
Appendix C

The Microarchitecture of the
LC-3b, Basic Machine

This appendixillustratesoneexampleof a microarchitecturethatimplementsthebase
machineof the LC-3b ISA. We have not includedexceptionhandling,interruptpro-
cessing,orvirtual memory. Wehaveusedaverystraightforwardnon-pipelinedversion.
Interrupts,exceptions,virtual memory, pipelining,they will all comelater– beforewe
partcompany in May.

C.1 Overview

FigureC.1showsthetwo maincomponentsof anISA: thedata path, whichcontainsall
thecomponentsthatactuallyprocessthe instructions,andthecontrol, which contains
all thecomponentsthatgeneratethesetof controlsignalsthatareneededto controlthe
processingat eachinstantof time.

We say, “at eachinstantof time,” but we really mean: during each clock cycle.
That is, time is divided into clock cycles. The cycle time of a microprocessoris the
durationof a clock cycle. A commoncycle time for a microprocessortodayis 0.67
nanoseconds,whichcorrespondsto 1 1/2billion clockcycleseachsecond.Wesaythat
suchamicroprocessoris operatingat a frequency of 1.5Gigahertz.

At eachinstantof time—or, rather, duringeachclockcycle—the35controlsignals
(asshown in FigureC.1)controlboththeprocessingin thedatapathandthegeneration
of thecontrolsignalsfor thenext clock cycle. Processingin thedatapathis controlled
by26bits,andthegenerationof thecontrolsignalsfor thenext clockcycleis controlled
by ninebits.

Notethatthehardwarethatdetermineswhichcontrolsignalsareneededeachclock
cycle doesnot operatein a vacuum.On thecontrary, thecontrolsignalsneededin the
“next” clockcycledependonall of thefollowing:

1. Whatis goingon in thecurrentclock cycle.

2. TheLC-3b instructionthatis beingexecuted.
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FigureC.1: Microarchitectureof theLC-3b,majorcomponents

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

4. If a memoryoperationis in progress,whetherit is completingduringthis cycle.

FigureC.1 identifiesthespecificinformationin our implementationof theLC-3b
thatcorrespondsto thesefive items.They are,respectively:

1. J[5:0], COND[1:0], andIRD—9 bits of control signalsprovidedby thecurrent
clock cycle.

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

3. BEN to indicatewhetheror not a BR shouldbetaken.
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4. R to indicatetheendof a memoryoperation.

C.2 The State Machine

Thebehavior of theLC-3b microarchitectureduringa givenclock cycle is completely
determinedby the35 controlsignals,combinedwith sevenbits of additionalinforma-
tion (inst[15:11],BEN, andR), asshown in FigureC.1. We havesaidthatduringeach
clock cycle,26 of thesecontrolsignalsdeterminetheprocessingof informationin the
datapathandtheother9 controlsignalscombinewith thesevenbits of additionalin-
formationto determinewhich setof controlsignalswill be requiredin thenext clock
cycle.

We saythatthese35controlsignalsspecifythestate of thecontrolstructureof the
LC-3b microarchitecture.We cancompletelydescribethebehavior of theLC-3b mi-
croarchitectureby meansof adirectedgraphthatconsistsof nodes(onecorresponding
to eachstate)andarcs(showing theflow from eachstateto theone(s)it goesto next).
We call sucha grapha state machine.

FigureC.2 is the statemachinefor our implementationof the LC-3b. The state
machinedescribeswhat happensduring eachclock cycle in which the computeris
running. Eachstateis active for exactly oneclock cycle beforecontrol passesto the
next state. The statemachineshows the step-by-step(clock cycle by clock cycle)
processthat eachinstructiongoesthroughfrom the startof its FETCH phaseto the
endof thatinstruction.Eachnodein thestatemachinecorrespondsto theactivity that
the processorwill carry out during a singleclock cycle. The actualprocessingthat
is performedin the datapath is containedinside the node. The step-by-stepflow is
conveyedby thearcsthattake theprocessorfrom eachstateto thenext.

