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Overview of CPU Design
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Datapath

« Manipuates data. It includes:

- Functional units: Adder, shifter, multiplier, ALU,
comparator

- Registers and other memory elements for the
temporary storage of the data

- Buses, multiplexers and tri-state buffers for the
transfer of data between the different components In
datapath and the external world.
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Why do we use datapath?

« how do we design a circuit for performing more complex data
operations or operations that involve multiple steps?

Number 1 Number 2  Number 3  Number 4
Numbers from 1

to 1 Million
+
+
Register
+
combinational circuit to add four numbers; datapath to add one

million numbers.
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Designing Deticated Datapaths

« What kind of registers to use, and how many are
needed? _ _
« What kind of functional units to use, and how

many are needed?

* Can acertain functi_onal unit be shared between
two or more operations?

« How are the registers and functional units
connected together so that all of the data

movements specified by the algorithm can be
realized?
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Two sample dedicated datapaths

A=A+3 A=B+C
U-I"l::' U?-II:'
— Load 8-bit Register — Load 8-bit Register
Doy . JB . Jr‘
ALoad — Load 8-bit Register —1Clock  C. ’— Clock Q.
A
Ci{}f'k - Clock Q—;.(:.

L L :
+ ¥

D‘.‘-i:-
ALoad — Load 8-hit Register
* A
Ciﬁfk > Ll‘lrfl‘{'-ll:-' Q—,!.[:.
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Use of multiplexers

U? i U? iy U? i} U? i
— Load 8-bit Register —Load 8-bit Register —{Load 8-bit Register —{Load 8-bit Register
B [ B [
— Clewek (.)? i ’_ Clevek {:’? i} — Clewk (-)? i} r Clowek: (:"',! i
bt I bt bt I 5
+ +
bt bt
Amux —» Lo
«—— Error e
U? b U? iy
ALoad —» Load 8-bit Register ALoad — Load 8-bit Register
A A
Clock —»— Clock Q. Clock — Clock Q.
|3| |3|
45 8 + 8 A s |
+ +
* %

Datapath performing both A=A+3 and A=B+C (we use two adders).
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I | !

ﬂ_n' i ﬂ_n' Ul D_n' b
ALoad —» Load 8-bit Register —Load 8-bit Register —{ Load 8-bit Register
A Ji] [
Clock Q- Clock @4, Clock Q.
bt 17 45 |7 5
Clock —=——

Mux —»

Datapath performing both A=A+3 and A=B+C (we use only one adder).
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Data Transfer

Multiple destinations is not a problem. We can connect all of the
destinations to the same source (Pay attention to the fan-out).

In case of multiple sources, multiplexers are used.

Input +
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Tri-state Bus

Another scheme where multiple sources and destinations can be connected

to the same data bus is through the use of tri-state buffers.
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Generating Status Signals

Status signals are the results of the conditional tests that the datapath supplies to the
control unit.

Dy I
—Load 8-bit Register Dy
ﬁ A — Load §-bit Register
_LIFIH';E (.-‘.",I(:. A
= f:lilfnlk {:’ i
8

Izmir Institute of Technology Real-Time and Embedded System Design




Example: Generating Status Signals

IF (A is an odd number) THEN ...

1

rell

Load 8-bit Register

Clock

A
Q i)

A

1]

(A 1s an odd number) «
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Examples of
Dedicated Datapaths

« Simple if-then-else
« Counting 1to 10

o Summation of n downto 1

« Factorial of n
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Simple If-Then-Else

INPFUT A

1
2 IF (A = 5) THEN C,:,Z‘:;l Instruction | ALoad | Muxsel | BLoad | Out
3 B =18
4 ELSE 1 INPUT A 1 X 0 0
5 B = 13 2 B=8§ 0 1 1 0
6 END IF 3 B=13 0 0 1 0
7 OUTPEUT B 4 OUTPUT B 0 ® 0 1
Input 8 13
Miixsel —» L0
4 4
Di-l::' ﬂi-lf:'
ALoad =+——Load 4-bit Regisier BLoad =——Load 4-bit Regisier
A i
1— Clock Q. ’—E'Fm'.ﬁ: 0.,
Clock ——
44 4
A,
Aa=5 — =3 Out —»
An
Cutput
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Counting 1 to 10

