Reading: VHDL and Verilog
· Hardware description languages can describe distinct aspects of a design at different levels of abstractions. Including behavioral, structural and physical
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Using VHDL, we can describe the interface and the functional (behavioral and structural) aspects of a digital system

The interface in VHDL is described by the Entity keyword: 
inout is for bidirectional signals
Examples: 
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the behavioral description is described by the Architecture keyword: 
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the strength of a signal reflects the ability of the source device to supply energy to drive the signal
the strength can be weakened by the resistance of wires causing signals to have different strengths
unknown or uninitialized values do not have a meaning for a signal

to use IEEE 1164 value system we just have to use: library IEEE;

Objects: 
4 basic objects: variables (value), constants, signals (time-val pair), file types

Full-Adder Example: Signal Assignment
[image: ]

· to change signal transitions on a waveform: 
signal <= ‘0’, ‘1’ after 10ns, ‘0’ after 20ns, ‘1’ after 40ns;

when using a conditional signal assignment: the first true conditional expression determines the output value. 
ex) MUX4 (4-to-1, 8-bit MUX)
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ex) Priority encoder (4-to-2):
[image: ]

unaffected signals means the value of the signal is not changed.
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selected signal assignment statement: the when others keyword is to ensure that all options covered

[image: ]

Delay Models: 
· there’s 3 different delay models, inertial, transport and delta 

1) Inertial delay: 
default delay model, suitable for modeling delays for devices like gates. The input must persist for a certain amount of time to ensure that the output will response. If a gate has an inertial delay, T, in addition to delaying the input signals by time T, any pulse with a width less than T is rejected.
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we can model devices which reject only very narrow pulses: 
Signal name <= reject pulse width inertial expression after inertial delay time;

2) Transport delay: 
models delays through devices with very small inertia, such as wires
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3) Delta Delay:
where very small delays are automatically inserted by the simulator to preserve correct ordering of events
[image: ]
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Modeling Behavior: 
features like I/O behaviour, working with data structures or utilizing state info needs to be support, with the process construct.
· the process body is similar to C programs
· it has declarations as well as constructs such as: if-then-else, case, for, and while
· the process can contain signal assignment statements
· sequentially executed and processes communicate with eachother through signals
· processes executed once after startup, then the dataflow determines their initiations
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Ex) Memory module: 
[image: ] 
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Ex) Sequential circuit multiplier: two 32-bit numbers
[image: ]
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signals vs variables: variables compute values, which signals include timing additionally
[image: ]
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objects that represent signals in the modeled system could be represented as signals
objects that are used simply to computer future values of signals can use variables







Ex) Communicating process of full-adder:
[image: ]
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Wait keyword can describe synchronous or asynchronous timing operations, sensitivity list and wait statement cannot be used at the same time

Ex) positive-edge triggered D FF:
[image: ]
Attributes: data can be obtained about VHDL items such as types, arrays and signals
Classes of attributes: value, function, signal, type, range (loops)

a) Value attributes: return a constant value
Type statetype is (state0, state1, state2, state3);
statetype’left = state0; statetype’right=state1;
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b) Function attributes: invoke a function call which returns a value
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c) Signal attributes: create new, implicit signals from the signals explicitly declared before
[image: ]
ex) Waveforms with signal attributes:
[image: ]

ex) D flip-flop with asynchronous inputs: wait can be implemented using sensitivity list
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ex) a 4-bit register with asynchronous enable signal
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ex) 4-phase handshake asynchronous 
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ex) Waveform generation: 
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Modelling State Machines: 
using communicating concurrent processes
[image: ]

ex) An alternative model for a finite state machines: 3 processes, one for each output function, next-state function and state transition
[image: ]
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Modeling Structure:
· behavioral descriptions of a component may be specified using concurrent signal assignments
· when this isn’t feasible due to the complexity of the event generation models, the behavioral models of each component are specified using 1 or more processes and sequential statement
· another approach to describing a system is simply in terms of its interconnection of its components 
Ex) Structural model of a FA 
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the structural model of the full-adder in VHDL would be as: 
[image: ]
[image: ]
instantiation: first acquire the components, by labelling them, and laying them out on the design and then connecting them to other components using the signal wires

Ex) State Machine – Bit-serial Adder:
[image: ]	[image: ]
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Generic Statements and Models: 
generic statement is used to avoid hard coded values in models, and to keep the model current and used to multiple instantiations.
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ex) a generic n-input gate OR
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ex) a generic map in the component instantiation
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the generate statement can be used instead of writing multiple instantiation statements, to write the model compactly

ex) N-bit register: 
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ex) N-bit ALU: 
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Subprograms: 
· the key feature is the repeated use of similar structures, and they can only return a single value through return statement
· the function executes a sequential algorithm

the structure of a function:
[image: ]

to call a function: function-name (actual-parameter-list)

the number and type of parameters on the actual-parameter-list must match the formal-parameter-list
the parameters are treated as input values, can’t be changed during the execution of the function




