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This paperdescribeshe ESP. ExtremelySimpleComputera smallcomputerusedto teachthe basicconceptsand

organizationof amicroprogrammedomputet.

1Also known at Ryersonasthe PPM: ProgrammableProcessoModule



Studentsin the RyersonElectrical and ComputerEngineeringprogramthird semesteDigital Electronics
course,study the architectureof the computerand write both microcodeand programcodeas a 3-week nal
exercisein the laboratoryfor the course. The exerciseis challengingfor studentsbut providesthemwith a
tangibleand non-trivial indication of their capabilitiesat the conclusionof the course. As well, it introduces

conceptof computerdesignthatareexpandediponin a subsequentoursein ComputerArchitecture.
It is hopedthat the information provided in this paperis usefuland sufciently completethat othersmay

designandbuild similar smallcomputerdor teachinganddemonstratiompurposes.

2 The ExtremelySimple Processor

A closupview the ExtremelySimpleProcessois shovnin gure 1.

Figurel: The ExtremelySimpleProcessorCloseup

The ESPusesatotal of 10 readily availableintegratedcircuits. OneEPROM, the ProgramMemory, contains
astudentprogram.Two moreEPROMSs containthe Control Microcodefor the computer ThethreeEPROMs are
placedin the large ZIF socletsin the foregroundof gure 1. The smallerZIF soclet at the rearholdsa 16V8
GAL devicewhichis programmedvith miscellaneousombinationalogic for the computer

A generaliew of the ESPwith two otheritemsancillaryequipments shovnin gure 2. Theblackboxatthe



top of the photograplprovidespowerto the ESP Thessilver boxto theright of the ESPprovidesLED readouts4
toggleswitchesfor datainput, two clock sourcegmanualandoscillator)anda resetbutton.

Figure2: The ExtremelySimpleProcessorOverview

Somemicrocodds providedto studentsandthey createheremaindelasalab exercise Whenthatis working,
they write anddemonstrata completecomputemprogram.
Someof the programghathave beenassignedo studentsareasfollows:

Inputtwo 4-bit numberdrom the dataswitches.Calculateanddisplaythe sumanddifference.

Countthe numberof 1'sin the4-bit input dataword.



Inputtwo 2's complement-bit numbers Calculatethe sumandcornvertinto signed-magnitudéormat.
Inputfour 4-bit numberdn sequencecomputeanddisplaytheir average.

Inputtwo 4-bit numberscomputeanddisplaytheir product.

Inputa4-bin numberA into memory Countfrom 0 to A in sequencehenstop.

Inputtwo 4-bit numbersA andB. If , then ash thedisplayforever.

Rotatea 1 bit throughthe accumulatar

Progranthe accumulatoto simulatea Johnsor(twisted-ring)counter

Studentgprogramthe EPROMs usingoneof several of severallab PCsthatareequippedwith EPROM pro-
grammers.

3 Machine Overview
Speci cationsfor theESPareshavn in gure 3. (Sincethe ESPis clockedmanually clock speeds notrated.)

DataWord Length 4 bits

InstructionLength 8 bits: 4 bit opcode4 bit operand
MicroinstructionLength 16 bits

Total ALU functions 32

Numberof instructions 16

ConditionalJump? Yes,threedifferenttests
ProgramStorage 16 instructionsmaximum
Working storage 16 4 SRAM
Numberof ICs 10

Figure3: ESPSpeci cations

Themachineperformdoadandstore operationdbetweerasmallread-writememoryandasingleaccumulatar
It is aHarvardarchitecturanachine- the programanddataarein distinctmemoryspacesPrograntext is stored
as8 bit wordsin anEPROM. Datais movedto andfrom a4 bit SRAM.

Thecompleteinstructionsetis shavnin gure 4.

The studentsusethe mnemonicdrom this tableto createan '‘assemblylanguagdisting' of their computer
program.They thenhand-translatéhis assemblylanguagdisting into a hexadecimalisting andburn it into the
ProgramEPROM. Sincetheprogramsaresmall— 16 linesmaximum- this is quitefeasibleto do by hand.