1 i =20
2 WHILE (1 # 10){
3 1 =1+ 1
4 OUTPUT 1
5 }
' 1 ' h
+
I 4-bit Up
Count —» Count  Counter
L Clear —» Clear i
iLoad —»——Load 4-bit Register Clock — Clock Qs
Clear »——Clear i ; 4
Clock »=——Clock ©.,
(i#10) =
(i#10) = Out —
Out = Output
Output
Control . ) Control .
Word Instruction || iLoad | Clear | Out Word Instruction | Count | Clear | Out
| i=0 0 | 0 | i=0 ] 1 0
2 i=i+1 | 0 0 2 i=i+1 | 0 0
3 OUTPUT ¢ 0 0 | 3 OUTPUT § ] 0 |
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Summation of n Downto 1

Input
‘Uj'-i:- D,
nload —-———Load 8-bit Down Load 3-bit Register
1 gum = 0 nCount —=»——— Counti C’“U::[er Clear  sum
2 INFUT n —Clock Q. Clock Q.
3 WHILE (n # 0){ suntf_‘fmd > I
4 = - ear —»
SUI_H sum g Clock —» |
5 n=n -1
7 OUTPUT =um
+
Our —~ I
Done Output
Control .
Instruction nlLoad | nCount | sumlLoad | Clear | Out
Word
| sum =10 ] 0 0 | 0
2 INPUT n 1 0 ] ] 0
3 SUM = sum +n ] 0 | 0 0
4 n=n-1 ] | ] ] 0
5 OUTPUT sum 0 0 ] ] |
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Factorial of n

Input T

T

productMux —»
productLoad — I
D, D,
L INPUT 1 nlLoad —+»——Lvad 8-bit Down — Load E-hit? ﬁﬁ oister
2 product =1 nCount »——— Count Cuu’[!ntr product
3 WHILE (n > 1) { Clock 0, —Clock  Q,,
4 product = product * n Clock —» f - | g
5 n=n-1 - :—
} f | 1 | E T
6 OUTPUT product | 3
:} *
(n>1) < | L
Out —+ 1
C;l;[:gl Instruction productMux | productLoad | nLoad | nCount | Out Done Output
1 INPUT n % 0 1 0 0
2 product = 1 1 1 0 0 0
3 product = product * n 0 1 0 (0 0
4q n=n-1 w 0 0 1 0
5 OUTPUT product w 0 0 0 |
Control .
Word Instruction productMux | productLoad | nLoad | nCount | Out
| INPUT n, product = 1 | | | ] 0
2 product = product *n,n=n -1 0 1 0 1 0
3 OUTPUT product w 0 0 ] 1
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Genﬁgqgggﬂpose

Data Input

B B
1 sum = 0
2 INPUT n 15 LE
3 WHILE (n # 0){ 8
4 sum = sum + n
5 n=n-1
) } 14 =—WE
12 — 8
ALU, | ALU, | ALU, | Operation 109 == Rd KB
0 0 0 Pass through A Clack }E .= 2 _‘_ﬁ,
0 1 A ANDB —>
7-6
0 1 0 |AoOrRB = 1’ y
0 1 1 NOT A 5 ——— ALl
1 0 0 |A+B 4 >——aLy, AU
1 0 I |A-B 3 AL,
1 1 0 A+1 8 * 8
1 1 LA 21" Shifter
SH, | SH, Operation . |SHy
0 () | Pass through
0 1 Shift left and fill with 0 OE
1 (| Shift right and fill with O 0
1 1 Rotate right 8
Data Output
Control Instruction IE | WE | WA,, | RAE | RAA,, | RBE | RBA,, ALUS SH,, | OFE
Word ) 15 14 | 13-12 | 11 10-9 8 T-6 5-3 2-1 0
1 sum =10 0 1 00 1 00 1 00 101 (subtract) 00 0
2 INPUT n 1 1 01 0 W 0 W W W 0
3 sum=sum+n || 0 1 00 1 00 1 01 100 (add) 00 0
4 n=n-1 0 1 01 1 01 0 W 111 (decrement) 00 0
5 OUTPUT sum || x 0 XX 1 00 0 XK 000 (pass) 00 1
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Example: write the control words for
manipulating the above circuit to perform the
following program

