!'- FPGA ,fi .3»“::,?‘;( ‘;f"‘

Control Unit



i * Modern Design (1/3)

Modern design is composed of (1) Datapath and

(2) Controller (control unit or control path)

C_:ontrol Datapath
Inputs inputs
J Control
signals
Control Datapath (N ote)
unit
Status
signals
Control Datapath
outputs outputs

High-level block diagram



Control inputs

C: Combinational circuit

S: Sequential circuit

* Modern Design (2/3)

Register-transfer-level block diagram

Datapath inputs

Selector

Register

RF

L]
\ Y
Control
% 0 signals
D!
=l C | C
19|
~ D
Next-
state State Output
logic register logic
Status
I X _‘ .
I signals
: I
Control Unit

Control outputs

Register

:

Datapath outputs

Datapath



Modern Design (3/3)

Control
LInit

it IR(3) = "0’ then

PC =PC + 1;
else

DBUF = MEM(PC);

MEM(SP) = PC + 1;

SP =SSP —1;

PC = DBUF;
end if;

Address bus
J--

Datapath

Data bus

MEM




An synthesis example of case statement

(a) HDL description

(c) Data-flow representation

l

X = X+2;
A = X+5;

Case Cis
When 1=> X : = X+2;
(b) Control-flow representation () A 1 = X+5;
When 2=> A : = X+3;
When others => A : = X+W;
end case;
Read X
1 2 E I
| 2
l l 3 Read W
A = X+3; A = X+W;
\ A /
2 2
l v l
Read C

(b)

Write X

()

Write A




Summation Problem (1/4)

Calculate S=x;+ X, + X5+ X, + X with a ASIC chip

1. Sum up five inputs in the same period by using 4 adders

X1

B
X2 %
B Method 1
» S
b N

Five inputs must be ready at

X the same time. Why and How ?
5

8

a. How many input pins and output pins ?  b. What is the resolutions of x; ?
c. How fast you need ? d. What is your design cost ?



Summation Problem (2/4)

Calculate S=x;+ X, + X3+ X, + X:

2. Sum up five inputs in the different time units by using only 1 adders

Initial S= 0

Time unit _1 S<=S+ X,

Time unit _2 S<=S+ X, S, reg Method 2
Time unit _3 S<=S+ X, \_7/\ B
Time unit_4 S<=S+x, X é L oo

Time unit _5 S<=S+ X,
Only one input must be ready

at a time. Why?

Cost is lower and critical path is shorter than the Method_1 .
But its working rate is slower than Method 1. (5 clock cycles for 1 summation result)



Summation Problem (3/4)

50
Problem: Calculate S=X,+ X, + Xg+ X, + ...+ X5, S=Y X
i=1

X Yi
S.—
i If S,=0, a,=x.
al a2 — —
s \ If S;=1, a,=y,
s ALU
3 : If S,=0 S;=0, r=a,
o ' If S,=0 S,=1, r=a,+a
E;eli ¢ | Accumulator (register) 2 3 L2
J If S,=1S;=1, r=a,
__________________________________ E N/
| v
T0O 00 01 0 New x; must {come now (e.g., X,)
T1 01 10 0! clock _]/ |
ET_2~490 0O 10 O ! | —
i ..... i g_Xl/g:X]_-I_XZ

T 51 X 0 00 1 r must be ready before the next positive edge comes

______________________________________



Summation Problem (4/4)

Control unit should send out proper control signals at each state.
There are two ways to generate those control signals:

(1) Microgramming control
a. Store control signals of each state at memory (ROM)

b. Read out the control signals one by one

word —={T.0 0 0 01 O]
(2) Hardwired control T1 0110 0]
‘T 2400 0 1 0O O

Use dedicate logic gates to generate the proper | |
signals state by state (one by one) ET_51 X 0 00 1:



Clock Period (1/4)

Gate; not and or Xor

Delay: 1ns 2.4ns 24ns 4.2ns

longest path for stage 1

R1(Registers,p-trigger) RZ(p-trigger)IongeSt path for stage 2R3(p-trigger)

16.6 ns > 11.4ns
critical path=16.6 ns, so the clock period must be more than 16.6 ns (e.g., 18ns), why ?

_ need 11.4 ns
New value for R1 is ready here Correct result for stage 1 must be ready here before next p-edge
New value for R2 is ready here Correct result for stage 2 must be ready here before next p-edge
need 16.6 ns

New value for R2 is ready here
New value for R3 is ready here




Clock Period (2/4)

How to decide the clock period in a system?

registers

Combi-
national
Circuit
I

1. Find out

2. The longest delay is named as the critical path (here is

Combi-
national
Circuit
[l

registers

Combi-
national
Circuit
1

registers

Combi-
national
Circuit

\Y/

registers

registers

among combinational circuits C |, C I, C Ill and C_IV.

).

