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Designing with VHDL

* Overview of the Hardware Description
Languages (HDL)
* VHDL for synthesis

— Signals, types, vectors, hierarchy, attributes

— Combinational circuits — concurrent vs. sequential
assignments

— Examples

— Mathematical operations, packages

— Sequential circuits — DFFs and latches
— More examples

— State machines

— Error protection and error correction

© V. Angelov VHDL-FPGA@PI 2013



Overview HDL — ABEL, AHDL,
Verilog

 ABEL

— Originally developed for SPLDs and still in use for
SPLDs

— Now owned by Xilinx

 AHDL

— Developed by Altera, still used in Altera library
components

— Syntax similar to Ada

Verilog HDL
— Together with VHDL the standard HDL now
— Syntax similar to C

* Other — SystemC, SystemVerilog, Verilog-AMS
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VHDL

 VHDL = VHSIC Hardware Description Language
— VHSIC = Very High Speed Integrated Circuit
« Developed on the basis of ADA with the support of the USA

militaries, in order to help when making documentation of the
digital circuits

* The next natural step is to use it for simulation of digital circuits

« And the last very important step is to use it for synthesis of digital
circuits

* Versions: 1987, 1993, 2000, 2002 and 2008

« Together with Verilog is the mostly used language for
development of digital circuits

« Extensions for simulations of analogue circuits

© V. Angelov VHDL-FPGA@PI 2013



© V. Angelov

entity
architecture

Structure of an entity Iin
VHDL - example

LIBRARY IEEE;

USE IEEE.STD LOGIC 1164.ALL;

entity a20f3 is

port (a0 : in std logic;
al : in std logic;
a2 : in std logic;
Y : out std logic);
end a20f3;

}/

input ports output port
a0[ >—a0
a1l _>—at y—1 >y
a2[ >—a2
aZOfQ

architecture a of a20f3 1is
2 : std logic;

signal g0, gl, g

begin Ninternal signals

g0 <= a0 and a
(: gl <= al and a

g2 <= a2 and a

1;
2;
0;

y <= g0 or gl or g2;

end;

the order of the

assignments here is

not important!

VHDL Is not case-sensitive!
Recommendation: 1 file — 1 entity
filename = name of the entity

g2
y

a0 >—

al[ > .
— g1

a2 > .

7>
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entity

Structure of an entity in
VH D L architgggg;ei

LIBRARY IEEE; + other library declarations, this is
USE IEEE.STD_LOGIC_1164 JALL; the standard minimum

entity <entity name> is

port ( /port type
<port name> : <in|out|inout|buffer> <signal type>;
<port name> : <in|out|inout|buffer> <signal type>) ;

end <entity name>;

architecture <arch name> of <entity name> is
«——— toptional type and constant declarations
signal <internal signal> : <signal type>;
begin pnllke C and Verl_log, VHDL
-- comment to the end of the line IS NOt case-sensitive!

\ /* block comment

in VHDL-2008 */
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entity
architecture
component

Instantiation of sub-blocks ===

LIBRARY IEEE;

USE IEEE.STD_LOGIC_1164.ALL; begin  COMponent y <= a0 xor al xor a2;
name
entity fadd top is al > a0 /
port ( sum: xor3 D 1
cin : in std_logic; port map ( .b 2 y s
a : in std logic; a0 =>a, cin[_ a2
b : in std logic; al =>b, xor3
cout : out std logic; label a2 => cin,
s : out std _logic); \ Y => s); S
end fadd top; a
carr: a20f3 a1 y4D cout
architecture struct of fadd top is port map ( a2
-- component declarations a0 => a, a2of3
component xor3 is al =>b, l
port (a0 : in std logic; a2 => cin, . .
al . in std logic, y => cout); Synthesis + techn. mapping
a2 : in stleogic; end; l
y : out std logic); cin[ > A1 X——-I >s
end component; declare the A2 \
/ "pinout" of the XN2RO \
component a20f3 is Xnor
g . . used
port (a0 : in std logic; B
al : in std logic; Ccomponents 2
a2 : in std logic; B X—Dcout
y : out std logic); A1 X S ~—
end component; bD— A2 MX2TO0 2:1 mux
known as STRUCTURAL description =~ *N2R0 Y <= A when S='l' else B;
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port map

Instantiation — port-signal
mapping

There is a shorter way to
connect the ports of the

carr: a20f3

port map (
a0 => a,
al => b,
a2 => cin,
y => cout)

a0 => a

a2 => cin
al => b,

y => cout)

swapping of the

component to the signals,

shown to the right. Not

recommended, as in this case
the mapping relies on the

correct order!

a0

al

pairs is not
important  a[>
b[>
cin[ >

© V. Angelov

a2

xor3

a0

al

a2

y—1_ cout

a20f3

-

carr: a20f3
port map(a, b, cin, cout);

a wrong order of the
signals here will
change the circuit!!!

carr: a2o0f3
port map(a, cin, b, cout);

\V

b and cin are
swapped

— > cout
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Port-signal mapping — how to
remember

The entityislike alC

Y
a2 cout
al
a0
cin
‘ I
\
carr: a2o0f3
port map ( / b
a0 => a,
al =>b, a The signals are like the
a2 => cin, g . . .
y => cout); routes on the printed circuit

board (PCB)
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time
Boolean

Types of data in VHDL(1) .=z

e time (fs s, ns, us, ms, sec, min, hr)
14

- 1 ns, 20 ms, 5.2 us

e real (-le38..+1e38)
e integer (-(2°'-1) .. 23'-1) with predefined subtypes natural (=0)
and positive (>0)
signal counter : Integer;
signal timer : Natural;

« boolean has two possible values FALSE and TRUE
— Not intended for electrical signals!
— Typically used when checking some conditions, like

if a = Db then -- equal

if a /= b then -- not equal For other examples see
if a > b then -- larger "Working with vectors" and
if a < b then -- smaller "Signa| attributes"

if a <= b then -- smaller or equal

if a >>= b then -- larger or equal

“the result of the comparison is a boolean
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bit
std logic

Types of data in VHDL(2)

e bit has two possible values '0' and '1"

— These two values are not enough to model real hardware!

 std (u)logictothe '0' and '1', introduced 7 additional values
for tri-stated (2 '), unknown ('X'), weak O ('L'), weak 1 ('H'"),
weak unknown ('W'), uninitialized ('U') and don‘t care ('-"')

This is allowed only Example for pull-up (weak 1) and tri-stated

when using outputs, std logic is required
std logic but not Voo
std ulogicorbit! =2

) O . IR
B

Y <= A when OE;A='1' else 'Z';

L+
OE_B
c :: Y <= B when OE_B='1' else 'Z';
B t//////
|

Y <= not C;
Y <= A or B: tri-stated output
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std ulogic
std logic

The std logic type

... Is aresolved version of std ulogic, this

means there is a method to resolve the conflicts
when one signal has multiple drivers

| Uninitialized

| Forcing Unknown
| Forcing 0O

| Forcing 1

| High Impedance
I

I

I

I

Weak Unknown
Weak O
Weak 1
Don't care

© dddddaddd
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inout
out
'Z'

Tri-state and bidirectional ports *

entity triout is DOUT | OouTP — DOUT 08/10 OouUTP
port (outp : out std logic; |
dout : in std logic; OE S1
oe : in std logic); OF OF 1 close
end triout; 0 open
ey orume b of triout s When using tri-stated buses
outp <= dout when oe='l' else 'Z'; driven by multiple drivers:
ena; . .
« Be sure that only one driver is
entity bidir is . active at the same time
. port (iopin : inout std logic;
O din  : out std logic; * Insert turn-around cycles when
dout : i td logic; . . . .
T _of_;u L in  std logic); changing the driver of the line with
£ end bidiz all drivers turned off
© With fopin select . | * Internal tri-state lines
in = '0' when '0'|" v’ .
'1' when '1'|'H', | are typically not
'X' when others; DOUT | TIOPIN rt d f FPGA
with oe select Suppo e or S’
topin <= dout when 1/, o some tools convert them
'Z! when '0', .
'X'  when others; to multiplexers

end;
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buffer
out

Ver<2008

Buffer ports

A signal of the mode out can not be used back as input in the

entity. There are two solutions for this problem, either
using the buffer mode of the

or with an additional signal:

entity port:

porta( : in std _logic; buffer ? P°:t ( : in std_logic;
.  in 223:12312:1 Not recommended! .  in :ti:iZZiZ:i
yao  owr— std legier | v Jao i oat std logies

begi 'ﬁ:>—[>ao'1 i : std logic;
egin o y signal ya i : std logic

ya <= a and b; begin

yao <=/ya or ¢c; aD_} ya_i <= a ?.nd b,‘
b[ >— B, o yao <= ya i or c;

buffer is allowed to be : <= va i;
ard solution ya <= ya i;
read back but out not! ___»the stand use additional internal signal

C

If the port ya is connected to another

ya_i | | | | driver (driving '1" in this simulation),
ya s e Tt the internal signal ya_i is not
yao ! | affected!
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with .. select

4 others
Example for don't care '-:
M >—a
Io——————* 0 o[ > B X
Y s with SEL select
I,— 1 MX2L0 Y <= I2 when "10",
I1 when "O1",
12______* 2 A I0 when others;
120 > B X
SEL, , SEL(0) [ s B
_ MX2L0 B X 2%
SEL Y SEL() [
0 10 MX2L0
; i; with SEL select
3 5 Y <= I2 when "10",
' 11[D——A I1 when "01",
What is the benefitof '-=' ? o[ >—p8 X I0 wh;eln "00;'1,
. : SEL(0)[ >——s Tt t ;
« automatic choice of the best ©) 3T when others
value 12[> A
 undefined output when the S : x— Y
input SEL is unexpected in "

MX2TO
the functional simulation
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type
subtype
array

More complex data types ==

* Array
— predefined in IEEE.STD LOGIC 1164, e.g. std logic vector (3 downto 0);
subtype reg data is std _logic_vector (31 downto O0); X

type mem array is array(0 to 63) of reg data;

— Used mainly to describe state machines of the index
type state_type is (idle, run, stop, finish);

* Record
type lvds t is record a, b : std logic; end record;
type ni_port out t is record

ctrl 1Vds-t'} records in record
clk : lvds_t; ;
pretrig : lvds_t; is allowed
end record;
signal niP4 : ni port out t;
signal myclk : lvds_t;
myclk.a <= clk;
myclk.b <= not clk. access _to the elements of the
niP4.clk <= myclk; record like in C and Pascal
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generic
entity

Generic

* Generic is a parameter of the entity, which is known
at the compilation time

 The same entity can be instantiated many times with
different values of the generic(s)

« Typically the generics are of type integer, boolean or
time _
this is only the default value, used when
entity mux2lnbit is / no "generic map" found (next slide)

generic(N : Integer := 4; tdel : time := 2 ns); The default value is
(-
R
port (A0, Al : in std logic_vector (N-1 downto 0); the actual value used
SEL  : in std logic; ( when the entity is the
Y : out std logic vector (N-1 downto 0)); :
end entity; top of the design
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generic
generic map

. port map
Generic n 1dp - exan |ple
entity mux4l is
port (A0, Al : in std logic_vector (5 downto 0);  A0[5:0][ ——A050]
A2, A3 : in std logic_vector (7 downto 0); A1[5:0] [ D——A115:0]
SEL : in std logic_vector (1l downto 0); A2[7:0][_———A2[7:0] Y[7:0l——{_> Y[7:0]
Y : out std logic vector (7 downto 0)); A3[7:0] [ A3[7:0]
end mux4l: - - SEL[1:0][_>———SEL[1:0]
- 41nbit
architecture struct of mux4l is Mol
component mux2lnbit is
generic (N : Integer := 4; tdel : time := 2 ns);
port (A0, Al : in std_logJ..c_vector (N-1 downto 0) ; Component deCIarathn
SEL : in std_logic;
Y : out std logic_vector (N-1 downto 0)); 8 bt
end component; 2701 AOTT0] - I
signal y0l1l : std logic_vector (5 downto 0);AﬂTm[j AMIT0] Y70 \\\
signal y23 : std logic_vector (7 downto ; SEL AO[7:0]
begin mux21nbit_8 A1[7:0] Y[7:0l—— > Y[7:0]
m0l: mux2lnbit P SEL
generic map (N => 6) mux21nbit_8
port map (A0 => A0, Al A0[5:0] [ > AO[5:0] =
SEL => SEL(0), A1[5:0][_> A1[5:0] Y[5:0]
m23: mux2lnbit SEL[1:0][ > SEL T~ 6 b|t

i mux21nbit_6
generic map (N => 8)

port map (A0 => A2, Al => A3,
SEL => SEL(0), Y => y23);

my: mux2lnbit

generic map (N => 8) <—

port map (A0 => "00" & y01l, Al => y23, SEL => SEL(1l), Y => Y);

"~ ~~ extend y01

Overwrite the default value of
the generic N

© V. Angelov VHDL-FPGA@PI 2013 18



others
&

Working with vectors -
aggregates

a : in std logic_vector (2 downto 0); c<=a & b;
b : in std logic _vector (2 downto 0);
c : out std logic_vector (5 downto 0); a2) [ [ > cO)
d : out std logic_vector (5 downto 0); a(l) [D>—— > <)
e : out std logic vector (5 downto 0); a0) [ >—— > <@
f : out std logic vector(2 downto 0); b2) [ >—1 > c(2)
b(1) [D>——> c(1)
b(0) [D>——1 > ¢(0)
leftmost in e i”d?X
e <= (a(0), b(l), 0 => '1', others => '0'); d <= a(2) & b(2) & X'C";
T / . —_ > d(0)
leftmost in d
—{e0 (£(0), £(2), £(1)) <= a; 24 hex
—1 > e(1) =
1 e a(0)[ > [ >1(1)
1 e@d) a() > [ f(0) —{ > d(2)
= a(2)[ > f(2) —_ > d(3)
O S— gt - o) [ > da)
a0)[ >———1 De5 a) [ >——— > d(5)
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type

