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Outline

COFSMD Overview

ClAlgorithmic state machine with data-path (ASMD)
COFSMD design of a repetitive-addition multiplier
COTiming analysis of FSMD
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Why FSMD? Start with algorithm

] Task: sums four elements of an array, divides the sum by 8 and
rounds the result to the closest integer

size = 4

sum = 0;

for 1 in (0 to size-1) do A
sum = sum + a(i);}

q = sum / 8;
r = sum rem 8;
i

Algorithm: a sequence
steps of actions

[0 Two characteristics of an algorithm:

« Use of variables
e.g.,sum,org=q+1

* Sequential execution
e.g., sum must be finished before division
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Converting algorithm to hardware

O “Dataflow” implementation in VHDL
« Convert the algorithm in to combinational circuit

sum <= 03 The ”sequential”
sum0 <= a(0);

sum2 <= suml + a(2); represented by the data

sum3 <= sum?2 + a(3); flow from left to I’ight
q <= "000" & sum3 (8 downto 3);

r <= "00000" & sum3 (2 downto 0);
outp <= q + 1 when (r > 3) else q;

1
a(0) + sum q
a(l) — L + sum2 — & +1 T
a(2) L - outp
+ [—¢sum3

a(3)

.

& >3
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5

Dataflow Implementation: Drawbacks

O Problems with dataflow implementation:

« Can only be applied to simple trivial algorithm
* Not flexible

O What if size=10, 100, 1000 ...

0 or size =n, i.e., size is determined by an external input
0 or changing operation depending on instructions

a(0) + sum1 q
a(1) — L sum2 — & +1

+ T
al2) L -

+ |—¢sum3
a(3)
o r >3
————’
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Alternatively?

[0 Hardware resembles the variable and sequential execution
model

« Use register to store intermediate data and imitate variable
e.g. sum=sum+a => sum_reg+a_reg->sum_reg
» Basic format of RT operation

[dest < f (rsrcl’ "t rsrcn)
« Sequence of data manipulation and transfer among registers (RTL)

ﬂ-bit Memory Element \
ﬁ\ A! C\ B: AZ C: Bl Al CI B(l AU Cﬁ

A > S

Ay [ A A

Full Adder

Full Adder Full Adder Full Adder Full Adder B;|B,|B, |B >

P

¥ ¥ T v ¥ Can " Cou

kcum S." S: S| SJ
Single-bit Memory Element
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RT Operation: Timing

Idest < f(rsrcly Fsre2y - - - ;rsrcn)

O Timing:
« Hardware! major difference between a variable and a register is that a
clock is embedded in an RT operation
* Rising edge of clk: outputs of sourceregr.,., I, €tc. are available

« The output are passed to a combinational circuit that performs f( )

- Atthe NEXT rising edge of the clock, the result is stored into ..,

R COMB

¢ tCH;(] T tC k2

Clk
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Hardware Mapping of RT. Example 1

OE.g.rl€ rl+r2
 Cl:rl next<=rl reg+r2_reg
 C2:rl _reg<=rl_next

|_ clk | |
+ r_next d g r2_reg ( i i i 2 )
r1 re ] |
> i —
r1 next | i3
d g r1_reg 1)
clk —D r2_reg i

g
rl «— ri+r2 LTQq

8 Lund University / EITF35/ Liang Liu 2014




9

Hardware Mapping of RT:

OE.g.rl€ rl+r2
 Cl:rl next<=rl reg+r2_reg
 C2:rl _reg<=rl_next

r1_next

clk

r1 reg

ri «— ri+r2

rZ_reg

Example 1

clk _I ; E
r2_reg ( é é E 2
r1 next é 53 i X 7
r1_reg 1? * IJ;’;

| ﬁ
4" T Tadq
Tay
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Hardware Mapping of RT. Example 2

0 Multiple RT operations . .
How can we organize multiple

operations on one register (in
a time-multiplexing way)?

ri—1;
rli«—ril+r2:
ri—ri+1;
ri — ri: ?
® r1_next
i | 1_\ 4 r1_reg
S _
+1
d ¢ .
control signals Control signals are needed! Y -
clk
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FSM as Control Path

0 FSMD: FSM with data path

« Use a data path to realize all the
required RT operations

« Use a control path (FSM) to
specify the order of RT operation
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FSMD (FSM with Date Path)

data path
data
d
. _ q ) output
routing . . routing data :
functional units ) .
data network network > registers :
input
status signals T control signals
| next-state ‘ stateq output :
L i P j status

logic > register logic

command - I

control path




FSMD (FSM with Date Path)

COControl Path: FSM
Command: the external command signal to the FSMD
*Internal status: signal from the data path.
*Control signal: output, used to control data path operation.

