Computer organization

= Computer design — an application of digital logic design procedures
= Computer = processing unit + memory system
= Processing unit = control + datapath
= Control = finite state machine
o inputs = machine instruction, datapath conditions
o outputs = register transfer control signals, ALU operation codes
o instruction interpretation = instruction fetch, decode, execute
= Datapath = functional units + registers
o functional units = ALU, multipliers, dividers, etc.
o registers = program counter, shifters, storage registers
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Structure of a computer

= Block diagram view

/ Processor

ey
| daa\__/

central processing
unit (CPU)

control signals
data conditions,
instruction unit execution unit

— instruction fetch and — functional units
interpretation FSM and registers
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Registers

Selectively loaded — EN or LD input
Output enable — OE input
Multiple registers — group 4 or 8 in parallel

——|LD OE—

D7 7 OE asserted causes FF state to be
—ID6 6l connected to output pins; otherwise they
— B‘S‘ 2— are left unconnected (high impedance)
—D3 33—
—D2 2—— LD asserted during a lo-to-hi clock
—|D1 1— transition loads new data into FFs

D0 (LK 0
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Register transfer

Point-to-point connection

. _ o i
o dedicated wires [Mux ] [ Mux | [Mux | [ Mux ]
o muxes on inputs of | |
each register [ RO | [ Rt | [ RR] [ R3]
| L L]
Common input from multiplexer
(input bus) | | | |
2 load enables [ RO|] | Rt | [ RR]|] [ R3|
for each register l l
o control signals [ MUX |
for multiplexer ]
Common bus with output enables T T T T
(input/output bus) (RO ] [Ri] [Re ] [ R3]
o output enables and load l l l l
enables for each register ===
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Register files

Collections of registers in one package

o two-dimensional array of FFs

o address used as index to a particular word

o can have separate read and write addresses so can do both at same time
4 by 4 register file

o 16 D-FFs

o organized as four words of four bits each
ite- ——[REnN

o write-enable (load) —

o read-enable (output enable) ——/Raddr0
——WEn 33—

Waddrl 2—
——{Waddr0 (1)—
——D3
——D2
—[D1
——1{DO0
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Memories

Larger collections of storage elements
o implemented not as FFs but as much more efficient latches
o high-density memories use 1 to 5 switches (transitors) per memory bit
Static RAM — 1024 words each 4 bits wide
o once written, memory holds as long as there is power applied

not true for denser dynamic RAM — lose power, lose memory
address lines to select word (10 lines for 1024 words)

(]

o read enable —RP
same as output enable —WR
often called chip select (CS) — ﬁg 1
permits connection of many chips into larger array —__ a7 %82_
(tie multiple chips 10 pins together) —_— ﬁg 01—
o write enable (same as load) —__ a4 10
o bi-directional data lines — ﬁ%
output when reading, input when writing : ﬁ%
— A0
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Instruction sequencing

Example — an instruction to

add the contents of two registers (Rx and Ry)

and place result in a third register (Rz)

Step 1: get ADD instruction from memory into instruction register (IR)
Step 2: decode instruction

o instruction in IR has “operation code” to identify it as an ADD instruction
o register indices used to generate output enables for registers Rx and Ry
o register index used to generate load signal for register Rz

Step 3: execute instruction

o enable Rx and Ry output and direct to ALU (possibly through busses/muxes)
o set ALU to perform ADD operation

o direct result (through busses/muxes) to Rz so that it can be loaded into
register
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Instruction types

Data manipulation

o add, subtract

increment, decrement

multiply

shift, rotate

o immediate operands

Data staging

o load/store data to/from memory
o register-to-register move
Control

o conditional/unconditional branches in program flow
o subroutine call and return

0o 0o O
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Elements of the control unit (aka instruction unit)

Standard FSM elements

o state register

o next-state logic

o output logic (data-path/control signaling)

o Moore or synchronous Mealy machine (to avoid loops unbroken by FF)
Plus additional “control” registers

o instruction register (IR)

o program counter (PC)

Inputs/outputs

o outputs control elements of data path

o inputs from data path used to alter flow of program (e.g., test if zero)
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Instruction execution

Control state diagram (for each diagram) Reset
o reset
o fetch instruction Init
. decode e
0 execute

Instructions partitioned into three classes

o branch

o load/store

o register-to-register
Different sequence through
diagram for each
instruction type (may need Branch
more than one state) Taken  Not Take

Register-
to-Register
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Data path (hierarchy)

Arithmetic circuits constructed cn
in hierarchical and modular fashion )
o each bit in datapath S:ﬂ FA Sum
is functionally identical
4-bit, 8-bit, 16-bit, 32-bit datapaths Cout
o may include carry-lookahead or )
carry-select capability Ain HA Sum

Zi”_ A [N ) -|cout
/ [\ |
T
=
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Data path (ALU)

ALU block diagram
o input: data on which to operate and operation to perform
o output: result of operation and status information

B

A
)( 32 J( 32
Operation \

Over S Zero
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Data path (ALU + registers)

Accumulator (common register construct)

o special register

o one of the inputs to ALU

o output of ALU always stored back in accumulator
One-address instructions

o only need operation and address of one operand

o other operand and destination
is accumulator register |

REG | | AC |
a AC <— AC <op> Mem[addr] 3 32
o "single address instructions”
(AC implicit operand) OP

Multiple registers }
o part of instruction used Over 32 |

to choose register operands

Zero
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Data path (bit-slice)

Bit-slice concept — replicate to build n-bit wide datapaths

CO «—ALU Cl CO «—ALU ALU Cl
I I I
“—1 AC 1 AC “—1 AC
— RO [ ] — RO [ ] — RO [ ]
= = m
— R1 [ — R1 [ — R1 [
— R2 [ ] — R2 [ — R2 [
— R3 [ — R3 [ — R3 [
from from from
memory “"memory [“—memory
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Instruction path

Program counter (PC)

o keeps track of program execution

o address of next instruction to read from memory

o may have “auto-increment” feature or use ALU to “add 1”
Instruction register (IR)

o current instruction

o includes ALU operation and address(es) of operand(s)

o also holds target of jump instruction if branch instruction

o immediate operands — value represented explicitly in instruction
Relationship to data path

o PC may be incremented through ALU

u contents of IR may also be required as input to ALU — immediate operands
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Data path (memory interface)

Memory

o separate data and instruction memory (Harvard architecture)
two address busses, two data busses

o single combined memory (Princeton architecture)
single address bus, single data bus

Separate memory

ALU output -> data memory input

instruction register -> data memory address

data memory output -> input to registers

program counter -> instruction memory address

instruction memory output -> instruction register

Single memory

o ALU output -> memory input

o PCorlIR->address

o memory output -> instruction or data registers

| o A
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Block diagram of processor (Harvard)

