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Overview

* Register transfer level (RTL) to model complex
digital systems

* Goal: Algorithmic expression of a digital system

+ Algorithmic State Machine (ASM) charts

- to model complex digital systems
- to map a complex design into hardware




Register Transfer Level

Designing a complex digital system using state
tables becomes difficult as the number of

states increases

Remedy
- partition the system into modular subsystems

- each module is designed separately
- Modules are connected to each other



Register Transfer Level

Register operations
- move, copy, shift, count, clear, load, add, subtract

A digital system is said to be represented at
the register transfer level (RTL) when it is
specified by the following three components

. The set of registers

. Operations performed on the data stored in the
registers

. The control supervises the sequence of
operations in the system



The Control

» Control logic
- Initiates the sequence of operations

- generates timing (control) signals that sequence the
operations in prescribed manner

- Certain conditions that depend on the previous
operations may determine the sequence of future
operations

- The outputs of control logic are binary variables that
initiate the various operations in registers

- Transfer statement

- R, € R, ("replacement” operation)
» Conditional transfer statement

- if (T, = 1) then R, € R,

— T, is a control signal



Register Transfer Operations

* Inregister transfer operations clock is not
explicitly shown
- but, transfer is assumed to happen at the clock edge.
- previous example
«if (T, = 1) then R, € R,
T, may become 1 before the clock edge, but actual
transfer happens exactly at the clock edge.
+ Examples:
- if (T, = 1) then (R, € R;, R, € R,)
- R, € R; + R,
-R, € Ry, + 1
- R, € shr R,
-R. € 0 6
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Types of Register Operations

Four categories
transfer operations
arithmetic operations
logic operations

shift operations



Datapath and Control

Control signals

Control
inputs

i Data
j Status Slgnals Da.rapa.rh ou.'.pu.l.s

Control Data
outputs Inputs

One obvious distinction
1. design of datapath (data processing path)
2. design of control circuit



Hardware Algorithm & ASM Chart

* Hardware algorithm

- is a procedure for implementing the problem with a
given piece of hardware equipments

- specifies the control sequence and datapath tasks

* Algorithmic state machine (ASM) chart is a
special type of flowchart used to define digital
hardware algorithms.

- state machine is another term for a sequential circuit

- ASM chart describes

- the sequence of events,
- events that occur at state transitions.



ASM Chart

Three basic elements

. State box
. Decision box
. Conditional box
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State Box

state
assignment

» The output signals (e.g. START) in the box take
the specified values in the current state
- if not specified in other states they are O.

* The notation R < O means that the register is
cleared to O when the system transits from A to
the next state
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Decision Box
l

b

Decision box has two or more branches going out.
Decision is made based on the value of one or more
input signals (e.g. signal J)

Decision box must follow and be associated with a
state box.

Thus, the decision is made in the same clock cycle as
the other actions of the state.
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Decision Box

Control signals

Control
inputs

Status signals Data
outputs

Control  Data
outputs inputs

START

7~

RESET_R
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Conditional Box

Register operation

or output

A conditional box must follow a decision box.

A conditional box is attached to a state box
through one or more decision boxes.

» Therefore, the output signals in the conditional output
box are asserted in the same clock cycle as those in
the state box to which it is attached.

» The output signals can change during the current state as a
result of changes on the inputs.

+ The conditional output signals are sometimes referred
as Mealy outputs since they depend on the input signals
as well. 15




Register operation
or output




Generate
random Xa < q;

Calculate,
Ya = g**mod p

Calculate,
Ak =(Ys)"*mod p

Generate
random Xg < q;

Calculate,
Ye = g*®mod p

Calculate,
Bk = (Ya)*®*mod p
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Example: Modular Exponentiation (MExp)

Encryption in RSA cryptosytem:
Decryption in RSA cryptosytem:

Square and multiply algorithm

Input: M = (my_q, my_z, "+, My, M)
E = (ek—lrek—zr"'reLQO)Z
N = (Mg_1, Mgz, 7, M1, M)
Output: C = (cx—1,Ck=2,""",€1,Co)2

Stepl: C =1

Step2: fori=k—1:0

Step3: C = CxCmod N
Step4: ife =1

Stepb: C = CxM mod N

C =MEmod N
M = CPmod N
M=2FE=13N =15
E = (1101),
C=1
63:1
C=CxM =2
C = C?mod N =2’mod 15 =4
62:1

C = CxMmod N = 23mod 15 =8
C = C?*mod N = 2%mod 15 = 4

el - 0
C =C*mod N = 2%mod 15=1
eO =1

C = CxMmod N = 23 mod 15 = 2
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Example: Modular Multiplication (MM)

Left-to-right modular multipcation algorithm

Input: A = (ax_1, Qr-2 ", a1, o)
B = (bx—1,br-2,"*", b1, bo)>
N = (Mg_1, N2, N1, M)
Output: C = AxB mod N = (¢y_1,Cx—2,"**,€1,Co)2

Stepl: C =0
Step2: fori=k—1:0
Step3: C =2xC
if C>N
Step4: C=C—-N
ST€p5: if bi =1
Stepb: C=C+A

ifC>N
Step7/: C=C—N
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Stepl
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Data Path of MM (1/2)

A
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Data Path of MM (2/2)

it CounterInput 0
? ResultAS P ResultAS C_tnput
Loadi» RegA S_Coun S C
Counter
ReqC Operand1C
N
LoadN ! S_Compl OperandlAS Operand2AS
RegN :P*’ Operand2C  As —  ADD-SUB
v
CounterInput S_Comp2 ResultAS
l Counter
LoadCoun Counter ReqC :’—v OperandlAS
B S_Asl
LoadB ' 1 Operand1C Operand2C
ShiftB | RegB
Regh Operand2AS l l
RegA Compare
C_Input RegN = ' v
= >
LoadC l S_ASZ

ShiftC .| RegC
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Control Signals of MM

Status Signals

Control Signals

R P e R 0 P T P e E P P A PR R PO @
Stepl (O X X X 0 0 0 0 0 1 0 X X X X X X
Stepl |1 X X X 1 1 1 1 0 1 0 0 0 0 X X X
Step2 | X 0 X X 0 0 1 0 0 0 1 1 0 0 0 00 1
Step2 | X 1 X X 0 0 1 0 0 0 0 1 X X X X X
Step3 | X 0 0 X 0 0 0 0 0 0 0 X 1 1 0 00 1
Step3 | X 0 1 X 0 0 0 0 0 1 0 X 1 1 1 01 1
Step3 | X 1 0 X 0 0 0 0 0 1 0 X 1 1 1 01 1
Step4 | X X X X 0 0 0 0 0 0 0 X X X X X X
Stepb | X X X 0 0 0 0 0 1 0 0 X X X X X X
Stepb | X X X 1 0 0 0 0 1 1 0 X 1 1 1 10 0
Stepb | X 0 0 X 0 0 0 0 0 0 0 X 1 1 X X X
Stepb | X 0 1 X 0 0 0 0 0 1 0 X 1 1 1 11 1
Stepb | X 1 0 X 0 0 0 0 0 1 0 X 1 1 1 11 1
Step7 | X X X X 0 0 0 0 0 0 0 X X X X X X




