Appendix C

The Microarchitecture of the
L C-3b, Basic Machine

This appendixllustratesoneexampleof a microarchitecturéhatimplementghe base
machineof the LC-3b ISA. We have not includedexceptionhandling,interrupt pro-

cessingpr virtual memory We have usedaverystraightforvardnon-pipelinedsersion.
Interrupts exceptionsyirtual memory pipelining,they will all comelater— beforewe

partcompairy in December

C.1 Oveview

FigureC.1shavsthetwo maincomponentsf anlSA: thedata path, which containsall
the componentshat actuallyprocesghe instructions andthe control, which contains
all thecomponentshatgeneratehesetof controlsignalsthatareneededo controlthe
processingt eachinstantof time.

We say “at eachinstantof time; but we really mean: during each clock cycle.
Thatis, time is divided into clock cycles. The cycle time of a microprocessois the
durationof a clock cycle. A commoncycle time for a microprocessotodayis 0.67
nanosecondsyhich correspondso 1 1/2 billion clock cycleseachsecond We saythat
suchamicroprocessois operatingat afrequeng of 1.5Gigahertz.

At eachinstantof time—or, rather duringeachclock cycle—the35 controlsignals
(asshovnin FigureC.1) controlboththe processingn thedatapathandthegeneration
of the controlsignalsfor the next clock cycle. Processingn the datapathis controlled
by 26 bits, andthegeneratiorof thecontrolsignalsfor thenext clockcycleis controlled
by ninebits.

Notethatthe hardwarethatdeterminesvhich controlsignalsareneededachclock
cycle doesnot operatein avacuum.On the contrary the controlsignalsneededn the
“next” clock cycle dependonall of thefollowing:

1. Whatis goingonin thecurrentclock cycle.

2. TheLC-3binstructionthatis beingexecuted.
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FigureC.1: Microarchitectureof the LC-3b, majorcomponents

3. If that LC-3b instructionis a BR, whetherthe conditionsfor the branchhave
beenmet(i.e., the stateof therelevantconditioncodes).

4. If amemoryoperations in progressyhetherit is completingduringthis cycle.

Figure C.1identifiesthe specificinformationin ourimplementatiorof the LC-3b
thatcorrespondso thesefive items. They are,respectiely:

1. J[5:0], COND[1:0], andIRD—9 bits of control signalsprovided by the current
clockcycle.

2. inst[15:12], which identifiesthe opcode,and inst[11:11], which differentiates
JSRfrom JSRR(i.e., theaddressingnodefor thetargetof the subroutinecall.

3. BEN to indicatewhetheror nota BR shouldbetaken.
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4. Rto indicatetheendof amemoryoperation.

C.2 The State Machine

Thebehaior of the LC-3b microarchitectureluringa givenclock cycle is completely
determinedy the 35 control signals,combinedwith sevenbits of additionalinforma-
tion (inst[15:11],BEN, andR), asshown in FigureC.1. We have saidthatduringeach
clock cycle, 26 of thesecontrol signalsdeterminehe processingf informationin the
datapathandthe other9 control signalscombinewith the sevenbits of additionalin-

formationto determinewhich setof control signalswill be requiredin the next clock
cycle.

We saythatthese35 controlsignalsspecifythe state of the control structureof the
LC-3b microarchitecture We cancompletelydescribethe behaior of the LC-3b mi-
croarchitecturdy meansof a directedgraphthatconsistsof nodes(onecorresponding
to eachstate)andarcs(shoving the flow from eachstateto the one(s)it goesto next).
We call sucha grapha state machine.

Figure C.2 is the statemachinefor our implementationof the LC-3b. The state
machinedescribesvhat happensduring eachclock cycle in which the computeris
running. Eachstateis active for exactly oneclock cycle beforecontrol passego the
next state. The statemachineshaws the step-by-steg(clock cycle by clock cycle)
procesghat eachinstructiongoesthroughfrom the startof its FETCH phaseto the
endof thatinstruction.Eachnodein the statemachinecorrespondso the activity that
the processomill carry out during a single clock cycle. The actualprocessinghat
is performedin the datapathis containedinside the node. The step-by-stegdlow is
cornveyedby the arcsthattake the processofrom eachstateto the next.

