ENEE 646: Digital Computer Design — Project 2: Pipelining (10%)

Project 2: Pipelining (10%)

ENEE 646: Digital Computer Design, Fall 2006
Assigned: Tuesday, Sep 19; Due: Tuesday, Oct 17

1. Purpose

This project is intended to help you understand in detail a@ipelined microprocessorovks.

You will build a pipelined RiSC-16, complete witlata forwading, simplebrandh prediction

andspeculative xecution The net project will addcachesandprecise interruptsFor details on
the RiSC-16 pipeline, see the documen¢ Pipelined RiSC-16n the class website.

2. Pipelines

In the preious project, you lilt a sequential processdn that &ample, the entire instruction is
executed before the reclock, at which point the results of the instruction are latched in ¢he re
ister fie or data memoryNot surprisinglythis results in a relagly long clock period.

The computer magk is not fond of sk clocks, havever. Increased clock speeds are possible as
the amount of logic between succeedatches is decreased. ¥eeution is sliced up into smaller
sub-tasks, the clock can run astfas the longest sub-ta3keoretically a pipeline of N stages
should run with a clock that is N timeasster than a sequential implementatiaor. fRary reasons,
this theoretical limit is neer reached, due to latclverhead, sub-tasks of unequal length, etc.
Nonetheless,@remely fst clock rates are possible. Slicing up the instructtecgion this \ay

is calledpipelining, and it is &ploited to great dgree in nearly\eery aspect of modern computer
design, from the processor core to the DRAM subsystem, toverpping of transactions on
memory and I/O bses, etc.

The RiSC-16 pipeline is stam in Fig. 1 on the ne page. It is similar to the 5-stage DLX/MIPS
pipeline that is described in bottennessy & &tersonandPatterson & Hennessyand it fkes a
few minor oversights, such as lack of foanding to store data, lack of foanding to comparison
logic in decode implementing the 1-instruction delay slot, Bits pipeline adds in forarding

for store data and eliminates branch delay sik#sn the DLX/MIPS, branches are predicted not
taken, though implementations of more sophisticated branch prediction are certainly possible.

In the fgure, shaded bes represent cloekl rayisters; thick lines represent 16-bitdes; thin
lines represent smaller data paths; and dotted lines represent control batfigure illustrates
how pipelining is achieed: the sub-tasks into which instructioreeution has beenvdded are
instruction fetch, instruction decode, instructiole@ite, memory access, andisterfile write-
back. Each of these sub-tasks, whichxisceited by dedicated hardve called gipeline stge,
produces intermediate results that must be stored before an instruction repmio the nd
stage. By breaking upecution into smaller sub-tasks, it is possiblevertap the difierent sub-
tasks of seeral diferent instructions simultaneously the intermediate results of thanous
sub-tasks are not stored, yhwould be lost: during the mecycle another instruction euld use

the same hardave for its avn task. lr instance, after an instruction is fetched, it is necessary to
store the fetched instruction sonteere, because the output of the instruction memory will be dif-
ferent on the follwing cycle—the fetch stage will be fetching a completelyedént instruction.



ENEE 646: Digital Computer Design — Project 2: Pipelining (10%)

MUX ?
PCA
'\ ‘ Program Counter ‘
: ADDR 1 ; E’—
' INSTRUCTION | FETCH
! MEMORY (port 1) ' STAGE
: DATA 1 :
X IF
PC
| ' ID
; ¢ IN
TGT
‘ L-Shift-6 ‘ ‘ Sign-Ext-7 ‘ Eﬂ
d SRC1 REGISTER FILE
SRC2
OUT 2 ouT 1 DECODE
1 - STAGE
ADD
7777:::\:;::;; I ’ 777777 »
N Tt -
N MUXqp2 MUXqp1
MUlem _
ID
PC }-@{ OPERANDO H OPERAND2 H OPERANDL |
EX
| |
CTLy Jz---""""fF -~~~ |~~~ ~~~°° -k - M ‘U’x’
. lu2
i B avz_| EXECUTE
o] Funcy, \ALU2 ALUL STAGE
T -
ALU_out
lop] T} | PC M—{ STORE DATA }—{ ALU OUT EX
| MEM
DATA2 IN ADDR2
DATA
MEMORY (port 2) MEMORY
STAGE
I [ A E DATA2 OUT
CTL:::::::;;;>> WEgmem
C MUXour *}j
= \ m \ \ MEM
[T | PC X RF DATA W
|
WRITEBACK
STAGE

Fig. 1: RiSC-16 5-stage pipeline
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The storage locations for the intermediate results are gafletine egisters, and the fyure illus-
trates their contents. It is common to label a pipeligester with the tw stages that it dides.

For example, the pipeline gister that diides the instruction fetch (IF) and instruction decode
(ID) stages is called thé&/ID register, the rayister that diides the instructionx@cute (EX) and
memory-access (MEM) stages is called EX¢MEM register, etc.