3. The clock period can be set as little longer than the critical path, why?

4. clock frequency =

clock period

here

1
25ns  25x10°°

= 40 MHz)



Clock Period (3/4)

Combi- Combi- Combi-
—> national national national —
Circuit Circuit Circuit
. _ _ 1] . \Y; _
registers registers registers registers registers
// '
/ ‘\
/ o .
,  Combinational \ Separate C_ Il Into two parts
Circuit |l \
P v (C_ll_aand C_ll_b) by
,/ \\ Inserting proper registers to
,’» — y achieve faster clock frequency
/ \
/ _ \
| 2 registers registers
delay for C_Il_a delay for C_II_b Now, clock frequency is 71.4 MHz

(14 ns)

(14 ns)



Clock Period (4/4)

Better HDL style mm) Separating combinational and sequential circuits

Combinational Logic

L
datall>—(" com AR g

data2[>—

clk 2 N Sequential Logic

module EXAMPLE(datal,data2,clk,q);
input datal, dataz2, clk;

output Q;

reg data,q;

Combinational always @(datal or data2)
Logic I: data = com(datal,data2);

Sequential

always @(posedge clk) ]
Logic

g <= data;
endmodule



Design for Summation Problem (1/7)

Method_1 Calculate S=x;+ X, + X3+ X, + X;
_module adderl(x1, x2, ?<3, x4, x5, out); a Four stages
Input X1, x2, x3, x4, x5;
output [2:0] out; 2 /EE\

reg [2:0] out; /i@é\

X3 —
always@(x1 or x2 or x3 or x4 or x5) //:69\

x4 — RSN
-

L ~
out=(((x1+x2)+x3)+x4)+x5; X5 — out
) — f— —
kns kns kns kns
endmodule Assume the adder's delay is k ns
IE Ref [220.0ns |[«[2] Time: [223.8ns | Interval: [3.Bns | ||
220.0ns —
% Mame: _Walue: l flIII.IDns BIII.IIIIns 12III.IIIIns 1EIII.IDns EDIII.IDns i 2f1III.IDns
o 1 T 1 71 e
- 2 1 | | | | | I
-3 1 | | | L
@ ||z 4 o | |
Rl 15 0 |
i out D2 0 o Y s W2 o F s N W s Wl s Yo
a1 <+ .
delay Unstable output (Delay is 4*kns)




Design for Summation Problem (2/7)

Method 2 (shorter delay) Three stages
module adder2(x1, x2, x3, x4, x5, out); x1__

input x1, x2, x3, x4, x5; ;GS\
output [2:0] out; X2 7
reg [2:0] out; x3 \E}/;GE\

always@(x1 or x2 or x3 or x4 or x5) x4 7 /: t ~.
/ out
out=((x1+x2)+(x3+x4))+x5; x5 —
< > < > < >
kns kns kns
endmodule
E Ref [220.0ns |[#=] Time: [253.8ns | Interval: [33.8ns | il

_Walue: J‘ 4D.pn5 E[I.llllns 12EI.]Dns 1E[I..Elns EIII.IIZIns 240.0ns
hll LT

| I | I |
I

D2 o X v ¥ 1+ ¥ 3 ¥ 2 Y@ «+ # 3 R 4« F 1 X3 W2 {3 Fo
<+->

delay _
Unstable output (Delay is 3*kns -- less than Method 1)



Design for Summation Problem (3/7)
Method 3

module adder3(x1, x2, x3, x4, x5, clk, out); x1__
input x1, X2, x3, x4, x5, clk; ;EB\
output [2:0] out; 2 —

reg [2:0] out; %3 - E}\
always@(posedge clk) x4 :65\

\

out=((x1+x2)+(x3+x4))+x5; - out
X3 < > < > < >
kns kns kns cns
endmodule
W Ref [220.0ns |[€l2] Tirme: [222.9ns | Interval: [2.89ns | =

HQQD.Dns —

_walue: ,J, 40.0ns 50.0ns 120.0ns 160.0ns 200.0ns 240.0ns
= 1 1

1 | 1 | | | |

1 1 | |

0 0 | |

o 0 | |

(A e e I e I I S A S S—

0 | |

1 | | |

1 | |

3
<«

Stable output with register (3-bit flip-flop) Delay is 3*kns+cns (reg assign delay)



Design for Summation Problem (4/7)

Method 4
module adder4(clk, x1, x2, x3, x4, X1 ™
x5, out);
input clk,x1, x2, x3, x4, x5; X2 —

output [2:0] out;
reg [2:0] out, temp1l, temp2,temp3; X3 —
always@(posedge clk)

begin X4 —
templ<=(x1+x2)+x3;
temp2<=x4; temp3<=x5; XS — out
out<=templ+temp2+temp3; “ns
end
endmodule

Delay is 2*kns+cns which is less than Method_1 (4kns), Method_2 (3kns) and
Method_3 (3kns+cns)
So, this method can achieve the best (fastest) clock rate because its critical path is

shortest. However, the correct out is generated after two clock cycles not just one

(also named as datapath pipelining)



Design for Summation Problem (5/7)

1. Wire delay
x1 g 2. Register assignment delay
@ —_—
x2 —F Critical path is about 4kns
} 3 A correct output is generated every clock cycle
x3 W

Event 1 2 3 4 5 6
B
x4 —

- — Completed

x5 — time 4k 8k 12k 16k 20k 24k

< > > < P G
kns kns kns kns

about 2.5 kns faster clock rate
N Critical path is about 2.5 kns, why?

A correct output is generated after two clock cycles
Event 1 2 3 4 5 6

Completed

:EB\I\ time 5k 7.5k 10K 12.5k 15k 17.5K

Two events are parallel processed in the unit.

' knsl Faster clock rate but higher cost (3 extra regs)




Design for Summation Problem (6/7)

x1 1 Critical path is about 4kns
e ey
— § e —
xa A R==Uh) —
_— ! |
x5 —I'//
< > e <
kns * kns ° kns kns ,
about 2.5 kns . about 2.5 kns Critiical path is about 2.5 kns
x1 '\ s N\ 7 Y E '

Datapath Pipelining

Event 1
Event 2
Event 3
Event 4
Event 5

Event 1
Event 2
Event 3
Event 4
Event 5



Design for Summation Problem (7/7)

xa —— ~ temp2
x5 B— - temp3
kns * kns ' kns W
about 2.5 kns about 2.5 kns about 1.5 kns about 3.5 kns
Critical path is about 2.5 kns Critical path is about 3.5 kns

Which one is better ? Balance is important



Optimization for RTL Design

: Control
J J INputs
Optimization for control unit: Optimization for datapath:
1. As suggestion by most textbooks 1. Resource optimization
of “Logic System Design” 2. Time optimization.ol

2. Write a good-style HDL descriptions ]
which are optimized by EDA tools un |t



Optimization for Control Unit

Traditional Optimization Flow for Control Unit

Design description or
timing diagram

Control Unit

!

