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RTL Principles

Elements of an RT
level component




Elements of Datapath

Combinational Components
Adders
Comparators
Multiplexers
ALUs (

Logical Operations
Vector based
Scalar operations
Mixed
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Elements of Datapath

RTL internal buses
Unconstrained
Represent multi-value logic system

Sequential component

—— Result
Registers | a
Registers with some functionality serialin

Register files CLK  En
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Elements of Control Unit

Control signals

One or more state machines
Huffman style

Inputs from datapath Coinbiational
or external Part

Register

T
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Bus Communications

As design abstraction
approaches ESL, Role
of communication
become more
pronounced in the
design and hardware
description

In order to have consistent
set of communication lines
between datapath and
controller, the same type of
bus should be used for both
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Bus Communications

@ Bus owns data
® Components look up for data
® Operators are overloaded

Abus = Rbus + Bbus
Abus = Rbus & Bbus
Abus = Rbus | Bbus
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Bus Communications

classVectorPrimitives.cpp

1 H#include « eam> . .
{#include "utilityFunctions.h™ Classvectorprlmltlves-h
3 | #include <string>

using namespace std; I
I

#define MIN(a,b) ((a<b)?a:b);
#define MAX(a,b) ((a»b)?a:b);

classVectorFunctions.h classVectorPrimitives.h* = 3 [0llaf S Fadlaly IR alal s - 1

=

F

S s Y RN (R

String member variable
2 [Fetass busl for its logical data

: |

bus(} { V.resize(l, X'y } . .
bus (int {v. rerrrE(SIEE, X)s } Bus-arrays for multi-bit
bus (int v.resize(SIZE, c); }

bus(con ing& s =3 datapath buses and
bus{censt char* c) { C

e e ) a.v;' } // Copy constructor for = control unit vector while
bus range(int i1, int 12) [ 1] 1-bit buses for Controller

s atcine ST ] s1gnals, one-bit datapa'th
signal and control unit

char operator[](int i) c-:mst internal WireS

char& cperator[](int i)

int length()[ { ... } ]

void Fill(char c)[ { ... 7|

friend bus operator& (bus a, bus b)

friend bus operator| (bus a, bus b)
friend bus operator™ (bus a, bus b:]
friend bus operator~ (bus a)
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Bus Communications

classVectorPrimitives.cpp classVectorFunctions.h classWectorPrimitives.h™ = > [0S0y ladls bR ]}

(Glokal Scope)

Fl#include < ream>
#include "utilityFunctio
#include «<string>

|u5:i.ng namespace std; ClassvectorPrimitives.h

#define MIN(a,b) ((a<b)?a:b);
#define MaX(a,b) ((axb)?a:b);

public:
bus() { w. r‘ESl“‘EI:l X5 0} -

bus(int = { v.resize(SIZE, "X"); }
bus({int SIZE, char c) { v.resize(SIZE, c);

bus(const = g is glven as
bus({const C3 neter

bus({const s& & " Copy constructor for =

bus range(int il, dint i'.T;')

bus at(int i}

char operator[](int i) CﬂﬂSt

char& operator[](int i'jl

int length() [ ... 1|

void fill{char <) { ... } |

friend bus operator& (bus a, bus b:l
friend bus operator| (bus a, bus b:l
friend bus operator® (bus a, bus b)
friend bus operator~ (bus a)

o e e el e e e

o
(=]
=
n\

|
|
|
|
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|
|
|
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Utility Functions
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-

classVectorPrimitives.h classVectorFunctions.h classVectorPrimitives.cpp

[®] RTL Description - (Global Scope)
char and({char a, char b);

char or{char a, char b);

char not(char a);

char tri{char a, char c);

char resolve(char a, char c);

char xor(char a, char b);

=

vold fulladder(char a, char b, char ci, char& co, char& sum);

Woea =] oW s LR

The bus class we use for our interconnection uses
string variable.

Why char?
1. Char Is the best for representation of various logic
values
2. Compatibility with c++ string class
Shortcoming?

Lack of logical operation
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Utility Functions

classVectorFunctions.h

classWectorPrimitives.cpp
F| RTL Description

1

2 '@")) return
else if ((a
else return

¥
F char or(char a, char h}
F char not(char a}

=lchar tri({char a, char c)

{

if (¢ == "1') return a;

else return 'Z';

¥

Elchar resolwve(char a, char b)

1

if (a == 'Z' || a == b) return b;
else if (b == "Z') return aj;
else return 'X';

}
# char xor{char a, char h)

1

char axb, ab, abc;

axb = xor(a, b);

ab = and({a, b);

abc = and(axb, ci);
co = or(ab, abc);
sum = xor(axb, ci);

00 =

15}

oo e
W0

3t

'1")) return '1°;

Elwoid fullAdder(char a, char b, char ci, char & co, char & sum)

utilityFunctions.cpp

Full adder
implementation using
primitives
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Array Attributes

_—_—_—_—_—_—_—_—_—_—_—1

(e AN T TSN RS classV ectorFunctions.h utilityFunctions.h utilityFunctions.cpp
(Global Scope)
bus range(int il, int i2)
i
int left Max(il, i2);
int rite MIN(il, i2};
bus slice(left-rite, "X');
int wsize = v.length();
slice.v = v.substr(vsize - left, vsSize - rite);
return slice;

Bus slicing

s at(int 1)

bus bit(l, 'X'); String uses 0 for its left
int vSize = w.length();
::;::bai:jt(vsize -1 - i); character but range takes
the larger index for left
char operator[](int i) const[ | . | | character
char& operator[](int i) { ... 7 |
int length()[ { ... 1|
void fill(char <)[ { ... } |
friend bus operator& (bus a, bus b)[ { ... 1 |
friend bus operator| (bus a, bus b)[ { ... 1 |
friend bus operator® (bus a, bus b)[ { ... 1 |
friend bus operator~ (bus a)[ { ... } |

friend bus operator+ (const bus a, const bus b)

{

int aSize = a.v.length(};

I EBE (1 BB ,

100
L — — —— L] L} —— —— L} —— — — — —— — —— —— L] —— L} — _—— ——
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Array Attributes

classVectorPrimit RS classVectorFunctions.h utilityFunctions.h utilityFunctions.cpp
(Global Scope)

bus range(int il, int i2)

r

1
int left Max(il, i2); . . .
int rite = MIN(il, i2);
int rite - MINGiL, i2); classVectorPrimitives.h
bus slice(left-rite, "X');
int wSize = wv.length();
slice.v = wv.substr({vsSize - left, wSize - rite);
return slice;

s at(dint i)

bus bit(l, 'X'};

int vSize = wv.length();
bit.wv = v.at(vsize -1 - 1i);
return bit;

Bus indexing

char operator[]{int i) c-:mst

char& operator[]({int i_‘,l

int length()[ { ... ;|

woid Fill(char <) { ... 7} |

friend bus operator& (bus a, bus b}
friend bus operator| (bus a, bus b}l
friend bus operator®™ (bus a, bus b_‘,l
friend bus operator~ (bus a}

friend bus operator+ (const bus a, const bus b)

i

n & WM =3 W

oW W W M

int asize = a.v.length();
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Array Attributes

bus at(int i) { ... } |

char operator[](int i) const {

return vv.length()-i-1]; instead of bus type in at()

}

S e Bracket overloading for
return v[v.length({)-i-1];

woid fill{char c)_

friend

friend

friend

friend

friend

friend

friend

friend

friend

bool operatord&i® (bus h}
bool operator|| (bus h}

¢ range(int il, inti2)

[
[
It returns char type I
!

using indexing on the left
hand side

bus operator& (bus a, bus

bus operator| (bus a, bus b}

bus operator® (bus a, bus b}

bus operator~ (bus a}

bus operator+ (const bus a, const bus b}
bus operator, (bus a, bus b}

bool operator== (bus a, const bus b}
bool operator» (bus a, const bus b)
bocl operator< (bus a, const bus b}

classVectorPrimitives.h
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Array Attributes

classVectorPrimitives.h 1 2 FebtE e dal (STt {laly (4] utilityFunctions.h utilityFunctions.cpp =I

- (Global S5cope)

bus at(int i) { ... ]|

char operator[]{int 1) cctnst . L.
char& operator(1(int O[T ] classVectorPrimitives.h

b B b

int length()
p
1

1
veid fill{char c) Fill the bus with its
v.assign(v.length(), c); character argument

return v.length();