Note that the DLX/MIPS assumes a haltle reyisterfile access, so that the writeback stage
completes in the 1§t half of the gcle and the mgisterfile read component of the decode stage
happens in the second half of tlyele. This allovs data to be forarded from the writeback stage

to the decode stage directiie do the same thing by making the decode stage longer than an
other stage in the pipeline; though itveodavn the clock, it reduces the branch penalty from 2 to
1 g¢ycles. Note: whether or not this is a good tradezah only be determined by simulating both
designs aainst a suite of benchmarks and comparing the results.

3. RISC-16 Pipeline Registers

Program Counter
IF/ID Register:
INSTR

PC Contains the address of the instruction whose state is contained in this pipgtite Tédhis is used by BEQ andlR
instructions and in handling pipeline interrupts.

The address of the instruction currently being fetched.

The instruction toxecute, with opcode, rA, rB, rC, and immediatdds.

ID/EX Register:

OoP Contains the instruction opcode.

rT Contains the instructios’3-bit taget-ragister identifer, or the 3-bit binary alue 000 if the instruction has nodat
(e.g. SW and BNE instructions).

PC Contains the address of the instruction whose state is contained in this pipgtite Tédhis is used by BNE and\lIR
instructions and in handling pipeline interrupts.

X Indicates that the instruction is a HRlinstruction (aALR instruction with a non-zero immediatelfi).

OPERANDO Contains the instructios’immediate operand. If the instruction uses a shifted or signded immediate alue

(ADDI, LUI, LW, SW, BNE), that alue is &ailable immediately and is stored here. In addition, #eRJinstruction
uses the alue PC+1 to store into thegister fle; because the program counter contains éheevPC+1 (relage to
IDEX.pc), it can be used for this purpose. Only in instanceé\bR Jexecution and branch correction will PC not
equal IDEX.pc+1, and in both those cases the contents of the |Dgistereare ialid (the result of a SIMP event).

OPERAND1 Contains the instructios'first register operand; this is the contents of thgisterregisterfile[rB] or a result that has
been forvarded from another stage.
OPERAND2 Contains the instructios’second igister operand. ¢&f ADD and NAND instructions, it is the contents ofgister

file[rC]. For BNE and SW instructions, it is the contentsegisterfile[rA]. When appropriate, it contains a result that
has been forarded from another stage

EX/MEM Register:

OoP Contains the instruction opcode.

rT Contains the instructios’3-bit taget-register identifer, or the 3-bit binary alue 000 if the instruction has nogat
(e.g. SW and BNE instructions).

PC If no exceptional instruction is in the pipeline, contains the address of the instruction whose state is contained in this
pipeline rgister This is used to handle pipeline interrupts.

X Indicates that the instruction is a HAlinstruction (a ALR instruction with a non-zero immediatelfi).

STORE DATA  Contains the data to store t&A\DA MEMORY. Note that if the instruction is not a $Wis information is not used.

ALU OUT Contains the most recent output of AleJ.

MEM/WB Register:

rT Contains the instructios’3-bit taget-ragister identifer, or the 3-bit binary alue 000 if the instruction has nogdat
(e.g. SW and BNE instructions).

PC If no exceptional instruction is in the pipeline, contains the address of the instruction whose state is contained in this
pipeline rgister This is used to handle pipeline interrupts.

X Indicates that the instruction is a HRlinstruction (a ALR instruction with a non-zero immediatelfi).

RF DATA Contains the data that will be written to thgiséer fle on the folleving ¢ycle (provided ther T register has a non-zero

value).
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Control Modules

These are the descriptions of tlagigus CONTROL modules.

CTL,
CTL,

CTlL,

CTL,

CTLsg

CTLg

CTL,

[removed]

This module controls both the write-enable line of the data memory and the operation gfMidXch feeds the RF
WRITE DATA register and therefore determines what will be written to thister fle on the follaving cycle. Thus,

the only input to the control module is the opcode of the instructtoa write-enable line of the data memory is only
set if the opcode is SWitherwise, writing is disabled. MUy only chooses the output of the data memory if the
opcode is WV; otherwise, the mux chooses traue of theALU OUTPUT raister in EX/MEM.

This module controls the operation of theU and the operation of MUY, which seres theALU’s SRC2 input.
The modules input is the instruction opcodEhe translation from opcode to FUNEcontrol lus \alue is dependent
on theALU design. MUX,,» chooses between operand2 and immedialigey for all instructions that use immediate
values (ADDI, LUI, SWBNE, ALR), the \alue in OPERANDO is chosenofall other instructions (ADD, AND),
the mux chooses OPERAND?2. Note that BNE has been handled by the EX stageaheetbéthe mux for a BNE is
adont-cae value.