VHDL Code of MM

library IEEE;
use IEEE.STD_LOGIC_1164.ALL;

entity MM is
generic (K : integer := 8);
Port (clk:in STD_LOGIC;
rst 1 in STD_LOGIC;
Start: in STD_LOGIC;
A 1in STD_LOGIC._ VECTOR (K-1 downto 0);
B:in STD_LOGIC_ VECTOR (K-1downto 0);
N :in STD_LOGIC_VECTOR (K-1 downto Q);
C:out STD_LOGIC_VECTOR (K-1 downto O);
Done : out STD_LOGIC);
end MM;

architecture Behavioral of MM is
component Data_Path is
generic (K : integer := 8);
Port (clk:in STD_LOGIC;
rst:in STD_LOGIC;
A in STD_LOGIC VECTOR (K-1 downto 0);
B:in STD_LOGIC_ _VECTOR (K-1 downto 0);
N :in STD_LOGIC VECTOR (K-1 downto O);
Control_Signals : in STD_LOGIC_VECTOR (14
downto 0);
Status_Signals : out STD_LOGIC_VECTOR (2
downto 0);
C:out STD_LOGIC VECTOR (K-1 downto Q));
end component;

component Control is
Port (clk :in STD_LOGIC;

rst:in STD_LOGIC;

Start i in STD_LOGIC;

Status_Signals : in STD_LOGIC_VECTOR (2 downto 0);
Control_Signals : out STD_LOGIC_VECTOR (14 downto O);
Done : out STD_LOGIOC);
end component;

signal Control_Signals : STD_LOGIC_VECTOR (14 downto 0);
sighal Status_Signals : STD_LOGIC_VECTOR (2 downto O);

begin

DP: Data_Path

generic map(K)

Port map(clk,rst,A,B,N,Control_Signals,Status_Signals,C);
Cont: Control

Port map(clk,rst,Start,Status_Signals,Control_Signals,Done);

end Behavioral;
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Schematic

of MM
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VHDL Code of Data Path (1/3)

library IEEE;
use TEEE.STD_LOGIC 1164 ALL;
use IEEE.STD_LOGIC ARITH.ALL;

entity Data_Path is
generic (K : integer i= 8);
Port (clk:in STD_LOGIC;
rst:in STD_LOGIC;
A 1in STD_LOGIC_VECTOR (K-1 downto O);
B:in STD_LOGIC_VECTOR (K-1 downto 0);
N :in STD_LOGIC_VECTOR (K-1 downto 0);

Control_Signals : in STD_LOGIC_VECTOR (14 downto 0);
Status_Signals : out STD_LOGIC_ VECTOR (2 downto 0);

C :out STD_LOGIC _VECTOR (K-1 downto 0));
end Data_Path;

architecture Behavioral of Data_Path is
component Load_Shift_Reg is
generic (K : integer := 8);
Port (clk:in STD_LOGIC;
rst:in STD_LOGIC;
Data_In:in STD_LOGIC VECTOR (K-1 downto 0);
Data_Out : out STD_LOGIC_VECTOR (K-1 downto 0);
Load:in STD_LOGIC;
Shift :in STD_LOGIC);
end component;

component MUX_2_to_1is

generic (K : integer := 8);
Port (S:in STD_LOGIC:;

0));

I0:in STD_LOGIC VECTOR (K-1 downto 0);
I1:in STD_LOGIC._VECTOR (K-1 downto 0);
Y iout STD_LOGIC_VECTOR (K-1 downto

end component;
component MUX_4_to_1is

generic (K i integer := 8);
Port' (S :in STD_LOGIC_VECTOR (1 downto O);

0)):

I0:in STD_LOGIC VECTOR (K-1downto 0);
I1:in STD_LOGIC VECTOR (K-1downto 0);
I2:in STD_LOGIC_VECTOR (K-1 downto 0);
I3:in STD_LOGIC _VECTOR (K-1downto 0);
Y 1 out STD_LOGIC VECTOR (K-1 downto

end component;
component ADD_SUB is
generic (K : integer := 8);

0):

0):

Port (A:in STD_LOGIC VECTOR (K-1downto

B:in STD_LOGIC_VECTOR (K-1downto 0);
Sum :out STD_LOGIC_VECTOR (K-1 downto

AS i in STD_LOGIC);

end component: 26




VHDL Code of Data Path (2/3)

component Compare is
generic (K : integer := 8);
Port (A :in STD_LOGIC_VECTOR (K-1 downto 0);
B:in STD_LOGIC_VECTOR (K-1 downto 0);
Equal : out STD_LOGIC;
Greater: out STD_LOGIC);
end component;

signal
LoadA LoadN,LoadCoun,LoadB,ShiftB,LoadC,ShiftC,SCoun,SComp
1,5Comp2,5AS1,SC,AS : std_logic;

signal SAS2 : STD_LOGIC_VECTOR (1 downto 0);

signal RegA, RegN, RegB, Counter_Input, Counter, C_Input,
RegC, temp_k, ResultAS, Operandl1C, Operand2C, OperandlAS,
temp_1, Operand2AS : STD_LOGIC_VECTOR (K-1 downto O);

begin

LoadA <= Control_Signals(14);
LoadN <= Control_Signals(13);
LoadCoun <= Control_Signals(12);
LoadB <= Control_Signals(11);
ShiftB <= Control_Signals(10);
LoadC <= Control_Signals(9);
ShiftC <= Control_Signals(8);
SCoun <= Control_Signals(7);
SCompl <= Control_Signals(6);
SComp2 <= Control_Signals(5);

SAS2 <= Control_Signals(3 downto 2);
SC <= Control_Signals(1);
AS <= Control_Signals(0);

RegisterA: Load_Shift Reg

generic map(K)

Port map(clk,rst,A RegA LoadA,'0");
RegisterN: Load_Shift_Reg

generic map(K)

Port map(clk,rst,N;RegN LoadN,"0");
RegisterCounter: Load_Shift_Reg

generic map(K)

Port
map(clk,rst,Counter_Input,Counter,LoadCoun,'0");

RegisterB: Load_Shiff_Reg

generic map(K)

Port map(clk,rst,B,RegB LoadB,Shif1B);
RegisterC: Load_Shift_Reg

generic map(K)

Port
map(clk,rst,C_Input,RegC,LoadC, ShiftC);

temp__k <= conv_std_logic_vector(K, K);

27
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VHDL Code of Data Path (3/3)

MUX_Counter_Input: MUX_2_to_1

generic map(K)

Port map(SCoun,temp_k,ResultAS,Counter_Input);
MUX_Operand1C: MUX_2_to_1

generic map(K)

Port map(SCompl,Counter,RegC,Operand1C);
MUX_Operand2C: MUX_2_to_1

generic map(K)

Port map(SComp2 (others => ‘0'),RegN,Operand2();
MUX_OperandlAS: MUX_2_to_1

generic map(K)

Port map(SAS1,Counter,RegC,OperandlAS);
MUX_C_Input: MUX_2_to_1

generic map(K)

Port map(SC,(others =>'0"),ResultAS,C_Input);
temp_1(0) <= '1";
temp_1(K-1 downto 1) <= (others =>'0");

MUX_Operand2AS: MUX_4_to_1
generic map(K)

Port
map(SAS2,temp_1,RegN RegA RegN,Operand2AS);

Addition_Subtraction: ADD_SUB
generic map(K)

Port map(
Operand1AS,Operand2AS ResultAS,AS);

Comp: Compare
generic map(K)

Port map(
Operand1C,Operand2C,Status_Signals(2),Status_Si

gnals(1));

Status_Signals(0) <= RegB(K-1);
C <= RegC;

end Behavioral;
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VHDL Code of Control (1/3)

library IEEE;
use TEEE.STD_LOGIC 1164.ALL;
entity Control is
Port (clk:in STD_LOGIC;
rst:in STD_LOGIC;
Start: in STD_LOGIC;
Status_Signals :in STD_LOGIC_VECTOR (2 downto 0);

