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Computers: What, Why and How

 What is a computer?
- A machine that can do tasks according to a “program”.
— An algorithm can be expressed in a “program”.

- They are backed up by strong theoretical results thanks to Alan Turing
and other people.

* Useful computers are Turing-complete.
 Why are computers so useful?
- Many problems can be solved by executing an algorithm,
- The program in modern computers can be easily changed.
— The computer has become the universal machine.
 How are computers designed and built
— You will see a simple example in this unit!
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Computer architecture design basics

* [nstruction Set Architecture
- Programmers view
- Links software and hardware (contract)
- Finality of the computer
- Human vs compiler friendly
— Support high-level languages

e Microarchitecture
- What elements you need to implement the ISA?
- How to connect them?

e System design
- Digital system designers wanted!

lig. D T Departamento de Tecnologia Electronica — Universidad de Sevilla


https://en.wikipedia.org/wiki/Computer_architecture

Contents

Stored program computers

Harvard vs Von Neumann architectures

Control
unit

1

Von Neumann
« Simpler design.
* Von Neumann's bottleneck.

 Used in most standard
computers.

Data
unit

11

Memory

Control
unit

1

Hardvard
* No Von Neumann bottleneck.

* Better program memory
protection (can be read-
only).

* Used in embedded systems
and microcontrollers.

Data
unit

1L I

Program
Memory

Data
Memory
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RISC vs CISC

 Complex Instruction Set Computer (CISC)
- Powerful complex instructions that may take many cycles to execute.
— Saves access to memory to fetch new instructions (good).
— Difficult to execute various instructions in parallel (bad).
- Complex system design and resource intensive (bad).

* Reduced Instruction Set Computer (RISC)

- Simple instructions that may execute very quickly (one clock cycle most
of the time).

— Needs more instructions to perform the same task (bad).
— More instructions consumes more memory (bad).

- Easy to execute many instructions in parallel through
Instruction pipelining (good).

— Simpler system design (good).
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YASAC
Yet Another Simple Academic Computer

* Academic computer with some realistic characteristics.

Simple enough to be understood by first-year students.

Powerful enough to introduce all main computer fundamentals.

Expandable: it is not a complete and full-featured design.

Microcontroller-like functionality.

- ISA inspired by Atmel's AVR family of microcontrollers (the core of the
Arduino UNO board and others).

Easy to model in Verilog.

Easy to implement in FPGA chips.

Harvard architecture.

RISC. The YASAC is a slightly re-designed version of the CS2010 and CS simple
computers used in various courses of the Electronics Technology
Department (Universidad de Sevilla), developed by professors and
students of the Department along the years.
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YASAC development overview

e Stage by stage development.

e Each stage has:
— A specification: instructions and functionality to implement.

Design documentation: drawings, micro-operations, ASM charts, etc.

- A \Verilog model and test bench.

- An FPGA implementation.

* Each stage builds on the previous one.

g DT
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YASAC development overview. Stages

e Stage 1

- Minimal computer. Only program memory. Basic I/O.
 Stage 2

- Data memory and memory addressing. Memory-mapped I/O.
« Stage 3

- Jumping and branching instructions.
« Stage 4

— Logic and status register instructions

« Stage 5

_ We will cover stages 1 to 5.
- Stack and subroutines.

Improvements can be done at every stage
 Stage 6 (assignments).

- Interrupts. Every stage can be implemented in an FPGA
board (labs).

e Stage 7
- Writable program memory and boot loader.
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YASAC Stage 1. General specification

e 8-bit data unit and registers

Starts program
execution

e 8 general purpose registers
- RO to R7

* One 8-bit input port and one 8-bit
output port

— din: input port (mapped to R7)

— dout: output port (mapped to R6)

* Program memory: 256x16

- ROM memory defined at design
time.

e 16-bit instructions

Ready to
execute the
program
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YASAC Stage 1
Board implementation
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YASAC Stage 1
Instruction Set Architecture
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YASAC Stage 1

SamEIe program

4
st —3 yasee ke din

<
reset —> g*‘éei —> douT

Mvuewpu—?c

code

L.D|

hov

6ooo | ()

voo 1o (2)

TooMwetion 4~0H~«+

4 >

ADD 000 (| (s) A l opcode [ R« | = [ %o |
CUR 6o | 00U (W) .& |0Pcod-0_ I R‘°\I K |
C\L\ ;l %rMV s TOr 60 Lot (¥) 5 3 o

Assembly code Machine code RTL

MOV R1, R7 00010 001 006000111 Rl — din

MOV RO, R1 00010 000 00001 RO « R1

ADD RO,R1 00011 000 000001 RO -« RO + R1

LDI R2,5 OOE01 010 006000101 R2 « 5

SUB RO, R2 00100 000 OOOOOO16 RO « RO - R2

MOV RG6, RO 00010 110 OO0 R6 « RO

STOP 00101 000 OOOOOOOO (none)

What is the value in dout at the end of the program if din=67
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YASAC Stage 1
Data unit

This converts Register array: R0

the calculator into a This is the data reads two registers R1

computer: unit of a calculator and write one Ro
automatic execution

— N RS

R7 <€— din

~ A\ 7 / R4
) L //o\f_g__ Eg —» dout

Program & 3 2
counter > a\au‘t
address of the next
instruction A I\V\

L .
Immediate data
\‘ selector: to use

[
Code memory
Stores machine
code instructions

Instruction register

Stores & decodes
the instruction

constant operators

L

Unit

\I Arithmetic-Logic

I Ra ~ Ra <op> Rb
inm: Ra — Ra <op> k
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YASAC Stage 1
Data unit
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YASAC Stage 1
Register array

&=yeqs [323
b = regs [sb]
Sa -2/-, N—%S g wv‘o.aé‘. eas [sal e bug
s >4
3+ ) g« regs 1] = din

w\r'Qé —> > b Joot =

T l Quick exercise
v _t_ a) Design the register array using combinational and
AI\V‘ Aau sequential subsystems.
b) Write a Verilog code fragment that models the register
array.
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YASAC Stage 1

Program counter and Instruction register
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Quick exercise

Write a Verilog code fragment that models the registers.
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YASAC Stage 1
Code memory and ALU

Cock QA0

ao‘drv‘—)-

/€
—= A@JFC\

Aq'\\a\ = codo i~ [wlo‘\r:(

Quick exercise

Model the code memory in Verilog with a “case”
statement. The memory has the contents of the
sample program in a previous slide.

,{_'a’

a
}=
=V,

Qlu

v
op g o
0o a~b

g e}

| Q| a-b
(0 b

g DT
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YASAC Stage 1
Control unit
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YASAC Stage 1

Control unit. Initial analxsis

The initial state waits for “start” activation. Then, the program counter
IS initialized:

- pc « 0 (clpc)

For each instruction, the control unit must FETCH the instruction for

memory and then EXECUTE the instruction by doing micro-
operations on the data unit.

FETCH: read the instruction code into the instruction register and
Increment the program counter:

- iIr « code_mem(pc); pc — pc + 1 (wir, ipc)
EXECUTION
- Depends on the “opcode”.

— All the instructions in this stage can be executed in one clock cycle.
- After executing and instruction, go back to FETCH the next one.
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YASAC Stage 1

Control unit. Execution macro-ogerations

AYD
SuR
Moy .

LD

Coo — Ra i’y \ witq | opcos
Ca & R -Rb I Wreq ) op (o
o & b wreq ') op =11
e < k wRg i - g = LA
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YASAC Stage 1
Control unit. ASM chart

%'4 ) 0",

Quick exercise

Draw the control ASM chart. Simplify things if
possible.

(Dl
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YASAC Stage 1
Control unit. States and control table

READY FETCH EXEC

LDI Ra, k op=11, wreg, inm - FETCH

MOV Ra, Rb op=11, wreg - FETCH
ready .

ADD Ra, Rb start: CIpC wir, 1pc Op:OO, wreg - FETCH

SUB Ra, Rb op=10, wreg - FETCH

STOP - READY

The table represents the control signals to activate at every execution step
depending on the instruction (opcode) to execute.

