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RTL Principles

Elements of an RT
level component
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Elements of Datapath

Combinational Components
Adders
Comparators
Multiplexers
ALUs (

Logical Operations
Vector based
o Scalar operations
Mixed
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Elements of Datapath

RTL internal buses
Unconstrained
Represent multi-value logic system

Sequential component

— Result
Registers | ”
Registers with some functionality serialn

Register HIES CLK  En

]
E UpCounter
o
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Elements of Control Unit

One or more state machines Control signals

Huffman style

Inputs from datapath Combinational
or external Part

Register
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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
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classVectorPrimitives.cpp classVectorFunctions.h classWectorPrimitives.h® = > EUTYEV TadlalyEN T I

[¥%] RTL Description - (Global Scope) -

F#include <icstream>
#include "utilityFunctions.h™
#include <string>
using namespace std;
|
#define MIN(a,b) ((a<b)?a:b);
#define MAX(a,b) ((arb)?a:b);

, String member variable
2 fictess st for its logical data

bu;() { v.resize(l, 'X"); } . .
bus (int { v.resize(s1z, 'X'); } Bus-arrays for multi-bit
bus (int char c) { v.resize(SIZE, c); }

bus (con ing& s) { v = 55 } datapath buses a.nd.
bus(const char®* c) { w ks

bus (const bus& a) { v = a.v; } // Copy constructor for = ContIO]- unlt VeCtOI Wh].].e
bus range(int i1, int 2] T J] 1-bit buses for Controller

bus at(int H)[T 1] signals, one-bit datapath

signal and control unit
char operator[](int i) c-:mst interna] Wires

char& cperator[]({int i}l w
int length()[ { ... } |
void fill(char c)[ [ ... ]|

|
l
friend bus operator& (bus a, bus b)| { ... } I
l
l

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 classVectorPrimitives.h™ 48 >0 [0S0y Ta flaly talTs]

#include "utilityFunctio
#include <string>

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

1
A
o
(=1

Hclass hl:{
public:

bus({) { V.FESi7E{1 . T
bus({int SI i v. r5=17e{ sIFE, "X"%); }
bus{int SIZE, char c)} { v.resize(SIZE, c); }
bus{const string& =)
bus({const char® i g
bus({const bus& a) { v a.v; f/ Copy constructor for =

bus range(int il, int i'.'-;'}

bus at{int i:]

char operator[](int i) cu:ms‘t

char& operator[]({int i'jl

int length() [ ... 1]

void fill(char c)[ { ... } |

friend bus operator& (bus a, bus b}
friend bus c:bper‘at-:br'| (bus a, bus b}
friend bus operator™ (bus a, bus b)
friend bus operator~ (bus a'jl

s e e e e

= o
(=]
(=}
n\
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Utility Functions

classWectorPrimitives.h classWectorFunctions.h

classVectorPrimitives.cpp

[ RTL Description - (Global Scope)
1 char and(char a, char b); I
char or{char a, char b); -

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

(¥= R I W, TR - T )

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

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

_-__

char not(char a);

char tri{char a, char c); oq o 3

char resolve(char a, char c); utllltYFunCtlonS.h
char xor(char a, char b);




Utility Functions

classVectorPrimitives.cpp classVectorFunctions.h classWectorPrimitives.h™ utilityFunctions.cpp += >

% RTL Description - (Global Scope) -

=lchar and{char a, char b)

{

if ((a == " |] (b == "8")) return '8";
else if ((a == '"1') && (b == "1")) return "1°;
else return "X';

¥
Fchar er({char a, char h)

# char not({char a} utilitYPunCtions.Cpp

=lchar tri({char a, char c)

{

if (¢ == "1') return a;

else return 'Z';

1

Elchar resolwve(char a, char b)

{

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

¥
F char xor(char a, char h}

Elwoid fullAdder(char a, char b, char ci, char & co, char & sum) Pu].]. adder

1

char axb, ab, abc; implementation using

axb = xor(a, b); prlmltlves
ab = and({a, b);

abc = and(axb, ci);

co = or(ab, abc);

sum = xor(axb, ci);

= o
[

oo e
® 0

=
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Array Attributes

— — — — — — — — — — — — — — — — — — — _— — — — _—
(e AN T TSN RS classV ectorFunctions.h utilityFunctions.h utilityFunctions.cpp
& RTL D:SCrlptIOI"I (Global Scope)

bus range(int il, int i2)
1.

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(};
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Array Attributes

classVectorPrimit

9
%
1
2
3
a4
5

3
i
=
=t
=
=t
=
=t
=
=t
=
=
=
=t
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RS classVectorFunctions.h utilityFunctions.h
(Global Scope)
int i2)
int left = Max(iy, iz2);
int rite = MIN(il, i2);
bus slice(left-rite, "X');
int wsize = w.length();
slice.v = v.substr(wvSize - left, vSize - rite);
return slice;

s atf{int i)
bus bit(1l, "X"};
int wSize = w.length();
bit.v = wv.at{vsize -1 - i});
return bit;
char operator[]({(int i) ::-:bnst
char& operator[]({int i}
int length() { ... 1]
void fill(char <) { ... } |
friend bus operator& (bus a, bus b_‘,l
friend bus operator| (bus a, bus b}
friend bus operator™ (bus a, bus b}
friend bus operator~ (bus a}

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

{

int aSize = a.wv.length();

utilityFunctions.cpp

classVectorPrimitives.h

Bus indexing
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Array Attributes

classVectorPrimitives.cpp classVectorFunctions.h [T IOU=N Sl UtilityFunctions.cpp I

[®] RTL Description - rangefint i1, int i)

bus at(int i)[ [ ... 7|

char operator[](int i} const { It returns Char type
return v[v.length()-i-1]; instead of bus type in at() |

1

=l E A (L Bracket overloading for
return w[v.length({)-i-17; . . .
using indexing on the left
hand side

woid fill({char c}_

friend bus operator& (bus a, bus

friend bus operator| (bus a, bus b}

friend bus operator® (bus a, bus b}

friend bus operator-~ (bus a}

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

friend bool operator== (bus a, const bus b}
friend boel operator: (bus a, const bus b}
friend boel operator< (bus a, const bus b}
bool operator&i (bus b}l

bool operator|| (bus b}l

classVectorPrimitives.h
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Array Attributes

_—_—_—_—_—_—_—_—_—_—_—_q

I classVectorPrimitives.h  +  3< FaEEAw {al{ Ty 0y Ry ut|I|tyFur'|ct|-:-r15h utilityFunctions.cpp

bus at(int i}l I
char operator[]{int 1) cctnst . ..
charg operator(1(int T —T] classVectorPrimitives.h

int length()

i

1

veid fill{char c) Fill the bus with its

w.assign(wv.length(), <); character argument

B b

return v.length();

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 cstream& operator<<(ocstream& out, const bus a}l_

u_n-nm-n.t...x...r...r...r..t
Wk S WE ;N
. EBE A1 BB .
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Logical Operations