Multiplication of two unsigned numbers:

1 prod = 0
2 INFUT A
3 INPUT B
4 WHILE (B # 0) {
5 prod = prod + A
& BE=E-1
7 }
8 OUTEUT prod
Control Instruction IE | WE | WA, | RAE | RAA,, | RBE | RBA,, ALU; g SHy, | OF
Word ] 15 | 14 | 13-12 11 10-9 8 7-6 5-3 2-1 0
1 prod=1) 0 1 00 1 00 1 00 101 (subtract) 00 0
2 INPUT A 1 1 01 0 KX 0 XX X KX 0
3 INPUT B 1 1 10 0 WK 0 WK WK WK 0
4 prod=prod +A | ( 1 00 1 00 1 (01 100 (add) 00 0
5 B=EB-1 0 1 10 1 10 0 XK 111 (decrement) 00 0
6 OUTPUT prod * 0 P 1 00 0 XX 000 (pass) 00 1
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VHDL
for
Datapath
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16x38 RAM

entity ram 16 8 1is port(

Cs: in std logic; -- chip select

wWr: in std logic; -- write / read enable

addr: in std_logic_vector(3 downto 0);

di: in std_logic_vector(7 downto 0); -- data in
do: out std _logic_vector(7 downto 0)); -- data out

end ram 16 8§;
architecture imp of ram 16 8 1is

subtype cell is std_logic_vector(7 downto 0);
type ram type is array(0 to 15) of cell;

signal RAM: ram_type;
begin
process(cs, wr)
variable ctrl: std_logic_vector(l downto 0);
begin
ctrl := cs & wr;

case ctrl 1is

when "11" ==
RAM(conv_integer(addr)) <= di;
do <= di;

when "10" =>
do <= RAM(conv _integer(addr));

when others =>
do <= (others => '/"});

end case;
end process;
end imp;
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256x8 ROM (Program Memory)

entity rom 256 8 is port(

Cs: in std logic;
addr: in std_logic_vector(7 downto 0);
data: out std_logic_vector(7 downto 0));

end rom 256 8;
architecture imp of rom 256 8 is

subtype cell is std_logic_vector(7 downto 0);
type rom type is array(0 to 6) of cell;

constant ROM:  rom type :=(|
inp & A,

dec & A,

outp & A,

jnz & "1011",

dec & A,

jnz & "1110",

nop);
begin

process(cs)

begin
if{cs = '1l") then
data <= ROM(conv _integer(addr));
else
data <= (others => "/");
end if;

end process;

end imp;
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2 bit Multiplexer

library ieee;

use ieee.std logic 1164.all;

use ieee.std logic unsigned.all;
use ieee.numeric std.all;

entity mux2 is port(

S: in std logic;

x0, x1: in std logic;

y: out std logic);
end mux2;

architecture imp of mux2 is
begin
process(s, x0, x1)

begin
if(s = '0") then
y <= x0;
else
y <= x1;
end if;

end process;

end imp;

Izmir Institute of Technology

library ieee;

use ieee.std logic 1164.all;

use ieee.std logic unsigned.all;
use ieee.numeric_std.all;

entity mux4 1s port(
S:
®x0, x1, x2, x3:
y:
end muxd;

architecture imp of mux4 1is
begin

in std_logic_vector(l downto 0);

4 bit Multiplexer

in std logic;
out std logic);

process(S5, x0, x1, x2, x3)

begin

case S is
when "00"
when "0O1"
when "10"
when "11"
when others

end case;

end process;

end imp;

e e e e

= x0:
= x1;
= xX2;
= x3:

IKI
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Register File

entity regfile is port|

clk: in std logic:
reset: in std_logic;
we: in std logic; -
WA: in std logic_vector(l downto 0); --