Control_Signals : out STD_LOGIC_VECTOR (14 downto O);

Done : out STD_LOGIC):
end Control;
architecture Behavioral of Control is
type state_type is
(Stepl,Step2,Step3,Step4,Stepd,Stepb,Step7);
signal current_state,next_state : state_type;
begin
NS: process(current_state,Start,Status_Signals)
begin
case(current_state) is
when Stepl =>
if(Start="1") then
next_state <= Step2;
else
next_state <= Stepl;
end if;

when Step2 =>
if(Status_Signals(2)="1") then
next_state <= Stepl;
else
next_state <= Step3;
end if;
when Step3 =>
if(Status_Signals(2 downto 1)="00") then
next_state <= Stepb;
else
next_state <= Step4;
end if;
when Step4 =>
next_state <= Stepb;
when Step5 =>
if(Status_Signals(0)="1") then
next_state <= Stepé6;
else
next_state <= Step2;
end if;
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VHDL Code of Control (2/3)

when Stepb =>
if(Status_Signals(2 downto 1)="00") then
next_state <= Step2;
else
next_state <= Step7;
end if;
when Step7 =>
next_state <= Step2;
when others =>
next_state <= Stepl;
end case;
end process;

ST: process(clk)
begin
if(clk'event and clk="1") then
if(rst="1")then
current_state <= Stepl;
else
current_state <= next_state;
end if;
end if;
end process;

O_Done: process(current_state,Start,Status_Signals)
begin
case(current_state) is
when Step?2 =>
if(Status_Signals(2)="'1") then
Done <= '1";
else
Done <= '0";
end if;
when others =>
Done <='0";
end case;
end process;

O_Control_Signals: process(current_state,Start,Status_Signals)
begin
case(current_state) is
when Stepl =>
if(Start='1") then
Control_Signals <= "1111010000XXX0X";
else
Control_Signals <="00000100XXXXX0X";
end if;
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VHDL Code of Control (3/3)

when Step2 =>
if(Status_Signals(2)="1") then
Control_Signals <= "00100001XXXXXX1";
else
Control_Signals <= "0010001100000X1";
end if;
when Step3 =>
if(Status_Signals(2 downto 1)="00") then
Control_Signals <= "0000000X11000X1";
else
Control_Signals <= "0000010X1110111";
end if;
when Step4 =>
Control_Signals <= "0000000XXXXXXXX";
when Stepb =>
if(Status_Signals(0)="1") then
Control_Signals <= "0000110X1111010";
else

Control_Signals <= "0000100XXXXXXXX";

end if;
when Stepb =>
if(Status_Signals(2 downto 1)="00") then
Control_Signals <= "0000000X1IXXXXX";
else
Control_Signals <= "0000010X1111111";
end if;

when Step7 =>
Control_Signals <= "0000000XXXXXXXX";
when others =>
Control_Sighals <= "1111010000XXX0X";
end case;
end process;

end Behavioral;
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Schematic of Control
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Testbench for MM

library IEEE;
use TEEE.STD_LOGIC 1164.ALL;
entity MM_tb is
end MM_tb;
architecture Behavioral of MM_1b is
component MM is
generic (K :integer := 8);
Port (clk:in STD_LOGIC;
rst:in STD_LOGIC;
Start: in STD_LOGIC;

A in STD_LOGIC_VECTOR (K-1 downto O);
B:in STD_LOGIC_VECTOR (K-1 downto 0);
N :in STD_LOGIC _VECTOR (K-1 downto 0);

C:out STD_LOGIC. VECTOR (K-1 downto
0);
Done : out STD_LOGIC);
end component;
signal clk,rst,Start,Done : STD_LOGIC;
signal A,BN,C: STD_LOGIC_VECTOR (7 downto
0);
constant clk_period : time := 10 ns;
begin
DUT: MM
generic map(8)
Port map(clk,rst,Start,A,B,N,C,Done);

clk_process: process
begin
clk<='0";
wait for clk_period/2; --for 0.5 ns signal is ‘0",
clk <='1";
wait for clk_period/2; --for next 0.5 ns signal is '1".
end process;
Input_Application: process
begin

A <= "00001110"; B <= "00001110"; N <= "00001111";

rst<='1';
wait for 10-ns; rst<='0";
wait for 10 ns; - Start <= '1";
wait for 10 ns; - Start <= '0";
wait until Done="1";
foriin1to 12 loop
A<«=C;
wait for 10 ns; ~~ Start<="'1";
wait for 10 ns;  Start<="'0";
wait until Done="1";
end loop;
wait;
end process:;

end Behavioral:
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Test Waveform of MM
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Reminder: Modular Exponentiation (MExp)

C =APmod N

Square and multiply algorithm

Input: A = (ag_1,ax-2,"**,1,a0)2, B = (bg—1,br_2,"**, by, by)-
N = (le_l, Ny—2;°,Nq, nO)Z
Output: C = (cx—1,Ck—2,"""1€1,C0)2

Stepl: C =1

Step2: fori=k—1:0

Step3: C = CxC mod N
ST€p4: lf bi =1

Stepb: C = CxAmod N
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ASM of MExp

ST€p3 ST€P5 v l

Stepl

RegC « 1
Done « 0O

\

T
&
<«

1 1

1

RegA « A [ RegC « ResultMM ] [ RegC « ResultMM ]
RegB « B
RegN « N [g «— Regf } Step4d l
Counter < k-1 one“<— Step2
Step2 |

A

|
[ RegB <« RegB « 1 ]

A

0

0
OperandMM <« RegC !
Counter « Counter -1 OperandMM < RegA
S‘I’Gr"I'_N\Mf— 1 RegB « RegB « 1
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Data PaTh of MExp

C
LoadA l ResultAS ::P_> ounterInput Counter 1
— RegA l l

N S_Coun 1 ADD-SUB
LoadN l v
> RCQN Res ITMM C_Inpu'r ResultAS
esu
Coun‘relrInpu‘r Counter 0
LoadCoun Count l l
ounter. RegC Compare
B A OperandMM ]
LoadB J €9 =
ShiftB | RegB
C_Input RegC OperandMM RegN
LoadC ; l l l
——> RegC Start. MM —» MM
v y

ResultMM - Done_MM
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Control Signals of MExp

- B E N M
Stepl (O X X 0 0 0 0 0 1 0 X 0
Stepl |1 X X 1 1 1 1 0 1 0 0 0
Step2 | X X X 0 0 1 0 0 0 1 0 1
Step2 | X X X 0 0 1 0 0 0 0 X X
Step3 | X X 0 0 0 0 0 0 0 0 0 0
Step3 | X X 1 0 0 0 0 0 1 0 0 X
Step4 | X 0 X 0 0 0 0 1 0 X X 0
Step4 | X 1 X 0 0 0 0 1 0 X 1 1
Stepb | X X 0 0 0 0 0 0 1 0 1 0
Stepb | X X 1 0 0 0 0 0 1 0 1 X

39



VHDL Code of MExp

library IEEE;
use IEEE.STD_LOGIC_1164.ALL;

entity MExp is
generic (K : integer := 8);
Port (clk:in STD_LOGIC;
rst 1 in STD_LOGIC;
Start: in STD_LOGIC;
A 1in STD_LOGIC VECTOR (7 downto 0);
B:in STD_LOGIC_ _VECTOR (7 downto O);
N :in STD_LOGIC_VECTOR (7 downto 0);
C:out STD_LOGIC_VECTOR (7 downto 0);
Done : out STD_LOGIC);
end MExp;

architecture Behavioral of MExp is
component Data_Path_ MExp is
generic (K : integer := 8);
Port (clk:in STD_LOGIC;
rst:in STD_LOGIC;
At in STD_LOGIC_VECTOR (7 downto 0);
B:in STD_LOGIC_ _VECTOR (7 downto 0);
N:in STD_LOGIC_VECTOR (7 downto 0):