For example,recall that theFETCHphaseof every instructioncycle startswith a
memoryaccessto readtheinstructionat theaddressspecifiedby thePC.Notethat in
thestatenumbered18, theMAR is loadedwith theaddresscontainedin PC,thePCis
incrementedby two in preparationfor theFETCHof thenext LC-3b instruction,and
theflow passesto thestatenumbered33. ThePCis incrementedby two sinceeach16
bit instructionis storedin two consecutivebyte-addressablememorylocations.

Beforewe get into what happensduring the clock cycle whenthe processoris in
the statenumbered33, we shouldexplain the numberingsystem– that is, why 18
and 33. Recall, from your knowledgeof finite statemachines,eachstatemust be
uniquelyspecifiedandthat this uniquespecificationis accomplishedby meansof the
statevariables.Our statemachinethat implementsthe baseLC-3b microarchitecture
requires31 distinct statesto describethe entirebehavior of theLC-3b basemachine.
We will comeinto contactwith all of themaswe go throughthis Appendix. Since
k logical variablescanuniquelyidentify

���
items,five statevariablesaresufficient to

uniquelyspecify 31 states. We have chosensix statevariablesto provide you with
enoughadditionalstatesto handleinterrupts,exceptionsandvirtual memorylater in
thesemester. Thenumbernext to eachnodein FigureC.2is thedecimalequivalentof
thevalues(0 or 1) of thesix statevariablesfor thecorrespondingstate.Thus,thestate
numbered18 hasstatevariablevalues010010.

Now, then, back to what happensafter the clock cycle in which the activity of
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state18 hasfinished. Again, if no externaldevice is requestingan interrupt,the flow
passesto state33. In state33, sincetheMAR containsthe addressof the instruction
to beprocessed,this instructionis readfrom memoryandloadedinto theMDR. Since
this memoryaccesscan take multiple cycles, this statecontinuesto executeuntil a
readysignalfrom the memory(R) is asserted,indicatingthat the memoryaccesshas
completed.ThustheMDR containsthevalid contentsof thememorylocationspecified
by MAR. Thestatemachinethenmoveson to state35,wheretheinstructionis loaded
into theinstructionregister(IR), completingthefetchphaseof theinstructioncycle.

Note that thearrow from the laststateof eachinstructioncycle (i.e., thestatethat
completesthe processingof thatLC-3b instruction)takesus to state18 (to begin the
instructioncycleof thenext LC-3b instruction).
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C.3 The Data Path

Thedatapathconsistsof all componentsthatactuallyprocesstheinformationduringa
cycle—thefunctionalunits(e.g.,theALU) thatoperateontheinformation,theregisters
thatstoreinformationat theendof onecycle so it will beavailablefor furtherusein
subsequentcycles,andthe busesandwires that carry informationfrom onepoint to
anotherin the datapath. FigureC.3 illustratesthe datapathof our microarchitecture
for theLC-3b.

Note thecontrolsignalsthatareassociatedwith eachcomponentin thedatapath.
For example,ALUK, consistingof two control signals,is associatedwith the ALU.
Thesecontrolsignalsdeterminehow thecomponentwill beusedeachcycle. TableC.1
lists thesetof controlsignalsthatcontrol theelementsof thedatapath,andthesetof
valuesthateachcontrolsignalcanhave. (Actually, for readability, we list a symbolic
namefor eachvalue,ratherthanthebinaryvalue.)For example,sinceALUK consists
of two bits, it canhave oneof four values. Which valueit hasduring any particular
clock cycle dependson whethertheALU is requiredto ADD, AND, XOR, or simply
passoneof its inputsto theoutputduringthatclockcycle. PCMUX alsoconsistsof two
controlsignalsandspecifieswhich of the threeinputsto theMUX (PC+2,theoutput
of the adder, or whatever hasbeengatedto the bus) is requiredduring a givenclock
cycle. LD.PCis asingle-bitcontrolsignal,andis a0 (NO) or a1 (YES),dependingon
whetheror not thePCis to beloadedduringthegivenclockcycle.

During eachclock cycle,correspondingto the“currentstate”in thestatemachine,
the26 bits of controldirect theprocessingof all componentsin thedatapaththatare
requiredduringthatclockcycle. Theprocessingthattakesplacein thedatapathduring
thatclock cycle,aswe havesaid,is specifiedinsidethenoderepresentingthatstate.