- friend bus operator~ (bus a)l { .. T | 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}

i;

m
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Logical Operations

_ — - . . -
classVectorPrimitives.h 7 0 EeERAN eSS TailTEN, |
I | RTL Description

void fill(char <) { ... 1| I

58

Size fixing

» I
Overloading &
operator for

bus

friend bus operator| (bus a, bus b)

friend bus operator~ (bus a, bus b)

1

1

friend bus operator~ (bus a}l

friend bus operator+ (const bus a, ceonst bus b]l

utilityFunctions.h utilityFunctions.cpp

int aSize = a.v.length();
int bSize = b.wv.length();
int rSize;
if (bSize == 1) rSize = aSize; else r5ize = MIN(aSize, bSize);
bus r{rsize, 'X');
int i;
for (i = rSize - 1; 1 »>=9; i—-) {

if (bSize == 1) r.v[i] = and(a.v.at(i), b.v.at(@));

else r.v[i] = and(a.v.at(i), b.v.at(i));
L

return rj;

int bSize = b.w.length();
int rsize;
if (bSize == 1) rs
bus r{rsize, 'X');
int ij;
for (i = rSize - 1; i »=@8; i--) {
if (bSize == 1) r.v[i] = xor({a.v.at(i), b.v.at(@));
else r.v[i] = wor(a.v.at(i), b.wv.at(i));

ze = aSize; else rSize = MIN(aSize, bsize);

}

return rj;

I
l
l
l
l
l
l
int aSize = a.v.length(); I
l
l
l
l
l
l
l

_-_-—
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Adding Operations

— — — — — — — — — — — — — — — — — T — — — — — _—
utilityFunctions.h SeqDetector.h classVectorPrimitives.h R >0 R adal STl TailslytAy)

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

it aSize J 2-v-length()s classVectorPrimitives.h

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, sum);
L else fullAdder(a.v.at(i), '@', ci, co, sum); .
i - cos Overloading +
rovlil = sum; operator using

full adder

String indexing

(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)
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Logical Operations
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classVectorPrimitives.cpp classVectorFunctions.h classVectorPrimitives.h® -5 >C SIS LadlaTy tRa T

friend bus operator& (bus a, bus b}

friend bus operator™ (bus a, bus b_‘,l
friend bus operatore~ (bus a}

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

|

I :

I friend bus operator| (bus a, bus b)[ { ... | Classvectorprimitives.h
I .

|

I

bus operator, (bus a, bus b)

. asSize a.v.length();
OVerloadlng i bSize b.w.length();
- i rsize asize + bsize;
concatenation s r(rsize, 'X');
operator SE B i i
(i = bSize - 13 i >= 8; i--) {
r.v[asize + i] = b.v.at(i);

(i = aSize - 13 i >=@8; i--) {
r.v[i] = a.v.at(i);

return rj;

friend bool operator== (bus a, const bus b}
friend bool operator> (bus a, const bus b}
friend bocl operator< (bus a, const bus b}
bocl operatori& (bus h}
bool operator|| (bus h}
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Rational Operations

— — — — — — — — — — — T — — — — — — — — — — —
classVectorPrimitives.h R 2 SR a¥aaTs RTlevelTB.cpp

P
g

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;
do{
if ((a.v[i] == '1") && (b.v[i] ==
r = true; break;

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

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

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

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

} while (++i < aSize);
return r;
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Logical Operations
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classVectorFunctions.h classVectorPrimitives.h* -5 >C Uil a0 Ty TalaTytRaTs) I

I classVectorPrimitives.cpp

this-»v.length();
b.v.length();

char ¢
int 1i;
ANY 4 ” 5
‘t_hls is the ; and(this->v.at(i), b.v.at(8));
pointer to the J else is->v.at(i), b.v.at(i)); Member
. 27 "1t true; .
first operand functions of
the bus -> only
one arguments

is passed
| 2 i Size this-»v.length();
b.w.length(}; |

Functions =l
1 5 OO r
return true if g char c
5 2 int i;
contains at : . ;
N 7 22 i 2 0 is->v.at(i), b.v.at(e));
leas = 1 else -»v.at(i), b.v.at(i));

I return rj

o : j true; I
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IO Operations
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I LRUdesignTE.cpp LRUdesign.cpp classVectorPrimitives.h += >

classVectorPrimitives.cpp
[¥] RTL Description

friend bus operator~ (bus a)

friend bus operator+ (const bus a, const bus ClassVeCtorPrimitives-h
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)

bool operator&i® (bus h)

am& operator<<(ostream® out, const bus a) Because the first

operand is not of the
bus class, we need both
friend istream® operators>(istrean® in, busg a) arguments and so we use
: return(in »>> a.v); friend

return{out << a.v);

1

1

int iwval () I
{ l
int asize = w.length();
int ia=@8; I
for (int 1 = aSize - 1; i >= @; i--) {
if (v.at(i) == '1') ia = ia + int(pow(2, (aSize - 1 - i) }); I
l
l

1

return ia;

1

void resize(int i, char c) { wv.resize(i, c); }
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Combinational Elements
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classVectorFunctions.h classVectorPrimitives.h™ = > || a0 ST Fa afal, ER T I

classVectorPrimitives.cpp

*3i3,

public:
Mux(bus& a, bus& b, bus& sel, bus& w);
~Mux(}; /F destructor
woid E‘u"l(:lj

! Typical
public: _ e et m Combinational RTL

Tri (bu

~Tri(); // des 0 elements
void evl I:)J

Adder({bus& a, bus& b, bus& ci, bus& co, bus& s
~Adder();
void ewvl();

public:
Comparator(bus& hus& b, bus& bus& eq, bus& gt)

. EBE (1 BB ,

l
l
l
l
l
l
l
l
| .
| public:
l
l
l
l
l
l
l
l
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Combinational Elements

classVectorPrimitives.cpp R X | M= {ads] fae]s utilityFunctions.h

[®| RTL Description - (Global Scope)
Sl#include ectorPrimitives.h™
#include - tream:>
#include - ream:
#include <string>
#include <math.h>
using namespace std;

[

[V, I WY N

(]

AN |

1
1
01->Fill("X");

2 Bwoid Mux::evl () {
{ if (*1i3 == "@") *ol = *il; else *0l = *i2;

SeqDetector.h

classVectorPrimitives.cpp

EMux: :Mux (bus& a3, bus& b, bus& sel, bus& w) : il1(&a), i2(&b), di3(&sel), ol(&w)

ri::Tri (bus& 3, bus& tri, bus& w) : i1(&a), i2(&tri), ol(&w)

01->Fil1('X");

Flwoid Triz:evl () 1

if (*i2 == "1") *ol = *il; else ol->fill({'Z’

ClAdder: :Adder(bus& a, bus& b, bus& ci, bus& co,

bus& sum)

i1(&a), i2(&b), i3(&ci), ol(&sum), 02(&co)

{

¥

ol->Fill("X'); o2->Fill('X');

bus result(il->length() + 1};

result = *il + *i2 + *i3;

int leftIndex = result.length() - 1;

*02 result.at(leftIndex);
result.range(leftIndex, 8);

“+” operator is
overloaded before
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Registers and Counters