Control_Signals : in STD_LOGIC_VECTOR (9

downto 0);

Status_Signals : out STD_LOGIC_VECTOR (2

downto 0);
C:out STD_LOGIC_VECTOR (7 downto 0));
end component;

component Control_MEXxp is
Port (clk :in STD_LOGIC;

rst:in STD_LOGIC;

Start i in STD_LOGIC;

Status_Signals : in STD_LOGIC_VECTOR (2 downto 0);
Control_Signals : out STD_LOGIC_VECTOR (9 downto 0); Done
i out STD_LOGIC);
end component;

signal Control_Signals : STD_LOGIC_VECTOR (9 downto 0);
sighal Status_Signals : STD_LOGIC_VECTOR (2 downto O);

begin

DP: Data_Path_MExp

generic map(K)

Port map(clk,rst,A,B,N,Control_Signals,Status_Signals,C);
Cont: Control_MExp

Port map(clk,rst,Start,Status_Signals,Control_Signals,Done);

end Behavioral;
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Start

clk

rst

A[7:0]

B[7:0]

N[7:0]

Schema

Start

Cont

Status_Signals[3:0]

clk

Control_Signals[8:0]

tic of MExp

rst

Done

Control_Mexp

A[7:0]

DP

B[7-0]

g 00 DU 1

Control_Signals[9:0]

N[7:0]

C[7:0]

clk

Status_Signals[3:0]

rst

Data_Path_MExp
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VHDL Code of Data Path of MExp (1/3)

library IEEE;
use TEEE.STD_LOGIC 1164 ALL;
use IEEE.STD_LOGIC ARITH.ALL;

entity Data_Path_MExp is

generic (K : integer i= 8);

Port (clk:in STD_LOGIC;
rst:in STD_LOGIC;
A 1in STD_LOGIC_VECTOR (7 downto 0);
B:in STD_LOGIC_VECTOR (7 downto 0);
N :in STD_LOGIC_VECTOR (7 downto 0);
Control_Signals : in STD_LOGIC_VECTOR (9 downto O);

Status_Signals : out STD_LOGIC_ VECTOR (2 downto 0);

C :out STD_LOGIC_VECTOR (7 downto 0));
end Data_Path_MExp;

architecture Behavioral of Data_Path_MExp is
component Load_Shift_Reg is
generic (K : integer := 8);
Port (clk:in STD_LOGIC;
rst:in STD_LOGIC;
Data_In:in STD_LOGIC VECTOR (K-1 downto 0);
Data_Out : out STD_LOGIC_VECTOR (K-1 downto 0);
Load:in STD_LOGIC;
Shift :in STD_LOGIC);
end component;

component MUX_2_to_1is
generic (K : integer := 8);
Port ( S:in STD_LOGIC;

I0:in STD_LOGIC VECTOR (K-1 downto 0);
I1:in STD_LOGIC._VECTOR (K-1 downto 0);
Y iout STD_LOGIC_VECTOR (K-1 downto

0));

end component;

component ADD_SUB is

generic (K : integer := 8);

Port (A :in STD_LOGIC_VECTOR (K-1 downto

0);
B:in STD_LOGIC_ VECTOR (K-1 downto 0):
Sum :out STD_LOGIC_VECTOR (K-1 downto

0);
AS 1in STD_LOGIC);

end component;

component Compare_Eq is

generic (K i integer := 8);

Port'( A:in STD_LOGIC_VECTOR (K-1 downto

0).
B:inSTD_LOGIC VECTOR (K-1downto 0);
Equal : out STD_LOGIC);

end component;
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VHDL Code of Data Path of MExp (2/3)

component MM is
generic (K : integer := 8);
Port (clk:in STD_LOGIC;
rst:in STD_LOGIC;
Start: in STD_LOGIC;
A :in STD_LOGIC_VECTOR (7 downto 0);
B:in STD_LOGIC_VECTOR (7 downto O);
N :in STD_LOGIC_VECTOR (7 downto 0);
C:out STD_LOGIC_VECTOR (7 downto 0);
Done : out STD_LOGIC):
end component;

signal
LoadA ,LoadN LoadCoun,LoadB,ShiftB,LoadC,SCoun,SC,SMM,Star
t_MM,Done_MM : std_logic;

signal RegA, RegN, RegB, Counter_Input, Counter, C_Input,
RegC, temp_k, ResultAS, temp_1, OperandMM, ResultMM :
STD_LOGIC _VECTOR (K-1 downto 0);

begin

LoadA <= Control_Signals(9);
LoadN <= Control_Signals(8);
LoadCoun <= Control_Signals(7);
LoadB <= Control_Signals(6):
ShiftB <= Control_Signals(b);
LoadC <= Control_Signals(4);
SCoun <= Control_Signals(3);
SC <= Control_Signals(2);

Start_MM <= Control_Signals(0);

RegisterA: Load_Shift_Reg

generic map(K)

Port map(clk,rst,A,RegA LoadA,'0");
RegisterN: Load_Shift_Reg

generic map(K)

Port map(clk,rst,N,RegN,LoadN,"0");
RegisterCounter: Load_Shift_Reg

generic map(K)

Port
map(clk,rst,Counter_Input,Counter,LoadCoun,'0");

RegisterB: Load_Shift_Reg

generic map(K)

Port map(clk,rst,B,RegB,LoadB,ShiftB);
RegisterC: Load_Shift_Reg

generic map(K)

Port map(clk,rst,C_Input,RegC LoadC,'0");

temp__k <= conv_std_logic_vector(K, 8);

MUX_Counter_Input: MUX_2_to_1
generic map(K)

Port
map(SCoun,temp_k,ResultAS,Counter_Input);
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VHDL Code of Data Path of MExp (3/3)

MUX_OperandMM: MUX_2_to_1

generic map(K)

Port map(SMM,RegC RegA,OperandMM);
temp_1(0) <= '1";
temp_1(K-1 downto 1) <= (others => '0");

MUX_C_TInput: MUX_2_to_1

generic map(K)
Port map(SC,temp_1,ResultMM,C_TInput);

Addition_Subtraction: ADD_SUB
generic map(K)
Port map( Counter,temp_1,ResultAS,'1");
Comp: Compare_Eq
generic map(K)
Port map( Counter,(others =>'0'),Status_Signals(2));

Mod_Mul: MM
generic map(K)

Port map(
clk,rst,Start_MM RegC,OperandMM,RegN ResultMM,Done_MM);

Status_Signals(1) <= RegB(K-1);
Status_Signals(0) <= Done_MM;
C <= RegC;
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Schematic of ModExp Data Path

Status_Signals[2:0]