*External status: output, used to indicate the status of the FSMD

T control signals

status signals
: nexi-state ‘ stateq output :
R - . P ' status
logic > register logic :

command - I

control path
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FSMD (FSM with Date Path)

data path
data
d
. _ q ) output
routing . . routing data :
_ functional units ) .
data - network network >reglster5 :
input -
status signals T control signals

| |
ClData Path: perform all the required RT operations

*Data registers: store the intermediate results.
*Functional units: perform RT operations
*Routing circuit: connection, selection (multiplexers)
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Outline

O
ClAlgorithmic state machine with data-path (ASMD)
O
O
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ASM (algorithmic state machine)

COASM (algorithmic state machine) chart
*Flowchart-like diagram, provide the same information as an FSM
*More descriptive, better for complex algorithm
*Can easily be transformed to VHDL code

An ASM chart is a network
of ASM blocks

OOne state box: FSM state

CIDecision boxes: with T or
F exit path: next state logic

CIConditional output boxes:
for Mealy output

‘ f state entry

state box
state /
name
Moore
output
/ decision box
T Bc:-olle-lan F N
condition _ conditional
/7 output box
Mealy output

exit to other ASM
block

exit to other ASM
block
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State Diagram and ASM Chart: Example 1

i 50 i
s0 | * i
:'l'":=1 E y <=1 i
A |
a |
i 51 w i

Moore FSM
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State Diagram and ASM Chart: Example 2

a'l
s0
aly0<=1
51
y1<=1

Moore and Mealy
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ASMD

0 ASMD:
0 Extend ASM chart to incorporate RT operations

0 RT operations are treated as another type of activity and be
placed where the output signals are used

SO: M e 141

rlérl+l

if a>b - o :
r2€r2+a f

else 2 «— 2+ 2 « ré+a
r2€r2+b
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ASMD: Timing Value is available at the

register input before the
NEXT clock tick

=

reg state s0 X\\ s1 X 52
g A

M—rl+r2 comb Y —— \\
15,#-:::'1' -

reg reg (i 2 )

sO

v
comb r1 next 3 X $
re€g | ri_reg 3 * 5
(a) (¢) Timing diagram

Suggestion: use meaningful names for your
signhals (direction_function_type)
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ASMD: Timing Value is available at the

register input before the
NEXT clock tick

=

l l reg state s0 X\\\\ s X 52

s1 s1

comb y :
rf«ril+r2 H_next <= r1_reg+ r2_reg — . \\
y<="1" ye='t ¥

. |

sO s0

r1_reg <= r1_next st v !
52 l comb r1_next 3 X $
reg | r reg 3 * 5
(a) (b) (¢) Timing diagram

Suggestion: use meaningful names for your
signhals (direction_function_type)
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Outline

O
-

COFSMD design of a repetitive-addition multiplier
O
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Map Algorithm to FSMD

Example: Repetitive addition multiplier
O Basic algorithm: 7*5 = 7+7+7+7+7

if (a in=0 or b in=0) then { if (a_in=0 or b_in=0) then {
_ ) r = 0;}
r = 0;}
else{
else { S = ain:
a = a_in; n = b_in;
n = b_in; r = 0;
r = 0; op : r = r + a;
while (n '= 0 ){ n = n-1;
r =1 + a- if (n = 0) then{
n = n-1:1} goto stop;}
' else {
’ goto op;l
return (r) )

stop: return(r);

Pseudo code ASMD-friendly code
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Map Algorithm to FSMD

Example: Repetitive addition multiplier
O Basic algorithm: 7*5 = 7+7+7+7+7

if (a in=0 or b in=0) then { if (a_in=0 or b_in=0) then {

r = 0;}
elsed Watch Out!
a = a_in: No loop in ASMD
n = b in: Un-synthesizable
r = 0; ~—= r + a,;
while (n '= 0 ){ n = n-1
r =1 + a- if (n = 0) then{
n = 11—1-}l goto stop;}
d else{
¥ goto op;lt
return (r) 1
stop: return(r);
Pseudo code ASMD-friendly code
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ASMD Chart

Clinput:
*a_in, b_in: 8-bit unsigned
«clk, reset
estart. command

CIOutput:

°r: 16-bit unsigned

‘ready: ready for new input
COASMD chart

3 registers (n,a,r)

*4 states

-Data-path: RT operations

*FSM: state transition

Translate ASMD to Hardware

idle

ready <=1

30

start=1

_is_0=

or
_is_0=1

¢

F

25 Lund University / EITF35/ Liang Liu 2014




Construction of FSMD

0 Construction of the data path
 List all possible RT operations
* Group RT operation according to the destination register
* Add combinational circuit/mux

e RT operations with the r register:

— r + r (in the idle state)
— 1+ 0 (in the load anc abo states)
— r+ r + a(inthe op state)
_ e RT operations with the n register:
Grouping RT

. — n + n (in the idle state
Operations )

— n + b_in (in the load and abO states)
— n+n - 1 (in the op state)

e RT operations with the a register:
— a+ a (inthe idle and op states)

26 Lund University / EITF35/ Liang Liu 2014



Construction of the Date Path

Circuit associated with r register

Lp

0: ab0
. load

op

e RT operations with the r register:

— r — r (i the idle state)
— r « O (inthe load andab0 states)  state_reg

— r+« r + a(mnthe op state)

r_next

I_reg

27 Lund University / EITF35/ Liang Liu 2014
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Construction of the Date Path

28

a_req

n_req

Continue with
n-register B
a-register

r_req

Add status circuits |

count_0

ais 0

b_is_0

\— adder_out

Lund University / EITF35/ Liang Liu 2014
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Construction of the Control Path

Cinput of FSM

*External: start, clock, reset
°Internal: decision box in ASMD
CIOutput of FSM

Decision Box

count_0
— =0 =
ais 0
- =0 =
bis 0
| :U
next-state state_next state state_reg
logic registers
start }
clock—

reset——

output
logic

——ready
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VHDL Follow the Block Diagram

O Entity

library ieee;
use ieee.std_logic_1164. all;
use ieee.numeric_std. all;

entity seq_mult 1is

port(
clk, reset: in std_logic;
start: In std_logic;
a_in, b_in: in std_logic_vector (7 downto 0);
ready: out std_logic;
r: out std_logic_vector (15 downto 0)
) ;

end seq_mult;
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FSM (state registers)

— control path: state register
process (clk,reset)
begin
if reset=’1’ then
state_reg <= 1idle;
elsif (clk’event and clk=’1’) then
state_reg <= state_next;
end if;

end process;

next-state state_next [ state | State_reg

legic registers
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FSM (next-state/output logic)

idle
ready <= 1
F ¢ start=1
A
-
é_is_[]:i\
T _or F
w_ls_[}ﬂ
al v load
n« b_in ;'.
a« ain Me—Db_in
re ac am
F 3 -
ap v
re—r+a
n«n-1
v
count_0=1 F——
T

32

process (state_reg ,start,a
begin
case state_reg 1is

_is_0,b_is_0,count_0

when idle =>
if start=’1"
if (a_is_0=71"
state_next

then

or b_is_0=’1?) the
<= ab0;

else
state_next <= load;
end if:
else
state_next <= idle;
end if;
when ab0 =>
state_next <= idle;
when load =>
state_next <= op;
when op =>
if count_0=’1’ then
state_next <= 1idle;
else
state_next <= op;
end if;
end case; ;82}
end process; Q%f
ready <= ’1’ when state_reg=idle else ’0’; é—g

Lund University / EITF35/ Liang Liu 2014
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Data Path (Data Registers)

— data path: data register
process (clk,reset)
begin
if reset=’1’ then
a_reg <= (others=>’07):
n_reg <= (others=>’0’);
r_reg <= (others=>’07);
elsif (clk’event and clk=’1’) then
a_reg <= a_next;
n_reg <= n_next;
r_reg <= r_next;
end if;
end process;
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Data Path (Function Unit) ]
]_E'i ) ::dk o=
| h' et [ clk
=0 ais 0 ’ :':t'
-0 bis 0 ~ rnext k roq
| ] i =EE .
+ A '
I \1

— data path: functional units
adder_out <= ("00000000" & a_reg) + r_reg;
sub_out <= n_reg - 1;