Register transfer view of Harvard architecture
o black arrows represent data-flow between registers

o blue arrows other are control signals from control FSM
(also load control for each register, not shown)

5 2MARs (PC and IR) load
MAR = memory address register ’1/ 32 ¥ l l
o 3 MBRs (AC, REG and IR) T
MBR = memory buffer register

?)t:t'ﬁ data
Data Memory
32-bit words|

addr

Control 32
FSM —
e | data
32 A4 32

gr;st) Memog

0l -bit words|
4p, addr
32
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Block diagram of processor (Princeton)

Register transfer view of Princeton architecture
o black arrows represent data-flow between registers

o blue arrows other are control signals from control FSM
(also load control and output enable for each register, not shown)
o 2 MARs (PC and IR) multiplexed (3-state)

X load
MAR = memory address register T 32 path
o 3 MBRs (AC, REG and IR) ¢ l l
MBR = memory buffer register rd wr
32 %% data
path
oP Data Memory
4"\ 32-bit words|
Quer B addr
Control zero — MAR
FSM i, 2
o
[ r ]
32 32
OP
32
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A simplified processor data-path and memory

Modeled after MIPS R2000

Used in 378 text by Patterson & Hennessy

Princeton architecture — shared data/instruction memory

32-bit machine

32 register file

PC incremented through ALU

Multi-cycle instructions in our implementation
single-cycle for real R2000, you'll see that in 378

Only a subset of the instructions are implemented

o Synchronous Mealy (Moore) controller

o 5 Y N )

[m]

Autumn 2010 CSE370 - XIX - Computer Organization 19

Processor instructions

Three principal types (32 bits in each instruction)

type op rs rt rd shft  funct
R(egister) 6 5 5 5 5 6
I(mmediate) | 6 5 5 16
J(ump) 6 26
The instructions we will implement (only a small subset)
add 0 rs rt rd 0 32 rd=rs+rt
R | sub 0 rs rt rd 0 34 rd=rs-rt
and 0 rs rt rd 0 36 rd=rs &rt
or 0 rs rt rd 0 37 rd=rs|rt
slt 0 rs rt rd 0 42 rd = (rs <rt)
Iw 35 rs rt offset rt = mem[rs + offset]
I |sw 43 rs rt offset mem[rs + offset] = rt
beq 4 rs rt offset pc = pc + offset, if (rs == rt)
addi 8 rs rt offset rt = rs + offset
J ] 2 target address pc = target address
halt 63 - stop execution until reset
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‘ Our R2000 implementation

net31:0) ALUTeEN{r—=LUMEEN
memory_data_bus(31:0) IRId J»—dRId
read  data(31:0) werigf—VBRId
wite__address(31:0) paaf—£C1d
Memory zero0 pCmeeN]>— CMEEN
neg PCsel*—P'CSﬂ
PCH RegB ReggmaeN|—e9BMAEN
ey
mwf—™W
oypr=PP(50)
LD Q@B1:0) eS8 et °p(5u+_;egvvnte
Wit wrDaaSel R ' A & DE10) reg\Viite]
reong ] prRese P sca{—STCA
regWite  wiRegSel ScA SSB(1:0 | dcB(1:0)
nst(31:0)  PC(31:0, wiDataSel |, wDaasel
PCld " ) RegAGt "'FC(31-g%_0 Zero, wiDataSe
PCeel Cl 1BR(31:0) 9/ gAB1:0) er o wﬁeﬁe*—\wﬂeﬁe‘
Csel e ALY ADstero
[ set : re neg Controller
reset RegB(31 31:0)
F{ALUout(31:0) —"{ALUout(31:0) —-linst(31:0)
gk gk se1:0) |
PC I RBQFHGI steB(1:0f op(5.0)
clk
ok
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‘ Memory
module Memory (address, write, read, data);
input [31:0] address;
input write, read;
inout [31:0] data;
reg [31:0] memory[0:255];
wire delayed write;
assign #10 delayed write = write;
always @ (posedge delayed write) begin
memory[address[7:0]] = data;
end
assign data = read ? memoryl[address[7:0]] : 32'hzzzzzzzz;
endmodule
22
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Program (compute n Fibonacci number)

=0

1

r0 = mem[254]; r0 = mem [ rz + 254 ]
rl = 0;
o1 3= (rz<zx0)
if ( rz ) goto exit2
if (r0 > 0) goto entry; else goto exit2; if o rz ) goto entry
loop: loop:
=
rl = rl + r2; Flo=rlowr2
0 = r0 - 1; r0 =r0 + ( -1)
entry: entry: )
Lf (r0 == 0) goto exitl; if ( r0 == rz ) goto exitl
2 = 12 + rl: r2 = r2 + rl
0 = r0 - 1; r0 = r0 + ( -1)
if (£0 == 0) goto exit2; else goto loop; if (20 ==z ) goto exit2
exitl: goto loop
r2 = rl; exitl:
exit2: r2 =rl | rz
mem[255] = r2; exit2:
HALT mem [ rz + 255 ] = r2
halt
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parameter ALU = 6'h00; // op = 0
parameter LW = 6'h23; // op = 35
parameter SW = 6'h2b; // op = 43 parameter shftx = 5'hxx;
parameter BEQ = 6'h04; // op = 4
parameter ADDI = 6'h08; // op = 8 parameter r0 = 5'h00;
parameter J = 6'h02; // op = 2 parameter rl = 5'h01;
parameter HALT = 6'n3f; // op = 63 parameter r2 — 5'h02;
parameter r3 = 5'h03;
parameter ADD = 6'h20; // funct = 32 parameter rz = 5'hif;
parameter SUB = 6'h22; // funct = 34
parameter AND 6'h24; // funct = 36
parameter OR = 6'h25; // funct = 37
parameter SLT = 6'h2a; // funct = 42
initial begin
memory[8'h00] = {ADDI, rz, rl, 16'h0000}; /7
memory[8'h01] = {ADDI, rz, r2, 16'h0001}; //
memory[8'h02] = {LW, rz, r0, 16'h00fe}; //
memory([8'h03] = {ALU, rz, r0, r3, shftX, SLT}; //
memory[8'h04] = {BEQ, r3, rz, 16'h0009}; // exit2
memory[8'h05] = {BEQ, rz, rz, 16'h0002}; // entry /* goto entry
memory[8'h06] = {ALU, rl, r2, rl, shftX, ADD}; // loop:
memory[8'h07] = {ADDI, r0, rO, 16'hffff}; //
memory[8'h08] = {BEQ, 10, rz, 16'h0004}; // entry: exitl
memory([8'h09] = {ALU, r2, rl, r2, shftX, ADD}; //
memory[8'hOa] = {ADDI, r0, rO, 16'hffff}; // 0 =
memory[8'hOb] = {BEQ, 10, rz, 16'h0002}; // if ( r0 == rz ) goto exit2
memory[8'hOc] = {J, 26'h0000006} ;7 /7 goto loop
memory[8'h0d] = {ALU, rl, rz, r2, shftX, OR}; // exitl: r2 =rl | rz /* r2 = rl
memory[8'h0e] = {SW, rz, r2, 16'h00ff}; // exit2: mem [ rz + 255 ] = r2
memory[8'hOf] = {HALT, 26'hxxxxxxx}; /7 halt
memory[8'hfe] = 32'h00000004; // this is the input N