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

@ Various functionalities

® Various clocking schemes

@ Varlious resetting mechanisms

@ Inheritance and Polymorphism is shown
here

L

‘ - © 2015-2018 Zaineﬁabedin Navabi - RTL Modeling with C++
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Registers and Counters

nBitFunctionalRegister (abstract class)

i}

1

dRegister

upCounter

T

T

T

T

T

dRegisterE

dRegisterRa

dRegisterRs

upCounterRa

upCounterRsE

T

dRegisterRaE

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

r — _— — _— — _— — _— —
classVectorPrimitives.cpp classWectorFunctions.h

g rtype; // = "Register information™;

Inltla]-]-Zlng nE1tFunct1~1nalRE51_.ter (): sizef@) {} Th]'s 1Isa defa'u]'t

~nBitFunctionalRegister () {}
member void info (bus& D, bus& C, E:IIJS& Q, int& N, string& typ); Conslt:ruCtor'. It .muSt
variables. e (e s be since this is an

virtual void evl ()=8;

. abstract class.
Pure virtual method:

Derived classes must
. . . . dRegist bus& D, bus& C, bus& Q);
define it. This is an s ’ Y
abStIaCt C].a.SS wvirtual veoid evl ();
because of this.

: public nBitFunctionalRegister { I

: public dRegister { //Enable

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

reien (s The base
class for all

registers and

puslic: counters

dRegisterRa(buz& D, bus& C, bus& R, bus& Q);
~dRegisterRa();
wvirtual void evl (); I

erRa : public dRegister

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

classVectorPrimitives.cpp +  2< [iWI[a0EilTadlalyEH SeqDetector.h classVectorPrimitives.h

{Global Scope)
1r1fﬁ[:L|IJ =& |: b

us& C, bus& Q, int& N, stringk

classVectorPrimitives.cpp

typ)

:dRegister(bus& di, bus& clk, busk&

- &di;

rrevl(){
\‘ if (C-)-at(a} —= "p™) =q
1

: :dRegistertE (bus& di, bus& clk,
: dRegister (di,clk,

revl ()
== "1"% d rrrevl();

'dREE_lrter‘Ra (bus& di, bus& clk,

bus& en, bus& go)
a) {

bus& rst, bus& q-:u}

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

bus& qo)
Evoid dRe at:zevlQ[{ ... 7]

100 % «| 4

3

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

_-_-—

I classVectorPrimitives.cpp classWectorFunctions.h classVWectorPrimitives.h™ & 2 U100 ST Pa dlaTy ER ] I

Elclass nBitFunctionalRe
public:
bus *d, *c, *q; 3 141

;:t e classVectorPr1m1t1ves.h

' rtype; // = "Register information”;

nE1tFuncti-:rnalREgister (): size(@d) {}
~nBitFunctionalRegister () {} . :
void info (bus& D, bus& C, bus& Q, int& N, str Vlrtua'l funCtlon Ca'n

void init (string typ); h ]
virtual woid evl ()=0; be used bY d‘erlved
classes as is or
Flclass dRe r : public nBitFunctionalRegister { added to.

dRegister(bus& D, bus& C, bus& Q);
~dRegister();
virtual wvoid evl ();

nBitFunctionalR
Slclass i r : public dRegister { //Enable HEECEORE e
public: Derived from
dRegisterE (bus& D, bus& C, bus& E, bus& Q) .
~dRegisterE (); dReglster dRegister
void evl ();
Elclass dRe terRa : public dRegis =3 dRegisterE dRegisterRa dRegisterRs
bus* r;
public:
dRegisterRa(bus& D, bus& C, bus& R, bus& Q); :
~dRegisterRa(); dRegisterRaE

virtual woid evl ();

|
o o m s om0 20152018, Zainalabedin Navabi - RTLE Modeling With C4+



DRegister

classVectorPrimitives.cpp B € ut|||t_~,fFur1ct|u:|r15 h Squetectu:nr h classVectorPrimitives.h

::info(bus & 0, bus& C, bus& ¢, int& N, stringd& typ){

classVectorPrimitives.cpp

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)
: -:l er (di,clk,qo) {

rrevl(){
—= "1") dR

» bus& rst, busk& q-:.}

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

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

100 % -] 4 >

_-_-—
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DRegisterE

classVectorP SRS utilityFunctions.h SeqDetector.h classVectorPrimitives.h

Description (Global Scope)
r::info(bus& D, bus& C, bus& ¢, int& N,

classVectorPrimitives.cpp

Elwoid nBitFunc

::dRegister(bus& di, bus& clk, bus& go)
= &di;
Bcllk;
|'.||:|J'
= qgq->length();
$11(°%");
¥

if (c->at(@) == "F") *q . .
Dregister constructor is called

rE: :dRegisterE (bus& di, bus& clk, bus& en, bus& go) Enable port iS aSSigned
: dRegi (di,clk,qo} {

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

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

busé o) [ .. } ]
Evoid dRegis czevl()[ [ ... 1|

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

classVectorPri

%] RTL Description
84 [ dF\'l‘:l_

upCounte
bus&

N T Sl UtilityFunctions.h

=terRa: :dRegisterRa (bus& di, bus& clk,

Ewoid dRegi

upCounter:
Fwvoid upCounter:

supCounter (bus& di, bus& clk, bus& 1d,

SeqDetector.h classVectorPrimitives.h

(Global Scope)
bus& rst, bus& qgo)
: dRegister (di,clk,qo} {

revl()]
"1y g->fill{'e’);

::dRegisterRaE (bus& di, bus& clk, bus& rst, b
bus& qo) di,clk,r

& di, bus& clk,
ster (di,clk

rst, bus& qo)

bus& qo)[ { ... }]
rev1O[{ ... 1]

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

Dregister constructor is called

Enable port is assigned

_-_-—
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UpCounter

_-__

|
classVectorPrimitives.h

dRegisterRaE (bus& D, bus& C, bus& R, bus& E, bus& Q);
~dRegisterRaE ();
wold evl ();

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

public:

Counters add . ey R R e e & (s clagy

load 1nput ) virtual woid evl ();

Elclass upCounterRsE : public upCounter { //Reset-asynch, Enable Count upCounter
bus* e;
bus* r;
public:
upCounterRsgE (bus& D, bus& C, bus& R, bus& L, bus& E, bus& Q);
rupCounterRsgE (); upCounterRa | | upCounterRsE

wold evl ();

upCounterRaE

om0 2015-2018 Zamalabedin Navabi - RTE Modeling with CF+




UpCounter

& di, bus& Llh busz& 1d, bus&

= d->1length()};
q->Ti11("X"};
internalCount = new bus(size,

L
if (e- ,at(ﬁ)==“P“} {
if (1-zat(@) == "1") *internalCount
else {
*internalCount = *internalCount + "1";

1

= *internalCount;

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

Elwvoid upCounterRa::evl(){
if (r-zat(@) == "1") {
q->Fill{'@"};
internalCount->fill({'@");
}

else upCounter::evl();

1

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

b en, bus
void upCounter

upCount :upCounterRaE(bus& di, bus& clk, bus& rst, bus& 1d,

bu

— = = /= T TE) 2015-2018,"Zainalabedin Navabi = RTC MOdEling with C'—F+
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UpCounterRsE