Ex) rotate_right function: returns a std_logic_vector equal to the input std_logic_vector (reg) rotated 1 position to the right
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if A = 1001 1010 1, then B <= rotate_right(A) would cause B = 1100 1010
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we should place the function code in the declarative region of architecture or process

Ex) use of a function: 
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Ex) Computer squares of an array of unsigned numbers
[image: ]

Procedures: 
it can return any number of values using output parameters, and they can modify input parameters

the structure of a procedure is as follows: 
procedure procedure-name (formal-parameter-list) is 
	[declarations]
begin
	sequential statements
end procedure-name

to call the procedure: 
procedure-name (actual-parameter-list)









Example Procedure) Addvec adds two N-bit vectors, a carry, returns the N-but sum and carry
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Placement of procedures: 
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Concurrent Procedure calls EXAMPLE) Bit-serial adder
[image: ]
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Files and TEXTIO:
· need to input files and text
· files are frequently used with testbenches to provide a source of test data and to provide storage for test results
· before a file is used, it must be declared using form:
[image: ]

Ex) [image: ]
· there’s a standard TEXTIO package that can be used to R/W lines of text from or to a file
· the package contains procedures for reading lines of text from a file of type text and for writing lines of text to a file
readline, read, write, writeline

Ex) Testbench for a D FF:
[image: ][image: ]
Behavior and Declaration of D FF:
[image: ]






Testbench of D FF: 
[image: ]
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° Simple signal assignment:

Full-adder example

library IEEE;

use |[EEE.std_logic_1164.all;

entity full_adder is

port (in1,in2, c_in: in std_ulogic;
sum, c_out: out std_ulogic);

end entity full_adder;

Signal declaration
Constant declaration

low of full_adder is Architecture
, 83 : std_ulogic; Declarative
constant gate_delay: Time:= 5 ns; Segment
begin

L1: 81 <= (In1 xor In2) after gate_delay;
L2: s2 <= (c_in and s1) after gate_delay;
3 <= (In1 and In2) after gate_delay: Bod:
L4: sum <=(s1 xor c_in) after gate_delay; Yy

Architecture

L5: c_out <= (s2 or s3) after gate_delay:
end architecture dataflow;
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library B;
use IEEE std_logic_1164.all:
entity mux4 is
port ( In0.Inl. In2, In3 :instd_logié_vector (7 downto 0):
|| -_vector( | downto 0);

Z :out std_logic_vector (7 downto 0)):
end entity mux4:

note type!

architecture behavioral of mux4 is “when else” clause
begin
7 <= In0 after 5 ns when Sel = 00" else

Inl after 5 ns when Sel = “01” else

In2 after 5 ns when Sel = “10” else

In3 after 5 ns when Sel = “117 else

“00000000™ after 5 ns; +—
end architecture behavioral:

To cover all other
cases for Sel as it is
of the std_logic type.
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library |[EEE;
use |[EEE.std_logic_1164.all;
entity pr_encoder is
port (S0, $1,82,83: in std_logic;
Z : out std_logic_vector (1 downto 0));
end entity pr_encoder ;

architecture behavioral of pr_encoder is

begin " ey
Z<=  “00” after 5 ns when SO = ‘1’ else Evaluation order is important
“01” after 5 ns when S1 = ‘1" else
:‘10:: after 5 ns when 52 =1’ else To cover all other
‘117 after 5 ns when S3 = 1’ else cases for SO0, S1, S2,
00" after 5 ns; and S3 as they are all

end architecture behavioral; of the std_logic type.
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library IEEE:

use |[EEE.std_logic_1164.all:
entity pr_encoder is

port (S0, 81,52,83: in std_logic:

Z : out std_logic_vector (1 downto 0)):

end entity pr_encoder:

architecture behavioral of pr_encoder is

begin

Z- “00" after 5 ns when SO = 1" else
“017 after 5 ns when S1 = 1" else
unaffected when S2 = 1 else
“117" after 5 ns when S3 = “1” else

“00™ after 5 ns:
end architecture behavioral:

The output, Z, does
not change if $2=1,
and both S0 and S1
are 0 (remember the
priority encoding)
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library IEEE:

use IEEE std_logic_1164.all:

entity mux4 is

port ( In0.Inl. In2.In3 :instd_logic_vector (7 downto 0);
Sel: in std_logic_vector( 1 downto 0);
7 out std_logic_vector (7 downto 0)):

end entity mux4:

architecture behavioral-2 of mux4 is
begin “when others” clause
with Sel select
7 <= (In0 after 5 ns) when “00",
(Inl after 5 ns) when “017,
(In2 after 5 ns) when 107,
(In3 after 5 ns) when “11” All options must be covered.
(In3 after 5 ns) when others: Qnly one must be true.
end architecture behavioral-2:
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: AT dii~aultl CAaallipice
architecture transport_delay of half_adder

is a sl
signal sl s2: std_logic:= 0" b —)D— F— sum

begin

sl <= (a xor b) after 2 ns:
(a and b) after 2 ns: -
sum <= transport s| after 4 ns:
carry <= transport s2 after 4 ns:
end architecture transport_delay:

carry

sum

ransport

Ty

10 12
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std_logic_1164.all:

entity combir i

port(Inl, In2: instd_logic:
z - out std_logic):

end entity combinational:

Inl

In2

architecture behavior of combinational is
signal s1. s2, s3. s4: std_logic= 0";

begin
sl <= not Inl:
s2 <= not In

s3 <= not (sl and In2):
s4 <= not (s2 and Inl):
z<=mnot (s3 and s4):
end architecture behavior:

Ignore delays when we
do not know what they
are, or when we are
interested only in
creating a simulation
that is functionally
correct, and not
concerned about the
physical timing
behaviour.
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3. Delta delay (cont'd):

Delta events

Inl

In2

z
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Ordering 3 ™
s2
Ordering are imposed on these s
events within the simulator, and z
do not appear on the external 10 A 3A A

trace produced for the viewer.
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MUX4

syntax

library IEEE:

use [EEE.std_logic_1164.all;

entity mux4 is

port ( In0, Inl, In2, In3 : in std_logic_vector (7 downto 0);
Sel: in std_logic_vector(1 downto 0):
Z : out std_logic_vector (7 downto 0)):

end entity mux4;

architecture behavioral-3 of mux4 is

begin i Sensitivity list
process (Sel, In0, In1, In2, In3) is

variable Zout: std_logic;
begin

if (Sel = “007) then Zout

Isif (Sel = “017) then Z
elslf (Se ) then Zou Variable assignment

elsif (S “10”) then Zou
else Zout:=In3; ~N
end if;

Z<=7oui e—o—— Signal assignment
end process; within a process

end architecture behavioral-3;
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library |EEE;
use IEEE.std_logic_1164.all; 32-bit address, but only

use IEEE.std_logic_arith.all; 8 words of memory is defined
need this package for 1164 relg here

entity memory is

port(address : in unsigned (31 downto 0); -- used unsigned,
write_data : in std_logic_vector (31 downto 0);
MemWrite, MemRead : in std_logic;
read_data : out std_logic_vector (31 ds

Tnemory addresses

end entity memory; 2D array
architecture behavioral of mej MemPRead
type mem_array is array(0 to 7) of std_logic_tector (31 downto 0); MemWrite

-- define a new type, for memory arrays read_dal
begin
mem_process: process (address, _data) is wile_dsta Memory
variable data_mem : mem_array := ( -- declare a memory array address
X“00000000", - initialize data memory
X“00000000”, --- X denotes a hexadecimal number 8 x 32
X“00000000”, asynchronous SRAM
X*00000000”,
X*00000000", n
X*00000000",
X“00000000);

variable addr :integer; +
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® Programming constructs: A two-process half-adder

library IEEE;
use [EEE.std_logic_1164.all;

entity half_adder is

port (a, b : in std_logic:
sum, carry : out std_logic):
end entity half_adder;

this process computes the
value of sum
architecture behavior of half_adder is

begin
sum_proc: process(a,b) is
begin
if (a = b) then
sum <= ‘0" after 5 ns:
else
sum <= (a or b) after 5 ns;
end if}

end processsum_proc;

another form of sum = a xor b:

A change in a or b activates both processes.

this process computes the
value of carry
carry_proc: process (a,b) is

begin . Syntax for case
casealis
— when >
carry <= a after 5 ns;
——— when ‘1’
carry <= b after Sns;  undefined
— when others =>
carry <= ‘X" after 5 ns;

——— end case:
end process carry_proc;
end architecture behavior;

another form of carry = a and b;
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Process with concurrent signal assignments: an alternative model of memory

Library IEEE; Using signals instead of array of

use IEEE.std_logic_1164.all; values makes this example suitable

use IEEE.std_logic_arith.all; for register files, and not larger
memories.

entity memory is
port (address, write_data : in std_logic_vector (7 downto 0);
MemWrite, MemRead, clk, reset : in std_logic;
read_data :out std_logic_vector (7 downto 0));
end entity memory;

8-bit address, but only
4 bytes of memory

4x8

architecture behavioral of memory is
signal dmem0,dmem1,dmem2,dmem3 : std_logic_vector (7 downto 0);

begin

mem_proc: process (clk) is

begin Synchronous cl.ear, )

if (rising_edge(clk)) then — wait until next clock edge and memory write oparation
if reset = ‘1’ then -- initialize values on reset

dmemO <= x*“00"; -- memory locations are initialized to

dmem1 <=x"11"; -- some random values

dmem2 <= x“22";
dmem3 <= x“33":
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elsif MemWrite = ‘1” then -- if not reset then check for memory write
case address (1 downto 0) is

when “00” => dmem0 <= write_data;

when “01” =>dmem1 <= write_data;

when “10” => dmem2 <= write_data;

when “11” => dmem3 <= write_data;

when others => dmem0 <= x“ff”;

end case;

end if;