end
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ALU

module ALU(RegA, PC, Inst, RegB, op, srchA, srcB, ALUout, zero, neg);
input [31:0] RegA;
input [31:0] PC;
input [31:0] Inst; .
input [31:0] RegB; always @(A or B or op) begin
input [5:0] op; case (op)
input srch; 6'b000001: result = A + B;
input [1:0] srcB; 6'b000010: result = A - B;
output [31:0] ALUout; 6'b000100: result = A & B;
output zero, neg; 6'0001000: result = A | B;
6'b010000: result = A;
wire [31:0] A; 6'b100000: result = B;
reg [31:0] B; default: result = 32'hXXXXXXXX;
reg [31:0] result; endcase
reg zero; zero = (result == 32'h00000000);
reg neg; neg = result([31];
end
assign A = (srcA) ? PC RegA; ,
assign ALUout = result;
always @ (Inst or RegB or srcB) begin
case (srcB) endmodule
2'b00: B = RegB;
2'b01: B = 32'h00000000;
2'p10: B = {Inst[15], Inst[15], Inst[15], Inst[15], Inst[l15], Inst[1l5],
Inst[15], Inst[15], Inst[15], Inst[15], Inst[15], Inst[15],
Inst[15], Inst[15], Inst[15], Inst[15], Inst[15:0]1};
2'bll: B = 32'h00000001;
endcase
end
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Registers and 3-state drivers
module Reg32 LD(D, LD, Q, clk);
input [31:0] D;
input LD;
output [31:0] Q;
input clk;
reg [31:0] Q;
always @ (posedge clk) begin
if (LD) Q = D;
end X
module Tri32(I, OE, O);
endmodule
input [31:0] I;
input OE;
output [31:0] O;
assign O = (OE) ? I : 32'hzzzzzzzz;
endmodule
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‘ PC — a special register

module PC(ALUout, Inst, reset, PCsel, PCld, clk, PC);

input [31:0] ALUout;

input [31:0] Inst;

input reset, PCsel, PCld, clk;
output [31:0] PC;

reg [31:0] PC;
wire [31:0] src;

assign src = PCsel ? ALUout : {6'b000000, Inst[25:0]};

always @ (posedge clk) begin
if (reset) PC = 32'h00000000;
else
if (PCld) PC = src;

end
endmodule
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module RegFile (MBR, ALUout, Inst, regWrite, wrDataSel, wrRegSel, RegA, RegB, clk);
input [31:0] MBR;
input [31:0] ALUout;
input [31:0] Inst;
input regWrite, wrDataSel, wrRegSel;
output [31:0] RegA;
output [31:0] RegB;
input clk;
wire [4:0] rs, rt, rd, wrReg; assign rs = Inst[25:21];
wire [31:0] wrData; assign rt = Inst[20:16];
assign rd = Inst[15:11];
reg [31:0] RegFile[0:31];
reg 1:0] RegA, RegB; assign wrReg = wrRegSel ? rd : rt;
initial begin assign wrData = wrDataSel ? MBR : ALUout
RegFile[31] = 0;
end always @ (posedge clk) begin
RegA = RegFile[rs];
RegB = RegFile[rt];
if (regWrite && (wrReg != 31)) begin
RegFile[wrReg] = wrData;
end
end
endmodule
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Tracing an instruction's execution

Instruction:  r3=r1+r2

R [ o [ rs=r1 | rt=r2 | rd=r3 _[shft=X

| funct=32 ]

. instruction fetch
move instruction address from PC to memory address bus
assert memory read
move data from memory data bus into IR
configure ALU to add 1 to PC
configure PC to store new value from ALUout

op-code bits of IR are input to control FSM

rest of IR bits encode the operand addresses (rs and rt) — these go to register file

1

a

a

)

a

a

2. instruction decode
a

a

3. instruction execute

o setup ALU inputs

o configure ALU to perform ADD operation

o configure register file to store ALU result (rd)

Autumn 2010 CSE370 - XIX - Computer Organization
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Tracing an instruction's execution (cont’d)
Step 1: IR <= mem[PC];

Inet31:0) ALUmeen|r—=LUMEEN
memory_data_bus(31:0 Raf—4RId
[ead  data3r0) weridh— BRI
wite _address(31:0) pegp—ECId
Memory. zer0 pemaen|—BCMaEN
neg PCsel *—F"CSEI
et RegBmdEN Regmeen | r—¥cQBMAEN
i Hmr
wp—™
p(50)
reset | opsoy="
it wrDaaSel Recsel eaet regwitd—LEWIite
reg) ni I rv egSel conlrsTCA
regWrte  wiRegSel sasa-oyr=3B(1:0)
nt(31:0)  PCG1O) \wiDataSel [ yoaase
PQld cld IBR(31:0)  RegAG! :};Q 0) Zer ZE0 LI rRegSel
PGsel ) o wiRegse|
Csel ) ALU ADt(31:0
e set E re neg Cortroller
reset RegB(31:0 egB(31:0)
FlALUOU(31:0) —ALUOU(31:0) G [
gk gk ser:0) |
PC I RengleI sreB(1:0f op(5.0) N
cl
ok
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‘ Tracing an instruction's execution (cont’d)
Step 1: IR = mem[PC];

Inst(31:0) ALUmeenfr—=LUMaEN
memory_data_bus(31:0 rig 4R
[ead  data31.0) werigf»—VBERId
wite  addrefk31:0) poigp—ECHd
oo peman|—BCMAEN
eg peself-BCSe!