Finite State Machine
(FSM)

Develop
state diagram

Derive
excitation equation

Develop next-state
and output tables

Optimize
logic circuit

Minimize states

y

Derive logic schematic
and timing diagram

A 4

Encode input, states,
and outputs

Simulation

Decide the
memory elements

\ 4

Functional verification
and timing analysis




Finite State Machine (1/4)

Moore machine: S O (output is dependent only on current state)
Mealy machine: S x| — O (output is dependent on input and state)

State diagram

Next-state and output tables (I=input)
Four states: S,, S;, S,, S;

Present Next State Output
Input/Output State [ g =1 | 1=0 | I=1
0/0
S, S, S, 0o | 1
S, S, S, 1| 0
S, S, S, 0o | 1
S, S, S, 0| 1

A mealy machine

Input/Output



Finite State Machine (2/4)

S—>O0
inputs
T Next State Logic »Current State Register , Output Logic
_,| (combinational) clock, (sequential) (combinational) | Moore
x output
=
asynchronous reset
Moore Machine (state-based machine)
Sx|I -0
inputs _ _ ey _
> Next State Logic »Current State Register Output Logic
-» (combinational) clock, (sequential) » (combinational) Mealy
x output
asynchronous reset

Mealy Machine (input-based machine)



i Finite State Machine (3/4)

= For best legibility, describe FSM using two or three
always @ statements

(1) current state or state register (sequential circuit)
(2) next state logic (combinational circuit)
(3) output logic (combinational circuit)

= Two combinational logic can be merged

= Use parameter to describe the state name
Reset

=1

ST3)«Control=0 o7 )
@ Control=1




Finite State Machine (4/4)

always @(Control or Currentstate)

module FSM(Clock, Reset, Control, Y) begin
input Clock, Reset, Control; NextState = STO:;
output [2:0] Y; case (CurrentState)
Next state STO: NextState <= ST1;
reg [1:0] CurrentState, Nextstate: logic ST1: if (Control)
reg [2:0] Y; {Chluleies) NextState <= ST2;
else
parameter [1:0] STO = 2’b00, NextState <= ST3:

ST1=2’b01, ST2: NextState <= ST3;
State name ST2 =2’b10, ST3: NextState <= STO:
(parameter) ST3 =2’bl1; endcase end

always @(CurrentState)
always @ (posedge Clock or posedge Reset)

_ begin
State It (Reset) Output case(CurrentState)
S CurrentState <= STO; e STO: Y<=1: ST1:Y <=2
(Seq.C)) else (Comb.C.) ST2: Y <=3; ST3:Y <=4;
CurrentState <= NextState; endcase

end endmodule



Moore Machine (1/8)

Optimization flow

Design description or
timing diagram

A 4

Develop

state diagram

A 4

S —>0 S:state O:output

Next-state and output tables (I=input)

Develop next-state
and output tables

A 4

Present Next State Output
] S [ =0 | =1 | =0 | =2
Derive So S0 > 0 0
excitation equation | S, S, S, 1 1
! i S, S, S, 1 1
O|_ot|n_1|ze_ S, S, S, 0 0
logic circuit :

Minimize states

A 4

v

Derive logic schematic
and timing diagram

\ 4

Encode input, states,
and outputs

Simulation

Y

Decide the
memory elements

\ 4

Functional verification
and timing analysis




Moore Machine (2/8)

original state table

Assume that we use JK flip-flops for storage

Present Next State Output .
State i 4 states = need 2 flip-flops (named M and N)
=0 =1 =0 =1
S, S, S, 0 0
S S S 1 1 J — - Q J—] .0
1 — Clk —p M Clk —p N
S, S, S, 1 1 )
K K —
S, S, SH 0 0
B T e
J K | Q(t+1)
Present State Next State M(JIK) N(JK)
0 0 Q(1) | Output
ol 1 0 M(t) N(@) | M(t+1) [ N(t+1) | MJ MK NJ NK
1 0 1 0 0 0 0 0 0 X 0 X 0
1 1 Q'(t) 1 0 0 1 0 1 X 0 X 0
excitation table 0 0 1 0 0 0 X X 1 1
QM) | Q+1)| J | K 1 0 1 1 0 1 X X 1 1
0 0 0| X 0 1 0 1 0 X 0 0 X 1
0 1 1| X 1 1 0 1 1 X 0 1 X 1
1 0 X111 0 1 1 1 1 X 0 X 0 0
1 1 X! 0 1 1 1 0 1 X 1 X 0 0




Moore Machine (3/8)

logic

MN MN
00 01 11 10 X 00 01 11 10
0 0 0 X X MJ=I 0 0 X 0 X
1 1 X X X X
MN NJ=MI
00 01 11 10 MN
X 00 01 11 10
0 X X 0 0 MK=NI . . ; .
1 X X
X 1 X
MN ,
00 01 11 10 NK=M
0 1 0 1 Output=M'N+MN’
! ! 0 1J State reqister
I : :
Clk—+—p M |Q
i K
T N
Next + 1" clk—b N [Q
state | K




Moore Machine (4/8)