I

I

I

I

I

[

[ {
| }
I friend bus operator& (bus bus b) { ... } |
[

[

[

[

[

[

[

[

%]

friend bus operator| (bus bus b)

friend bus operator™ (bus bus b)

friend bus operator~ (bus a){ { ... }

friend bus operator+ (const bus a, coenst bus b}l
friend bus operator, (bus a, bus b)

friend bool operator== (bus a, const bus b:]

friend bool operator: (bus a, const bus b:]

friend bool operator< (bus a, const bus b)

friend ocstream& operator<<(ostream& out, const bus a}l

u_n-nm-n.t...x...r...r...r..t
Wk S WE ;N
I EBE (1 BB ,
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Logical Operations

v friend bus operator~ (bus a) { .. 7 | classVectorPrimitives.h
Declared as
friends inside friend bus operator+ (const bus a, const bus b}
the bus class
friend bus operator, (bus a, bus b}
friend beol operator== (bus a, const bus h}
friend bool operator> (bus a, const bus b}

friend bool operator< (bus a, const bus b}
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Logical Operations

utilityFunctions.h utlllt_',rFunctlcuns cpp

| RTL Description I

classVectorPrimitives.h = 20 [[EEEAa ey Tl tA, |

int aSize = a.v.length(); classVectorPrimitives.h
int bSize = b.wv.length();
int rSize;

Size fixing if (bSize == 1) rSize = aSize; else rSize = MIN(aSize, bSize);

bus r{rsize, 'X');

int i;
[l 63 | for (i = rSize - 1; i »>=8; i—-) {
. if (bSize == 1) r.v[i] = and(a.v.at(i), b.v.at(@));
Overloading & else r.v[i] = and(a.v.at(i), b.v.at(i));
I
operator for return r;

bus
friend bus operator| (bus a, bus b}

friend bus operator® (bus a, bus b)

!

int asize = a.v.length();
int bSize = b.v.length();
int rSize;
if (bsize == 1) rSize = asSize; else rsize = MIN(aSize, bSize);
bus r{rsize, "X');
int ij;
for (i = rSize - 1; i »>= @; i--) {
if (bSize == 1) r.v[i] = xor(a.v.at(i), b.v.at(e));
else r.v[i] = xor(a.v.at(i), b.v.at(i)});
h

return rj;

¥
friend bus operator~ (bus a]l

friend bus operator+ (const bus a, const bus I:l-}

I EBE (1 BB ,

100 %%
L——————————————————————
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Adding Operations

String indexing b s operator using

l T T T T T T T T T T ] T T T T T T T I T T
SeqDetector.cpp utilityFunctions.h SeqDetector.h classVectorPrimitives.h R >0 R adal STl TailslytAy)

I [*] RTL Description - I

I 112 H friend bus operator+ (const bus a, const bus b)
r

int aSize = a.v.length();

int bSize = b.v.length();

int rSize;

int min = MIN(aSize, bSize);

if (bSize == 1) rSize = aSize; else rSize = min + 1;
bus r{rsize, 'X');

char ci('a");
if (bsize == 1){
for (int i = rSize - 1; i >=®@; i—-) {
if (i == rSize - 1) fullAdder(a.v.at(i), b.v.at(®), ci, co, s
else fullAdder(a.v.at(i), '@', ci, co, sum);
ci = coj

Overloading +

full adder

(int i = rSize - 1; i »= 1; i--) {
fulladder(a.v.at(i - 1), b.v.at(i - 1), ci, co, sum);
ci = coj

r.v[i] = sum;

r.v[@] = co;
}
return r;
friend bus operator, (bus a, bus b:l
friend bool operator== (bus a, const bus b)

friend bool operator> (bus a, const bus b)

I EBE (1 BB ,
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Logical Operations

I I I I I I I I I I I
classVectorPrimitives.cpp classVectorFunctions.h classVectorPrimitives.h™ -5 > VIl ST, e dleTy ERaluTa}

[*] RTL Description

friend = operator& (bus a, bus b)

friend bus operator| (bus =, bus B ... 1] classVectorPrimitives.h

friend s operator~ (bus i ... }

I ] friend s operator™ (bus a, bus b)
I friend = aperator+ (const bus a, const bus b)
|

bus operator, (bus a, bus b)

asize a.v.length();

Overloadlng i bsize b.wv.length();
- i rsize asize + bsize;
concatenation s r(rSize, 'X');
operator S . :
(i = bSize - 1; i >= @; i--) {

= r.v[asize + i] = b.v.at(i);

(i = aSize - 1; i >= @; i--) {
r.v[i] = a.v.at(i);

return r;

friend bool operator== (bus a, const bus b)

friend bool operator> (bus a, const bus b}
friend bool operator< (bus a, const bus b}
bool operatori& (bus b)
bool operator|| (bus t-)
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Rational Operations

T T T T T T T T T T T T T T T T T T T I T T  e—
-

ILRUdesign.cpp classVectorPrimitives.cpp classVectorPrimitives.h -7 2 e el RTlevelTE.cpp

158 [ friend bocl operator== (bus a, const bus b)

1

return (a.v == b.v);

friend bool operator> (bus a, const bus b) //f

int aSize = a.v.length();
int bSize = b.v.length();
bool r = false;
int i = 8;
doq
if ((a.v[i] == '1") && (b.v[i] ==
r = true; break;

1
else if ((a.v[i] == '@') && (b.w[i] == "1'1){
= false; break;

} while (++i < aSize);
return rj

int aSize = a.v.length();
int bSize = b.v.length();
bool r = false;
int i = @8;
dof{
it ((a.v[1i] == '@"') && (b.v[i] == '1"))
r = true; break;

}
else if ((a.v[i] == "'1') && (b.v[i] == "@"))}{
= false; break;

} while (++i < aSize);
return r;

I I I I I I B B D B T B B B S
ENE NN NN IS D IS IS IS IS S S S .-
I EBE (1 BB ,
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Logical Operations

“this”

Functions
return true if I char ¢
contains at - o
leas one

char ¢
; int i;
is the # o l':i - d{thi t{i), b t(8))
B5 = an his-»v.at(i), b.v.at(8));
pointer to the & else ¢ = and(this->v.at(i), b.v.at(i)}); Member
. if (¢ == "1") r = true; -
first operand - } functions of
5 return r; the bus -> only ll
|
one arguments
ol operator .
| B is passed
I - i as this-»v.length();
b.v.length(); |
MIN(aSize, I =
baol r
int i; I -
\\1” p2 i Si 2 o is-»>v.at(i), b.v.at(®)); I
r(this->v.at(i), b.v.at(i)); I
, 1') r = true;
return rj I m

F_____________________q

classVectorPrimitives.cpp classVectorFunctions.h classVectorPrimitives.h™ & >0 [Ty Ta dlsTy IR T}

this->v.length();
b.wv.length();

I
bool r_" SE ) I | -1 - l o I
|
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IO Operations

LRUdesignTE.cpp LRUdesign.cpp classVectorPrimitives.h += 2 I

classVectorPrimitives.cpp
I [%] RTL Description

128 friend bus operator~ (bus a}

111

friend bus operator+ (const bus a, const bus

1

1

1 friend bus operator, (bus a, bus b)

1

153 friend bool operator== (bus a, const bus b)
1

1 friend bool operator> (bus a, const bus b}
1

1 friend bool operator< (bus a, const bus b}

bool operatordi (bus t-}

bool operator

friend ocstream& operator<<(ostream& out, const bus a) Because the first

r

b operand is not of the

return{out << a.v);

} bus class, we need both
friend istream& operator>>(istream& in, bus& a) arguments and so we use

1 .
return(in >> a.w); friend

1

int dival ()
1
int aSize = w.length();
int ia=@;
for (int i = aSize - 1; i »>= @; i--) {
if (w.at(i) == '1") ia = ia + int(pow(2, (aSize - 1 - i} ));
1

return iaj

1

vold resize(int i, char c) { v.resize(i, c); }

= = = = = = =5 201372018, ZairtaedimNavatT RTL Fodglirg with &+
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Combinational Elements

e T T T T ] T T T T T ] T T T T T T T ] T T T T 1
classVectorPrimitives.cpp classVectorFunctions.h classVectorPrimitives.h™ = > || a0 ST Fa afal, ER T -

[®] RTL Description

s *i1, *i2, *i3, *ol;
public:
Mux(bus& a, bus& b, bus& sel, bus& w);
~Mux(); // destructor
void ewvl();

! Typical
public: e et b e Combinational RTL

Tri (bus& a

~Tri(); // des a elements

void evl ();
¥s

Slcla
*o0l, *o02;
public:
Adder(bus& a, bus& b, bus& ci, bus& co, bus& s
rfdder();
void ewvl();

public:
Comparator(bus& a, bus& b, bus& bus& eq, bus& gt)
~Comparator();

I EBE (1 BB ,
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Combinational Elements

classVectorPrimitives.cpp +  X ps[WE e {a] fafa] s utilityFunctions.h SeqDetector.h
[ RTL Description - (Global Scope)
F#include