end if; Asynchronous memory
end process mem_proc; read operation

-- memory read is implemented with a conditional signal assignment
ead_data <= dmem0 when address (1 downto 0) = “00” and MemRead = ‘1" else
dmem1 when address (1 downto 0) = “01” and MemRead = ‘1’ else
dmem2 when address (1 downto 0) = “10” and MemRead = ‘1’ else
dmem3 when address (1 downto 0) = “11” and MemRead = ‘1’ else
x“00™;
end architecture behavioral;
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library IEEE;

use |[EEE.std_logic_1164.all;

use IEEE.std_logic_arith.all;

use |[EEE.std_logic_unsigned.all; -- needed for arithmetic functions

entity mult32 is

port (multiplicand, multiplier : in std_logic_vector (31 downto 0);
product : out std_logic_vector (63 downto 0));

end entity mult32;

architecture behavioral of mult32 is Aand Q, or

constant module_delay: Time:= 10 ns; Product P
begin

mult_process: process(multiplicand,multiplier) is

variable product_register : std_logic_vector (63 downto 0) :=

X*“0000000000000000™";
variable multiplicand_register : std_logic_vector (31 downto 0):= X*00000000”;
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Loop statements (cont'd): ‘A’ =, initially

) ‘M’ register concatenation
begin
multiplicand_register := multiplicand;
product_register(63 downto 0) := X*! ” & multiplier;
-- repeated shift-and-add loop
- ‘Q’ register
for index in 1 to 32 loop n the unsigned
if product_regi ="I' then package.

product_register(63 downto32)}<=product_register (63 downto 32) + A€A+M

multiplicand_register(31 downto 0);

endif; o need to declare ‘index’
-- perform a right shift with zero fill

product_register (63 downto 0) := ‘0’ & product_register (63 downto 1);

end loop;

- write result to output port Another form of loop statement:
product <= product_register after module_delay;

while j < 32 loop
end process mult_process;

end architecture behavioral;

j=jry
end loop;
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United State Naval Academy

-- variable vs signal
LIBRARY IEE
USE IEEE.STD_LOGIC_1164. AL
use IEEE.STD_LOGIC UNSIGNED.ALL:
EIENTITY var_sig 15
B PorT(
clock , reset
_out, B_ouc

for +, - operators

™ sm_Losic:
OUT  STD_LOGIC_VECTOR (3 downto 0)

)
o ewTITY:
EIARCHITECTURE axch OF var_sig 15
- SIGNAL DECLARATION
STo_LOGIC_VECTOR (3 DOWNTO 0

SIGUAL temp_A
Esrom
B PRocESS (reset, clock)

~ VARIABLE DECLARATION —
STD_LOGIC_VECTOR (3 DOWNTO 0)

o

g IF ( reset = '1' ) THEN

LR o= AR
Cemp_i <= temp_h + 2; ops

e o

Using signals
or variables
in a process

cemp A <= temp A + 3;

Cemp B i= temp B + 27
cemp B i+ temp B + 3; P

o 1F;
wa o

- Assign oucputs

Aout <= temp_Ar

B_our <= temp_

END PROCESS:
END ARCHITECTURE:

Only the last statement is
effective

variable temp_B is updated immediately and the
new value is used i the next statemen.
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Using signals  library IEEE:

or variables use |EEE std_logic_1164.all: L1:var_s1:=xandy:
in a process L2:var_s2:=var_s1norz:
L3:res1 < var_s1 nand var_s2:

pornx Y. z instd_logic:
res1. res2: out std_logic):

end entity sig_var: proc2: process (X, y. Z) -- Process 2
begin

architecture behavior of sig_varis | L1:sig_s1<=xandy:

signal sig_s1. sig_s2: std_logic: L2: sig_s2 <= sig_sTnorz:

begin L3: res2 <~ sig_s1 nand sig_s2:

proc1: process (X, y. z) is -- Process ]~ end process:
variable var_s1, var_s2: std_logic: ~ end architecture behavior:

var_s1 res1 X ::D sig_s1 <

signals

N <

var_s2 ‘ariables sig_s2
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library IEEE:
use [EEE.std_logic_1164.all;

entity full_adder is

port (Inl, c_in, In2: in std_logic;

sum, c_out: out std_logic):
end entity full_adder:

architecture behavioral of full_adder is

signal s1, s2, s3: std_logic:
constant delay:Time:= 5 ns:
begin

HA: process (Inl, In2) is
begin

sl <= (Inl xor In2) after delay:
s3 <= (Inl and In2) after delay:
end process HA 1

HAZ2: process(sl.c_in) is

begin

sum <= (sl xor c_in) after delay:
s2 <= (sl and c_in) after delay:
end process HA2;

ORI: process (s2, s3) -- process
describing the two-input OR gate
begin

c_out <= (s2 or s3) after delay:
end process OR1:

end architecture behavioral;
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A positive-edge triggered D flip-flop

wait for 20 ns;
library IEEE;
use IEEE.std_logic_I1164.all;

entity dff is « wait for time expression;
port (D, Clk : in std_logic: . . . wait on clk, reset;
Q, Qbar : out std_logic); * wait on signal; ————

end entity dff; « wait until condition;

architecture behavioral of dff is

begin .sigm:fim a value change wait until input = ‘1°;
output: process is on signal clk
begin 5_4\/'
wait until (Clk’event and Clk = “1°); -- wait for rising edge
Q<=D after 5 ns; This is a function attribute of a signal.