An exampleprogramis shavnin gure 5.

4 The Datapath

The ESPdatapatiwhichimplementghe LoadandStoreinstructionset,is shavnin gure 6.

2EPROM Datamay be enteredlirectly into the programmeedit buffer. Alternatively, it is possibleto createanassemblytanguagesource
®le consistingentirelyof DEPOSIT BYTEdeclarationsandthenassembléhis to ans-record®le. Thes-record®le maythenbeloadedinto
the EPROM programmer



Name Op Code Operand Mneumonic  Description

Add to Accumulator 0000 ADDA N ACCA:=ACCA+(N) +C.
Subtract from Accumulator 0001 SUBA N ACCA :=ACCA-(N) - /C. (/C = Borrow Bit)
Input Switches 0010 XX XX INPA ACCA :=Sw
Load Accumulator 0011 LDAA N ACCA :=(N)
Store Accumulator 0100 STAA N (N) := ACCA
Jump 0101 JMPN PC:=N
Add Switches 0110 XXXO0 ADDA S ACCA:=ACCA+Sw+C.
Subtract Switches 0110 XXX1 SUBA S ACCA :=ACCA-Sw-/C.
Logical AND 0111 ANDA N ACCA := (N)&&A CCA
Clear carry 1000 XXXO0 CLC C:=0
Setcarry 1000 XXX1 SEC Cc=1
DecrementAC 1001 XX X0 DECA ACCA:=ACCA-1
IncrementAC 1001 XXX1 INCA ACCA:=ACCA+1
Rotate right 1010 XXXO0 RORA RotateACCAright( :=CandC:= ).
Rotate left 1010 XXX1 ROLA RotateACCAleft( :=CandC:= ).
Store switches 1011 STSWN (N) :=Sw.
Jump if Carry Set 1100 JCSN (PC):=Nif C==
Jump if AC equalsSW 1101 JEQN (PC):=Nif ACCA==SW
Jump if AC negative 1110 JMIN (PC):=Nif ACCA[3]==1
Clear accumulator 1111 XX X0 CLRA ACCA :=0000
Setaccumulator 1111 XXX1 SETA ACCA:=1111
Term Description

MemoryaddressQ to 15
N MemoryaddressQ to 15
ACCA AccumulatorRegister
C CarryBit
Sw Switchregister
(N) Contentof memoryaddress\
= is replacedby

Leastsigni®canthit of ACCA

Most signi®canthit of ACCA
&& Logical AND
X dont care bit

Figure4: ESPInstructionSet

Themachinetransfersdataover a4 bit DataBus. Someexamplesof transfersequenceare:
Load AC Transferfrom amemorylocation,via theB input of the ALU, into theaccumulatar

Add to AC Replacehe contentof theaccumulatowvith the currentcontentglusthe contentof somememory
location. The contentsof the accumulatorenterthe A input of the ALU via the left datapatHoop, while
datafrom RAM entergthe B input of the ALU. Theresultis storedbackinto theaccumulatar

Input Switches The contentof the switchregisteraregatedontothe databusandtransferredvia the B input of



Input two numbers & calculate both the sum and the differ ence.

Solution:
Loada4-bit numberfrom the switches& storein M1 (memorylocation#1).
Loadanothemumberfrom the switches& storein M2.
Calculatethevalueof “M1 + M2” & storein M3.
Calculatethevalueof “M1 - M2” & storein M4.

Repeafrom start.