C.4 The Control Structure

As describedabove, thestatemachinedetermineswhich controlsignalsareneededto
processinformationin thedatapathduringeachclock cycle. Thestatemachinealso
determineswhich control signalsareneededto direct the flow of control from each
stateto its successorstate.

FigureC.4 shows a block diagramof the control structureof our implementation
of theLC-3b. Many implementationsarepossible,andthedesignconsiderationsthat
mustbestudiedto determinewhich of many possibleimplementationsshouldbeused
is thesubjectof muchof this course.

We have chosenhere,at theoutset,a very straightforwardmicroprogrammedim-
plementation.Thecurrentstateof thecontrolstructureis representedby the26bitsthat
control the processingin the datapathandthe 9 bits that helpdeterminewhich state
comesnext. These35bitsarecollectively known asamicroinstruction. Eachmicroin-
struction(i.e., eachstateof the control structure)is storedin one35-bit locationin a
specialmemorycalledthecontrolstore.Sincethereare31 statesin thestatemachine,
andsinceeachstatecorrespondsto onemicroinstructionstoredin the control store,
thecontrolstorefor ourmicroprogrammedimplementationrequiresfivebits to specify
theaddressof eachmicroinstruction.However, aswe havealreadysaid,we electedto
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provideyouwith theadditionalflexibility of morestates,sowehaveselectedacontrol
storeconsistingof

���
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 addressadder

DRMUX/1: 11.9 ;destinationIR[11:9]
R7 ;destinationR7

SR1MUX/1: 11.9 ;sourceIR[11:9]
8.6 ;sourceIR[8:6]

ADDR1MUX/1: PC,BaseR

ADDR2MUX/2: ZERO ;selectthevaluezero
offset6 ;selectSEXT[IR[5:0]]
PCoffset9 ;selectSEXT[IR[8:0]]
PCoffset11 ;selectSEXT[IR[10:0]]

MARMUX/1: 7.0 ;selectLSHF(ZEXT[IR[7:0]],1)
ADDER ;selectoutputof addressadder

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.2 lists thefunctionof the9 bits of control informationthathelpdetermine
whichstatecomesnext. FigureC.5showsthelogicof themicrosequencer. Thepurpose
of themicrosequenceris to determinetheaddressin thecontrolstorethatcorresponds
to the next state,that is, the locationwherethe 35 bits of control informationfor the
next statearestored.

Notethatstate32of thestatemachine(FigureC.2)has16“next” states,depending

Signal Name Signal Values

J/6:
COND/2: COND� ;Unconditional

COND� ;MemoryReady
COND� ;Branch
COND	 ;AddressingMode

IRD/1: NO, YES

TableC.2: Microsequencercontrolsignals
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FigureC.4: Thecontrolstructureof amicroprogrammedimplementation,overallblock
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ontheLC-3binstructionbeingexecutedduringthecurrentinstructioncycle. Thisstate
carriesout theDECODEphaseof theinstructioncycle. If theIRD controlsignalin the
microinstructioncorrespondingto state32 is 1, theoutputMUX of themicrosequencer
(FigureC.5) will take its sourcefrom thesix bits formedby 00 concatenatedwith the
four opcodebits IR[15:12]. SinceIR[15:12] specifiesthe opcodeof the currentLC-
3b instructionbeingprocessed,thenext addressof thecontrolstorewill beoneof 16
addresses,correspondingto the14 opcodesplusthetwo unusedopcodes,IR[15:12] =
1010and1011. That is, eachof the 16 next statesis the first stateto be carriedout
aftertheinstructionhasbeendecodedin state32. For example,if theinstructionbeing
processedis ADD, the addressof the next stateis state1, whosemicroinstructionis
storedat location000001.RecallthatIR[15:12] for ADD is 0001.

If, somehow, theinstructioninadvertentlycontainedIR[15:12]= 1010or 1011,the
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unusedopcodes,themicroarchitecturewouldexecuteasequenceof microinstructions,
startingat state10 or state11,dependingon which illegal opcodewasbeingdecoded.
In both cases,the sequenceof microinstructionswould respondto the fact that an
instructionwith anillegalopcodehadbeenfetched.