This module controls the $IMP logic and the operation of MUY It handles branch mispredictions ard R
instruction eecution.The modules inputs are the instruction opcode (after pre-processing by #hiel Sdgic in
CTLg to ensure that no &LL conditions are in déct) and the tw register operands to be fed into theU on the
next cycle. Haviing access to these data operandsvalline module to determine if thedwalues are equal or not (i.e.
determine if it is appropriate to correct a mispredicted branch instrucfiza)alue of MUX, is set as follws: if the
instruction is a BNE and the operands are not equal (or if it is determined that the bmamofswspeculated, if more
sophisticated branch prediction is implemented), MU2hooses thealue of the PC+1+OPERANDO adder in the
decode stag&Vhen this happens, the contents of the IF/I§ister are werwritten with a NOP instruction (this is a
STOMP event). If the instruction in IF/ID is aALR, MUX . chooses the output of MU¥, and also enables a
STOMP event. For all other instructions and instances, M‘g%hooses the output of the PC+gjister in IF/ID and no
STOMP event occurs.

This module handles data foavding; it controls the operation of MUJ¥ and MUX, > the two mwes responsible
for forwarding data from pipeline gésters further don the pipeThe control module’ input includes the géster
identifiers from the instruction currently in the decode stagkldirB and either rA or rC (the rA/r@lue is tak from
the output of MUX,, which represents the appropriatgiséer speciér). The rest of the moduke’inputs are theT
identifiers of the préous three instruction§he control module compares each of the current instrustioput rgis-
ter operands ainst the output of the prieus three instructions. If it is determined thay af the preious three
instructions write to anof the reisters that the current instruction uses as operands, and igtberepecigér in
question is non-zero, the data is farded from the appropriate pipelinggister giving priority to instructions in
higher stages (instructions nearer in time to the current instruction). Note that, if the opicbdktfie instruction in
the decode stage is not considered, this control module walyalforvard data based on dwegister operands; this
means that, in the case of the LUI instruction, one of those operands wilalid.irlovever, because that operand
will never be used, forarding data will not produce incorrect belwe. An optimization could be to consider the
opcode to eliminate the aatition of unnecessary foexding paths such as this.

This module handles the load-use and branch-depepéeadocks and SALL logic (i.e. it sets the opcod®P and
register tagetr T in ID/EX). Its inputs are the opcode andister operand spedais of the instruction currently in the
decode stage (held in the IF/IDyister) and the opcode anddat register rTof the instruction in thexecute stage. If

the instruction currently in thexecute stage (held in the ID/EXgister) is a MV and tagets ag register that the
instruction in decode uses as a sourgéster a SALL event is createdlhe control modula outputs are th@P and

rT fields of the ID/EX rgister and thePg,, signal, which directs the PC and IF/ID pipelingiséers to not latch me
values on the ne cycle hut to retain their @alues instead. On a pipeline stall, the instructions in the fetch and decode
stages are held up, and the rest of the instructions in the pipeline earedatlomee ahead; tolfithe created hole, a
NOP instruction is placed in the ID/EXgister This amounts to putting &DD opcode with taget reister r0 into the

OP andrT fields of ID/EX.The module produces alue for ther T register in ID/EX as follavs: if the instruction in
IF/ID is a type that tayets the rgister fle (ADD, ADDI, NAND, LUI, LW, JALR), the \alue of rA is passed on to the

rT register For SW and BNE instructions, the binaglwe 000 is passed, indicating that the instruction does not store
a\alue in the rgister fle (this works because r0 is a read-onlyget).

This module controls the operation of M{Jx,, the mux responsible for the contents of @RERANDO field of the
ID/EX register and MUX;,, the mux responsible for choosing between the rA and rC instruatids for specifying

the second gister operandlhe control modula' input is the opcode of the instruction currently in the decode stage.
MUX;mm chooses between the sigrtended immediatealue (to be used f&DDI, LW, SW and BNE instructions),

the left-shifted immediatealue (to be used for LUI instructions), and tleéue PC+1 (to be used foALR instruc-
tions); note that, instead of using a dedicated adder to generatdubeof/PC+1, the equalent \alue can be tadn
directly from the main program counter (proof of correctness is left to the reader)s Mdhbéses rC foADD and
NAND instructions; it chooses rA for all otheflhe control module simpliis the logic for CTL by eliminating the
need for CTl; to look at both rA and rC and choose, based an OP

Control Signals

There are a number of control signals that change the directionoandfftiata in the pipeline.
These are the signals that tleisus CONTRL modules gport:

FUNC,1,
MUXop1

This signal instructs th&LU to perform a gien function.