Qbar <= not D after 5 ns:
end process output;
end architecture behavioral;
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Value attribute

Value

type_name left

type_name right

returns the left most value of type_name
in its defined range
returns the right most value of
type_name in its defined range

type_name’high

returns the highest value of type_name
in its range

type_name low

array_name’length

returns the lowest value of type_name
in its range
returns the number of elements in the
array array_name
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Function attribute

Function

signal_name’event

Return a Boolean value signifying a change
in value on this signal

signal_name’active

Return a Boolean value signifying an assign-
ment made to this signal. This assignment
may not be a new value.

signal_name’last_event

Return the time since the last event on this
signal

signal_name’last_active

Return the time since the signal was last

active

signal_name’last_value

Return the previous value of this signal
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Creates a signal

that is True when Signal attribute

Implicit Signal

the reference
signal has no
transactions for
time value.

signal_name’delayed(T)

signal_name’transaction

Creates a signal signal_name’quiet(T)
that is True when
the reference

signal has no

signal_name’stable(T)

Signal delayed by T units of time
Signal whose value toggles when

gnal_name is active
True when signal_name has been quiet for T
units of time

True when event has not occurred on
signal_name for T units of time

events for time
value.

Wait for a change in value on a signal

wait on data’ transaction

Check for relationship between the
current value of a signal and an older

if data’ delayed (5 ns) = data then value of the same signal
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B
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entity attr_ex is
port (B,C : in bit);
end attr_ex;

architecture test of attr_ex is
signal A, C_delayed5, A_trans : bit;
signal A_stable5, A_quiet5 : boolean;
begin
A<=BandC;
C_delayed5 <= C'delayed(5 ns);
A_trans <= A'transaction;
A_stable5 <= A'stable(5 ns);
A_quiet5 <= A'quiet(5 ns);
end test;

Waveforms for Attribute Test

A

C_delayed5 y

A_trans |

A_stable5 |
A_quietS -

0

10 20 30 40
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library IEEE;
use |EEE.std_logic_1164.all;
entity asynch_dff is

port (R, S, D, Clk : in std_logic; R

Q, Qbar : out std_logic); - L
end entity asynch_dff; D Q
architecture behavioral of asynch_dff is Clk—} Q
begin —?—}}
output: process (R, S, Clk) is
begin S
if (R='0") then

Q <=0’ after 5 ns;
Qbar <= ‘1" after 5 ns;

elsif S = ‘0’ then Set (S), and Reset (R) signals
Q * after 5 ns; override the effect of the clock,
Qbar <= ‘0 after 5 ns; and are active at any time. The
elsif (rising_edge(Clk)) then R input overrides the S input.
Q<=D after 5 ns;
Qbar <= (not D) after 5 ns;

end if;
end process output;
end architecture behavioral;
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library |EEE;
use |IEEE.std_logic_1164.all;
entity reg4 is
port (D : in std_logic_vector (3 downto 0);
Cl, enable, Clk: in std_logic;
Q : out std_logic_vector (3 downto 0));
end entity reg4;

architecture behavioral of reg4 is
begin
reg_process: process (Cl, CIK) is

begin
if (Cl=‘1’) then
Q <=*0000" after 5 ns;
elsif (rising_edge(Clk)) then
if enable = ‘1’ then
Q<= D after 5 ns;
end if;
end if;
end process reg_process;
end architecture behavioral;
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library |[EEE; consumer: process is

use IEEE.std_logic_1164.all; variable receive_data : std_logic_vector (31 downto 0);
begin
entity handshake is wait until RQ="1;
port (input_data : in std_logic_vector(31 downto 0)); receive_‘da‘m = transmit_data; -- read data as consumer
end entity handshake; :Sl‘f:: mIH; .
. ACK <= 0"
architecture behavioral of handshake is end process consumer;
gnal transmit_data: std_logic_vector (31 downto 0); end architecture behavioral;
signal RQ, ACK : std_logic;
begin
producer: process is
begin

wait until input_data’event; -- wait until input data is available
transmit_data <= input_data; -- provide data as producer
RQ<="1; |

wait until ACK = ‘1’; T 1 .
RQ<=0; RQ —— -
wait until ACK = 0’; / \
end process producer; 7P

o B e

Suspend process until ACK = ‘1’ T
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use |[EEE.std_logic_1164.all;

entity periodic is ‘

library |IEEE; '

port (Z : out std_logic); — ]
10 20 30 40 50

end entity periodic;

architecture behavioral of periodic is

begin

process is

begin

Z<="0", 1" after 10 ns, ‘0" after 20 ns, ‘1" after 40 ns;

wait for 50 ns; This causes the process to be

end process; reactivated after 50 ns.
end architecture behavioral:
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libraryIEEE.