> ciro

Addition_Subtraction MUX_Counter_Input
+ +
A[7:0] . v=g"00001000"  10[7:0] _.
AS Sum(7:0] 11{7:0] ¥[7:0] RegisterCounter
V=E"00000001"  B(7:0] | ]
| Data_In[7:0] | Comp
ADD_SUB MUX 2 to 1 Load
= Shift Data_Oul[7:0] A[7:0] Equal
clk. BI7:0L |
RegisterA
rst Compare_Eq
AT7:0] D Data_In[7:0] Load_Shift_Reg —
Control_Signals[9:0] > :’:; . RegisterN
—_—l +
ak O clk Data_lIn[7:0] a
st [ rst Load
p ¥ RegisterB
Load_Shifi_Reg S“:’; L Pam Oup) g
-+ = . Data_in(7:0]
N0 O = Load
Load_Shift_Reg Shift Data_Out[7:0]
clk
B7:0] > rst
Load_Shift_Reg
Mod_Mul
MUX_OperandhMM AP0 L
B[7:0]
107:0] N[7:0] C[7:0
11[7:0] Y[7:0] Start Done
s clk
MUX_2_ta_1 rst
MM
MUX_C_Input
RegisterC
v=Er00000001*  10[7.0) L
11[7:0] Y[7:0] Data_In[7:0]
s Load
MOX 2 o 1 Shift | Dala_Oul[7:0]
- - clk
rst

Load_Shift_Reg
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VHDL Code of Control (1/3)

library IEEE;
use TEEE.STD_LOGIC 1164 ALL;

entity Control_Mexp is
Port (clk:in STD_LOGIC;
rst :in STD_LOGIC;
Start: in STD_LOGIC;
Status_Signals :in STD_LOGIC_VECTOR (2 downto 0);

Control_Signals : out: STD_LOGIC_VECTOR (9 downto O);

Done : out STD_LOGIC);
end Control_Mexp;
architecture Behavioral of Control_Mexp is
type state_type is (Stepl,Step2,Step3,Step4,Steph);
signal current_state,next_state : state_type;
begin
NS: process(current_state,Start,Status_Signals)
begin
case(current_state) is
when Stepl =>
if(Start='1") then
next_state <= Step2;

when Step2 =>

if(Status_Signals(2)="1") then
next_state <= Stepl;
else
next_state <= Step3;
end if;
when Step3 =>
if(Status_Signals(0)="1") then
next_state <= Step4;
else
next_state <= Step3;
end if;
when Step4 =>
if(Status_Signals(1)="1") then
hext_state <= Stepb;
else
next_state <= Step2;
end if;
when Stepb =>
if(Status_Signals(0)="1") then
next_state <= Step2;

else else
next_state <= Stepl; next_state <= Stepd;
end if; end if;
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VHDL Code of Control of MExp (2/3)

when others =>
next_state <= Stepl;
end case;
end process;
ST: process(clk)
begin
if(clk'event and clk="1") then
if(rst="1") then
current_state <= Stepl;
else
current_state <= next_state;
end if;
end if;
end process;
O_Done:
process(current_state,Start,Status_Signals)
begin
case(current_state) is
when Step?2 =>
if(Status_Signals(2)='1") then

Done <= '1";
else

Done <='0";
end if;

when others =>
Done <=-'0";
end case;

end process;

O_Control_Signals: process(current_state,Start,Status_

begin
case(current_state) is
when Stepl =>
if(Start='1") then
Control_Signals <=-"11110100XX";
else
Control_Signals <="00000100XX";
end if;
when Step2 =>
if(Status_Signals(2)='1") then
Control_Signals <= "00100000XX";
else
Control_Signals <= "0010001001";
end if;
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VHDL Code of Control of MExp (3/3)

when Step3 =>
if(Status_Signals(0)="1") then
Control_Signals <= "000001010X";
else
Control_Signals <= "0000010100";
end if;
when Step4 =>
if(Status_Signals(1)="'1") then
Control_Signals <= "000010XX11";
else
Control_Signals <= "000010XXX0";
end if;
when Step5 =>
if(Status_Signals(0)='1") then
Control_Signals <= "0000011110";
else
Control_Signals <= "0000011110";
end if;
when others =>
Control_Signals <= "00000100XX";
end case;
end process;

end Behavioral;
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Schematic of Mod Exp Control

Control_Signals_i__ 0
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Testbench for MExp

library IEEE;
use TEEE.STD_LOGIC 1164.ALL;
entity MExp_tb is
end MExp_tb;
architecture Behavioral of MExp_tb is
component MExp is
generic (K :integer := 8);
Port (clk:in STD_LOGIC;
rst:in STD_LOGIC;
Start: in STD_LOGIC;
A :in STD_LOGIC _VECTOR (7 downto 0Q);
B:in STD_LOGIC_VECTOR (7 downto 0);
N :in STD_LOGIC_VECTOR (7 downto 0);
C:out STD_LOGIC_VECTOR (7 downto 0O);
Dohe : out STD_LOGIC);
end component;
signal clk,rst,Start,Done : STD_LOGIC;

sighal A,B,N,C: STD_LOGIC_VECTOR (7 downto O);

constant clk_period : time := 10 ns;

begin
DUT: MExp
generic map(8)
Port map(clk,rst,Start,A,B,N,C,Done);

clk_process: process
begin
clk<="'0";
wait for clk_period/2; --for 0.5 ns signal is 'O".
clk<="1";

wait for clk_period/2; --for next 0.5 ns signal is '1".

end process;

Input_Application: process
begin

A <="00000010"; - B<«="00001110";

N <= "00001111"; = rst<="'1";
wait for 10 ns; - rst<«="'0’;
wait for 10 ns;  Start<='1";
wait for 10 ns; -~ Start <= '0";
wait until Done='1";
foriin1+to 12 loop
A<=C,
wait for 10 ns;  Start<«='1';
wait for 10 ns;  Start <= '0";

wait until Done="1";
end loop;
wait;
end process;
end Behavioral;
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Test Waveform of MExp
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Implementation on Kintex7
xcku035-ffvallb6-1-c Timing
Results

- Min Clock Period 20 ns

* Max Clock Frequency 50 MHz

* Average number of clock cycles for one 128-bit
ModMul 449

» Average number of clock cycles for one 128-bit
ModExp 86401

+ Throughput of 128-bit ModExp 578.7 bps
 One 128-bit RSA encryption 1.73 ms
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Impl

ementation Area Results

Name CLB LUTs

(203128)

~ [ MExp 1682
[@ Cont (Control_Mexp) 269

~ [@] DP (Data_Path_MExp) 1413
[ Comp (Compare_Eq) 0

~ [E] Mod_Mul (M) 1184
[T] Cont (Control) 856

~ [@] DP (Data_Path) 338

[E] MUX_Operand1AS (MUX_2_io_1) 123

[G] RegisterA (Load_Shift_Reg_4) 1]

[E] RegisterB (Load_Shift_Reg_5) 0

[@] RegisterC (Load_Shifi_Reg_{) 0

[G] RegisterCounter (Load_Shift Reg 7) 1]

[G] RegisterM (Load_Shift_Reg_2) 215

[@ RegisterA (Load_Shift_Req) 0

[G] RegisterB (Load_Shift_Reg_0) 1]

[G] RegisterC (Load_Shift_Reg_1) 0

[G] RegisterCounter (Load_Shift_Reg_2) 229

[G] RegisterM (Load_Shift_Reg_3) 1]

CLB Reagisters
(406256)

1420

5

1415

647

640

128
128
128
128
128
128
128
256
128
128

CARRY
8
(30300)

20
0
20
G
14
0
14

o o o o o

o o o o o

CLB
(3030
0

429
112
413

244
197
231
69
78
50
63
69
58
46
38
108
ar
56

LUT as Logic
(203128)

1682

269

1413

0

1184

856

338

123

LUT Flip Flop Pairs
(203128)
662
5
506
0
r7

[ T o TR e T o T o T o T s B o T o T = < |

127

Bonded I0B
(520)

516

o o o o o o o O 9o o o 9 o 9 9 o O

HPIO

(416)
412

o o o o o o o oo o o oo o o o o 9o o

HRI

(1.
104

o o o o o o o O 9o o o 9 o 9 9 o O

GLOBAL CLOCK BUFFERs
(480)
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Data Path of MM with only Addition/Subtraction