Working with vectors - =%
multidimensional

* Two-dimensional vectors are typically not
supported by the most software tools

* One simple way is to declare a new type
as vector of vectors:

subtype my data is std logic vector (15 downto 0);
type my array is array(0 to 7) of my data;

OR simply

type my array is array(0 to 7) of
std logic vector (15 downto 0);

© V. Angelov VHDL-FPGA@PI 2013 20



generic
generate
downto

Working with vectors — attributes -

generic (N : Natural := 4); — US€ generic to set the size

port (
a : in std logic_vector(2 to N+l);
c : out std logic vector (N-1 downto 0); a(2) — C (0) — d(3)
d : out std logic vector (N-1 downto 0) ); a(3) C(l) d(2)
gn: for i in 0 to c'length-1 generate a(4)——>c(2)—>d(1)
c(c'low + i) <= a(a'low + 1i); a(5)—> C(3)—’d(0)
end generate;
d <= a;

Be careful when mixing arrays
~ a'length, c'length N

with different directions a'low, a'left 2
(to «—> downto)! a'high, a'right N+1

c'low, c'right 0
Use the predefined attributes < c'left, c'high N-1

. a'ascending TRUE
to access different parameters ¢’ ascending FALSE
of the array a'range 2 to N+1
\ c'range N-1 downto 0
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for
generate
downto

for ... generate -

...can be used to repeat some assignments or

iInstantiations
i is integer, but is defined only inside the
Ie:/bel (generate and don't need to be declared!

<label>: for i in <range> generate

end generate; ‘\\\\

the range is either: _ integer constants
<low> to <high> / at the compilation

or time!
<high> downto <low>

The restrictions are the same as for
if .. generate .. end generate

Used in several examples later
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generic
boolean
if .. generate

Conditional code — if .. generate

In many programming languages (e.g. in C with #define

#ifdef

.. #endif) one can compile some parts of the source code

depending on some condition. In VHDL one can use for the same
purpose a boolean generic parameter and if ... generate ...

end generate.

This is useful to configure the entity,
instead of creating many variants as
different entities.

This construct can not be used so
freely as the #ifdef in C.

The usage is restricted to the
architecture part of the entity,
but outside processes. So one can
iInclude or exclude complete
concurrent assignments or
processes or entity instantiations.

generic (opipe : Boolean := true);
.. ./Iabel
opl: if opipe generate
oreg: dff array
generic map (N => datout'length)
port map (

clk => clk,

d => dat m,

q => datout) ;

end generate;
_label

op0: if not opipe generate|

«<—> else generate
VHDL-2008

datout <= dat m;
end generate;

Output with/without register, depending
on the generic parameter opipe

VHDL-2008: else generate, elsif generate , case <const> generate

© V. Angelov
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constant
integer
type

Constants Subtype

« Can be declared in the architecture part together with the
signals or in the packages

© V. Angelov

constant <constant_name> :

<constant_type> := <value>;
Put the sizes of the

constant Nbits : Integer := 8; _ - )

constant Nwords : Integer := 6; vectors in constants

subtype my word is std logic vector (Nbits-1 downto 0); 0x00 |0

type my array is array(0 to Nwords-1) of my word; OxFF

0x01

constant alll : my word := (others => 'l');

constant all0 : my word := (others => '0'); hex 0x12

constant arr ini : my array := (all0O, alll, X"01", X"lzik//// OxAF
others => "10101111"); OxAF 5

constant Tco : time := 5 ns;

constant Tsetup : time := 2 ns; Constants of type time

constant Thold : time := 1 ns;
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or

Combinational circuits in
VHDL(1) e

« Using simple assignments and Boolean expressions:
<= (a or b) and not c; °[>___:>X}_____:::}__£>y

) oD

<= (a xor b) and c;
<= a xor b xor c;

cl>
= . - . . | A
< a xnor b xnor c,_/’/ifziiig;z,,_ng §:>___

<= a xor b xnor c;

y
y <= a or b and not c¢; -- invalid! al
y <= a and b or not ¢; -- invalid! b[>___:::}__
y <= a and b and not ¢;——
y <= a or b or not c;
y <= (a nor b) nor c; :::b———[>Y
y <= a nor b nor c; -- invalid! clo
T rnvatidl
y <= (a nand b) nand c; ALDO—
y <= a nand b nand c; -- invalid! B[>___:::b___
y <= a xor b and c; -- invalid!
y
y
y
y

Use brackets when more than 2 operands and different operations!
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when .. else
with .. select

Combinational circuits in = ™ eeeee.
VHDL(2)

« Using Boolean equation + a condition: conditional signal
y <= (a or b) when ¢ ='0' else '0'; assignment

« Like a table, giving the output for all possible inputs:

with a & b & ¢ select
y <= 'l' when "110"| "100"| "010", selected signal assignment

'0' when others;

 Using process — sequential code, like in a normal
programming language
process(a, b, c¢) <«—— sensitivity list

begin

y <= IOI;

if a="'1" or b="1" then y <= 'l'; end if;

if ¢ = 'l' then y <= '0'; end if; «—The last value assigned will be
end process; stored iny

Caution: in all cases the synthesis generates logic working in parallel! Only
the compiler/simulator “executes” sequentially the process to “understand”
what do we require from it!

© V. Angelov VHDL-FPGA@PI 2013 26



with .. select
when .. else

Concurrent assignments

* In the real hardware all gates work in parallel

 |In VHDL we can use statements which are executed in
parallel (concurrent in time), like

a_pr_b <= a or b;

with d & y select
q <= 'l'" when "10"|

Q\\\\\Li; when others;
o
0
FER .
2
3

[
rd

lOI
3y >
C
d

"01"

y <= a_or b when c ='0' else '0'; The order of the

> assignments in the VHDL
' code here is NOT important!

J

Normally we DON'T assign more than
ONCE a value to a signal in the entity

A change in any signal propagates to
all other signals depending on it, the
assignments are continuously active!

known as DATAFLOW description

© V. Angelov
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process
if ... then .. else

Sequential assignments for

combinational logic

* We can use assignments which are executed
sequentially in a process

The process doesn't run continuously! It will be
process(a, b, c : o
begin started only after change (event) on any signal in its

y <= '0'; sensitivity list
'< if a="'1" or b ="1"'" then y <= 'l'; end if;
. -

if ¢ = "'1l' then y <= '0'; end if;
end process;

known as BEHAVIOUR description
After an eventin a, b or c:

1) new value '0' is scheduled for y, but y still has its old value
2)ifaorbare '1', the new scheduled value of y is changedto '1"
3)ifcis '1', the scheduled value of y is changedto '0"

4) at the end of the process the scheduled value is assigned to y

5) as y is not on the sensitivity list, the process is suspended until the next
event on a, b or ¢, and y preserves its new value

All this happens within the same simulation time!
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The order of the assignments in
the process

... Is very important!

process(a, b, c) ‘ process (all) -- VHDL-2008
begin

1 y<="'0";

2 if a = '1l' or b= "'1l' then y <= 'l'; end if;

3 if ¢ = '1l' then y <= '0'; end if;
end process;

are
equivalent to

the following concurrent

The 6 possible
the process

1-2-3 y <= (a or b) and not c;
2-3-1, 3-2-1, 2-1-3 y <= '0";
1-3-2, 3-1-2 y <= a or b;
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Sequential assignments for

combinational logic synthesis

« Think about the process as a way to describe the
reaction of the combination circuit on events on its inputs

process (a,b)
begin

if .
end process;

The compiler just
calculates the truth table
of the circuit in order to
synthesise the logic!

The real hardware consists only of GATES!

The outputs of the combinational circuit should depend
only on the present values of the inputs but not on the
past — this implies that all outputs of the process

must get some value assigned after any activation of
the process!

out
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process(a, b)

begin

w <= not y; _

y <= a or b;

end process;

ns delta

20
20
40
40
60
60
80

HFNHENRFRNRRO

© V. Angelov
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R R R ROORRKRCONK
ocoorRrROOCCA =

Simulation deltas

process(a, b, y)

° ‘ [ begin
AN SR w <= not y;
w—— ] y <= a or b;
end process;
wo ]
ns delta a by w
process 0 01 0UU
e b e o 0 11010
a="; =ll;
wait for 20 ns; 0 21010
a<= '0"; b<="'0"; 20 10010
wait for 20 ns; 20 20000
a<="'1l'"; b<="'1"; 20 30001
wait for 20 ns; 40 11101
a <= "'0"; b<="1" 40 21111
N A, 40 31110
e 60 10110
walit;
end process; 80 11010

VHDL-FPGA@PI 2013
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for .. generate

range
G t' f .t process
generic (N : Natural := 4);
port ( a(0) [ >—— ) > y(0)
a : in std logic vector(N-1 downto 0);
g : in std logic;
y : out std:logic_vector(N—l downto 0) ); a“)[:> ::::>————E:>yﬁ)
end for gen;
architecture ... of for gen is
signal tmp : std_logic_;ector(a'range); a2)[ > D_Dy(z)
begin
Ly <= @ and g; VHDL-2008
Dy
//F_Eigtmp <= (others => qg)|; _ a(3)[ >
_ y <= a and tmp; % Mmany possible gl —
attribute 7 codes
and between two Qy <= a when g='l' else (others => '0');
std logic_vectors
of the same size
process (a,q) <§>

begin

gn: for i in a'range generate if g='1"' then y <= a;
@ T y(i) <= a(i) and g; else y <= (others => '0'); end if;

end process;

end generate;
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irq_no <=

@

Hllll
HlOll
H01H
HOO"

"w LL Y

when
when
when
when

when .. else
process
if .. then ..

Priority encoder

IRQ(3)
IRQ(2)
IRQ (1)
IRQ(0)

valid <= IRQ(0) or IRQ(1l) or

pri: process (IRQ)

4

begin
@ valid <= '1';
irqg no <= "--";
if (IRQ(3)
elsif (IRQ(2)
elsif (IRQ(1) =
elsif (IRQ(O0)

else valid <= '0';
end if;
end process;

© V. Angelov

'l' else
'l' else
'1l' else
'1l' else

1-st method
(dataflow style)

IRQ(2) or IRQ(3);

IRQ(0) [ > )
) ) [ valid
IRQ() [ > :}j)::>{>|RQ_now)
[:;>o :>%§:::>{>IRQ_noU)

IRQ3) [ >—
IRQ2)[_> ] ) E>@

'l') then irq no <= "11";

'l') then irq no <= "10"; 2-nd methOd,

'1') then irq_no <= "01";  USINg a process

17) then irq no <= "00";  (phehaviour style)
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Priority encoder — synthesis for 3
different technologies

IRQ[3: QJD-L
/ TRQ 3]

ASIC

\‘ SCL 0.5um, Mentor -

Leonardo Spectrum

AOZ

=
IRQL 1]

\

L4
IIIIII

1> IRQ_noll:0]

UMC 0.18um, Synopsys
Design Analyzer

Altera ACEX1K, Mentor -
Leonardo Spectrum

IRQO)[ >

IRQ(M)[ >

A1

’7A2 X
B

AO1A0

IRQ(3)[ >

A1 X

IRQ2)[ >

© V. Angelov

A2
OR2TO0

jal=Eeipj}
>valid 10
— 1 o— > valid
IRQ(1) [ 12 I0+I1+I2+I3
>IRQ_no(0) IRQ(0)[ > 13
IRQ3)[ > F4 LUT
Al IRQ(2
A2 x——7 > valid ( )D 0
g 1 o—>IRQ_no(0)
> IRQ_no(1) 12 TO+~I1*I2
F3_LUT
FPGA 10 o—1 > IRQ_no(1)
11 I0+I1
F2_LUT
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Priority logic constructs

« Concurrent assignments — when ... else ...

same type
>3 VQA - Boolean

<signal> <= <expression 1> when <condition 1> else
<expression_ 2> when <condition 2> else

<expression_n>;

* In a process this is equivalent to the following
1f ... then ... elsif ... else

¥~ put in the sensitivity list all signals read in the process!

process(...)
begin
if <condition_1> then signal <= <expression_1>;

elsif <condition 2> then signal <= <expression 2>;

else <signal> <= <expression n>; if-then-else can be used Only In
end if; a process! It can be used for more
end process; than an assignment to a single signal
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with SEL select

with .. select
process
case .. is ..

M UItiplexer when .. end case

Two equivalent descriptions, here because of the different length of
status, cfgl, cfg2, cfg3, the process description is nicer

Y <= "00000" & status when "00", -- 3 bits
"oo" & cfqgl when "01", -- 6 bits
@ "0000" & cfg2 when "10", -- 4 bits
"000000" & cfg3 when "11", -- 2 bits
(others => 'X') when others;
process (status, cfgl, cfg2, cfg3, SEL)

begin

Y <= (others

<:> case SEL is
when "00" =>

when "01" =
when "10" =
when "11" =

when others => Y <=

end case;
end process;

© V. Angelov

=> IOI),.