. Regmaen|r—REGEMIEN
r|o—a
mwp—™

reset | opsoy—P0)
reset _ 1, _[egwrite
. wrDaaSel regWiitq
reanti I lereﬁeI - |,_srcA
o . rewmﬁoaa\évﬁege\ S0 |, srcB(1:0)
nst(31: 1:C el
-~ :ﬂ ) (3 o WJ‘:aD) ) Jero widdeSe| |, wDaasel
IBRE31 1 6gAGH:
Preel cl (31 A OAG 2= ok wiRegse]-WrREGSE!
Csel ALU ALDwt(31:0]
D set e e =g Controller
reset | _ | RegB(31 egB(31:0)
ALUOU(31:0) —{ALUOU(31:0) inst) |
gk gk srcB(1:0) 5
PC I RegF\IeI sreB(1:0f op(5.0) i
Cl

&
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T . . . ' . 5 d
T acmg an instruction s execution (cont
Step 1: IR <= mem[PC]; PC < PC + 1;
‘='“ D Q@E10)
pok D(1:0)
net31:0) ALUmeEN{r—=LUMEEN
memory_data_bus(31:0 IRld =
MBRId"—'MBRI(j
pei—£C10
zero pemeen|»—B OMAEN
neg PCsel *_F.’CSEI
RecBmcEN |,_RegBmdEN
. l,_mr
mwp—™
oj=P(5.0)
regeh reset mz:/(a:e |,_Legwrite
e *_§FCA
soqoy=aB(10)
ns(310)  PCGELO widaase|-WDEaSe!
pCid MBR(31:0)  RegAG3!! dk wiRegse]-WrREGSE!
P Csel 0
set =) Cortroller
reset RegB(31 egB(31:0)
(31:0) —"{ALUou(31:0) —{Inst(31:0)
Sk gk srcB(1:0)
pPC RegFil :
I egFi eI srcB(1:0] i
5& -
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Tracing an instruction's execution (cont’d)
Step 1: IR <= mem|PC]; PC <= PC + 1;

= Control signals = But, also...
o PCmaEN = 1; o regWrite = 0;
a mr=1; o wrDataSel = X;
o IRId=1; o wrRegSel = X;
a ALUmaEN = 0; o MBRId = X;
a mw=0;
o RegBmdEN = 0;

= Atend of cycle, IR is loaded

with instruction that will be

seen by controller

o But, control signals for
instruction can’t be output
until next cycle

o One cycle just for signals to
propagate (Step 2)

CSE370 - XIX - Computer Organization

srcA = “PC” = 1;

srcB =“1" = 2’b11;
op = “+” =6’b000001;
PCid = 1;

PCsel = 1;

O 00 0O

Autumn 2010
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Tracing an instruction's execution (cont’d)
Step 2: RegA <= regfile[rs]; RegB <— regfile|rt];

net31:0) ALUmeEN{r—=LUMEEN
memory_data_bus(31:0 ira—IR1d
ead  data(31:0) vBRIgj—MBRId
W, |wite _eddress(31:0) pegp—ECId
Memory zero pemaen|—BCMaEN
neg PCsel *—F"CSEI
el Regemi% x RegmeeN|—REGBMIEN
i Hmr
wp—™W
1 p(50)
15 et o :;Zante
wrDaaSel regWiitg
reanti I leregSel - |,_srcA
regWrite  wiRegSel SB(1:0 |s/cB(1:0)
Pog n(31:0)  PC(31:0; wDaa:elA coro s ] wpatase
PCsel Cld 1BR(31:0)  RegAQ3!! egABT:0) zel ok W'RegSe,_wRegse\
Csel ALDwt(31:0
D set ) A re neg Cortroller
reset RegB(31 egB(31:0)
F-{ALUoU(31:0) —{ALUOU(31:0) —risGio |
Sk sk srcB(1:0)
PC I REQFHGI sreB(1:0f op(5.0) "
ok
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‘ Tracing an instruction's execution (cont’d)

Step 2: RegA < regfile[rs]; RegB <— regfile[rt];

0) ALUmeEN]—ALUMEN
T
[ead  data31:0) werigf»—VBERId
W, lwite  address(31:0) pciaf—ECHd
oo peman|—BCMAEN
eg poselfr-se!
ReggmeeN|—ReGBMAEN
i -
mwp—™W
50)
reset op 0=l )
= regWrite*—EEg\Nnte
scA *_§FCA
regWrite  wiRegSel srcA SB(1:0) |5/cB(1:0)
ns(31:0)  PCE1O wiDataSel |, watasel
0 q.n:o? Zero. wiDdaSe|
Pcid IBR(31:0)  RegA3! egAG1:0) z T wikegse| - WRegSel
P Csel  nt(31:0 ALU ALl (31:0]
e set S e neg Cortroller
reset RegB(31 egB(31:0)
—{ALUU(31:0) —ALUOU(31:0) G0 |
gk gk srcB(1:0) 4
PC I RegF\IeI sreB(1:0f op(5.0) i
Cl
ok |
|
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Tracing an instruction's execution (cont’d)

Step 2: RegA <= regfile[rs]; RegB <— regfile|rt];

= Control signals

o PCmaEN =0;

o mr=X;

a IRid =0; o = But, also. ..

a ALUina.EN =0; L SICA= X:

s w0 . a srcB =2'bX;

’ rReegvsde_N =0; 4 op = BTHXXXXXX;
gWrite = 0; o wrDataSel = X;

a PCld=0; o wrRegSel = X;

o PCsel = X; 4 MBRId = X:

Autumn 2010 CSE370 - XIX - Computer Organization 36




Tracing an instruction's execution (cont’d)
Step 3: Regfile[rd] <= RegA + RegB;

Inst(31:0) ALUmeEN|"— LUmaEN
memory_data_bus(31:0 rig 4R
[ead  data31.0) viBRig}—=MBRd
wite  address(31:0) pegp—ECId
Memory oo peman|—BCMAEN
eg poselfr-se!
PCH RegBmMgEN, Regmeen | r—COBMAEN
i |, mr
wp—™W
- epef—PPE0)
reset _ 1, _[egwrite
. wrDaaSel regWiitq
reanti I leregSeI - |,_srcA
regWrite  wiRegSel srcA SB(1:0) |5/cB(1:0)
n(31:0)  PC(31:0; wiDataSel " o] wDdEse
Peld cid BRE10)  RegAG oAty 2 Z€10 | wregse
PGsel Csel ALDgt(31:0 * TR
[ set e ALY re — Controller
reset | _ | RegB(31 egB(31:0)
JALUoL(31:0) [—"|ALUout(31:0) —{Insi(31:0) o
gk kk srcB(1:0) 5
PC I RegF\IeI sreB(1:0f op(5.0) i
Cl
&k
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‘ Tracing an instruction's execution (cont’d)

Step 3: Regfile[rd] <= RegA + RegB;

‘='“ D Q@E10)
bk DE10)