_-_-—

E ] ] _— ] _— _— _— ] — _— _— ] _— ] _— _— _— _— _— _— _— L] — L] 1
LRUdatapath.cpp LRUcontroller.cpp classVectorPrimitives.h classVectorPrimitives.cpp + X -

upCounterRsE: :upCounterRsE(bus& di, bus& clk, bus& rst, bus& 1d,
El bus&en, bus& qo) : uplounter(di, clk, 1ld, qo), r(&rst), e(&en) {

Elwoid upCounterRs evl(}{
if ((r->at({@) == "1") && (c-rat(®) ==

T o oy classVectorPrimitives.h

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

upCounterRaE: :upCounterRaE(bus& di, bus& clk, bus& rst, bus& 1d,
] EIL bus&en, bus&qo) : upCounterRa(di, clk, rst, 1ld, gqo}, ef&en) {
1
58 Hwvoid upCounterRaE::evl()}{
if (r-zat(@) == "1")

1

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

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

‘-1-=-rru--'--r:'I*'!Enmr‘l.,.r (bus& rst, bus& clk, bus& read, bus& write,

bus& Din, bus& AddrBus, bus& D-:.ut}
- Memory mMEnmr‘y()_

:init (const string& filename){ { ... 1]
:dump (const string& filename)[ { ... 1]

P e e e e

L____________

100""'
R R R R R e e M e B
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Memory Structure

— — — — — — — — — — — — — — — el — — — — — — — — —
I LRUdatapath.cpp LRUcontreller.cpp (e FEAN Ta I T TN W R C|assVectorPrimitives.cpp

[®] RTL Description - (Global Scope) -

Elclass upCounterRa : public upCounter
public:
bus* r;
public:
upCounterRa(bus& D, bus& C, bus& R, bus& L, bus& Q);
~upCounterRa ();
wvirtual wvoid evl ();

classVectorPrimitives.h

Elclass upCounterRaE : public upCounterRa { f/Reset-asynch, Enable Count
bus* ej;
public:
upCounterRaE (bus& D, bus& C, bus& R, bus& L, bus& E, bus& Q);
~upCounterRaE ();
wold evl ();

_ Use bus pointers for
rst, *clk, *read, *write;

*Din, *AddrBus; all memory ports
*Dout;

*mem;

H

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

Memory () {}:

~Memory ()3

void evl ();

void init (const str & filename);

void dump (const string& filename);

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

LRUdatapath.cpp LRUcontroller.cpp classVectorPrimitives.h classWectorPrimitives.cpp™ B > I

::Memory (bus& rst, bus& clk, bus
buz& Din, bus& Ad S, hu & Dout)
rst(&rst), read(&read), write(&write), clk(&clk), Din(&Din},
AddrBus (&AddrBus), Dout(&Dout)

this-rwrite->Fill({"X");
this-»Dout->Fill( X" );
LEN = this->Dout->length();
int(pow(2, LEN));

= new bus[N];

(int i=8; i < MN; i++) {
mem[i].resize(LEN, '@');

~temory )L { ... } ]

for (int i = 8; i < N; i++) mem[i].fill('e S
) Memory resetting,

glse if (read-:at{@) == "1") { read and write

l
I
l
|
l
|
l
*Dout = mem[AddrBus->ival()]; |
l
|
l
I
. |
_|_

else if (clk->at(8) == F'"}
if (write-rat(@) = 1™}
mem[ AddrBus- 1val(}]




Memory Structure

LRUdatapath.cpp LRUcentreller.cpp classVectorPrimitives.h

::Memory (bus st, bus& clk, bus& re

bu Din, bus& » l:lu & Duuf}

classVectorPrimitives.cpp # X I

rst(&rst), read(&read), write(& ), clk(&clk), Din(&Din}), I

AddrBus(&AddrBus), Dout(&Dout)

this->write->fill{"X");
this->Dout->Fil1( X" );
LEN = this->Dout->length();
int(pow(2, LEN));

= new bus[N];

(int i=@8; i <« N; i++
mem[i].resize(LEN,

pieMemory () |

:init (const string& filename){
finp(filename});

i=8e; i< N; i++) {

> mem[i];

<< mem[i] << "\n";

:dump (const string& filename){
t fout(filename});
fnut << "listing follo
cout << ™ ing fo n';
for (int i = @; i <« N; i++) {

AT
Sl e
(=]

fout << i << ": " << mem[i] << "An";
cout << i << ": " << mem[i] << "An";

|

I

|

|

|

|

|

Use binary file passed to I
them and use overloaded |
“<<“ and “>>” I

|

I

|

!
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Moore Sequence Detector (11011)

Combinational
Part

) © 2015-2018, Zainalabedin Navabi - RTL Modeling with C++
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Moore Sequence Detector (11011)

_-_-—

classVectorPrimitives.cpp utilityFunctions.h classVectorPrimitives.h

[*] RTL Description - (Global Scope)

1 H#include "classVectorPrimitives.h™
L#include <strings>
using namespace std;

¥

Hclass Statemachinef
bus *rst, *clk;

bus *inj;
E_I:li I'Tl‘:::;e, Pstate; SqueteCtor-h

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

SR NN T S

e
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Moore Sequence Detector (11011)

etector.cpp H > EELNEadI 4]

[®] RTL Description -

1

FY

%]

[}

Nstate = @;
Pstate= 6;

~

this-»rst = &rst;

this-

classVectorPrimitives.cpp

(Global S5cope)

Elstatemachine: :Statemachine (bus& rst, busi& clk,

»clk = &clk; this-=in

if(*in == ™1™} Nsta
else Nstate = 3

"1+

Nstate
;3 break;

classVectorPrimitives.h

-

bus& in, bus& out)

= &inj this-»out = &out;

SegDetector.cpp

Switch statement

handle state transition

Sequential part
implementation

© 2015-2018, Zainala
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Moore Sequence Detector (11011)

[%] RTL Description

1 E#include
L#lnclude

Eint main ()

{

int ij;

bus inj
s out;

chine

// Statemachi
rst = "1";
Statemachine

cout
clk

Stat
cout

}

cout <<

(Global Scope)

ectorFunctions.h™

bus clk, rst;

* statemachinel statemachine(rst, clk,
ine resetting

1-xevl();

for ( int 1 =8; i<5; i++){
<< "Wn Enter 1 bits for the input: ™; cin >>

- wpn,

- Bl

emachinel -» evl();
<< "\n" << out;

"wn" << "Continue (@ or 1)2?"; cin »> ij;

Jwhile (ij »8);

[ ClassVectorPrimitives.cpp SeqDetector.h classWectorPrimitives.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