¥

e ===

Synthesis Result

=

e

‘ Empl

JIC_FF

JK_FF

N0t Dat

}

Valoe: |

N2 01t Data

>

01t Data

DIl

mmm M@m %@m M@m %wm %wm mmm %@m %@m

Il

= Ck
o=
= Ot Data

T

[
|

1

i

Juuy

1

il

1

1

U

JUUUY

s

T



Moore Machine (5/8)

State register

CECEEE R ELLEEEE R EELEEEE . J
| o W o I module JK_FF(CIk, J.
—_:D——? : Out Data K, Q);
Next 23 input CIk, J, K; |
state Clk P N Q] | Hoemeereersonen output Q, Q_Bar;
logic el _|>°-F O|UtPUt reg Q’ Q_Bar;
D ogic always @(posedge Clk)
Implement the circuit with structural HDL begin
module moore JK(CIk, I, Out_Data); case({J,K})
input CIk, I; output Out_Data; 2'b00:
wire templ, temp2, temp3, temp4, Q=0Q;
temp5, tempo; 2'b01:
assign templ = | & tempb5; Q=0;
assign temp4 = | & temp2; 2'b10:
assign Out_Data = (temp3 & Q=1;
temp5) | (temp2 & temp6); 2'bl1:
JK_FF M(CIk, I, templ, temp2, Q=~0Q;
temp3); endcase
JK_FF N(CIk, temp4, temp3, temp5, end
temp6); endmodule

endmodule



Moore Machine-Bad Example (6/8)

The better way is to write behavioral HDL directly and let the EDA tool do
the whole optimization job (including Karnaugh Map and logic minimization)

module moore_bad(CIk, S0: begin
Reset, In_Data, Out_Data); Out_Data = 0;
input CIlk, Reset, In_Data; if(In_Data == 1)
output [1:0] Out_Data,; State = S2:
reg [1:0] Out_Data; else
reg [1:0] State; State = SO;
parameter SO0=2'b00, end
S1=2'b01, S2=2'b11, S1: begin
S3=2'b10; Out_Data = 1;
always @(posedge Clk) if(In_Data == 1)
begin State = S2;
if(Reset) else
State=S0; State = SO;
else begin end
case(State)

Both State and Out_Data are implemented with flip-flops
Note: This is a bad-style HDL

S2: begin
Out_Data = 1;
if(lIn_Data == 1)
State = S3;
else
State = S2;
end
S3: begin
Out_Data = 0;
if(In_Data == 1)
State = S1;
else
State = S3;
end
endcase
end
end
endmodule



Moore Machine-Good Example (7/8)

always @(In_Data or State) S3: begin
module moore_good(CIK, begin Stat if(In_Data == 1)
Reset, In_Data, Out_Data); Cgsoe'(beZi‘re]) NextState = S1,;
T o else
input CIk, Reset, In_Data; f(in_Data == 1) NextState = S3;
output [1:0] Out_Data; elsgextState = S2; end
reg [1:0] Out_Data; e, endcase
reg [1:0] State, NextState; dNextState =30; end Next state logic
parameter S0=2b00, S1=2b0L( “‘f” .
S2=2'010, S3=2'b11; -0egin
(In_Data == 1) always @ (State)
always @ (posedge Clk or eISZextState =52 begir¥
osedge Reset

if(Reset eno! out_ - 1.

| (State ): S0; S2: begin 23383:_32:2 )

else | (In_Data == 1) S3:Out_Data = O:

State = _ NextState = S3; = S
ate = NextState; else endcase

end e, end :

State I‘egiSter (ﬂ|p'ﬂ0p5) endNextState = S2; endmodule Output |Og|C

Note: This Is a good-style HDL (only “State” is implemented with flip-flops)



Moore Machine-Good Example (8/8)

s
M s
Reset = statemachine L
In_iata = I[1:0] 0l 3‘
] opg] B o o) o0 RS DOy Datag ]
LI ] L -4 E
[ -]
d Cut_Data[1:0]
] . .
Bad Style State[3:1] ;) Extra flip-flops are inferred
cut_Data_23[0]
L] 2
staternachine L4
In_Data | [1]
B C op0] HEE S
[Feset R =
=] =]
G—d
: =]
Good Style State 30 -

un1_State[0]



Mealy Machine (1/2)

State diagram Next-state and output tables (I=input)

Four states: S,, S;, S,, S; Present Next State Output
Input/Output State - - — |-
0 0 0/0 1=0 =1 | 1=0 | I=1
SO So S1 O 1

S, S, S, 110

/O S2 Sz S0 0 1

S, S, S, 0 ] 1

Initial state
0/0 1/0 0/1

Input/Output



Mealy Machine (2/2)

Please do remember to write your mealy machine by using the good-style HDL

------------- ... C: Combinational circuit

" Control inputs g Sequential circuit Patapathy inpuls
) (] ]
Y Y -
. Control A C
y ‘signal Select.
A 0 s B Ly
D
] ! Register RE Mem |S
| —— )
1 C C '
| Q : E BLIS|
J 5L Bus,
Next- S
.| state State Output |
| logic register logic | S
=1 X tatus
= g signals
s : Register
| . | ] Datapath
Control unit

Control outputs Datapath outputs

(mealy machine) _ _
Using three always statements Homework: implement a mealy machine



Control-Unit Implementation Styles (1/3)

Control inputs

Hardwired | Status
+ ¥ ‘L signals
Control
’ D Q
b
=3 D 0 _ > Datapath
control
signals
—>
> D Q
Next-
state State Output
logic register logic
: b Control
outputs

Control unit



Control-Unit Implementation Styles (2/3)

Hardwired Control inputs
Control Status
ﬁD signals
Next-
D » state logic
7 3
20 3 _ Datapath
g ¥ g 2 : control
:1‘; - signals
= :
Control
Output logic outputs