use IEEE.std_logic_l164.all;

entity state_machine is

port(reset, clk, x : instd_logic;
z : out std_logic);

end entity state_machine;

architecture behavioral of state_machine is
type statetype is (state0, statel);
signal state, next_state : statetype := state0;

begin This is the default state

o/

comb_process: process (state, X) is

begin

case state is -- depending upon the current state

when state0 => -- set output signals and next state
if x = 0" then

state <= statel:

state <= state0:

when state] => Mealy machine

if x= 1" then
state <= state0;

tate <= statel;

Inputs Combinational Outputs T
logie
L m(:Q\ }"r;uu
— ET0) end case:
- . end process comb_process;
State
Clk One process for combinational component,

and one process for the sequential component
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library IEEE;

use |EEE.std_logic_1164.all;

entity state_machine is

port(reset, clk, x : in std_logic;
z: out std_logic);

end state_machine;

architecture behavioral of state_machine is
type statetype is (state0, state1);

signal state, next_state :statetype :=state0;
begin

output_process: process (state, x) is

begin
case state is -- depending upon the current state
when state0 => -- set output signals and-next-state
if x="1"thenz <= '0";
elsez<=1";

end if;
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when state 1 =>
ifx="1"thenz<=
elsez <=1
end if;

end case;
end process output_process;
next_state_process: process (state, X) is

begin
case state is -- depending upon the current state
when state0 => -- set output signals and next state

if x = ‘1" then next_state <= state0;
else next_state <= state1;
end if;

when state1 =>
if x = 1" then next_state <= state0;
else next_state <= state1;
end if;

end case;

end process next_state_process:

clk_process: process is

begin

wait until (rising_edge(clk)); -- wait until the rising edge
if reset="1"then state <= statetype’left;

else state <= next_state;

end if;

end process clk_process;

end architecture behavioral;




image38.png
Inl

In2

c_in

sl

sum

HA

ol c_out




image39.png
library |IEEE;

use |[EEE.std_logic_1164.all;
entity full_adder is

port (In1, In2, ¢_in : in std_logic;

not included in
sum, ¢_out : out std_logic); VHDL'87
end entity full_adder;
architecture structural of full_adder is
component half_adder is
port (X, y: in std_logic;
sum, carry: out std_logic);
end component half_adder; Component
Declarations

component or_2 is

port(x, y : in std_logic;
Z : out std_logic);

end component Or_2;
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ignal s1, s2, 3 : std_logic: i
signal s1, s2, s3 : std_logic; ;
begin Declarations
H1: half_adder port map (x=>In1,y=>1In2,

sum=>s1,carry=>s3);
H2: half_adder port map (x =>s1,y=>c_in,

Component
sSum =>sum, carry => s2); Instantiation
O1: or_2 port map (x =>s2, y =>s3, Statements

=>c_out);
end architecture structural; \
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library IEEE;

use |[EEE.std_logic_1164.all;

entity serial_adder is

port (X, Y, clk, reset : in std_logic;
z : out std_logic);

end entity serial_adder;
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architecture structural of serial_adder is

-- declare the components that we will be using
component comb is
port (x, y, c_in : in std_logic;
z, carry : out std_logic);
end component comb;
component dff is
port (clk, reset, d : in std_logic;
q, gbar : out std_logic);
end component dff;

signal s1, s2 :std_logic;
begin

x on the component side

x on the entity part
-- describe the component in#€rconnecti Y P

C1: comb port map (x => X,y => Y, c_in=>s1, z=>z, carry => s2);
D1: dff port map(clk => clk, reset =>reset, d=> s2, g=>s1,
gbar=>open); —______open means the signal gbar
end architecture structural; at the output of the flip-flop
is not used.
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library IEEE: Generic statement
use IEEE.std_logic_1164.all: defined in the entity

entity xor2 is
generic (gate_delay : Time:= 2 ns); constant gate_delay :Time := 2 ns;
port(Inl, In2 : in std_logic; defined in architecture body
z : out std_logic):
end entity xor2:

architecture behavioral of xor2 is
begin

z <= (Inl xor In2) after gate_delay:
end architecture behavioral:
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library IEEE; e s
use IEEE.std_logic_1164.all; positive: an integer
entity generic_or is

generic (n: positive:=

port (in1 : in std_logic_) vector ((n-1) downto 0);
z: out std_logic);

end entity generic_or;

architecture behavioral of generic_or is
begin

process (in1) is

variable sum : std_logic:= ‘0’;

begin

sum := ‘0"; -- on an input signal transition SUM must be reset to 0
for i in 0 to (n-1) loop

sum := sum or in1(j);

end loop;

