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Memor oy (LC3)
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PUZZLE

Write a program in LC3 machine code which alters its first two
instructions using data A and B:

(1) instr_0: opcode <== opcode + A, only opcode is altered.

(2) instr_1: opcode <== opcode + B, likewise.
regardless of where the program might be located in memory. Assume
PC initially contains address of memory word containing instr_0. Data A
and B are in consecutive memory words as part of program. Don't
worry about what happens after the end of the program is reached.

Below we explore LC3 instructions and their execution. Register Transfer Language (RTL) indicates
the operation and the required control signals are listed. For example,

MAR <== PC
LD_MAR

indicates that the content of PC transfers into MAR, and LD_MAR control signal must be 1 (all other
control signals are assumed to be 0.) Necessary signal paths are shown like this, for example,

IR[15:12]->FSM.in
which indicates that the 4 high-order bits of the IR need to be routed to the control FSM's input.
NB--Control state numbers look strange: F1 is state-18, F2 is state-33, F3 is state-35, etc.

The test bench, "top_rtl_testInstr", in the test.jelib Electric library displays the current simulation tick,
the FSM's state, non-zero control signals, and non-zero MUX controls, eg.,

indicates the current tick is 3, the current state is 18, the LD_MAR is 1, and all MUX select signals
are zeroes. Following the above is a listing of the content of all CPU registers (PC, MAR, MDR, IR,
PSR, and all eight registers in RegFile).




fetch instruction:

State 18:
MAR <= PC,

Clanahd 8RR = ata T
1&

GatePC MARMLIX les<C | J
LD _MAR ' REG

it Loy E ] o FILE
PC <= PC + 1 ""?ff‘””% ;
PCMUX = 00 (select) LE AEG

4
‘ ! gz &R
h E - BRE74el QUT  CUT
State 33: I
MDR <= MEM_OUT Yoo " L]
LD _MDR —[—“'ﬁ"-
State 35: ll.:{-':\ L it
IR <= MDR g : /:"_\qa_l' L
LD IR B EE R , I |
1004 D L -
74+ SEXT] el SEXT] '
A7 i —
Tkt Foemad g | '
! 1 - , = -
nsleuchon  Tormals o ! — o
h | ~*ACHINE 2 n j
= AL
3 COMTIOL = L im
Y 3 3
—
[Q P | DR| SRI SR?2

oP DK/S PC 0—«58 oon ] [ Jerommn ‘

EF l Ple UMQ offset ] L .

ME MO s NPT QUTPUT |

GteAl LY

|
|
|
!
1

—

NB--State diagram indicates
branch on signal S as, e.g.,

MEMEN, HW

ll[ S ]ll
orﬁg:Ig?els on arcs, e.g., 5" —to g+&.|.{_ 4(1 /LMAL}
(ldﬂrUF}
also for state-33: R=e
MIO_EN =1
RW =0
¥ Gee Tei-slafe s
n The MEmeRY-TO RUS o Y€e A\?P C]
mio pys: § dekbus T %, decode

address bus
Confre] bus

1. See top.Mem-10 bus (address decode, tri-states, control bus).
2. See test.testInstr (initializing memory).



Operate Instructions (operators: ADD, AND, NOT)
NOT . ‘  — m )

State-9:
IR[15..12] -> FSM.in LD H-‘--°'| PC
IR[11..9] Z RegFile.DR 3{( 1
IR[8..6]  -> RegFile.SR1 i oA
ALU.out -> RegFile.in BX’ .......... PO
[} LD AEG
DR <= NOT( SR) . A L -3
GateALU -
LD_REG EE |
LD CC Aol f\
ALUK =10 A
AEGA LD T MDD
% . .- 1211 hg37¢ b/ \ / ’
‘ t A8
‘OOI /()\‘ Ibl(\-———-—\/ o }Te.ﬁﬁz'ftj‘: )r-'n
| e BEXT -
ol ¥ DR SR :
R < N6T (R5)

&2.'3? A‘U\,— e 3‘\ sten
&\)ress{wa

B Mol ke

See  p. 574} A"f' C

Comxf(a\s’. DRN\VXD,,O] s :
SR]N\UX[\.Q] \ MEM EN, W
NOT ST{\TEL ’7() '
MWisLabeled M
PRy PP Append. C