It is a convenient way to organize the information about the control unit that
simplifies HDL coding.
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YASAC Stage 1

Verilog coding

system.v
yasac.v display_ctrl.v
control_unit.v data_unit.v
code_mem.v
).
// alu.v
globals.vh yasac_tb.v system.ucf

Departamento de Tecnologia Electronica — Universidad de Sevilla
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YASAC Stage 1 Verilog coding

globals.vh

//// Assembly operation codes

g DT

define
“define
“define
“define
“define

LDI
MOV
ADD
SUB
STOP

//// Registers

define
“define
“define
“define
“define
“define
“define
“define

RO
R1
R2
R3
R4
R5
R6
R7

5'd1l
5'd2
5'd3
5'd4
5'd5

3'doe
3'd1l
3'd2
3'd3
3'd4
3'd5
3'd6
3'd7

//// ALU operation codes

“define
“define
“define
“define

ALU_ADD
ALU_TRA
ALU_SUB
ALU_TRB

2'do
2'd1
2'd2
2'd3

Departamento de Tecnologia Electronica — Universidad de Sevilla
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YASAC Stage 1 Verilog coding

alu.v

g DT

QL alu-dd"\:
oo | a+~b always @* begin
o . gase(op) _
ALU_ADD: begin
' o a-b r-a+b;
r b end
"ALU_SUB: begin
r=a - b;
end
"ALU_TRA: begin
r = a;
end
“ALU_TRB: begin
r = b;
module alu ( end
input wire [7:0] a, default:
input wire [7:0] b, r = 'bx;
input wire [1:0] op, endcase
output reg [7:0] r end
); endmodule

Departamento de Tecnologia Electronica — Universidad de Sevilla
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YASAC Stage 1 Verilog coding
code mem.v

// Assembly op. codes
“define LDI 5'dl
“define MOV 5'd2
“define ADD 5'd3 Codk Qo
Semesm o module code_mem ( ¥ /é
“define STOP 5'd5 —
_ input wire [7:0] addr, aldr-=3 — a\ajrc\
osaisters output wire [15:0] data
‘define R1 3'd1 );
“define R2 3'd2
“define R3 3'd3
‘define R4 3'0d reg [15:0] code[0:255]; L |
‘define RS 3'ds integer i; Aa o = code unaun [ad "]
“define R6 3'd6
“define R7 3'd7 .
assign data = code[addr];

// ALU op. codes
“define ALU_ADD 2'do . e .
“define ALU_TRA 2'd1 initial bggln _ o
‘define ALU SUB 2'd2 for (1i=0; i<256; i=i+1) // Initialization

MOV R1.R7 code[i] = 16'h000O,;
— /

MOV RO/ R1 // Code memory contents (program)

ADD R@,Rj_ code['hO] = { MOV, "R1, 5'd0, "R7}; // format A

code[ 'h1] = {"MOV, RO, 5'd0, "R1},;
LDI R2,5 code['h2] = {'ADD, 'R®, 5'do, ‘Ri}:
SUB RO, R2 code['h3] = {°LDI, "R2, 8'h05}; // format B
code['h4] = {"SUB, 'RO, 5'd0, “R2};
MOV RG’RO code[ 'h5] = {"MOV, 'R6, 5'd0, "RO},;
STOP code['h6] = { STOP, 11'd0};
end
endmodule

lig. D T Departamento de Tecnologia Electronica — Universidad de Sevilla 27
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YASAC Stage 1 Verilog coding
data unit.v

module data_unit (
input wire clk,
input wire [1:0] op,
input wire ipc,
input wire clpc,
input wire wir,
input wire wreg,
input wire inm,
output wire [4:0] opcode,
input wire [7:0] din,
output wire [7:0] dout
)i

reg [7:0] pc;
reg [15:0] ir;
reg [7:0] regs [0:7];

//// Internal signals

wire [15:0] inst;
wire [2:0] sa, sb;
wire [7:0] k;
wire [7:0] rega,
wire [7:0] alu_b;
wire [7:0] bus;

regb;

g DT

o _um ¥
2| rc l [————Eﬁi-
?qu “K:q-—jf___ 2
i — I3 s Z ) 5 dost
olee —4 Y sb reqa A
wir = codoualn W k i
//// PC register S S I
always @(posedge clk) ey = P \ 2Lt
if (clpc) . — g€ ¥
. pCf<? 'b?; ok € (Wit —D|ﬂ N
else 1 ipc “ )
pc <= Sc +1; { J.g ) op 4§\ alv
k. — tpode  F Kk
//// IR register
always @(posedge clk)
if (wir)
ir <= inst;
assign opcode = ir[15:11];
assign sa = ir[10:8];
assign sb = ir[2:0];
assign k = ir[7:0];
//// Code memory
//// Register array code_mem code_mem (
always @(posedge clk) .addr (pc),
if(wreg) .data(inst)
regs[sa] <= bus; );
else
regs[7] <= din; //// ALU
assign rega = regs[sa]; assign alu_b = inm ? k : regb;
assign regb = regs[sb]; alu alu (
assign dout = regs[6]; .a(rega),
.b(alu_b),
.op(op),
.r(bus)
)i
endmodule
Departamento de Tecnologia Electronica — Universidad de Sevilla 28
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YASAC Stage 1 Verilog coding

control unit.v

“include "globals.vh"

module control_unit (
// External signals
input wire clk, //
input wire reset, //
input wire start, //
output reg ready, //

clock (rising edge)
reset (synchronous)
start operation

ready output indicator

// Data unit signals
input wire [4:0] opcode,
output reg [1:0] op, // ALU operation code

output reg ipc, // PC increment

output reg clpc, // PC clear

output reg wir, // write IR

output reg wreg, // write register array
output reg inm, // use inmediate value

// FSM state output for testing
output wire [1:0] state_out

)i

// Route state signal for testing
assign state_out = state;

// State definition

localparam [1:0] READY = 0,
FETCH = 1,
EXEC = 2;

// State variables
reg [1:0] state, next_state;

// State change process
always @(posedge clk)
if (reset == 1'b1)
state <= READY;
else
state <= next_state;

g DT

// Next state and output process
always @* begin
// Default output values
ready = 1'b0; op 'bO; ipc = 1'bO; clpc
wir = 1'b0; wreg 1'bO; inm = 1'b0O;
next_state = 'bx;

case (state)
READY: begin
ready = 1'b1;
if (start) begin
clpc = 1'b1;
next_state
end else begin
next_state = READY;

I~

FETCH;

end
end
FETCH: begin
wir = 1'b1;
ipc = 1'b1;
next_state = EXEC,
end
EXEC: begin
next_state = FETCH; // except if STOP
case(opcode)
"LDI: begin
op = “ALU_TRB;
wreg = 1'b1l; inm = 1'b1;
end
[...]
default: // including STOP
next_state = READY;
endcase
end
default: // Should not reach this point
next_state = 'bx;
endcase
end
endmodule

Departamento de Tecnologia Electronica — Universidad de Sevilla
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YASAC Stage 1 Verilog coding
yasac.v

STRW.\— e
resct >

ﬂhAj'é——

dk —

Covivol °° N e a LS dodt

ol © R vt < din

M

| orede

):

module yasac (

input wire clk,

input wire reset,

input wire start,

output wire ready,

input wire [7:0] din,
output wire [7:0] dout,
output wire [1:0] state_out

// Internal signals

wire [4:0] opcode;

wire [1:0] op;

wire ipc, clpc, wir, wreg, inm;

g DT

// Control unit instance

control_unit control_unit (
.clk(clk),
.reset(reset),
.start(start),
.ready(ready),
.opcode (opcode),
.op(op),
.ipc(ipc),
.clpc(clpc),
.wir(wir),
.wreg(wreg),
.inm(inm),
.state_out(state_out)

);

// Data unit instance

data_unit data_unit (
.clk(clk),
.op(op),
.ipc(ipc),
.clpc(clpc),
.wir(wir),
.wreg(wreg),
.inm(inm),
.opcode (opcode),
.din(din),
.dout(dout)

);

endmodule

Departamento de Tecnologia Electronica — Universidad de Sevilla
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YASAC Stage 1 Verilog coding
yasac_th.v

* Generate a clock signal.
* Reset the system.
 Activate execution (start).
« Wait for “ready” activation.
* End if not activated in a long tin
* Print “din” and “dout”.
* “dout” not as expected?
* Open a waveform viewer.

module test ();

reg clk; // clock (rising edge)

reg reset; // reset (synchronous,

reg start; // start operation

wire ready; // ready output indicat
reg [7:0] din; // external data input

wire [7:0] dout; // external data output

yasac uut (
.clk(clk), // clock (rising edge)
.reset(reset), // reset (synchronous,
.start(start), // start operation
.ready(ready), // ready output indicat
.din(din), // external data input
.dout (dout) // external data output

)i

// Clock generator (T=20ns, f=50MHz)
always
#10 clk = ~clk;

initial begin
// output generation
$dumpfile("yasac_tb.vcd");
$dumplimit (10000000);
$dumpvars (0, test);
// input signal initialization
clk = 1'bo;
reset = 1'bo;
start = 1'b0;
din = 8'd6;
// global reset
@(posedge clk) #1 reset
@(posedge clk) #1 reset

// limit dump file to 10MB

repeat(3) @(posedge clk) #1;

// start program execution
start = 1'b1;
@(posedge clk) #1;
start = 1'b0;
// wait for "ready"
wait(ready)
$display("'ready' activation detected.");

repeat(3) @(posedge clk) #1;
$display("Normal simulation end.");

