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Design the datapth (2A)

Inputs. c (bit), a (8 bits), s (8 bits)
Outputs. d (bit) // '1' dispenses soda
Local storage: tot (8 bits)

,C*(tot<s)

SodaDispenser d:="1"

S a
Y
tot_lId >||d tot
tot_clr = clr <
8 V/
/t 8 8
v v Y
8-bit 8-bit
tot_It_s—= < adder
Datapath 8
Step 2A

Q: According to the current design, under which of the following conditions

does the register output ‘tot’ change?

A.Whenever the value of the coin inserted (‘a’) changes

B.Whenever the cost of the soda (‘s’) changes

C.When the signal tot_Id becomes high

D.When the signal tot_clr becomes high
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Connect data path to controller(2B)

fo °J

C—b
-
g tot_Id
- |
tot_clr

tot It s

Controller “*— | Datapath |

Step 2B

S

Y
tot_Id ~ld
tot_clr = clr <
8 4
/t 8 8
v v '
8-bit 8-bit
tot_It_s—= < adder
| Datapath 8
Step 2A
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Design control path FSM

Inputs: c (bit), a (8 bits)s (8 bits)
Outputs. d (bit) //'1' dispenses soda
Local storage: tot (8 bits)

SodaDispenser d:="1'

Step 1

o *Js

C—p

d -

_[Controller

E——
tot_Id

e |
tot_clr

Datapath

e
tot_It_s

Step 2B

lnputs: c, tot_It_s (bit)

d=0
tot_clr=1

Controller

Outputs: d, tot_Id, tot_clr (bit)

VR
d<— —
‘ tot_It_s
1 * ;

tot_Id
B

tot_clr

——

Step 2C
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Implement controller FSM

Inputs: c, tot_It_s (bit)
Outputs: d, tot_Id, tot_clr (bit)
C tot_Id
— —
7~ A
g d tot_clr
= s & - —
— |'_" |
s1 s0 ¢ "M n0o d & £ e tot_It_s
o 0 0 O o 1 0 0 1 tot clr=1
- 0 0 0 1 o 1 0 0 1
= 0 0 1 o0 o 1 0 0 1
o 0 1 1 o 1 0 0 1 _Controller d=1
o 1 o o [1 1 o o o
= 0 1 0 1 o 1 0 0 0. Step 2C
= 0 1 1 0 1 0 0 0 O
o 1 1 1 |1 0 0 0 0  Usecontroller (FSM) design
5 1 0 0 0 o 1 0 1 0 .
2 . .. process from previous lectures to
o o 0 |0 0 1 0 o0 complete the design
5 o 00 o 00
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Datapath components

* Need component library from which to choose

—»clr | A B A B I 1 10
—»|ld reg add cmp shift<L/R> mux2x1
B S S £ S A
clkand clr=1: Q=0 S =A+B (unsigned)  shiftL1: <<1 s0=0: Q=10
clk? and ld=1: Q=1 A<B: It=1 shiftL2: <<2 s0=1: Q=1
else Q stays same A=B:eq=1 shiftR1: >>1
\ A>B: gt=1 /
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More RTL Design

* Additional datapath components

54

(i

S

2

P

V

-

S=A-B
(signeq)

]

P=A"B
(unsigned) (unsigned) clk” and inc=1: Q=Q+1

t (signed)
A —(CIr
abs —»-|inc upcnt
Q > Q
Q=I/Al clk? and clr=1: Q=0

else Q stays same

AL

W
_a
_e

a

_e

R

d

RF

d

i
;

clkkand W_e=1:
RFIW _a]= W _d

R e=1:

R_d=RF[R _aj

~

/
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Step 2A: Datapath—Simple Examples

RE

X

i

X Y Z

(A

Preg=X+Y+Z2Z

Preg = Preg + X

Preg=X+Y; regQ=Y+Z

kK —»

X Y Z

(2]

k=0:Preg=Y +Z
k=1:Preg=X+Y

> Preg > Preg > Preg | > regQ > Preg
PY PY PY Qy P
@ ¥ ® (©) (d)
X Yy 7z X X Y Z X Y Z
—; —: + + T 1 T S T
DP ¢ DP
— 2| o N R R S
add1 A B A B A B
S add1 A B A B add1 add2
S add1 add2 S S
X+Y Y t T S S + ¥ ¥ F
A B O—»|cIr I ¢ t 1 10
add?2 1—»|Id Preg O-cIr 1 O-cIr I mux2x1
S > Q 141d Preg | 1-ld regQ k—+—|[s0 Q
X+Y+Z§  — > Q _— 1
0O—»clr I # T e OcIr T
1—=d Preg P PY Qy 14id Preg
DP 2 op =G
PY Py
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Design Process

* Describe system 1n programs
e Data subsystem
— List data operations
— Map operations to functional blocks
— Add interconnect for data transport
— Input control signals and output conditions
« Control Subsystem
— Derive the sequence according to the hardware program
— Create the sequential machine

— Input conditions and output control signals



Example: Multiplication

Arithmetic Input X, ¥

Output Z
£=X Y Variable M, 1

e M=0 . M=0
e Fori=n-1to0
- IfY =1, M=M+X

e Fori=n-1to 0
—IfY=1, M=M+X* 2!