Y (status'range) <= status;
Y(cfgl'range ) <= cfgl;
Y(cfg2'range ) <= cfg2;
Y (cfg3'range ) <= cfg3;

(others => 'X'");

1-st method (dataflow style)

status > >
cfgl#
cng#
cfg3ﬁ2;>

w N -~ O

SEL, |

2-nd method,
using a process

(behaviour style)

VHDL-FPGA@PI 2013 36



with SEL select

Y

@

<=1I & "0OOO"

with .. sel
case .. is
conv_integer

Demultiplexer

when

'0' & I & "O00" when
"O0" & I & '0' when

"000" & I

when

(others => 'X') when

"i1",
"1i0",
"o1",
"o0o",
others;

process (I, SEL)
begin

@

end

Y <= (others
case SEL 1is

when "00" =>
when "01" =>
when "10" =>
when "11" =>

when others => Y <=

end case;
process;

=> '0");

Y(0) <= I;
Y(1) <= I;
Y(2) <= I;
Y(3) <= I;

(others =>

lxl);

process (I, SEL)
begin

end

© V. Angelov

Y <= (others

=> IOI),.

Y (conv_integer (SEL)) <= I;

process;

1-st and 2-nd method:
- not scalable
+ in case of undefined SEL input,

all outputs are 'x'

o

K K K K
N R

w

SEL, |,

3-rd method

+ compact, scalable

- in case of undefined SEL
input, Y (0) will be
activated!
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with select
case .. is

Non-priority selection logic

e Concurrent assignments —with ... select ... when

with <signal s> select
<signal> <= <expression 1> when <case 1>,

<expression 2> when <case_ 2>, constants of the same
<expression n> when others; type as <Signal_S>

* In a process this is equivalent to the following:

process (<signal s>, ...)
case can be used only begin

: I case <signal s>
in a processl! It can be when <case 15

is
=> <signal> <= <expression 1>;

used for more than an when <case 2> => <signal> <= <expression 2>;
assignment to a single :
. when others => <signal> <= <expression n>;
signal _
end case;

end process;
In both cases all possible values of the <signal s> must be specified
(<case_ 1>, <case_2>...) exactly once, either explicitly or only some
of them + the rest using when others!
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others
Integer
range

Type conversions

 VHDL is strictly typed language

- Even mixing of bit and std logic is not directly possible, but normally
this is not necessary

* Anarray of bit (or std logic) can not be directly used as integer
number, but it is frequently used to hold integer numbers

« A conversion function (own or from some library) should be used
USE IEEE.STD LOGIC_ARITH.all; USE IEEE.STD_LOGIC ARITH.all;
USE IEEE.STD_LOGIC_UNSIGNED. all; USE IEEE.STD_LOGIC UNSIGNED.all;

signal datallbits : std logic_vector (10 downto 0);

signal tsti : Integer range 0 to 2047; integer value

- / . humber of bits
datallbits <= conv_std logic_vector(2046,11); --> "11111111110"
tsti <= conv_integer (datallbits); --> 2046

-- The same constant can be loaded in datallbits with:

datallbits <= (0 => '0', others => '1"');

' In order to convert correctly std logic vector to Integer use descending
g ndexinthe std logic vector and 0 for the rightmost index!
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The integer type

Integer
range
subtype

 The usage of Integer to hold signals is generally not recommended for
the same reason as the usage of bit and bit vector!

When converting std logic vector to Integer all values different from '0"
and '1' are lost, all undefined values are converted to the nice value '0'!

« Except in simulations, always specify the range of the integer,
otherwise 32 bit logic will be synthesised!

subtype
subtype
subtype
subtype
subtype
subtype

my uintS5bit is Integer range 0 to
my uintOto25 is Integer range 0 to
my uint3to25 is Integer range 3 to
my int 3to25 is Integer range -3
my int 32to25 is Integer range -32
my int 33to25 is Integer range -33

31;
25}5bit
25;

to 25;
co 25, | 6 Dit
to 25; 7 bit

* Note that an upper limit different from 2N-1 and lower limit different from 0
and -2N are useful only for simulations (to get error when out of range)

* For synthesis the limits are used only to get the number of the bits
* Lower limit > 0 is ignored for synthesis (is the same as 0)

© V. Angelov
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signal bytel,
signal sintl,
signal wordl,
signal intg :

begin

bytel
sintl
byte2
byte3
byte4
byte5
byte6
sint2
sint3
sint4
sintb
sinté6
wordl
word2
word3
intg

© V. Angelov

<=
<=
<=
<=
<=
<=
<=
<=
<=
<=
<=
<=
<=
<=
<=
<=

20;

-20;
bytel / 2;
bytel mod 3;
bytel rem 3;
bytel + byte2;
bytel - byte2;
sintl / 2;
sintl mod 3;
sintl rem 3;
sintl / 3;
sintl + byte2;
bytel**2;
sintl**2;
bytel*byte2;
bytel*sintl;

Mathematical operations with
integer:

byte2, byte3, byte4, byte5, byte6 : Integer range 0 to 16#FF#;
sint2, sint3, sint4, sint5, sint6é : Integer range -128 to 127;
word2, word3 :

Integer range 0 to 16#FFFF#;

Integer range -2**15 to 2**15-1;

10

2

,» — for positive numbers mod = rem

30
10
-10

_, = for negative numbers mod # rem

1o Note that multiplication is expensive

400 in hardware, division, mod and rem
299" are generally not supported for

200
-s00 synthesis (except for divider 2N)
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Mathematical operations with
std logic vector:

« Using appropriate library it is possible to mix different types in
mathematical operations and to apply mathematical operations
(+ or -) to non-integer objects

USE IEEE.STD_ LOGIC ARITH.all;
USE IEEE.STD_LOGIC_UNSIGNED.all;

signal datallb, data_inc : std logic_vector (10 downto 0);

data_inc <= datallb + 1;
If datallb is "11111111111" (2047), the result will be 0!

 The same is possible with the multiplication, but be careful, the
multipliers are large! Use only for power of 2!

* For synthesis the division is supported only for power of 2, in this
case it is just a shift (arithmetical or logical?)

« For every technology there are libraries with optimized modules for
mathematical operations
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The arithmetic packages(1)

 If you have only signed or only unsigned in the entity

then you can use arithmetic operations with
std logic vector by including the packages:

USE IEEE.STD LOGIC ARITH.all;

interpret std logic vector in
/ arithmetic operations as signed

only one

USE IEEE.STD_LOGIC_SIGNED.all;
>of them!

USE IEEE.STD LOGIC UNSIGNED.all

\ interpret std logic_vectorin
arithmetic operations as unsigned

USE IEEE.Numeric Std Signed.all;
USE IEEE.Numeric Std Unsigned.all;
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The arithmetic packages(2)

* The better way is to use only:

USE IEEE.Numeric Std.all;
* Declare as signed or unsigned all
std logic vectors in the design, used in arithmetic

operations :

signal uns : unsigned(7 downto 0);
signal sgn : signed(7 downto 0) ;

* Note that the definition of signed and unsigned is
exactly the same as of the std logic vector, but
they are different and cannot be freely mixed (see the
adder example)
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Adder

LIBRARY IEEE;

USE IEEE.STD LOGIC 1164.ALL;

USE IEEE.STD LOGIC_UNSIGNED.all;
entity adder is

generic (N : Natural := 8);
port (
cin : in std logic;
a : in std logic vector (N-1 downto
b : in std logic _vector (N-1 downto
cout: out std logic;
Yy : out std logic_vector (N-1 downto

end adder;
architecture behav of adder is
signal sum : std logic_vector (N downto

begin
sum <= cin + ('0' & a) + ('0' & b);
y <= sum(y'range) ;
cout <= sum(sum'high) ;

end;

© V. Angelov

There are two
possibilities:

1. inferring (the synthesis
tools recognize the
adder and instantiate it

o) from a library)
2. instantiating a ready
0)) 7 adder component
0);
8[7(_::;; [ > cout
o[7-01 > y[7:0]
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Adder with std logic arith

LIBRARY IEEE; Look at the source code of the
USE IEEE.STD LOGIC 1164 .ALL; packages std logic arith,

USE IEEE.STD LOGIC ARITH.all; . .
. = 2 std logic signed and
entity adder is —_ —_

generic (N : Natural := 8); std 1ogic unsigned to learn more!
port (cin : in std logic; - -
a : in std logic_vector (N-1 downto 0);
b : in std logic vector (N-1 downto 0);
cout : out std logic;
Y : out std logic_vector (N-1 downto 0) );
end adder;
architecture a of adder is convert the std _logic_wvectorto

signal sum : unsigned(N downto 0); unsigned
begin

sum <= cin + unsigned('0' & a) + unsigned('0' & b);
Yy <= std_logic_vector(sum(y'range));
cout <= sum(sum'high) ; ‘\\\
end; convert back from unsigned to

std logic vector
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a(7:0

b(7:0

c(7:0

d(7:0

Adders and parentheses

: in
: in
: in
: in
: out

std logic_ vector (7
std logic vector (7
std logic vector (7
std logic vector (7
std logic vector (7

downto
downto
downto
downto
downto

y <= (a + b) + (¢ + d);

0);
0);
0);
0);
0) ).

y<==a+b+c+d;

This implementation
doesn't have the best
timing, if all inputs are
valid simultaneously

Using parentheses

/ one can force the
structure to

another tree of

adders with better
timing
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package
variable
function

Package description

library ieee;

use ieee.std logic 1164.all; The paCkage can be Used fOI’
declarations common to the project

\

package <package name> is

constant <constant name> : <type> := <value>;

— YP | constant, type,
subtype <vec name> is std logic_ vector (<range>) ; subtype, function,
subtype <int name> is Integer range <range>; > Procedure
type ..., )

. declarations
function <func_name>( <var_ name> : <var_type>;
...) return <ret type>; )
end <package_ name>;
package body <package name> is not visible outside

—

-- local constant, type, subtype declarations

-- function and procedure definitions

end <package name>;

© V. Angelov VHDL-FPGA@PI 2013 48



package
variable
function

Function

library ieee;

use ieee.std logic 1164.a11; 1 N€ function can be used for some
calculations

package <package name> is

function <func _name>( <varl name> : <varl type>;

input variables

<varN_ name> : <varN_type>)‘//
return <ret type>;
end <package name>;
package body <package name> is the functions can use Only
function <func_name>( variables but no signals!
<var name> : <var_type;
...) return <ret type> is
variable <var name> : <var_type;
begin . . .
L use here everything what is typical for a
return <ret value>; process like case, if; timing statements

end <func_name>;

are not allowed here!

end <package_ name>;

the return value, of the <ret_type>
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package
variable
function

Package and function example iz

length

library ieee;
use ieee.std logic_1164.all;

package mypack is constant, type,

constant ten : std logic vector (3 downto 0) := "1010"; ]
subtype my data is std logic_vector (10 downto 0); function
function se( src : std logic_vector; definitions

ndst : Integer) return std logic_vector;

k; .
end mypac attribute

for i in src'high+l to ndst-1 loop
tmp (1) := src(src'high);
end loop;
else
for i in 0 to ndst-1 loop
tmp (1) := src(i);

package body mypack is

function se( src : std logic_vector;
ndst : Integer) return

std logic vector is

variable tmp

std logic_vector(ndst-1 downto 0);

beai end loop;
egin d if: :
if src'length <= ndst then ileltu;n tmp ; note the dlfferent
for i in src'range, loop end se: ' Symbol:
tmp (1) := src(i); end mypack; : = for variables
end loop; ttribut .
attribute <= for signals
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Operator overloading(1)

« VHDL is strictly typed language, so a function with the
same name can be defined for different types of the
arguments and of the result, the compiler automatically
selects the proper one

* The operators like +, - can be overloaded with functions,

here is a part of the std logic_arith package:

function '
function '
function "
function "
function "
function

function '

© V. Angelov

+ £ + + + + +

"(L:
"(L:
"(L:
"(L:
"(L:
"(L:
"(L:

UNSIGNED; R: UNSIGNED) return UNSIGNED;
SIGNED; R: SIGNED) return SIGNED;
UNSIGNED; R: SIGNED) return SIGNED;
SIGNED; R: UNSIGNED) return SIGNED;
UNSIGNED; R: INTEGER) return UNSIGNED;
INTEGER; R: UNSIGNED) return UNSIGNED;
SIGNED; R: INTEGER) return SIGNED;
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function

