VHDL Part |1

Representing Valuesin VHDL

Representing Decimal (Base-10) Vauesin VHDL

Integers are represented in the usual way. For instance, the integer fifty seven is represented by:

57
and the integer negative fiveis represented by
-5
We can aso use exponential notation if desired. For instance, the number 7000 can be represented as
7E3

Question: Could 7000 be represented by 7e3?

Yes, VHDL is not case sensitive.

Representing Bitsin VHDL

A bit is surrounded by single quotes, with the two optionsbeing* 0’ and * 1’

Representing Multi-Bit Quantitiesin VHDL

Multi-bit quantities are surrounded by double quotes. A collection of bitsis called a bit vector. For example, in
VHDL, theterm“ 011010” is

26
whiletheterm 011010 would represent

eleven thousand and ten

Representing Hexadecimal Quantitiesin VHDL

To represent a hexadecimal quantity, place the number in quotes and precede it with an X. For example, the
term X” 1F” would represent the decimal value of

31
Using VHDL, how would you represent the base-10 number 14 in hexadecimal.
X E

VHDL Standard Data Types

When we want to use a signal x (an input to a circuit) or when we want to use a variable x, we have to tell
VHDL what the signa or variableis.

Isx asingle bit?
Or isx agroup of two bits (to be applied as the control signals for a 2-4 multiplexer)?
Or isx agroup of four bits (to be applied as the input to a 4-16 decoder)?



The point: We haveto tell VHDL what x is supposed to be.
Put another way, we haveto tell VHDL x’stype.

TheSTD LOG C (or BIT) type A signa of thistype will bejust a bit, which can take on the values of 0
or 1. Examples:

a, b: INSID LOAC
X . OQUT STD LOA C VECTOR;

What operations can we perform on bits?

NOT, AND, OR

NAND, NOR, XOR
assignment ( <=)
Comparison: =, /=, > ,<

Examples (using &, b and x from above):
WriteaVHDL statement that assigns a the value of 1.
a<=‘'1 ;
Writea VHDL statement that assigns b avalue equal to the negation of a.
b <= NOT a ;

TheSTD LOGIC VECTOR (or BIT_VECTOR) type Thisisavector, or acollection, of bits. Examples:
d_out : OUT BIT_VECTOR ( 7 DOANTO 0 ) ;
ein, x_in: |INSTD LOG C VECTOR (7 DOMTO 0) ;

In the above statements, d_out, e_inandx_i n areal eght-bit quantities.
What operations can we perform on bit vectors?

NOT, AND, OR

NAND, NOR, XOR

assignment ( <=)

Comparison: =, /=, > ,<

Shifting operations:
SLL (shift left filling in a0 on the right)
SRL (shift right filling in a0 on the | eft)
SLA (shift left replicating the right-most bit)
SRL (shift right filling replicating the left-most bit)
ROL (circular shift to the | ft)
ROR (circular shift to the right)

Concatenation: &

Example: Usingd_out, e_i nand x_i n from above)
Assign e_in thevalue11000001
e in <= “11000001" ;
Assign d_out thevalueof theexclusive-orof e_i nandx_in

d out <= ein XOR x_.in ;



Example We can select individua bits from a vector by using parenthesis. For example, a multiplexer with four
inputs (x0, x1, x2, x3) and atwo-bit selector can be implemented as follows:

LI BRARY i eee ;
USE ieee.std_| ogic_1164.all ;

ENTITY nmux IS

PORT(
x0, x1 , x2, x3: IN STD LOd C
sel : IN STD LOA C_ VECTOR ( 1 DOWWTO 0 );
y ¢ QUT STD LOG C
)
END mux;

ARCHI TECTURE nux_operation OF nmux IS
BEG N
Y <= ( NOT sel(1) AND NOT sel(0) AND x0 )

OoR
( NOT sel(1) AND sel(0) AND x1 )
OR

( sel(l1) AND NOT sel(0) AND x2 )
OoR
(

sel (1) AND sel(0) AND x3 )

END nux_operati on;

The INTEGER type A signa of thistypewill be an integer. Examples:

a, b: IN I NTEGER RANGE 0 TO 15 ;
c : I N I NTEGER RANCE -31 TO 31 ;
d: QUT | NTEGER RANGE 0 TO 31 ;

How many bits are used to represent the ports a, b,, ¢ and d above?
4, 4, 6 and 5, respectively
What operations can we perform on integers?