3
R[.9] o

M5 10 i ReaRle R
T A I

Before:
\Yj
DR Regfile[101] = 1100101011110000
After:
SRIMUX Regfile[011] = 0011010100001111

Regfile[101] = 1100101011110000
r5 <== NOT(r3)
not r5, r3

RQ:)S;'\\Q SR

SRImY X (.0




ADD (3-register addressing)

1
ChaniMARRALIY E GatepC ‘
State-1: | - Ej I's
IR[15..12] -> FSM.in i
IR[11..9]  -> RegFile.DR % s LD PG PC 1
IR[8..6] -> RegFile.SR1 T |:l:|

IR[2..0] -> RegFile.SR2 4., _ il nallol | D=4
IR[5] -> SR2MUX of BeAUX o
DR<=SGR1 ;ftlj{.? ¥ ‘e L[, HE ] == puapseme =
ate 3 (1
LD _REG | rRRp T
LD_CC @;E —

T
ALUK = 00 Aol /_*—\ 2 k.
Fas
AL |—_i_ ADDEIM

ls .12 1..9%8.- 65 2 [ \f’_l X
0- J’lea"‘]u/’lt;’ }:’a t.—.-.-
006 1 [Q01 100 fo]_ -l 10 ‘ b *
t ! ] N i | ¢
ADD DR SR| SR2 $AEE , . %?_“/
Rl e RY + RZ ] g A

b70' DRe¢—SRI+SRL
be=1: bR «SR1+imns %

AR o LOMAR ‘
L |
1 NPT QUTPUT

* Cee :
\f\(.f\' MEM EN, 7L
PA;C.

\Y

A - B ? How about A + (-B) using 2s-complement?

1001001001 111111 Rl s NoTRD) B w RL— R
~— N N T
NoT R\ p\\ 53\\0(0?

(PR)  (sw))

2a (bt
0001010001000011 Rz < RL RS, 1311[;\3 )
ADD  R2 R [ Y i
(DRY (SR (skanv) (SB2) .
R2 — R§ + RA, ‘\"“Mm
00010100000 010 A-B)
——

—_—



ADD (2-register/immediate addressing)

State-1:
IR[15..12] -> FSM.in
IR[11..9] -> RegFile.DR
IR[8..6] -> RegFile.SR1
IR[5] -> SR2MUX
IR[4..0] -> SEXT.in

DR <= SR1 + SR2

GateALU

LD REG

LD _CC

ALUK =00
s..12 0. q ¢ ¢+ 5 ” 3
O | 100\]””0
ap 'DK SR mmED

R\ < RL‘ T (’2)

SEXT
CTT 170 1o

N

R\

i i8

LEX B —h{“uﬁ-ﬂ ]

f |

FILE
[ gy ]
SR FR1
OUT  guTYaa =1
Fa ¥
1Y
LI/
| 1 e [ il
STATE ;
COMTRIOL . ALL, \
NiZ|P [Fals . o )
EETRINNNG| |
| Lock
& == W GatesLU
iu- =

R

MIE MY

1

MM EN, W

NPT QUITIUIT

A - B ? How about A + (-B) using 2s-complement with immediate constants?

1\0\(1/1 001001 111111

ADD DR SR)

000101000 éw)
MM &

AdDD DR SR
SR My R
0100000010

~— . —

DR SR \ SR2

0001

-_—
ADd>

SRLMUX

R| <= RP + R
(S0 Apaondix A2)

R = N o7 (Q\B )

RYL ¢ RI + SEXT(M“'))

Rj< B
re (B +1)
> 0000 0600 0000 000]



Load/Store (load a register from memory, store register
contents in memory)

LD / ST (pc-relative addressing)
LD
State-2:
IR[8..0] -> SEXT
PC -> ADDR1MUX
SEXT  -> ADDR2MUX -> MARMUX
MAR <= PC + IR[8..0]
GateMARMUX
LD_MAR

State-25:
MDR <= MEM.out
LD_MDR
MIO_EN

R.W }
State-27: *

DR <= MDR
GateMDR
LD REG
LD_CC

DRMUX == ? *

s - 1Ll AR o (o)

LD DR Pczgd-»M

RZ

CITH

x2019:0010 010010101111

x201A; —— —rF

LD L x OAF

+ x0AF

x20C9: 0000 0000 0000 0101

|J:nun?_¢1i!'iri

oM AFRLIY

FIMITE

STATE
i L)
AT
CONTROL| ALLIK iz

BACHINE

LD IR |

Gatefl L

11 ¥ ——

NPT QUITIUIT

PC <==PC+1 Iy
(==x201A) ]
MAR <== PC + SEXT(IR[8:0]) Fév<L\
(==x201A + x00AF )
(== 0010000000011010 + 00000000101011 )

(== x20C9 )
MDR <== MEM[ x20C9] ( == x0005 )
R2 <== MDR (== x0005 )



LDI/ STl (memory indirect addressing) ,_
LDI: !