Operator overloading(2)

entity gate vect is

generic (N : Natural := 4);
port (a : in std logic vector (N-1 downto 0); a(O)%
g : in std logic; D—DY(O)
y : out std logic vector(N-1 downto 0) );
end gate_vect; a()[ >
architecture ... D—Dy(ﬂ
[function "and" (L: std _logic; R: std logic_vector)
o return std logic vector is a(2)[ >
© | variable tmp : std logic vector (R'range) ; D—DY(Z)
'*i begin
9 for i in R'range loop j —
g tmp(:l.) := R(i) and L; a(3)D y(3)
3 < end loop; unconstraint g
8 return tmp;
N end;
5' function "and" (L: std _logic_vector; R: std logic)
g return std logic_vector is AN \
£ | begin left and right operand
return R and L;
\ end; Such overloading functions can be putin a
begin package, but be careful, your code will be

y <= g and a;:> both

y <= a and g/ possible not very standard - difficult to understand by

. other designers!
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Library and package
declarations

library library name; declare the 1ibrary name

one library can contain

use library name.package name.all; .
Y- P ge- many different packages

use library name.otherpackage name.all; typically one uses the

whole package, which

library work; staysin all

use work.my_package.all; the library work is by
AN default always accessible,

typically here come the own therefore this declaration is
packages with constants, not necessary

types, functions and

procedures used in the whole

project
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generic
use
length

Package usage example

The 1library IEEE and the package sTD LoGIC 1164 are typically always used

LIBRARY IEEE; ‘//////

USE IEEE.STD LOGIC_ 1164 .ALL; se_in(0) | > se_out(0)
se_in(1) ]| > se _out(1)
use work.mypack.all; «—— package se_in(2)| [:>SG_OUK2) ‘$
entity test pack is Se—”K3)| [:: se_out(3) <
generic (Ni : Integer := 4); ' [:> se_out(4) _E
port(se_in : in std logic_vector (Ni-1 downto 0); -——{::>se_ouK5) %
se out : out my data ); -——{:j>se out(6) ‘%
. v
end test pack; type from mypack +—{ >se out(7) S
architecture a of test pack is se_out(8)
begin +—1 > se_out(9)
se out <= se(se_in, se out'length); ——{::>se_ouK10)

end; \\ K\

function from mypack attribute
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Variables

 Variable in a function

— stores intermediate results of the calculations,
exactly like in a normal computer program

* Variable in a process:
— local for the process

— holds its value between the activations of the
process

— the value assigned to it can be immediately
used, like in a normal computer program
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Example: signal vs. variable

signal sa : std logic := 'X';
signal si : Integer range -7 to 7; aCt — aCtuaI Value for the
begin .
process sch — scheduled value | signals only!
variable va : std logic;
variable vi : Integer range -7 to 7; /
begin -~ sa si va vi the state after the
-- act sch act sch .
o > o . / execution of each
sa <= '1'; —_ lxl '1' _'7 |Ul _'7 "
va := sa; -- 'X' '1" -7 'X! -7 Ilne
si <= 0; --'x' '1*+ -7 (0O 'X! -7 th han r
vi := 0; - 'X'A/'l' -7 A/O D'& 0 «— e C a g.eS a e
wait for 10 ns; -- ('1' 0 'X! 0 marked W|th
va := '0'; -- '1 0 '0! 0 .
si <= si +1; -- 'l o @ o 0 for a signal: each
vi :=vi + 1; -- 'L 0 1 '0! 1 .
sa <= va; - 1r @ o 1 0" 1 new assignment
si <=si + 1; -- '1" '0’ 0 1 '0" 1 T
vi :=vi + 1; -- '1" '0’' 0 1 '0"' 2 Overwrltes the
va := 'H'; --'1r 0t 0 1 'H' 2 scheduled value,
si <=si + 1; -- '1" '0"' 0 1 'H' 2 .
vi = vi + 1; —— 11" Q" 0o 1 'y 3 wait or end
sa <= va; -- '1" ¢H' 0 1 'H' 3
si <=si + 1; -- '1" 'H' 0 1 'H' 3 process updates
vii=vi+1l;  --'1' HY 0 1 'H' 4 the actual value
wait for 10 ns; -- (H' 1 'H' 4
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with .. sel

Barrel shifter right

* Used to divide by power of 2
* Depending on the data type, the most significant bit
filled with O or preserved

* First method, very simple description
C\\A size scalable, shd range not scalable

P+ ” Area
ar_mode t)ipe Input gata 1544 ym? (UMC 0.18 um)

50 LUT4 (Altera ACEX 1k)

~

m <= ar mode and A(A'high); -- the new MSB
with shd select 47 LUT4 (Xilinx Spartan 2E)
Y <= A when "000", < Shﬁtshd.
T m & A(A'high downto 1) when "001"
output m & m & A(A'high downto 2) when 010
mé&mé&m & A(A'high downto 3) when 011
mé&mé&mé&m & A(A'high downto 4) when 100
ggjj mé&mé&mé&mé&m & A(A'high downto 5) when 101
mé&mé&mé&mé&m&m & A(A'high downto 6) when 110
mé&m&é&mé&m&m&m&m & A(A'high downto 7) when "111",
(others => 'X') when others;
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for .. loop
if..then..else

B | shift th thods
« Two attempts to write it more flexible
process (A, shd, m)
variable s : Integer;
variable tmp : std logic_vector(Y'range) ;
begin
s := conv_integer(shd); The variables are updated
tmp := A; immediately!
for i in 0 to 7 loop ‘///
if (1 < s) then tmp := m & tmp(A'high downto 1); end if;
end loop;
Y <= tmp; «— copytheresultto a Area
end process; signal, the
variables are
visible only locally in — —+ 100%
process (A, shd, m) the process! Sy Xl ISy
variable s : Integer; o
begin </thesimple solution

s := conv_integer (shd);
for i in Y'range loop
if (i > (Y'high - s)) then Y (i) <= m; [S¥] - Synposys, UMC 0.18um
else Y(i) <= A(i+s); end if; — Leonardo Spectrum, SLC 0.5 pm

end loop; — Quartus, Altera ACEX 1K
end process; X |- ISE, Xilinx
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for .. loop
if..then..else
variable

Counting ones

Let's try to count the number of '1"' in a N-bit vector. The process
shown below can do this: process(a)

variable nones : Integer range 0 to a'length;

/—\ beiiﬁes .= 0 The variables are updated
in a’ /immediately!

a0) [ >——a0) <o) for i in a'range loop
a() [ >———at) o) if a(i)='1l' then nones := nones + 1l; end if;
a@) [ o—a@) <@ end loop;
a3 >o—a@) ¢ <= conv_std logic_vector (nones, c'length)

numones4 cin end process;

aez) a12) copy the result

8(4)%3(0) c(0) ?2 + ]d(0) cin - C(3) to a Slgnal
a5)_>————a(t) c(1) 3%3 sl H:‘ 3 c(2)
a(6)L>———e@ @ 3& + i& [ >c(1)
a(7) [ o——aB) gﬁ%%/@ut —¢0)

numones4 b(0)
a@®)[ >———a0 c(0) a0 " 7
a@) [ o——a() () atl . fam
a(10)[ >———a@) <@ gﬁ% cout

a b(0
e e If the input is 15-bit, we can either use
. —— the process directly, or instantiate it 4 times for
a >——a
agj;%am o(1) smaller pieces of the input vector and do the rest
a >—a2)  ¢(2) . . .

with adders. Which is better?

© V. Angelov

a(3)
numones4
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Recommendations

* Forget about how you write C programs!

* Here, the compiler synthesizes logic according to your
code, working in parallel

« Write as simple as possible, without using complex
constructs

« Do not write any line of code, without having some
imagination of what kind of hardware will come out

* Itis nice to write more universal and flexible, but not at
the cost of design size and speed
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The choice is yours!

* Never make anything simple and efficient
when a way can be found to make it
complex and wonderful (Murphy)

OR

* Perfection is achieved, not when there is
nothing more to add, but when there is
nothing left to take away (Antoine de
Saint-Exupeéry)
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event

process
if .. then
Sequential circuits in VHDL - DFF =
pro?ess(clk, rst n) [rst n E%§> FDC
begin
if rst n = '0' then g <= '0"'; (&> D e K
elsif clk'event and clk='1l' then
g <= d; \ \0 clk c FPGA
M . CLR
end if; attribute |
end processf'/—\
I o ﬁ
> — > 1
— I o— —1° Qao— 8 ASIC DFFRPQGL
—pCcK QB p— cK T clk[ >——P
DFFPB DFFPQ l PEFREQ
b @ q rst_n
7]
—>pCcK @ aBp— (L
—PCcK @ QB p— D Q l
| — o5 al— i
_ o 8 ol DFFRSPB — ks B
DFFRPB { o
CK & —ckB ¥ QB p——
— [ T DFFRNQ T
DFFSPQO DFFRSPQ DFFRSNB
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event
last value
rising edge

Signal attributes

'event — true if an event occurred in the last simulation
cycle

* For the very frequent conditions of edge sensitive flip-
flops one can use the functions:
clk'event and clk='1l' = rising edge (clk) _t
clk'event and clk='0' => falling edge(clk) s
* 'last wvalue - actually the functions above use this
attribute to exclude all clock transitions different from o
— '1' (like 'x* — r1v)or '1* — '0' (like 'ur — '0"):
clk'event and clk='l' and clk'last value='0' _f
clk'event and clk='0' and clk'last value='l' |

more signal attributes are available for simulation
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Edge triggered process with one
asynchronous set or reset

Unlike in a combinational process, list here only the ONE clock signal
and the ONE reset signal, and no other signals read in the process!

/

process (<clock signal>, <set reset signal) ASSigning values from other

begin . .
if <set reset signal> = <'0'|['1l'> then / Slgnals here IS nOt
recommended (see later

asynchronous assignments of constants! DFF with asynchronous
elsif.::n.cx_edge(<clock_signal>) then |Oad)'

T . All output signals of the
synchronous ass:.gnments\ procepss mguSt be here
(see later Shift register
with bad reset)

Unlike in the combinational case, the output signals of the process don't
need to get values assigned in all cases — the circuit has memory!

end if; B only one elsif without further
end process; m else checking for edge
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Edge triggered process with
synchronous set or reset

Unlike in a combinational process, list here only the ONE clock signal
and no other signals read in the process!

/ only one if

process (<clock_signal>‘/CheCking for edge

begin .

[ if xxx edge(<clock signal>) then All OUtpLIt Slgnals must be
' if <set reset signal> = <'0'|'1'> then here (See later Shift
0 cet/reset assignments register with bad reset)
no clen Unlike in the combinational process,

else L / the output signals do not need to get
synchronous assignments g yglye assigned in all cases — the
end if; circuit has memory!
\_end if;

end process;
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event
process

Sequential circuits in VHDL — - enen
DFFE(1)

QS:D process (clk, rst n) ~ dees e S

o
o
SB P——

iy I
begin ok @ N —( CEB
if rst n = '0' then g <= '0"'; — )
elsif clk'event and clk='%{ then DFERPQ DFESPO
if en n = '0' then 0
e ASIC
end if; l l
end if; — o 8 a b 8 al—
end process; — CEB —q CEB
—bck @ —bckB & QB p——
If DFF with enable is not available in the
DFERSPQ DFERSNB

technology, it can be emulated with a DFF
and a 2:1 mux:
— D Q—— D D D QAI—Q :ZEB Q_:zEB T

— bk B aep—— —Pck 2 aBp—

SB P——

—( CEB

—PCK ——PCK

DFERPB DFERSPB
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event

process
. if .. then
DFF with enable(2) ===
NULL
process(clk, rst n, en n) N Altera Quartus 8.1
begin Error (10397): VHDL Event Expression error at
. —1A0 my_dffe.vhd(57): can't form clock edge from
if rSt—n_ 0 then S'EVENT by combining it with an expression that
q <=' 0'; depends on a signal besides S
- - ] | -1 |
elsif en n ='0' and clk'event and clk='l' then >’l£mmmo&mdmm2mmb
q <= d; ...my_dffe.vhd",line 57: Error, clock
end if: expression should contain only one
! signal.
end process;
Y, ISE 9.2 — no errors/warnings

! Not recommended descriptions !

\

/ /f’77/ Altera Quartus 8.1:
process (clk , rst n, ) SS[n Warning (10492): VHDL Process
. - g Statement warning at
begin process (clk, rst n, ) signal "en n"

my_dffe.vhd(34): signal "en_n" is

. PR | ' . read inside the Process
if rSt n="120 then begln Statement but isn't in the
q <= '0Q0': if rst n = '0' then Process Statement's sensitivity
-_— list
elsif en n = 'l' then NULL; qg<='0";
- . _ Leonardo Spectrum:
else els1f en_n = ! 0 ' then "my_dffe.vhd" line 45: Warning,
if clk'event and clk='l' then  if clk'event and clk='l' then 2/."shoud bedeclared on the
sensitivity list of the process.
<= d; <= d;
9 ) ! q ) ! Xilinx ISE 9.2:
end if; end if; WARNING:Xst:819 -
. . . . "my_dffe.vhd" line 30: The
end if ’ end if ’ following signals are missing in
end process; end process; the process sensitivity list:

© V. Angelov VHDL-FPGA@PI 2013 67



A strange DFFE with
"asynchronous clear”

process (clk, aclr n)

FDE

begin

o) &

if aclr_n = '0' then

q <= '0'; clk
else
q <=49gqi;

CE

— "

AND2

N

] [
end if; Laclr n

if clk'event and clk='1l' then
if e = "'1l'" then
qi<=d;
else
qi<=aqgqi;
end if;
end if;
end process;

© V. Angelov
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procedure

DFFE and TFF with procedure
and process &

procedure myreg (

signal din : in std logic;
signal cpy : in std_logic; similar to the ports
signal tgl : inout std logic; :
signal dout : out std logic) is Of an entlty
begin
if cpy = 'l' then {%VQ FDE
dout <= din;
tgl <= not tgl; ) D Q@
end lf, [ ena » CE
end; clk " c
signal tqi : std logic;
begin
process (clk)
begin FDE
if clk'event and clk='1l' then
or /myreg(d/ ena, tqi, Qq); D Q [t9)
—— myreg(din => d, cpy => ena, CE
tgl => tqi, dout => q); c
end if;
end process;  call the procedure, like
tqg <= tqi;

instantiation of a component
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procedure