This 2-bit signal controls the mux connected to the OPERAND1 component of the IyiE¥revhich ultimately
feeds into théLU. The mux chooses between the SRC1 output of tiistee fle and the outputs of the pieus three
instructions, coming from th&LU, the mux at the end of the memory stage, and th&/RFTE DATA component of
the MEM/WB ragister (a alue destined for the gester fie).
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MUXgp2 This 2-bit signal controls the mux connected to the OPERAND2 component of the IDyiE¥revhich ultimately
feeds into thé\LU (unless @erridden by an immediatelue).The mux chooses between the SRC2 output of the re
ister fle and the outputs of the preus three instructions, coming from tAeU, the mux at the end of the memory
stage, and the RWRITE DATA component of the MEM/WB gaster (a alue destined for the gester fie).

MUXgju2 This 1-bit signal controls the mux connected to the SRIG2 input. The mux chooses between gister output and
“operand0, which is either an immediateaiue dewed from the instruction @rd or the alue PC+1The \alue of
“operand0” is chosen f&kDDI, LUI, LW, SW and ALR instructions, and the géster operand is chosen for all others
(ADD, NAND, BNE).

MUXimm This 2-bit signal controls the mux connected to the OPERANDO component of the Iyi&¥rdhe mux chooses
between the signxéended immediatealue (to be used fagkDDI, LW, SW and ALR instructions), the left-shifted
immediate alue (to be used for LUI instructions), and tladue PC+1 (forALR instructions).

MUX,ut This 1-bit signal controls the mux connected to theVRRITE DATA component of the MEM/WB gster which
holds the data to be written to thgisger fle on the folloving cycle (provided the write-enable bit of thegister fle is
set).The mux chooses between the output of&hE and the output of the data memory (fdi/Linstructions).

MUX;¢ This 2-bit signal controls the mux connected the Pi@&@ mux chooses between the output of the decode stage’
MUX 4, multiplexor (to be used forALR instructions), the PC+1+OPERANDO adder in the decode stage (for
instances of BNE instructions that aregmkor branch mispredicts if speculatixecution is implemented), and the
output of the dedicated adder that produces the sum R@enlgcle.

MUXs, This 1-bit signal controls the mux connected to tiggster fle’'s SRC2 operand speeifia 3-bit signal that determines
which of the rgisters will be read out onto the 16-bit SRC2 data output Poetmux chooses between the rA and rC
fields of the instruction ard: rC is chosen fokDD and NAND instructions.

Pstall The pipeline stallsignal.This 1-bit signal indicates that the PC and IF/ID pipelimggsters should not latch wedata
on the net clock edge bt instead retain their current conterftbe signal causes a pipeline staet, during which
the instructions in thexecute and later stages are a#al to mee forward one stage ub the topmost tev instructions
(in fetch and decode stages) are held back, and a NOP instruction is inserted into the dIStEX re

Pstomp The pipeline stompsignal. This 1-bit signal indicates that the IF/ID pipelingister should not latch the fetched
instruction on the ne clock kut should instead latch a NOP instructidhis is used to implement a brancheak
event (or branch-mispredictent, if speculatie execution is implemented), in which a branch instruction (either BNE
or ALR) in the decode stage changes the direction of contwel fl

WE;+ This 1-bit signal enables or disables the write port of thister fle. If the signal is high, the géster fle can write a
result. If it is law, writing is blocled. It is high foADD, ADDI, NAND, LUI, LW, and ALR instructions.

WEgmem This 1-bit signal enables or disables the write port of the data melfibry signal is high, the data memory can write
aresult. If it is lov, writing is blocled. It is high for SW instructions.

4. Verilog Implementation

On the course website is aeitonVerilog file that includes defitions for all data structures that
you will need, both mgisters and BissesYou will not need to defie ary new registers, ot feel
free to defne as mayinewn wires as you seetfie.g., to more fiely break dan logic blocks)The
skeleton fle contains deffitions for all of the grg blocks shan in Figure 1 (pipeline gasters,
register fle, memory andALU), and it contains instantiations of maof the control lines (lie
Pgann and Pgomp) @and multipleer outputs—hwever, for most it does not gé their combina-
tional-logic deﬁ%itions.The names are roughly egalent to each othewhich should simplify
translating from one to the other

All of the registers are bilt as modules, each with a clock input, data input and output, reset sig-
nal, and a write-enable control signébur Verilog code will not needny register assignments;

i.e., you need not put grcode whatsoer into the “alvays @(posedge clk)” block at the end of
the program, which is simply there to halt processing and print ougdety information.

Your job is to connectverything together—for>ample, on the posite edge of the clock, the
program countePC should latch a e value, unless thBg, signal is highThe \alue to latch
comes from the output of tiUX . multiplexer. The data-inputis for the PC is calleiC__in.
The control signal to conditionally latch amealue isPC_we. Therefore, in the PC-update stage
of your code you wuld have the follaving logic:

assign PC we = ~Pstal | ;
assign PC_in = MJXpc_out;