Severalsignalsnecessaryto control the datapathandthe microsequencerarenot
amongthoselistedin TablesC.1andC.2. They areDR, SR1,BEN, andR. FigureC.6
shows theadditionallogic neededto generateDR, SR1,andBEN.

Theremainingsignal,R, is a signalgeneratedby thememoryin orderto allow the
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LC-3b to operatecorrectlywith a memorythat takesmultiple clock cyclesto reador
storea value.

Supposeit takesmemoryfive cyclesto reada value. That is, onceMAR contains
theaddressto bereadandthemicroinstructionassertsREAD, it will take five cycles
beforethecontentsof thespecifiedlocationin memoryareavailableto beloadedinto
MDR. (NotethatthemicroinstructionassertsREAD 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
an instructionfrom memoryduring the fetchphaseof eachinstructioncycle. For the
LC-3b to operatecorrectly, state33 mustexecutefive timesbeforemoving on to state
35. That is, until MDR containsvalid datafrom thememorylocationspecifiedby the
contentsof MAR, we wantstate33 to continueto re-execute.After five clock cycles,
thememoryhascompletedthe“read,” resultingin valid datain MDR, sotheprocessor
canmoveon to state35. Whatif themicroarchitecturedid not wait for thememoryto
completethereadoperationbeforemoving on to state35?Sincethecontentsof MDR
wouldstill begarbage,themicroarchitecturewould put garbageinto IR in state35.

Thereadysignal(R) enablesthememoryreadto executecorrectly. Sincethemem-
ory knows it needsfive clock cycles to completethe read, it assertsa readysignal
(R) throughoutthe fifth clock cycle. FigureC.2 shows that the next stateis 33 (i.e.,
100001)if thememoryreadwill not completein thecurrentclock cycle andstate35
(i.e., 100011)if it will. As we have seen,it is the job of the microsequencer(Figure
C.5) to producethenext stateaddress.
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The9 microsequencercontrolbits for state33 areasfollows:

IRD/0 ; NO
COND/01 ; Memory Ready
J/100001

With thesecontrolsignals,whatnext stateaddressis generatedby themicrosequencer?
For eachof thefirst four executionsof state33, sinceR 
�� , thenext stateaddressis
100001.This causesstate33 to beexecutedagainin thenext clock cycle. In thefifth
clock cycle, sinceR 
� , the next stateaddressis 100011,andthe LC-3b moveson
to state35. Note that in orderfor the readysignal(R) from memoryto bepartof the
next stateaddress,COND had to be set to 01, which allowed R to passthroughits
three-inputAND gate.

C.5 Alignment correction for Byte Loads and Stores

Everythingin the discussionthusfar hasinvolvedword accessesfrom memory. Be-
causethe LC-3b is byte-addressable,and loadsandstorescanaccesseitherbyte or
word data,additionalsupportis requiredfrom both the datapath and the microse-
quencer. Theonly memoryreadthat is accessinga byteof datais state29 in thestate
machine.Theonly memorystorethat is writing a byteof datais state17 in thestate
machine.Supportis providedfor bothin thedatapathasfollows.

C.5.1 Byte loads in state 29

In state29, 16 bits are readfrom memoryasusual,and loadedinto MDR. In state
31, thedatareadis loadedinto thedestinationregisterasspecifiedby bits[11:9]of the
LDB instruction,asfollows: A MUX selectswhetherMDR[15:8] or MDR[7:0] is the
correctbyte to be loaded,basedon the low bit of theaddress(MAR[0]). This byte is
sign-extendedto 16 bits. A secondMUX selectseitherthis sign-extendedbyteof data
or the word in MDR, basedon the control signalDATA.SIZE. Sincethe instruction
beingprocessedis LDB, state31hasthecontrolsignalDATA.SIZE/BYTE.Theoutput
of thisMUX (thesign-extendedbyteof data)is gatedontothebusandloadedinto DR.