#include -
#include -

sinclude <string> classVectorPrimitives.cpp

#include

=1

(IS

= @ s

EMu
1

h
Elwvoid Mux::evl () {

{ if (*1i3 == "8") *ol = *il; else *ol = *i2;

x::Mux (bus& a, bus& b, bus& sel, bus& w) : 1i1(&a), 1i2(&b), i3(&sel), ol(&w)

ol->Fill('X');

3 EITriz:Tri (bus& a, bus& tri, bus& w) @ i1(&a), i2(&tri), ol(&w)
r
1
ol->Fill({"'X");

Fwvoid Triz:ewl () {
if (*i2 == "1") *ol = *il; else ol->Till('Z"

FlAdder: :Adder(bus& 3, bus& b, bus& ci, bus& co, bus& sum)
i1(&a), i2(&b), i3(&ci), o0l(&sum), 02(&co)
-
1
ol->Fill('X"); o2->Fill{'X");
b e i “+” operator is

bus result({il-»length() + 1); overloaded before

result = *il + *i2 + *i3;
leftIndex = result.length() - 1;
= result.at(leftIndex);
result.range(leftIndex, 8);

I EBE (1 BB ,
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Registers and Counters

@ Basic registers and counters are modeled
in C/ C++

@ Varlious functionalities

® Various clocking schemes

® Various resetting mechanisms

@ Inheritance and Polymorphism is shown

. here
e
i
.
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Registers and Counters

nBitFunctionalRegister (abstract class)

1|

I

dRegister

upCounter

_

dRegisterE

U

dRegisterRa

O

dRegisterRs

A

upCounterRa

N

upCounterRsE

U

dRegisterRaE

- © 2015-2018 Zainaﬁbedin Navabi - RTL Modeling with C++
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Functional Registers

I I I I I I I I I
classVectorPrimitives.cpp classVectorFunctions.h

public:
bus *d,

string = "Register information™; ]
/0 TS0 public: Th ° d f ]_t
Inltla]-lZlng nBitFunctionalRegister (): size(@) {} 1S 1S a delau
~nBitFunctionalRegister () {}
member void info (bus& D, bus& C, bus& Q, int& N, string& typ); Cons‘t_ruCtor'.It .muSt
variables. void init (string typ); be since this is an

virtual wvoid evl ()=0;

. abstract class.
Pure virtual method: i
ass dRe er : public nBitFuncticnalRegister {

Derived classes must publi
. . . . dRegist bus& D, bus& C, bus& Q);
define it. This is an ,,d:':;isi:&;; ’ =

abstract ClaSS virtual void evl ();
because of this.

: public dRegister { //Enable

public:
dRegisterE (bus& D, bus& C, bus& E, bus& Q);

vt (s The base
class for all

registers and

public: counters

dRegisterRa(busz& D, bus& C, bus& R, bus& Q);
~dRegisterRa();
virtual void evl ();

@ : public dRegister { //Rese

© 2015-2018, Zainalabedin Navabi - RTL Modeling with C++
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Functional Registers

classVectorPrimitives.cpp = > N[0V, aalaTy 1y} SeqDetector.h classVectorPrimitives.h
(Global Scope)
::info(bus& D, bus& C, bus& Q, int& N, string

classVectorPrimitives.cpp

:dRegister(bus& di, bus& clk, bus
= Srli,

rrevl() ]
SR -
}

: :dRegistertE (bus& di, bus& clk, bus& en, bus& go)
: dRegister (di,clk,qo) {

revl(}{
== "1") dr rrzevl{);

'dREE_lrter‘Ra (bus& di, bus& clk, bus& rst, busk q-:u}

dRegisterRaE: :dRegisterRaE (bus& di, bus& clk, bus& rst, bus& en,
bus& qo)

Hvoid dRe at:zevl([{ ... }]

100 %~ 4 >
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DRegister

classVectorPrimitives.cpp classVectorFunctions.h classVectorPrimitives.h™ B > QI8 Sl gl-Naluls]

ster

Elclass nBitFunctionalRe
public:

i:i‘ e classVectorPrimitives.h

 rtype; // = "Register information™;

nE1tFunct:i_-:rnalREgister‘ (3 size(®) {}

~nBitFunctionalRegister () {} . .
wvoid info (bus& D, bus& C, bus& @, int& N, st V].Itua.]. funCtlon- Can

wold init (string typ); 1
wvirtual wvoid evl ()=8; be used bY d.erlved
classes as is or

Ficlas=s dRe r : public nBitFunctionalRegister { added to.

dRegister(bus& D, bus& C, bus& Q);
~dRegister();

|
|

|

|

|

|

|

|

I virtual void evl ();
|

|

|

|

|

|

|

|

nBitFunctionalRe
Flclass dRegisterE : public dR ster { //Enable 3

public: Derived from
dRegisterE (bus& D, bus bus& E, bus& Q)

~dRegisterE (); dReglster
void evl ();

dRegister

Elclass dRe terRa @ public dr dRegisterE dRegisterRa dRegisterRs
bus* r;
public:
dRegisterRa(bus& D, bus& C, bus& R, bus& Q);
~dRegisterRal); dRegisterRaE
wvirtual wvoid evl ();

I
= = = = = ™ ™©2015-J018 zainalabedin Navabi = RTT Modeling with C++
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DRegister

classVectorPrimitives.cpp = > N[0V, aalaTy 1y} SeqDetector.h classVectorPrimitives.h

[%] RTL Description (Global Scope) -

Eweoid JitFunctions r::info(bus& D, bus& C, bus& Q, int& N, str

classVectorPrimitives.cpp

rrrinit(string

Assign register pointer
r::dRegister(bus& di, bus& clk, bus& qgo) { Set reg-ister Size
Initialize the bus connected to the output

i, bus& clk, bus& en, bus& qgo)
: -'IR ster (di,clk,qo) {

srewl()]
== "1") dr sterszevl();

: :dRe El;ter‘Ra (bus& di, bus& clk, bus& rst, busk& q-:n}

rerie1O[ L . 1]

::dRegisterRaE (bus& di, bus& clk, bus& rst, bus& en,

bust a0y 1]
FEwoid dRegist aE:revl( }_

4 >
© 2015-2018, Zainalabedin Navabi - RTL Modeling with C++
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DRegisterE

classVectorPrimitives.cpp = > N[0V, aalaTy 1y}

54 [Hwoid

=lwaid

1
=lwaid

EldRegisterE:

SeqDetector.h
(Global Scope)
::info(bus& D,

nBitFunc bus& C,

= *d;
this-rsize;
p.assign{rtypel;

nBitFunc
rtype

r::init(string t

r::dRegister(bus& di, bus& clk,
&dij

= &clk;
&quj
= q .-len

bus& qo) {

gthi);

dRegister:z:zevl(){
if (c-zat(@) == "P") *q =

:dRegisterE (bus& di, bus& clk, bus& en, bus& qgo)
| r (di,clk,qo) {

Ewoid

dRegisterRaE:

[+ waoid

dRegister

Ez:evl(}{
if (e-xat(@)

— =1") dR

dRegisterRa (bus& di,

erRa: :Evl()

bus=& clk,

:dRegisterRaE (bus& di, bus& clk, bus& rst, bus& en,

dRegisterR:

bus& rst, bus& q-:n}

classVectorPrimitives.h

classVectorPrimitives.cpp

Dregister constructor is called
Enable port is assigned

© 2015-2018, Zainalabedin Navabi - RTL Modeling with C++
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DRegisterRS

classVectorPrimitives.cpp R > [1a% g Tl R SeqDetector.h classVectorPrimitives.h
| RTL Description (Global Scope'l

bus& rst, bus& go)
ter (dl clk qody {

sterRa:sevl(){
if (r-zat(e) "1") g-xfill{'e");
revl();

=]
Wwoch

[Ts}
D &

: :dRegisterRaE (bus& di, bus& clk, bus& rst, busk
bus& go) : o i rRa (di,clk

Elvoid dRegiste H
if (r Fat(@) 1"y g- .-f111(
else if (e-»at(@)=="1") dReg

4t
D @
@

di, bus& clk, bus& rst, bus& go)
{(di,clk,qo} {

Dregister constructor is called
A (lroot(@) — “1) 88 (co>at(@) == “P"}) Enable port is assigned

1

1

else dRegister::ewvl();

g->fill('e’);

HupCounter: ::upCounter (bus& di, bus& clk, bus& 1d, bus& q.:-)

Fwvoid upCo 1t-‘:"::ev1(}

upCounterRa: :upCounterRalbus& di, bus& clk, bus& rst, bus& 1d,

[T ST T . NP R R T
fre R R T R S TR =
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UpCounter

