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Introduction

e Microarchitecture means a lower-level hardware

. . . Application
structure that is able to execute instructions Software | Prodrams
%F;i:::;nsg device drivers
e Multiple implementations for a single ISA
- . instructions
" Slngle-cycle Architecture registers
e Each instruction is executed in a single cycle — datapaths
[t suffers from the long critical path delay, limiting the clock architecture | controllers
frequency . dder
= Multi-cycle oge memories
e Each instruction is broken up into a series of shorter steps Digital AND gates
o Different instructions use different numbers of steps, so Circuits NOT gates
simpler instructions completes faster than more complex ones Analog amplifiers
n Pipeline (5 Stage) Circuits filters
e Execution is broken up into a series of steps Devices transistors
« All the instructions use the same number of steps dlodes
e Multiple instructions (up to 5) are executed simultaneously Physics electrons
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Revisiting Performance

CPU Time = # insts X CPI X clock cycle time (T) = # insts X CPI / f

CPU Time — Instructions Clock cycles ~ Seconds

X
Program Instruction  Clock cycle

e Performance depends on
= Algorithm affects the instruction count
= Programming language affects the instruction count and CPI
= Compiler affects the instruction count and CPI
= Instruction set architecture affects the instruction count, CPI, and T (f)
= Microarchitecture (Hardware implementation) affect CPI and T (f)
=  Semiconductor technology affects T (f)

o Challenges in designing microarchitecture is to satisfy constraints of
cost, power and performance
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Revisiting Logic Designh Basic

e Combinational logic
= Qutput is directly determined by current input

Adder Multiplexer (Mux) ALU
AND gate A N Ao
A _} Y Y 11— Y SALUR> Y
B — B -
S F

e Sequential logic
= Qutput is determined not only by current input, but also internal
state (i.e., previous inputs)

= Sequential logic needs state elements to store information

e Flip-flops and latches are used to store the state information. But,
avoid using latch in digital design
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Revisiting State Element

e Registers (implemented with flip-flops) store data in a circuit
= Clock signal determines when to update the stored value

¢ Rising-edge triggered: update when clock changes from 0 to 1
e Falling-edge triggered: update when clock changes from 1 to 0

= Data input determines what (0 or 1) to update to the output

D Flip-flop

D —»

Clk—

> Q

Clk
D

Q

g

X

a
ey

X

o Register with write control (or enable)
= Only updates on clock edge when write control (enable) input is 1

o4 " N R R S—
D —» - Q _ : | : '
Write —» Write v y
Clk —> D — \%
Q X i
5
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e Virtually all digital systems are synchronous to the clock
Combinational logic sits between state elements (flip-flops)

Clocking Methodology

Combinational logic produces its intended data during clock cycles
= Input from state elements
= Qutput to the next state elements
= Longest delay determines the clock period (frequency)

1

State
element

State
Combinational logic element
2

Clock cycle —

State
element

Combinational logic
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Overview

e We are going to design a MIPS CPU that is able to execute the
machine code we discussed so far

» For the sake of your understanding, we simplify the CPU and its
system structure

Real-PC system

Address Bus

Simplified MIPS —

Memory
(Instruction,

Data Bus data)
(Di
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Our MIPS Model

e QOur MIPS CPU model has separate connections to memory
= Actually, this structure is more realistic as we will see when we study caches

Instruction fetch

______
-
/’ ~‘

Instruction/
Data
Memory

-------

MIPS CPU

_______
- ~

~
e S

N m———

Data access

e We use both structural and behavioral modeling with Verilog-HDL

= Behavioral modeling descriptively specifies what a module does

e For example, the lowest modules (such as ALU and register files) are designed with the
behavioral modeling

= Structural modeling describes a module from simpler modules via instantiations
e For example, the top module (such as mips.v) are designed with the structural modeling
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Overview

Microarchitecture is composed of datapath and control

= Datapath operates on words of data
e Datapath elements are used to operate on or hold data within a processor

e In MIPS implementation, datapath elements include the register file, ALU,
muxes, and memory

= Control tells the datapath how to execute instructions

e Control unit receives the current instruction from memory and tells the
datapath how to execute that instruction

o Specifically, the control unit produces mux select, register enable, ALU
control, and memory write signals to control the operation of the datapath