Control unit with state-register and decoder



Control-Unit Implementation Styles (3/3)

Control inputs

Microprogramming
Control S.tatys
7 signals
Condition
selector
Incrementer | ,|
=
g » = ROM |, Datapath
DY o 5| e 5 Z or . control
é @ >— 5 S »] & L] PROM [ signals
&g <] |e
»len 2 P — W2 3
External 5]
address

. _ Control
Address selection logic outputs

Control unit with state-register and ROM



One’s Count Problem (1/2)

One’s — counter implementation

Problem : Using a datapath with a 3 port register-file (2 read port
and 1 write port), design a one’s counter that count the number of
ones in an input dataword, and return the result after completion

Data := Input
Ocount :=0
Mask ;=1

while Data :# O repeat
Temp := Data AND Mask
Ocount := Ocount + Temp

Data := Data>> 1
end while
Outport := Ocount



Control
Unit

One’s count Problem (2/2)

L

1 )
19— 5 - Selector

16-18 e—y—n{ WA
15 =—od WE 8*m
ck=——>p  register
11-14.-'?-.— RAA file RAB
11 =—— REA REB :_I
E-IO-{" |
% |
e
% 6o— JMm A 2
Se—15
2 s ALU
control -
) -0~ “g™
signals | ;

R

I I
s Shifter

Result bus

Temp=Data AND Mask

Data+#0

@ Ocount=

Ocount+Temp

@ Data=Data>>1

Datapath

Outport
(a) Datapath schemaric

Data=0
@ Outport=Ocount
Done=1

IE WT | READ | READ ALU | SHIFT O

AD | ADA | ADB E

11| R X X 0
2 10 R, 0 Add | Pass | O
3 (0 R, 0 X Inc Pass | O
4 10 R, R, R, AND | Pass | O
510]| R, R, R, Add | Pass | O
60| R | R, 0 | Add ﬁg;: 0
7 | 0 | None R, 0 Add | Pass | 1




Datapath of One’s-Counter (1/4)

Optimized by EDA tool

module data_path(clock,reset,control_word,inport,outport,data);
input  clock,reset;

input  [19:0] control_word,;

input  [7:0] inport;

output [7:0] outport,data;

wire [7:0] linel,line2,line3,line4;

selector O1(.inp_A(inport), .inp_B(data), .select(control_word[19]), .outp(linel));

register NO2(.clock(clock), .reset(reset), .WA(control_word[17:15]),
WE(control_word[18]), .RAA(control_word[13:11]), .REA(control_word[14]),
.RAB(control_word[9:7]), .REB(control_word[10]), .Data _in(linel), .Bus_A(line2),
.Bus_B(line3));

alu NO3(.Datain_A(line2), .Datain_B(line3), .select(control _word[6:4]), .outp(line4));
shifter NO4(.inp(line4), .select(control_word[3:1]), .outp(data));

buffer NO5(.OE(control_word[0]), .inp(data), .outp(outport));
endmodule



Datapath of One’s-Counter (2/4)

module selector(inp_A,inp_B,select,outp);

input  [7:0] inp_A,inp_B;
input  select;

output  [7:0] outp;

reg [7:0] outp;

always@(select or inp_A or inp_B)

begin
if(select)
outp = inp_A;
else
oup=inp B,
end ! TIONS
endmodule ! N B ARNEEA
0 0 0 | Complement A
0 0 1| AND
0 1 0| EX-OR
00 1 1] OR
1 0 0 Decrement A
1 0 1| Add
1 1 0 Subtract
1 1 1 Increment A

module alu(Datain_A,Datain_B,select,outp);
input  [7:0] Datain_A,Datain_B;

input  [2:0] select;

output [7:0] outp; reg [7:0] outp;

always@(select or Datain_A or Datain_B)
begin
case(select)
3'n000:outp = ~Datain_A,;
3'b001:outp = Datain_A & Datain_B;

y 3'b010:outp = Datain_A * Datain_B;

3'b011:outp = Datain_A | Datain_B;
3'b100:0utp = Datain_A - 1;
3'0101:0utp = Datain_A + Datain_B;
3'b110:0utp = Datain_A - Datain_B;
3'bl1l:outp = Datain_A + 1;
endcase
‘end endmodule



Datapath of One’s-Counter (3/4)

module shifter(inp,select,outp);
input  [7:0] inp;

input  [2:0] select;

output [7:0] outp;

reg [7:0] outp;

reg temp;

always@(select or inp)

begin

case(select)
3'b000:0utp = inp;
3'b001:0utp = inp;

3'b100:0utp =inp << 1;
3'b101:
begin
temp =inp[7];
outp =inp << 1;
outp[0] = temp;
end
3'b110:0utp =inp >> 1;

3'b111:
begin
temp =inp[0]; outp =inp >> 1;
outp[7] = temp;
end
default: outp=8'hxx;
endcase
end
endmodule
module buffer(OE,inp,outp);
input OE;
input  [7:0] inp;
output  [7:0] outp; -
reg [7:0] outp; I S, S, So | SHIFT OPERATIONS
aIways@(OEormp) 50 0 e
begin 0 0 1| Pass
f(OE) 80| e
outp =1Inp; 1 0 0| Shiftleft
else outp=gbz; | O )| Rouelt
end endmodule ' 1 1 1| Rotateright