- reset

D: in std logic_vector(7 downto 0); --
rbe: in std logic;

RBA: in std logic vector(l downto 0); --
porth: out std logic_vector(7 downto 0);
portk: out std_logic_vector(7 downto 0));

end regfile;
architecture imp of regfile is
subtype reg is std logic vector(7 downto 0};

type regArray is array(0 to 3) of req;
signal RF: reghrray;

- write enable

write address (4 registers)
input

read address (4 registers)

begin
WritePort: Process(clk ,reset]
begin
if (clk'event and clk="1'} then
if(reset="1") then
RF(0) == (others == '0'); -- register A (accumulator)
RF(1) == (others => '0'); -- register B
RF(2) == (others == '0'); -- register F (Flag)
RF(Z) == (others == '1'); -- register 5 (Stack Pointer)
elsif (we="1") then
RF{conv_integeriWA)) == D;
end if;
end if;
end process;
ReadPortB: Processirbe, RBA)
begin
if(rbe="1") then
PortB <= RF(conv_integer (RBA));
else
PortB <= (others = "X'};
end if;|
end process;
ReadPorthA: Porth == RF(0); -- PortA always accumulator register
end imp;

Izmir Institute of Technology
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Instruction Register

entity IR is port(

clk: in std logic;
reset: in std logic; -- reset
load: in std logic;
INPUT : in std_logic_vector(7 downto 0); -- input
OUTPUT: out std logic_vector(7 downto 0)); -- output

end IR;
architecture imp of IR is

subtype reg is std_logic_vector(7 downto 0);
signal IR8: reg;

begin
Process(clk ,reset)
begin
if(clk'event and clk='1"') then
if(reset="'1"') then
IR8 <= (others => '0');
elsif(load = '1l') then
IR8 <= INPUT;
end if;
OUTPUT <= IRS8;
end if;
end process;
end imp;
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Program Counter

entity PC is port(

clk: in std logic;

reset: in std logic; -- reset

load: in std logic;

INPUT : in std_logic_vector(7 downto 0); -- 1input

OUTPUT: out std_logic_vector(7 downto 0)); -- output

end PC;
architecture imp of PC is

subtype reg is std_logic_vector(7 downto 0);

signal PC8: reg := "00000000";
begin

Process(clk ,reset, load)

begin

if(clk'event and clk="'1") then
if(reset="'1") then
PC8 <= (others => '0'};

elsif(load = '1"') then

PC8 <= INPUT;
end 1if;
end if;
end process;
OUTPUT == PC8;
end imp;
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Components

of
ALU
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ALU and Shifter

s2 s1 s0 Function
0 0 0 Pass A to output
0 0 1 A and B
0 1 0 AorB
0 1 1 A’
1 0 0 A+B
S2 35180 1 5 ; A B
1 1 0 A+1
~ 1 1 1 A-1
S4 .83 sel ,  Shifter
s4 s3 Function
l 0 0 Pass through
0 1 Shift left and fill with O
1 0 Shift right and fill with O
1 1 Rotate right
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Adder/Subtractor with

Arithmetic and Logic Extenders

iy by iy b | b dy By
S =
&
S0 . . . . o . .
rF N N L N J kA L r r k
U LE | [H AE J LE | |H AE LE | |H AE 4 LE | |H AE
13 X3 A2 x] | i M
Unsigned oy 63 - C ‘o
Overflow FA % FA + FA + FA % CE
Signed_ [ [ -
Overflow
¥
e 12 i Jo

Izmir Institute of Technology
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Full Adder

entity FA is port(

carryln: in std logic;
carryOut: out std logic;
X, Yy: in std logic;
S: out std logic);
end FA;
architecture imp of FA is
begin
s <= X xor y xor carryln;
carryQut <= (x and y) or (carrylIn and (x xor y));
end imp;
Izmir Institute of Technology Computer Architecture