— data path: status

a_is_0 <= ’1’ when a_in="00000000" else ’0°’;
b_is_0 <= ’1’ when b_in="00000000" else ’0°’;
count _0 <= ’1’ when n_next="00000000" else ’0°
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Data Path (Multiplexer Routing)

process (state_reg,a_reg,n_reg,r_reg,
a_in,b_in,adder_out,sub_out,

begin
case state_reg
when idle =>

35

is

a_next <= a_reg;
-J n_next <= n_reg;
el
as 4 e r_next <= r_reg,
L;_"ﬁ“' P when ab0 =>
a_next <= unsigned(a_in);
l n_next <= unsigned(b_in);
=3 n_req
o * r_next <= (others=>’0");
T load :}-:IH
sulf op when load =>
. ol . .
-1 a_next <= unsigned(a_in);
N - n_next <= unsigned(b_in);
wda [ —
’ a0 r_next <= (others=>’0"):
load :}-dk
. ] when op =>
ﬁ _ a_next <= a_reg;
\ n_next <= sub_out;

r_next <=
end case;
end process;

adder_out ;

Lund University / EITF35/ Liang Liu 2014




Design Flow

task/algorithm

Y - » ’
mw

: state
reg | function |mux reg comb.
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Outline

O
O
O
COTiming analysis of FSMD
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Timing and Performance of FSMD

COMaximal clock rate

*More difficult to analyze because of two interactive loops, depend on the
specified design

*The boundary of the clock rate can be found, best/worse-case

)

data
d 0 L
_ _ output
routing . o routing data
unctional units .
data - network network > registers
input -
status signa ‘ control signals
d N i
d A
nextsfata state nput | status

> register

command T
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Clock-Rate Boundary: Best-Case

[CIBest-case scenario:
*Control signals needed at late stage
-Status signal available at early stage

d q
routing . . routing ‘ data
network Nnc hect | W network > register

status control

signal signal
Input to the . Input to the
next_state next_data
logic logic
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Clock-Rate Boundary: Best-Case

[CIBest-case scenario
*Output logic overlaps with the data path, no extra delay
*Next-state logic of the control path and the data path are in parallel
*Clock rate dominates by the data-path (most of the case)

ch (data) Tseu..lp (datz)
FJ—FFfTWEAPFiTME—.FTM'_
) Te d
data 3 = fime
path |
status signals e i N I sianal
available i control signals
] needed
lcontrol signals E
available i
|
[control | v > fime
path
b e
T-:q (state)— T{!M Ts.;-:.up (state)

40 Lund University / EITF35/ Liang Liu 2014



Clock-Rate Boundary: Best-Case

[CIBest-case scenario
*Output logic overlaps with the data path, no extra delay
*Next-state logic of the control path and the data path are in parallel
*Clock rate dominates by the data-path (most of the case)

ch (data) Tseu..lp (datz)

data

i
path = lime

=

staty

Trf — L eg(data) + T:dp + Tﬂee‘.u.p[:du.m.j

control signals

available —\
control
L__FFT" %_Tr&"_’k—l_"

path
T-:q (state)— Toutput Ts;-;up (ztaze)
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Clock-Rate Boundary: Worst-Case

COWorst-case scenario:
*Control signals needed at early stage ’
Status signal available at late stage

[

d q
routing functional unit routing dgta
network network > reqister

control status
signal signal
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Thanks!
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Clock-Rate Boundary: Worst-Case

COWorst-case scenario
*The data path must wait for the FSM to generate the output signals
*The control path must wait for status signals to generate the next-state
*Clock period includes the delays of all combinational components

Teg (data) Teetup (aata)

)—J—J |4—Troute—" 1—T‘um—'1—Tm.‘.e—'<J—>{
le

| po -

data

path 4 |
status signals /o

confrol signals available
needed

» time

confrol signals

available LY
control

b Je o e

|"-| -—l-- - mext

path
Teq istate— Toutput Tsetup (state)

‘-_—_ -
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Clock-Rate Boundary: Worst-Case

COWorst-case scenario
*The data path must wait for the FSM to generate the output signals
*The control path must wait for status signals to generate the next-state
*Clock period includes the delays of all combinational components

T:q (data) Ts.e'.-p (data)

)_J_J L—Tmm_.._Tfum—-Hm—-J_ﬁ
I

|= po
data

path ]\ |
statis sinnals /
Tf? — Tﬁq{stu.fe} + Tf._'au.a‘.pur. + po + Tnm‘t + Tsetup(:;tnte)

confrol signals

available LY

Y

» time

R

T
—

@

-1

control
path | |
|-‘-.' ‘.:l o > —b"—rb‘
T-cq (state)™ T-:mput Tsemp (etate)
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