Comparison: =, /=, > ,<
Arithmetic: +, -, *,/, **

Example The inputs to the circuit shown below are two values a and b that each may take on any integer
between 0 and 7 (inclusive). The output sum should be the addition of a and b. Write VHDL code to
implement this circuit.

a+b sum




LI BRARY i eee ;
USE i eee.std | ogic_1164.all ;

ENTITY nmy_circuit IS
PORT(
a, b: IN I NTEGER RANGE 0 TO 7 ;
sum : OUT | NTEGER RANGE 0 TO 15
);
END ny_circuit;

ARCHI TECTURE circuit OF nmy_circuit IS
BEA N

sum<=a + b ;
END circuit;

Signed and Unsigned Types

Type Value Range Notes

UNSI GNED 0to 2™1

UNSI GNED 281 to 2N 2’ s conpl enent numnber

Example:

SIGNAL a: UNSI GNED (3 downto 0); -- a 4-bit unsigned nunber
SIGNAL b: SIGNED (3 downto 0); -- a 4-bit signed nunber
SIGNAL c: STD LOGE C VECTOR (3 downto 0);-- a 4-bit unsigned nunber
a <= “1111"; -- 15 in decinmal

b <= “1111"; -- -1 in deciml

A<= “1111"; -- 15 in deci mal

We can declare values to be unsigned or signed. Signed numbers use the normal two’s complement notation.
For signed numbers, we must include the library i eee. nuneric_std. al | orieeestd logic arith.al, but
not both.

Example: The program below implements a multiplier. If the decimal value of ais 13 and the decimal value of
bis 2, what will be the value of y (as 8 bits) after this section of code executes?



——Library declaration

library IEEE: —— Declare which VHDL library
use IEEE.std logic 1164.all; -- and packages ©o use

USE ieee.numeric std.all:

—-— Entity declaration
EENTITY mwultiplier I3
EPORT
a , b IN UNIIGNED | 3 DOWNTO 0O ):
v 1 OUT UMNIIGHNED | 7 DOWMTO O )

0o m -1 o 0ok Lo

e
S |

1

[
Y

END multiplier:

[T
o N

——Architecture body
EARCHITECTURE multiplier asrch OF mwultiplier IS
T -

B e
LT e |

SEEGIN

ST oS
= O

v <= a ¥ b ;

[
[

23 END multiplier arch;
24

(13)(2) = 26, soy will be 00011010

0ps 320.0ns &40.0 ns 260.0 ns
Name Yalue at I I I i
0ps 0 ps
k!
B 1101 1101 ;
B 0010 0010 )
B OOD11010 Qoo11010 :",.

If the decimal value of ais -3 and the decimal value of b is 2, what will be the value of y (as 8 bits) after this
section of code executes?



——Library declaration

library IEEE: —— Declare which VHDL library
use IEEE.std logic 1164.:811:; -- and packages ©o use

USE ieee.numeric std.all:

-— Entity declaration
[EIEMTITY rultiplier signed I3
HFORT |

0 M -1 m Ao N

—
(]

5 DOWNTO O )
7 DOWNTO O )

=
g

a2, b : IN SIGNED |
7 : OUT SIGNED |

1

[
[T

END multiplier signed;

=
o N

——Architecture body
EARCHITECTURE multiplier =zigned arch OF mwultiplier signed I3
T — — —

B e
LN T |

EBEGIN

S oS
= O

v <= a ¥ b o;

[
)

23 END multiplier signed arch;
24

Now a hasthevalue of - 3. Soy will have the value of - 6.
In eight bits, - 6 is 11111010

0 ps 320.0ns &640.0 ns 960.0 ns
Narme Yalue at | | \ 0
0ps 0 ps
F #ia B 1101 1101 )
i b B 0010 0010 )
o &y B 11111010 11111010 )




Concurrent or Dataflow Code

VHDL is inherently concurrent. This means that the lines of code can be viewed as al being executed at the
same time. If we want VHDL to NOT execute al lines at the same time—i.e., if we want VHDL to execute
lines of code sequentially, one after another—we have to specifically inform VHDL of thisintent.