Our MIPS implementation is simplified by designing only
= Data processing instructions: add, sub, and, or, slt

= Memory access instructions: lw, sw

= Branch instructions: beq, j
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Overview of Our Design

MIPS_System_tb.v (testbench)

MIPS_System.v

mips.v ram2port_inst

_data.v
E
Register Memory
File Access

Address

Instruction

<«

Code and

Data in your
Address prog ram

DataOut

Dataln

<«
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Instruction Execution in CPU

e Generic steps of the instruction execution in CPU

= Fetch uses the program counter (PcC) to supply the instruction
address and fetch instruction from memory

= Decoding decodes instruction and reads operands
e Extract opcode: determine what operation should be done
e Extract operands: register numbers or immediate from fetched instruction

= Execution

e Use ALU to calculate (depending on instruction class)

= Arithmetic or logical result
Address Bus

= Memory address for load/store MIPS CPU
= Branch target address _ (
e Access memory for load/store etch with P Data Bus Instruction/
PC = PC +4 Dat
ata

Address Bus

Memo
= Next Fetch i

« PC « target addressor pC + 4

Data Bus
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Instruction Fetch

MIPS CPU

>

reset—»

clock—»]

PC

4 —> \/

> Add

Increment by 4 for

/ the next instruction

> / Memory
out |32
> Address . /

instruction

32-bit register (flip-flops)

What is PC on reset?
=  MIPS initializes pC to 0xBFC0_0000
= For the sake of simplicity, let’s initialize the pc to 0x0000_0000 in our design

12

Korea Univ



Instruction Fetch Verilog Model

mips.v

pcnext

reset —P pcreg
clock —»

module pcreg (
input clk,
input reset,
output reg [31:0] pc,
input [31:0] pcnext);

always @ (posedge clk, posedge

module adder (

input [31:0] a,
input [31:0] b,

output [31:0] vy);

assign y =

a + b;

module mips (
input clk,
input reset,
output[31:0] pc,
input [31:0] instr);

wire [31:0] pcnext;

// instantiate pc

pcreg mips pc (.clk (clk),
.reset (reset),
.pc (pc),
.pcnext (pcnext)) ;

reset) endmodule // instantiate adder
begin adder pcadd4 (.a (pc),
if (reset) pc <= 32'h00000000; .b (32'b100),
else pc <= pcnext; .y (pcnext));
end
endmodule
endmodule
13
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Memory

o As studied in the Computer Logic Design, memory is classified
into RAM (Random Access Memory) and ROM (Read-Only
Memory)

= RAM is classified into DRAM (Dynamic RAM) and SRAM (Static RAM)

= DDR is a kind of DRAM

e DDR is a short form of DDR (Double Data Rate) SDRAM (Synchronous
DRAM)

e DDR is used as main memory in modern computers

e We use a Cyclone-II (Altera FPGA)-specific memory model
because we port our design to the Cyclone-II FPGA
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Generic Memory Model in Verilog

64 words

~~

Word
(32-bit)

Compiled
binary file

module mem (input clk, MemWrite,
input [7:2] Address,
input [31:0] WriteData,

output [31:0] ReadData);

reg [31:0] RAM[63:01];

// Memory Initialization
initial

begin
$readmemh ( n , RAM) ;
end
m;d

assign ReadData = RAM[Address|[7:2]1];

// Memory Write
always @ (posedge clk)
begin
if (MemWrite)
RAM[Address[7:2]] <= WriteData;
end

endmodule

32

‘/_,

'31:0Pa7000a

WriteData

6

Address

MemWrite

|

Memory

20020005
2003000c
2067fff7
00e22025
00642824
00242820

0064202a
10800001
20050000

00e2202a Re

00853820
00e23822
ac670044
8c020050
08000011
20020001
ac020054

\

dData[31:0]