Address  ------ Program word ------- = ---ee Comments ---------
(Hex)  (Binary) (Hex)  (Mnemonic)

0 0010 1111 2F INPA Input data from switches

1 0100 0001 41 STAA 1 Store data into M1

2 0010 1111 2F INPA Input second data from switches

3 0100 0010 42 STAA 2 Store second data into M2

4 1000 1110 8E CLC Clear Carry to prepare for ADD

5 0000 0001 01 ADDA 1 Add M1 into Accumulator

6 0100 0011 43 STAA 3 Store "M1 + M2" into M3

7 0011 0001 31 LDAA 1 Load data from M1

8 1000 1111 8F SEC Set Carry to prepare for SUB,
borrow = /C =0

9 0001 0010 12 SUBA 2 Subtract M2 from Accumulator

A 0100 0100 44 STAA 4 Store "M1 - M2" into M4

B 0101 0000 50 JMP 0 Jump back to start of program

Figure5: ESPProgramExample

the ALU to theaccumulatar

Decrementthe accumulator Contentof the accumulatoarecirculatedbackinto the A input of the ALU, ma-
nipulated andthenstoredbackinto theaccumulatar

The 74LS181Arithmetic Logic Unit is uses5 functionselectlines— four controllines anda mode
controlline  —which selectoneof 32 differentoperationn two, 4-bit operands.

The outputof the ALU, for operand#A andB, aresummarizedn gure 7. Someof the operationsare not
useful. Thesetableentriesareleft blank.

Theaccumulatoregisteris a74LS1944-Bit BidirectionalUniversal ShiftRegisterthatcanperform4 different
operation®perationdasedn 2 controlsignals and , asshovnin gure 8.

Thereis also(notshavn onthediagram)a 1-bit memory ip- op, theCARRYip- op, thatretainsary CARRY
OUThbit sothatthe next instructioncantestthe carry or useit for CARRY IN to the next calculation.Similarily,
anotherl-bit memoryretainsthe A=B signalfor a subsequentonditionaljump instruction.The CARRYip- op
andA=B ip- op couldberegardedasa 2-bit ConditionCodeRegister
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Figure6: ESPDataPath

5 The Control Unit

The ESPcontrolunit orchestratethe controlsignalsof thevariouselementsn thedatapathsothatthe operations
speci ed by the programinstructionstake placecorrectly Figure9 showvs the mainfeaturesof the ESPcontrol
circuits.

The control units startsat the left edgewith the ProgramCounter(PC). The PC incrementsthroughthe
programinstructionsand can be parallel loadedto executea JMP instruction. The programcounterrecevves
the systemclock but is incrementednly whena control signalallows. Up to four clock pulsesmay occureach
time the programcounterincrementgo the next instruction.

The outputof the ProgramCounterconnectgo 4 addressines of the ProgramEPROM, which containsthe
actualcomputerprogram. A total of 4 differentcomputermprogramscanbe burnedinto the EPROM andone of
themselectedy two Program Select switches.

The MicroprogramMemory is containedn two, 8-bit wide EPROMs. This sectionof the controlunit is a
statemachinein which the currentstateis latchedinto the 2-bit State  Register . The currentstateis fed
backasaddresdines A0 andAl into the statememoryandthey selecta memorylocationthat containsthe next
stateof themachine Sincetwo bits usedto specifythe currentandnext state the statemachinecancycle through
atotal of four possiblestates.Thesefour statesarethe statesof the machineor statesequenceasit executesof
someinstruction(suchasLoad the Accumulator ) of thecomputerprogrant.

The 4-bit operationcode of the currently executingprograminstructionselectsone of 16 possiblestarting
addressem the microprogramEPROM, eachof which containsa four-statesequencéor thatinstruction.

As the control systemcyclesthroughthe 4-statesequencdor someinstruction,it is accessindocationsin
microcodememorythat containsome13 bits that control otherpartsof the machine. Someexamplesof these
signalsare:

3In practice mary of the statesequenceareonly onemicroinstructionlong, andthe threeothermicroinstructiorstatesarenot used.