For example,recall thatthe FETCH phaseof every instructioncycle startswith a
memoryaccesgso readtheinstructionat the addresspecifiedby the PC. Notethatin
the statenumberedL8, the MAR is loadedwith theaddreszontainedn PC,the PCis
incrementedy two in preparatiorfor the FETCH of the next LC-3b instruction,and
theflow passeso the statenumbereB3. The PCis incrementedy two sinceeachl6
bit instructionis storedin two consecutie byte-addressabl@emorylocations.

Beforewe getinto whathappengiuring the clock cycle whenthe processois in
the statenumbered33, we shouldexplain the numberingsystem- thatis, why 18
and 33. Recall, from your knowledge of finite statemachines,eachstatemustbe
uniquelyspecifiedandthatthis uniquespecifications accomplishedy meansof the
statevariables.Our statemachinethatimplementsthe basel. C-3b microarchitecture
requires31 distinct statesto describethe entirebehavior of the LC-3b basemachine.
We will comeinto contactwith all of themaswe go throughthis Appendix. Since
k logical variablescanuniquelyidentify 2% items, five statevariablesaresuficient to
uniquely specify 31 states. We have chosensix statevariablesto provide you with
enoughadditionalstatesto handleinterrupts,exceptionsandvirtual memorylaterin
thesemesterThe numbemext to eachnodein FigureC.2is the decimalequivalentof
thevalues(0 or 1) of thesix statevariablesfor the correspondingtate. Thus,the state
numberedL8 hasstatevariablevalues010010.

Now, then, backto what happensafter the clock cycle in which the actvity of
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state18 hasfinished. Again, if no externaldevice is requestinganinterrupt, the flow
passeso state33. In state33, sincethe MAR containsthe addresf the instruction
to be processedhis instructionis readfrom memoryandloadedinto the MDR. Since
this memoryaccesscan take multiple cycles, this statecontinuesto executeuntil a
readysignalfrom the memory(R) is assertedindicatingthatthe memoryaccessas
completed Thusthe MDR containghevalid contentsof thememorylocationspecified
by MAR. The statemachinethenmoveson to state35, wheretheinstructionis loaded
into theinstructionregister(IR), completingthe fetch phaseof theinstructioncycle.

Notethatthe arrow from the last stateof eachinstructioncycle (i.e., the statethat
completeghe processingf that LC-3b instruction)takesus to state18 (to begin the
instructioncycle of the next LC-3b instruction).
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C.3 TheDataPath

Thedatapathconsistof all componentshatactuallyprocessheinformationduringa
cycle—thefunctionalunits(e.g.,the ALU) thatoperateontheinformation,theregisters
that storeinformationat the endof onecycle soit will be availablefor furtherusein
subsequentycles, andthe busesandwires that carry informationfrom one point to
anotherin the datapath. Figure C.3 illustratesthe datapathof our microarchitecture
for theLC-3b.

Note the control signalsthatareassociateavith eachcomponenin the datapath.
For example,ALUK, consistingof two control signals,is associatedvith the ALU.
Thesecontrolsignalsdeterminenow thecomponentill beusedeacheycle. TableC.1
lists the setof control signalsthat controlthe elementof the datapath,andthe setof
valuesthateachcontrol signalcanhave. (Actually, for readability we list a symbolic
namefor eachvalue,ratherthanthebinaryvalue.) For example,sinceALUK consists
of two bits, it canhave one of four values. Which valueit hasduring ary particular
clock cycle dependson whetherthe ALU is requiredto ADD, AND, XOR, or simply
passoneof its inputsto theoutputduringthatclock cycle. PCMUX alsoconsistof two
control signalsandspecifieswvhich of the threeinputsto the MUX (PC+2,the output
of the adder or whatever hasbeengatedto the bus) is requiredduring a given clock
cycle. LD.PCis asingle-bitcontrolsignal,andis a0 (NO) or a1 (YES), dependingn
whetheror notthe PCis to beloadedduringthegivenclock cycle.

During eachclock cycle, correspondingo the“currentstate”in the statemachine,
the 26 bits of control directthe processingf all componentsn the datapaththatare
requiredduringthatclockcycle. Theprocessinghattakesplacein thedatapathduring
thatclock cycle, aswe have said,is specifiednsidethenoderepresentinghatstate.

C.4 TheControl Structure

As describedaborve, the statemachinedeterminesvhich control signalsareneededo
procesdnformationin the datapathduring eachclock cycle. The statemachinealso
determineswhich control signalsare neededo direct the flow of control from each
stateto its successostate.