Z <=sum;

end process;

end architecture behavioral:
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architecture generic_daelay ot nali_adder is
component Xor2 is
generic (gate_delay: Time); -- new value may be specified here instead
port (x,y :instd_logic;  -- of using a generic map() construct

z: out std_logic);
end component X0r2;
component and2 is
generic (gate_delay: Time);
port (x, y : in std_logic;

z : out std_logic);
end component and2 ;
begin .
EX1: xor2 generic map (gate_delay => 6 ns) Mnce s

port map(X =>X,y=>Y,Z=> sum);
A1: and2 generic map (gate_delay => 3 ns)
port map(x=> X, y=>y, Z=> carry);

end architecture generic_delay;

This will take precedence over the
generic, if defined in the declaration.
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library IEEE;
use |[EEE.std_logic_1164.all;

entity dregister is
generic (width : natural:=16); -- default width of the register is 16
port (din : in std_logic_vector(width-1 downto 0);
qout : out std_logic_vector(width-1 downto 0);
clk : in std_logic);
end entity dregisters;

architecture behavioral of dregister is

component dff is

port (d, clk : in std_logic;
q: out std_logic);

end component dff;

begin //
—— dreg: for i in d’range generate
reg: dff port map( d=>din(i), g=>qout(i), clk=>clk);
end generate;
end architecture dregister;

The range of d

Generate statement
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library IEEE;
use IEEE std_logic_1164.all;

entity multi_bit_generate is
generic(gate_delay:time:= 1ns;
width:natural:=8); - the default is a 8-bit ALU
port(in1:in std_logic_vector(width-1 downto 0);
in2 : in std_logic_vector(width-1 downto 0);
result : out std_logic_vector(width-1 downto 0);
opcode : in std_logic_vector(1 downto 0);
cin @ in std_logic;
cout : out std_logic);
end entity multi_bit_generate;

architecture behavioral of multi_bit_generate is

component one_| bitis -- declare the single bit ALU
generic (gate_c delay:f ime);
port (in1, in2, cin : in std_logic;
result, cout - out std_logic;
opcode: in std_logic_vector (1 downto 0));
end component one_bit;

signal carry_vector: std_logic_vector(width-2 downto 0);
— the set of signals for the ripple carry

begin

a0: one_bit generic map (gate_delay) -
for bit position 0

port map (in1=>in1(0), in2=>in2(0), result=>result(0),
cin=>cin, opcode=>opcode, cout=>carry_vector(0));

instantiate ALU

a2tob: foriin 1 to width-2 generate -- generate
instantiations for bit positions 2-6

al: one_bit generic map (gate_delay)

port map(in1=>in1(i), in2=> in2(i), cin=>carry_vector(i-1),
result=>result(i), cout=>carry_vector(i),opcode=>opcode);
end generate;

ar: one_bit generic map (gate_delay) — instantiate ALU
for bit position 7

port map (in1=>in1(width-1), in2=>in2(width-1), result=>
result(width-1), cin=>carry_vector(width-2),
opcode=>opcode, cout=>cout);

eend architecture behavioral;
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function function-name (formal-parameter-list)
return return-type is
[declarations] -- local to the function
begin
sequential statements -- must include return return-value;
end function-name;
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function rotate_right (reg: std_logic_vector)
return std_logic_vector is

begin
return reg ror 1;

end rotate-right;
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architecture behavioral of dif is

function rising_edge (signal clock : std_logic)
return boolean is

variable edge : boolean:= FALSE:

begin

edge := (clock = ‘1" and clock’event);

return (edge);

end rising_edge;

begin function call

output: process

begin

wait until (rising_edge(Clk)):
Q <=D after 5 ns:

Qbar <= not D after 5 ns:
end process output;

end architecture behavioral;

Architecture
Declarative
Region
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Tibrary IEEE;
use IEEE.numeric_bit.all;

entity test_squares is . .
port(CLK: in bit); Numbers are 4 bits wide.
end test_squares;

architecture test of test_squares is

type FourBitNumbers is array (0 to 4) of unsigned (3 downto 0);
type squareNumbers s array (0 to 4) of unsigned (7 downto 0)
constant FN: FourBitNumbers := ("0001", "1000", "0011", "0010",
signal answer: squareNumber-
signal length: integer := 4;

¥0101");

function squares (Number_arr: FourBitNumbers; length: positive)
return squareNumbers is

variable SN: squareNumbers;
begin
Toopl: for i in 0 to length loop
SN(i) := Number_arr(i) * Number_arr(i);
end Toop loopl;
return SN;
end squares;

Number of input numbers = 4
begin

and CLK'EVENT/then
answer <= squares(FN, length);

end if;
end process; \

end test; functional call
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-- This procedure adds two n-bit bit_vectors and a carry and
- returns an n-bit sum and a carry. Addl and Add2 are assumed
-- to be of the same length and dimensioned n-1 downto 0.