Concurrent code is aso called dataflow code.
We have seen several examples of concurrent code that implements Boolean or arithmetic equations.

Other fundamental types of statements that can be used in concurrent code are:
e Conditiona signa assignments using WHEN/EL SE statements.
e Selected signal assignments using WITH/SELECT/WHEN statements.
e Structured assignments using GENERATE statements.

WHEN/EL SE statement

Syntax:

<opticonal label>: <target> <=
<value> when <condition> else
<value> when <condition> else
<value> when <condition> else

é;;;:E}:
The conditions in a WHEN/ELSE statement are prioritized. The first output statement listed has the highest
priority and will be executed first, if the condition is true. If the first condition is not true, the second output
statement will be executed next, and so on.

Example: Implement a4-to-1 mux using a WHEN/EL SE statement.

LIBRARY section:

1
2 ——Library declaration
2
4 library IEEE; —— Declare which VHDL library
=) use IEEE.std logic 1l164.all; —— and packages to use
&
ENTITY section:



—— Entity declaration

W =] &

EENTITY mux 4 1 WE IS

i0 = BORT (

11 —— Input portcs

1z =1, =0 : IN BIT :
13 fo,f1,£2,£3 : IN BIT :
14

15 —-— Cmtput port

1a max_out : OUT BIT
17 Yo

18 END mux 4 1 WE :

ARCHITECTURE section:

20

21 —-Lrchitecture body

22

23 = ARCHITECTURE dataflow OF mux 4 1 WE IS
24 EBEGIN

25

26 —— Implement 4 to 1 mux

27

28 max out <= f0 WHEN (31 = 'O' ZND =0 = '0') ELSE
25 fl WHEN (=1 = 'OQ"'" &4ND s0 = '1') ELSE
320 f2 WHEN (s1 = '1' &4ND =0 = '0') ELSE
21 £3:

32

23 END dataflow

Note that if we use type BIT_VECTOR to combine S1 and SO into one signal of 2 bits, we can write the VHDL
code as:



——Library declaration

library IEEE; —— Declare which VHDL library
use IEEE.std logic 1164.al11; -— and packages tTo use
—— Entity declaration

EENTITY mux 4 1 WE b IS

= BORT |
-— Input ports
= : IN(EIT VECTOR (1 downto O0):
fo,f1,£2,£3 : IN BIT
—— Qutput port
mux_out : CUT EIT

yo:
END mux 4 1 WE b ;

BIT_VECTOR type

—-Architecture body

EARCHITECTURE dataflow OF mux 4 1 WE b IS

B BEGIN
—— Implement 4 to 1 mux
max out «= £0 WHEN = = ELSE
fl WHEN = = ELSE
f2 WHEN s = ELSE
£3:

END dataflow ;

WITH/SELECT/WHEN statement

Syntax:

<optional label>: with <expression> select Commas are used in a
<target> <= <value> when <cholicesf, WITH/SELECT/WHEN
<wvalue> '.r.":ﬂEl'l {c::m_:lce ¥, < statement
<walue> when <choicesa>,

when other s must be used to terminate

a WITH/SELECT/WHEN statement

<wvalue>(wh

The selected signa assignment (WITH/SELECT/WHEN) examines the value of the expression and executes
only the assignment statement that matches the WHEN value, and all other statements are skipped.

WHEN OTHERS is required to terminate a WITH/SELECT/WHEN statement. This is used to ensure that all
possible choices of the expression are considered.



Note the syntax for commasin a WITH/SELECT/WHEN statement.

Example: Implement a4-to-1 mux using a WITH/SELECT/WHEN statement.