Figure C.4 shows a block diagramof the control structureof our implementation
of the LC-3b. Many implementationsire possible andthe designconsiderationshat
mustbe studiedto determinenhich of mary possibleimplementationshouldbe used
is the subjectof muchof this course.

We have choserhere,at the outset,a very straightforward microprogrammedm-
plementationThecurrentstateof thecontrolstructurds representetly the26 bitsthat
control the processingn the datapathandthe 9 bits that help determinewhich state
comesnext. These35 bits arecollectively known asa microinstruction. Eachmicroin-
struction(i.e., eachstateof the control structure)is storedin one 35-bit locationin a
specialmemorycalledthe controlstore.Sincethereare31 statesn the statemachine,
and sinceeachstatecorrespond$o one microinstructionstoredin the control store,
thecontrolstorefor our microprogrammedmplementatiorrequiresfive bits to specify
theaddres®f eachmicroinstruction.However, aswe have alreadysaid,we electedto
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FigureC.3: The LC-3bdatapath

provide youwith theadditionalflexibility of morestatessowe have selecteda control

storeconsistingof 2° locations.
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Signal Name  Signal Values
LD.MAR/1: NO, LOAD
LD.MDR/1: NO, LOAD
LD.IR/1: NO, LOAD
LD.BEN/1: NO, LOAD
LD.REG/1: NO,LOAD
LD.CC/1: NO, LOAD
LD.PC/1: NO,LOAD
GatePC/1: NO, YES
GateMDR/1: NO, YES
GateALU/1: NO, YES
GateMARMUX/1:  NO, YES
GateSHF/1: NO, YES
PCMUX/2:  PC+2 ;selectpc+2
BUS ;selectvaluefrom bus
ADDER ;selectoutputof addressdder
DRMUX/1:  11.9 ;destinationR[11:9]
R7 ;destinatiorR7
SRIMUX/1: 119 ;sourcelR[11:9]
8.6 ;sourcelR[8:6]
ADDR1MUX/1: PC,BaseR
ADDR2MUX/2:  ZERO ;selectthevaluezero
offset6 ;selectSEXT[IR[5:0]]
PCofset9 ;selectSEXT[IR[8:0]]
PCofsetll ;selectSEXT[IR[10:0]]
MARMUX/1: 7.0 ;select. SHF(ZEXTI[IR[7:0]],1)
ADDER ;selectoutputof addressdder
ALUK/2:  ADD, AND, XOR, PASSA
MIO.EN/1:  NO,YES
R.W/1: RD,WR
DATA.SIZE/1: BYTE, WORD
LSHF1/1: NO,YES

TableC.1: Datapathcontrolsignals

TableC.2lists thefunction of the 9 bits of controlinformationthathelpdetermine
whichstatecomemext. FigureC.5shavsthelogic of themicrosequenceihepurpose
of themicrosequences to determinghe addressn the controlstorethatcorresponds
to the next state,thatis, the locationwherethe 35 bits of control informationfor the

next statearestored.

Notethatstate32 of the statemaching(FigureC.2) hasl6“next” statesdepending

Signal Name  Signal Values
J/6:
COND/2: CONDy  ;Unconditional
COND;  ;MemoryReady
COND: ;Branch
COND3  ;AddressingMode
IRD/1: NO,YES

TableC.2: Microsequencecontrol signals
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ontheLC-3binstructionbeingexecutedduringthecurrentinstructioncycle. This state
carriesoutthe DECODEphaseof theinstructioncycle. If theIRD controlsignalin the
microinstructioncorrespondingo state32is 1, theoutputMUX of themicrosequencer
(FigureC.5) will take its sourcefrom the six bits formedby 00 concatenatewith the
four opcodebits IR[15:12]. SincelR[15:12] specifiesthe opcodeof the currentLC-
3binstructionbeingprocessedhe next addresof the control storewill be oneof 16
addressegorrespondingdo the 14 opcodeglusthe two unusedpcodes|R[15:12] =
1010and1011. Thatis, eachof the 16 next statesis the first stateto be carriedout
aftertheinstructionhasbeendecodedn state32. For example,if theinstructionbeing
processeds ADD, the addresf the next stateis statel, whosemicroinstructionis
storedat location000001.RecallthatIR[15:12]for ADD is 0001.