A

LoadA l
—> RegA

N

LoadN l
—> RegN

CounterInput

LoadCoun Cotiter

B

LoadB y
ShiftB | RegB
C_Input

LoadC !
ShiftC | RegC

kit CounterInput 0
ResultAS P ResultAS C.Input

S_Coun 5. C

0O —

Co,gg;%r __: OperandlAS
OperandlAS Operand2AS
S_AS1 ! |
AS —» ADD-SUB
Coun‘relr — 7
RegN Operand2AS ResultAS

RegA —

S_AS2
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Stepl

\

T
&

RegC « 0
Done < 0

1

RegA « A
RegB « B
RegN <« N

Counter « k-1

ASM of MM with only Addition/Subtraction

Step8 |

1

C < RegC
Done « 1

[ RegC <« RegC - RegN ]

} Step4 |

A

Step2

N

0

A

Stepb| {

[ RegC < RegC <« 1
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h 4

[ Counter < Counter -1 ]

l

[ RegB <« RegB « 1 ]

A
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1
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RegB <« RegB « 1

Stepb

Step2

0

1
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7 4

Ste

v
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Control Signals of MM with only Addition/Subtraction

Status Signals Control Signals
B e e e e e e = N N
Stepl |0 X X 0 0 0 0 0 1 0 0 X |x o X
Stepl |1 X X 1 1 1 1 0 1 0 0 X |x |o X
Step2 [X |0 X 0 0 1 0 0 0 1 1 0 00 [x |1
Step2 [X |1 X 0 0 1 0 0 0 0 1 X Ix [x |x
Step3 (X |0 X 0 0 0 0 0 0 0 X o 00 [x |1
Step3 (X |0 X 0 0 0 0 0 1 0 X |1 or |1 1
Step3 (X |1 X 0 0 0 0 0 1 0 X |t or |1 1
Stepd [X  |X X 0 0 0 0 0 0 0 X [x  [x |x X
Steps (X  |X 0 0 0 0 0 1 0 0 X [x  [x o |x X
Step5 [X  [X 1 0 0 0 0 1 1 0 X |1 10 |1 0
Step6 [X |0 X 0 0 0 0 0 0 0 X [x o [x |x X
Step6 [X |0 X 0 0 0 0 0 1 0 X |t un |t 1
Step6 [X |1 X 0 0 0 0 0 1 0 X |1 1|1 1
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VHDL Code of Data Path (1/3)

library IEEE;
use TEEE.STD_LOGIC 1164 ALL;
use IEEE.STD_LOGIC ARITH.ALL;

entity Data_Path is
generic (K : integer i= 8);
Port (clk:in STD_LOGIC;
rst:in STD_LOGIC;
A 1in STD_LOGIC_VECTOR (K-1 downto O);
B:in STD_LOGIC_VECTOR (K-1 downto 0);
N :in STD_LOGIC_VECTOR (K-1 downto 0);

Control_Signals : in STD_LOGIC_VECTOR (13 downto 0);
Status_Signals : out STD_LOGIC _VECTOR (1 downto O);

C :out STD_LOGIC _VECTOR (K-1 downto 0));
end Data_Path;

architecture Behavioral of Data_Path is
component Load_Shift_Reg is
generic (K : integer := 8);
Port (clk:in STD_LOGIC;
rst:in STD_LOGIC;
Data_In:in STD_LOGIC VECTOR (K-1 downto 0);
Data_Out : out STD_LOGIC_VECTOR (K-1 downto 0);
Load:in STD_LOGIC;
Shift :in STD_LOGIC);
end component;

component MUX_2_to_1is
generic (K : integer := 8);
Port ( S:in STD_LOGIC;
I0:in STD_LOGIC VECTOR (K-1 downto 0);
I1:in STD_LOGIC._VECTOR (K-1 downto 0);
Y iout STD_LOGIC_VECTOR (K-1 downto
0));
end component;
component MUX_4_to_1is
generic (K : integer := 8);
Port' (S :in STD_LOGIC_VECTOR (1 downto O);
I0:in STD_LOGIC VECTOR (K-1downto 0);
I1:in STD_LOGIC VECTOR (K-1downto 0);
I2:in STD_LOGIC_VECTOR (K-1 downto 0);
I3:in STD_LOGIC _VECTOR (K-1downto 0);
Y 1 out STD_LOGIC VECTOR (K-1 downto
0));
end component;
component ADD_SUB is
generic (K : integer := 8);
Port (A:in STD_LOGIC VECTOR (K-1downto
0);
B:in STD_LOGIC_VECTOR (K-1 downto 0);
Sum :out STD_LOGIC _VECTOR (K downto
0).
AS :in STD_LOGIC);
end component: of




VHDL Code of Data Path (2/3)

signal LoadA LoadN LoadCoun,LoadB,ShiftB,LoadC,Shif+C,SCoun,
SC,AS : std_logic;

sighal SAS1,SAS2 . STD_LOGIC VECTOR (1 downto 0);

signal RegA, RegN, RegB, Counter_Input, Counter, C_Input,
RegC, temp_k, Operand1AS, temp_1, Operand2AS :
STD_LOGIC. VECTOR (K-1 downto 0);

signal ResultAS : STD_LOGIC_VECTOR (K downto O);

begin

LoadA <= Control_Signals(13);

LoadN <= Control__Signals(12);
LoadCoun <= Control_Signals(11);
LoadB <= Control_Signals(10);

ShiftB <= Control_Signals(9);

LoadC <= Control_Signals(8);

ShiftC <= Control_Signals(7);

SCoun <= Control_Signals(6):

SAS1 <= Control_Signals(5 downto 4);
SAS2 <= Control_Signals(3 downto 2);
SC <= Control_Signals(1);

AS <= Control_Signals(0);

RegisterA: Load_Shift_Reg
generic map(K)
Port map(clk,rst,A RegA LoadA,'0");

RegisterN: Load_Shift_Reg

generic map(K)

Port map(clk,rst,N,RegN,LoadN,"'0");
RegisterCounter: Load_Shift_Reg

generic map(K)

Port
map(clk,rst,Counter_Input,Counter,LoadCoun,'0");

RegisterB: Load_Shift_Reg

generic map(K)

Port map(clk,rst,B,RegB,LoadB,ShiftB);
RegisterC: Load_Shift_Reg

generic map(K)

Port
map(clk,rst,C_Input,RegC,LoadC, ShiftC);

temp__k <= conv_std_logic_vector(K, K):;

MUX_Counter_Input: MUX_2_to_1
generic map(K)

Port map(SCoun,temp_k,ResultAS(K-1
downto 0),Counter_Input);

MUX_C_TInput: MUX_2_to_1
generic map(K)

Port map(SC,(others =>'0"),ResultAS(K-
1 downto 0),C_Input);
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VHDL Code of Data Path (3/3)

temp_1(0) <= '1";
temp_1(K-1 downto 1) <= (others =>'0");

MUX_OperandlAS: MUX_4_to_1

generic map(K)

Port map(SAS1,(others =>'0"),Counter,RegC, (others =>'0"),Operand1AS);
MUX_Operand2AS: MUX_4_to_1

generic map(K)

Port map(SAS2, Counter,temp_1,RegN,RegA,Operand2AS);

Addition_Subtraction: ADD_SUB
generic map(K)
Port map( Operand1AS,Operand2AS ResultAS,AS);