LIBRARY section:

2 —-Library declaration
2
4 library IEEE; —— Declare which VHDL library
S use IEEE.std logic 1164.all; —-- and packages to use
&
ENTITY section:
8 —— Entity declaration
9
10 HEENTITY mux 4 1 WSW IS
11 = BORT |
12 -— Input ports
13 = : IN BIT VECTOR (1 downto 0}
14 fo,f1,£2,£3 : IN BIT
15
16 —-— Cumtput port
17 muE_out : CoUT EBIT
18 Yo
15 END mux 4 1 WSW ;

ARCHITECTURE section:

21

22 ——Architecture body

23

24 S ARCHITECTURE dataflow OF mux 4 1 WSW IS
25 EBEGIN

26

27 —— Implement 4 to 1 max

28 WITH = SELECT

29 mux _out <= f£f0 WHEN "0oO", -—— ", " inatead of """

320 f1 WHEN ™oQ1",

21 f2 WHEN ™i0",

32 f3 WHEN OTHERS; -- cannot be " £3 WHEN "11" ©
)

34 END dataflow ;

One important keyword, UNAFFECTED, that is often used to indicate no action is to take place for some
conditions. For example, let’slook at VHDL code for a 3-to-1 mux (output is assigned to one of 3 inputs).

10



2 —=Library declaration
2
4 librarvy IEEE; —— Declare which VHDL library
5 use IEEE.=std logic 1164.211; -— and packages to use
&
7
8 —-— Entity declaration
g
10 EENTITY mux 3 1 IS
11 = BORT |
1z —-— Input ports
13 = : IN BIT VECTCR (1 downto 0);
14 fo,f1,£2 : IN EIT -
15
16 —-— Cutput port
17 muX _out : CoUT BIT
18 |-
18 END muax 3 1 ;
20
21
22 ——Architecture body
23
24 ERRCHITECTURE dataflow OF max 3 1 IS
25 EBEGIN
26
27 —— Implement 4 to 1 mux
28 WITH = SELECT
28 mux out <= f£0 WHEN "0O", -—— "™ instead of ";"
320 f1 WHEN "oQ1",
21 f2 WHEN "i0"™,
32 UHAFFECTED WHEN COTHERS;
EE
34 END dataflow ;

Example: For the following function,
f=(ab'+c'd)
Write VHDL code using
a Boolean expression.
b WHEN/EL SE statement.
C. WITH/SELECT/WHEN statement.

a. VHDL using a Boolean expression:

11
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——Library declaration

librarvy IEEE; —— Declare which VHDL library
use ITEEE.=2td logic 1164.211; -— and packages to use

—— Entity declaration

EENTITY example & a IS

| BORT |
—— Input ports
a,b,c,d : IN BIT;
—-— Cumtput port
f : CUT BIT

yo:
END example & a ;
——Architecture body

E ARCHITECTURE dataflow OF example & a IS
E BEGIH

—— Implement the function £ = ( a b' + c' 4" )°*
f «= (a AND NOT b) HOR (HMCT c AND HNCT d):

END dataflow ;

b. VHDL using a WHEN/EL SE expression: (same LIBRARY and ENTITY sections)

21
22
23
24
25
26
27
28
29
30
21
32
B
2
B
36

e

—--Architecture body

EARCHITECTURE dataflow COF example & b IS

B EBEGIN
= —— Implement the function £ = ( a b' + <" d' }°*
—— using WHEN/ELSE
BE-——- £ <= '1'" WHEH ({a AND HNOT b) HOR (HOT c AND HOT d4d)) = '1
—_ O
-— ar
f «= '1'" WHEH {( (& = "1" &ND b = '0') HCOR (c = '0O'" BRND d
IOI;

END dataflow ;

¢. VHDL using a WITH/SELECT/WHEN expression: (same LIBRARY and ENTITY sections)

12
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21 —-Architecture body
22
23 EARCHITECTURE dataflow OF example & c IS
24 EEBEGIN
25
26 = —— Implement the function £ = ( a b' + c' d' }°*
27 —— using WITH/SELECT/WHEE
28
29 WITH (({a AND NOT b) HNOR (HNCT c &AND HNOT d)) SELECT
30 f «= '1' WHEW '1°,
21 'QO' WHEW '0°,
3z '0' WHEMN CTHERS:
HE
EE
S END dataflow
GENERATE statement