If, somehav, theinstructioninadvertentlycontainedR[15:12] = 10100r 1011,the
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FigureC.5: Themicrosequencenf the LC-3b basemachine
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unusedpcodesthemicroarchitecturavould executea sequencef microinstructions,
startingat statel10 or statell, dependingon whichillegal opcodewasbeingdecoded.
In both cases the sequenceof microinstructionswould respondto the fact that an

instructionwith anillegal opcodehadbeenfetched.

Several signalsnecessaryo control the datapathandthe microsequenceare not
amongthoselistedin TablesC.1andC.2. They areDR, SR1,BEN, andR. FigureC.6

shavstheadditionallogic neededo generatdDR, SR1,andBEN.

Theremainingsignal,R, is asignalgeneratedby the memoryin orderto allow the
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FigureC.6: Additionalllogic requiredto provide controlsignals

LC-3b to operatecorrectlywith a memorythattakes multiple clock cyclesto reador
storeavalue.

Supposeét takesmemoryfive cyclesto reada value. Thatis, onceMAR contains
the addresgo be readandthe microinstructionassertlREAD, it will take five cycles
beforethe contentsof the specifiedocationin memoryareavailableto beloadedinto
MDR. (Notethatthemicroinstructionassert&iREAD by meansof threecontrolsignals:
MIO.EN/YES, R.W/RD,andDATA.SIZE/WORD; seeFigureC.3.)

Recall our discussionin SectionC.2 of the function of state33, which accesses
aninstructionfrom memoryduring the fetch phaseof eachinstructioncycle. For the
LC-3bto operatecorrectly state33 mustexecutefive timesbeforemoving on to state
35. Thatis, until MDR containsvalid datafrom the memorylocationspecifiedby the
contentof MAR, we wantstate33 to continueto re-execute.After five clock cycles,
thememoryhascompletedhe“read; resultingin valid datain MDR, sothe processor
canmove onto state35. Whatif the microarchitecturalid not wait for the memoryto
completethereadoperatiorbeforemoving onto state35? Sincethe contentsof MDR
would still be garbagethe microarchitecturevould putgarbagento IR in state35.

Thereadysignal(R) enablesthememoryreadto executecorrectly Sincethemem-
ory knows it needsfive clock cyclesto completethe read, it assertsa readysignal
(R) throughoutthe fifth clock cycle. Figure C.2 shaws thatthe next stateis 33 (i.e.,
100001)if the memoryreadwill not completein the currentclock cycle andstate35
(i.e.,100011)if it will. As we have seeniit is the job of the microsequenceffFigure
C.5)to producethe next stateaddress.
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The 9 microsequencerontrolbits for state33 areasfollows:

| RD O ;. NO
CONDY 01 ; Menory Ready
J/ 100001

With thesecontrolsignals whatnext stateaddresss generatedby themicrosequencer?
For eachof thefirst four executionsof state33, sinceR = 0, the next stateaddresss
100001.This causestate33 to be executedagainin the next clock cycle. In thefifth
clock cycle, sinceR = 1, the next stateaddresss 100011,andthe LC-3b moveson
to state35. Notethatin orderfor the readysignal (R) from memoryto be partof the
next stateaddressCOND hadto be setto 01, which allowed R to passthroughits
three-inputAND gate.

C.5 Alignment correction for Byte L oads and Stores

Everythingin the discussiorthusfar hasinvolved word accessefrom memory Be-
causethe LC-3b is byte-addressablend loadsand storescan acces=ither byte or
word data, additional supportis requiredfrom both the data path and the microse-
quencer Theonly memoryreadthatis accessing byte of datais state29 in the state
machine.The only memorystorethatis writing a byte of datais statel7 in the state
machine.Supportis providedfor bothin the datapathasfollows.

C.5.1 Byteloadsin state 29

In state29, 16 bits are readfrom memoryas usual,and loadedinto MDR. In state
31,thedatareadis loadedinto the destinatiorregisterasspecifiedby bits[11:9]of the
LDB instruction,asfollows: A MUX selectswvhetherMDR[15:8] or MDR][7:0] is the
correctbyte to beloaded,basedon the low bit of the addres{MAR[0]). This byteis
sign-extendedo 16 bits. A secondVIUX selectseitherthis sign-extendedoyte of data
or theword in MDR, basedon the control signal DATA.SIZE. Sincethe instruction
beingprocesseik LDB, state31 hasthecontrolsignalDATA.SIZE/BYTE. Theoutput
of thisMUX (thesign-extendedbyte of data)is gatedontothebusandloadedinto DR.