FunctionSelect| Logical Operation| Arithmetic Operation
S[3..0] M=0 M=1
0 —
1
2
3
4
z —
6
7
8
9 plus
A
B
C
D
E
F minus1

Figure7:'181 ALU Operations

FunctionSelect| Operation
S[1,0]
0 Hold (noop)
1 Shift Left
2 Shift Right
3 ParallelLoad

Figure8: '194 AccumulatorOperations

ALU Function 5 bits thatspecifythe functionof the Arithmetic Logic Unit accordingo gure 7.
Accumulator Function 2 bitsthatspecifythe functionof the AccumulatorRegisterasshovn in gure 9.
Read-Write 1 bit thatspeci esareador write cycle for the SRAM.

Bus Enables 2 bits thatenableanddisablethetri-statebuffersin thedatapath.

Program Counter 2 bits that control the ProgramCounter choosingbetweenHOLD INCREMENTand PAR-
ALLEL LOADoperations.

As the machinecyclesthroughits 4-statesequenceit generatesignalsat 13 outputsfrom the microprogram
EPROMs thatactuatedifferentsectionsof the machine.

Whatwe have describedso far corveys the basicoperationof the controlunit, but thereare someadditional
details,notshovnin gure 9.



Program Memory
Program Counter 4k x 8 EPROM
74LS161 2732

Operand
PCE.0] [\ AB.0] D[3..0] To SRAM Address [3..0]
Parallel Load (JMP) Micropragram Memory
2, 4k x 8 EPROM
i 2,2732
—0O0 O——O0
Clock
[70\97 A
Al1,0]
_n__ .,
—0 0—O0 —0® A
Clear Program Select (1:4) Op Code
Al12.6] o 1 | AB.2]
D[1,0]
NextState | | | 77
e |
Clk Control Signals (13)
State Register
1/2 74L.S194

Figure9: ESPControl Circuit

ExtendedDecoding

The previous descriptionassumedhat instructionscould be distinguishedy their 4-bit operationcode,in bits
[7..4] of theinstruction.Thisis truefor someinstructionsput others,suchasADDA S andSUBA S mustbe
distinguishedyy anadditionalbit in position0 of theinstructionword. This bit mustparticipatein the selection
of a statesequencéor theseinstructionssoit is connectedo A6 of themicrocodememory

Conditional Branching

Whena conditionaljump instruction(JCS N, JEQ Nor JMI N) is beingexecuted the machinemustexecute
oneof two possiblesequencesf statesdependingpn the conditioninput. Consequentlythe conditionmustalso
beusedto selecta statesequencandsois usedasA7 of themicrocodememory

Combinational Logic

A certainamountof combinationalogic is requiredto implementsomesignals.For example,thelogic equation
for the A7 inputinto microcodememory(truewhena branchis to take place,falseotherwiseyequirescombina-
tionallogic like:

A7 = (JCS_OP*C) + (JEQ OP*A=B} + (JMI_OP*Q3)



whereJCS_OPis theop codefor the JCS instruction,andsoon.

In words, the A7 signalis true whene&er the JCSopcodeand carry bit areassertedor the JEQ opcodeand
equalbit, or the IMP opcodeand mostsigni cant bit of the accumulatar This and othersimilar equationsare
implementedn a16V8 GAL device.

6 SchematicDiagrams

The completeschematiof the ESPdatapathis shavnin gure 10. The schematiof the controlunitis shavnin

gure 11.
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Figure10: ESPDataPath: Schematic
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PAL A8 D5 Write to Memory
. 5 { 5 |A? D6 Accumulator Seleet
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I/O SOCKET PA5 PA4 EPROM3PROGRAM
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Swo— 9 8 — PAO
Swi— 10 7 —PAL 0 0 0000
Sw2— 11 6 — PA2
swa—| 12 5 —PA3 o 1 0010
PA4 Sw4— 13 4 — Q0
PA5 Sw5—| 14 3—aq1 10 0020
CLK— 15 2 —Q2
/CLR Sw7— 16 11— 03 1 1 0030
Figure11: ESPControlUnit: Schematic
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ThelO SOCKEThavnin gure 11 connectswitchandLED signalsfrom the Input-Outputbox seenin the
photograptof gure 2.