GENERATE statement is another important concurrent statement that can be used to reduce number of lines of
code for structured circuits such as iterative systems. By employing GENERATE statement, a section of code
can be repeated for a number of times. A GENERATE statement has two modes:

1. Unconditional GENERATE (FOR/GENERATE)

2. Conditional GENERATE (IF/GENERATE).

Syntax for unconditional GENERATE statement (FOR/GENERATE):

<generate label>:
for <loop id:> in <range> generate
—— Concurrent 3tatement (3)
end generate;

Syntax for conditional GENERATE statement (IFFGENERATE):

<generate_labels>:
if <condition> generate
—— Concurrent 3tatement (3)
end generate;

Notes:
e A label isrequired for a GENERATE statement.
o |F/GENERATE isused within a FOR/GENERATE loop.
e loop_idisgeneraly of type INTEGER.

Example: Implement the following circuit using GENERATE statements.

13



A (7 downto 0)

B (7 downto 0)

C (7 downto 0)

Solution:
2 ——Library declaration
2
4 librarvy IEEE; —— Declare which VHDL library
5 use IEEE.std logic 1164.a2l11; -— and packages to use
&
7
8 —— Entity declaration
g
10 EENTITY example 8§ IS5
11 = BORT |
1z
13 —-— Input ports
14 a, b : IN BIT VECTOR ( 7 downto O } ;
15
16 —-— (Cutput port
17 c : OUT BIT VECICR ( 7 DOWNIC O )
18
15 Yo
20 END example 8 ;
21
22
23 —-Architecture body
24
25 ELRCHITECTURE dataflow OF example & I35
26 EBEGIN
27
28 Uncon _gen:
29 = FOR i IN O TO 7 ZEMERLTE
30 = con_genl: IF (i = 0) OR (i = 7) GENERATE
21 cl(i) <= a(i) HOR bi(i):
32 END GENERATE:
)
24 = con gen2: IF (i /= 0) AND (i /= 7) GENERATE
£S5 cli) <= a(i) OR bii):
36 END GENERATE:
27
28 END GENERATE:
EHE
END dataflow ;

F
[=]

14



Example: If the two NOR operations are replaced by two OR operations, we can modify the ARCHITECTURE
section to use one unconditional GENERATE statement as:

25 ERRCHITECTURE dataflow OF example &b IS
26 EEBEGIN

27

28 uncon_gen:

29 = FCOR i IN 0 TC 7 GEMERATE
30

31 cf{i) <= a(i) OR b(i):
32

33 END GENWNERATE:

34

=3

36 END dataflow

Example: Implement a 2-to-4 decoder using

a WHEN/ELSE statement.
b. WITH/SELECT/WHEN statement.
c. GENERATE statement.

Solutions:

a  WHEN/ELSE statement.

1

2 —=Librarvy declaration

3

- library IEEE; -— Declare which VHDL library
5 uze TEEE.std logic 1164.a211: —-— and packages to use
&

7

g —— Entity declaration

g9
10 EENTITY example 3a IS5
11 = PORT |
12 —— Input ports
13 =zel : IN BIT VECTOR (1 downto 0);
14
15 —— Qutput ports
16 £ : OOT BIT VECTIOR (3 downto 0)
17 |-
18 END example 3a :
19
20
21 ——Architecture body
22

23 ELARCHITECTURE dataflow OF example 3a IS
24 EEBEGIN

25

26 —— Implement function 2-to—-4 decoder;
27

28 f <= "0001™ WHEN sel = "00" ELSE
29 "0010™ WHEN sel = "01"™ ELSE
30 "0100™ WHEN sel = "10" ELSE
31 Ti0Q00™ ;

3z

33 END dataflow

15



21
22
23
24
25
2a
27
28
29
30
21
32
3
34
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WITH/SELECT/WHEN statement (same LIBRARY and ENTITY sections).

—-Architecture body

E ARCHITECTURE dataflow OF example 3b

= BEGIN

—— Implement function Z2-to—-4 decoder;

WITH sel SELECT

f <= "0001"™ WHENW
"0010" WHEN
"0100"™ WHEN
"1000"™ WHEN

END dataflow

GENERATE statement.