// Print input and output ports (quick check results)
$display("din: %h, dout: %h", din, dout);
$finish;

end

// Force finish after 1000 clock cycles

initial begin
#(20*1000);
$display("'ready' not detected. Abnormal simulation end.");
$display("Check the design.");

end

endmodule

u‘g‘ L |
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YASAC Stage 1 Verilog coding
system.v

module system (

)i

// External signals

input wire clk, // clock (rising edge)
input wire reset, // reset (synchronous)
input wire start, // start operation
output wire ready, // ready output

input wire [7:0] din, // external data input
output wire [7:0] dout, // external data output
output wire [0:6] seg, // 7-segment output
output wire [3:0] an, // anode output

output wire dp, // decimal point output
// FSM state output for testing

output reg [7:0] state_dec

// Clock divider to 1Hz
reg [24:0] prescaler;
reg clk_in;
always @(posedge clk)
if (prescaler == 25000000-1) begin
clk_in = ~clk_in;
prescaler = 'b0;
end else begin
prescaler = prescaler + 1;
end

// Edge detector for 'start'
reg start0=0, startl=0;
wire start_pulse;
always @(posedge clk_in) begin
startl <= starto;
start@® <= start;
end
assign start_pulse = start® & ~starti;

// State decoder (for testing)
wire [1:0] state_out;
always @* begin
state_dec = 'b0;
state_dec[state_out] = 1'b1;
end

u+

=/ |
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LEDS Ve &I q
ReAdYy
e FETCH
// Processor instance
yasac yasac (
.clk(clk_in), // clock (rising edge)
.reset(reset), // reset (synchronous)
.start(start_pulse), // start operation
//.ready(ready), // ready output indicator
.din(din), // external data input
.dout (dout), // external data output

// state output (for testing)
.state_out(state_out)

)i

// T7-segment controller instance
display_ctrl #(
.cdbits(18), .hex(1)
) display_ctrl (
.ck(clk), // system clock
.x3(din[7:4]), // display digits
.X2(din[3:0]),
.X1(dout[7:4]),
.X0(dout[3:0]),

.dp_in(4'b1011), // decimal point vector
.seg(segq), // 7-segment output
.an(an), // anode output
.dp(dp) // decimal point output
)
endmodule

L4
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YASAC Stage 2

e Stage 1 limitations

- No data memory (storage limited to internal registers).

- Limited input/output (only one input and one output port).
- (Many more...)

 Why do we need a data memory?
— 8 registers are not enough for most applications
- Need more room to store data (lists, conversion tables, text, etc.)

 Why do we need more input/output ports

— An useful computer, even a simple one, needs a few peripherals:
* serial ports,
* generic input/output ports -GPIO-,
e keyboard,
« display, etc.
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Data memory

* Having a data memory implies new design decissions:
- Need new instructions to transfer data to/from memory.
- QI1: Can we operate with the memory data directly?
e Al: Data processing architecture.
- Q2: How do we transfer data to/from memory?
e Addressing modes.

 QI1: Load/Store architecture
- Processing instructions (ADD, SUB, etc.) only work on registers.

— Data must be loaded into registers before processing and stored back in
memory afterwards.

- Simplifies the design of the computer.
- Typical of RISC processors.
- We will use this approach in the YASAC

— Other processors can process data in the memory directly (with limitations).
Eg. x86-XX.
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Data memory

Addressing modes

e How data Is accessed.

* Addressing modes in the YASAC
- Immediate mode: data is within the instruction code (eg. LDI instruction).
- Register mode: data is in a register (eg. MOV instruction).

- Direct memory mode: data is in memory and the address is included the
Instruction code (new LDS instruction).

- Register indirect mode: data is in memory and the memory address is in a
register (new LD instruction).

* Other addressing modes (not in the YASAC)

- Displacement mode: the memory address is obtained by adding a “small”
displacement value (offset) to the value of a register.

- Indexed mode: the memory address is obtained by adding the value of a
register to the address included in the instruction.

- PC-relative addressing: the memory address is obtained by adding a
“small” displacement to the value of the Program Counter (PC).
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YASAC Stage 2. General specification

e 8-bit data unit and registers
e 8 general purpose registers

* Program memory: 256x16

 Data memory: 256x8

e 8 8-bit input ports and 8 8-bit output
ports

— portO to port7: output ports mapped
to memory addresses 240 to 247 (FO
to F7).

— port8 to portl5: input ports mapped

—%'fbr:\d

—%?OF\Q
¥
A port ®

? |
= Pﬂr‘h\-
—> read7

to memory addresses 248 to 255 (F8
to FF).

16-bit Instructions
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YASAC Stage 2
Needed changes

 Data memory module.
- RAM memory.

* More input/output ports.

- 1/O ports will be mapped to memory addresses and will be implemented
together with the memory module.

* Memory Address Register (MAR).
— To hold the data memory address that is to be accessed.

* A multiplexed bus.
- Now data can come from the ALU or the data memory.
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YASAC Stage 2

Memory-mapped |/O

From the computer’s and programmer’s point of view, there is only
data memory.

— There are no special instructions to access input/output ports.

Some ranges of the data memory address space are routed to input
Or output ports.

A control circuit in the data memory module decides if it has to
access memory or ports depending on the address.

Memory-mapped input/output is common in real processors.

Departamento de Tecnologia Electronica — Universidad de Sevilla

38



Contents

YASAC Stage 2

Memory-mapped |/O

odd v RAM - 1/o

&)
I
l
;' :‘ re,ﬁvl&r RAM
FF
fo —> ?Or&ﬁ
‘ : ovjr\wjr ?w\‘v
F3 —> ?orl\‘ e
Fq : < Povt g )
' 1 AN (7\,'\' "30\("\9
FE <— "?cw-+ Iy
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YASAC Stage 2
Board imEIementation

General Purpose

diggatl)_lnpUt General Purpose
(8 bits) digital Output
(8 bits)
¢
GPI \ s, 0B
yasac 1 ew! BTN

Bagys 2
: battew % ol Switches and buttons
oo f — O] O are read at input

' c\,Qg\l ports 8 and 9 resp.
ferot e— | /Af 0 0
fo.-\wsg(_f(_l_ # a ol i ?~Segueu+ clig\?lq\]

. —————
porosl——2—5 5o | e, 008 R R

BN V‘EQE{' veset

fcr'\’ YA 7

S S
4

Xe

Lidx o
?o\—'\o\ A - ,\ K, (v U] g Aw
L) dp

oP

X,

?
metk clle — greset | 1 e 7l R i

3 S‘\Q Q.dec [ %
GOM A, | T
chotn [ofofefolelofefe] LEDs The display is now
e LED / driven by output
v \‘ vy ports 1 and 2
EXEC
FETcH
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YASAC Stage 2
Board imEIementation

port02

State

port01

~ ﬁWTﬁJ

sv-v‘#?l -!“!sns-(lijlg.u-ch'-LiFﬂLJ .er-z. il'l_'l"

port09[1:0]
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YASAC Stage 2
Instruction Set

TosMwetion écr-uw:f

4 > B
A lopeede [ & ] = T %1 " 0p code Instruction RTL
B [dewde | R | K |

. R o 00001 LDI Ra, k Ra — k

00010 MOV Ra, Rb Ra —~ Rb
00011 ADD Ra, Rb Ra — Ra+Rb
00100 SUB Ra, Rb Ra ~ Ra-Rb
00101 STOP —

00110 LD Ra, Rb Ra — datamem(Rb)
00111 ST Rb, Ra datamem(Rb) - Ra
01000 LDS Ra, k Ra — datamem(k)
01001 STS k, Ra datamem(k) — Ra
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YASAC Stage 2

SamEIe program

Reads data from port8, adds to previous value at memory address 10h,
saves the result to address 10h and outputs the result to output portl.