____________________________________



Datapath of One’s-Counter (4/4)

module register(clock,reset, WA, WE,RAA,
REA,RAB,REB,Data in,Bus_A,Bus_B);

input  clock,reset, WE,REA,REB;

input  [2:0] WA,RAA,RAB;

input [7:0] Data_in; output [7:0] Bus_A,Bus_B;
reg [7:0] reg_array [7:0];

always@(posedge clock) assign Bus_A=REA?reg_array[RAA]:8h00;

begin assign Bus_ B=REB?reg_array[RAB]:8'h00;
lf(reset) endmodule
begin

reg_array[0]=8'h00; reg_array[1]=8'h00;
reg_array[2]=8'h00; reg_array[3]=8'n00;
reg_array[4]=8'h00; reg_array[5]=8'n00;
reg_array[6]=8'h00; reg_array[7]=8'n00; end
else
begin
if(WE)
reg_array[WA]=Data in;
end
end



Controller of One’s-Counter (1/8)

——————————————————————————————————————————————

' 1. Data := Input

. 2. Ocount := 0
= State lasts for a clock cycle ' 3 Mask ‘= 1
' while Data :# O repeat
= In each state the datapath executes the | 4. Temp := Data AND Mask
L L : ' 5. 0 t:=0 t+T i
statement indicated on its right side. 6 D;f: i Datacﬁi”l =P
. end while :
St:O . 7. Outport := Ocount
»(S.) Temp=Data AND Mask
4
Start=1
@ Data=Inport Data =0
@ Ocount=0
Data
) Mask=1 e Outport=Ocount

Done=1



Controller of One’s-Counter (2/8)

1. Data := Input
2. Ocount :=0
3. Mask :=1
while Data :# 0 repeat
4. Temp := Data AND Mask
5. Ocount := Ocount + Temp
6. Data := Data>>1
end while
7. Outport := Ocount

R1: Data
R2 : Mask
R3: Ocount
R4 : Temp

Control words for one’s counter

« word

Control E WRITE READ READ ALU SHIFTER OE
WORDS ADDRESS | ADDESS A | ADDRESS B | OPERATION | OPERATION
1 1 R, X X X X 0
2 0 R, 0 0 Add Pass 0
3 0 R, 0 X Increment Pass 0
4 0 R, R, R, AND Pass 0
5 0 R, R, R, Add Pass 0
6 0 R, R, 0 Add Shift right 0
7 0 None R, 0 Add Pass 1




Controller of One’s-Counter (3/8)

Write address Read address A Read address B opr%gms m{‘;ﬁm
sare | 28Q | /E | wewa,wa, wa, | REA RAA,RAARAA, |REB RAB,RAB, RAB,| M S, S, S, S5, Sy| OE
5 000 | 0] 0 X X X|] 00X X X |0 X X X XX X| XxXxx} o
) oo1 | 1| 10 0 1 0 X XX |0 X X X X XX xxx| o
Sy o1tof o) 10 1 1 0 X X X |0 X X X 1 o1fooo}| o
s3 o1t J o] 1o 1 0 0 X X X |0 X X X 1 1 1]oo00] o
54 toof ol 11 0 0] 10 01 10 1 0 001l000]| o
Ss 1o1 J of 10 1 1 1 0 1 1 11 0 0 1 01{0o00] o
56 1tofo] 10 0 1 1 0 0 1 0 X X X 1 01l110] o
57 111 J o} 0o X X X 1 0 1 1 0 X X X 1 011000 1
o (a) Output logic table Optimized by hand
IE =Q,Q,Q, M=Q+Q
WA, = QQ. RAB, = Q, RAB, = Q, S, =Q.Q,
WA, =Q,Q, +Q,Q, RAB, =Q, RAB, = Q, S, =1
WA, = 0.0, +0,Q; RAB, =0 RAB, =0 S, =5, =Q,Q,Q;
REB=Q,Q, REB=0Q,Q So=0

WE = Q2Q1 + QéQo + QlQ(I)

(b) Output equations

OE :Q2+Q1+Qo



Controller of One’s-Counter (4/8)

Start .(Data=+0)

States | Q,0Q;Q, 00 01 10 11
S, 000 000 000 001 001
S, 001
S, 010 011 011 011 011
S, 011 100 100 100 100
S, 100 101 101 101 101
S 101 110 110 110 110
Se 110 100 111 100 111
S, 111 000 000 000 000

(a) Next-state table

QlQO

Start
Data=0 00
01
11
10

Q=0 Q=1

00 01 11 10 00 01 11 10
000 100 | 011 | 101 | 110 | OO0 | 100
000 100 | 011 J 101 | 110 | OOO | 111
001 100 | 011 |} 101 } 110 | OOO | 111
001 100 | 011 |} 101 } 110 | OOO | 100

(b) Karnaugh map

Optimized by hand

Q,(next) = Q',Q,Q, + Q,Q’; + (Data++0)Q,Q’,
Q.(next) = Q',Q, + Q',Q",Q’y + (Data+0)Q,Q’,

Qo(next) = Q',Q,Q’y + Start Q',Q’y + (Data+0)Q,Q’,

(c) Next-state equations




Controller of One’s-Counter (5/8)