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

Assign queue positions
to items based on
frequency of their use

l - © 2015-2018, Zainalabedin Navabi -
e —_

Before 19 is accessed

After I9 is accessed

RTL Modeling with C++

L



Queue Memory File

Before 19 is accessed

After I9 is accessed

Navabi - RTL Modeling with C++

L



LRU Updater Datapath

LDnewPagelD

clk

NewPageBusA‘ A

e
1 1

CompareNew
Every

SelMemAddr

NewPagelDOut ¢

AddrCounterOut MUX2

adderCounterlin LDaddrCounter

——» . AddrCounter

rst f clk f

IncaddrCounter

SelMemDataln

1
PagePOSIncrimented

EveryPagePOSOut

NewPagePOSOut

LDNewPagePOS LDEveryPagePO
—>

—>
—>

MemDataOut

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

Completed =0

Completed =1
1: Get New Page 2: Read New Pos

~Completed000000000 0110000000

4: Update POS

memEnd001010000

0000110000

000g000g11

3: Read Every PO

0001010000

State

IncAddrCounter
Write
SelMemDataln
LDeveryPagePos
LDNewPagePOS
read
SelMemAddr
LDaddrCounter
LDNewPagelD
LRDUpdaterFree

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

_-__

LRUcontroller.cpp classVectorPrimitives.h classVectorPrimitives.cpp LRUcontroller.h = 2

El#include "cla ectorPrimitives.h™
#include <string:>
using namespace std;

i EICIESEU;R” -':*" ii;’r LRUCOIItI'Ol].eI'.h

bus *LRUupdaterFrEEJ *Completed;
bus *1, *e, *g, *memEnd;
bus *LDnewPageId, *LDnewPagePos, *LDeveryPagePos;
bus *LDaddrCounter, *INCaddrCounter, *SELmemDataln, *SELmemAddr;
bus *read, *write;
int Nstate, Pstate;
public:
LRUcontroller(bus& rst, bus& clk,
bus& LRUupdaterFree, bus& Completed,
bus& 1, bus& e, bus& g, bus& memEnd,
bus& LDnewPageld, bus& LDnewPagePos, bus& LDeveryPagePos,
busz& LDaddrCounter, bus& INCaddrCounter,

bus& SELmemDataln, bus& SELmemiddr,
bus& read, bus& write);
~LRUcontroller();
wvold evl ();

T
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LRU Controllex

(VT i [ T Sl classectorPrimitives.cpp LRUcontroller.h LREUdatapath.h
[*] RTL Description -
#include "LRUcontroller.h™

LRUcentroller: :LRUcontroller (bus& rst, bus& clk,
bus& LRUupdaterFree, bus& Completed,
bus& 1, bus& e, bus& g, b »
bus& LDnewPageId, bus& LDn age s bus& L
bus& LDaddrCounter, bu INCaddr nter,
bus& SELmemDataln, bus& SELmemAddr,
bus& read, bus& write)

[y LY 3 I S T S A =}

3 =]

rst(&rst), clk(&c1lk),

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

1(&1), e(&=), g(&z), memEnd(&memEnd),
LDnewPageld(&LDnewPageId), LDnewPagePos(&L0newPagePos),
LDeveryPagePos (&LD rPagePos),

LDaddrCounter({&L0a nter), INCaddrCounter(&INCaddrCounter),
SELmemDataIn(&SELmemDataIn), SELmemAddr(&SELmemiddr),
read(&read), write(8&write)

this-»
this-»g
Nstate =
Pstate= @;

¥

e- il

->Fil1('e');
—»Fill('e’);
[=H

il

Elvoid LRUcontroller::evl ()
*LRUupdaterFree "
*LDnewPageld = '
*LDnewPagePos =
*LDeveryPagePos
*LDaddrCounter

*INCaddrCounter
*SELmemDataln
*SELmemAddr = ™
*read = "8

LRUcontroller.cpp

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

controller.cpp A > gaEEANTad 0y

LRUcontroller.h

Elwoid LRU :
*LRUupdaterFree
*LDnewPageId =
*LDnewPagePos =
*LDeveryPagePos
*LDaddrCounter
*INCaddrCounter
*SELmemDataln =
*SELmemaddr =
*read ;
*write =

switch (Pstate){

case @: // Wailt
if(*Completed "1"™) Nstate = 1;
else Nstate = break;

case 1: // Get new page Id
Nstate break;

case 2: // queue
M;tate break;

case 3: queue
M;tate break;

case 4: // Write updated po
Nstate = 5; break;

case 5: // Back if mem end
if (*memEnd = 1") Nstate
else Nstate break;

tion of other p

tion in mem

switch (Pstate){

case @: // Wait
if(*Completed == "1") *LRUupdaterFree
break;

case 1: // Get new page
*LDnewPageId = "1";
*LDaddrCounter
*LRUupdaterFree

tion of new pag

age:

not reached

LRUdatapath.h -

LRUcontroller.cpp

© 2015-2018, Zainalabedin Navabi - RTL Modelin
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LRU Controllex

es.cpp LRUcontroller.h LRUdatapath.h =

switch (Pstate){ ES

=5

a: // Wait .
if{*Completed == "1") *LRUupdaterrFres ="8";

n

[l
[

*LDaddrCounter
*| RUupdaterfree =
break;

case 2: // Read queue p
*SELmemaddr ="a"; /
*read = "1";
*| DnewPagePos =
*LIIIJIdeatPr‘Fr‘:E' =

momom

m oo
[ Y, B Y =

[+

oom
[T

/ Read queue
*SELmemAddr = "1";
*read = "1";

*| DeveryPagerPos
*| RUupdaterfFree
break;

case 4: // Write update
if (*g == "1"}{

*EELME..‘!lddl"' =
*SELmemDataln
*write = "1";

=1
o

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

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

: f/ Back to

*LRUupdaterfree
else

break;

“ineapagerd - o LRUcontroller.cpp

osition of new page
/ newPageId on Addrbus

sition of other pages
therPageId on Addrbus

d positiom in mem, inc upcounter
ff Write iIncremented value
/¢ Counter becomes address

ff Write @
/{ Counter becomes

/¢ Keep the same
1
r
8"

mem end is not reached

*| RUupdaterfree =

-——-_-—
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LRU Design

switch (Pstate){
case @: // Wait

break;

*LDnewPageld =
*LDaddrCounter =

break;

*read = "1";

*LRUupdaterFree
break;

*read = "1";
*LDeveryPagePos
*LRUupdaterFree
break;

if (g == "1"){
*SELmemaddr

}
else {}

*LRUupdaterFree
break;
case 5: // Back to 3

if(*Completed == "

case 1: // Get new page Id
g

"y *LRUupdaterFree =

g,
l El

*LRUupdaterFree =

*LDnewPagePos = "

*SELmemDataln
*write = "1";

1

else if(*e == "1")
*SELmemaddr
*SELmemDataln
*write = "1";

*INCaddrCounter =

case 2: // Read queue position of new page
*SELmemAddr ="@";

S/ newPageld on Addrbus

case 3: // Read queue position of other pages
*SELmemaddr = "1™

// otherPageld on Addrbus

case 4: [/ Write updated position in mem, inc upcounter

S/ Write incremented walue

S/ Counter becomes address
1"

i

f/ Write B
S/ Counter becomes address

Keep the same

if mem end is not reached

classVectorPrimitives.cpp classVectorPrimitives.h registersTB.cpp

LRUdesign.cpp

© 2

0

-——-_-—
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LRU Design

Case

Case

if (*rst
else if

classVectorPnmitives.cpp SeqDetector.h

4: Jf write in mem, increment upcounter;
if (*rst == "1") *LRUupdaterFree = "1";
else if (*g == "1"){