Assembly code

LDI
LDI
LDS
LD
ADD
STS
ST
STOP

R1,0x10 ; polinter to old value
R2,0xF1 ; pointer to portil
R3,0xF8 ; read port8

R4, R1 ; read old value to R4
R3, R4 ; add old and new value
Ox10,R3 ; store result in memory
R2,R3 ; output result to portil

Quick exercise
a) Obtain the machine code in binary and hexadecimal.

b) What is the output value at portO1 if the initial value at memory address
0x10 is 25 and the input at port08 is 7?

c) What is the value at the output port if we execute the program again?
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YASAC Stage 2

Data unit

Multiplexed bus
ALU output is
selected by default

D N
rmem — Mu X
~
; 3 R LENS bur ! L'-'IUg
clpe— e ( Sow ~ ol T n,cor‘\/
J(x sb »> regqs wwtr —fdadz et i
Wvﬁj-—a T _L_ . aaHY \‘_If,op g
\C"&W ( \J{O—L&;Im
g ¥ _‘L_(__-

Wi’ —D‘
[ )(i/lfts a?"s\ alv

trfmie Lo By

Mo\r e Wuwrg r

Data memory
& 1/0

Memory address
register

g DT
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YASAC Stage 2

Data memory and I/O

O\Q\‘Q —weta

data_n —>
Jdatn_of €—
em —>f  EF
T tow fo ‘ > ?On‘hé
whew —> . !
F3 > ?o;-\":;
¢ : < Povt ¥
el —> : !
~ “——— "?ar+ Ay
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YASAC Stage 2

Control unit. Micro-oEerations

) wor — ¥vb op=4LLTRE - wwar

2) = deta _mer [war] M ey

ST Kb, Ra
1) war «~ vb Op <&LuTRE | wwar
Z) dalvx,mua»LW] — (q ol:’—A—LU—T@A ) Wwam

LS Rq, K
l) wour— W aF:ALu,TFB , M ) wWwar
Z) Voo & A&,‘\‘QYW [w&v'] T‘MUA) ‘N'V‘Qj

=TS W , (o
4) war — Kk GF:ALU,‘TF‘B ) iV\MA ) wwar
2 datoman [war) « Mo op= ALU-TRA | \imam
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YASAC Stage 2 control unit
State definition strate

Different states for different instructions

i Easy to code in HDL.
2——‘“—\&(&0‘ More states than necessary.
| More repeated code.
i 1 ~ \NCTN
<D

!

- NI
S V] - | ‘ — s
l ExEc? I W - | ©xfel
\I;

ExEc?
i J TV
/ J ”‘SH',S ) \3TZ - ) l EXECT
EXEC _
- | exec’d J

¢
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YASAC Stage 2 control unit
State definition strategy

Same states for all instructions

J

[————‘_\EKECi

—

E7 A4

.

(NST R

v

D52
L

AY)

.
= o o

ExXEC2

INST i

1 CXECS

Saves states.

Easier to combine similar instructions.

Easier to separate sequential and
combinational processes.

More difficult to code?

We will use this one!

lig. D T Departamento de Tecnologia Electronica — Universidad de Sevilla

48




Contents

-

YASAC Stage 2

Control unit. States and control table

READY

LDI Ra, k
MOV Ra, Rb

ADD Ra, Rb

ready
start: clpc

SUB Ra, Rb
STOP

LD Ra, Rb
ST Rb, Ra
LDS Ra, k

STS k, Ra

FETCH EXEC1

op=11, wreg, inm - FETCH
op=11, wreg - FETCH
op=00, wreg - FETCH

wir, ipc op=10, wreg -~ FETCH

- READY

op=11, wmar
op=11, wmar
op=11, wmar, inm

op=11, wmar, inm

EXEC2

rmem, wreg -~ FETCH
op=01, wmem - FETCH
rmem, wreg - FETCH
op=01, wmem - FETCH

The table represents the control signals to activate at every execution step
depending on the instruction (opcode) to execute.

With this representation, the same states are used to execute all the instructions.

It is a convenient way to organize the information about the control unit that
simplifies HDL coding.

iy DT
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LDl is like MOV
but using an
immediate value

YASAC Stage 2
Control unit. ASM control chart

REA Dy

FETcH

DT

Group similar
instructions in the
same branch

/

‘straight’ instructions
want a immediate
value

EXEC2

LD,LDS *@ ST, STS

A4
QU Of:O\
wvegq wwmen
[

/ EXEC2 is the same

for LD/LDS
and ST/STS
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YASAC Stage 2

Verilog coding

system.v
yasac.v display_ctrl.v
control_unit.v data_unit.v
data_mem.v
code_mem.v
d
// alu.v
o
A // 7
globals.vh yasac_tb.v system.ucf
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YASAC Stage 2 Verilog coding

code mem.v

module code_mem (

)

integer 1i;
assign data =
initial begin

code[ 'h0O]
code[ "hil]
code[ 'h2]
code[ 'h3]
code[ 'h4]
code[ 'h5]
code[ 'h6]
code[ 'h7]
end
endmodule

“include "globals.vh"

input wire [7:0] addr,
output wire [15:0] data

reg [15:0] code[0:255];

// address

port

// data port

Tests all the

new instructions

a&irvﬁa

codk pau

/€
— dote.

A@*a\irCadQUAup\[&AArz

code[addr];

P e Lot Vaon Y atm Yaon R adm Yo

// Code memory contents

(program)

“LDI, 'R1, 8'h10};
“LDI, 'R2, 8'hf1};
"LDS, "R3, 8'hf8};
‘LD, R4, 5'do, 'R1};
“ADD, "R3, 5'd0, ‘R4};
"STS, 'R3, 8'h10};
ST, 'R3, 5'de, "R2};
"STOP, 11'd0e};

//
//
//
//
//
//
//
//

V

LDI
LDI
LDS
LD

ADD
STS
ST

STOP

R1, 0x10
R2, Oxf1
R3, 0xf8 ;
R4, R1

R3, R4
0x10, R3
R2,R3

load from

store to portol

portos

g DT
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YASAC Stage 2 Verilog coding
data mem.v

o‘d\’Q ek

addr —3
&cdu.}n —>
daba_af €<—

Tmdwm —>
W —>

c‘L\ —_—

N~ 0

EF
fo

3
¢

M
o

Portg

i
;Gw% g

(
4

Tar'* lf

g DT

module data_mem (
input wire clk,
input wire wmem,

input wire [7:0]

),

// clock (rising edge)
// write data memory

input wire [7:0] addr, // address

input wire [7:0] data_in, // 1nput data
output wire [7:0] data_out, // output data
output wire [7:0] port@O, portOl, port02, porte3,

port®4, port@5, port06, porto7,
port08, port09, portl®, portil,
portl2, portl3, portil4, portil5s

// output
// ports
// input
// ports
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YASAC Stage 2 Verilog coding
data mem.v

// RAM write
always @(posedge clk)
// Write only RAM and output ports
if (wmem && addr < 8'hf0)
mem[addr] <= data_in;

// Output port write
always @(posedge clk)

case(addr[3:0])

4'h0O: port_reg@0 <= data_in;
[...]

4'h7: port_reg07 <= data_in;
endcase

// Output port read
assign portOO = port_reg0oo;

[...]
assign port@7 = port_reg07;

// Input port write (from external pins)
always @(posedge clk) begin
port_reg08 <= porte8;

if (wmem && addr >= 8'hf0 && addr < 8'hf8)

// Asynchronous read

always @~
case(addr[3:0])
4'h0: port_out
[...]

4'h7: port_out = port_reg07,;

4'h8: port_out = port_reg08;

[...]

4'hf: port_out port_regl5;

default: port_out = 'bx;

endcase

port_regoo;

// Data output generation
assign data_out = (addr < 8'hf0) ?
mem[addr] : port_out;

Memory and
ports reading

Looo] I
port_regl5 <= porti5; Memory and
end ports writing
e DT TR — .
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YASAC Stage 2 Verilog coding

data unit.v

My X | ['

¥

s o n Lus
Sow -Sl_, - L ‘o!% 2 Pr‘\p
J(x SL’_“ egqa wier —fdoda meu|
~N wﬂj — T " cdd" — I’Dr+'r
a&ww( o e e
may BAGE

W

module data_unit (

//

input wire wmem,

input wire rmem,

input wire wmar,

output wire [7:0] portoeo,
portoz,
porto4,
portoe,
portos,
port10,
porti2,
porti4,

input wire [7:0]

)i

input wire clk, // clock (rising edge)

input wire [1:0] op, // ALU operation code

input wire ipc, // PC increment

input wire clpc, // PC clear

input wire wir, // write IR

input wire wreg, // write register array

input wire inm, // use inmediate value );
output wire [4:0] opcode, // operation code [f__

// write data memory

Memory address register

always @(posedge clk)
if (wmar)

mar <= bus;

//// Data memory

data_mem data_mem (
.clk(clk),
.wmem(wmem),
.addr (mar),
.data_in(bus),
.data_out(data_out),
.portOO(porteo),
.port@2(porte2),
.port@4(porte4),
.portO6(porte6),
.port08(portes),
.portl0(porti0),
.portl2(porti2),
.porti4(portid),

.port@i(portel),
.porte3(porte3),
.porte5(porte5),
.port@7(porte7),
.port@9(porte9),
.portili(portil),
.portl13(porti3),
.port15(porti5s)

// read data memory
// write MAR
portel, // output
port03, // ports
portes,

portez,

port09, // input
portii, // ports
porti3,

porti5

g DT
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YASAC Stage 2 Verilog coding
control unit.v

