
-- outputs item

Tibrary ieee;
use ieee.std_logic_1164.al1;
use ieee.numeric_std.all;

entity vend_1_item s

.
end entity;

-- 1 item vending machine - check for

cash input

port(
i_clk: in std_logic;
i_rsth: in std_Tlogic;
i_coin: in std_logic_vector(l downto 0);
i_button: in std_Tlogic;
o_wvend: out std_Tlogic

CPE 1500
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architecture behavioral

type STATE_TYPE is (IDLE, COLLECT, CHECK, VEND);

signal state:
signal state_next:

- su?pmrt for %1 total,

signal cash_sig:
begin

-- cash counter

Ernce&5(i_c1k, i_rsth,

egin
if{i_rsth =

of vend_1_item s

STATE_TYPE;
STATE_TYPE;

i_coin, state)

0" then

cash_sig <= to Lns%gned(ﬂ

elsif(rising_edge(i_c
= VEND) then

if (state
cash_sig <=
elsif(i_coin =
caih_iig ==
elsif{i_coin =
caSh_Sig ==
elsif(i_coin =
cash_sig ==
glse
cash_sig ==
end if;
end 1f;
end process;

1) then

tm_Lns1ﬁned(O, 7
"01") t
C&Sh_STﬂ 5;
"10"Y then
caSh_51% 10;
"11") then
cash_sig +

P

Ca
Fy

cash_siqg;

although cost is $0.75
unsigned(& downto 0);
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 Accumulator — vending machine

-- next state logic

Erncezz(ztate, cash_sig, i_button)

egin
case state is
when idle =>
if(cash_sig = 0)
sTate_next <=
else
sTtate_next <=
end 1f;
when collect ==
if(i_button = "0
sTate_next <=
glse
state_next <=
end 1f;
when CHECK =>

then
IDLE;

COLLECT,;
"3 then
COLLECT,

CHECK;

if({cash_sig »= to_unsigned(75, 7)) then

sTate_next <=
else
sTate_next <=
end if;
when vend =>

VEND;

COLLECT;

state_next <= idle;

when others ==

state_next <= idle;

end case;
end process;

CPE 1500
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-- register logic
ErugESS(i_c1k, i_rsth)
egin
-—- reset mode
if{i_rsth = "0") then
state <= IDLE;
elsif(rising_edge(i_clk)) then
state <= state_next;
end if;
end process;

-- output logic
EPGQEEE(Etate}
egin
case state is
when IDLE ==
o_vend <= "0";
when COLLECT =>
o_vend <= "0";
when CHECK =>
o_vend <= '07;
when VEND =>
o_vend <= "1";
when others =>
o_vend <= "0";
end case;
end process;

tend architecture;
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 Accumulator — vending machine

state

ash_sigl6.0]
Ik VEND

{ butten

——

cash_sig[6..0]

> o_vend

i_button [ >
ocn  Addl
5:1 2501 A8 OUT.0)
- s - L N CASH COUNTER
[1-0] a our Thoou  Addo
rser ol = 2050170 ouTe.0)
cash_sig~[6..0] T'hs 5[5@'&\_/
0
y B | state~1
Thoan  Add2 7 2 cash_sig-13.7] The
A[s.o_]?/:\ outs.o; | = o . cash_sig~[20..14]
Th19 B[5.0] Sl Equalt g 1 :
A[1.0 our ) / cash_sig~[27.27]
2'h2 8o Equalo o
AM_0] 7ho 1
out
2'h1 B[1_0] =
R \
irstb[ >
iicom[‘l..D]D I

CPE 1500

; Source State Destination State

o1 cHeck COLLECT (tcash_sig[0]).(cash_sig[2])(lcash_sig[4])(cash_sig[5]) + (cash_sig[0]).(icash_sig[2]){lcash_sig[4]}(cas!
2 CHECK VEND (tcash_sig[0]).(cash_sig[2]}(lcash_sig[4]).(cash_sig[5]).cash_sig[6]) + (Icash_sig[a]).(cash_sig[2])(cash,
3 COLLECT  COLLECT (ti_button)

29

© tj



 Accumulator — vending machine

File Edit View Add Format Tools Bookmarks Window Help b utto n
| Wave - Default i —————— | | x|

%1“ @ e (R o0 ps s EIEIEAR S | % 0@ H i B A J %-2- no vend

B-sd S sBBLIO-KE|| S
| rr

NN I T e T e Yere|aaasan

o

v
>
e
3
b
v —
. —
.(" = Cursor 1 0ps
] 2l >
325ps to 234730 ps A
75 cents M 75 cents
File Edit View Add Format Tools Bookmarks Window Help
| Wave - Default no button _— button —— "
B-sldoS B Jvaﬁﬁuéf ﬂ“ﬂf@%;z? o ps S ELENER R S | 9 0 ?,,J:g,v:gv:_-j:j
. - ; — novend L vend
NN S e Yerw||qaang T T
$is
> [N S By Sy S ey S By SN iy B
3 ] ——
e
>
>
>
L

Cursor 1 0ps

i DOIDE »

168248 ps to 402653 ps P
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