Inst(31:0) ALUWEN"_'ALUHBEN
memory_data_bus(31:0 ira—IR1d
read data(31:0) MBRId| "_'MBRIG
wite _address(31:0) paiaf—EC1d
zero PCmeEN| "_EcmaEN
neg PCsel ,_F_’Csel
RegBmEN |,_RegBmdEN
i Hmr
wp—™W
SO L)
rem = reg‘:/(Vme ,_;eg\Nn‘te
scA *_§TCA
n4@1:0)  PCE10; e g o S0, _srci(;;)‘
bcia BRE10)  RegAGI HSho 2 ero B
& 9 \31:0) o wﬁege*—\“meﬁe‘
P Csel ALl (31:0]
set ) gL > = neg Controller
reset RegB(31! 31.0)
["|ALUou(31:0) Uout(31:0) (31:0)
Sk gk srcB(1:0)
PC I RegF\IeI sreB(1:0]
clk
ok
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Tracing an instruction's execution (cont’d)
Step 3: Regfile[rd] <= RegA + RegB;

Control signals

PCmaEN = 0;

mr = X;

IRId = 0;

ALUmaEN = 0; But, also . . .
mw = 0; o PCld=0;
RegBmdEN = 0; o PCsel =X;
srcA ="A"=0; 2 MBRId = X;
srcB = “B” = 2’b00;

op = “+” = 6’b000001;

regWrite = 1;

wrDataSel = “ALU” = 0;

wrRegSel = “rd” = 1;

0 I 1 I 0 I A N = = =)
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Register-transfer-level description

Control
o transfer data between registers by asserting appropriate control signals
Register transfer notation - work from register to register

o instruction fetch:
mabus < PC; - move PC to memory address bus (PCmaEN, ALUmaEN)

memory read; — assert memory read signal (mr)
IR <= memory; -load IR from memory data bus (IRId)
op < add —send PC into A input, 1 into B input, add (PC + 1)

(srcA, srcB[1:0], op)
PC < ALUout - load result of incrementing in ALU into PC (PCld, PCsel)
o instruction decode:
IR to controller
values of A and B read from register file (rs, rt)

o instruction execution:

op < add — send regA into A input, regB into B input, add (A + B)
(srcA, srcB[1:0], op)
rd < ALUout - store result of add into destination register

(regWrite, wrDataSel, wrRegSel)
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Register-transfer-level description (cont’d)

How many states are needed to accomplish these transfers?

o data dependencies (where do values that are needed come from?)

o resource conflicts (ALU, busses, etc.)

In our case, it takes three cycles

o one for each step

o all operations within a cycle occur between rising edges of the clock

How do we set all of the control signals to be output by the state machine?
o depends on the type of machine (Mealy, Moore, synchronous Mealy)
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Review of FSM timing

fetch decode execute
A A A
I ‘ step 1 i step 2 i step 3 i l
IR <~ mem[PC];t A <rs rd<-A+B
T I PC < PC+1; B<rt T I T

to configure the data-path to do this here,
when do we set the control signals?
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FSM controller for CPU (skeletal Moore FSM)

First pass at deriving the state diagram (Moore machine)
o these will be further refined into sub-states

reset

instruction
fetch

instruction
decode

instruction
execution

Autumn 2010 CSE370 - XIX - Computer Organization
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FSM controller for CPU (reset and inst. fetch)

Assume Moore machine

o outputs associated with states rather than arcs
Reset state and instruction fetch sequence
On reset (go to Fetch state)

o start fetching instructions
o PC will set itself to zero

reset\
mabus < PC; instruction
memory read; fetch
IR <= memory data bus;
PC<PC+1;

Autumn 2010 CSE370 - XIX - Computer Organization
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FSM controller for CPU (decode)

Operation decode state
o next state branch based on operation code in instruction
o read two operands out of register file
what if the instruction doesn’t have two operands?

y instruction

branch based on value of decode

Inst[31:26] and Inst[5:0]

J@ OO0
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FSM controller for CPU (instruction execution)

For add instruction
o configure ALU and store result in register

rd<A+B

o other instructions may require multiple cycles

instruction
execution
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FSM controller for CPU (add instruction)

Putting it all together
and closing the loop

o the famous reset
instruction \
instruction
fetch fetch
decode
execute
cycle ) ]
5 instruction
decode
instruction
execution
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FSM controller for CPU

Now we need to repeat this for all the instructions of our
processor

o fetch and decode states stay the same

o different execution states for each instruction

some may require multiple states if available register transfer paths
require sequencing of steps
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‘ Tracing an instruction's execution (LW)
Step 1: IR <= mem[PC]; PC <= PC + 1;

regwntq;wmaf;ase'zurﬁeﬁel

nst(31:0)
PCld
PCsel

reset

PC(31:0;

regWrite  wiRegSel
Mwa£e| =

MBR(31:0)  RegAG1

nst(31:0)

ALU

srcA :
cSASto)

Inst(31:0) ALUmeENf—LUTBEN
IRId| "_JR‘d
MBRId| "_'MBRIU
PCld| "‘ECId
pomeen|r—ECMaEN
pesel|-RCSEl
ReBmEN] |,_RegBmdEN
i |, mr
mw—™W
op@oyr=P(5.0)
regWrite*—EEg\Nn‘te
scal—STA
S0 | srcB(1:0)
wingase| DSl

zero

TESEL | ecet

ZEro

o wRegse-WRECSE!

Controller

neg

RegB(31:
ALUOU(31:0)

gk

egB(31:0)
—reB%)

ReaneI

clk

&
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Tracing an instruction's execution (LW cont’d)
Step 2: Instruction propagates through Vcontroller

0) ALUmeen|r—=\LUMAEN
memory_data_bus(31:0 ira—IR1d
[cad  date310) weridh— BRI
wite _address(31:0) paiaf—EC1d
Memory oo peman|>—BCMAEN
neg PCsel *_F.’CSEI
pPcry RegBWi% x ReBmEN, *RnfmedEN
mrr—=
wp—™W
| 50)
eset op )=l
" resst _ 1, _[egwrite
. _wrDaaSel regWiite
reanti I leregSeI - |,_srcA
regWrite  wiRegSel srcA S0 |s/cB(1:0)
nt(31:0)  PCE1O; WiDataSel . s DS
PQld Cld JBR(31:0) RegA(31 :;ﬂ{a):u) Zel L o - Myﬁe@e\
PGsel  Joceel o0 AL DG =
[ set k) re neg Controller
reset RegB(31 egB(31:0)
F{ALUGL(31:0) —r{ALU(31:0) ma L CEON
Sk gk srcB(1:0) 5
PC I RegFiIeI sreB(1:0f op(5.0) W
d
ok |
|
utumn - XIX - Computer Organization
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Tracing an instruction's execution (LW cont’d)