DFFE and MUX with procedure &

procedure mydff ( FDE
signal din : in std logic;
signal clk : in std logic; [d> D Q Lo
signal ena : in std _logic; [ena CE
signal q : out std logic) is ok c
begin

if rising edge(clk) then
if ena='l' then q <= din; end if; :
end if; It is much better
end; to put such code
in entities and to

. mydff (din => d, ena => ena, clk => clk, q => q); . .
Instantiate as

procedure my2lmux ( unconstraint com ponents!

signal a0 : in std logic vector;‘;:> sel[_>— in0

signal al : in std_logic_vector; a0(0)[_» in1 y(0)

signal sel : in std:logic? a1 [

signal y : out std logic vector) is
begin sel

if sel = 'l' then y <= al; a0(1)[ > in0 out
else y <= a0; end if; a1(1)[ > in1 y(1)

end;
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© V. Angelov

process
event
sensitivity list

DFF or Latch (1)

ql$latch
PRE

D af—=——1__>q

ENA

CLR

process (clk, rst) dl
begin clk|
if rst = 'l' then
qd <= '0'; rst|
& elsif and clk='1l' then
qd <= d;
end if;

the two differences

/

process(clk,<::>rst)

end process;

qd~reg0
PRE
D aF———1_>aqd

ENA
CLR

begin
if rst = '1l' then
clk | L \ ‘ ‘ ‘ |
al <= 0% d ] \ 1 [ \
é.\f’ elsif clk='1"' then | « — |
al <= d; d 1 m 1M
- ’ rst.n | 2l
end if;
end process; /f
Up to here Latch is
equivalent? transparent
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process

wait
qw~reg0
W10 Qe >qw ~
I: IK| dw D
c Q aw ’ ENA o QF— Daqw
dw[ > D - Leonardo CIR Precision N
Spectrum o RTL Plus -
2006b qp~reg 2008a.47
rst[ > CLR dpl b >ap o[ 5
de’D D Q‘D qpr ’ Ql——1 > qpr
ENA
k[ R iR Altera S .
Quartus 11 9.0 =t[> ‘
gpr$latch LDC
¢ a—Low g, R N 0
dp[ >——p — ENA ok [ >— DBUFGS QF—— Dap
rst| | °
process (clk, rst) LD
begin i:;‘i’iss("lk’ ﬁ:;‘i’relss The same VHDL
o o if ele='l' then  wait until clk='1'; code synthesized
i . gp <= dp; qw <= dw; ] i
el:;i gszp; then end if; end process; with 6 different tools
end if; ' snd process; \ DFEF and simulated (next
aren ? slides)
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ap[> — Lo [ck
LATNB1 ow D[] QO]
clk[> O-a
qw
Synopsys _ Synplify Pro 9.6.1
design compiler 2004.06 |
atr
dpr[> | ATRNB1 > apr [dor — D[O]
c  Qu gpr —
o= rst R
apr
rstD%‘c')
lat
"] W @> D(o]
du[> e — > c Qo e
L ap
pro?ess(clk, rst) process (clk)
begln C g begin
if rst<— ; then if elk='1' then
gpr <= '0'; <= dp;
elsif clk='1l' then engpif- B
<= dpr; :
endqi’; pr \LATCH end process;

end process;

(with warnings)

© V. Angelov

VHDL-FPGA@PI 2013

process

DFF or Latch (3) ?

wait
[p>—— b af——TJop
clk G
LDC
@ D Q qpr,
B G
CLR .
= | Xilinx
o ISE9.2
ED D Q———faw>
(o}
process
begin
wait until clk='1l";
qgw <= dw;
end process;
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process
wait

DFF or Latch (4) ?

rs | m
d | [ 1L
@ ----oooooosseeeeeeeeeeeees ] | |
apr | | [ LJ
e . | |
ck | | | | |
al | L1
“transparent
process (clk, rst) process (clk) process process (clk, d)
begin begin begin begin
if rst = '1l' then if clk='1l' then wait until clk='1"'; if clk='1l' then
ger <= '0'; qe <= d; qw <= d; ql <= d4d;
elsif clk='l' then end if; end process; end if;
gpr <= d; end process; end process;
end if;

end process; Not recommended!

As expected, in the functional simulation (ModelSim and Aldec AHDL)
all 3 processes behave as edge triggered DFFs! But 6 different
synthesis tools found 1 or 2 latches! The fourth process on this page is a
latch and is used for reference in the waveform.
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process
if ... then ..
elsif .. else

Unwanted Latch

d()[D>——A \_/
d,— 0 d)[>——8 X N p \/ o1y
Y sel(0) [ s A1><X G/ \xal—-
MX2T0 A2 DIA
d 1 _AN2TON /PN
sel(1)[ >
d, " 2 d2)[>
SEL, | o
MX2T0

process (sel, d)

begin : £
ie sel = "00" then y <= d(0) If the output is not specified

elsif sel = "01" then y <= d(1); for all possible inputs,
olsif sel = MO theny == 487 Latches are inferred!

—> else y <= '-"';
end if;
end process;
(U — | | | | | | | | | | | | | | | | | | | | | |
d[1]
a2 o 5 5 - 0 - - 4 1 Ll = p—q
sel | 0 1 2 3 /2 N
oy 1 1 [ S S S N O O

y preserves its last value when sel goesto "11"
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How to avoid unwanted
Latches?

« Anyway using latches is not recommended, except in some special
cases

« Unwanted latches increase the size of the circuit, make the timing
analysis more difficult (static timing analysis)
« All compilers assert warnings when finding a latch
— The problem is, sometimes the warnings are so many and it is hard to
read all of them
* In order to avoid latches in combinational circuits:

— initialize the output signal at the beginning of the process, '-' isin
many cases a good choice

— use case instead of if-then-else, when you have non-priority
choice, but this doesn‘t automatically prevent latches

 The synthesis tools don't interpret correctly the sensitivity lists, use
only widely accepted descriptions of DFFs!
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Combinational loop(1)

Latches are inferred when a feedback is detected by the synthesis tool.
Here the problem is not only the latch itself, the feedback brings the
circuit to oscillations.

D(7:0) Q(7:0) s(7:0
process(a, sum, enable, clr n)
begin
if clr n = '0' then T
sum <=(others => '0');
elsif enable='1l' then
sum <= sum + a; (o n
end if;
end process; [enable
s <= sum;

Aclr

Gate

enable \
s[0] . e
s[1]
s[2] | L1 1 | -
s[3] v |
S[4] [ ) 1 1l g
s[5] | ipigmigeigtighjignig)!
s[6] M MU
s[7] 1
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Combinational loop(2)

This should be a counter modulo 3. Its states are "00"™, "01", "10". The
counter enters for short time the state "11", but then a reset pulse is

generated.

rst i <= rst or (q_i(0) and q_i(1));

process (clk, rst_ i)
begin
if rst i = 'l' then
g i <= "00";
elsif rising edge(clk) then
q_i(0) <= not q_i(0);
q i(l) <= gq i(0) xor g i(1);
end if;
end process;
q <=qgqi;
rst g <= rst_i;

clk[

rst|

q_i[0]

q_i[1] ;

PRE rst_i~0

PRE
D Q

ENA
CLR

D e rst_i~1
_%_._Dm_q

ENA 10
oL [1..0]

T ——

...more about this example in "Timing simulations"

clk
rst | resetat "11"
rst_q \ ~
q[0]
aq[1] \
q_i 0 3 0 1
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Combinational loop(3)

There are several problems with this circuit:

* There are two combinational loops - each starts from a DFF output, goes
through the AND and OR gates and closes to the reset port of the same DFF

» The duration of the reset pulse is probably on the lower limit, it could happen
(depending on the supply voltage and temperature), that only one of the
DFFs is cleared successfully

It could happen, that after "00" and "01" when going to "10", both DFFs
are for short time high, which leads to a reset pulse with very short duration

« The timing analysis is hard to be done

« The combinational logic has less than the usual complete period after an
asynchronous reset, setup time violation is possible

q_i[1] _
clk o7 rst_i~0 rst_i~1
PRE . st q

" | D Q ENA
rst_ ] " 9 CLF) [1.0]
qlo0] ENA d’

ql1] | CLR [

q_i 2 3 0 l—‘ (_ I

...more for this example in
rst >

"Timing simulations”
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DFF with asynchronous set and
reset

FDCP process (clk, pre, clr) Q
| pre | begin
PRE if pre = 'l' and clr = '1l' then
<= 'X':
d D Q 9 7
L& ) elsif clr = '1l' then
q <= VOI;
ok c elsif pre ? '1 then
CLR q <=1
| elsif clk'event and clk='1l' then
| clr q <= d;
end if;

end process;

pre Not a good idea to use both pre
o and clr:
T T L e — 1~ - small additional delays and

clk I I I I I I I I I

glitches can make the behaviour
non-deterministic
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DFF with asynchronous load

process (clk, aload, ad)

Not a good idea:

begin Q
- additional logic resources if aload = 'l' then
o e g q <= ad;
B dlfflCUlt tO fUIfII tlmlng ] elsif clk'event and clk='1l' then
conditions (ad must be valid q <= d;
when aload goes inactive) end if;
end process;
. [ ad —
When taking ] FDCP
aloa
only ad and N2 e
aload signals [ D a La>
into account, —
this is a pure ST T
AND2B1 |
latch
[ clk
aload [ ]
ad
d | | | ~
R . I I 1

© V. Angelov
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Shift register with variables

process (clk)

d DPREQ —>q var::l.able a,b,c : std logic;
ck[>——— begin
ENA Wro if clk'event and clk='l' then
CLR 0 ’79 a :=d; c := b;
) rd@rl b := a;:><b 1= aj
For a variable, the VHDL ' c i=b:¥ Na iz d:
code in the process is end if; .
. . . q <= c; O\"
interpreted exactly like in a end process; @
normal computer program, ©
each assignment is | =1 @ ] b e c©
. . . >—s——=—D Q D Q D Q‘—-—-—{ >
immediate! For a signal S N N |

the last value assigned is
copied to it at the end of
the process!

ENA

CLR

ENA
CLR

ENA
CLR

If using signals instead of variables, the order of the three lines
is not important! Avoid using variables for real signals!
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A simple counter with
synchronous reset & load

signal q i : std_logic_vector(q'range) ;

constant full : std _logic_vector(q'range) := (others => 'l1');
begin

process (clk)

begin

if clk'event and clk='1l' then d(7:0) q(7:0) ——

if rst n = '0' then
q i <= (others => '0"'); clk
elsif sload = 'l' then
q i <=d;
elsif cnten = 'l' then
qi<=qi+ 1 rst_n
end if; carry out

end if; sload co——
end process;

q <= q9qi;
co <= 'l' when q_i = full and sload = '0' and cnten = 'l' else '0';
rst_n \—,7
ok | L L 0 = = . b = L b L L]
sload | ’—‘
d XX [FE [xx
cnten ‘ ‘
g XX_ Joo Jo1 J02 J03 [o4 [FE [FF Joo Jo1 Jo0 fo1

co [ [
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Counter with signal/variable and
~ std_logic_vector(1)

USE IEEE.STD LOGIC_1164.ALL;

USE IEEE.STD LOGIC_UNSIGNED.all; Both descriptions are

entity counter var is .

generic (N : Natural := 8); eqU|Va|ent.

port ( _ _ In the case of variable be
clk : in std logic;
rst_ n : in std_logic; careful where to copy the
cnten : in std logic; .
gss : out std logic_vector (N-1 downto 0); Value Of the varlable tO the
gsv : out std logic_vector (N-1 downto 0)); signal!

end counter_var;
architecture a of counter wvar is

signal cntss : std_logic_vector(gss'range) ;
begin o . . .
-- using std_logic variable
-- using std logic SiGNPrOCess(clk, rst_n)
process (clk, rst_n) variable cntsv : std logic_vector(gsv'range) ;
begin begin
if rst n = '0' then if rst n = '0' then
cntss (others => '0"); cntsv @(others => '0");
& elsif clk'event and clk='l' then elsif clk'event and clk='1l' then
if cnten = '1' then if cnten = 'l' then
cntss @cntss +1; —Overflow v @cntsv + 1;
end if; here is end if;
end if; ignored! end if:
end process; » gsv <= cntsv; ?
gss <= cntss; P end process;
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Counter with signal/variable and
std _logic vector(2)

cntsv([7..0]

cnten|

qsv[7..0]~reg0

oK qsv[7..0]
rst_n|
rst n
gss Yo R CRR COR (R R AR CHN ¢ 5 R C |
gsV \X [ 12 I3 [4 I5 ) 17 Yo & 12 & X2 L
cnten N7 L ~—
clk
process (clk, rst_n)
variable cntsv : std logic_vector (gsv'range) ;
e . begin
Wrong position of this if £st.n = '0' then
line! The result is twice cntsv := (others => '0');
elsif clk'event and clk='1l' then
more DFFs and strange if cnten = '1' then cntsv := cntsv + 1; end if;
. gsv <= cntsv;
behaviour! end if;

end process;
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Counter with signal/variable and
Integer(1) ¢

entity counter var is

generic (N : Natural := 8);
port (clk : in std_logic;
rst n : in std logic;
cnten : in std logic;
gis : out std logic_vector (N-1 downto 0);
giv : out std logic_vector (N-1 downto 0) );

end counter var;

subtype counter_int is Integer range to 2**N-1;

signal cntis : counter_ int; -- using integer variable
process (clk, rst_n)

process (clk, rst_n) variable cntiv : counter_int;

begin begin
if rst n = '0' then if rst n = '0' then
cntis <= 0; cntiv := 0;
elsif clk'event and clk='1l' then elsif clk'event and clk='1l' then
if cnten = '1' then if cnten = '1l' then
if cntis = counter int'high then if cntiv = counter int'high then
cntis <= 0; Why ? cntiv := 0;
else ; else
cntis <= cntis + 1; (next slide) cntiv <= cntiv + 1
end if; end if;
end 1if; end if;
end if; end if;

end process; ‘_///—————b giv <= conv_std logic_vector(cntiv, N);

gis <= conv_std logic_vector(cntis, N); end process;
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Counter with signal/variable and

