VHDL Part IV

STRUCTURAL CODE

Structural code is a design style that often referred to as a hierarchal design approach. The general ideais to
partition the design into smaller, easier to verify logic/arithmetic blocks and then connect them structurally to
create atop level design. Specific procedures are:
1. Partition the design into smaller hardware blocks called components.
2. Write VHDL code to define each component using concurrent or sequential code. Verify the
functionality of each component.
3. Declare al components in a top-level VHDL file. Component declaration section should be between
ARCHITECTURE statement and the first BEGIN statement. The syntax is:

ECOMPOMENT <component name:

|  GENERIC
= {
<hnamex> @ <Lype>x:
<hame> @ <typex 1= <default wvaluex
- :I ;
PORT
=l {
—-— Input paorts
<hamne - P ln  <typex:;
<SS > i in  <typer = <default value:;
—— Jutput ports
<name I out <type>:
<hame ! oout <typer = <default valus:x

B 1
END COMFCHNENT:

4. Instantiate the components in the top-level VHDL file. Component declaration section should be after
thefirst BEGIN statement. The syntax is:

<lgbel> @ <Ccomponent hames
GENEERIZ MAP

= i
{ <hamer =r <wvalue:,
=

|
FORT MAF

[
<input> => <zignal->,
<output> =r> <signal>,

LY

Note that an annotated circuit/schematic needs to be provided in order to write structural VHDL code
effectively. All inputs, internal signals, outputs should be clearly |abeled.



Example: Implement the following circuit using structural VHDL code.

clock
l
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load
reset

Figure 4. A register with selective input

Input signals:
e clock, load, reset, sd
e A(3:0), B(3:0)

Internal signa
e Mux out (3:0)

Output signa
e C(3:0)

Notes:
e clock, load, sel and reset are 1-bit signals (wire)
e A(3:0), B(3:0), Mux_out (3:0), and C(3:0) are 4-bit wide buses
e A wireor abus can be specifically specified in the schematic/circuit using the following annotated style:

Number of bits

c D(3:0) 4'/

— 4 D(30)

N N :

wire Range of D (3 downto 0)

Figure 5. Wire and bus schematic

VHDL code:
e Assume that mux and register components have been verified and available.
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El-- an example to show structural code
L—— look at the a schematic for connections

LIBERARY IEEE:
USE IEEE.STD _LOGIC 1164.ALL:

HENTITY structural code exl IS

GEMERTIC[ W INTEZER := 4]
= PORTH
clock , reset, load, sel : IM STD _LOGIC:
L, B : IN STD _LOGIC VECTOR( MN-1 DOWWTO O
C : OuT STD _LOGIC VECTOR([ N-1 DOWNTO 0O )

B 1
END ENTITY:

EJARCHITECTURE arch OF structural code exl I3

——————————————— COMPONENT DECLARATION ——— - m e e

ECOMPONENT wux M I3

GENERIC{ N : INTEGER :
&  PORT
sel : IN STD _LOGIC:
L, B : IN STD LOGIC VECTOR[ N-1 DOWNTO O )
C : OUT  STD LOGIC VECTOR[ N-1 DOWNTO O )

B 1
END COMPOMNENT:

ECOMPONENT reg N IS

| GENERIC[ N INTEGEER ) :

= PORT
reset, clock, load : IM STD _LOGIC:
i : I STD _LOGIC VECTOR( N-1 DOWWTO O )
Q r OUT STD _LoOGIC VECTOR( N-1 DOWNTC O )

B 1
END COMPONENT:

SIGNAL wux_out : 3TD LOGIC VECTOR (N-1 DOWNTO 0);



43
44 BEGIMN
45
46 | mmmm———— COMPONENT IN3TANTIATION —————————— e —
47
45 [El-- Instantiate a multpleXer using hame association
49 F—— recomnended

50 X component: mux W

51 GEMNERTIC MAP | N => N

52 = PORT MAP [

53 zel => zel,

54 &b

55 B => B,
&7 1z

55 - Connection
59 EH-- Inztantiate a register using poSitional association
&0 F—— not recomnended

61 ey COmponsnt: reg N

62 GEMNERTIC MAFP [ N => N

63 = PORT MAP [

643 reset,

65 clock,

GBE& load

A

65

= 1z

70 o
71 END ALRCHITECTUERE:

Notes:
e There are two ways of mapping signals when instantiating components:
o0 Name association : using signal names when mapping signals
o Positional association : the actual signals must be placed exactly the same order asthey are listed
in the component declarations.

e Name association is highly recommended.
e Connections between components require internal signals.