Step 3:

Inst(31:0) ALUmfN"_'ALUITQEN
memory_data_bus(31:0 rig 4R
[ead  daea10) werigf»—VBERId
wite _address(31:0) peiafr—£C10
Memory zer0 pemaenf—BCMaEN
neg PCsel "_F.)CSSI
PCH RegBmdEN Regpmeen| T COBMIEN
I
mwp—™W
50)
eset op 0=l
wrDaaSel e regwitd—LEWIite
reanti I lwrﬁeﬁel soal—STA ‘
regWitte vaegSe\l srcA SSB(1:0 | —3rcB(1:0)
(=—rlnt(31:0)  PCE10) \wiDataSel | yDetasel
PCld| o310 Zzero wiDaaSe|
—rpcid IBRG31:0)  RegA31 Aoy i — w |, wRegsel
PGsel} o ceel 0 | AU A (31-VI wiRtegSe
reset | | e Rego @——anro regf neg Controller
SSEL 1 el ety —AL Ut 310) B> .
gk F | ss0:0) 5
PC I RegF\IeI sreB(1:0f op(5.0) W
7 — Cl
Cl —
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‘ Tracing an instruction's execution (LW cont’d)
Step 4: MBR <= mem[ALUoutReg];

net31:0) ALUmeEN{r—=LUMEEN
memory_data_bus(31:0 ira—IR1d
fead  data(31:0) wBRig—MBRId
wite _eddref31:0) pegp—ECId
et pemaen|-—ECMaAEN
neg PCsel *—F"CSEI
RegBmEN |,_RegBmdEN
i Hmr
wp—™W
50)
eset op )=l
dasel " reset Wi |,_Legwrite
wiite" % yRegsel R
A oy
regWiite  wiRegSel srcA SSB(1:0 | —3rcB(1:0)
nt(31:0)  PCG1O) \wiDataSel [ yoaase
PQld cld IBRG310) RegA®B! oA 0) zel S Ly R |
PGsel " — ck wyRegSe*—W egsel
Csel ) ALU ADt(31:0
e set e re neg Cortroller
reset RegB(31 egB(31:0)
FlALUOU(31:0) —ALUOU(31:0) G [
gk gk wc801:0) |
PC I REQFHGI sreB(1:0f op(5.0) W
Cl
ok
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Tracing an instruction's execution (LW cont’d)
Step 5: regfile[rf] < MBR;

Inst(31:0) ALUmfN"_'ALUITQEN
memory_data_bus(31:0 T
data(31:0) MBRId| "_'MBRIG
wiite _address(31:0) poigp—ECHd
Memory zero pemaenf—BCMaEN
neg peself -ROSE!
PC RegBmgEN fx RecBmeeN| J;fsdeN
:l
sop—=PP(E0)
. wiDatasel 1 e r:g,erite*4EgW”‘te
reanti I lwrﬁeﬁel scafr—STCA
3:0)  PCEI e et o A St JCT;)\
Inst(31: -0, el - a
PQld cld *MBR@W 0) RegAG!. iﬂ\'ao :0) zel ZEI0 &« B ﬁegse\
PC&L*PCS&I ’ ALU ALl (31:0] wiRtegSe
D set ’ () e neg Controller
reset RegB(31 egB(31:0)
[~|ALUou(31:0) [—"|ALUout(31:0) —{Insi(31:0)
gk Ek srcB(1:0) e
PC I RegF\IeI sreB(1:0f op(5.0) n
&k
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: )
Controller signals for all cycles (LW cont’d)
= Control signals for: Fetch Decode LW1 LW2 LW3
o PCmaEN = 1 0
o ALUmaEN = 0 0
o RegBmdEN = 0 0
o mr= 1 X
o mw= 0 0
o IRId= 1 0
o MBRId = X X
o srcA= “PC” X
o srcB = “1” X
2 op= wyn X
o regWrite = 0 0
o wrDataSel = X X
o wrRegSel = X X
o PCd= 1 0
o PCsel = 1 X
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FSM controller (complete state diagram)

reset

Fetch
Decode
@ @ me?
@ @ me?
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parameter ALU = 6'h00; // op = 0O
Controuer parameter LW =6'h23; // op = 35
parameter SW = 6'h2b; // op = 43
parameter BEQ =6'h04; // op = 4
parameter ADDI = 6'h08; // op = 8
parameter J = 6'h02; // op = 2
module Controller (Inst, neg, zero, reset, clk, parameter HALT = 6'h3f; // op = 63
srcA, srcB, op, mr, mw, PCmaEN, ALUmaEN, parameter ADD 6'h20; // funct = 32
RegBmdEN, MBR1ld, IR1ld, regWrite, parameter SUB 6'h22; // funct = 34
wrDataSel, wrRegSel, PCsel, PCld); parameter AND 6'h24; // funct = 36
parameter OR 6'h25; // funct = 37
. . . parameter SLT 6'h2a; // funct = 42
:‘anut [31:0] Inst; parameter DONTCARE 6'hxx;
input neg, zero, reset, clk;
parameter fetch = 3'b000;
output srcA; parameter decode 3'b100;
output [1:0] srcB; parameter executel 3'b001;
output [5:0] op; parameter execute2 = 3'b010;
P N P/ . . parameter execute3 = 3'b011;
output MBR1ld, IR1ld, regWrite; parameter BADSTATE = 3'bxxx;
output wrDataSel, wrRegSel, PCsel, PCld;
output mr, mw, PCmaEN, ALUmaEN, RegBmdEN; parameter srcAreg = 1'b0;
parameter srcAPC 1'bl;
re SrcA: parameter srcBreg = 2'b00;
g9 ! . . parameter srcBzero = 2'b01;
reg MBR1ld, IRld, regWrite; parameter srcBimmed = 2'bl0;
reg wrDataSel, wrRegSel, PCsel, PCld; parameter srcBone = 2'bll;
reg mr, mw, PCmaEN, ALUmaEN, RegBmdEN; parameter aluAdd = 6'b000001;
reg [5:0]1 op; parameter aluSub = 6'b000010;
re [1:0] sn’:B, parameter aluAnd 6'500010
g . ’ parameter aluOr 6'b001000;
parameter aluPassA 6'b010000;
reg [2:0] state; parameter aluPassB 6'b100000;
parameter pcSelTarget = 1'b0;
wire [5:0] instOp; parameter pcSelALU = 1'bl;
: . N ’ . parameter regALU 1'b0;
wire [5:0] instSubOp; parameter regMBR 1'b1;
parameter regRT 1'b0;
parameter regRD 1'bl;
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Controller

assign instOp = Inst[31:26];
assign instSubOp = Inst[5:0];