*SELmemAddr = "1"; // newPageld on Addr Bus
*SELmemDataln = "1";
*write = "1";
*LRUupdaterFree =
*INCaddrCounter =
}
else if(*e == "1"){
*SELmemAddr = "1"; // ODId on Addr Bus
*SELmemDataln = "a";
*write = "1™;
*INCaddrCounter =
*LRUupdaterFree =
L
elseq
*LRUupdaterFree =
*INCaddrCounter =

h
break;

5: // compare upcounter with "8888™
if (*rst == "1") *LRUupdaterFree = "1";
else if (*memEnd == "1"){

*LRUupdaterFree = "1";

1
else *LRUupdaterFree
break;

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

classWectorPrimitives.h

LRUdesign.cpp

-——-_-—
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I [®] RTL Description

Elclass

bus
bus
bus
bus
bus
bus
bus

upC

Me

bus
bus
bus
bus
bus
bus

public:

LRUdatapath(bus& rst_, bus& clk_, bus& newPageBus_,

LRU Datapath

LRUcontroller.h

datapath.h & < ERUGEIETE G RaaTs) LRUdesignTB.cpp LRUcontroller.cpp I

~| #iz LRUdatapath

LRlll‘l:H‘: ath{

*rst, *clk;
*newPageBus; // Input bus
*LRLlupdaterFrEE, *Completed;
*1, *e, *g, *memEnd;
*LDnewPageld, *LDnewPagePos, *LDeveryPagePos;
*LDaddrCounter, *INCaddrCounter, *SELmemDataln,
*read, *write;

newPageld;
newPagePos;
everyPagePos;
compareNewEvery ;

Mux® MUX23

unterfRaE* addrCounter;
* memory;

newPageIldOut; // Internal bu
newPagePos0Out; bus everyPagePosOut;
pagePosIncremented; bus addrCounterOut;
addrCounterIng

memaddrBus; f/ Memory b
membataBus; = memDatalut;

bus& LRUupdaterFree_, bus& Completed_,

bus& 1_, bus& e _, bus& g_, bus& memEnd_,
bus& LDnewPageId , bus& LDnewPagePos_, busi& LDeveryPagePos_,

bus& LDaddrCounter_, bus& IMCaddrCounter_,

bus& SELmemDataln_, bus& SELmemaddr_, bus& read_, bus& write );
~LRUdatapath();

wold evl();

wvold eviMemory() { memory-zewvl(); }
wvold initMemory (s

01 -20 18 Iabedln Navab| - RTL Modelm W|th C+

filename) { memory->init({filename); }
g filename) { memory->dump(filename}; }

LRUdatapath.h

*SELmemAddr;

l
I
l
[
l
l
l
l
l
l
l
l
l
|
l
n




LRU Datapath

LRUdatapath.cpp = > JEREREEST-T0) =Rt
(Global Scope)
LRUdatapath B <, bus& ne
bus& d
bus& g , |
bus& e C bus& LDnewPage s bus& LDe
bus&
bus& =
bus& read_ s& write_ )

rst(&rst_ ), clk{&1lk },
newPageBus (&newPageB

1(&1 ), e(&=_), g(&z ), memEnd(&memEnd ),
LDeveryPagePos (&LD

SELmemDataln(&SELmemDa aIn ), SELmemAddr (&SELmemaddr_),
read(&read ), write(&w

newPageIdOut.resize(4, ; /! Internal bu
newPageIdOut.resize(4,

newPagePosOut.resize(4,
everyPagePosOut.resize(4,
pagePosIncremented.resize(4, "X');;
addrCounterQut.resize(4, "X');
addrCounterIn.resize(4, '@8');

memaddrBus.resize(4, S/ Memory bus

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

LDnewPageId(&LDnewPageId ), LDnewPagePos(&LDnewPage BE

x')
memDataBus.resize(4, "X'); memDatalut.resize(4, 'X');

newPageld = new dRegi *newPageBus, *clk, *LDnewPageld,
newPagePos = new dReg E(memDatalut, *clk, *LDnewPagePos, newPagePosOut);
everyPagePos = new dR rE(memDatalut, *clk, *LDeveryPagePos, ewveryPagePosOut);
compareNewEvery = new Comp ~{newPagePosCut, ewveryPagePosOut, *1, *e, *g);
MUX2 = new Mux{newPageIdOut, addrCounterOut, *SELmemiddr, memiddrBus);
addrCounter = new upCounterRatE(addrCounterIn, *clk, *rst,
*INCaddrCounter, addrCounterOut);
memory = new Memory(*rst, *clk, *read, *write, memDataBus, memAddrBus, memDatalut);

LRUcontroller.cpp

LDaddrCounter (&LDaddrCounter_), INCaddrCounter(&INCaddrCounter_},

newPageIdOut);

*LDaddrCounter,

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

LRUcontroller.h

LRUdatapath.h

escription - (Global Scope)

LRUdatapath: :LRUdatapath(bus& rst_ , bus& clk ,

bus& LRUupdaterFree_, bus& Completed_,
bus& 1 , bus& e , bus& g , bus& memEnd_,
bus& LDnewPageld , bus& LDnew
bus& LDaddrCounter_, bus& INCad
bus& SELmemDataln_, bus

bus& read_ , bus& write }_

Elvoid LRUdatapath::evl()

{

newPageId-»evl();

LRUdatapath.cpp - > EEAEGEST )= 0T

bus& newPageBus_,

bus& LDewveryPa

memDataBus = pagePosIncremented & *SELmemDataln;

MUX2->evl();

memory ->ewvl();
newPagePos->evl();
everyPagePos-»evl();

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

compareNewEvery->evl();

*memEnd = ((addrCounterOut == "@a88™) 2 "1"

s :] .
- 3

LEUcontreller.cpp

-

LRUdatapath.cpp

-——-_-—
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LRU Testbench

O s R

0 =

LRUceontreller.cpp
[®] RTL Description

1 H#include
L#include "LRUdatapath.h"

LRUdatapath.cpp LRUdesignTB.cpp -+ > [¥iai[is%giT,la ey ERaaTe} -

(Global Scope)
"LRUcontroller.h™

string filename("priority.txt™);

bus
bus
bus
bus
bus
bus
bus
bus
bus
bus
bus
bus

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

clk, rst;

newPageId(4);

LRUupdaterFree, GETnewPageld;
1, e, g;

memEnd;

LDnewPageId;

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

coj

cif{l, '@"');

LRUupdaterFree, GETnewPageld,

1, e, g, memEnd,

LDnewPageId, LDnewPagePos, LDewveryPagePos,
LDaddrCounter, INCaddrCounter,
SELmemDataln, SELmemAddr,

read, write);

troeller* controller = new LRUcontreller(rst,

LRUupdaterFree, GETnewPageld,

1, e, g, memEnd,

LDnewPageId, LDnewPagePos, LDewveryPagePos,
LDaddrCounter, INCaddrCounter,
SELmemDataln, SELmemAddr,

read, write);

clk,

Jo w0 ]
N

LRUdesignTB.cpp

_-__
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LRU Testbench

LRUcontroller.h LRUdatapath.h
[*] RTL Description - (Global Scope)

