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Introduction

* A drawing of a circuit, or DoorOpener

schematic, contains graphical
nfarmmatiam ahAiib & Aacicm

inftormatlon aoout a Uc oyl

— Inverter is above the OR gate,
AND gate is to the right, etc.

» Such graphical information may
not be useful for large designs

» Can use textual language instead
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good language for a computer to read
— Need a more precise, computer-oriented language

@ DoorOpener (b) We'll now desqibe acircuit whose name is Dooerpener,
Inv 1 The external inputs are ¢, h and p, which are bits.
- The external output isf, which is abit.

c
= We assume you know the behavior of these components:

a5 L ; An inverter, which has abit input x, and bit outputF.
h i ni B A 2-input ORgate, which hasinputs x andy, and bit output F
Py :

A 2-input AND gate, which has bit inputs x and y, and bit output F.

A Tha mrma it has intarmal wirne nd and 9 hath hite
£ 1 TS AL IS IS al WIS 11 alid 1L, UL Wi,

OR2_1 - The DoorOpener circuit internally consists of:
An inverter named Inv_1, whose input xconnectsto
external input ¢, and whose outputconnectsto n1.
A 2-input ORgate named OR2_1, whose inputsconnect to external
inputsh and p, and whose outputconnectsto n2.
A 2-input AND gate named AND2_1, whose inputsconnect to n1
and n2, and whose outputconnectsto external output f.
That's all.

Digital Design
Copyright © 2006 3
Frank Vahid —




Computer-Readable Textual Language for
s Describing Hardware Circuits: HDLs

« Hardware description language (HDL)
— Intended to describe circuits textually, for a computer to read
— Evolved starting in the 1970s and 1980s

» Popular languages today include:
— VHDL —Defined in 1980s by U.S. military; Ada-like language
— Verilog —Defined in 1980s by a company; C-like language

— SystemC —Defined in 2000s by several companies; consists of
libraries in C++ (not covered in this course)
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— Descriptio

» Structure
— Another word for "circuit”

r
%

- s h
— An interconnection of components ; [

— Key use of HDLs is to describe

structure
Note: The term "instantiate" will be used to indicate
adding a new copy of a component to a circuit
The OR component Three instances of the OR component
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Describing Structure in VHDL

Entity — Defines new item's
name & ports (inputs/outputs)
— std_logic means bit type,
defined in ieee library

Architecture — Describes
internals, which we named
"Cirﬂui!"

— Declares 3 previously-defined
components

— Declares internal signals
+  Note "-" comment

— Instantiates and connects
those components
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library ieee;
use ieee.std_logic_1164.all;

entity DoorCpener is
/ port (¢, h. p: instd_logic:
p f: out std_logic
‘We'll now describe & circuit whose name is DoorOpener. ¥
The external inputs are ¢, b and p, which are bds. — Door Cpener;
The external output is f, which is a bit

architecture Grcuit of DoorCpener is

Wi assume you know the behavior of these P I nv
An inverter, which has a bit input x, and bit output F. port (x: in std_logic

A 2-input OR gate. which has inputs x and y, F: out std_logic);

and bit output F. \ end conponent ;

A 2-input AND gate, which has bit inpuls x and y, conponent ORZ
and bit output F. \“\ port (x,y: in std_|ogic;
F: out std_logic);

The circuit has internal wires ni and n2, both bits. end component ;

conponent

The DoorOpener circuit internally consists of:
An inverter named Inv_1, whose input x connects to

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

external input ¢, and whose output connects to nl, end conponent |

A 2-input OR gate named OR2_1, whose inputs signal n1, n2: std_logic: --internal wires
connect 1o external inputs h and p, and whese oul
connects to n2 in

A 2-input AND gate named AND2_1, whose inputs Inv_1: Inv port mep (x=>c¢, F=>n1},
connect to n and n2, and whose output wnnaasm\m,‘f OR2 port map (x=>h, y=>p, F=>n2);
exemal output f, ANDZ_1: ANCR port map (x=>n1, y=>n2, F=>{);

That's all. end Circuit;
(b) (e




Describing Structure in Verilog

e ——
DoorOpener
Inu 1
c >_ )
Modules defined for Inv, [
OR2, and AND2 (details :—-— n -
i — n2
omitted) 2 " oz
— Note "//'" comment -
a
@ modul e | nvix, F);
We'll now describe a circuit whose name is DoorOpener. input x;
Module defined for The external inputs are ¢, h and p, which are bits. ?I:-‘t g:: aiFI; N
Dooropener The external output is f, which is a bit. \ ondisalils
i F * \We assume you know the behavior of these' module CR2(x, y, F);
Lists inputs and outputs An inverter, which has a bit input x, and bit input x, y;
A 2-input OR gate, which has inputs x and y, output F;
and bit output F. /1 details not shown
— Declares internal wires A 2-input AND gate, which has bit inputs x and y, endmodule
and bit output F. moaul @ ANUEL X, Y, T
input x, vy,
. The circuit has internal wires n1 and n2, both bits. output F;
— Instantiates and connects /1 details not shown
three components The DoorOpener circut internally consists of: nodul e
An inverter named Inv_1, whose input x connects to
external input ¢, and whose output connects to n1. ul @ Door Cpener(c, h, p,
A 2-input OR gate named OR2_1, whose inputs Input c, h, p;
connect to external inputs h and p, and whose ou output f;
connects to n2. :ﬂ:'rﬂl ni, 1("5: 2
A 2-input AND gate named AND2_1, whose input VoLnvoile, ks
connect to n1 and n2, and whose output connects to CR2 CR2_1(h, p, n2); )
external output f. ANDE ANDE_1(n1, n2, f);
That's all =
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Combinational Behavior