Question: What needs to be changed to support 8-bit data (A, B, and C are 8-bit values)?
Assign the generic parameter N = 8.
Line 9 should be:
GENERIC( N : INTEGER =8),

Do not have to modify anything in components mux_N and reg_N



VHDL code of mux_N component (mux_N.vhd):

1
2 -— N-hit multiplexler
5
E LIERLEY IEEE;
5 USE IEEE.STD LOGIC 1164.ALL:
6
7  BEENTITY wux N IS
g GENERIC{ N : INTEGER := 4];
2 B  PoRT
i0 zel : IN STD_LOGIC:
11 L, B : IN STD_LOGIC VECTOR| MN-1 DOWNTO O
1z C : OUT STD _LOGIC WECTOR| N-1 DOWNTO O )
13 1:
14 END ENTITY:
15
16 [EJARCHITECTURE arch OF mwux N IS
17 L
18 [EBEGIN
19
20 [  PROCESS (=el)
21| BEGIN
zz A IF (SEL = '0'}] THEM
G | C <= i;
z4 H ELSE
25 C <= B:
26 END IF:
27
28 END PROCESS:
g=)
30 END ARCHITECTURE:
VHDL code of reg_N component (reg_N.vhd):
1
z —— N-bit register with load signal
3
4 LIERARY IEEE:
5 USE IEEE.STD LOGIC 1164.ALL;
&
7  [EENTITY reg N IS
g | GENERIC{ M : INTEGER := 4);
9 B PORT
10 reset, clock, load H IH STD_LOGIC:
11 D :  IN STD_LOGIC VECTOR({ N-1 DOWNTC O ) :
1z o] : OUT  STD LOGIC VECTOR({ N-1 DOWNTC O )
13 1
14 END ENTITY:
15
16 [EARCHITECTURE arch OF reg N IS
17 L
18 [EBEGIN
19 = PROCESS [ reset, coclock)
z0 | BEGIN
21 B IF [ reset = '1' | THEN
zz | 2 <= (OTHERS => '0') :
23 H ELSIF { clock'EVEWT AND clock = '1' j THEN
24 H IF (LOAD = '1'}) THEN
25 0 <= D;
26 END IF:
27 END IF:
28 END FROCESS:
29 END ARCHITECTURE:



Example: Implement a simple processor shown in the Figure 6 using structural VHDL code.

— A_out(3:0)

cin
opcode(3:0)
load_A l
- () MuxA_out(3:0) regA out(3:0
MUX P g " (5:0)
A(3:0) =P 1 4
4 \ 4
sel —eo
reset .
ALU_out(3:0)
AL e | -
clock v 4
B(3:0) -1 MuxB_out(3:0) |
4 MUX > " 4 B_out(3:0)
regB_out(3:
-0 4
load_B T
L B _out(3:0)

Figure 6. A simple processor

Input signals:
e clock, load, reset, sel, load A, load B, cin
e A(3:0), B(3:0), opcode(3:0)

Interna signds:
e MuxA out (3:0), MuxB_out (3:0), regA out(3:0), regB_out(3:0), ALU_out (3:0)

Output signals:
e A out(3:0), B out (3:0)

VHDL code:
e Assume that mux, register, and ALU components have been verified and available.
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LIBEEARY IEEE:;

T3E IE

EE.3TD LOGIC 1164.ALL:

EENTITY structural code exZ IS

GEMNERIC [ N INTEGER := 4] ;
= PORT |
clock , reset, load, sel
load &4, load B, cin
L, B
opoode

B 1

L out, B out

ENDr ENTITY:

————————— COMPOMNENT DECLARATI

HCOMPONENT mux N IS

| GEMNERIC [ N INTEGER ) :
= PORT |
sel : IM STD LOGIC:
L, B : I STD _LOGIC VECTOR[ N-1
C : OuUT STD _LoOGIC WVECTOR( N-1 DOWNTC O )
1z
END COMPOMNENT:
EHCOMPONENT reg N I3
| GEMNERIC [ N INTEGER ) :
= PORT
reset, clock, load : IN STD _LOGIC:
I : IM
Q2 : OUT
1z
END COMPONENT:
E CoMPONENT alu N I3
GEMNERIC [ N INTEGER ) :
= PORT |
a, b : IN 3TD _LOGIC VECTOR ( N-1 DOWNTO O ) ;
cin : IN 3TD LOGIC:
opoode : IN 3TD_LOGIC VECTOR ( 3 DOWNTO O ) :
v i OUT 3TD_LOGIC WVECTOR ( N-1 DOWNTO O )