' T T T T T T T T T T T T T T T T T T T T T T T "
classVectorP VES.CRp classVectorFunctions.h classVectorPrimitives.h™ -+ > V][0T, ta a7y ERalaT o} -

I - (Glebal Scope)

Elclass dRe : : public dRegisterRa
hlJ:‘ & % L
classVectorPrimitives.h
dRegisterRaE (bus& D, bus& C, bus& R, bus& E, bus& Q);
~dRegisterRaE ();
wold evl ();

7 Flclass dRe terRs : public dReg
bus* r;
public:
dRegisterRs (bus& D, bus& €, bus& R, bus& Q);
~dRegisterRs ();
wold evl ();

Efclass upCounter : public nBitFunctionalRegister {

public:

Counters add . ey R R e e el

wold evl ();

1 / virtual void ewl ();
load input. vir 5
1]} P 16
- I Elclass upCounterRsE : public upCounter { //Reset-asynch, Enable Count upCounter
i bus* e;
I bus* r;
public:
- I upCounterRsE (bus& D, bus& C, bus& R, bus& L, bus& E, bus& Q);
rupCounterRsgE (); upCounterRa | | upCounterRsE

upCounterRaE

- om0 701572078 Zéinﬁﬁb?din‘NzWabT— RTL ™Modeling with CF+
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UpCounter

_—_—_—_—_—_—_—_—_—_—_—_1

classWectorPrimitives.cpp = < utlllt}rFunctmnsh SquetectDrh classWectorPrimitives.h

& di, bus& LlF busz& 1d, bus&

classVectorPrimitives.h
gth();

internalCount = new bus(size,

1
if (c-zat(@)=="P") {
if (l-:at(@) == "1") *internalCount
else {
*internalCount = *internalCount + "1";

¥

= *internalCount;

upCounte :upCounterRa(bus& di, bus& clk, bus& rst, bus& 1d,
L bus : upCounter(di, clk, 1ld, qo), r{&rst) {
1

Elvoid upCounterRa::evl(){
if (r-rat(@) == "1") {
q->fill{'e");
internalCount->fill({'@");
b
else upCounter::evl();

}

upCounterRsE: :upCounterRsE(bus& di, busk& clk, bus& rst, bus& 1d,

& di, bus& clk, bus& rst, bus& 1d,

I EBE (1 BB ,
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UpCounterRsE

ILRUdatapath.cpp LRUcontroller.cpp classWectorPrimitives.h classVectorPrimitives.cpp + I

upCounterRsE: :upCounterRsE(bus& di, bus& clk, bus& rst, bus& 1d,
= bus&en, bus& gqo) : uplounter({di, clk, 1d, gqo)}, r{&rst}, e(&en) {

Elvoid upCounter rewl(){
if ((r-rat(@) == "1") && (c-rat(@) == "P")})

Sl SRR classVectorPrimitives.h
1

else if (e-rat(®@) == "1") upCounter::evl();

upCounterRaE: :upCounterRaE({bus& di, bus& clk, bus& rst, bus& 1d,
56 EIL bus&en, bus&qo) : upCounterRa(di, clk, rst, 1ld, qo), e(&=n) {
1
Elwoid upCounterRaE::ewvl(){
if (r-zat(@) == "1")

1

q->fill('a");
internalCount->fill({'@"});
1

else if (e-rat(®@) == "1") upCounter::ievl();

1

Memory: :Memory (bus& rst, bus& clk, bus& read, bus

bus& Din, bus& AddrBus, bus& D-.ui—}_

::init (const string& filenam
ump (const =

> Evotd vemory:ievl O[L . 1]

-

L____________
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Memory Structure

I LRUdatapath.cpp LRUcontroller.cpp classVectorPrimitives.h  +  >0 [Fe RN Ta doly ol iTy T =R oo} I
I [l RTL Description I

Elclass uplfounterRa :
public: I
bus* r;
public: I
upCounterRa(bus& D, bus& C, bus& R, bus& L, bus& Q);
~upCounterRa ();
wvirtual wveid ewl ();

¥

Elclass upCounterRaE : public upCounterRa { //Reset-asy » Enable Count
bus* e;
public:
upCounterRaE (bus& D, bus& C, bus& R, bus& L, bus& E, bus& Q);
~upCounterRatE ();
wvoid evl ();

Use bus pointers for

*clk, *read, *write;

bus “‘[Zl1r1J *AddrBus; a.].]. memOIY pOItS
bus *Dout;

bus *mem;

int Nj;

public:
Memory (bus& rst, bus& clk, bus& read, bus& write,
bus& Din, bus& AddrBus, bus& Dout);

Memory () {};

~Memory ():

void evl ();

void init (const str & filename);

void dump (const string& filename);

I EBE (1 BB ,
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Memory Structure

l LEUdatapath.cpp LRUcontroller.cpp classVectorPrimitives.h classVectorPrimitives.cpp™ + >
| = erL pescripion - I

Memory: :Memory (bus& rst, bus& clk, bus& read, bus& write, - I
El bus& Din, bus& Add s, bus& Dout)
rst(&rst), read(&read), write(&write), clk(&clk), Din(&Din}, I
AddrBus(&AddrBus), Dout(&Dout)

thisaDoutosFA11( X" )s classVectorPrimitives.h

int LEN = this-:>Dout->length();
N = int({pow(2, LEN)});

mem = new bus[N];

for (int i=08; i < N; i++) {
mem[i].resize(LEN, '8');

ilename) { ... } |
O _ L

a'); Memory resetting,

}
else if (read-zat(@) == "1") { read and write
*Dout = mem[AddrBus->ival()];

¥
else if (clk-zat(®) == "P") {
if (write->at(@) == "1") {

mem[ AddrBus->ival()] *Din;

+_—_—_—_—_—_—_
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Memory Structure

ILRUdatapath.cpp LRUcentreller.cpp classVectorPrimitives.h classVectorPrimitives.cpp B X

IRTL Dezcrption - |
Memory: :Memory (bus& rst, bus& clk, bus& read, bus& write,
bus& Din, bus& £ s, bus& Dout) : . I
rst(&rst), read(&read), write(& te), clk(&clk), Din(&Din),
AddrBus(&2ddrBus), Dout(&Dout) I

this-swrite->fill({"'X");
thls >Dout->Fill( "X’ },

int{pow(2, LEN));
= new bus[N];

(int i=@8; i <« Nj; i++

[N
mem[i].resize(LEN, '@")

rrieMemory () {

:init (const st
am finp(filename});
(int 1 =@; 1 < MN; i++) {
finp *»> mem[i];
cout << mem[i] << "\n";

Use binary file passed to
:dump (const string& filename){

Tl them and use overloaded
fnu‘t << "lis 1”!5 Folle ; 3 PP a.nd TGS

for (int i =@8; 1 <« N3 i++) {
fout << i << ": " << mem[i] << "\n";
cout << i << ": " << mem[i] << "\n";

+_—_—_—_—_—_—_

— |

2015-2018, Zainalabedin Navabi - RTL Modeling with C+

_-_-—

LEN = this->Dout->length(); classVectorPrimitives.h




- © 2015-2018, Zainalabedin Navabi - RTL Modeling with C++
I [ A S e [



Moore Sequence Detector (11011)

Combinational
Part

© 2015-2018, Zainalabedin Navabi - RTL Modeling with C++
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Moore Sequence Detector (1101 1)

l classVectorPrimitives.cpp utilityFunctions.h classVectorPrimitives.h

1 E#include “classVectorPrimitives.h™ -
L#lnclude <string:> I
using namespace std;

—
R

K class Statemachine{
bus *rst, *clk; |

bus *inj;
E.I;f: :lz::::e, Pstate; SqueteCtor-h

public:
Statemachine(bus& rst, bus& clk, bus& in, bus& out);
~Statemachine();
void evl ()3

00~ W s L R

e e e
[0 O S Y S SR I ]

h_______________________
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Moore Sequence Detector (11011)

rst = &rst; this-zclk = &
Nstate = @8;
Pstate= @;

}

Slvoid Statemachine:
*out = "e";

zevl () {

switch (Pstate){

case @:

if(*in == "1") Nstate =

else Nstate = @; break;
case 1:

if (*in == "1")

else Nstate = @;
case 2:

if(*in == "1") Nstate =

elsze Nstate = 3; break;
case 3:

if(*in == "1") Nstate =

else Nstate = @; break;
case 4:

if(*in == "1") Nstate =

else Nstate = @; break;
case 5:

if (*in ==

else Nstate

Nstate
break;

"1™} Nstate
= 3; break;

1

if (*rst == "1") Pstate = 83
else if (*clk == "P") Pstate =

if (Pstate == 5) *out = "1";

else *out = "@";

classVectorPrimitives.cpp
(Global Scope)
e::Statemachine (bus& rst, bus& clk,

clk; this-»>in

1

= 2=

- )

e

=

43

53

= 53

Nstate;

classVectorPrimitives.h

bus& in, bus& out)