SignalNames

A tableof thesignalnamesjn alphabeticabrder is shavnin gure 12.

Signal Function

IAS AccumulatorSelect:connectAccumulatorto mainbus
/CALU Carryln bit to the ALU

/Co ALU CarryOut

/IPE Programcounter Parallelloadenable

IWE Write Enable

A7 Microinstructionaddresdine 7 select

AEB A equalsB

AEBD A equalsB, Delayed(A=B statusregisteroutput)
A[1..0] MicroinstructionStateSelectlines

C Carrysignalfrom statusregister

CLK Systenclock

CLR Clearthe programcounter

CN IntermediateCARRY signal

CNT Programcounter CountEnable

Cx Carryln bit to theaccumulator

M ALU Functioncontrolline

NO LSBit of InstructionOperandusedto selectmicrocodeaddress
NCC No ChangeCarry: hold contentsof carry bit register
N[3..0] Instructionoperandeld

N[3..0] RAM addresdines

0O[3..0] Instructionoperationcode eld

PA[3..0] ProgramAddresdines

(0]0] LSBit outputfrom theaccumulator

Q3 MSBit outputfrom theaccumulator

S1,S0 Accumulatorregisterfunctionselectiines

SM SelectSwitchesor Memory

SW4,SW5| Programselectswitchlines

S[3..0] ALU Functioncontrollines

WR Write to memory

Figurel2: ESPSignals

GAL Equations

The GAL (or PAL) device implementghefollowing combinationakquations:

12



WE = WR*/CLK; Developscorrecttiming for SRAM write.

CN= CLC,SEC
+ _ ROLA, RORA
+ ADDA N/SUBA N
+ ADDA S/SUBA S
+ NO CHANGE CARRY

CN = C+ = active HIGH next carry bit. The carry bit is inhibited from changingby the NCC bit from
EPROM 1 ( ) unlesstheinstructionrequiresit. Similarly ACCA shouldnot be changedinlessdirected
to.

C:=CN(C+)andAEBD := AEB to beimplementedisingthe 74194dueto pin-outlimitationsof the PAL.

CALU= DECA, INCA
+ ADDA N/SUBA N
+ T ADDA S/SUBA S

Note: CALU will bezerofor JEQN, LDAA N andINPA by default.
PAL outputpin de ned as/CALU to achieve desiredactive LOW.

A7 = — JCSN
+ — JEQN
+ — IMIN

7 Micr ocode

The completemicrocodelisting is shavn in gure 13 on pagel4 and gure 14 on pagel5. Most machine
instructionsrequireonly oneline of microcode put some(STSWN, JEQ N) requiretwo lines.

ThemicrocodememoryusescontrollinesJMPandNO asaddressnputA7 andA6 into themicrocodememory
Consequentlyif thereis somepossibility of thesdinesbecomingassertedluringa givenmachinenstruction the
microcodemustbe duplicatedat severaladdresses memory For example,it is possiblefor all theinstructions
thatNO may be comeactive, soall theinstructionmicrocodeentriesmustappearat two addresses microcode
memory correspondingo NO=0 andNO=1. Consequentlythe completemicrocoddisting requireshetwo tables
of gures 13and14.

This useof conditionlinesto selectmicrocodeaddressesapidly becomesinweildy whenmary conditions
affecttheexecutionof themicrocodesequencdyecause¢he microcodemustbeduplicatedat somary locationsin
themicrocodememory In thosecasesit is betterto selectthe desiredconditionusingadditionalcontrol outputs
from themicrocodememory andhave thatone,selectecconditionsignalactuateonemicrocodeaddresdine.

13



PPM INSTRUCTION MICROCODE (c.1 oF 2)

*Indicates a 5-bit instruction.

=0

JMP=0, NO

Figure13: ESPMicrocode:1 of 2
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PPM INSTRUCTION MICROCODE (pG.2 oF 2)

*Indicates a 5-bit instruction.

=1

JMP=0, NO

Figure14: ESPMicrocode:2 of 2
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