// Next state process EXEC1:
always @* begin case (opcode)
// Default next state "LDI: begin
next_state = 'bx; op = “ALU_TRB;
case (state) wreg = 1'b1; inm = 1'b1;
READY : end
if (start) "ADD: begin
next_state = FETCH; op = ALU_ADD;
else wreg = 1'b1;
next_state = READY, end
FETCH: "SUB: begin
next_state = EXEC1; op = "ALU_SUB;
EXEC1: wreg = 1'b1;
case (opcode) end
'LDI, "MOV, "ADD, "SUB: *MOV: begin
next_state = FETCH; op = "ALU_TRB;
LD, ST, "LDS. 'STS: wreg = 1'b1;
next_staj // output process end
default: // | always @* begin LD, ST, 'LDS, °STS:
next_sta op = ALU_TRB;
endcase // Default output wmar = 1'b1;
EXEC2: ready = 1'b0; op I if (opcode=="LDS
next_state = ipc = 1'b0; clpc | inm = 1'b1;
default: // Shou wir = 1'b0; wreg 1 end
next_state = inm = 1'b0; wmem - endcase
endcase rmem = 1'b0; wmar
end EXEC2:
case (state) case (opcode)
LD, "LDS: begin
READY: begin rmem = 1'b1;
ready = 1'b1l; wreg = 1'b1;
if (start) end
clpc = 1'}l "ST, "STS: begin
end op = "ALU_TRA;
wmem = 1'b1;
FETCH: begin end
wir = 1'b1; endcase
ipc = 1'b1; endcase
end end

| | opcode=="STS)

begin

Separate processes for next state
and output calculation.

One thing at a time is easier!

DT
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YASAC Stage 2 Verilog coding
yasac.v

module yasac (

input wire clk,

input wire reset,

input wire start,

output wire ready,

output wire [7:0] porteo,
porto4,
portes,
porti2,

input wire [7:0]

output wire [1:0] state_out

);

// clock (rising edge)

// reset (synchronous,

// start operation

// ready output indicator
port0l, port02, porte3,
port05, port06, porto7,
port@9, portl®, portiil,
portl3, portil4, portis,

active-high)

// output ports
// input ports

// FSM state output for testing

// Internal signals
wire [4:0] opcode;

wire [1:0] op;

wire ipc, clpc, wir, wrg

-

// Control unit instance
control_unit control_unit (

DT

.clk(clk), // clock (rising edge)
.reset(reset), // reset (synchronous, active-low)
.start(start), // start aneration
.ready(ready), // Data unit instance
.opcode(opcode), data_unit data_unit (
-op(op), .clk(clk), // clock (rising edge)
.ipc(ipc), .op(op), // ALU operation code
-clpc(clpc), .ipc(ipc), // PC increment
Swir(wir), .clpc(clpc), // PC clear
-wreg(wreg), Wir(wir), // write IR
.inm(inm), .wreg(wreg), // write register array
-wmem(wmem), .inm(inm), // use inmediate value
.rmem(rmem), .opcode (opcode), // operation code of current ins
-wmar (wmar ), .wmem(wmem), // write data memory
.state_out(state_out) .rmem(rmem), // read data memory
) .wmar (wmar), // write memory address register
.port@O(porteO), .portOl(portel), // output ports
.port@2(port02), .port03(porte3),
.port@4(port04), .port05(porte5),
.port@6(port06), .portO7(portO7),
.port@8(port08), .portO9(porte9), // input ports
.portl10(porti1e@), .portii(portil),
.porti12(porti2), .porti3(porti3),
.portl4(portid), .portl5(portil5)
)i
endmodule
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YASAC Stage 2 Verilog coding
yasac_th.v

module test ();

reg clk; //
reg reset; //
reg start; //
wire ready; //

// output ports

clock (rising edge)
reset (synchronous)
start operation

ready output indicator

wire [7:0] port@O, port@l, port02, port0e3,
port@4, port@5, port@6, port0e7;

// imput ports
reg [7:0]

port08, port@9, portle, portill,

port12, porti3, portil4, portis;

yasac uut (

.clk(clk),
.reset(reset),
.Start(start),
.ready(ready),
.porteO(porteo),
.porte2(porte2),
.porte4(porte4),
.porte6(porte6),
.porte8(porte8),
.portl10(portin),
.portl2(porti2),
.portid(portid),

)i

clock (rising edge)
reset (synchronous)
start operation

ready output indicator

.port@l(porteol),
.port@3(porte03),
.porte5(porte5s),
.port@7(port07),
.port@9(porte9),
.portii(portil),
.port13(porti3),
.porti15(portis)

// Clock generator (T=20ns, f=50MHz)

always
#10 clk = ~clk;

g DT

Departamento de

initial begin

end

// output generation

$dumpfile("yasac_tb.vcd");

$dumpvars(0, test);

//$dumpvars(0, uut.data_unit.data_mem.mem['hf1]);

// input signal initialization

clk = 1'b0;
reset = 1'b0;
start = 1'b0;

port@8 = 8'd5;

// global reset
@(posedge clk) #1 reset
@(posedge clk) #1 reset

repeat(3) @(posedge clk) #1;

// start program execution
start = 1'b1;
@(posedge clk) #1;
start = 1'b0;
// wait for "ready"
wait(ready)
$display("'ready' activation detected.");

repeat(3) @(posedge clk) #1;
$display("Normal simulation end.");

// Check input and output ports
$display("port08 (input): %h, portel (output): %h",
port08, port61l);

// portO1l (output) shoud be equal to port@8 (input)
if (port@l == port08) begin
$display("Test bench result: PASS.");
$finish;
end else begin
$display("Test bench result: FAIL.");
$finish;
end

oo
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YASAC Stage 2 Verilog coding
system.v

6Pl // Processor(instance
' yasac yasac
pact f T s B o2 .clk(clk_in),
T""“’ n .reset(reset),
_— -k .start(start_pulse),
fockore— afafal | [e]o 7-segueut disglay // .ready(ready), // d@sabled for debugging
W i //.port00(porteGO), // disabled for debugging
w2 ot sﬁ# ¢ } i ofrl N .portel(portol),
N " ot — = 0 I o .port02(port02),
o % Liﬁ” on — o I .port03Eport03;, // ports 4 to 7 not used
. (——q | 8 % 4 .port08(portos8),
MLk;:L mﬂ’Tcm e et Lo .port09(porte9),
ch Gleelelelole]e] Leds .port10(portin),
LD e && .porti11(8'h00), // not used
exec FETC‘:“"“ .port12(8'heo),
.port13(8'h0e0o),
.port14(8'ho0o),
.port15(8'h0o0o),
.state_out(state_out) // state output
module system ( e
// External signals o // 7-segment controller instance
input wire clk, // clock (rising edge) display_ctrl #(.cdbits(18), .hex(1)) display_ctrl (
input wire reset, // reset (synchronous, .ck(clk), // system clock
input wire start, // start operation .X3(port02[7:4]), // display digits
output wire ready, // ready output indicat .x2(porte2[3:0]),
//output wire [7:0] portoo, // 8XLED (disabled for .x1(port@1[7:4]),
output wire [7:0] porte3s, // generic digital outp .X0(port01[3:0]),
input wire [7:0] port@s, // 8xSwitches .dp_in(4'b1011), // decimal point vector
input wire [7:0] porte9, // 4xButtons .seg(seq), // T7-segment output
input wire [7:0] port1io, // generic digital inpu .an(an), // anode output
output wire [0:6] seg, // T7-segment output .dp(dp) // decimal point output
output wire [3:0] an, // anode output );
output wire dp, // decimal point output
output reg [7:0] state_dec // FSM state output for .
);
[...]
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YASAC Stage 3

e Stage 2 limitations

- YASAC Stage 2 programs cannot alter the sequence of instructions
(branching). Cannot take decisions!

- (Afew more...)

 Why do we need (conditional) branching instructions?
— Take decisions in our program.
- Implement (any) algorithm.
— Conditional branching makes a true computer.

With these modifications, YASAC will become a
Turing-complete computer: it can implement any
algorithm (except for memory limitations).
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YASAC Stage 3

Needed changes

 New instruction format
- To encode new branch instructions.

* Program counter:
— Connect to the bus to allow PC writing (branch instructions).

* ALU:

— Needs to generate the status output of the last performed operation.

CF: carry flag. Set when carry (add) or borrow (sub).

ZF: zero flag. Set when result is zero.

NF: negative flag. Set when result is negative (in Two’s complement).
VF: overflow flag. Set when overflow.

SF: sign flag (S=N"V). Set to 1 when A-B is negative, even if there is overflow.

e Status register:
— New register to store ALU’s status output.