Writing simply cntis <= cntis +

Integer(2)

; leads to overflow error in the simulation

J— COUNT COUNT
D(0:0) Q(7:0) —— D(LR) Q(7:0)
17 x LUT4 8 x LUT4
[(enten CE CE
C C
CLR CLR
[rst_n O [rst n O
Xilinx ISE 9.2
clk clk
H
>—
) if cntis = counter_int'high then cntis <= (cntis + 1) mod 2**N;
I cntis <= 0;
>—— .
‘)7 else the better solution
: cntis <= cntis +
% end if;
P . : oy
> Overflow here Some other synthesis tools do not introduce additional
e is an error in logic, both descriptions are equivalent
simulation!
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Counter with signal/variable

signal cntss : std logic vector(gss'range);
constant cntfull : std logic vector(gss'range) := (others => 'l');
begin
process (clk, rst n) process (clk, rst _n)
variable cntsv : std logic vector(gsv'range);
begin begin
if rst n = '0' then if rst n = '0' then
cntss <= (others => '0'); cntsv := (others => '0'); C:SB
elsif clk'event and clk='1l' then elsif clk'event and clk='1l' then
if cnten = 'l' then if cnten = 'l' then
cntss <= cntss + 1; cntsv := cntsv + 1;
if cntss = cntfull then if cntsv = cntfull then
cntss <= (others => '0'); cntsv := (others => '0');
end if; end if;
end if; end if;
end if; end if;
end process; gsv <= cntsv;
gss <= cntss; end process;
rst n |
clk . -7 -7 -7 -7 -7 7 1 ‘-7 §‘-1T §[1 "/
cnten | | |
gss Jo 1 \2 I3 |@ |B (6 {7 '
gsv 0 1 12 I3 14 15 16 Yo &

Where comes the difference from? N4
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Shift register with bad reset <

process (clk, rst n)

begin

if rst n = '0' then

If any register is missing in the reset
part of the process, additional logic

qg<='0"; . . .
elsif clk'event and clk='1l' then !S Inser!:ed and the reset 1S
if en n = '0' then |mpOSSIb|e!
9<=C/ kL Ll Ll L L L L L L L
b <= a; rst n |
c <= b; d [ 1
end if; a ------- 1 [ |
end if; D "TmmTTTmm e mmmmmmmmeee— oo 1 [ 1
end process; C TTTTTTTTTTTTTTTTTTTToToToTToToToTomooooooooooooooooes L I
(© 1 I—I—l_
\_—//
: 1 c q~reg0
en_n[__>— a b Oi‘ PRE PRE
o>\ PRE 0 b g y ° a b a—=——"_ >q
D Q 1
dl ! b~0 c~0 ENA +——=—C ENA
~ ENA
a~0 ENA CLR CLR
CLR CLR . E)
rst_n[
clk]
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Shift register — correct reset &

process (clk, rst n)
begin
if rst n = '0' then
q<= '0'; a<= '0'; b<='0"; c <= '0'; «— either all or no reset!
elsif clk'event and clk='l' then

if en n = '0' then clk
a <= d; rst n L
b <= a; | The order ™" L
c <= b; [ is not ¢ — 1 | .
q <= ¢/) important , , | |
end if; O mmmmee- 1 |
end if; R ; 1
end process; . ) ]
What will happen if we use latches instead of DFFs?
a b C g~reg0
PRE PRE PRE PRE
d D Q D Q D Q D QfF———- >q
clk] D D D >
en_n|  ENA r———C ENA r——=—CENA r—=—C ENA
CLR CLR CLR CLR
rst_nj (R _._(l) _._(I) _._(I)
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Shift register with parallel load

entit¥ shift reg full is éf:) | din(9:0) dout(9:0)
generic (N : Natural := 10);
port( ———ck
signal q : std logic_vector (N-1 downto 0); — !oad
begin
process (clk, rst n) —rst.n
begin
if rst n = '0' then q <= (others => '0'); ————|serin
elsif clk'event and clk='1l' then
if load = '1l' then q <= din; — shift serout ——
elsif shift='1l' then
q <= q(N-2 downto 0) & serin; serout <= q(N-1);
end if; dout <= q;
end if; end;
end pProcessi  Two modules, one sends serially (serout) to the other
rst n
clk I I I I I I I I I I I I I I I I I I I I I I [
serin
din e (T Y (07 7Y, S S
shift---------mmmmmmmmmoos
load ----------- ] 1
dout J00000000 J11110101 Jirtot01x  Yiro1o1xx  J1otoixxx  Jozouxxxx Jion Jor € [oro1z010 |
serout 4 | I N D
dout_rec 00000000 JoouonoorYeouooors Yoooooiis Jooouiiii Joworiiio Yoouniior foriior fumiowor

© V. Angelov VHDL-FPGA@PI 2013 91



Gray code and Gray counters(1)

* In case of a N-bit binary counter the number of bits
changed at each clock vary from 1to N, e.g. 0111 -
1000 - 1001 .. 1111 - 0000

« This might be a problem when transferring the counts to
another clock domain due to the slight differences of the
timing of the different bits

count _d count_s

CIK | oihary > CLK2 i Regist >

Counter egister
Clk—|—|—|—|_§—|—|—|—|_
count d 0110 Y\ (1)zooo [To01 ]

®
QO
AN
o
~
»
0
>
©
-
Q
®

) [ L [ L
clk2 _|—|—|—|—|w
count g = f0110  (CEEE] ()Tz00 ) (000 \Too1
- —a

any 4 bit number possible here
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Gray code and Gray counters(2)

 Hamming distance between two N-bit words is defined as the
number of differences in all bit positions, e.g.
00101 and
10111

have Hamming distance of 2

* In the binary coding the hamming distance between two
adjacent codes can be from 1 to N

* In the Gray coding the hamming distance between two
adjacent codes is always 1

« Unfortunately the arithmetic operations in Gray code are not
easy, but

« The conversion from binary to Gray and back is not so difficult
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Gray code and Gray counters(3)

Binary distance Gray

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001

(@ JS L G L N [ |
O A OO0
O ) 00O A
O -0 -0 -0

© V. Angelov

> 1

0000
000
00

o
| ©

OO 200 =2 20O O0 =2 2|00 = ]

0
0
0
0
1
1
1
1
1
1
1
1
0

OCOOR =22 000002 = o

OO OO0 A A A A A

How to generate the code?

N+1

o O oo

— — —

1

N-bit Gray code

—O00
—0 1
—11

10
—11
—0 1
— 00

[10
A

v

up

mirror

down

Typical example for recursion
— good for software, but not for
hardware implementation
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Gray code and Gray counters(4)

BinN-1] [__> T [ > GrayN-1]
Bin[N-2] 5D_D e Blnary —> Gray
gray <= '0' & bin(N-1 downto 1) xor bin;
Grayl[1]
Bin(] D—D

) Gray — binary

signal bin i : std logic_vector(gray'range) ;

Gray[N-1] [__> = > Bin[N-1] begin
5 Bin[N-2] bin i(N-1) <= gray(N-1);
St binc: for i in N-2 downto 0 generate

bin i(i) <= gray(i) xor bin i (i+l);
Bin[1] end generate;
bin <= bin i;

Graylt] [ >——

Bin[0]
Gray[0] w} >
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Gray code and Gray counters(5)

] N-bit
Gray counters— N-bit Binary Bin to  N-bit
Counter Gray Register
" "00..01"
2-bit o FDQ["] == | INIT D Q {— Bin Gray}—{ D @ —=2¥
— =] | s scir
D Q D Q CLK CLK
CLK] CLK CLK CLK CLK
Q Q—
0 count_d D 0 count_s
Binary .
CLK Counter CLK2 Register
ray d ray s ray2bin s
Gray Q R D Q ks 2 Gray Bin S
CLK \ Counter CLK2\ Register
ek — 1.~ 1 11—
count d 7110 Yoii1 Y XEX1000 fToo1 '3
gray_ d oiol {0100 {1700 J1101 ){
clk2 [ o -~ [ [
D
gray S au J0101 Jo100 / J1100 N J1101
7 \
gray2bin s o Jo110 Jo111 [\ J1000 ) {TooT
count s o= Joi1o Jo1i1 NGJ1100 d {1000 J1o01
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Counting asynchronous events(1)

* |tis not very nice to have tens of clocks in a
single chip
— Many clock domains (trees)

— The counter & register outputs are not synchronous to
the system clock and can not be used directly

* |t might be better to run the counters with the
system clock and to enable each counter
properly

* Provided the input frequency is not higher than
the system clock, there is a very simple solution

© V. Angelov VHDL-FPGA@PI 2013
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Counting asynchronous events(2)
i

Counter
_E Q'_
CLK

CLKA [ >—bD Q D Q-

CLK CLK

/v CLK

Edge detection — the pulse duration on the cLk_a input must be
larger than the period of the cLk, even if the frequency of cLK A is

very low .
] J/E—::>% Counter

D Q D Q D Q
CLK A [ >—cLK CLK CLK
CLK

CLK

Here the only requirement is that the input frequency is below the
system clock CLK

© V. Angelov VHDL-FPGA@PI 2013
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Filter for noisy or slow signals(1)

« Some signals come from mechanical buttons and have

many transitions w W snalog
}L& —|_|_H W digital

e or are very slow, cbmpared to the typical digital signals

D777777777777ZFZ777777772)  analog One p_OSSIble SOlU’.UOn. .|OW
- pass filter + Schmidt trigger

with hysteresis
(ideal)

digital C 7414
I T
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Filter for noisy or slow signals(2)

4
i | This happens
30 I SRR R SRR S ~~1 when pressing
‘ ‘ | | | | the button, but
the same

happens again
when releasing it!

Voltage, V

”””””””””””””””””””””””””””””””””””””””””””””””””””””””

I s e e I
T AN
- VTt ! ! ; ! |
$2 s T S e S| s IV WL
£ e i
= T [ >
0~ D A S M I AR
0.2 0.0 0.2 04 0.6 0.8 1.0 1.2 1.4 1.6 1.8
time, ms
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Filter for noisy or slow signals(3)

entity filt short is

generic (N : Integer := 3); Using a shift register
P°rt(§1k P in std logicy The input is shifted in, the output is
: in std logic; : o .
q . out  std logic); changed only if all bits in the shift
end filt short; register are equal
architecture a of filt short is
signal samples : std logic vector (N-1 downto 0);

constant samplesl : std logic vector (N-1 downto 0)
constant samplesO0 : std logic vector (N-1 downto 0)
signal all high, all low n, q i : std logic;
begin
all high <= 'l' when samples = samplesl else '0';
all low n <= '0' when samples samples0 else '1l';

process (clk) The clock frequency must be low
begin enough, for mechanical buttons in the

if clk'event and clk='1l' then order of 100Hz or below
samples <= samples (N-2 downto 0) & d;

(others => '1');
(others => '0');

q i <= (g_i or all high) and all low n; ALL 1
end if;
end process; D - S . S l . S ___i:}———o Q
q <= q—l; CLK CLK CLK |7 e
end; ——\ N\ ALL 0
i,/ CLK
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Filter for noisy or slow signals(4)

entity filt long is Using a counter
generic (N : Integer := 3); The i tsi ld t .
port (clk : in std logic; e input signal d must remain
d :in  std logic; unchanged for N clk cycles in order to
q : out  std_logic); be copied to the output g, otherwise

end filt long;

architecture a of filt long is the counter will be reloaded

signal counts : Integer range 0 to N-2;
signal samples : std logic vector(l downto 0);
begin

process (clk)

begin

if clk'event and clk='l' then
samples <= samples(0) & d;

if (samples(0) xor samples(l)) = 'l' then -- different
counts <= N-2;
else
if counts = 0 then g <= samples (1)
else counts <= counts - 1; -- count down
end it clk MMM AL AL AL AL
end 1f; a M 1N
end 1f; q(filt_short) ] 1
end process; g(filt long) [ L

end;
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Sort4 — bubble sort

entity sort2 is

LetS try to Sort 4 generic (Nbits : Natural := 8; Nidx Natural := 2);
. port(
numbers in hardware. dat0i : in std logic vector (Nbits+Nidx-1 downto 0);
. datli : in std logic_vector (Nbits+Nidx-1 downto 0);
Maybe the SImpIeSt datOo out std logic_vector (Nbits+Nidx-1 downto 0);
datlo out std logic_vector (Nbits+Nidx-1 downto 0));

way is to first build a
sorter for 2 numbers.
Then combine many
such blocks to realize
something like a
bubble sort.