Arithmetic and Logic Extenders

Izmir Institute of Technology

5 5 5y | Operation Name Operation x; (LE) v, (AE) | ¢4 (CE)
0 0 (0 | Pass Pass A to output a; 0 0
0 0 1 | AND A AND B a; AND b, 0 0
0 1 0 | OR AORB a; OR b; 0 0
0 1 1 | NOT A’ a;’ 0 0
1 0 0 | Addition A+ B a; b; 0
| 0 | Subtraction A-B ;i b’ 1
1 1 (0 | Increment A+1 a; 0 1
1 1 1 | Decrement A-1 a; 1 0
(a)
53 51 50 b | v
0| x | x| x |0
1 0 0 0 0
5 5 S X 1 0 0 1 1 5a 51 5 Cy
0 0 0 a; 1 0 | 0 1 0 X X 0
0 0 1 a; b; 1 0 1 1 0 1 0 0 0
0 1 0O | a+b; 1 1 0 0 0 1 0 1 1
0 1 1 a;’ 1 1 0 1 0 1 1 0 1
1 X ¥ a; 1 1 1 0 1 1 1 1 0
1 1 1 1 1
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Logic Extender

entity LE is port(

S: in std_logic_vector(2 downto 0);
a, b: in std logic;
X: out std logic);
end LE;
architecture imp of LE is
begin
process(S, a, b)
begin
case S 1is
when "000" => X <= a;
when "001" => x <= a and b;
when "010" => x <= a or b;
when "011" =» x <= not a;
when others => X <= a;
end case;
end process;
end imp;
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Arithmetic Extender

entity AE is port(

S: in std_logic_vector(2 downto 0);
a, b: in std logic;
Y out std logic);
end AE;
architecture imp of AE 1is
begin
process(S, a, b)
begin
case S 1is
when "100" =>y <= b;
when "101" => y <= not b;
when "110" =>y <= '0"';
when "111" => y <= '1';
when others => y <= '0';
end case;
end process;
end imp;
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8 bit LE

entity LE8 is port(

S: in std_logic_vector(2 downto 0);
A, B: in std_logic_vector(7 downto 0);
x: out std_logic_vector(7 downto 0));

end LES;
architecture imp of LE8 1is

component LE is port(

S: in std_logic_vector(2 downto 0);
a, b: in std logic;
X: out std logic);

end component;

begin
UO: LE port map(S, A(O), B(O), X(0));
Ul: LE port map(S, A(1l), B(1l), X(1)};
U2: LE port map(S, A(2), B(2), X(2));
U3: LE port map(S, A(3), B(3), X(3));
U4: LE port map(S, A(4), B(4), X(4));
US5: LE port map(S, A(5), B(5), X(5));
U6: LE port map(S, A(6), B(6), X(6));
U7: LE port map(S, A(7), B(7), X(7));

end imp;
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8 bit AE

entity AE8 1is port(

S: in std_logic_vector(2 downto 0);
A, B: in std_logic_vector(7 downto 0);
Y: out std_logic_vector(7 downto 0));

end AES;
architecture imp of AE8 1is

component AE is port(
S: in std_logic_vector(2 downto 0); --
a, b: in std logic;
Vo out std logic);

end component;

begin

UO: AE port map(S, A(0), B(O), Y(O));
Ul: AE port map(S, A(1l), B(1l), Y(1));
U2: AE port map(S, A(2), B(2), Y(2));
U3: AE port map(S, A(3), B(3), Y(3));
U4: AE port map(S, A(4), B(4), Y(4));
U5: AE port map(S, A(5), B(5), Y(5));
Ub: AE port map(S, A(6), B(6), Y(6));
U7: AE port map(5S, A(7), B(7), Y(7));

end imp;