——Library declaratio
library IEEE:

use IEEE.std logic 1
—— Entity declaratio

EENTITY example 3c IS5
= PORT |

—] —-— Input por
--sel
zel
—— Qutput po
f

) o:
END example 3c ;
——Architecture body

= ARCHITECTURE dataflo
= BEGIN

—— Implement function Z-to-4 decgder;

= gen: FOR i IN O TO 3 GEHE

£(i) <= "1°'

END GEWERATE:

END dataflow ;

o

le4.all:;

o

Ts

rts

w OF example 3c

WHEHN

r||:||:|r| N

r||:|"_r| N

r|"_|:|r| N
CTHERS:

CUT BIT VECTOR (3 downto 0)

ELSE

I5

Declare which VHDL library
and package=s to use

I5

I|:|I;

16

Note: type INTEGER




Example. Consider the circuit below which shows a simple computer Arithmetic Logic Unit (ALU). The

inputs are a and b, and the output isy. Notethat a, b and y are each one byte.

Ein

L matruchion | Ciparagion opoodas |
Complenent a y=NOT & 11
Camplansnt b F=MNOT b a0

AR y=aaN0n aota

oR y=aORb 0011

MAMHD ¥ = g MAaNL b 0400

MO ¥=aNOR b a1a1

D y=aXOA b 210

| ¥HOR f=a XNOR b a111

Tramsier a =g 1e0a

Transfer b ¥=h 1001

increment a ¥ =t 1o

Incramant b ¥ = b 1011

Dacresment a y = a1 1100

Decresmam b ¥ b1 1101

Add @ and b y = grth 1110
Addaand bwihcany | yesebean | 1111

From Pedroni, Circuit Design and Smulation with VHDL, MIT Press, 2010

The 4-bit opcode input decides what the ALU does. For example, if the opcode is 0011, the output is the OR-
ing of aand b. The additional input to the ALU, cin, is used only in the addition operation.

Write VHDL code to implement the ALU using WITH/SELECT/WHEN statements.

arithmetic is unsigned.

uze IEEE.=ztd logic 1164.:11:

—— Declare which VHDL library

-— and packages to use

use IEEE.std logic unsigned.all: -- for +, - operators

IN 3TD _LoGIC VECTOR [ 7 DOWNTO O )

IN STD LOGIC:]

IN 3TD _LoGIC VECTOR ( 3 DOWNTO O )

Library:

2 ——Library declaration
3 library IEEE:

4

5

Entity:

=] —-— Entity declaration
= HENTITY alu IS

10 BEFPORT |

11 a, b

12 cin

13 opoode

14

15 v

16 o 1:

17 END alu;

Architecture:

17

: OOT 3TD _LOGIC VECTOR ([ 7 DOWNTO O )

Assume that al



19
a0
21
22
23
24
25
26
a7
28
29
30
31
3&
33
34
35
ia
37
3g
39
40
41
42
43
44
45
46
47
43
49
a0

——Architecture body
ElLRCHITECTURE alu arch COF

EEBEGIN
WITH opcode| 2 downto
¥_logical <= NoT
WOT

)
N
I
bt

o oo omom oo

WITH opcode| 2 downto O
y_arith <= a WHEN
kb WHEN

+ 1

L S [ |

1
1
-1
u]
b

WITH opoode(3) SELECT
¥ <= v_logical WHEN
v_arith WHEN OT

END alu arch:

alu IS

SIGNAL v logical :  3TD LOGIC WECTOR [ 7 DOWNTO O |:
SIGNAL v arith : 3TDh_LOGIC WVECTOR ( 7 DOWNTD O :

0 ) SELECT
& WHEN ™Oooo™
b WHEN foo1i"™

AWD kb WHEWN "oO1o0"

F. I WHEN "O117

AND kb WHEM ™i00"
OF kb WHEWN 101"
OF kb WHEW 110"

HEMNOE b WHEM OTHERSZ:

1 SELECT
frooor
ool
WHEM ™o1o0"™
WHEM "oO11"™ ,
WHEN "1ioo™ ,
WHEM ™1i01"™ ,
WHEM ™1i10"
+ cin  WHEN OTHERS:

g,
HEERS:
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