32

\

memfile.dat

15
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Simple MIPS Test Code

& C/C++ - assembly_exampleftestvec?.s - Eclipse

File Edit Source Refactor Mavigate Search Run Project  Window Help
: r:’- W o M C B | B cic+ |
PR - B % [3 B - i E
: o
|.—|‘}‘_‘|Project Explorer &1 = 0| [5 testvec.s [5] testvecz.s B2 P4 =0
=
‘" = .text A
EEIE bt 8 o
= a7 -align o
&5 assembly_c_7_Segs adn @
&5 assembly_c_mix_example ) E]
=] :5 assembly_example )
[B] MIPS_System_Mem_Map addl zsp, 531;, -1
[B] MIPS_System_Misc.h sw  &ra, Oissp]
[8) testvec.s addi §a0, §0, 2
su fal, £
\=| binZhex.petl E_lddl fal, 90, 3
=] hexzmif.petl jal  sum
\=| insts_data.mif s v, ¥
@ Makefile 1w fra, O(%sp]
S ostvec addi  $sp, $sp, 4
El
o ; ir Sra
|5 testvec.bin ]
|E\] testvec,dump
= testvec.hex sum:
|=| testvec.lds E_ldd fwl, §al, §a1
testvec.o Ir fra
.data
.align # 4
f: .word 1, 2, 3, 4
g: .word 5, 6, 7, 8 -
[3_\ Problems \;__—), Tasks | B Cansole £2 =1 Properties =0
Mo consoles to display at this time, o fﬁ -
< I
:¢ @ Jassembly_example/testvec?.s

—
assemble

& C/C++ - assembly_example/testvec. hex - Eclipse

File Edt Source Refactor Mavigate Search Run Project  Window Help
i F‘j' 5 ﬁ 65~ [¢] @* B | B oo+ |
e *a o
|.—[§‘_‘|Pr0ject Explorer 23 =d f: testvec.s S testvec,hex &4 10
EE| e~ 20020005
35 I 2003000
:;5 assembly_c_7_Segs EEEZ:EZ;
:;5 assermbly_c_mix_example
g £ bl I o0gd4z824
= assembly_example ODa42 820
[1] MIPS_System_fiem_Map L0A7000D
[1] MIPS_System_Misc.h
@ testvec,s Egiigggi
@ testvec?.s
=] binzhex.perl 10800002
=] hexzmif.perl ooononno
. ) 20050000
|=| insts_data.mif
& Maksfils O0EZ2Z024
= I 00853820
= . O0E23822
= testvec.bin
@ testvec,durmp ACs70DTO
= SCOZ00FC
= 08000014
= testvec.lds
bestver.o aooooooo
20020001
ACOZ0054
AnnnnT
[ prob |44 Task | B cons 22 =l prop
C-Build [assembly_example]
¢ | B
:Q |=| assembly_exampleftestvec.hex

=8
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Our Memory

e As mentioned, we use a Cyclone-
IT (Altera FPGA)-specific memory

model because we port our design

to the Cyclone-II FPGA

Prof. Suh has created a memory
model using MegaWizard in
Quartus-II

To initialize the memory, it requires
a special format called mi f

Prof. Suh wrote a perl script to
generate the mif-format file
e Check out Makefile

For synthesis and simulation, just
Copy insts data.mif to

MIPS System Syn and

MIPS System Sim directories

& C/C++ - assembly_examplefinsts_data.mif - Eclipse

File Edit Source Refactor Mavigate Search Run Project  Window Help
N il @ B [ @ & B cic++
KRB B0 Q B
: 5 L=
L™ Project Explorer 53 = O B insts_datamif 2 712 = B8l
=
=Ry = WIDTH=32; A
Oz
; :5 a? DEPTH=:=2635; E‘_—
5 assembly_c_7_Segs &
5 ::4;, . ATLDRESS RADIX=HEX:
Tz assembly_c_mix_example — El
e DATL RADIXE=HEI:
== assembly_example —
+ MIPS_System_Mern_Map
+ MIPS_Swvstem_Misc.h COMTENT BEGIN
+ testvec.s
= beshvacs.s oo Z00z0005
. ool Z003000cC
| binZhex. perl
. ooz Z067FFF7 :
| hexzmif, perl
e — aos o O0EZZ02Z5 :
Rirsts_data.mif
& Makefils oog 00642524 ;
oas 00L42520 ;
| testvec
. ooe = 10470000 ;
| testvec.bin
R ooy o gooooooo
@ teskyec, dump
oos 00642024 ;
| testvec,hesx
oas l0g0o0oo0z
| testvec.lds
= ooa gooooooo
In_|\\|| teskvec.o
Oag : 20050000
oac O0OEZZ024h ;
MAaT o« NORC222M o« ™
ll Prob | ¥ Task | Bl cons 23 Epep — O
C-Build [assembly_example]
< >
: 0¥ | assembly_escamplefinsts_data, mif
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Instruction Decoding

e Instruction decoding separates the fetched instruction
into the fields according to the instruction types (R, I,
and J types)