— Shift Y left by one bit
« /=M — Ifi 1= 0, shift M left by one
bit
. 7Z-M
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Implementation: Example

Multiply(X, Y, Z, start, done)
{ Input X[15:0], Y[15:0] type bit-vector,
start type boolean;
Local-Object A[15:0], B[15:0] ,M[31:0], 1[4:0] type bit-vector;
Output Z[31:0] type bit-vector,
done type boolean;

SO: If start’ goto SO || done €1;
SI:A€X||B€Y|1€0|M€0| donc €0;
S2: If B, =0 goto S4 || 1€ 1+1;

S3: M €& M+A;

S4: 1f 1>= 16, goto S6

S5: M€Shift(M,L,1) || B€Shift(B,L,1) || goto S2;
S6: Z: €M || donc € 1|| goto SO;

)
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Step 0: Syntax

SI:A€X|B€Y|1€0| M€ | donec € 0;
S2: If B, =0 goto S4 || i1€i+1;

S3: M €& M+A;

S5: M€ Shift(M,L,1) || B€Shift(B,L,1) || goto S2;
S6: Z: €M || donc € 1|| goto SO;
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Step 1: Identify Input and Output of data and control subsystems

Multiply(X, Y, Z, start, done) 7=XY
{ Input: X[15:0], Y[15:0] type bit-vector,
start type boolean;

Local-Object : A[15:0], B[15:0] ,M[31:0], 16
1[4:0] type bit-vector; X% Dat 32
Output Z[31:0] type bit-vector, 16 2l —— /
done type boolean; Y+ Subsystem
? ?
start Control |,

| Subsystem done
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Step 2a: Identify Data Subsystem Operations

Multiply(X, Y, Z, start, done)
{ 7=XY

16,
X Data 32

Yéﬁ>1 6 Subsystem Z

SO: If start’ goto SO || done €1; ¥
SI:A€ X|B€Y]|i€0|ME&O| done € 0; ? ?
S2: If B;s =0 goto S4 || 1€ i+1; v
S3: M € M+A;
S4: if i>= 16, goto S6 start—— Control |,
S5: M€Shift(M,L,1) || B€Shift(B,L,1) || goto S2; SubSystem done
S6: 7. € M || done € 1| goto SO;

j
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Step 2b: Map Data Operations to functional modules in data library

Multiply(X, Y, Z, start, done)
{

SO: If start’ goto SO || done €= 1;

S A€ X||B€Y|i1€0| M€&O| done € 0,
S2: If B;s =0 goto S4 || i€i+1;

S3: M €& M+A;

S4: 1f i>= 16, goto S6

S5: M€Shift(M,L,1) | B€Shift(B,L,1) || goto S2;
S6: 7:€ M || done € 1| goto SO;

b

A€ X

B <Y

M<0

1€0

1€<i+ 1
M&E<M+A

M <& Shift(M,L,1)
B < Shift(B,L,1)
7€M

operation

A € Load (X)
B < Load (Y)
M<& Clear(M)
1< Clear(i)

1 € INC(1)
M<& Add(MLA)
M < SHL(M)
B < SHL(B)
Wires
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Step 2¢: Implement the data subsystem

Registers: If C then R € D

operation

A € Load (X)
B € Load (Y)
B < SHL(B)
M< Clear(M)
M& Add(MLA)
M < SHL(M)
1< Clear(i)

1 < INC(1)

D
l

LD

'
R
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Function Modules: Registers to store data (A, B, M)

operation

A € Load (X)
B € Load (Y)
B < SHL(B)
M<& Clear(M)
M& Add(MLA)
M & SHL(M)
1< Clear(i)

i < INC(1)

Register A

16 LD

|
Co

Register B

16
LD

|
Cs

—B\l—B[w]

Register M

16

LDCLR

]

c, &
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Function Modules: Adder, Shifter (updates to M)

_ A Selector
Register A Adder Register M

operation = S| .y
A € Load (X) X —~—>b R —~—Db R—
B €< Load (Y) 16 LD 1 16 |LDCLR
B < SHL(B) | ' |
M & Clear(M) Co C 4\ c. G
M& Add(M,A) , 1
M € SHL(M) Register B
i & Clear(i) 16
i € INC() Y—~—D R .