£/ memory and controller resetting
rst = "1";

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

rst = "8";

S/ Initialize memory and dump
datapath -» initMemory (filename);
cout << "Initial memory contents: "<< MY

datapath -» dumpMemory (“"beforeFile.txt");

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

GETnewPageId = "1";
dof
clk = "P";

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

} while (LRUupdaterfree == "8");
GETnewPageId = "8";

LRUdatapath.cpp

El

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

datapath -» dumpMemory("afterFile.txt");

cout << "Wn" << "Continue (@ or 1)°2

Ywhile (ij »>8);

cin > ij;

"; €in »» newPageld;

w

LRUdesignTB.cpp = >

LRUdesignTB.cpp

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

Initial memory cuntents:
11ﬂt1ng follows
S [ [ v

anAA

aA1A

1181

a18a

an11

a1a1

18684

1881

Aa111
- 1818
: 1188
= 1111
: A118a
- 1811
t

B
X
~cm—
A ——l)|

1181
er 4 hits for the accessed page number: 18088

U memory contents after page 18AA iz accessed:

P ot D bk (550 e wm wn owm mm wm wn ww owew

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

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

‘ © 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

L

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

l;, 1 < n; 1++ )

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

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

EXPdatapath cpp EXPcontroller.cpp EXPdesignTB.cpp EXPdatapath.h -+ >C |0l A I

Eclass expDatapath
.

*clk, *rst, *read;
s *loadExponent, *rstExponent;
= *loadTerm, *initTerm, *rstTerm;
= *selTableData;
= *rstResultReg, *initResultReg, *locadResultReg;
= *enCounter, *rstCounter, *initCounter;
= *x, *co, *addr, *result;

* resultReg; Third register for saving partial result

o - % Adder* Addj;
]' a a* x #Multiplier® Mult;

2- multresult= a*1/i S

* fractionsMemory;

terRsE* indexCounter; ROM fOI l/i

I
/¢ internal bus
bus exponent; I
bus exponentInput;
bus term; I
bus termInput;
bus resultInput;
bus addUpperInput; I
bus addResult;
bus multUpperInput; I
bus multResult;
bus tableData; I
bus memDatabus;
bus countWalue;
bus initialCount; I

bus addCi, addCo, writej;
bus enableExponent;

bus enableTermReg;

bus enableResultReg;

public:|

= ) 2015-2018, Zainalabedin Navabi - R1L Modeling with G+
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Exponential Circuit Datapath

F — — — — — — — — — — — — — — — — — — — — — — —
EXPdatapath.cpp EXPcontroller.cpp EXPdesignTB.cpp 2L EICT RIS EX P controller.h - I

[l Exponential - (Global 5cope) -
FY

public:
expDatapath({bus &clk, bus &rst, bus &read,
bus &loadExponent, bus &rstExponent,
bus &loadTerm, bus &initTerm, bus &rstTerm,

bus &selTableData, E x Pd t th h
bus &rstResultReg, bus &initResultReg, bus &loadResultReg, a' a'pa' -

bus &enCounter, bus &rstCounter, busz &initCounter,
bus &x, bus &co, bus &result);
~expDatapath();
vold evl();
vold evlMemory() { fractionsMemory -» evl()}; }
void initMemory (string filename) { fractionsMemory -> init(filename); }
vold dumpMemory (s filename) { fractionsMemory -»> dump{filename}; }

- = = = = = = = =g075-J018 zZ&halabédin Navabi - RTL Modeling with T+
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Fractions
Co (to controller) memory

/4
[ ]

[ presetc

—E  w

[]

N
()
[ ]
()]
Q
—+
n
e
E.
'O
for}
—
(@]
=
o

Selects adder
output, Reset or
preset

SeleCtS mlJ.ltiplieI' pre sete eLogi>c
preseta legrle

output, Reset or loada election 11111111
preset

Frrrwere

I ~
(
| O 0 o
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Exponential Circuit Datapath

EXPdatapath
[ Exponential

RIS EXPcontroller.cpp EXPdesignTB.cpp EXPdatapath.h EXPcontroller.h

(Global Scope) -

xpDatapath: :expDatapath{bus &clk , bus &rst_, bus &read_

bus &load onent_,

bus

R b B b B EXPdatapath.cpp

bus s bus &co_, bus &r

clk(&c1lk ), rst(&r 3 read{&r ad_},

loadExponent(&loac 1ent_), rstExponent(&rs nent_),

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

selTableData(&selTableData_),

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

loadResultReg(&loadResultReg ),

enCounter(&enCounter_}), rstCounter(&rstCounter_), initCounter(&initCounter_),
o), result(&res

/¢ internal buses
exponent.assign
exponentInput.a
term.assign

termInput.ass b ] Expand to theil'

resultInput.a

addResult.ass . .
addUpperTnput . required size
multResult.ass

multUpperInput

tableData.ass

memDatabus.a

countWValue.a

initialCount.a

expReg = dReg z exponentInput, *clk, *rst, enableExponent, exponent);
preg P put, 3 3 P » P 3

termReg =
s5t, enableTermReg, term);

M1l = new Mux(tableData, exponent, *selTableData, multUpperInput);

_-_-—
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Exponential Circuit Datapath

EXPdatapath.cpp = >0 [38deliiifel M

%] Exponential -

addCi = "a";

L
e

n

o]
(3]

=i

expReg = new dRegisterR

£

L
o

termReg = new dRegist
(termInput,

@

M1 = new Mux(tableDat

resultReg = new dRegi
(resultInput,

indexCounter = new up

(*rst, *clk,

Mult = new Multiplier

_-__

(initialCount,

Add = new Adder({addUpperInput,

EXPdesignTB.cpp
(Global Scope) -

a2t (exponentInput, *clk, *rst, enableExponent, exponent);

erRakE
*clk, *rst, enableTermReg, term);

o co EXPdatapath.c
a, exponent, *selTableData, multLlpper‘Input};

sterRaE

*clk, *rst, enableResultReg, *result); Signals are direct

CounterRsE

fractionsMemory = new Memory
*read, write, memDatabus, countValue, tableData, 16

(term, multUpperInput, multResult);

EXPdatapath.h

*clk, *rstCounter, *initCounter, *enCounter, count

*result, addCi, addCo, addResult);

EXPcontroller.h

Some control

from controller,
some is formed by
oring several
signals from the
controller
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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 EXP dat ap ath. 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();

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

. B}

Counter = NUM-OF-TERM

Adding the new termreg
contenes to result reg

il 5l
il
. >
=
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Exponential Circuit Controller

F — — — — — — — — — — — — — — — — — — — — — — —
| EXPdatapath.cpp EXPDesign.cpp EXPdesignTB.cpp EXPdatapath.h EXPcontroller.h +# >

[l Exponential - (Global Scope) -
El#include "cl VectorPrimitives.h™
L#include <string:
using namespace std;