= Opcode and funct fields determine which operation the
instruction wants to do
e Control logic should be designed to supply control signals to
datapath elements (such as ALU and register file)
= Operands
e Register numbers in the instruction are sent to the register file

 Immediate field is either sign-extended or zero-extended
depending on instructions
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Schematic with Instruction Decoding

instruction
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Register File in Verilog

module regfile (input
input
input

input

output

reg [31:0] rf[31:01];

clk,
RegWrite,

0] ral, ra2, wa,

0] wd,

[31:0] rdl, rd2);

// three ported register file

// read two ports combinationally

// write third port on rising edge of clock

// register 0 hardwired to 0

always @ (posedge clk)

if (RegWrite) rf

assign rdl = (ral
assign rd2 = (raZ2
endmodule

[wa]

1= 0)
1= 0)

<= wd;
? rflral] : 0;
? rflraz2] : 0;

Register File
< 32 bits
RO 22
R1
R2 rdl
R3
-
R30 rd2
R31
RegWrite

20
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Signh & Zero Extension Iin Verilog

Why declares it as reg?
Is it going to be synthesized as registers?
Is this logic combinational or sequential logic?

a[15:0] (= imm) y[31:0]

always Q@ (*) —_—

. 32
begin

1f (sign ext) y <= {{le{al[l5]}}, a};

else y <= {{16{1'b0}}, a};
end sign_ext

endmodule
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Instruction Execution #1

o Execution of the arithmetic and logical instructions

= R-type arithmetic and logical instructions
e Examples: add, sub, and, or ...

e 2 source operands from the register file

B

opcode

I'S

rt

rd

Sa

funct

= I-type arithmetic and logical instruch

e Examples: addi, andi, ori ...

e 1 source operand from the register file

e 1 source operand from the immediate field

o G2 ()

destination register

opcode

'S

rt

immediate

22
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Schematic with Instruction Execution #1

Opcode
funct

Control

MIPS CPU Core

Unit
ALUSIrc
RegWrite
Register
File
ral[4:0]= RO 22 . \
2[4:0 Rl ’ !
ra2[4: ]= R2
R3 ALUSrc )\LU
instruction wa[4:0] 2 a2
wa 2 mu
e >
RegWrite
— Memory
Sign or 4 32
zero- \\ L
extended / 32 Out 7
PC » Address
23
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How to Design Mux in Verilog?

module muxZ2 (input [31:0] doO, module muxZ2 (input [31:0] dO,
input [31:0] dil, input [31:0] di,
input S, OR input S,
output [31:0] vy); output reg [31:0] vy);
always @ (*)
assign y = s ? dl do; begin
if (s) y <= dl;
endmodule else y <= d0;
end
Design it with parameter, so that endmodule
this module can be used
(inStantiatiated) in any sized module datapath (... ) ;
J muxes in your | | o
y wire [31:0] writedata, signimm;
module(@gfg/ﬁkparameter WIDTH = 8) Xiiz [31:0] Srcziusrc
(input [WIDTH-1:0] d0, di,
input S — /éxgniiggiiazizgmux(
output [WIDTH-1:0] y); .d0 (writedata),
assign y = s ? dl do; .dl (signimm),
endmodule :; Eziszfil
endmodule
24
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Instruction Execution #2

e Execution of the memory access instructions

= 1w, sw Instructions

opcode

Irs

rt

immediate

s$t2

opcode

I's

rt

immediate

25
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Schematic with Instruction Execution #2