always @ (posedge clk) begin

if (reset) begin state = fetch; end
else begin
casex ({state, instOp, instSubOp})
{fetch, DONTCARE, DONTCARE}: state = decode; // fetch cycle
{decode, DONTCARE, DONTCARE}: state = executel; // decode cycle
{executel, ALU, ADD} : state = fetch; // execute cycle for ALU-ADD
// FILL IN REST OF STATES FOR SUB, AND, and OR
{executel, ALU, SLT}: state = (neg ? execute2 : execute3); // lst execute cycle for ALU-SLT,
// branch depending on comparison
{execute2, ALU, SLT}: state = fetch; // 2nd execute cycle for ALU-SLT when rs < rt
{execute3, ALU, SLT}: state = fetch; // 2nd execute cycle for ALU-SLT when rs >= rt
{executel, LW, DONTCARE}: state = execute2; // lst execute cycle for LW
{execute2, LW, DONTCARE}: state = execute3; // 2nd execute cycle for LW
{execute3, LW, DONTCARE}: state = fetch; // 3rd execute cycle for LW
{executel, SW, DONTCARE}: state = execute2; // lst execute cycle for SW
// FILL IN REST OF STATES FOR SW, BEQ, ADDI, J, and HALT
default: state = BADSTATE; // should never get here
endcase
end
end
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Controller

always @(state) begin

// Set defaults that may be overwritten in case statement, just to be safe
IRld = 0; MBRld = 0; PCld = 0; regWrite = 0;
mr = 0; mw = 0; ALUmAaEN = 0; PCmaEN = 0; RegBmdEN

casex ({state, instOp, instSubOp})

{fetch, DONTCARE, DONTCARE}: begin
// fetch the instruction and load it into instruction register
PCmaEN = 1;
mr = 1;

IRld = 1;
// increment PC
SrcA = SrcAPC;
srcB = srcBone;
op = aluAdd;
PCsel = pcSelALU;
PCld = 1;
end
{decode, DONTCARE, DONTCARE}: begin

// propagate signals into controller, nothing to do
end

{executel, ALU,
srcA = srcAreg;
srcB = srcBreg;
case (instSubOp)

DONTCARE}: begin

ADD: op = aluAdd;
SUB: op = aluSub;
AND: op = aluAnd;
OR: op = aluOr;
SLT: op = aluSub;
endcase
wrRegSel = regRD;
wrDataSel regALU;
regWrite = 1;

end
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{execute2, ALU, SLT}: begin
// rs < rt, load a one into rd

Controller srcB = srcBone;

op = aluPassB;

wrDataSel = regALU;

wrRegSel regRD;
regWrite = 1;
end
{execute3, ALU, SLT}: begin

// rs > rt, load a zero into rd
srcB = srcBzero;
op = aluPassB;
wrDataSel = regALU;
wrRegSel = regRD;
regWrite = 1;
end

{executel, LW, DONTCARE}: begin
// compute address by adding rs + offset
// FILL IN OTHER STATES AND CONTROL SIGNALS FOR FIRST LW EXECUTE STATE
end

{execute2, LW, DONTCARE}: begin
// read from memory into MBR
// FILL IN OTHER STATES AND CONTROL SIGNALS FOR SECOND LW EXECUTE STATE
end

{execute3, LW, DONTCARE}: begin
// write MBR into register file's rt
// FILL IN OTHER STATES AND CONTROL SIGNALS FOR THIRD LW EXECUTE STATE
end

{executel, SW, DONTCARE}: begin
// compute address by adding rs + offset

// FILL IN OTHER STATES AND CONTROL SIGNALS FOR FIRST SW EXECUTE STATE
end

// FILL IN OTHER STATES AND CONTROL SIGNALS FOR SW, BEQ, ADDI, J, and HALT

endcase
end
endmodule
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Simulation of the processor

Name
= ck

© reset

® address

= data

= read

- wiite

- PC

= Inst
0 -» ALUout
2 memory(255)

" state

Narme Co 00 0 200, 4 300 o . 400. . . 500 . o+ . 600 . 'mg" co.800. . 800 . 4 L1000 4 00 . o« 200, 4 1300 o+ . WO0. . 1500 o+ . 800. o
- ok A Y Y Yy Yy Oy W
> reset -

[ & address {___(oooooone \ezzzz222

o data - Nezzzzzzz
© read 1 | | J 1 J 1 | 1

& wiite

L

® Inst

memary(255)

a )3 I S G S D S S N N

[ state
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Estimating performance

Recall basic constraint equations:

a Tperiod > TFFprop + Tdelay + Tsetup

a Tprop > Th0|d (this is usually designed in to the FFs and is not our concern)
Clock period is maximum of T4 along all possible paths in
the circuit between flip-flops

o Clock period = 1/frequency = max (T ¢ ioq) OVer all paths

o Assuming all FFs are the same:

max (Tperiod) = TFFprop + maX(TdeIay) + Tsetup

Tdelay
—p q D Q—
AN 2 ) AN
I I
TFFprop Tsetup
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Tdelay = TSState+Tmemoryread+Twires

Paths between FFs

Assume T, is small and can be ignored.
Note: this is NOT TRUE in modern chip design

during “fetch” and “decode”

Inet31:0) ALUmeEN{r—=LUMEEN
IRId]| "_JR‘G
MBRld"_'N‘BRld
peiaf—£C10
et pemaen|r—ECMaEN
req peself-RCSEl
RecBmEN |, RegBmdEN
i -
-
oy=P(5.0)
e oo |,_Legwrite
regwit wrDaaSel Regsel regWiite A
i1 P el ="
regWite  wiRegSel sasa-oy=3B(1:0)
nt(31:0)  PCELO) wiDaaSel - |, whatasel
PQld Cld IBR(31:0) RegA(31! ég(;ﬁ{ao 0) Zex S woaaSeﬁ_\wRegsE‘
PQSQI_”PCS&l ALl (31:0] o wiRtegSe
[ set =) ALY re neg Controller
reset RegB(31:0 egB(31:0)
FlALUOU(31:0) —ALUOU(31:0) et |
g I SB(1:0)
PC I RengleI sreB(1:0f op(5.0) e
ok
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‘ Paths between FFs
during “fetch” and “decode”