C.5.2 Byte stores in state 17

In state24, just prior to state17 which doestheactualbytestore,thedatato bestored
is loadedinto MDR asfollows: If MAR[0]=1, SR[7:0] mustbe loadedinto the odd
addressspecifiedby MAR. A MUX selectseitherSR[15:0]or SR[7:0]’SR[7:0],based
on MAR[0]. In thatway, if the instructionbeingprocessedis STW, MAR[0] mustbe
0, andthestoreproceedsfine. If theinstructionbeingprocessedis STB,SR[7:0] is in
MDR[7:0] if MAR[0]=0, andin MDR[15:8] if MAR[0]=1. That is, thedatain MDR
is properlyalignedreadyto bestored.

In state17, theactualstoretakesplaceasfollows: Two write enablesignalsWE1
andWE0 control the storesto the odd andeven addressesof a memoryword. WE1
controlsbits [15:8] andWE0 controlsbits [7:0] of thesameword of memory. Which
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write enablesignalsareasserteddependson R.W, DATA.SIZE, andMAR[0]. Write
enablesignalsareonly assertedif themachineis doingastore.Ergo,R.WmustbeWR.
If DATA.SIZE is BYTE, MAR[0] determineswhetherWE1or WE0is asserted.Recall
that if DATA.SIZE is BYTE, MDR waspreviously loadedwith SR[7:0]’SR[7:0]. If
MAR[0]=0, WE0 is assertedandMDR[7:0] (i.e., SR[7:0]) is written to memory. If
MAR[0]=1, WE1is assertedandMDR[15:8] (i..e,SR[7:0])is writtento memory. Thus
in bothcases,therelevantbyteis storedto thecorrectlocationin memory.

If DATA.SIZEis WORDandMAR[0]=0, thenWE1andWE0arebothassertedand
theword in MDR is written to memory. If DATA.SIZE is WORD andMAR[0]=1, an
illegaloperandaddressexceptionwould havebeentakenearlierin themicrosequence.

Oncethewrite completes,MemoryReadyis assertedandcontrolpassesfrom state
17 to state19. State19 is anexactduplicateof state18. State18 and19 thenbegin the
processingof thenext LC-3b instruction.

C.6 Memory-mapped I/O

As you know from Chapter8, theLC-3b ISA performsinput andoutputvia memory-
mappedI/O, thatis, with thesamedatamovementinstructionsthatit usesto readfrom
andwrite to memory. The LC-3b doesthis by assigningan addressto eachdevice
register. Input is accomplishedby a load instructionwhoseeffective addressis the
addressof aninputdeviceregister. Outputis accomplishedby astoreinstructionwhose
effectiveaddressis theaddressof anoutputdeviceregister. For example,in state25of
FigureC.2, if theaddressin MAR is xFE02,MDR is suppliedby theKBDR, andthe
datainput will bethe lastkeyboardcharactertyped. On theotherhand,if theaddress
in MAR is a legitimatememoryaddress,MDR is suppliedby thememory.

The statemachineof Figure C.2 doesnot have to be alteredto accommodate
memory-mappedI/O. However, somethinghasto determinewhenmemoryshouldbe
accessedand when I/O device registersshouldbe accessed.This is the job of the
addresscontrollogic shown in FigureC.3.

The control signalsthataregenerated,arebasedon (1) the contentsof MAR, (2)
whetheror not memoryor I/O is accessedthis cycle (MIO.EN/NO, YES), and (3)
whethera loador storeis requested(R.W/Read,Write). Oneof your tasksin problem
set2 will beto generatethetruth tablefor thisblock. Incidentially, thedeviceregisters
areall 16 bit registers,andhaveevenaddresses.They areaccessedby LDW andSTW
instructions.Thiseliminatesall alignmentproblemson I/O accesses.

C.7 Control Store

FigureC.7 completesour microprogrammedimplementationof the LC-3b. It shows
thecontentsof eachlocationof thecontrolstore,correspondingto the35 controlsig-
nalsrequiredby eachstateof thestatemachine.We have left theexactentriesblankto
allow you,dearreader, thejoy of filling in therequiredsignalsyourself.
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FigureC.7: Specificationof thecontrolstore