= &in; this-»out = &out;

SegDetector.cpp

Switch statement
handle state transition

Sequential part
implementation

I EBE (1 BB ,
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Moore Sequence Detector (11011)

[%] RTL Description

1 E#include
L#lnclude

Eint main ()

{

int ij;

bus inj

rst =

for

}

[ ClassVectorPrimitives.cpp

bus clk,

s out;

cout << "\n" << "Continue (@ or 1)2";

SeqDetector.h
(Global Scope)

ectorFunctions.h™

rst;

chine* Statemachinel temachine(rst, clk,

/f Statemachine resetting
wpvy
Statemachinel-zevl();

( int i =8; i<5; i++){

cout << "\n Enter 1 bits for the input: "; cin »>>

clk = "P";
Statemachinel -» evl();
cout << "Wn" << out;

cin »»> ij;

Jwhile (ij »8);

classVectorPrimitives.h

ing

SegDetectorTB.cpp
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RT Level Modeling with C/C++

@ RTL Principles
Elements of datapath
Elements of control unit

Bus Communications

Utility functions

Bus operations

®©® ©® ®

Array Attributes
Logical Operations
Adding Operations
Relational Operations
IO Operations

® Basic Elements of RTL
Combinational Elements
Registers and Counters

Functional register
dRegister
dRegisterE
dRegisterRaE
upCounter

upCounterRaE

Memory Structure
Controller FSM
Controller 11011
® RTL design example: LRU
LRU structure
LRU Modeling
Controller
Ordered instantiation
@ 'RTL design example 2: Exponential
Circuit
Exponential Circuit Datapath
Exponential Circuit Controller
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LRU Updater

Assign queue positions
to items based on
frequency of their use

Before 19 is accessed

After I9 is accessed

l - © 2015-2018 Zainzﬁbedin Navabi - RTL Modeling with C++
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Queue Memory File

Before 19 is accessed

edil Navabi - RTL Modeling with C++

After I9 is accessed

L



LRU Updater Datapath

SelMemAddr

NewPagelDOut ¢

MemAddrU
MUX2

AddrCounterOut

LDnewPagelD LDaddrCount
| addrCounter

adderCounterin
——» . AddrCounter

clk rst f cIkT

NewPageBusA A

e
1 |

CompareNew 1 —

IncaddrCounter

SelMemDataln

Every PagePOSIncrimented
EveryPagePOSOut

NewPagePOSOut

LDNewPagePQOS LDEveryPagePO
—> —p
—»

MemDataOut

© 2015-2018, Zainalabedin Navabi - RTL Modeling with C++
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LRU Controller

Completed =0

Completed =1
1: Get New Page 2: Read New Pos 3: Read Every PO

~Completed000000000 0110000000 0000110000 0001010000

State
4: Update POS

IncAddrCounter
Write
memEnd001010000 000g000g11 SelMembDataln
LDeveryPagePos
LDNewPagePOS
read
SelMemAddr
LDaddrCounter
LDNewPagelD
LRDUpdaterFree

I EBE (1 BB ,
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LRU Controller

classVectorPrimitives.h classVectorPnmitives.cpp LRUcontrellerh - > I

Fl#include "cla ectorPrimitives. . I
L#include <string:
using namespace std;

 Glelass LRgcontrollen LRUcontroller.h

bus *LRUupdatEPFrEE, *Completed;
bus *1, *e, *g, *memEnd;
bus *LDnewPageld, *LDnewPagePos, *LDeveryPagePos;
bus *LDaddrCounter, *INCaddrCounter, *SELmemDataln, *SELmemiddr;
bus *read, *write;
int Nstate, Pstate;
public:
LRUcontroller(bus& rst, bus& clk,
bus& LRUupdaterFree, bus& Completed,
bus& 1, bus& e, bus& g, bus& memEnd,
busz& LDnewPageId, bus& LDnewPagePos, bus& LDeveryPagePos,
bus& LDaddrCounter, bus& INCaddrCounter,
bus& SELmemDataln, busz& SELmemiddr,
bus& read, bus& write);
~LRUcontroller();
wvoid evl ();

N

L
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LRU Controller

LRUcontroller.cpp -+ 2 [aEEANTadal Ty Ty ST} LRUcentroller.h LRUdatapath.h

=

#include "LRUcontraller.h"

W R

LRUcontroller: :LRUcontroller (bus& rst, bus& clk,
bus& LRUupdaterFree, bus& Completed,
bus& & 2, bus& g, b ¥
bus& LDnewPageId, bus& LDn age » bus&
bus& LDaddrCounter, bu INCaddr nter,
busz& SELmemDataln, bus& SELmemAddr,
bus& read, bus& write)

o

Nl
TS - RN
M

rst{&rst), clk(&clk),

LRUupdaterFree(&LRUupdaterFres), Completed(&Completed),

1(&1), e(&=), g(&g), memEnd(&memEnd},
LDnewPageId(&LDnewPageld), LDnewPagePos(&LDnewPagePos),
LDeveryPagePos (&LD rPagePos),

LDaddrCounter(&LDa nter), INCaddrCounter(&INCaddrCounter),
SELmemDataIn(&SELmemDataln), SELmemAddr(&SELmemAddr),
read(&read), write(&write)

L

i~

11({'e")
11{'@"};

Elwvoid LRUcontroller::evl (}
*LRUupdaterFree = ;
*LDnewPageld = '
*LDnewPagePos =
*LDeveryPagePos
*LDaddrCounter
*INCaddrCounter
*SELmemDataln
*SELmemiddr = "

*read = "@";
*write = "8";

LRUcontroller.cpp

© 2015-2018, Zainalabedin Navabi - RTL Modeling with C++
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LRU Controller

LRUcontroller.cpp -+ >0 EaEEANadalyis : LEUcontroller.h LRUdatapath.h -

Elvoid LRU
*LRUupdaterFrEE
*LDnewPageld =
*LDnewPagePos = ; LRUcontIOIIer- Cpp
*LDeveryPagePos ;
*LDaddrCounter
*INCaddrCounter
*SELmemDataln =
*SELmemaddr =
*read = "
*write =

switch (Pstate){
case @: // Wait
if{*Completed "1™} Nstate = 1;
else Nstate break;
case 1: // Get new page Id
Mstate break;
case 2: // queue tion of new pag
M;tate break;
case 3: / queue tion of other page:
M;tate break;
case 4: // Write updated position in mem
Mstate = 5; break;
case 5: // Back to if mem end is not reached
if (*memEnd = 1"} Mstate
else Nstate = 3; break;
}
switch (Pstate){
case @: // Wait
if{*Completed == "1") *LRUupdaterFree =
break;
case 1: // Get new page Id
*LDnewPageId = "1";
*LDaddrCounter
*LRUupdaterFree

oW
i @O0 0o

)
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LRU Controller

switch (Pstate){

es.cpp LRUcentroller.h

7]

case 1:

o Om W m @ d
[ T T R O Y R R

T
[V

)

=1
o

case &4:

a: // Wait

LRUdatapath.h

if{*Completed == "1") *LRuupdaterFres ="8";

break;

*| DnewPageld = "1";
*LDaddrCounter

*| RUupdaterfFree =
break;

J/ Get new page Id

: // Read queue position of new page
*SELmemaddr ="e"; // newPageld on Addrbus

*read = "1";
*| DnewPagePos =

* LRIJIdeatPr‘Fr:E = "a";

/ Read gqueue
*SELmemAddr = "1";
*read = "1";
*LDeveryFPageros

*|RUupdaterFree = "a"'

break;

if (*g == "1"}{
*SELm-:-.L'l dr =
*SELmemDataIn
*write = "1";

else if{*e == "1
*SELmemAddr =
*SELmemDataln
*write = "1";

else {}
*INCaddrCounter =
*|RUupdaterFree =
break;

: // Back to

*LRUupdaterFree
else

*| RUupdaterFree
break;

sition of other pages
therPageIld on Addrbus

f/ Write updated position in mem, iInc upcournter

Write incremented wvalue

/¢ Counter becomes address

£ Write @

/{ Counter beccmes

/f Keep the same

s not reached

015-2018, Zainalabedin Navabi -
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LRU Design

classVectorPrimitives.cpp classVectorPrimitives.h registersTB.cpp

switch (Pstate){
case @: // Wait
if(*Completed == "1") *LRUupdaterfFree =
break; b
case 1: // Get new page Id LRUdeS].gn-Cpp
*LDnewPageId = "1";
*LDaddrCounter = "1";
*LRUupdaterFree =
break;
case 2: // Read queue position of new page
*SELmemAddr ="8"; // newPageld on Addrbus
*read = "1";
*LDnewPagePos = "
*LRUupdaterFree
break;
case 3: // Read queue position of other pages
*SELmemAddr = "1"; // otherPageld on Addrbus
*read = "1";
*LDeveryPagePos
*LRUupdaterFree
break;
case 4: [/ Write updated position in mem, inc upcounter
if (*g == "1"){ S/ Write incremented walue
*SELmemAddr = // Counter becomes address
*SELmemDataln 1";
*write = "1"; I

else if(*e == "1") £/ Write @
*SELmemaddr = S/ Counter becomes address
*SELmemDataln
*write = "1";