MIPS CPU Core

Opcode
funct Control ——» MemWrite
’ Unit |[—>MemtoReg MemWrite
ALUSrc l
RegWrite
Memory
Regillseter »| WriteData
rail[4:0] RO oR
|- r
g R1 > > ReadData
ra2[4:0] R2
"= ALUSTC LU nddress
instruction wa[4:0] 32 rd2 MemtoRe
wa 32 !
T
o
- Memory
Sign or \ 4 32
zero- - /i
extended / 32 Out /4
reset PC »| Address
clock
1w $t0, 24($s3) // $t0 <= [$s3 + 24] 26

sSwW s$t2,

8($s3)

// [$s3 + 8] <= $t2
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Instruction Execution #3

e Execution of the branch and jump instructions
" beq, bne, 7, jal, Jjr Instructions

beq // go to Lbl if $s0=$sl

opcode rs rt immediate

Destination = (PC + 4) + (imm << 2)

;

opcode jump target

Destination = {(PC+4)[31:28] , jump target, 2'b00}
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Schematic with Instruction Execution #3
(beq)

M}IPS CPU Core

Opcode —E Eranch MemWrite
—funct > > 5 ) PCSrc l
zero il
Memory
Register S
File ?| WriteData
ra1[4:0]= - - \ \
R1 | g - ReadData
ra2[4:0] R2
g R3 ALUSrc >LU Address
wal[4:0] T 32 rd2
> MemtoRe
_ _ wd32 > |
instruction B
mux
PCSrc l\l
|
‘ﬁ Memory
i 4
Sign or 32
i</ )

zero-
extended

32 [~ out 7

TeSet PC Address
clock

A 4

Destination = (PC + 4) + (imm << 2) 28 Korea Univ



Schematic with Instruction Execution #3

(3)

M}IPS CPU Core

Opcode —3 jump MemWrite
> branch
> . PCSrc
—funct > > ) l
P4y g Memory
Register > ., .
File \ ”| WriteData
ra1[4:01 o 2 a1
g R1 > > ReadData
ra2[4:01 R2
g R3 ALUSrc >LU Address
wa[4:0]= (L 32 42 MemtoRe
_ _ wd32 > )
instruction 1
mux
PCSrc jump l\l
|
'mm Sign or EE Memory
ero- +._f::/
lé exztended 32 32
|
Out I
imm _/ / \ Nmm! » Address
\26 / <2/ 28 ° Concaterlation z(la:s't( e
PC[31:28]
Destination = {(PC+4)[31:28], jump target, 2'b00} 29

Korea Univ



Demo

e Synthesis with Quartus-II

e Simulation with ModelSim
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Why HDL?

e In old days (~ early 1990s), hardware engineers
used to draw schematic of the digital logic, based on
Boolean equations, FSM, and so on..

e But, it is not virtually possible to draw schematic
as the hardware complexity increases

= Example:

e Number of transistors in Core 2 Duo is
roughly 300 million

e Assuming that the gate count is based
on 2-input NAND gate, (which is
composed of 4 transistors), do you
want to draw 75 million gates by
hand? Absolutely NOT!
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Why HDL?

e Hardware description language (HDL)

= Allows designer to specify logic function using language

e So, hardware designer only needs to specify the target
functionality (such as Boolean equations and FSM) with

language
= Then a computer-aided design (CAD) tool produces the
optimized digital circuit with logic gates
e Nowadays, most commercial designs are built using HDLs

HDL-based Design ] CAD Tool _ Optimized Gates

module example (
input a, b, c,

output vy);

assign y = ~a & ~b & ~c |
a & ~b & ~c |

a & ~b & c;

endmodule
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HDLs

e Two leading HDLs

= Verilog-HDL
e Developed in 1984 by Gateway Design Automation
e Became an IEEE standard (1364) in 1995 ‘
e We are going to use Verilog-HDL in this class e

= The book on the right is a good reference (but not Complian
required to purchase)
= VHDL

e Developed in 1981 by the Department of Defense
e Became an IEEE standard (1076) in 1987

B IEEE: Institute of Electrical and Electronics Engineers is a professional society responsible for
many computing standards including WiFi (802.11), Ethernet (802.3) etc
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HDL to (Logic) Gates

e There are 3 steps to design hardware with HDL
1. Hardware design with HDL

e Describe your hardware with HDL

= When describing circuits using an HDL, it’s critical to think of the
hardware the code should produce