end sort2;
architecture a of sort2 is
signal dOgtdl std_logic;
signal datOcmp, datlcmp
begin
datOcmp <= dat0i (Nbits+Nidx-1 downto Nidx) ;
datlcmp <= datli (Nbits+Nidx-1 downto Nidx) ;
dOgtdl <= 'l' when datOcmp > datlcmp else
datOo <= dat0i when dOgtdl
datlo <= datli when dOgtdl

std logic_vector (Nbits-1 downto 0);

|0|,.
'l'" else datli;
'l' else datOi;

end;
dat0i[9:0] > dat0i[9:0] dat0o[9:0] { > dat00[9:0]
dat1i[9:0] dat10[9:0]
sort2_8 2
dat1i[9:0][ > dat0i[9:0] dat0o[9:0] dat0i[9:0] dat0o[9:0] [ > dat10[9:0]
at10[9: mi
dat2i[9:0] [ >———dat0i[9:0] dat00[9:0] sort2_8 2 dat0i[9:0] datOo[Q:O]f sort2_8 2 O 9-0T=mOTi Ot dat20[9:0]
dat3i[9:0][ > i[9 t10[9:0] dat1i[9:0] dat10[9:0] dat1i[9:0] dat10[9:0] [ > dat30[9:0]
sort2_8 2 sort2_8 2 sort2_8 2
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Sort4 — some better architectures

dat0i[9:0] >
The bubble sort from the
@ previous page
dat1i[9:0] > dat0i[9:0] dat0o[9:0]——

dat0i[9:0] dat0o[9:0]

dat1i[9:0] dat10[9:0]
sort2_8 2

{ > dat0o[9:0]
max

dat0i[9:0] dat0o[9:0]

{ > dat10[9:0]

dat1i[9:0] dat10[9:0] dat1i[9:0] dat10[9:0]
dat2i[9:0] [ >———dat0i[9:0] datOo[Q:O]—,_ sort2_8 2 _|—datOi[9:0] dat00[9:0]—,_ sort2_8 2 _|—datOi[9:0] dat0o[9:0]—— > dat20[9:0]

dat3i[9:0] [ >———dat1i[9:0] dat10[9:0]

dat1i[9:0] dat10[9:0]

dat0i[9:0] dat00[9:0]
dat1i[9:0] dat10[9:0]

dat1i[9:0] dat10[9:0]——— > dat30[9:0]
sort2_8 2

sort2 8 2

{ > dat00[9:0]

dat1i[9:0] dat10[9:0]

dat0i[9:0] dat0o[9:0]— > dat10[9:0]

_I—dat1i[9:0] dat1o[9:0]—|_ dat1i[9:0] dat10[9:0]—— > dat20[9:0]
dat00[9:0] sort2_8 2  dat0i[9:0] datOo[9:O]—| sort2 8 2

sort2 8 2

{ > dat30[9:0]

Area +6%, Speed +23%

max

[ > dat00[9:0]

dat1i[9:0] dat10[9:0]—— > dat20[9:0]

_l—datOi[Q:O] dat0o[9:0]—— > dat10[9:0]

sort2 8 2

mi

sort2_8 2 sort2_8 2
dat0i[9:0] [ _>———dat0i[9:0] dat0o[9:0]
dat1i[9:0] [ >———dat1i[9:0] dat10[9:0]
@ sort2 8 2 _l—datOi[Q:O] dat0o[9:0]
dat2i[9:0] [ >———dat0i[9:0]
dat3i[9:0] [ >———dat1i[9:0] dat10[9:0]
sort2 8 2
dat0i[9:0] [ >——dat0i[9:0] dat0o[9:0] dat0i[9:0] dat0o[9:0]
dat1i[9:0] [ >——dat1i[9:0] dat10[9:0] dat1i[9:0] dat10[9:0]
@ sort2 8 2 sort2 8 2
dat2i[9:0] [ >——dat0i[9:0] dat0o[9:0] [—{dat0i[9:0] datOo[9:0]
dat3i[9:0] [ > dat1i[9:0] dat10[9:0] dat1i[9:0] dat10[9:0]
sort2 8 2 sort2 8 2

© V. Angelov

In [ > dat30[9:0]

Area -17%, Speed +33%
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input and at the output

dat0i[9:0] [ >—
dat1i[9:0][ >—
clk [ >

dat2i[9:0][ >—
dat3i[9:0][ >—

Sort4 - pipelining

In order to estimate easier the speed, we can first put registers at the

dat0i[9:0] dat00[9:0]
dat1i[9:0] dat10[9:0]

sort2 8 2

dat0i[9:0] dat00[9:0]
dat1i[9:0] dat10[9:0]

sort2 8 2

dat0i[9:0] dat00[9:0]
dat1i[9:0] dat10[9:0]

sort2 8 2

dat0i[9:0] dat00[9:0]
dat1i[9:0] dat10[9:0]

— > dat00[9:0]

dat0i[9:0] dat0o[9:0]H | > dat10[9:0]
dat1i[9:0] dat10[9:0]H —{ > dat20[9:0]

sort2_8 2

sort2 8 2

— > dat30[9:0]

The next natural step would be to put one register in the middle.
We pay with latency, but we get the design running faster (+56%).

bytei0) xx [10 141 122 113 24 115 136 Y17 38 139
byteill) XX J20 131 J12 23 14 )15 136 J17 )18 49
bytei@) XX |30 121 32 {43 Y44 |35 {16 Y17 {18 {19
byeiB) XX J40 J11 J42 133 34 )35 |16 137 )18 Y29
clk L[ o L7 7 7 7 ’°-7 °-7 ’°7 »L-7T ’1T ©1T 1§
bytes 0) XX J40 J41 42 43 44 |35 136 137 )38 49
bytes 1) XX 30 131 132 |33 134 |35 |36 J17 )18 139
bytes @) XX 120 121 122 23 124 {15 {16 Y17 {18 129
bytes@) XX J10 J11 J12 |13 14 )15 |16 117 )18 Ji9
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Sort4 — the best solution(1)

Compare each pair, put the result (6 bits) into a LUT and calculate

the select inputs of the 4

dat0s[7..0]
output mux sl |
_ / dat2s[7..0]
dat0i7.0] [S= dat0s[7.0] [~ soat dat3s[7..0] |
) dat1s[7..0] A>B
dat1i[7..0] [ B
datts[7.0] ™ dat0s[7..0]
— ASE a2 —
G20 [ oy B SRCE A
dat2s[7..0]
dat2s[7.0] [ dat3s[7..0]
ASB d2gt3 mux0[1..0]
. dat3s[7..0] B
dat3i[7..0] [w mux1[1..0] mux0[1..0]
LUT mux2[1..0]
— dat3s[7.0l [~ Ii dat0s[7..0]
i d3gt0 mux3[1..0] —
. dat0s[7..0] | B A>B 4 dat1s(7..0] |
dat2s[7..0]
dat0s[7.0] [~ dat3s[7..0] |
— d0gt2 —_—
dat2s[7.0] | g A>B <
——— mux0[1..0]
datts[7.0] ™ dat0s[7..0] [
d1gt3

datssl7.0 | p A>B

Same area as the bubble sort, but twice
faster! Pipelining here is straightforward.

© V. Angelov
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dat1s[7..0]

dat2s[7..0]

dat3s[7..0]

mux0[1..0]

p=f{ > dat00[7..0]

i >dat10[7..0]

={ > dat20[7..0]

=f > dat30[7..0]
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Sort4 — the best solution(2)

The LUT can be realized as a process with a big case (in total 24
cases, the rest are don’t care). The generation of the VHDL case

#include <iostream> code can be done by a simple C++ program.
#include <iomanip>

using namespace std;

int pos(int p, int a, int b, int ¢, int d) L

{ The LUT 6 — 8 bit in VHDL
if (a==p) return
if (b==p) return
if (c==p) return

sel <= dOgtl & dlgt2 & d2gt3 & d3gt0 & dOgt2 & dlgt3;
process (sel)

Ne Ne Neo N

if (d==p) return begin

return 0; case sel is
} when "000100"=>mux (0)<="11",;mux(1)<="10",;mux(2)<="01";mux(3)<="00";
int main (void) {:when "001100"=>mux (0)<="10";mux (1)<="11";mux (2)<="01";mux (3)<="00";
{

int a,b,c,d; when others =>mux(0)<="--";mux(1l)<="--";mux(2)<="--";mux(3)<="--";
for(a=0; a<4; a++) end case;

for(b=0; b<4; b++) end process;

for(c=0; c<4; c++)

for(d=0,; d<4; d++)

if ((a'=b) && (b!=c) && (c'=d) && (a'=c) && (a'=d) && (b!=d))

{
cout<<'"when "<<''"'<<dec<< (a>b)<< (b>c)<< (c>d)<< (d>a)<<(a>c)<<(b>d)<<'" '<<L"=>";
cout<<"mux (0) <="<<'"'" '<K<hex<<setw(2)<<setfill('0')<<pos(3,a,b,c,d)<K"'" 'L ;";
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Sorting larger arrays - sort8

How to extend the sort entity for larger N? For N=8 the simplest

solution is shown below, using 5 x sort4 entities, 3 of them slightly

simplified (2 of the 6 comparators in the modified sort2p2 are not

necessary as the two input pairs are already sorted, the LUT becomes

sort2p2

dat0i datOo

datli datlo

b dat2i dat2o

dat3i dat3o

smaller)

sort4
w. dat0i datOo
w. datli datlo
dat?l | gat2i  dat2o
dat3i dat3i dat3o

sort4
w. datO0i datOo
datol | 4at1i  datlo
%. dat2i dat2o
dat71i

Again, pipelining her; is straightforward. Gene_rally this approacﬁ

b dat3i dat3o

sort2p2

b datOi datOo

datli datlo
dat2i dat2o

dat3i dat3o

datOo
datlo
sort2p2
] dacoi  datoo | |dat2e
N\ dac1i  datio o 92E39
/— dat2i dat20 fm datao
/— dat3i dat30 fm datoo
datoeo
dat7/o

can be used to double the N, the logic explodes by factor of 4 to 5.
VHDL-FPGA@PI 2013
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Pseudorandom generators(1)

N-bit shift register with a feedback, used to generate pseudorandom
numbers. Note that the number of possible states is 2N-1, not 2N!
The example below is for N=4.

di <= sr(3) xor sr(2); -- or psrg(sr)

Q0 process (clk, rst n) .
% begin (next slide)

di / T Q3 -
( if rst n = '0' then
l \N sr <= (others => '0'");

sr(0) <= '1"';

—D “? aQ D Q D Q D Q i
CLK CLK CLK CLK elsif clk'event and clk='l' then
~——bcCLK ~———bCLK ~———bCLK ~———bCLK . .
sr <= sr(sr'high-1 downto 0) & di;
1 © o
end if;
RST n T T T end process;
' ) q <= sr;
rst._ nm— | |
d Tuuu Jooo1 Jooio Joioo Yiooi Jooii JYoiio Yizo1 Yioio Joiol Yioi1 Yoiii Y1111 Y1110 Y1100 Y1000 Joool Jooio
clk
cnt [)o | ]2 13 | 5 |6 |7 |E )€ Jio  Ji1 Y12 Ji3 Y14 Y15 J1ise

Used: for built-in tests of memories; to generate input data in
testbenches; for Monte Carlo simulations; as simple frequency divider
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Pseudorandom generators(Z)

function psrg(sr :
variable bitO :

begin

case sr'length is

when
when
when
when
when
when
when
when
when
when
when
when
when
when
when
when
when
when
when
when
when
when
when
when
when
when

when

32 => bit0 :
31 => bit0
30 => bit0 :
29 => bit0 :
28 => bit0
27 => bit0
26 => bit0 :
25 => bit0
24 => bit0 :
23 => bit0
22 => bit0
21 => bitO0 :
20 => bitO0 :
19 => bit0
18 => bit0
17 => bit0
16 => bit0
14 => bit0 :
13 => bit0
12 => bit0
11 => bit0
10 => bit0 :
9 => bit0 :
8 => bit0 :
5 => bit0
15 | 7| 6
bit0
others => bit0 :

end case;
return bit0;

end;

© V. Angelov

std_logic_vector) return std logic i

std_logic;

sr(31)
sr (30)
sr(29)
sr(28)
sr(27)
sr(26)
sr(25)
sr(24)
sr(23)
sr(22)
sr(21)
sr(20)
sr(19)
sr(18)
sr(17)
sr(16)
sr(15)
sr(13)
sr(1l2)
sr(1ll)
sr(10)
sr( 9)
sr( 8)
sr( 7)
sr( 4)
| 4 | 3 =>

Xor
Xor
Xor
Xor
Xor
Xor
Xor
Xor
Xor
Xor
Xor
Xor
Xor
Xor
Xor
Xor
Xor
Xor
Xor
Xor
Xor
Xor
Xor
Xor
Xor

sr(21) =xor
sr(27) ;
sr( 5) xor
sr(26) ;
sr(24);
sr( 4) =xor
sr( 5) xor
sr(21) ;
sr(22) =xor
sr(17);
sr(20) ;
sr(18) ;
sr(16) ;
sr( 5) xor
sr(10) ;
sr(13);
sr(14) xor
sr( 4) xor
sr( 3) xor
sr( 5) xor
sr( 8);
sr( 6);
sr( 4);
sr( 5) =xor
sr( 2);

sr( 1)

sr( 3)

sr( 1)

sr( 1)

sr(21)

sr( 1)

sr(12)
sr( 2)
sr( 2)
sr( 3)

sr( 4)