Izmir Institute of Technology Computer Architecture
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addsub8

entity addsub8 is port(

A: in std_logic_vector(7 downto 0);
B: in std_logic_vector(7 downto 0);
F: out std_logic_vector(7 downto 0);
carryIn: in std logic;

unsigned overflow: out std logic;

signed overflow: out std logic);

end addsub8;
architecture imp of addsub8 is

component FA port(

carryIn: in std logic;
carryOut: out std logic;
X, y: in std logic;
S: out std logic);

end component;

signal C: std_logic_vector(7 downto 1);

begin
UO: FA port map(carryIn, C(1), A(O), B(O), F(O));
Ul: FA port map(C(1), C(2), A(l), B(1l), F(1l));
U2: FA port map(C(2), C(3), A(2), B(2), F(2));
U3: FA port map(C(3), C(4), A(3), B(3), F(3));
U4: FA port map(C(4), C(5), A(4), B(4), F(4));
US: FA port map(C(5), C(6), A(5), B(5), F(5));
U6: FA port map(C(6), C(7), A(6), B(6), F(6));
U7: FA port map(C(7), unsigned overflow, A(7), B(/), F(7));
signed overflow <= C(7) xor C(6);|

end imp;
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entity shifter® is port|

5: in std logic_vector(l downto 0); .
A in std_leogic_vector(7 downto 0);
Y out std logic_vector(7 downto 0); I e r

carryOut: out std logic;
zero: out std_logic);
end shifterd;

architecture imp of shifter8 is

component muxd is port(
5: in std logic_vector(l downto 0);
xﬂ ®x1, %2, x3: in std Togic;
out std logic):
end cumpunent;

begin
process(5) -- carry flag
begin
if (5="01") then
carryOut == A(7);
elsif (5="10") then
carrylut == A(0);
end if;
end process;
ue: muxd port map(S, A{0), '0', A(1l), A(1l), ¥(o));
u1: muxd port map(5, A(1), A(0), A(2), A(2), Y(1));
uz: muxd port map(s, A(2), A(1), A(3), A(3), Y(2));
us: muxd port map(S, A(3), A(2), A(4), A(4), Y(3)):
u4: muxd port map(s, A(4), A(3), A(5), A(5), Y(4));
us: muxd port map(5, A(5), A(4), A(B), A(B), YI(5));
U6: mux4 port map(S, A{G), A(5), A(7), A(T), Y(B));
u7: muxd port map(S, A(7), A(E), '0', A(0), Y(7));
process(5) -- zero flag is set if the output of ALU is zero !! control the logic!
begin
if(5="00") then
if (A=0) then
Zero == '1°';
else
Zero == '0°;
end if;
end if;
end process;
end imp;
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entity ALU is port(

5: in std logic_vector(4 downto 0);
A, B: in std logic_vector(7 downto 0);
F: out std logic_vector(7 downto 0};
unsigned overflow: out std_logic;
signed overflow: out std logic;
carry: out std_logic;
zero: out std_logic);
end ALU;

architecture imp of ALU is
component LEZ is port|(

5: in std logic vector(2 downto 0); -- Selection bits
A, B in std _logic_vector(7 downto 0);
X out std_logic_vector(7 downto 0));

end component;

component AEE is portl(

5: in std logic vector(2Z downte 0); -- Selection bits
A, B in std logic vector(7 downto 0);
Y out std logic_vector(7 downto 0));

end cumpuﬁent;

component addsub® is portl

A in std logic_vector(7 downto 0);
B: in std logic_vector(7 downto 0);
F: out std logic vector(7 downto 0);
carryIn: in std_logic;

unsigned overflow:
signed overflow:
end component;

component shifter8 is portl(

out std logic;
out std logic);

5: in std logic vector(l downto 0);
A in std _logic_vector(7 downto 0);
A# out std logic_vector(7 downto 0};
carryOut: out std_logic;
Zero: out std_logic);

end component;

signal X, Y, ShiftInput:

signal c0: std_leogic:
begin
CarryExtender_ALU: c@ <= (5(0) xor 5(1)) and S(2);
LogicExtenders ALU: LE® port map(S(2Z downto ©), A, B, X);
ArithmeticExtenders ALU:AES port map(S(Z downto 0}, A, B, Y);
AddSubg ALL: addsub® port map(X, Y, ShiftInput, c@, unsigned overflow, signed overflow);
Shifters ALU: shifterg® port map(5(4 downto 3), ShiftInput, F, carry, zero):
end imp;

Izmir Institute of Technology

std logic_vector(7 downto 0);
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