I
I Elclass expCentroller{
bus *rst, *clk; EXP t 11 h
I bus *start, *co, *read; Con ro er'
bus *loadExponent, *rstExponent, *loadTerm;
I bus *initTerm, *rstTerm;
bus *selTableData;
I bus *rstResultReg, *initResultReg, *locadResultReg;
bus *enCounter, *rstCounter, *initCounter;
bus *busy, *done;
I int Nstate, Pstate;
public:
I expController(bus& rst, bus& clk,
bus& start, bus& co, bus &read,
I bus& loadExponent, bus& rstExponent,
bus& loadTerm, bus& initTerm, bus& rstTerm,
buz& selTableData,
I i bus& rstResultReg, bus& initResultReg, bus& lecadResultReg,
I
|
|
|

(RN I R B O TR S =

busz& enCounter, busz& rstCounter, busz& initCounter,
bus& busy, bus& done);

~expController();

wvoild evl ();




Exponential Circuit Controller

[*] Exponential

explo
bus&
bus& lo
bus
bus
bus
bus
bus& init

rst(&rst_
start(&st
loadExpon

selTableD
rstResult

enCounter
busy (&b
i
Nstat
Pstat

¥
Hwoid explCo

*rstExpo

*rstTerm
*selTabl
*rstResu
*initRes
*loadRes
*enCount

*initCou
*busy

*done =
*read =

_-__

loadTerm({&lc rm_3, initTerm(&initTerm_}, rstTerm(&

EXPdatapath.h EXPcontroller.h EXPDesign.h EXPdatapath.cpp

=| = expController

rexpController (bus bus& clk_,
bus& co_, bus& r
onent_, bus& rstExp
hu:& initTerm_, bus& rstTerm_,

_» bus&
bus&
Counter_, bus

b, clk(&clk ),
art_), co(&co_), read(&read_},
ent(&lo ent_}), rstExponent(&rst

ata(&selTableData_)},
Reg(&rstResultReg_), initResultReg(&initResultReg_ )},

loadResultReg(& C ultReg_J),

(&enCounter_), rstCounter(&rstCounter_}, initCounter(&initCounter_},
J» done(&done_})

e = 8;

e= @

1“1ﬂadE1t:|:l-~'l-r1n.=.r'|‘l: =

nent =

*loadTerm =
*initTerm

= "

3
eData =
ltReg =

ultReg 3 Control signals are set

ultReg

er = to inactive values

*rstCounter

nter

e,

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

EXPdatapath.h EXPcontroller.h

Elwoid expController::evl () {
*loadExponent '
*rstExponent
*loadTerm =
*initTerm =
*rstTerm =
*selTableData
*rstResultReg
*initResultReg
*loadResultReg
*enCounter = "
*rstCounter
*initCounter
*busy
*daone
*read

switch (Pstate){

case @: f/INITIALIZE
if({ *start
else MNstate
break;

case 1: //WAIT_ON_S
if({ *start
else MNstate
break;

/

Nstate =
break;

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

case 4: //ADD_NEW_TERM

else Nstate = 5;
break;

PLETE :
if(*start
else Nstate 1;
break;

EXPDesign.h

[*] Exponential - =» expController

} Mstate

if{ *co == "@") Nstate = 2;

begin

") Nstate

EXPdatapath.cpp EXPcontrol

- @ evi]

EXPcontroller.cpp

Switch Case for setting
Nstate




Exponential Circuit Controller

EXPdatapath.h EXPcontroller.h EXPDesign.h EXPdatapath.cpp

; *rstTerm = "1"
"3 *rstlounter

*initRe

“‘:LnltT-—r‘m = "i"
*initCounter "
*enCounter = "1™

EXPcontroller.cpp + X

@ evl()

EXPcontroller.cpp

Switch for issuing
control signals

Getting pstate ready
for the next clock
cycle

. EBE (1 BB ,

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

) EXPDesign.cpp EXPdesignTB.cpp EXPdatapath.h EXPcontroller.h EXPDesign.h &= > - I

I [ Exponential - (Global 5cope)
E#include "expController.h™ I
L#include "expDatapath.h™ -

ass expDesign
bus *clk, *rst, *s 3 x 11
ST e T et EXPDesign.

bus *result;
bus *busy, *done;

U U T [ T, B O UYL SR =

4t

/4 internal nodes

bus loadExponent, rstExponent;

bus loadTerm, initTerm, rstTerm;

bus selTableData;

bus rstResultReg, initResultReg, loadResultReg;
bus enCounter, rstCounter, initCounter;

< co, read; Controller and
datapath class
pointers

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

~expDesign();

wvolid evl();

woid initialirze (const string& filename);

- = = = = = = = =g075-J018; zZ&halabédin Navabi - RTL Modeling with T+
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Exponential Circuit Design

EXPdatapath.cpp
%] Exponential
#include

EXPdesignTB.cpp EXPdatapath.h

(Global Scope)

expDesign.h

n:rexplesign(bus &clk_, bus st 5 &start_,
bus &busy_,

clk(&clk ), rst(&rst )
busy (& }s done(

new explatapath(*clk, *rst, read,
loadExponent, rstExponent,
=elTableData,

enCounter, rstCounter, initCounter,
*x, Co,*result);

new expController (*rst, *clk,
loadExponent, rstExponent,
selTableData,

enCounter, rstCounter, initCounter,
*busy, *done);

revl()

- ewl();

Fwoid expDesign::initialize(const string& filename)

ffInitialize fractionsMemory and dump
DP -> initMemory (il =3H
DP -> dumpMemory (“"beforeFile.txt™);

EXPcontroller.h

*sztart, co, read,
loadTerm, initTe

EXPDesign.cpp + X

-

bus &re

Vs result{&e

loadTerm, initTerm, rstTerm,

rstResultReg, initResultReg, loadResultReg,

rstTerm,

rstResultReg, initResultReg, loadResultReg,

Resets the memory
and initializes
datapath and

controller units

1l

sult ,

1t ).,

EXPcontroller.cpp

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

_-_-—




Exponential Circuit Design

EXPDesign.h

¥ Exponential
#include

WA e Ll R

T

EXPdatapath.cpp

(Global Scope)

expDesign.h

=int main ()

1

ij = 8;

ng filename (" coefficient.txt™);

s clk, rst, start, done, busy;

bus
bus

exp

EXP

do

®(B);
result{le);

module instantiation
Design *EXP = new expDesign(clk, rst, start, x,

-» dnitialize(filename);

{

cout << "Enter 8 bits for input data:
cout << endl;

start ="1";

doq{

clk = "P";

EXP -» evl();

start ="@";

} while (done == "8");

cout <€ "expt(@." << x €< ") =
<« result.range(9,8)<< "."

cout << endl << "exp™({" << fwal(x) << ") = "

" an

<< double(result.range(9,8).ival()) + fval(result.range(7,@

cout €< "\n" << "Continue (@ or 1)2";
cin »» ij;

} while (ij =@);

_-_

EXPcontroller.cpp EXPDesign.cpp

<< result.range(7,@

result, bus

"y ocin > oxg

EXPdesignTB.cpp + X

) << """

1l

EXPdesignTB.cpp
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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




SUIMIMmMary

® 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

L
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