* Control unit:
- Implement new instructions

g DT
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YASAC Stage 3
Instruction format

VB

5 > >
opcode | Ra | — | Ru
opcode | Re ] K
opcode | S | k

/|

Status bit and branch condition
selector. Works as an extension
to the operation code.
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YASAC Stage 3

Status register

S
PN
— TN
/7 6 5 4 3 2 1 O
- | - | - [SF|VF|NF|zZF|CF
AN /
V

Reserved for late use

Status register flags
 CF: Carry Flag

« ZF: Zero Flag

* NF: Negative Flag
* VF: oVerflow Flag
« SF: Sign Flag

g DT
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YASAC Stage 3
Branch instructions

e JMP k
- JuMP to instruction at memory address K.
- ltis like a MOV instruction for the program counter.

* BRBS s, k
- BRanch to instruction at memory address K if Bit s in the status register is Set.

* BRBC s, k

- BRanch to instruction at memory address k if Bit s in the status register is
Cleared.

JMP  OXxA2 ; Using a numeric address
JMP  LOOP ; Using a label (translated by the assembler)

BRBS 0, NEXT ; Branch if carry set
BRBS ZF, CONT ; Branch if zero (using a constant ZF=1)

BRBC VF, NO_OV ; Branch if no overflow
BRBC SF, PLUS ; Branch if the sign of the result is positive
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YASAC Stage 3
Instruction set

Op. code Instruction RTL SVNzC
00001 LDI Ra, k Ra—-k
00010 MOV Ra, Rb Ra«-Rb
00011 ADD Ra, Rb Ra « Ra+Rb gl
00100 SUB Ra, Rb Ra — Ra-Rb SRR
00101 STOP e
00110 LD Ra, Rb Ra - datamem(Rb) -
00111 ST Rb, Ra datamem(Rb) - Ra -
01000 LDS Ra, k Ra - datamem(kk) -
01001 STS k, Ra datamem(kk) - Ra = -—---
01010 JMP k PC -k
01011 BRBS s, k sreg[s]. PC -« k -
01100 BRBC s, k sreg[s]==0: PC -« k -

Now we need to specify how
the status register is updated
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Instruction

BRBS 0, k

BRBS 1, k

BRBS 2, k
BRBS 3, k
BRBS 4, k

BRBC 0, k

BRBC 1, k

BRBC 2, k
BRBC 3, k
BRBC 4, k

YASAC Stage 3
Branch pseudo instructions

Pseudo-instructions

BRCS k
BRLO k

BRZS k
BREQ k

BRMI k
BRVS k
BRLT k

BRCC k
BRSH k

BRZC k
BRNE k

BRPL k
BRVC k
BRGE k

Description

Branch if carry (Carry Set)
Branch if A<B after unsigned A-B (LOwer)

Branch if the result is zero (Zero Set)
Branch if A=B after A-B (EQual)

Branch if the sign is Minus
Branch if overflow (oVerflow Set)
Branch A<B after signed A-B (Less Than)

Branch if no carry (Carry Cleared)
Branch if A=B after uns. A-B (Same or Higher)

Branch if the result is not zero (Zero Cleared)
Branch if A#B after A-B (Not Equal)

Branch if the sign is PLus
Branch if not overflow (oVerflow Cleared)
Branch A=B after signed A-B (Greater or Equal)

 Easier to remember.

* Automatically translated by the assembler.
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YASAC Stage 3
ample program

S

Assembly code

OK:

CONT:

LDI RO, 120
LDS R1, 40
STS 0xf1, RO
STS 0xf2, R1

Quick exercise

a) What is the output at ports 01 and 02 if
the program runs correctly?

b) What is the real instruction for
“BRVS OK"?

ADD RO, R1
STS 0xf1, QB\\\\\\\\\\\\\\\\\\\
BRVS OK

STOP
JMP CONT
STOP

LDI R3, Oxff
STS 0xf2, R3
STOP

\

\

Change these to try other
numbers and instructions
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Data unit

Fmem — MuX
4 LU
) 7€ = l‘ovﬂ
| C 2
e SR
J‘ 3 sb»3  regs
N wrej —> .
bl —n
Codeuln .
Mim
No we can ('
write the PC N/
-y
(WVil's —DI g
e[S
3 geode ~ i [15: 1]
TU&Q So S - i+ [Io : ?J
A Sz v [0:9]
/\ Sk <t [z ioj
ALU status is _
Branch stored in the = [Fio]
condition code status register
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YASAC Stage 3

Updated ALU

ghQﬂ,ou‘\'
of SYW. (0P [ abhed [SVYREC
AL-AD | o o a+b ook g F
ALy _TRA ° G - = --
Aw_sup [ 1 ° a-b ¥ owrRY
ALu-TRB . b - T T
gfﬁg-:v\ :ll-v-a~vg'f,vi‘"}) &;'C.‘l
sveg_owt 4o = S v NG Y, G
AD D SuB
C = Q*b} + Eyrl € QR C, ’-'Q,rb} + E?rl € Q.5
2o = ok(r) 2y = or(r)
o Ne 4 Vg =o)
Ny = (?) Ny = (7) =3 = .
Vo = Qaby Vg + C"C}lh V3 Vo= Baby 'y + OW[’J V3
50’ vo® NQ So= VO@ NO
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YASAC Stage 3

Updated/new data unit blocks

) PC — b e pee—(pes 1) wed 2.5€
e | dwpece
*8 ch : ?C — I.gUS
g
”
Wi's _.J>| v S= Tr [:1]
t;sf ,&a{ztx
U*FUA'Q v .QL.@L(
gk&ﬁ-au‘— S&j-—TV‘
3 4
| Wsr=g - SMey o SRy _iwn
- 4%
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YASAC Stage 3
Control unit. Micro-ogerations

Updated arithmetic operations

ADD Rc\, ib '0 R& & thRL"' / QV'Q:I -« Srﬁj}ou'\' Of-'-A-LU-4DD' \Nr&a' W’-th

v R, RL 4) Lo « Re-Ry | Sry (—SV“Q:I__O\I-\ o‘a:-ALU,_Su%'\M-ES‘ wEweg

New jump instructions

e k 1) pe < A thw, op=ALU-TRB, wpc
BRBS s,k A) skhs ) pee W etalsd: ('-v\w,orzALu,T'RB , w"x)

RRBC S,k 4) sth[s] - pC — lx SARis) ( Mw, oszLu,T B ch)

All new instructions are executed in a single clock cycle.
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-

YASAC Stage 3
Control unit. States and control table

LDI Ra, k

MOV Ra, Rb

ADD Ra, Rb

SUB Ra, Rb

STOP
LD Ra, Rb
ST Rb, Ra
LDS Ra, k
STS k, Ra
JMP k

BRBS s, k

BRBC s, k

READY

ready
start: clpc

FETCH

wir, ipc

EXEC1

op=11, wreg, inm - FETCH
op=11, wreqg, - FETCH
op=00, wreg, wsreg - FETCH

op=10, wreg, wsreg - FETCH

- READY

op=11, wmar

op=11, wmar

op=11, wmar, inm

op=11, wmar, inm

inm, op=11, wpc

status([s]: inm, op=11, wpc
- FETCH

~status|[s]: inm, op=11, wpc
- FETCH

EXEC2

rmem, wreg - FETCH
op=01, wmem - FETCH
rmem, wreg - FETCH
op=01, wmem - FETCH

With this table we can update the Verilog code (do not need to draw an ASM chart).

i DT
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YASAC Stage 3

Verilog coding. Try it xourself!

Update the data unit modules that have changed:
- ALU (alu.v)

- PC, IR (data_unit.v)

Design the new elements

— Status register (data_unit.v)

Update the control unit with the new instructions

Update the input/output interface of the control and data units and
update its interconnection (yasac.v).

Write a simple program that uses branch instructions.

Simulate:

- Resolve syntax and compiler problems.
— Check result.

- If not correct, debug with Gtkwave.
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YASAC Stage 4

e Stage 3 limitations
— The instruction set is poor: no logic or bit manipulation instructions.

- (Afew more...)

* Why logic instructions?

Bit manipulation (through masks).

- Very useful to read/write individual input/output bits.

e Why shifting instructions?

Bit manipulation: bit counting, parity, etc.

- Arithmetic: multiply/divide by 2.

- Serial communications.

* What about updating the status register?

g DT

Useful to clean previous states.

With these modifications, the YASAC ISA is fairly complete and
makes writing assembly programs much easier.
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YASAC Stage 4
Overall needed changes

* ALU:
- Implement logic operations.
- Implement shift operations.

* Status register:
- New inputs to allow register updates.