Tdelay = TAmux+TALU+TPCmux

Q(31:0) LD

DE:0) dkg
clk | rei31:0) ALUmeeN|—ALUMBEN
memory_data_bus(31:0) IRId J»—dRid
[ead  data31.0) werigf»—VBRId
wite  address(31:0) peiafr—£C10
Memory zero0 pemaen|—BCMaEN
neg peself -ROSE!
o RegBmMgEN, Regmezn | r—COBMAEN
r|r—a
mwp—™
1 p(50)
reget | op(5.0; =" .
wrDataSel A Bl
reanti I lwn?e@el - |,_srcA
31:0)  PC@l e et sescrop=5(1 9
nst(31: I ol
PCld u; k ( IBRG310)  RegA3! ReaAG{:0) €10 woaﬁe:f;:;s;‘
PCsel &= AU P, — ok WiRegSe|
[0S set R e neg Cortroller
reset RegB(31! egB(31:0)
ALUSLGHO) —{ALUOU(31:0) —imsGio) |
gk gk srcB(1:0)
PC I RegF\IeI sreB(1:0f op(5.0) i
Cl
ok
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‘ Paths between FFs Tasiay = Tregriereac
during “fetch” and “decode”
Q@1:0) LD)
D(31:0) ckq
ok nst31:0) ALUen|—LUMEEN
memory_data_bus(31:0) T
fead  data(31:0) weridh— BRI
wite _eddress(31:0) peiaf—£C10
Memory. zer0 pemaen|—BCMaEN
neg PCsel *—F"CSEI
pCH RegBMAEN Regpmeen| T COBMIEN
o HVTII'
mwp— ™
oy=P(5.0)
> 010 TSE f o cet T |, _tegwiite
Wit wrDataSel R ' A o DE10) regWiitd
Ay ] prResse P S
o po regWite _ wikegsel ScA sasa-oy=3B(1:0)
nst(31: f cl
PCl s By RegA C(31:0’ ero woaﬁe*—vmjaase‘
PCse PCld egA(31! egA@B1:0) zel ok W'RegSe,_\wReﬁe\
PCsel ALU ALl (31:0]
reset re neg Controller
reset RegB(31! =g§31 0)
F-{ALUoU(31:0) —{ALUOU(31:0) insGt) [
gk gk se:0) |
PC I REQFHGI sreB(1:0f op(5.0) W
d
ok | |
| |
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Paths between FFs Teetay = Tcontroler
during “fetch” and “decode”

ALUMaEN
l,_IRid
data(31:0) |,_JVBRId
\wite  address(31:0) d»—E’C‘d
Memory |,_BECmaEN
|, BCsel
RegBmdEN
PC
| |, _mr
mwf—™W
oy=P(5.0)
|,_LegWirite
reantieraIaselxmﬂegSel i |,_srcA
regWiite  wiRegSel oA | SSB(1:0 |3rcB(1:0)
nt(31:0)  PC(31:0) wiDataSel | woaasel
oo cld 310)  RegAG! SAct0) zer - T
Poeel IBR( egA( ok wyRegse»—WrRegSe\
Csel o ALU ALDwA(31:0
e eset e e neg Cortroller
reset RegB(31:0 e95(310)
r-{ALUou(31:0) —"{ALUou(31:0) —{sGto) |
Sk gk scB(1:0) 5
PC I RegF\IeI sreB(1:0f op(5.0) N
Cl
ok
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Estimating performance for
“fetch” and “decode” cycles

Max(Tdelay) = Max of the paths on previous four slides

O

o o o

T3state * Tmemoryread
TAmux + TALU + TPCmux
TRegFiIeRead

T

controller

Which is likely to be largest?

]

0o o o o

Tactater Tamux @NA Tpemux @re likely to be small

Tregrileread IS larger (32 register memory — large tri-state mux)
TaLu is probably larger as it includes a 32-bit carry (lookahead?)
Tmemonyread IS @N €ven larger array (typically an important factor)
T is the wild card (depends on complexity of logic in FSM)

controller
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‘ Other paths between FFs
during “execute” (only partial)

Tdelay = TSstate+Tmemorywrite

Inst(31:0) ALUn’éN"_.ALumaEN
memory_data_bus(31:0) irgp—IR1d
[cad  data310) weRiaf»—VBRId
wite _address(31:0) peiaf—£C10
Memory zer0 pemaen|—BCMaEN
eg peself-205€!
PCry RegBmdEN RecBmcEN RegBmaEN
x i -y
wp—™W
eset s0y=P(50)
: reset o _ 1, _[egWrite
.. wrDaaSel regWritq
reanti I leregSeI - |,_srcA
regWiite  wiRegSel srcA ScB(1:0) | —arcB(1:0)
nst(31:0)  PCG1O \WiDataSel | yDetasel
PCld RegA( "'PC(31':? a zero wiDataSe
b cld JBRG10)  RegA31 eoA310) zer o wregse-WiREGSEl
Csel 20 ALU AlDgt(31:0
D eset e re neg Controller
reset RegB(31 RegB(310)
F=lALUOU(31:0) —ALUOU(31:0) —insGt) |
gk gk srcB(1:0) 5
PC I RegF\IeI stcB(1:0f op(5.0) N
Cl
&k
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‘ Other paths between FFs
during “execute” (only partial)

Tdelay = TBmux+TALU+TcontroIIer

net31:0) ALUmeEN{r—=LUMEEN

Rafr—4Rd
MBRId| "_'N‘BRIG
PCld| *_Ec‘d
pr—r0 PCneEN | Lematn
peself-205¢!
e RecBmcEN |,_RegBmdEN
@7 Hmf
mwr—™W
emeOP(5:0)
5% et oPeso |,_Legwrite
. wrDaaSel regWiitef
regwitg T prRegsel cealrSTA
regWite wiRegSel SrcA sas-oyr=3B(1:0)
b (31:0)  PCELO wiDataSel L oo wiaase|>-WDAESE!
BR(31 e ——
b cid (310)  RegAG10 2 o e WREGSE
Csel ALU ALl 0| P
rEs> ; et e — reg neg Controller
S8 | ela ar) —AL Ut 310) — e .
}ak gk srcB(1:0) 5
PC I RengleI sreB(1:0f op(5.0) i
d
ok
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Estimating performance for “execute” cycles

Max(Tdelay) = Max of previous as well as

a TBState + Tmemorywrite

a TBmux + TALU +Tcontro||er

Now T, yand T, woer @are added together
o These are two of our potentially largest delays
o Adding them together will almost surely be the maximum

o How could this path be broken up so that we separate the ALU
and controller’s delays?
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Other factors in estimating performance

Off-chip communication is much slower than on-chip
o T,ies CAN't always be ignored

o Try to keep communicating elements on one chip

o Separate onto separate chips at clock boundaries

Add registers to data-path to separate long propagation delays
into smaller pieces
o Adds more cycles to operations
o But each cycle is smaller
o Which is better?
more numerous cycles of simple and fast operations
fewer cycles of complex and slow operations

This is what computer architecture is about — see CSE 378
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