Status_Signals(0) <= ResultAS(K);
Status_Signals(0) <= RegB(K-1);
C <= ReqgC;

end Behavioral;
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Schema
ddition

RegisterCounter

Control_Signals[13:0]

— MUX_Operand1AS
MUX_Counter_Input Data_In(7-0]
1" Load 10(7:0]
v=grooootone  10[7:0] Shift Data_Out[7:0] 1[7:0]
Ho) | Y[7:0] clk 12(7:0] Y[7:0]
s rst 13(7:0]
MUX 2 to 1 Load Shift Reg 54 S(1:0]
MUX_4_to_1

tic of Data Path with only
/Subtraction

RegisterA MUX_Operand2AS
+ + Addition_Subtraction
AT D Data_In[7:0] e 10[7:0] e
-rst > 1 Load v=grooooooor_ 1 B AT0]
Shift Data_Out[7:0] 127 Y[7:0] ] AS Sum[8:0]
clk | 13(7:0] B(7:0) 708
st 3 S[(1:0) ADD_SUB Neg
Load_Shift_ Reg MUX_4 to 1
= RegisterB
Dala_In[7:0]
B[7: =
o " Toad
RegisterN MUX_C_Input
k] Shift Data_QOut[7:0] 7
Data_In[7:0] 10[7:0] clk ¥
N T ; :
14 oad 1[7:) Y[7:0] rst
ok D Smlz Data_Ouf[7:0] 1 s Load SNt Reg
d
rst MUX 2 to 1 ReqisterC
+
Load_Shift Reg Data_In[7:0] o
= B Load
Shift Data_Ouf[7:0]
. ‘ e o > ool
clk
rst

Load_Shift_Reg
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Implementation on Kintex7
xcku035-ffvallb6-1-c Timing
Results

« Min Clock Period 18 ns

* Max Clock Frequency 55.5 MHz

* Average number of clock cycles for one 128-bit
ModMul 449

» Average number of clock cycles for one 128-bit
ModExp 86401

+ Throughput of 128-bit ModExp 578.7 bps
 One 128-bit RSA encryption 1.73 ms
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Impl

ementation Area Results

Name CLB LUTs

(203128)

~ [ MExp 1682
[@ Cont (Control_Mexp) 269

~ [@] DP (Data_Path_MExp) 1413
[ Comp (Compare_Eq) 0

~ [E] Mod_Mul (M) 1184
[T] Cont (Control) 856

~ [@] DP (Data_Path) 338

[E] MUX_Operand1AS (MUX_2_io_1) 123

[G] RegisterA (Load_Shift_Reg_4) 1]

[E] RegisterB (Load_Shift_Reg_5) 0

[@] RegisterC (Load_Shifi_Reg_{) 0

[G] RegisterCounter (Load_Shift Reg 7) 1]

[G] RegisterM (Load_Shift_Reg_2) 215

[@ RegisterA (Load_Shift_Req) 0

[G] RegisterB (Load_Shift_Reg_0) 1]

[G] RegisterC (Load_Shift_Reg_1) 0

[G] RegisterCounter (Load_Shift_Reg_2) 229

[G] RegisterM (Load_Shift_Reg_3) 1]

CLB Reagisters
(406256)

1420

5

1415

647

640

128
128
128
128
128
128
128
256
128
128

CARRY
8
(30300)

20
0
20
G
14
0
14

o o o o o

o o o o o

CLB
(3030
0

429
112
413

244
197
231
69
78
50
63
69
58
46
38
108
ar
56

LUT as Logic
(203128)

1682

269

1413

0

1184

856

338

123

LUT Flip Flop Pairs
(203128)
662
5
506
0
r7

[ T o TR e T o T o T o T s B o T o T = < |

127

Bonded I0B
(520)

516

o o o o o o o O 9o o o 9 o 9 9 o O

HPIO

(416)
412

o o o o o o o oo o o oo o o o o 9o o

HRI

(1.
104

o o o o o o o O 9o o o 9 o 9 9 o O

GLOBAL CLOCK BUFFERs
(480)
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Example: Traffic Control

I l MCleI" road -

car/start_timer

, major=6 major=R timed'
car minor=R minor=6

timed

Minor road
— . 3| | Sensor
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Datapath & Control

car

timed

Control

major

MAJOR

4

minor

" MINOR

4

Datapath
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Example: ASM Chart

MAJOR < 1
MINOR < O

start_timer

MAJOR < O
MINOR <1

1 ‘ 0

-

MAJOR

Sensor

5

> MINOR

Counter

Datapath

ASM Block
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State Table

Current state Input Next state Output
Q car timed Q start_timer
(6)0 o) X o) 0
(6)0 1 X 1 1
(R)1 X 0 1 0
(R)1 X 1 0 0

* Flip-flop input equation
- Q(t+1) = Q car + Q timed'
- Output equation

- start_timer = Q' car
66




Circuit
» Flip-flop input equation
- Q(t+1) = Q' car + Q timed'

- Output equation
- start_timer = Q' car

major

timed Qt+1) Q l minor
car .ﬁ clk

start _timer

* When Q = 0 = major =1, minor = 0
* When Q=1 = major = 0, minor = 1
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Traffic Controller with a Timer

- There is an abundance of

states.
+ states from s, to s,55 map

c,
MAJOR < 1
MINOR < 0 :
to a simple counter

‘ * we can just separate the
@ T traffic light controller
— from the timer.

C

0
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Linked ASM Charts

MAJOR < 1
MINOR < O

.
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
N
-
-

MAJOR < 1
MINOR < O

1 ‘ 0
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ASM Block

» A structure consisting of one state box and all the
decision and conditional boxes associated with if.
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- Each ASM block describes the 0

ASM Block

» One input path, any number of
exit paths

state of a system during one :

clock-pulse interval ﬂ
- The register operations within

the state and conditional boxes

in the example are executed with

a common clock pulse when the

system in this state (e.q. T in
the example)

- The same clock pulse transfer
the system controller to one of
the next states (e.q. T,, T3, or
Ts)
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Timing Considerations 1/4

» The pulses of the common clock are applied to

- registers in the datapath

- all flip-flops in the control

+ We can assume that inputs are also synchronized

with the clock

- Since they are the outputs of another circuit working
with the same common clock.

- Synchronous inputs

12



Timing Considerations 2/4

Major difference between a conventional flow
chart and ASM chart is in the time relations
among the various operations

Example @ | o

0 1

O ‘;
@ | 010 @ [ o1 @

100
3

3




Timing Considerations 3/4

- If it were a conventional flowchart
1. A € A + 1

2. start =1

G& 001

3. 1f e =1 then
R € 0

next state 1i1s T,

4., else
1if £ =1 then

next state 1s T,

else

next state 1is T,

74



Timing Considerations 4/4

- But, in ASM chart, interpretation
is different

- all operations in a block occur in
synchronism with the clock

- "start” is asserted in T,

- input signals "e" and "f" are checked
in Ty

- The following operations are O

executed simultaneously during the
next positive edge of clock

- AE A+
- R€0(ife=1)
- control transfer to the next state

clock \

. present state T, ¢ hextstate 5
= = T, or Tsor Ty '

G& 001




Example: Binary Multiplier

- Sequential multiplier

+ Algorithm: successive additions and shifting

multiplicand Y3 Y2 ¥ Yo
mul'riplier' 8 X3 X2 X1 Xo
p(]l’"l'i(ll pr'oducT Xo Y3 %o Y2 Xo Y1 Xy Yo
X, Y3 X, Y2 X1 Y: X Yo
X2 Y3 X3 ¥ X2 Y1 X2 ¥o
33 X2¥Ys X3Y, X3V, X3 Yo
Z- Z, Z. Z, Z, Z, Z; Z,

product
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0

X3Y3 X3Yo

X3Y1

Or

X3Y0

7



Numeric Example
c A Q B i
O g 00000 oo 00000 1000 [l

= 10111 = 23
X = 10011 =19
o S8 00000 M 1001
O B8 - EEn
o 010 oo
B - B
O EE -
o B8 01000 B 10110
CAQ =