* Control unit:
- Implement new instructions.
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YASAC Stage 4
Instruction format

VB

§ > 5
opcode | Ra | — | Ru
opcode | Re ] K
opcode | S | k

)

Now also used as status
register bit selector.
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YASAC Stage 4
Instruction set

Op. code

00001
00010
00011
00100
00101
00110
00111
01000
01001
01010
01011
01100
01101
01110
01111
10000
10001
10010
10011

Instruction

LDI Ra, k
MOV Ra, Rb
ADD Ra, Rb
SUB Ra, Rb
STOP

LD Ra, Rb
ST Rb, Ra
LDS Ra, k
STS k, Ra
JMP k
BRBS s, k
BRBC s, k
AND Ra, Rb
OR Ra, Rb
EOR Ra, Rb
ROR Ra
ROL Ra
BCLR s
BSET s

RTL SVNzC
Ra-k
Ra-Rb e
Ra « Ra+Rb —
Ra -« Ra-Rb HkARk

Ra ~ datamem(Rb) --—---
datamem(Rb) -« Ra -
Ra — datamem(k) @ -----
datamem(k) -« Ra -
PC-k e
status[s]: PC -« k -
~status[s]: PC -« k -

Ra « Ra&Rb Fkkkk
Ra — Ra|Rb ko
Ra —« Ra”Rb *hkkk
Ra — SHR(Ra,C) —
Ra — SHL(Ra,C) ok
sreg[s] — O Hkkkk
sreg[s] « 1 —
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YASAC Stage 4

BCLR and BSET pseudo instructions

Instruction insPtSr ?cj:(tjigns Description
BCLR O CLC CLear Carry bit
BCLR 1 CLZ CLear Zero bit
BCLR 2 CLN CLear Negative bit
BCLR 3 CLV CLear oVerflow bit
BCLR 4 CLS CLear Sign bit
BSET O SEC SEt Carry bit
BSET 1 SEZ SEt Zero bit
BSET 2 SEN SEt Negative bit
BSET 3 SEV SEt oVerflow bit
BSET 4 SES SEt Sign bit
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YASAC Stage 4
SamEIe program

N E NE NE= N

input:
output:

1di
sub
lds
rol
rol
rol
rol
sts
clc
ror
clc
ror
clc
ror
sec
ror
sts
stop

portos
portol
porte2

ro, 0
ro, ro
ro, oxfs
ro
ro
ro
ro
Oxf1, ro
ro

ro

ro

ro

Oxf2, ro

Ox5a (01011010)
Oxa2
Ox8a

o

=0
N=V=S=0, Z=1
01011010 (O
10110100 (O
01101000 (1
11010001 (O
10100010 (1
ortol = a2
10100010
01010001
01010001
00101000
00101000
00010100
00010100
10001010
port02 = 8a

5a)
b4)
68)
cl)
a2)

a2)
51)
51)
28)
28)
14)
14)
8a)

ORPOOROOOT RPORLROOON

N=" N E NE NE N NME N N N N N N N N N N N N

N—r

Quick exercise

a) What is the output at ports 01 and 02 if
port08 = 11010011 initially?

b) What are the real instruction for “CLC”
and “SEC”"?

\I C. RO

We do not have simple shift instructions
but:

* CLC+ROR - SHR
* CLC+ROL - SHL
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YASAC Stage 4
Data unit

Frmem —3 My X
5?(‘_ o2 Ll L\JS Lbus
clec 7C _ |
wpe = Sk—/—b e — al 1A :.FOI-%
N W"’ej — Voro- ad;\r - F)P+'r
codemalin '—”r—
k" = Wwrg r
Wiy —> g d? ]
tr )(Ul'stx qwle«wL'*i"]
Bt \ s‘b&us .
orc’AQ IK'QL( S - w[lo!?l
s 1 Sz [0:9]
C\QL _1 New ALU Qb = ef Ez 1°j
sesl, — operations ke ie [}:o]

Status register
updates
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YASAC Stage 4
Updated ALU

QV‘Q:,
of S\wlok [ ¥ SyRN2C
ALU-AM |6 0o 0 o a~rb g g =K
ALU_TRA| s0 @ o | -=-=--=
Aw_sup[ 8O ' | a-b P e 1
awreg |00 U b -
Aly_peg| O OO0 —a K ok owk
Alu-And | g | O\ ANb(o\.\,) KK LE-
aw-oR |01 LO| oREL) | & ¢ % g -
Atu-€0R | o | UL EO&(OL,b) EF XX -
AuRee | 1 000 [str(acy)| %% x « &
A _ec | 1 ©° | SHL (o) | # 7 ® xw
NEG AvD R, EoR R6 R Reol
< oR() Co = ¢ c,=a, C,= s
N,= (R) N, = () N = ) N = ()
V, = Q. Yy v Qo v=o0 U,T Cin &y V,= Q3 ® Qé
= .= VON )
“ 50 vo® No : ’ ° 367 \ro® No oy & Vo@ No
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YASAC Stage 4
Updated/new data unit blocks

s.—t_a ...C)U+ S V‘Lz...l h

]

3
c\sL _1 Sreq S

Sell,

wswa% - SRy o gy _iwm
clsb © sreq[sleo
gesb v SPY[s]e 1
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YASAC Stage 4
Control unit. Micro-ogerations

Logic instructions

—+

AND RayBb 4) Rae % X RL Sy esreg_ovt (g ALuAD, wig, w&mﬁ)

P

6R R, R, 4) Roe RalRbL

/ S"Q:] ¢ grey_ov

(°|" ALU_0R , Wng, Wireg")

ROoR Re Rb 1) Race Ra” Rb , SFegf e sreg oyt ko(( ALU_EOR wrg, WSrlﬁ)

Shifting (rotating) instructions

ﬁo R KF\ 4) gab SHR (QG“C) ' Smﬂ — Smﬁ“o\’-\ ( O‘D’ALU»KOK‘ ‘NN% ) W&Rj)

Re L Ree ) Ra « SHL (KR‘C) " Skeq c—gre:]_aﬁ (orzALu- Roc | wreg ws*ii)

Status update instructions

BOUR 3 1) sweqls]) < o clsl All new instructions are
executed in a single clock
RSET § 1)  sreqls) « | sesb cycle.
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YASAC Stage 4
Control unit. States and control table

LDI Ra, k

MOV Ra, Rb

ADD Ra, Rb

SUB Ra, Rb

STOP
LD Ra, Rb
ST Rb, Ra
LDS Ra, k
STS k, Ra
JMP k

BRBS s, k

BRBC s, k

READY

ready
start: clpc

FETCH

wir, ipc

EXEC1

op=0011, wreg, inm - FETCH
op=0011, wreg, - FETCH
op=0000, wreg, wsreg — FETCH

op=0010, wreg, wsreg - FETCH

-~ READY

op=0011, wmar

op=0011, wmar

op=0011, wmar, inm
op=0011, wmar, inm

inm, op=0011, wpc
status[s]: inm, op=0011, wpc
- FETCH

~status[s]: inm, op=0011, wpc
- FETCH

EXEC2

rmem, wreg - FETCH
op=0001, wmem - FETCH
rmem, wreg - FETCH
op=0001, wmem - FETCH

Old instructions only update the width of the ALU’s operation code.

i DT
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YASAC Stage 4
Control unit. States and control table

READY FETCH EXEC1
AND Ra, Rb op=0101, wreg, wsreg - FETCH
OR Ra, Rb op=0110, wreg, wsreg - FETCH
EOR Ra, Rb op=0111, wreg, wsreg - FETCH
ROR Ra ::r(':?/clpc wir, ipc op=1000, wreg, wsreg - FETCH
ROL Ra op=1001, wreg, wsreg - FETCH
BCLR s clsb -~ FETCH
BSET s sesb -~ FETCH

With this table we can update the Verilog code (do not need to draw an ASM chart).
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YASAC Stage 4
Verilog coding. Try it xourself!

* Update the data unit modules that have changed:
- ALU (alu.v)
- Status register

* Update the control unit with the new instructions

* Update the input/output interface of the control and data units and
update its interconnection (yasac.v).

* Write a simple program that uses the new instructions.
— Or use the example in a previous slide.

e Simulate:
- Resolve syntax and compiler problems.
— Check result.
- If not correct, debug with Gtkwave.
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YASAC Stage 5

e Stage 4 limitations
— No subroutine support and no stack.
- (Afew more...)

* Why subroutines? With these modifications, the YASAC ISA is
ready to implement complex programs in
assembly, like programs to support higher-level
— Code re-usability. languages: parsers, assemblers, compilers, etc.

- Recursion.

 Why a stack?
— Itis a convenient way to store data needed to implement subroutines.

- Repetitive tasks.

- lItis also useful to save register contents to memory and recall it later.

- Greatly simplifies the job of programs that implement higher-level
languages (compilers):

* Parameter passing.
* Local data (to a function or method).
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Stacks

* Atype of Last-In, First-Out memory (LIFO).

 Two operations:
- PUSH: stores data in the stack.

- POP: retrieves the last data pushed to the stack, not previously popped.

* Implementation in computers
- Use RAM memory.
- Start at a stack’s base memory address.
- Use a stack pointer register to store the current stack’s top address.
- Make the stack to grow downwards to maximize memory usage.