State-10:
MAR <= PC + IR[8..0]
State-24:
MDR <= MEM[ PC + PCoffset9]
State-26:
MAR <= MDR
State-25:
MDR <= MEM[ MEM[ PC + PCoffset9] ]

State-27:
o 767[;0[ 9

TR [eefon | < iCC |

LdI R3 (- x3¥)

EEIS] ()

MAR &/957 \ -

xFFEFF

MIE MY

MM EN, R'W

x49E9: 1111 1111 1111 1111
wp! R2 %
x4A1C: 1070 011 1/1%0%71“00

x4A1D:

MAR <== x4A1D + SEXT(x1CC)
=0100 1010 0001 1101 + 1111 1111 1100 1100
= X4A1D - x0034
= x49E9

MDR <== xFFFF

MAR <== xFFFF

MDR <== x0005

R3 <==MDR

(XFFFF)

(PC <== x4A1D)

xFFFF: 0000 0000 0000 0101

[ 1 POINTER
[

pc —» [LDT

R3 -Xot)os- pors

L.Ms'}rucfl'\‘am

-
ﬂ P ouTPUT

10

MAR < Pc+0ff9




LDR / STR (register-indirect addressing)

;Itjal?e-S' Do aFALY ] Gl I{{['“;q:]
" IR[8..6] -> RegFile.SR1 +
RegFile.SR1.out -> ADDR1MUX = s :Pcl:l l
IR[5..0] -> ADDR2MUX ARt L
MAR <= BaseR + offset6 +1
State-25:
MDR <= MEM[ MDR ] e
State-27: (£}
DR <= MDR {:( é :_|
ZEXT
AT
DR NaseR i Yoo Ll
7
o|x0P R
IR\D\\O 00| 010 | Xom T
xOD : e
Lpr RL R2 |
Lige] -
el 55T - |
59 5] o sramux/
50 _P * Feae [ "
RQ | xO\)OS" + = ._ wcnnel~__z S0\
—_ CONTROL| |
M E M LEH IR i
— P
GateALL
-h

e—ee—] i
LEX B —hD 7

L MAR ‘

P QUITPUT

MM EN, W
o8
x0005: ( BaseR = R2 = x0005 )

x0012: xABCD

x0200: 1010 001 010 001101
e —— ~— ~—

LDR DR BeseR o fF 6
MAR <== R2 + SEXT(x0D) (== x0005 + x000D )

(== x0012)
K
MDR <== MEM[ x0012] (== xABCD)
DR<==MDR  ( R1<==xABCD )
____________________________________________________________ Mew
DR <== MEM[ BaseR + Offset6 ]
LDR
X 0005 %0005 [ RZ, pomHey
\ — of}zf@l-



LEA (immediate addressing)

State-14:
PC -> ADDR1MUX
IR[8..0] -> ADDR2MUX
MARMUX -> RegFile.in
DR <= PC + PCoffset9

DR o@sé"cf

TR m‘_ﬂ/bj

LEA RS -

g PC}XOZO i

x01FE:
x01FF:

x0200: 1110 101 111111101
x0201: V& o
RS <=< PC & Exr{¥05“

1411101

&

Claab AR
RAAFN T

P

L ‘ﬂ |

&1

MIE MY

1
MEMEN, R'W J 31

(PC <==x0201)

x0201 + xFFFD = x0201 -3 = ?

x01FE:

x01FF: -
x0200: 5-‘
x0201: %) _

DR <== PC + Offset9 =

x01FE

x01FE

e OZOO-

@co

mem

]
Trer 3}

/-———'—‘L

i

RS "‘ponﬂls 1 wﬁ/u‘ﬂou}:m X01F E

) LEA
@,
e
DK < \OC + GKC](‘%
al

Eoxaigg| RS

{ X020 PC