0 g 00100 gy 01011 00110110101

OB B -
o 0100 =M 001 | 101 000 "




Example: Binary Multiplier

- Register Configuration ifP=0thenZ =1
multiplicand |
ik Qo |Control
| logic
P counter l_'
c Parallel
“" adder n S
(start)
sum multiplier
N A
S

Product s



Example: ASM Chart

A< A+B, C€C,,

QX ACO
B&<Y.C<O
P&n

A<shrA A «C

Q € shr Q, Q.1 € Ag
C&0

80




Control Logic

» The design of a digital system can be divided into
Two parts:
- design of the register transfer in the datapath
- design of the control logic
» sequential circuit design problem
- state diagram approach can be used




Designing Control Logic

Two things we need to deal with
1. Establish required sequence of states
- specified in the state diagram
2. provide signals to control the register operations
- specified in the state and conditional boxes
- These signals are
- To initial state
- TAA€O0,C€E€0PENQEXBEY
- TLiP<P-1
» if (Qp=1)then(A €< A+B,C<C,,)
- T3 shift right CAQ,C € O
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Control Logic

* Block diagram

> TO
L — Control T
c— Logic —t T ¥dd = Q,T>
Qo

if (T, AND Q, = 1) then (A € A + B, C € C_,.)
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Designing Control Logic
- State Table

Present state |Input |Next state Outputs

Aq Ao S Z |A Ao Tg Ty T, T3
0 0) O X (0 o) 1 0 O O
o) o) 1 X |0 1 1 0 O O
0 1 X X |1 o) O 1 O O
1 o) X X |1 1 O 0 1 O
1 1 X 0 |1 0 O 0 0 1
1 1 X 1 10 o) O 0 O 1

To=AjAy Ti=A/Ay T,=AA T3 = AAg
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D@Signing COHTPOI LOQiCTo =ATAy T1= AjAg

+ With D flip-flops

sz
AAN. 00 01 11 10

00| O 0 0 0
o1 1 1 1 1
111 1 0 0 1
10/ 1 1 1 1

AI(T+1) - Aoz' + AIAO' + AI‘AO

A(t+1) = T Z + T, + T,

SZ
A1Ao

00

01

11

10

Ao(t+1) = SA, + AA,

Ao(T"'l) = STO + TZ

T,=AA) T3= AAg
00 01 11 10
0 0] 1 1
0 0] 0 0]
0 0 0 0]
1 1 1 1
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Al('i'+1) = T3Z' + TZ + Tl
TO = AI'AO,

Control Logic

T1= AjAg

Ao(t+l) = ST+ T,
T,=AAg

T3 = AjAg

s J—:)ju
Singe

Ag

2 x4

decoder

|

two FFs

six AND gates
two OR gates
one inverter

clock
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Reminder

+ Ty initial state

* T4 A€0,C<€0,PEn
- T,,P<P-1

- if(Qp=1)then(A € A+B,C € C,)
- T shift right CAQ, C € 0
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TA€0,C€0,P&n . .
i Overall Circuit
- if(Qu=1)then(A€ A+B,C€C,,)

T, shift right CAQ, € € 0 if P=0thenZ =1

Y

L Register B Check for

multiplicand

zero > »To
Control— T,
logic T,
T3
Parallel
" adder d
o
add
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ASMD Charts

Datapath

~ Status signals

Start
Control signals

clock

reset
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ASM Chart
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ASMD Chart - Partially Specified

reset

S_idle | li—

Fet
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Status Signals

Az
As
~ Status signals
Start
Control signals
Datapath . F
clock

reset
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ASMD Chart - Fully Specified

reset reset

s_idle | li— S_idle | li—

L .
A €O
Feo |1 1
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ASMD Chart - Fully Specified
E€0— iw

-




ASMD Chart - Fully Specified
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ASMD Chart - Fully Specified

reset

S_idle | l G
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Sequence of Operations

Flip-Flops

A, A, E F

2

A

3

A

S_1

=0

AZ:O, A3

S_1

=0

:1,A3

A

97

S 1
S 2
S_idle

1
1

:1,A3

AZ:O, A3

A



e The Ciredit———

controller
Start
"
reset E 1
clock — +
i )
i 4-b 0 olle
i 0 0 ‘A6
i / / / / 0
08 R



State Diagram

Start’

A,
TN
AsA,=01

S_idle: if (Start=1)clr_A_F =1, next_state €« S_1, (A<O, F<0)
else next state € S _idle

S liincr_A=1
if (A, =0)clr_E =1, next_state € S_1, (E<0)
else
if (A;=0)set_E =1, next_state €« S_1 (E<1)

else set E =1 next state € S 2

S_2:set F =1, next_state & S_idle (F<1)
99



Start

clock

reset

Binary Multiplier with ASMD

Ready Multiplicand

Load_regs

Shift_regs

Add_regs

Decr_ P

Datapath

Multiplier

Zero

Qo
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ASM Chart

ACA+B CEC,,

AEshrA A, €C

Q € shr Q, Q1 € A
C&<O0
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ASMD Chart - Partially Specified

So

Read

1

O‘
A€0,C €0 1

B < Multiplicand 4
Q € Multiplier ™ (C.AQ € (CAQ»1

P < m _size

———

S_shift

P < P-1 :
T (C.A)<CA+B
\

02




ASMD Chart - Fully Specified

S_shift

A<O,C <0 /

B & Multiplicand

/ N N

(C,LA, Q)< (C,A Q)»1

Q < Multiplier
P < m_size

(C, A) € A+ B—— VERIT0E




State Diagram

Zero=1

Start =0

Zero=0

S_0: if (Start=1)Load_regs = 1, next_state € S_add
else next_state € S O

S add: next _state € S_shift
if (Qp=1)Add_regs =1

S_shift: Shift_regs =1
if (Zero = 1) next_state € S_0
else next _state € S _add 104



Start

Zero

Qo

V

Control
logic

Multiplier Circuit

Load_regs

Decr_P

Add_regs

Shift_regs

Check for
zero

multiplicand

Parallel

adder

multiplier

m_size
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A Simple Microprocessor Design

» Operation
—a = Db + ¢y
» translated into
— LOAD RO, Db
— LOAD R1, c
— ADD RO, RO, R1
- STORE RO, a

+ Encoding
- LOAD: 00, ADD: 01, STORE: 10
—RO: 00, R1l: 01
— Address: four bit wvalue

106



A Simple Microprocessor Design

» Encoding of Instructions

- LOAD RO, b - 00 00 0000

- LOAD R1, c¢ - 00 01 0001

- ADD RO, RO, R1 = 01 00 00 01

— STORE RO, a - 10 00 0010
- Addresses of Instructions

- LOAD RO, b -2 000

- LOAD R1, c¢ -2 001

— ADD RO, RO, R1 =2 010
— STORE RO, a - 011
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Block Diagram of the Processor

Data Address

Start
ALU_mem
— - mem_ read

read_inst
< mem_write

s| Control =
_incr_PC logic ot sl 4
_clr_PC
B reg_sel_2

op_sel reg_write
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ASDM Chart

mem_read
ALU_mem=1
reg_write

ALU_mem=0
reg_write
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