AY7. 7. SN N N N I
! Next-siate logic |
L] 1" 1
0, @r— || ' '
L]
1
_P Q,  — - d :
C ' ’
A ]
D, Qr ¢
= :
— Q)
b, 0,
Clk l
Q, '
s , Data=( ) . an
e ———— | ! Taradl e f—{ Resulr Bus
---------- -
—— : -
z WA,
= WA,
iy Optimized by hand
" ptimized by han
E
0 — RAA ,
Y RAA ,
! \ ;ﬂ " Datapath
RAB,
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1] RAB ,,
s 1) | REB
™~ s M
] -
5— S/
; Sn
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: ot s;
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Controller of One’s-Counter (6/8)

module one_counter(clock,reset,start,inport,done,outport);
input  clock,reset,start; input  [7:0] inport;
output done; output [7:0] outport; Optimized by EDA tool
wire [7:0] data; wire [19:0] control_word,;
control_unit NO1(.clock(clock), .reset(reset), .start(start), .data(data),
.control_word(control_word), .done(done));
data_path NOZ2(.clock(clock), .reset(reset), .control_word(control_word),
Inport(inport), .outport(outport), .data(data));
endmodule

module  control_unit(clock,reset,start,data,control_word,done);
input  clock,reset,start; input [7:0] data;

output done; output [19:0] control word;

parameter S0=0,51=1,52=2,53=3,54=4,55=5,56=6,S7=7;

reg [2:0] currentstate,nextstate;

reg done; reg [19:0] control_word,;

always@(posedge clock)
begin

if(reset) _
currentstate=S0; State Register

currentstate=nexitstate;

end




Controller of One’s-Counter (7/8)

Next State Logic (Comb. C.)

always@(currentstate or start or data) S6: |
begin begln
case(currentstate) if(data!=8'h00)
SO: nextstate=54;
begin else
if(start==0) nextstate=S7;
nextstate=So0; end
else S7.
nextstate=S1; nextstate=S0;
end endcase
S1. end
nextstate=S2;
S2: Temp=Data AND Mask
nextstate=S3; S,
S3:
nextstate=54; Ocount=
4. Data70 @ Ocount+Temp
nextstate=S5;
S5: @ Data=Data>>1
nextstate=S6; Data=0
e Outport=0Ocount
Done=1




Controller of One’s-Counter (8/8)

always@ (currentstate)
begin :
done=0: Output Logic (Comb. C.)
case(currentstate)
SO:
control_word=20"b00XXX0XXX0XXXXXXXXXO0;
WR | READ | READ SHIF | o | Sk
Bl ap lapal aps | AV | T | E control_word=20'b110010XXX0XXXXXXXXXO;
S2:
111 R X X X 0 control_word=20'h010110XXX0XXX1010000;
2 | 0| R, 0 Add | Pass | 0 | S3
control_word=20'b010100XXX1XXX1110000;
3 0 R, 0 X Inc Pass 0 sS4:
4|0 R, R, R, AND | Pass | O control_word=20'b01100100110100010000;
S5
S |10 R Ry R, | Add | Pass | 0 control_word=20'01011101111001010000;
Shift S6:
610 R | R O | Add | ight | © control_ word=20'b0100110010XXX1011100:
7 | o [None| R, 0 | Add | Pass | 1| 57
begin
control_word=20'b00XXX10110XXX1010001;
done=1,;

end endcase end endmodule



Traffic Light Controller (1/7)

Control Unit Datapath
Comb. Seq.  Comb. : 420
| iRed R'[ G'[ Yt
Next Output .Green Counter
—i| State Logic || yellow ] .
Loglc_ | v lCurrent_times |

_______________

______________________

Comparator

Recount_counter

\ A

A

r Recount_counter

Input/Output Recount_Counter16/Red Green Yellow
0/100  0/010

1/100 /=

1/01(2

0/001

R)=HG)

1/001

Y

R_time: 4+1=5 cycles
G_time: 2+1=3 cycles
Y _time: 0+1=1 cycles



Traffic Light Controller (2/7)

module traffic(Clock,Reset,Red,Green,Yellow);
input Clock,Reset; output Red,Green,Yellow;
wire Recount_conter; wire [3:0] Counter_Number;

Traffic_Control (.Clock(Clock),.Reset(Reset),
.Recount_Counterl6(Recount_conter),.Red(Red),
.Green(Green),.Yellow(Yellow));

Datapath (.Clock(Clock), .Reset(Reset), .RGY({Red,Green,Yellow}),
.Recount(Recount_conter));

endmodule module Datapath(Clock, Reset, RGY, Recount);
input Clock, Reset; input [2:0] RGY;
output Recount; wire [3:0] Counter_Number;

Compare Al(.current_times(Counter_Number), .RGY(RGY),
.Recount_conterl6(Recount));

Counterl6 A2(.Clock(Clock),.Reset(Reset),
.Recount_Counter16(Recount),.Count_Out(Counter Number));
endmodule



Traffic Light Controller (3/7)

module Counterl6(Clock,Reset,Recount_Counterl6,
Count_Out);

input Clock,Reset,Recount_Counterlo;

output [3:0] Count_Out;

reg [3:0] Count_Out;

always@(posedge Clock)
begin
if(Reset)
Count_Out=0;
else
begin
if(Recount_Counterl6)
Count_Out=0;
else
Count_Out=Count_Out+1;
end
end
endmodule



Traffic Light Controller (4/7)

module compare(current_times,
RGY, Recount_conterl6);

input [2:0] RGY;

input [3:0] current_times;

output Recount_conterlo;

reg Recount_conterlo;

parameter R_times=4, G_times=2,
Y _times=0;

always @(RGY)
begin
case(RGY)
3’b100:begin
if(current_times ==R_times)
Recount_conterl6=1,
else
Recount_conter16=0;
end

3'b001:begin
if(current_times ==Y _times)
Recount_conterl6=1,;
else
Recount_conter16=0;
end

3'b010:begin
if(current_times ==G_times)
Recount_conterl6=1,
else
Recount_conter16=0;
end
default: Recount_conterl6=1,;
endcase
end
endmodule



Traffic Light Controller (5/7)

module Traffic_Control(Clock,Reset,

Recount_Counterl6,Red,Green,Yellow);

input Clock, Reset,Recount_Counterl6;
output Red, Green, Yellow;

reg Red, Green, Yellow;

reg [1:.0] currentstate,nextstate;

parameter [1:0] Red_Light=0, Green_Light=1,

Yellow_Light=2;
always@(posedge Clock)
begin
if(Reset)
currentstate = Red_Light;
else
currentstate = nextstate;
end

State Register (Seq. C.)

always@ (currentstate)
begin
case(currentstate)
Red_Light:begin
if(Recount_Counter16)
nextstate=Green_Light;
else
nextstate=Red _Light; end
Green_Light:begin
if(Recount_Counterl16)
nextstate=Yellow_Light;
else
nextstate=Green_Light; end
Yellow_Light:begin
if(Recount_Counterl16)
nextstate=Red_Light;
else
nextstate=Yellow Light; end
default: nextstate=Red_Light;
endcase
end

Next State Logic (Comb. C.)