2. Simulation
e Once you design your hardware with HDL, you need to verify if
the design is implemented correctly

= Input values are applied to your design with HDL
= Qutputs checked for correctness

. Millions of dollars saved by debugging in simulation instead of
hardware

3. Synthesis

e Transforms HDL code into a netlist, describing the hardware

. Netlist is a text file describing a list of logic gates and the wires
connecting them
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CAD tools for Simulation

e There are renowned CAD companies that provide HDL
simulators

" Cadence cadence

" SYnopsys SYNOPSYS
= Mentor Graphics M
. P GmSRI%F
* We are going to use ModelSim Altera Starter Edition for simulation

™ [~ Tt|

D@ ES 4RB: ALY w R SHRHE[ e (B wa BTy 2| xek o &
T IR S EELEY

kspace —————— H v H % gm|wave - default

moore_snail_uut moore.

@ =AW

D ALY

o FALWAYSE52 moare, :_Sna) . )

+ o mealy_: snail_uut  mealy_s snai 4 smile_mealy e_sniail_th/smil.. |5t0 .
Y 5 e_snai_th/ma... |50 50 i 50 | 51 52 53 j54 J5g j53 4 jso |
@ SALWAYSE 4 [ £
<9
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http://www.cadence.com/
http://www.synopsys.com/
http://www.mentorgraphics.com/
http://www.altera.com/products/software/quartus-ii/modelsim/qts-modelsim-index.html

CAD tools for Synthesis

e The same companies (Cadence, Synopsys, and Mentor
Graphics) provide synthesis tools, too

= They are extremely expensive to purchase though

e We are going to use a synthesis tool from Altera

= Altera Quartus-II Web Edition (free)
e Synthesis, place & route, and download to FPGA

& Ele Edt Ven Broject Assignments Processing ook Window Help

essages

£ |Message: 0 of 338 [
For Help, press F1 [ Mo

E]
DeEd & ARM_System e @RS P ol k& B A @
Projectilavigator X £ R SytembAM_Sysemy | B MAM_SystersGPIO/GR0Y | € Complstion Report - Flow Sunmary | &R RTL Viewer
Entty ~ £
Ay Oyclone Il EP2CI5FE7208 = ;Ti‘ Page Tile: | TinerCourter Tirer Foge [T31
=]
B 355 ARM_System i) @ 5 System
@ Instances
B Addr_Decoder:Decoder
B ALTPLL_ckgen:plio
B arm:arm_cpu
Flow: [Compiation ~ o cProueo
Task @ ~ @ O miniUART:UART
"2 7 F-b Adyos & Bebomtor 5 E O ramzport_nst_dataiins{
> Parttion Merge & = | | O TimerCounter:Timer
- Netlst Viewers - Primitives
& [FTL Ve - Fins
b State Machine V - Nets
38 Technology Map Primitives
» Design Assistant (Pos Fins -
s 1/0 Assignment Anh oy b s
< > Hierarchy List £ Find /
* Type essage
7] B T T
b
v £ ARM
v
i documenta /ku/
P entities, 1
i Found 1 design units, ineluding 1 entities, /docunents and settings/user/my documents/ku/
<
System [7]_, Processing (194) {_Exialrfo }, Info (100) }, ‘Waming (3) J, CilicaWaning J, Enor J, Suppressed (21) J, Flag
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http://www.altera.com/products/software/quartus-ii/web-edition/qts-we-index.html

MIPS CPU with imem and Testbench

module mips_tb();

reg clk;
reg reset;

// instantiate device to be tested

module mips_cpu_mem(input clk, reset); mips_cpu_mem imips_cpu_mem(clk, reset);
wire [31:0] pc, instr; /[ initialize test
initial
// instantiate processor and memories begin
mips_cpu imips_cpu (clk, reset, pc, instr); reset <= 1;
imem  imips_imem (pc[7:2], instr); # 32;
reset <= 0;
endmodule end

// generate clock to sequence tests
initial
begin
ck <=0;
forever #10 clk <= ~clk;
end

endmodule
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