1

else {} '/ Keep the same

*INCaddrCounter =

*LRUupdaterFree

break;

case 5: // Back to 3 if mem end is not reached

© 2015-2018, Zainalabedin Navabi - RTL Modeling with C++
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LRU Design

classVectorPrimitives.cpp SeqDetector.h classVectorPrimitives.h

case 4: // write in mem, increment upcounter;
if (*rst == "1") *LRUupdaterfFree = "1";

else if (*g == "1"){
*SELmemAddr = "1"; // newPageld on Addr Bus

Fwrite = "1";
*LRUupdaterFree =
*INCaddrCounter =

else if(*e == "1")q{
*SELmemAddr = "1"; // ODId on Addr Bus
*SELmemDataln = ;
*write = "1";
*INCaddrCounter =
*LRUupdaterFree =
¥
else{
*LRUupdaterFree =
*INCaddrCounter =
1
break;
case 5: // compare upcounter with “@eee”
if (*rst == "1") *LRUupdaterfFree = "1";
else if (*memEnd ==
*LRUupdaterFree = "1";
¥
else *LRUupdaterfFree
break;

if (*rst == "1") Pstate = @;
else if (*clk == "P") Pstate Nstate;

*SELmemDataIn = "1"; LRUdeS].gn.Cpp

© 2015-2018, Zainalabedin Navabi - RTL Modeling with C++
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LRU Datapath

ILRUcontrDIIer.h LRUdatapath.h -+ > JEHANETETE N Raats) LRUdesignTE.cpp LEUcontroller.cpp

[*| RTL Description ~| #iz LRUdatapath
datapath{
s *rst, *clk;
= *newPageBus; // Input bus
s *LRUupdaterFrEE, *Completed;
= *1, *e, *g, *memEnd;
= *LDnewPageId, *LDnewPagePos, *LDeveryPagePos;
s *LDaddrCounter, *INCaddrCounter, *SELmemDataln,
= *read, *write;

newPageld;
newPagePos;
everyPagePos;
compareNewEvery ;
Mux® MUX2;
upCounterRaE* addrCounter;
memory ;

bus newPageIdOut; // Internal bu

bus newPagePosOut; bus everyPagePosOut;
bus pagePosIncremented; bus addrCounterOut;
bus addrCounterIng

bus memAddrBus; // Memory b

bus memDataBus; = memDatalut;

public:

bus& LRUupdaterFree_, bus& Completed_,

bus& LDaddrCounter_, bus& INCaddrCounter_,

~LRUdatapath();
void evl();
vold evlMemory() { memory-»evl(); }

2015 -2018, Zainalabedin Navabi - RTL Modeling with C+
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LRudatapath(bus& rst_, bus& clk_, bus&

bus& 1_, bus& e, bus&
bus& LDnewPageId , bus& LDnewPagePos_, bus&

bus& SELmemDataln_, bus& SELmemaddr_, bus&

void initMemory(string filename) { memory->init(filename); }
void dumpMemory(string filename) { memory->dump(filename); }

-

LRUdatapath.h

*SELmemAddr;

newPageBus_,

E ., bus& memEnd_,
LDeveryPagePos_,

read_, bus& write );

[
[
[
[
[
[
[
[
[
[
[
[
[
[
+



LRU Datapath

LRUdatapath.cpp -+ > JEEAEGEITTg )= T

LRUcontroller.cpp

(Global Scope)

LRUdatapath = <, bus& ne

bus&

bus& - |

bus& e C bus& LDne _» bus& LDe
bus&

bus& =

bus& read_ B wrltu_}

rst(&rst ), clk(&1lk },

newPageBus (&newPageB

LRUupdaterFree(&LRUupdaterFree_), Completed(&Completed ),

1(&1 ), e(&=_), g(&z ), memEnd(&memEnd ),
LDnewPageId(&LDnewPageId ), LDnewPagePos(&LDnewPage .
LDeveryPagePos (&LD e Vs

LDaddrCounter(&LDaddrCounter_), IMCaddrlounter(&INCaddrCounter )},
SELmemDataIn(&SELmemDataln_), SELmemAddr(&SELmemaddr ),
read(&read_), write(&w = )

newPageIdOut.resize(4, "X'); /7 Internal bu
newPageIdOut.resize(4, "X');

newPagePosQut.resize(4, 'X');

everyPagePosOut.resize(4, 'X');
pagePosIncremented.resize(4, "X');;
addrCounterQut.resize(4, "X');

addrCounterIn.resize(4, '8');

memaddrBus.resize(4, "X'); /4 Memory bus
memDataBus.resize(4, "X'); memDatalut.resize(4, 'X');

newPageld = new dRegi *newPageBus, *clk, *LDnewPageld, newPageIdOut);

newPagePos = new dReg E{memDatalut, *clk, *LDnewPagePos, newPagePosOut);

everyPagePos = new dR ~E(memDatalut, *clk, *LDeveryPagePos, ewveryPagePosOut);

compareNewEvery = new Comp ~{newPagePos0ut, everyPagePosOut, *1, *e, *g);

MUX2 = new Mux({newPageIldOut, addrCounterOut, *SELmemiddr, memaddrBus);

addrCounter = new upCcocunterRatE(addrCounterIn, *clk, *rst, *LDaddrCounter,
*INCaddrCounter, addrCounterOut);

memory = new Memory({*rst, *clk, *read, *write, memDataBus, memaddrBus, memDatalut);

© 2015-2018, Zainalabedin Navabi - RTL Modeling with C++
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LRU Datapath

LEUcontreller.h LEUdatapath.h LRUdatapath.cpp -+ > REEGESTN )T LRUcontroller.cpp

escription - (Global Scope) -

LRUdatapath: :LRUdatapath(bus& rst , bus& clk_, bus& newPageBus_,
bus& LRUupdaterFree_, bus& Completed_,

bus& 1 , bus& e , bus& g , bus& memEnd_,

bus& LDnewPageId_, bus& LDnew » bus& LDeveryPageP LRUdatapa.th.Cpp
bus& LDaddrCounter_, bus& INCaddrCounter_,
bus& SELmemDataln_, bus

bus& read_, bus& wr“ite_}

Elvoid LRUdatapath::evl()

{

newPageId-»evl();

memDataBus = pagePosIncremented & *SELmemDataln;
MUX2-zevl();

memory->evl();

newPagePos->evl();

everyPagePos-»evl();

pagePosIncremented = everyPagePosOut + "1";
addrCounter->evl();

compareNewEvery->evl();

*memEnd = ((addrCounterOut == "@aéaa™) 2 "1"
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LRU Testbench

LEUceontroller.cpp LRUdatapath.cpp LRUdesignTB.cpp -+ > [¥idl[is% g0, ey ERaaTs
[*] RTL Description (Global Scope)

El#include "LRUcontroller.h™
L#include "LRUdatapath.h™

=

=lint main ()

{

sy BT I - T

~

int ij;
r filename("priority.txt™);

bus clk, rst;

bus newPageId(4);

bus LRUupdaterFree, GETnewPageld;
bus 1, e, g3

bus memEnd;

bus LDnewPageId;

bus LDnewPagePos, LDeveryPagePos;
bus LDaddrCounter, INCaddrCounter;
bus SELmemDataln, SELmemAddr;
bus read, write;

bus co;

bus cifl, '8"});

LRUdatapath* datapath = new LRUdatapath({rst, clk, newPageld,

LRUupdaterFree, GETnewPageId,

1, e, g, memEnd,

LDnewPageId, LDnewPagePos, LDeveryPagePos,
LDaddrCounter, INCaddrCounter,
SELmemDataln, SELmemAddr,

read, write);

treller* controller = new LRUcontreller(rst,

LRUupdaterFree, GETnewPageId,

1, e, g, memEnd,

LDnewPageId, LDnewPagePos, LDeveryPagePos,
LDaddrCounter, INCaddrCounter,
SELmemDataln, SELmemAddr,

read, write);

clk,

-

& mainl) -

LRUdesignTB.cpp
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LRU Testbench
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classVectorPrimitives. LREUcontroller.h LRUdatapath.h
[*] RTL Description - (Global Scope)