Traffic Light Controller (6/7)

always @ (currentstate)
begin default:begin
case(currentstate) Red=1'b0:
Red_Light:begin Green=1'h0:
Red=1'b1; Yellow=1'b0:
Green=1'b0; end
Yellow=1'b0; endcase
end end
Green_Light:begin endmodule
Red=1'bO;
Green=1bl;  Qutput Logic (Comb. C.)
Yellow=1'bO0;
end
Yellow_Light:begin
Red=1'b0;
Green=1'b0;
Yellow=1'b1;
end




i Traffic Light Controller (7/7)

R _time: 4+1=5 cycles
G_time: 2+1=3 cycles
Y _ time: 0+1=1 cycles

MNarne: Yalue: l EIIIIII.IIIIns 4IIIIII.IIIIns EIIIIII.IIIIns BIIIIII.IEIns 1.II!us 1.E|us 1.4|us 1.E:us 1.E‘:us 2
= Reset 1

= Clock
=i Red

=0 (5reen
=0 ellow

@V olcurrentstate] DO 0 [ EHERR & i SRHIRH] i [

a0 a9 - O —

InpuOutput - Recount_Counter16/Red Green Yellow
0/100  o/010 0/001

[\ [ [
Homework: Design traffic controller @ 1/010 @ 1/001

with Mealy machine

1/100



i Video Tape Player (1/4)

Stop Button

Pause Button

Forward Button —

Rewind_Button
Play Button

Record_Button

Reset
clk

—

—

—

—

—

Video
Tape
Player

— Stop_Tape

— Pause_Tape
— Forward_Tape
— Rewind_Tape
— Play Tape

— Record_Tape




Video Tape Player (2/4)

Reset='1’ \ /Stop_Button:‘l’

= Stop_Tape ='1’

Record_Button='1" & Play Button="'1"’

Forward Button=1’

Will_Forward ) ® Stop_Tape='1’

Will_Record = Stop_Tape='1’

A 4
v @ = Forward_Tape=‘1’
@ = Record_Tape='‘1’

Play Button=1’

Rewind_Button=1

Will_Rewind H = Stop_ Tape=‘1’

Will_Play = Stop_Tape="1’

\ 4

Pause Buttonx'1l’

Why needs will-XX

= Pause Tape =1’
—ap state ?



Video Tape Player (3/4)

parameter STOP = 4'b0000, WILL_FORWARD = 4'b0001,
FORWARD = 4'b0010, WILL_REWIND = 4'b0011,

REWIND = 4'b0100, WILL_PLAY = 4'b0101, alwéys @(curState)
PLAY = 4'b0110, PAUSE = 4'b0111, begin
WILL_RECORD = 4'b1000, RECORD = 4'b1001; case(curState)

STOP: outTape = 6'b100000;

WILL FORWARD: outTape = 6'0100000;
FORWARD: outTape = 6'n001000;

WILL _REWIND: outTape = 6'0100000;
REWIND: outTape = 6'0000100;

assign {Stop_Tape, Pause Tape, Forward_Tape,
Rewind_Tape, Play Tape, Record _Tape} = outTape;
always @(posedge clk or posedge reset)

begin
if(reset) WILL PLAY: outTape = 6'b100000;
curState = 0; PLAY: outTape = 6'b000010;
else PAUSE: outTape = 6'b010000;
curState = nextState: WILL_RECORD: outTape = 6'b100000;
RECORD: outTape = 6'b000001;
end default: outTape = 6'100000;

endcase
end



Video Tape Player (4/4)

PAUSE: if(Pause Button) nextState = PLAY;
else nextState = PAUSE;
WILL_RECORD:
nextState = RECORD;

always @ (curState or Stop_Button or

Pause Button or Forward_Button or
Rewind_Button or Play Button or Record_Button)
begin

_ _ RECORD:

nextState = STOP; nextState = RECORD:
case(curState) d

SrOp. endcase

nextState = STOP;
WILL FORWARD:
nextState = FORWARD;

if(STOP || FORWARD || REWIND
|| PLAY || PAUSE || RECORD)
begin

FORWARD: _
nextState = FORWARD; if(Stop_Button)
WILL_REWIND: i Torward, wil_rowin 1 [CXESI2te = STOP,
~ extState = REWIND': ol o’l i d’ jelse if(Record_Button && Play_Button)
REWIND: |y iplay and will ecord 1 pextState = WILL_RECORD;
nextState = REWIND: I fare not affected by any Ielse If(Play_Button)
WILL PLAY: '1input buttons. | nextState = WILL_PLAY;
T hexiState = PLAY:  1/\/Inputbuttonsare lelse if(Forward_Button)
PLAY: ' 1pushed order-sensitive. | nextState = WILL_FORWARD;
if(Pause_Button) nextState = PAUSE; elnseex'tfg?;‘év'f%iulftoé‘évvlND.
else nextState = PLAY; - — ,

end
end
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