T B l B[15]

Cs
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Function Modules: Adder, Shifter (updates to B)

operation

A € Load (X)
B < Load (Y)
B < SHL(B)
M€ Clear(M)
M<& AddMLA)
M € SHL(M)
1< Clear(i)

i < INC(»)

16 Selector

—

C

1

\

5

, A
Register A Adder Selector Register M
X —~—D R B >0 ——p R
16 LD A 16 M
LDCLR
| *rl\ \ |
Register B
b R B B[15]
T
G
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Function Modules: Counter (updates to 1)

operation
A € Load (X)
B < Load (Y)
B < SHL(B) . A
Select :

M& Clear(M) Register A Adder | ~0°0°"  Register M
M& Add(M,A) B S
M & SHL(M) X ) D R— <D R
i< Clear(i) L|D .1 |16 [LDCIR
i € INC(i) | ||

Co C, C, C,

v 16 Selector Register B
—<— O
—p RO D RCOunteri
LD
1\ | CLR Inc 1[4]
Cs C; |
C6 C7 20
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Step 2d: Map Control Signals to Operations

operation
A € Load (X) Cy=1
B € Load (Y) Cs=0andC;=1 A
B < SHL(B) Cs=1 and C; =1 Register A Selector  Resister M
B Adder g
M<& Clear(M) C,=1 S
M€ AddM,A)  Ci=0and C=IX ~—D R— B 0 L5 R
M & SHL(M) Cy=landC=1 16 | rp 16 |iperrl M
i€ Clear(i)  Ce1 | 1! [
1 < INC(i Cr=1
i (1) 7 Co C 4\ C, C,
v 16 Selector Register B
0 B B[I5 -
—ID R |_> [15] Counter 1
1 L|D D R
CLR Inc :
1[4
cl C; T
Ce G 21
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6
X# Data 32

Yé&> Subsystem Z

A

B[15], i[4] Cor

A 4

Control

— —

start Subsystem
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{

Design the Control Subsystem

Multiply(X, Y, Z, start, done)

SO: If start’ goto SO || done€1;

S1
S2
S3
S4
S5
S6

b

A€ X ||B€Y|i€0||M€O0 | done €0;

: If B;5 =0 goto S4 || i€i+1;

‘M €M+A;

c1f 1>= 16, goto S6

: M€ Shift(M,L,1) || B&Shift(B,L,1) || goto S2;
: 2:€M || done€1|| goto SO

Multiply(X, Y, Z, start, done)

d
SO

S1
S2
S3
S4
S5
S6

h

. If start’ goto SO || done€-1;

: Co=1 || Cs=0 and C; =1 || C4=1|| C,=1 || done €O0;
: If B,s =0 goto S4 || C=1;

: C,=0 and C=1;

:1f'1[4], goto S6

: C4=1 and C,=1|| Cs=1 and C5 =1 || goto S2;

: 2:€M || done€1|| goto SO

operation

A € Load (X)
B < Load (Y)
B < SHL(B)
M€ Clear(M)
M<& AddMLA)
M & SHL(M)
1< Clear(i)

i < INC(1)

Co=1

Cs=0 and C; =1
C5:1 and C3 =]
G, =1
C,=0and C=1
C,s,=1 and C=1
Ce=1

C~=1
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Control Subsystem

Multiply(X, Y, Z, start, done) start
{

SO: If start’ goto SO || done€-1;

S1: Cy=1 || Cs=0 and C5 =1 || C¢=1]| C, =1 || done €0;
S2: If B;s =0 goto S4 || C=1;

S3: C4,=0 and C,=1;

S4:1f 1[4], goto S6

S5: C4=1 and C=1|| Cs=1 and C; =1 || goto S2;

S6: Z: €M || done€1]| goto SO B[15]
h
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One-Hot State
Machine
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One-Hot State \/
Machine y

<€
o
-
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Control Subsystem: One-Hot State
Machine Design

Input: State Diagram
1.Use a flip flop to replace each state.

2.Set the flip flop which corresponds to the 1nitial
state and reset the rest flip flops.

3.Use an OR gate to collect all inward edges.
4.Use a Demux to distribute the outward edges.
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Data Subsystem

: A
Register A Adder Selector  Register M
S|,
X —~—*D A B 0 —<—D R
16 | b 16 M
| — LDC|LR
16 Selector Register B
e 0
—D R B |_> B[15] Counter 1
i LD D R
‘ | CLR Inc 1[4]
Cs Cs |
C6 C7 28
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Multiply(X, Y, Z, start, done)

d
SO

S1
S2
S3
S4
S5
S6

b

. If start’ goto SO || done€-1;

: Co=1|| Cs=0 and C;5 =1 || C4=1|| C,=1 || done €O0;
:If B;s =0 goto S4 || C=1;

: C,=0 and C=1;

- 1f 1[4], goto S6
: C4=1 and C,=1|| Cs=1 and C5 =1 || goto S2;

: Z:€M || done€1|| goto SO
Co |Cl1 |C2 |C3 |C4 C5 C6 C7 done
(mux) | (mux)
SO |0 [0 |O 0 |X X 0 0 1
S1 |1 0 |1 0 |X 0 1 0 0
S2 10 |0 |0 1 | X X 0 1 0
S3 |0 |1 |0 0 |0 X 0 0 0
S4 {0 [0 |0 0 |X X 0 0 0
S5 10 |1 |0 1 1 1 0 0 0
S6 |0 [0 |0 0 |X X 0 0 1
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done

C7

Co6

C5

(mux)

(mux)

C2 |C3 |C4

Co | Cl

SO
S1

S2

S3

S4

S5

S6
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One-Hot State \/
Machine SO

S

4
—> )
b b
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