procedure Addvec (Addl, Add2: in bit_vector; Cin: in bit;
signal Sum: out bit_vector; signal Cout: out bit;
n: 1in positive) is

variable C: bit; <———— C mustbe a variable, since the new value of C is
begin needed each time through the loop.
C := Cin;
for i in 0 to n-1 loop
Sum(i) <= Add1(i) xor Add2(i) xor C;
C := (Add1(i) and Add2(i)) or (Addl(i) and C) or (Add2(i) and O);
end loop;
Cout <= C;
end Addvec;

Addvec (in1, in2, carryin, sum, carryout, n)
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entity ALU32 is

port( A, B:in bit_vector (31 downto 0):
C :out bit_vector (31 downto 0);
Op: in bit_vector (5 downto 0):

MSB LSB
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architecture behavioral of cpu is
-- decalarative region visible to all
-- procedures can be placed in their entirety here—  Processes
begin
process_a: process
-- declarative region of a process -
-- procedures can be placed here
begin
-- process body
end process_a:
process_b: process
--declarative regions
begin
-- process body
end process_b:
end behavioral:

visible only within
process_a
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architecture structural of serial_adder is
component comb
port(a, b, c_in : in std_logic:
2z, carry : out std_|ogic);
end component;

procedure dff(signal d, clk, reset : in std_logic;

signal q, gbar : out std_logic) is
begin
if (reset = “0") then
q <=0’ after 5 ns:
gbar <= ‘1" after 5 ns:
elsif (clk’event and clk = “1°) then
q <= d after 5 ns:
gbar <= (not D) after 5 ns;
end if:
end dff;

signal s1, s2 : std_logic:

begin
C1:
ci

-- concurrent procedure call

omb port map (a=>a, b=>b,
=>s1, z=>z, carry =>s2);

dff(clk => clk, reset =>reset, d=> s2,
g=>s1, gbar =>open):
end structural:
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file file-name: file-type [open mode] is “file-pathname”
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file test-date: text open read-mode is “c:\test1\test.dat"
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library IEEE;
use |[EEE.std_logic_1164.all:

entity asynch_dff is

port (R, S, D, Clk : in std_logic;
Q, Qbar : out std_logic):

end entity asynch_dff;

architecture behavioral of asynch_dff
begin
output: process (R, S. Clk) is [
begin
if (R=0") then
Q<= "0’ after 5ns;
Qbar <= ‘1" after 5 ns;
elsif S = ‘0’ then
Q<="1 after 5 ns;
Qbar <= ‘0’ after 5 ns;
elsif (rising_edge(Clk)) then
Q <= D after 5 ns;
Qbar <= ( not D) after 5 ns;
end if;
end process output;
end architecture behavioral;
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library IEEE;

|IEEE.: ic_1164.all; " " o v "
:ﬁ STEDE.t:::igl.:ﬁ:c: 642l Defines a standard file type TEXT available in the STD library

use WORK classio.all; -- declare the I/0 package

entity srtester is -- this is the module generating the tests
port (R, S, D, Clk : out std_logic;
Q, Qbar : in std_logic);

end entity srtester; Each test vector is 5 bits long.
The first three bits correspond

architecture behavioral of srtester is to input values R, S, and D.

begin The last two bits are the

clk_process: process _is -- generalzv the clock waveform with corresponding correct values

begin period of 20 ns of Q and Qbar.

Clk<= ‘1’, ‘0’ after 10 ns, ‘1’ afmr 20 ns, ‘0’ after 30 ns;

wait for 40 ns; Test vectors:

end process clk_process; 11001 al vector

) ) 01101

io_process: process is -- this process performs the test 1110

file infile : TEXT open read_mode is “infile.txt";
file outfile : TEXT open write_mode is “outfile.txt™;
variable buf : line;

variable msg : string(1 to 20) := “This vector failed! ”;
variable check : std_logic_vector (4 downto 0);

. 1
-- functions 10010
10011 -- illegal case
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begin

while not (endfile (infile)) loop -- loop through all test vectors in

read_v1d (infile, check); -- the file

R <= check(4);

S <= check(3);

D <= check(2);

wait for 20 ns; -- wait for outputs to be available after applying
-- the stimulus

if (Q /= check (1) or (Qbar /= check(0))) then -- error check

write (buf, msg);

writeline (outfile, buf);

write_v1d (outfile, check);

end if;

end loop;

file_close(outfile); -- flush contents to file

wait;  -- this wait statement is important to allow the simulation to halt!

end process i0_process;
end architecture behavioral;
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D flip-flop

entity D_fTis

port( D, CIkR.S:
Q. Qbar : out bit):

end entity D_fT:

bit:
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Sel

entity mux is

port (10,11 : in std_ulogic_vector (7 downto 0);
12,13 :in std_ulogic_vector (7 downto 0);
Sel +in std_ulogic_vector (1 downto 0);
z + out std_ulogic_vector (7 downto 0));

end entity mux;
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Half-adder example
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enough.
value sy

entity hall_adder is
port(a, b :in bi

sum. carry :out bit):
end entity half_adder:

architecture behavior ~ of half_adder is
begin

sum <= (a xorb) after 5 ns:

carry <= (a and b) after 5 ns:

end architeeture behavior: IE