A

rst

datapath-= Evlﬂemnr'y( }H
controller-xevl();

rst

// Inmitialize memory and dump

datapath -» initMemory (filename);

cout << "Initial memory contents: “<< "\n";
datapath -»> dumpMemory ("beforeFile.twt"™);

cout << "Enter 4 bits for the acc ed page number:

GETnewPageIld = "1";
do{
clk = "pP";

datapath -»> evl();
controller -»> evl();

} while (LRUupdaterFree == "@8");
GETnewPageIld = "a";

cout << "LRU memory contents after page "<< newPageld <<

datapath -» dumpMemory("afterFile.txt™);
cout << "\n" << "Continue (@ or 1)?"; cin >> ij;

Ywhile (ij »8);

LRUdatapath.cpp

"; cin »» newPageld;

an

LRUdesignTB.cpp + ><

LRUdesignTB.cpp
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LRU Output

Initial memory cnntents:
11ut1ng follows

28
X
~g—
Y|

CF7 i G [T b=k ] w0 nm o mn owm omR oEE EE oRE RE ER

ontinue (A or 137
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RT Level Modeling with C/C++

@ RTL Principles
Elements of datapath
Elements of control unit

Bus Communications

Utility functions

Bus operations

®©® ©® ®

Array Attributes
Logical Operations
Adding Operations
Relational Operations
IO Operations

® Basic Elements of RTL
Combinational Elements
Registers and Counters

Functional register
dRegister
dRegisterE
dRegisterRaE
upCounter

upCounterRaE

Memory Structure
Controller FSM
Controller 11011
@ RTL design examplel: LRU
LRU structure
LRU Modeling
Controller
Ordered instantiation
@ RTL design example 2: Exponential
Circuit
Exponential Circuit Datapath
Exponential Circuit Controller
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RTL Example 2: Exponential Circuit

® The circuit calculates e* using Taylor expansion.

@ The input is an 8-bit fixed-point number.

® The output is a 10-bit fixed-point number including
2 integer bits and 8 fractional bits.

@ The circuit receives x as the input with the pulse on
the start signal.

® The calculation continues for 8 iterations.

® When the result becomes ready, done signal will
be issued.

I © 2015-2018, Zainalabedin Navabi - RTL Modeling with C++
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Input-output Range

@ With 8 bit input size, x is in the range between
0.00000000 for the smallest and 0.11111111 for the
largest value.

® Smallest output = 1 when e

® Largest output = 10.1010111 (2.68357) when e’

0

U

I - © 2015-2018 Zainzﬁbedin Navabi - RTL Modeling with C++
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Taylor Series

= 1; 1 < n; 1++ )

a=axxx (1/1i);
e = e + a;

- © 2015-2018 Zainaﬁbedin Navabi - RTL Modeling with C++
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Exponential Circuit Datapath

EXPdatapath.cpp EXPcontroller.cpp EXPdesignTB.cpp EXPdatapath.h + > | 3Gdaalid]lIT A

~|| *z expDatapath - I

*loadExponent, *rstExponent;
*loadTerm, *initTerm, *rstTerm;
= *szelTableData;
*rstResultReg, *initResultReg, *loadResultReg;
bus *enCounter, *rstCounter, *initCounter;
bus *x, *co, *addr, *result;

termReg;

resultReg; Third register for saving partial result

l'a = a* X BMultiplier® Mult;
2- multresult= a*1/i e

* fractionsMemory;

indexCounter; ROM fOI l/i

" internal bu:
exponent;
exponentInput;

= term;
termInput;
resultInput;
addUpperInput;
addResult;

= multUpperInput;
multResult;
tableData;
memDatabus;
countWalue;

bus initialCount;

bus addCi, addCo, writej;
enableExponent;
enableTermReg;

bus enableResultReg;

L

public:|

— ———= " J015-2018 'Zairﬁﬁ‘t)'ediFNE/aBT-'R'rL'Moa'elirT With
I [ e I [ ——r |




Exponential Circuit Datapath

EXPdatapath.cpp EXPcontroller.cpp EXPdesignTB.cpp EXPdatapath.h = > 3ieTslida]] A
[l Exponential - (Glebal Scope) - I
o
public: - I
expDatapath(bus &clk, bus &rst, bus &read,
bus &loadExponent, bus &rstExponent, =
bus &loadTerm, bus &initTerm, bus &rstTerm,

L]

Ea

bus &enCounter, bus &rstCounter, bus &initCounter,

bus &, bus &co, bus &result);
~expDatapath();
wold evl();
void eviMemory() { fractionsMemory
wvoid initMemory (string filename)
wvoid dumpMemory (stri filename

- evl(); ¥
fractionsMemory
fractionsMemory

-» init(filename); }
-» dump(filename); }

i
{

"L
= = = = = ™ "0 7015-2078, Zainalabedin Navabr - RTL Modeling with T++

bus &szelTableData, EXPd h h
bus &rstResultReg, bus &initResultReg, bus &loadResultf atapat -
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Fractions

Co (to controller) memory

—
[ ]

presetc

Selects multiplier
output, Reset or
preset

preseta

Selects adder
output, Reset or
preset

with C++



Exponential Circuit Datapath

%] Exponential

EXPdatapath.cpp -+ >0 ATl 814 EXPdesignTB.cpp EXPdatapath.h EXPcontroller.h

(Global Scope) -

xpDatapathz

bus &1

bus

bus -

bus 5 &ind 1tReg , bus &1
bus i t = i » bus &initCoun
bus bus &co_

clk(&clk ), rst(&r read(&read_),

loadExponent(&loadExp t_), rstExponent(&r-s

loadTerm{&lcadTerm_), initTerm(&initTerm_}, rstTerm(&r

selTableData(&selTableData_),

rstResultReg(&r ultReg_), initResultReg(&initResultReg_),

loadResultReg(&loadResultReg_},

enCounter(&enCounter_), rstCounter(&rstCounter_ ), initCounter(&initCounter_},
o_)s result(&r

/S internal buses
exponent.assign
exponentInput.assign
term.assign
termInput.assign
resultInput.assiy

- Expand to their
addResult.assign ) required Size

addUpperInput.assign
multResult.assign
multUpperInput.assign
tableData.assign
memDatabus.assi
countValue.ass
initialCount.a

expReg = dReg Z Hpo s *clk, *rst, enableExponent, exponent);

termReg =
*rst, enableTermReg, term);

M1 = new Mux(tableData, exponent, *selTableData, multUpperInput);

© 2015-2018, Zainalabedin Navabi - RTL Modelin
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Exponential Circuit Datapath

EXPcontroller.h

EXPdatapath.cpp + > |38l Il EXPdesignTB.cpp EXPdatapath.h
%] Exponential - (Global Scope) -

addCi = "a";

L
i

n

o]
(3]

=i

expReg = new dRegisterRat (exponentInput, *clk, *rst, enableExponent, exponent);

ca

L
o

termReg = new dRegisterRaE

(termInput, *clk, *rst, enableTermReg, term);
EXPdatapath.cpp
M1 = new Mux(tableData, exponent, *selTableData, multUpperInput);

resultReg = new dRegisterRat Some control
{resultInput, *clk, *rst, enableResultReg, *result); Signals are direct
from controller,
some is formed by
oring several
signals from the
controller

@

indexCounter = new upCounterRsE
(initialCount, *clk, *rstCounter, *initCounter, *enCounter, count

fractionsMemory = new Memory
(*rst, *clk, *read, write, memDatabus, countVWalue, tableData, 16

Mult = new Multiplier(term, multUpperInput, multResult);

Add = new Adder(addUpperInput, *result, addCi, addCo, addResult);
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Exponential Circuit Datapath

EXPdatapath.cpp + X Ryiige]| S8l EXPdesignTB.cpp EXPdatapath.h EXPcontroller.h -

%] Exponential - || = expDatapath =@ expDatapathibus & clk_ bus & rst_ bus -
:
: =

Hwvoid expDatapath::evl()

enableExponent = (*loadExponent | *rstExponent);
exponentInput = (*leadExponent == "1") ? *

(*rstExponent == "1") ? "00000800
expReg -» evl();

fractionsMemory -> evl();

indexCounter -» evl(); o EXPdatapath.Cpp

*co = ((countValue < "1@@a")? "a": "1");

=oevl(); I

Mult -> evl(); The ordering of
termInput = (  (*leoadTerm == "l"]l ? multResult.range(15, 8) : functions is important

(*initTerm ==

(*rstTerm =="1
enableTermReg = {*loadTerm | *1n1tTer1n | *rstTerm );
termReg -> evl();

addUpperInput = ("@a", term);
Add -> evl();

resultInput = ( (*loadResultReg == "1")? addResult :
(*initResultReg 1 :
(*rstResultReg == "1") ? "@@eeeaaoea™ @ "OCO00C000M);
enableResultReg = (*loadResultReg | *initResultReg | *rstResultReg);
resultReg -» evl();
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Exponential Circuit Controller