B 1z

SIGHAL
3IGHAL
3IGHAL
AIGHAL
3IGHAL

FEND COMPONENT:
———————————— SIGHNAL DECLARATICH

muxd out i 3TD _LocIC VECTOR
muxE_out : 3TD_LoGIC VECTOR
regli out : 3TD_LoGIC VECTOR
regE out i 3TD_LoGIC VECTOR
alu out : 3TD_LoOGIC VECTOR

IN
IM
IM
IM
ouT

STD _LOGIC:
STD _LOGIC:
STD _LOGIC VECTOR|{ N-1 DOWWTO O );

STDh _LOGIC VECTOR( 3

DOWHNTO O )

STD _LozIC VECTOR( N-1 DOWNTO O )

[EARCHITECTURE arch OF structural code exi I3

ON ==

DOWNTO O ) ;

STD _LOGIC VECTOR({ MN-1 DOWWTO O ) ;
STD _LOGIC VECTOR([ N-1 DOWNTO 0O )



mux_N and reg_N components are the same.

VHDL code of alu_N component (alu_N.vhd):
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—-Library declaration
library IEEE:

—— Declare which VHDL library

use IEEE.std logic 1164.all: —-— and packages to use
use IEEE.std logic unsigned.all; -- for +, - Operators
—-— Entity declaration
EENTITY alu N I3
|GENERIC( N INTEGER = 4);
EPORT |
a, h : IN 3TD_LOGIC WECTOR [ N-1 DOWNTO O ];
cin : IN 3TD_LOGIC:
opoode : IN 3TD_LOGIC WECTOR ( 3 DOWNTO O ) ;
v : OUT 3TD_LOGIC VECTOR [ N-1 DOWNTO O )
B 1
END =lu N:

——Architecture body

SIGHNAL ¥ _arith

EEBEGIN
WITH opcode| 2 downto

oomom o omow

WITH opcode| 2 downto O
y_arith <= s WHEN

WHEN

+ 1

o

U VI | N ]

1
1
1
+ b
b
WITH opcode(3) SELECT

¥y <= y_logical WHEN
y_arith WHEN OT

END arch;

HARCHITECTURE arch OF alu N I3

o

1 3EL
oo
"oo1

WHEN

WHEN

WHEN

WHEN

WHEN

+ cin

g,
HEERS;

JELECT

v _logical <= NOT & WHEM "Oo00"

NOT b WHEN "O01"
AWD kb WHEN "O10"
CE b WHEN "O11"
NALND b WHEN "100"
NOR kb WHEN "101"
EOR b WHEWN ™11o0"
ENCOE b WHEM OTHERS:

ECT

r

r

mg1o"
To1LT
mioor
mioinr
T1iom

WHEN OTHERS;

SIGNAL ¥ logical @ 3TD LOGIC WECTOR [ N-1 DOWNTO O );
STD _LOGIC VECTOR [ N-1 DOWNTO O

1



FINITE STATE MACHINE (FSM)

Recall that FSM technique is used to model a sequential logic circuit. A sequential logic circuit has three main
parts:

1. Present state of the system

2. Next state logic

3. Output logic

The states of the system are represented by flip flops. Both next state logic and output logic are entirely
combinational logic. A simple block diagram for an FSM is shown in Figure 1 which contains a sequential logic
section (present state logic) and a combinational logic section (next state logic and output logic). Based on this
model, we will introduce a VHDL example that can be used as a template to model an FSM.

clock —»

reset — Sequential Logic

(present state logic) ¢
next_state
present_state
Combinational Logic ‘
. (next state and output logic)
iNPUt el el OUtpUL

Figure 1. State machine diagram

VHDL Templatefor FSMs:

e Seguential section:
o0 Thefunction of this section isto assign the next state to the present state at the clock’s edge.
0 An asynchronous reset signa is used to initialize the system to the first state (SO in this
example).
e Combinational section:
o Note that combinational logic is implemented with sequential code (process and case
statements).
0 The function of this section is to assign output value and to establish the next state. All outputs
should be specified in each state.

e Each section isimplemented with a PROCESS.

e Two PROCESSES communicate using signals (pr_state and nx_state in this example).

e Each of these PROCESSES (as awhole) is concurrent. It means that both PROCESSES execute
concurrently.