« Combinational behavior

— Description of desired behavior of combinational circuit without
creating circuit itself

— e.g., F=c'*(h + p) can be described as equation rather than circuit

— HDLs support description of combinational behavior
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Describing Combinational Behavior in VHDL

e —

behavior
— Entity defines input/output ports

— Architecture
* Process — Describes behavior
— Process "sensitive" to x and y
» Means behavior only

avariitac whan v
TACLULSD VIS A

changes or y changes

— Behavior assigns a new value
to output port F, computed
using built-in operator "or"
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library iees:
use ieee.std_logic_1164.all;

entity OR2 is
poert (x, y: in std_logic:
F: out std_logic
):
end OR2:

architecture behavior of OR2 is
begin
process (x, Yyl
begin
F <= xor y:
end process
end behavior;




Describing Combinational Behavior in VHDL

e —

Describing a custom
function's behavior

— Desired function: f = ¢"*(h+p)

— Entity defines input/output ports

(not shown)

— Architecture

* Process
— Sensitivetoc, h,and p

— Assigns a new value to output
port f, computed using built-in
operators "not", "and", and "or"
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architecture beh of DoorOpener is

begin
process(c, h, p)
begin
f ¢= notic) and th or ni
f ¢«= not{c) and (h or p}:
end process
end beh;
10
—

10



Describing Combinational Behavior in Verilog

e —

Meanavibiimen ~em MDD wmdbala bl sy sl
esSLHiny dil Un ydie > belriaviul

— Module declares input/output ports
« Also indicates that F is "reg”

* Means F stores value

— By default, ports are wires, having
no storage

— "always" procedure executes
statement block when change
OCCuUrs on x or on 'y

+ "Sensitive" to x and y

» Assigns value to F, computed using

built-in OR operator "|"
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module OR2(x.y.F):
input %, y:

output F:
reg F:
always @x or y)
begin

F <= x | y:
end

endmodule
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Describing Combinational Behavior in Verilog

behavior
— Desired function: f = ¢"™(h+p)

— Module defines input/output ports
» Output f defined as "reg”

— "always" procedure sensitive to inputs
« Assigns value to f, computed using
buiit-in operators for NOT (~), AND
(&), and OR ()
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module DoorOpeneri{c.h.p.f):
input ¢, h, p:
output f;
reg f;

always @c or h or p)
begin
f ¢= ("c) & (h | p)
end
endmodule
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— Assigns values to a system's inputs, check that system outputs correct values

— A key use of HDLs is to simulate system to ensure design is correct

.4 Digital Design
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Testbenches

Set input |,
values, —
check

output
values

SystemToTest
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Testbench in VHDL

e —

Entity
—  No inputs or outputs

Architecture
— Declares component to test, declares signals

— Instantiates component, connects to signals

— Process writes input signals, checks output signal
»  Waits a small amount of time after writing input
signals

+ Checks for correct output value using "assert"

statement
DoorOpenerl
process Testbench f
\ Set input [ J
N, values, =
check SystemToTest
] Digital Design output ]
Copyright © 2006 values
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library ieee;

use ieee std_ogic_1164.all;

entity Testbench is
end Test bench;

architecture behavior of Testbench is

conponent Door Cpener

port ( c, h, p: in std_|logic;

f: out std_l ogi
)i
end conponent ;
signal ¢, h, p, f: std|
begin
Door Cpener 1:  Door Cpener
process
begin
-- case 0

c<="'0; h<='0; p
wait for 1 ns;

amanet (=0 e
assert (1= U ;¥

-- case 1

c=<='0; h=<='0; p
wait for 1 ns;

assert (f='1') report
-- (cases 2-6 omtted
-- case 7

c<='1; h<="'1; p
wait for 1 ns;

assert (f='0') report

wait: -- process does
end process:
end behavi or;

c

ogi c,

port map (c h,p, f);

"Case 1 failed";
fromfigure)

<=1
"Case 7 failed";

not wake up again
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Testbench in Verilog

E— |
«  Module
— Three register signals for inputs (values must modul e Test bench;
be written and stored) reg c, h, p;
wire f;
— One wire signal for output (value is only read,
need not be stored) Door Qpener Door Gpeneri(c, h, p, f);
— Instantiates component, connects to i ni tial
signals begi n
/|l case O
c<=0;, h<=0;, p<=0;
— initial" procedure executed only once at #1 $display("f = %", f);
beginning /1 case 1
+  Sets input values c <=0 h==0 p=<=1

#1 $display("f = %", f):

/!l (cases 2-6 onmitted fromfigure)

/! case 7

c <=1 h=<=1, p=<=1,

#1 $display("f = %", f);
Dooerenerl ot Bay( )

» Displays output value

e tes 1m Testbench SnHpdute
initial" procedure
\ Set input [ j
M, values, =
check SystemToTest
Digital Design output 7
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