Multiplying the termreg Multiplying the updated
with fractional memory, termreg by exponent and
updating termreg updating termreg

LoadExponent = 1
Asynchronous reset InitResultReg = 1

starts the machine _initTerm =1
initCounter = 1

Counter = NUM-OF-TERM

Adding the new termreg
contenes to result reg

- © 2015-2018, Zainalabedin Navabi - RTL Modeling with C++
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Exponential Circuit Controller

EXPdatapath.cpp EXPDesign.cpp EXPdesignTE.cpp

[ Exponential - (Glebal Scope)

Fl#include "cl VectorPrimitives.h™
L#include <string:

EXPdatapath.h EXPcon rh +

using namespace std;

wpControllery
i EXPcontroller.h
s *start, *co, *read; Con ro er'
s *loadExponent, *rstExponent, *loadTerm;
s *initTerm, *rstTerm;
sz *szelTableData;
s *rstResultReg, *initResultReg, *lcadResultReg;
= *enCounter, *rstCounter, *initCounter;
s *busy, *done;
Nstate, Pstate;
public:
expController(bus& rst, bus& clk,
bus=& start, bus& co, bus &read,
bus& loadExponent, bus& rstExponent,
buz=& loadTerm, bus& initTerm, bus& rstTerm,
busz& selTableData,
bus& rstResultReg, bus& initResultReg, bus& loadResultReg,
bus& enCounter, bus& rstCounter, bus& initCounter,
bus& busy, bus& done);
~expController();
void evl ();

o I R O NI =

o

[ fa]

L Modeling with C++ :



Exponential Circuit Controller

EXPdatapath.h EXPcontroller.h EXPDesign.h EXPdatapath.cp

expController

rexpController (bus& r bus& clk_,
bus& co_, bus& r

hu-& initTerm_

bus&

.
rst(&rst_ ), clk{&clk )},

start(&start_), co(&c |
loadExponent(&lo ent_}, rstExponent(&rst

selTableData(&selTablelata_J},

loadTerm(&loadTerm_), initTerm(&initTerm_}, rstTerm(&rstTer

p

sultReg

nent_J},

rstResultReg (&~
loadResultReg(&
enCounter(&e=nCounter
busy (&b 3, deone(
i
Nstate = @;
Pstate= @;

*lnadEKpnnent
*rJtEKpnnent =
*loadTerm =
*initTerm =
*rstTerm = "@
*selTableData =
*rstResultReg = "@
*initResultReg =
*loadResultReg

1-

*enCounter =
*rstCounter =

1“1r11t-Cr|-L.|r1ter‘ =
‘bu_'y -
*done =
*read =

ultReg_}), initResultReg(&initResultReg_},
ultReg_},

}» rstCounter(&rstCounter_), initCounter(&initCounter_},

e_)

Control signals are set
to inactive values

EXPcontroller.cpp
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Exponential Circuit Controller

*loadExponent
*rstExponent
*loadTerm
*rstTerm
*selTableData
*rstResultReg
*initResultReg
*loadResultReg
*enCounter

*busy
*done
*read =

switch (Pstate){
case @: //INITIALIZE

if({ *start "@"™ ) Nstate

else Nstate
break;

case 1: //WAIT _ON_S
if({ *start
else Nstate
break;

Nstate
break;
case 3: //CALC_NEXT_TERM 2
Nstate = 4;
break;

if{ *co == "8") Nstate
elsze MNstate = 5;

CALC_COMPLETE: begin
if(*start = a2") Nstate

elze MNstate = 1;
break;

EXPdatapath.c

EXPcontroller.cpp

Switch Case for setting
Nstate

I EBE (1 BB ,



Exponential Circuit Controller

EXPdatapath.h EXPcontroller.h EXPdatapath.cpp
@ evl(]
switch (Pstate){
case @& : J/INITIALIFE
*rstExponent = "1"; *rstTerm =
*rstResultReg = "1"; *rstCounter =
break;
case 1: S/WAIT_ON_S
*loadExponent =
*initResultReg
*initTerm = "1";
*initCounter = "1";
*enCounter = "
break;
case 2: f/CALC_NEXT_TERM_ 1
*busy = "173
*zelTableData 1"; EXP t 11 pp
*loadTerm = "1"; Con ro er.c
break;
case 3 : //CALC_NEXT_TERM_ 2

A

*read =
*husy = "1";
*loadTerm = "1";
*enCounter = "1";
break o . .
case 4: //ADD_NEW_TERM Switch for 1ssuing
*loadResultReg = "1"; .
*busy = "1"; control signals
break;
case 5: //CALC_COMPLETE
*done
*busy
break;

>
¥

(=]
o 6

@

S — Getting pstate ready
_) Pstate - Netate for the next clock
cycle

I EBE (1 BB ,
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Exponential Circuit Design

O O e O O S O B N B N I N I N B I T e e e
I EXPDesign.cpp EXPdesignTB.cpp EXPdatapath.h EXPcontroller.h EXPDesignh & >

[®] Exponential - (Global Scope) I
El#include "expController.h™

#include "expDatapath.h™

Elclass

[
r
1

, ezt vstares EXPDesign.h

= *result;
bus *busy, *done;

T B T

/4 internal nodes
= loadExponent, rstExponent;
= loadTerm, initTerm, rstTerm;
= selTableData;
= rstResultReg, initResultReg, loadResultReg;
= enCounter, rstCounter, initCounter;

Controller and
datapath class
pointers

expDesign ( bus &clk, bus &rst, bus &start, bus &x,
bus &result, bus &busy, bus &done);

~expDesign();

wvolid evl();

wvoid initialize (const string& filename);

100 % -
l- I IS S S S -
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Exponential Circuit Design

EXPdatapath.cpp EXPdesignTB.cpp EXPdatapath.h EXPcontroller.h
%] Exponential - (Global Scope)

1 #include “expDesign.h

: :expDesign(bus &clk_, bus
s &busy , bus
clk(&c1lk ), rst(&rst )
busy (&b J, done(

new expDatapath(*clk, *rst, read,

EXPDesign.cpp + X

s &result ,

1t_},

loadExponent, rstExponent, locadTerm, initTerm, rstTerm,

selTableData,
rstResultReg, initResultReg, loadResultReg,
enCounter, rstCounter, initCounter,
*w, co,*result);

new expCoentroller (*rst, *clk, *start, co, read,
loadExponent, rstExponent, loadTerm, initTe
selTableData,
rstResultReg, initResultReg, loadResultReg,
enCounter, rstCounter, initCounter,
*busy, *done);

revl()

> evl();
evl();

::initialize{const string

tting

g
evliMemory () ;
evl();

Memory and dump
-» initMemory (il =3 H
-» dumpMemory (“"beforeFile.txt"™);

~wern, . EXPcontroller.cpp

Resets the memory
and initializes
datapath and

controller units
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Exponential Circuit Design

1l

EXPDesign.h EXPdatapath.cpp EXPcontroller.cpp EXPDesign.cpp EXPdesignTB.cpp + X
¥ Exponential - (Global Scope)

#include “expDesign.h

=int main ()
r
1

WA e Ll R

ij = 8;

T

ng filename (" coefficient.txt™);

s clk, rst, start, done, busy;
bus %(8);
bus result{le);

module instantiation

expDesign *EXP = new expDesign(clk, rst, start, x, result, bus o ; EXPdesignTB Cpp
L !

EXP -» initialize(filename);

do {
cout << "Enter 8 bits for input data:
cout << endl;
start ="1";
doq{

"y ocin > oxg

clk = "P";
EXP -» evl();
start ="@";
} while (done == "8");
cout <€ "expt(@." << x €< ") =
<« result.range(9,8)<< "."<< result.range(7,8) << "\n";
cout << endl << "exp™({" << fwal(x) << ") = "
<< double(result.range(9,8).ival()) + fval(result.range(7,8)) << ™
cout €< "\n" << "Continue (@ or 1)2";
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il cin »> ij;
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} while (ij =@);
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Enter 8 bits for input data: ©8eeeeoe
exp”(©.00000600) = ©1.00008000

exp~(8) = 1

Continue (@ or 1)
Enter 8 bits for input data: 11111111

expt(8.11111111) = 16.16181111
exp”(0.006604) = 2.68350

Continue (& or 1)?2
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Summary

@ Developing utilities for bus classes

@ Utilities are used for developing components for
design of circuit at the RTL

@ Ordering the operations is a key point to correct
simulation

® Complete RTL Design: LRU

® Complete RTL Design: Exponential Circuit
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