Xor

Xor

Xor

Xor

Xor

Xor

Xor
Xor
Xor
Xor

Xor

sr(

sr(

sr(
sr(

sr(1l6) ;

sr(

sr(
sr(
sr(
sr(

sr(

:= sr(sr'length-1) xor sr(sr'length-2);

LY
I4

The feedback expressions
for some sizes of the shift
register, based on:

0);
0);

0);
0);

Xilinx APP 052 July 7, 1996,
ver. 1.1
- table for n=3...168

0);

3);
0);
0);
0);

3);

The generator can not exit
the state "0o0..00"!
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Registerfile

As a part of a RISC

subtype reg data is std logic_vector (Nd-1 downto 0);

type rf data_array is array(0 to 2**Na-1) of reg data; CPU core

signal rf data : rf data_array;

signal we_i : std_logic _vector(rf data array'range); ]

begin Number and size of
process (waddr, we) -- decoder with enable .

begin registers set through

we i <= (others => '0'); .
we_i(conv_integer (waddr)) <= we; gene”CS

end process; \

ri: for i in rf data_array'range generate N Nd
process (clk, rst n) -- the registers . ) .
begin %dm(15.0) rdata(15.0)7L
if rst n = '0' then rf data(i) <= (others => '0'); Na
— - % ddra(2:0
elsif clk'event and clk='1l' then raddra(2:0)
if we i(i) = 'l' then Na / raddrb(2:0)
rf data(i) <= din;
end if; Na / :
! waddr(2:0
end if; (2:0)
end process; clk
end generate;
-- the two output mux — Irstn
rdata <= rf data(conv_integer (raddra)) ; - Nd
rdatb <= rf data(conv_integer (raddrb)) ; — we rdatb(15:0) 7L
end;
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State machines
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State machines

* Two or three process implementation
* One process implementation

* Registered outputs and latency

« State encoding, stability

* Possible timing problems

» Partitioning of large machines

* Error protection
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State machines in VHDL (1)

type state_type is (S0, SL, SR, SA); «+——— enumerated type
signal present st, next st : state_ type;

begin Next state as a function of
process (present st, L, R, W)
begin - the present state and the
next st <= present_st; “WDLHS
case present st is
when S0 => if W = 'l' then next st <= SA;
elsif L = 'l' then next st <= SL;
elsif R = 'l' then next st <= SR;
end if;
when SL => if L = '0' and R = 'l' then next st <= SR;
else next st <= SO0;
end if;
when SR => if L = 'l' then next st <= SL;
else next st <= SO0;
end if;
when SA => next st <= S0; when others iS NOt necessary
--when others => ... .— in case of enumerated type
end case;
end process; 1stprocess
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State machines in VHDL (2)

Register to store the current state

process (clk, rst n)
begin

if rst n = '0' then present st <= S0;
elsif clk'event and clk='l' then present st <= next st;

end if;
end process;

2nd process

Calculate the outputs as a function of the current state (Moore machine):

process (present_st)
begin
LL <= '0'; LR <= '0"';
case present st is
when SL => LL <= '1';
when SR => LR <= '1"';
when SA => LL <= 'l'; LR <= '1l"'";
when others => NULL;

end case;
end process; 3rd process

© V. Angelov

... or current state and inputs
(for Mealy machines)

This process can be combined
with the first one — two process
description
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State machines in VHDL (3)

State
Source Destination Condition

SO SO ('L). ('R) . ('W)
S0 SL (L) . ('W)
SO SR (R).('L). ('W)
S0 sa (W) present o
SL S0 ('L) . ('R)+ (L)
SL SR (R). ('L)
SR S0 (1L)
SR SL (L)
SA SO
present_st
clk@>——— |ckk —-—j > L
LE>>——— |L SL
RIEED>——— R SR LL~0
rst_ n[D>——=q |reset SA -_._D—DLL
WIE>—— |W '
RST n
CLK
L | \
R \
w |
present_sts0 [ [ | ] \ ] -
present_st.SA \
presentstsL | [ L [ 1
present_st.SR | \ |
[ R e I S \ .
LR | \ 1 \ i

© V. Angelov
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State machines in VHDL — one
process description

process (clk, rst_n)

begin . . .
2 £ zst n = 0" then st m <= S0; Description in
elsif clk'event and clk='1l' then / One proceSS Only
case st m is
when S0 => if W = 'l' then st _ m <= SA;
elsif L = 'l' then st m <= SL;
elsif R = 'l' then st m <= SR; end if;
when SL => if L = '0' and W = 'l' then st m <= SR;
else st m <= S0; end if;
when SR => if L = 'l' then st m <= SL;
else st m <= S0; end if;
when SA => st m <= S0;
when others => st m <= "XX"; ¢« . . :
ond case; this line depends on the encoding!
end if;
end process; The outputs are part of the state

_ . = c— : : -
LL <= st_m(1); LR <= st _m(0); coding in this example

« For small machines seems to be the shortest description
* Not recommended for large state machines!
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State machines in VHDL —
manual encoding

subtype state_ type is std logic - vector(l downto 0) ;

constant SO : state_type := "00"

constant SL : state_type := "10" ]

constant SR : state type := "01"; <——— This works alwayS!
constant SA : state_type := "11";

signal present_st, next st : state_type;

OR

type state_type is (SO, SL, SR, SA);
attribute ENUM_ENCODING: STRING;

attribute ENUM ENCODING of state type : type is "0001 0010 0100 1000"; one-hot
attribute ENUM ENCODING of state type : type is "00 01 10 11"; binary

signal present _st, next st : state_type;

The exact way to set the encoding in the VHDL code depends on the
software tool used, this example is for ISE (Xilinx)

The encoding style can be set globally for all entities (tool specific)
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State machines in VHDL -
registered outputs

It is often better to have registered outputs of the state machine.
The simplest way is shown below, but this adds latency:

process (clk, rst n)
begin
if rst n = '0' then
present st <= S0; LL <= '0'; LR <= '0';
elsif clk'event and clk='l' then
present st <= next st;
if present st = SL or present st = SA then LL <= 'l';
else LL <= '0'; end if;
SA then LR <= '1';
else LR <= '0'; end if;

if present st = SR or present st

end if;

end process; How to avoid this extra latency?

Use the next st instead of the present st:

if next st = SL or next st = SA then LL <= '1';

else LL <= '0'; end if;
if next st = SR or next st = SA then LR <= '1l';

else LR <= '0'; end if;
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State machines in VHDL —
position decoder(1)

22

+—>

P160 P2 Light 1, Dark 0
Photoreceiver
JELE U R
2 1 T T e O
P1— En Pos[15..0]
P2 —— Up
CLK SM CLK‘ Counter
RST— —
RST

Note: CLK is enough faster than P1, 2

© V. Angelov
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State machines in VHDL —
position decoder(2)

This is a good example how a Mealy type of machine
can significantly reduce the number of the states

00 transition
state

EN UP

—_

outputs

The outputs are active
only while jumping to
another state.

How many states are
necessary for a Moore
machine ?
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State machines in VHDL —
position decoder(3)

type state_ type is (S00, sSO01, s11, S10);
signal present st, next st

signal pls, p2s

process (present st, pls, p2s)

std _logic;

begin

end

© V. Angelov

EN <=

VOV;

UP <= '-';

next st <= present_st;
case present st is

when S00

when S01

when S11

when S10

end case;
process;

=> if

=> if

=> if

=> if

pls =
elsif p2s =
end if;
pls
elsif p2s =
end if;
pls
elsif p2s =
end if;

pls =
elsif p2s =
end if;

|l|
lll

|1|
|0|

lOl
VOI

IOI
ll'

state_type;

-- the default is

then
then

next_st
next_st

then
then

next_st
next_st

then
then

next_st
next_st

then
then

next_st
next_st

this process calculates

the next state and the

outputs

no counting

<= S10; EN <= '1"';

<= S01; EN <= '1"';

<= S11; EN <= '1';
= S00; EN <= '1"';

<= S01; EN <= '1"';

<= S10; EN <= '1"';
= S00; EN <= '1';

<= S11; EN <= '1"';

VHDL-FPGA@PI 2013

UP
UP

UP
UP

UP
UP

UP
UP

<=
<=

<=
<=

IO'.
'1' .

l1| .
l0| .

'0' .
|l' .

'll .
|0| .
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State machines in VHDL —
position decoder(4)

process (clk)
variable pl2s : std logic vector(l downto 0);
begin

if clk'event and clk='1l' then — this is very Important!
pls <= P1l; -- synchronize the inputs
p2s <= P2; -- to the Mealy machine! this is no register!
pl2s := pls & p2s; <« )
if rst n = '0' then -- jump to the correct state
case pl2s is
when "00" => present st <= S00;
when "01" => present_st <= S01; g somehow unusual reset,
when "10" => present st <= S10; ;
— asynchronous would be dirty
when "11" => present st <= Sl1l1;
when others => NULL;
end case;
else
present_ st <= next st; -- store the next state
end if;
end if;

end process;
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State machines in VHDL —
position decoder(5)
vl

H B B B B EEBN

P1 46 P2 Light 1, Dark O reverse the direction Simulation
|

CLK
P L I e e
R N R [ I e N B

present_st s10 [s00 JsO1 [s11 [s10 [s00 |sO1 [s11 [s10 |s00 |sO1 [s00 [s10 |s11 JsO1 [s00 [s10 [s11 [sO1 [s00 [s10 Js11 |-

next st s10/s00 [s01 [s11 [s10 [s00 [s01 |s11 [s10 Js00 |sO1 Js00 [s10 [s11 [sO1 [s00 [s10 [s11 [s01 [s00 [s10 [s11 Jso1

= s S s e s | o
LU

UP M I I M I M M I M M

L L L L L L L L L L

COUNTER 343 [344 (345 |346 |347 [348 [349 |350 |351 [352 [353 |352 351 [350 [349 |348 347 [346 [345 |344 |343 [342 |-
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State machine - encoding

 One-hot

+ fast decoding
- many illegal states

* Binary, Gray

+ without or with only a few (< 50%) illegal states

- more complex decoding \
* Using the outputs + eventually additional
bits
+ Synchronous outputs

+ The decoding is not necessary
- Eventually more logic

\ 5 valid, 27 illegal
combinations

O OoO0OoO0OOoORr
O oO0OoOoORro
O OoOmr oo
oORr OOOo
R O O OO

J

P RPrPRPRRFPOOODO
P RPrROORKRRKER OO
PoOoOPrPORKR ORO
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State machine — illegal states

* |In case of 5 states there are 32 possible states in one-
hot and 8 in binary coding

* Depending on the realization of the next state logic, once
entering an illegal state the state machine may never
recover to a normal state

 The standard when others => sm <= ... inthe
description of the state machine doesn’t guarantee
anything in most cases!

* Only when encoding the states manually, when others
=> could help (or when activating safe implementation
option in the synthesis software if available)

 How is it possible for a state machine to enter some
wrong state? How to avoid this?
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State machine — setup/hold

1, S, Y,
=D
S . S; Sy
l, 2 Y, 00
| 10
9 CLK r 6

O

The propagation delays from the input I, to S, and S, are different. If
the input signal is asynchronous to the CLK, it can happen that s,
stores the new, but s, the old value, as a consequence the state
machine jumps to a totally wrong state (different from the old and the
next one), which could be one of the illegal states

— All inputs to a state machine must be synchronized to the CLK!!!
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Synchronize input signals

... before using them in
the chip

General recommendation,
not only for the inputs to
the state machines

Due to the different
delays, the input signal
will be interpreted by a
part of the chip as 1, by
another part as O

—
—
—
—
\
—]
—
—
—

[
- Z\J
B
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Partitioning of state machines

(1)

* How to encode large state machines? E.g. with
33 states, then when using

— one-hot encoding we need 33 bits and have about
8.10° unused states!

— when using binary or Gray encoding we have 64 total
states

— Can we do something more?
 YES!
— first try to minimize the number of the states
— partition the state machine into several smaller
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Partitioning of state machines

(2)

N
g
/
v/\
9

One new One new
state in the  state in the
master state slave state
machine machine
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Partitioning of state machines

(3)

« Similar strategy as when partitioning a large design into
several subdesigns (entities) — hierarchy!

« Try to find the independent (orthogonal) parts of the state
machine with single transitions at the boundary

« Extract these parts as slave state machines, eventually put
some additional states in the master and in the slave
machines

 When the master reaches the entry state to the slave
machine, it remains there until the slave has finished

* For the slave all other master states act as synchronous reset

« With some care the extra latency when making a transition
from one to another machine can be avoided
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Error protection (1)

« Because of electrical noise or ionizing radiation
it is possible that single bits toggle

« With a Hamming-Code single bit errors can be
corrected, by adding control bits to the data word
(e.g. for 4 bits 3 control bits are needed, for 32
bits — 6)

* If the register holding the state of a state
machine has additional Hamming control bits
and the coding/decoding logic, a single bit flip in
the state register will be corrected at the next
clock
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Error protection (2)

« The principle of operation of the Hamming-Code is simple:

— The Hamming distance between two words is defined as the number of
differences in all bit positions, e.g. 00101 and 10111 have Hamming
distance of 2

— The set of the possible data words is extended, but the valid data words
remain a small subset, so that the min Hamming distance between any
two valid words is e.g. 3

— In case of one bit error the data word is corrected to the nearest valid
data word

— By increasing the distance, more detection/correction can be achieved

Valid data Valid data
word L — > e word

N4

1 bit error
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