Example: Implement the following ASM diagram using VHDL.

10
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Figure 2. ASM diagram for the example

—-— VHDL Template for Fals

LIBERLEY IEEE;
U3E IEEE.3TD LOGIC 1164.ALL:

EENTITY fsm I=

ElARCHITECTURE rtl OF f=m I3

TYPE state_type I3 (=0, =51, =SZ);

PORT
= {

clock : IN 3TD LOGIC:
input : IN  3TD _LoGIC:
reset : IN 3TD LOGIC:
output : OUT 3TD LosIC VECTOR(1 downto O]

1

END f=m :

—— EBuild an enunerated type for the state machine

—-— Begister to hold the present and next states
SIGHNAL pr state, nx_ State ! State type;

11
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= BEGIN

——————————— Sequential Logic Section: -—-—-—-————————-—-
FROCESS (reset, clock)
BEGIH
IF reset = '1' THEN
pr_state <= =507
ELS5TIF (clock'EVENT AND clock = '1') THEHN
pr_state <= nx_ sState;
END IF:

END PROCESS:

Combinational Logic Section: —--————————-
—— Determine the next state and output based on
-— the current state and the input
PROCESS (pr_state, input)
BEGIH
CLSE pr state IS5
WHEN s0=>>
IF dinput = '0' THEN
nx_state <= =1;
outpat <= "00";
ELSE
nx _state <= =0;
outpuat <= "01";

—— Mealy output

—— Mealy output

END IF:
WHEN sl=>>
IF dinput = '1' THEHN
nx state <= =2;
ELSE
nx_state <= s51;
END IF:
output <= "10"; —-— Moore output
WHEN s2=>
IF dinput = '1' THEN
nx _state <= =0;
ELSE
nx state <= =2;
END IF:
output <= "11";: —-— Moore output

END CASE;
END PROCESS:

END rtl:

Example: Design a sequential system with one input, x, and a 2-bit output z(1:0)

sequence:

13111
2,1

2,....whenx=0
, 1,3, ....whenx=1

In addition, the circuit should behave based on the following characteristics:

Number 1 (01,) should be outputted for 1 second.
Number 2 (10,) should be outputted for 2 seconds.
Number 3 (11,) should be outputted for 3 seconds.

12

. The circuit outputs the



e Oneasynchronous, active high reset signal that puts the system in theinitial state (number 1).
e Thesystem is operated with a 10 Hz clock signal.

The ASM of the system is shown below (without timing information).

reset

$1

output(0)

1 0

S2

output(1)

S3

output(1)
output(0)

>

Figure 3. ASM diagram for the example

For timing consideration, we will use a counter to determine the delay periods. The clock frequency is 10 Hz, so
the clock period is 100ms. The relationship between time delay and the corresponding count is summarized in

the table bel ow.

State Delay Count
1 1 second 10
2 2 seconds 20
3 3 seconds 30

The time delay for each state now can be represented by CONSTANTsin VHDL code.

13
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El-- x = 0 --» output sequence 1, 2, 3, 1, 2 ...
L—— ® = 1 --= output sequence 1, 3, 2, 1, 3 ...
LIBRARY IEEE:
U3E IEEE.3TD_LOGIC_ 1164, ALL;
BlENTITY f=m 2 IS
PORT
B
clock : IN &ATD_LOGIC:
X : IN &TD_LOGIC:
reset : IN &ATD_LOGIC:
output : 00T 5TD_LOGIC _WECTOR (1 dowmto 0O)
[
END fzm 2 »
HARCHITECTURE rtl OF fam 2 IS
CONSTANT time3l : INTEGER := 10;
CONSTANT time3:2 : INTEGER := 2%time3l:
CONSTANT time33 INTEGEE := 3*timedl;

FIGNAL time limit : INTEGER RANGE

0 TO time33;

-— Build an ermumerated type for the state machine

TYPE state_type I3 (51, s2, 33):

-- Begiszter to hold the present and next states

JIGNAL pr_state, nx_state : state_type

EEEGIN

————————— Sequential Logic Zection: --

PROCESS (reset, clock)
VARTARLE count : INTEGER EANGE 0 TO
BEGIN
IF reset = 'l' THEN
pr_state <= s5l:

count i= 0;
EL3IF (clock'EVENT AND clock = '1')
count 1= count + 1;

IF {(count = time limjit) THEN
pr_state <= nx_state; --
count = 0; --

END IF:

ENDN IF:
ENI» PROCESE

-

THEN

reset count
for next state

14



49 |—

L0 BH------aa- Combinational Logic Section: ------——-—-—-
5l -- Determine the next state and output based on
ha -- the current state and the input

52 H PROCESS (pr_state, X

54 |  EBEGIN

55 [H CASE pr_state I3

56| VHEN sl=>

57 = IF = = 'l' THEN

ad |— nx_state <= =23;

50 & ELSE

=11 nx_state <= 3Z;

6l - ENL IF:

62 output <= "017; -- Moore output
a3 time_limit <= timell:

G4 WHEN s2=>

65 & IF x = 'l' THEN

=13 |— n_state <= zl;

&7 [ ELSE

A nx_state <= 33;

69 - ENL IF:

70 output <= "1loT; -- Moore output
71 time limit <= timelZ:

72 WHEN =s3=>-

73 =] IF = = 'l' THEN

74 |— nx_state <= 5&;

75 & ELSE

76 nx_state <= s5l;

T - ENL IF:

78 output <= "117"; -—- Moore output
74 time limit <= timel3:

a0 - END» CAZE;

g1 - ENDI PROCESS:

82 —IEI-]'D rtl:

Timing diagrams:
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Another implementation of the same problem which shows how two PROCESSES communicate using
SIGNALS is shown below (same LIBRARY and ENTITY sections).

15
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E-—— x =0 --> output sedquence 1, 2, 3, 1, 2
-— X =1 —-->» putput sequence 1, 3, 2, 1, 3
LIBRLEY IEEE;
USE IEEE.STD LOGIC 1164.ALL:
EENTITY fem 3 IS5
FORT
= i
clock : IN STD LOGIC:
X : IN STD _LOGIC;
reset : IN STD LOGIC:
output : OOT STD LOGIC VECTOR(1l downto O)
):
END f=sm 3 ;
EARCHITECTURE rtl OF fsm 3 IS5
COMSTANT timeS1 INTEGER := 10;
CONSTANT time52 INTEGER := 2¥*timeS51;
CONSTANT timeS3 INTEGER := 3%*timeS51;

SIGHNARL time limit
SIGNRL. reset_count
SIGNRL glokal count

INTEGER R&N

STD LOGIC;
INTEGER BAWGE O TO timeS33:

GE 0 TO time33:;

—— Build an enumerated type for the state machine

TYPE state type IS5 (=1, =2,

=3);

—-— Regis=ster to hold the present and next states

SIGNAL pr state, DX =tate

EBEGIN
——————————— %4 Process for a counter
—] FROCESS (reset_count, clock)
VARTABLE count : INTEGER RANGE 0 TO timeS53:;
BEGIH
—| IF ( reset_count = '1')} THEN
count = 0;
= ELS5TIF (clock'EVENT AND clock = '1')
count := count + 1;
END IF:

global count <= count; 3
END PR C

——————————— Sequential Logic Section:

= FROCESS (reset, clock)
BEGIHN
= IF reset = '1l' THEHN

pr_state <= =1;
reset_count <=

state type:

-— local count

—— only available in this PROCESS

= ELSIF (clg
= IF
pr_state —
reset_count <= '1°;
= ELSE
reset_count <= '0';
END IF:
END IF:

END PROCESS:

THEHN

Communication between
two PROCESSES using signals




6l | — i Combinational Logic Section: —--———————-

62 —— Determine the next state and output based on

63 —— the current =state and the input

64 B FROCESS (pr_state, X)

65 BEGIH

66 = CASE pr state IS

a7 WHEN =1=>

g8 = IF x = 'l1' THEN

&9 nx _state <= =3;

0 = ELSE

71 nx_state <= =2;

T2 END IF:

73 output <= "oiw; —— Moore output

T4 time limit <= timeS1;

75 WHEN s=2=>»

76 B IF x = '1' THEN

77T nx_state <= =1;

7B = ELSE

739 nx _state <= =3;

80 EHD IF:

81 output <= "iqg"; —— Moore output

82 time limit <= timeS53;

83 WHEN s33=>

g4 = IF x = 'l1' THEN

85 nx state <= =2;

ge = ELSE

87 nx state <= =1;

88 END IF:

89 output <= "11"; —-— Moore output

a0 time limit <= time33;

91 END CASE;

a2 END PROCESS:

93 EHND rtl;
Timing diagrams:

clock
8 con , ,
[ output 1 b 7 3 il

clock
Zuum 7 7 7 7
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