— Be careful not to overrun your program’s code or date by growing the
stack too much.

* Do not worry, modern processors have mechanisms to handle it.

lig. D T Departamento de Tecnologia Electronica — Universidad de Sevilla

88



Contents

YASAC Stage 5
Needed changes

* Stack pointer register.

* Program counter read operation.
- Needed to save it onto the stack when CALL.

e Control unit:
- Implement new instructions.
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YASAC Stage 5

Instruction format gsame as stage 42

VB

5 > 3
opcode | Ra | — | Ru
dpcode | Re | k
opcode | S | k
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YASAC Stage 5
Instruction set

U+

DT

Op. code
00001
00010
00011
00100
00101
00110
00111
01000
01001
01010
01011
01100
01101
01110
01111
10000
10001
10010
10011
10100
10101
10110
10111

Instruction RTL
LDI Ra, k Ra — k
MOV Ra, Rb Ra — Rb
ADD Ra, Rb Ra « Ra+Rb
SUB Ra, Rb Ra —« Ra-Rb

STOP -

LD Ra, Rb Ra —~ datamem(Rb)
ST Rb, Ra datamem(Rb) -~ Ra
LDS Ra, k Ra — datamem(k)
STS k, Ra datamem(k) - Ra
JMP k PC ~ k

BRBS s, k status[s]: PC « k
BRBC s, k ~status[s]: PC < k

AND Ra, Rb Ra « Ra&RDb
OR Ra, Rb Ra - Ra|Rb
EOR Ra, Rb Ra <« Ra”Rb

ROR Ra Ra — SHR(Ra,C)
ROL Ra Ra — SHL(Ra,C)

BCLR s sreg[s] « O

BSET s sreg[s] « 1

PUSH Ra datamem][sp] « Ra;sp « sp-1

POP Ra Ra —~ datamem[sp+1];sp — sp+1
CALL k datamem[sp] — pc; pc « k;sp —~ sp-1
RET pc — datamem[sp+1];sp —« sp+1
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YASAC Stage 5

SamEIe program

input:

N E NE NE= N

send:

output:

portes =
portel = ?
porte2 = ?

lds ro, 0xf8
1di r1, Oxff
push ro
pop ri
call send
stop

stop

stop

stop

sts Oxf1,
sts Oxf2,
ret

stop

ri
ro

Ox5a (01011010)

4

Quick exercise

a) What is the expected output at portO1 and
port02?

b) How many instruction in the sample code
are never executed?

ro = portos
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YASAC Stage 5
Data unit

prsp —1 —p ___—  New stack

(WCIP —
decsP — pointer reg.
i —L) N
cpe — , My i
')?C \LLVJ P ‘ou} L s LL\[F
_1 v e
c'?c_‘, TC ( Cow _%(_5 ol A > FJrV
vpe L 2 egs A :
¥_____——- S Wp@u—?J& Wl '
N “ufﬂ-—a — v c—izxi1r
PC reading bl —= T
deQNLU& \ o Min (__
Vv _

”

— e —

Wil's —D\ I'g

spcole

g DT

I

oecde ~ 1[5 1]

S =irle2]
Ce= v [0:9]
S = er Bloj

keir[>i0]
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YASAC Stage 5

New stack Eointer register

prsp

(wCipP

|

=

d

_ - prip: SP ¢ STACk_RACE
sP j deesp = $p — SP - |

MCep . P & Sp+ |
: i Sp e Sp
<TRARCK . BASNE = Ox EF
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YASAC Stage 5

Control unit. Micro-ogerations

PURH Ra

¢)  Wor e sp o speSp -4

Asta_we (5p) & Ra | SP = gp-1

V‘5r ) W‘Mqu decjlo

2) )‘JZLU-'-”—’" thar) — R of = ALV~ TRA ) wweln
Por Re Ra «dafes _peew (sp+t) | fpe spr)
1) spe—sp +l e sp

Z) WMo — S¢ rgr) WWor

3) Re =data —weu CMV) gl XTI ) wreg

g DT
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YASAC Stage 5

Control unit. Micro-ogerations

CALL L Aa\a—u,a_m (c{)) “ pC / PC — / S’P e— S{J il
1) WMoy < sSP ) Src—S?-—l rsp ) W, J\QCQP

2) dote _uim (mar) — pC rpc 5 Wienn

3) TC — l\ TVUM, ar'-‘ALU..TF& ; w|>¢
REI pc ¢ data _ inoun (Qib ) | Spe= SP +\
1) SP o Sp ) e SP

Z) wmay — sp P, Nwar

3) Fc — o\d‘q_w (MOLV\ 'l L TTPN | WpC
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YASAC Stage 5
Control unit. States and control table

Instruction EXEC1 EXEC2

LDI Ra, k op=0011, wreg, inm

MOV Ra, Rb op=0011, wreg

ADD Ra, Rb op=0000, wreg, wsreg

SUB Ra, Rb op=0010, wreg, wsreg

STOP

LD Ra, Rb op=0011, wmar rmem, wreg

ST Rb, Ra op=0011, wmar op=0001, wmem
LDS Ra, k op=0011, wmar, inm rmem, wreg
STS k, Ra op=0011, wmar, inm op=0001, wmem
JMP k inm, op=0011, wpc

BRBS s, k status[s]: inm, op=0011, wpc

BRBC s, k ~status[s]: inm, op=0011, wpc

NOTE:
e READY and FETCH states have been omitted.
« All instructions go back to FETCH except STOP that returns to READY.
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YASAC Stage 5
Control unit. States and control table

EXEC1 EXEC2 EXEC3
AND Ra, Rb 0p=0101, wreg, wsreg
OR Ra, Rb  0p=0110, wreg, wsreg
EOR Ra, Rb 0p=0111, wreg, wsreg

ROR Ra op=1000, wreg, wsreg

ROL Ra op=1001, wreg, wsreg

BCLR s clsb

BSET s sesb

PUSH Ra rsp, wmar, decsp op=ALU_TRA, wmem

POP Ra incsp rsp, wmar rmem, wreg

CALL k rsp, wmar, decsp rpc, wmem inm, op=ALU_TRB, wpc
RET incsp rsp, wmar rmem, wpc

NOTE:

« EXEC1 is the same for (PUSH, CALL) and (POP, RET).
« EXEC2 is the same for (POP, RET).
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YASAC Stage 5
Verilog coding. Try it xourself!

* Update the data unit:
— Add stack pointer register.
- Add PC out.

e Update the control unit with the new instructions.

* Update the input/output interface of the control and data units and
update its interconnection (yasac.v).

* Write a simple program that uses the new instructions.
— Or use the example in a previous slide.

e Simulate:
- Resolve syntax and compiler problems.
— Check result.
- If not correct, debug with Gtkwave.
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What's next?

Stage 6. InterruEts

Interrupt lines are activated by external devices.

The computer executes an interrupt service routine every time an
external interrupt is activated.

— Service routines are very similar to subroutines.
Interrupts may be disabled.
Greatly simplifies input/output programming:

— No need to poll input ports in a loop, the external device will activate an
interrupt when new data is available.

Greatly simplifies common tasks:

- Atimer can activate an interrupt at regular intervals to update the time,
check a keyboard, update output ports, etc.

The basis for multitasking:

— Periodic interrupts can be used to execute a task scheduler that will
switch from one task to another.
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What's next?
Stage 7. Bootloading

* Currently, the program is fixed an can only be changed by re-
programming the FPGA chip.

* Bootloading: ability of the computer to load programs from the outside
world.

* Two strategies:

- Programming interface:

* The control unit has a “programming” mode that reads data form the outside
world and writes to the program memory.

* Needs additional hardware, an external programmer device and external
programming software.

- Software bootloader and serial port:

* The initial program in the computer will load a new program from the outside
world by using some peripheral (e.g. a serial port).

* Needs a hardware peripheral (serial port controller), instructions to load and
store data from/to program memory (LDPM, STPM) and external programming
software.
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What's next?
System imErovements

* Pulse-Width Modulation (PWM) output:
— Light control, motor and servo control, etc.

e Serial communications: RS-232, SPI, 12C
- Many peripherals use these: sensors, LCD screens, keyboards, etc.

* Timer (specially if we implement interrupts)
- Measure time, do things at regular intervals, etc.
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What's next?
Toolchain

* Toolchain
- Software tool used for software or hardware development.

e Basic toolchain:
— Assembler: converts assembly code into machine code.

- Programmer/uploader: uploads machine code to the computer using a
programing interface or bootloader.

e Other typical toolchain programs:
- C language compiler: entry point to high-level programming.
- Linker: combines machine code fragments, library functions, etc.

— Debugger: executes programs in a controlled way in order to find errors
(bugs).
— Object file (machine code) inspection: disassembly, etc.

We'll see more on this in the next unit with a real computer.
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