C.5.2 Bytestoresin state17

In state24, just prior to statel7 which doesthe actualbyte store the datato be stored
is loadedinto MDR asfollows: If MAR[0]=1, SR[7:0] mustbe loadedinto the odd
addresspecifiedby MAR. A MUX selectseitherSR[15:0]or SR[7:0]'SR[7:0],based
on MAR[O]. In thatway, if theinstructionbeingprocesseds STW, MAR[O] mustbe
0, andthe storeproceeddine. If theinstructionbeingprocesseds STB, SR[7:0]is in
MDR][7:0] if MAR[0]=0, andin MDR[15:8] if MAR[0]=1. Thatis, thedatain MDR
is properlyalignedreadyto bestored.

In statel7, the actualstoretakesplaceasfollows: Two write enablesignalsWE1
andWEO control the storesto the odd and even addressesf a memoryword. WE1
controlsbits [15:8] and WEO controlsbits [7:0] of the sameword of memory Which
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write enablesignalsare assertedlependson R.W, DATA.SIZE, and MAR[0]. Write
enablesignalsareonly asserted themachinds doingastore.Ergo,R.W mustbe WR.
If DATA.SIZEis BYTE, MARJ[0] determinesvhethetWE1 or WEOQis assertedRecall
thatif DATA.SIZE is BYTE, MDR was previously loadedwith SR[7:0]'SR[7:0]. If
MAR][0]=0, WEO is assertecand MDR[7:0] (i.e., SR[7:0]) is written to memory If
MAR][0]=1, WE1is assertedindMDR[15:8] (i..e, SR[7:0])is writtento memory Thus
in bothcasestherelevantbyteis storedto the correctlocationin memory

If DATA.SIZEis WORD andMAR][0]=0, thenWE1andWEOQarebothasserte@nd
thewordin MDR is writtento memory If DATA.SIZE is WORD andMAR][0]=1, an
illegal operancaddressxceptionwould have beentakenearlierin the microsequence.

Oncethewrite completesMemoryReadyis assertedndcontrolpasse$rom state
17to statel9. Statel9is anexactduplicateof statel8. Statel8 and19thenbegin the
processingf thenext LC-3binstruction.

C.6 Memory-mapped 1/0O

As you know from Chapter8, the LC-3b ISA performsinput andoutputvia memory-
mapped/O, thatis, with the samedatamovementinstructionshatit usesto readfrom
andwrite to memory The LC-3b doesthis by assigningan addresso eachdevice
register Input is accomplishedby a load instructionwhoseeffective addresss the
addres®f aninputdeviceregister Outputis accomplishedby astoreinstructionwhose
effective addresss theaddres®f anoutputdevice register For example,in state25 of
FigureC.2,if theaddressn MAR is xFEO2,MDR is suppliedby the KBDR, andthe
datainput will bethelastkeyboardcharactetyped. Onthe otherhand,if the address
in MAR is alegitimatememoryaddressMDR is suppliedby thememory

The statemachineof Figure C.2 doesnot have to be alteredto accommodate
memory-mapped/O. However, somethinghasto determinewvhenmemoryshouldbe
accesse@nd when I/O device registersshouldbe accessed.This is the job of the
addressontrollogic shavn in FigureC.3.

The control signalsthat are generatedarebasedon (1) the contentsof MAR, (2)
whetheror not memoryor I/O is accessedhis cycle (MIO.EN/NO, YES), and (3)
whetheraload or storeis requestedR.W/ReadWrite). Oneof your tasksin problem
set2 will beto generatehetruthtablefor this block. Incidentially, thedevice registers
areall 16 bit registersandhave evenaddresseslhey areaccessetlty LDW andSTW
instructions.This eliminatesall alignmentproblemson I/O accesses.

C.7 Control Store

Figure C.7 completesour microprogrammedmplementatiorof the LC-3b. It shavs
the contentsof eachlocationof the control store,correspondingdo the 35 control sig-
nalsrequiredby eachstateof the statemachine We have left the exactentriesblankto
allow you, dearreaderthejoy of filling in therequiredsignalsyourself.
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FigureC.7: Specificatiorof the controlstore



