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LCY meMor‘7

MewmoCy addrtss space: 1840 —IChEFFF |-kt MAR

. Jd wnJ ‘i'}‘: lé~5'l+g) 1h- L»'l' MDR

NEEy addressebilty: wod (-51) (2- Bt

BR +2, 0d sing = MAR Size =MDR

N mcmroq woild sV, = Jgs= Ks\jc
'\V\§‘Y(B_¢ Not jeher&(\j Teve 780’1 Q“ vactxmes
nav_4

. PUZZLE

¢ Write a program in LC3 machine code which alters its first two instructions using

data A and B:

(1) instr_0.opcode <== instr_0.opcode + A (only opcode is altered)
(2) instr_1.opcode <== instr_1.opcode + B (likewise)

regardless of where the program might be located in memory when executing.
Assume PC initially contains address of memory word above A. 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 will show LC3 states with, (1) Register Transfer Language (RTL) indicating the operation,

and (2) the required . For example,
MAR <==PC
indicates that PC content transfers into MAR, and 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
indicates that the 4 high-order bits of the IR need to be routed to the control FSM's input.

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

Here, the current tick is 3, the state is 18, the LD _MAR == 1, and all MUX selects are zeroes. Next
we would also see values for the PC, MAR, MDR, IR, PSR, and all eight registers in the RegFile.



fetch instruction:

1
State 18: P
MAR <== PC
T RAL I " T
— &
PC <== PC + 1 ]L Ao . -
DA oy E Pca...,-'q>
£ f1 ' 'lﬂ |r.-r|5,n..
H
State 33: EE T i
MDR <== MEM.out .
A ) F _,.:k b In m
*
AEGR LD |__i_ i ADE
State 35: " 1.\ f; i ) At
IR <== MDR * }Tﬂ r'{m /'Tt .-_ifz flkn

ME MY NPT oUTIUT

i

MEMEN, RW '*'

49
jiterrupt

hanih@g

M Qee Tn’-sw'es n MEMoRY-T0 BUS

— dalalbus
Mmid BVS:

. — address bus

= = CoY"\'(ol bus

To 32, Decode

Branch on int: . .
[int] in Electric

(5« APP C) Br?gi%?n R 1. See top.Mem-10-Bus

--- address decode
--- tri-states
--- control bus

2. See test.testinstr

--- initializing memory



IV'S""‘ vi('foh For ma'l'c

Regfile

Opcode DR SR1 .. SR2 SRQ

0001 110 010 000 O11

ADD R6 R2 R3

R{ < R2+R3

Opcode DR/SR1 PCoffset9 T

RZ

_d—:

bts: 15.12 11..9 8.6 5..3 2..0 Dﬂﬁ

SK|

vV

\-’n

(fl

L}')'_s'.15...12 11...9 8......0 Add¢ —@ | PC :ﬁ
0010 111 000010110 Avith Ploffel]

LD R7 x16

R7 « Mew[PC+ Pcdfsq‘ﬂ

MDR

ovt

IOpcode DR/SR1 BaseR offset6

bits: 15.12 11.9 8.6 5.0
0110 111 011 011000
LDR  R7 R3 #12

R7 < Mewl R3 + offalf | P

DR
O|IR Rey file
MAR
9 Addr
Mew

Same as LD, b
lsea P\ej éns"}ca) of



Operate Instructions (ADD, AND, NOT)

State-9 (NOT):
IR[15..12] ===> FSM.in
IR[11..9] DRMUX RegFile.DR
IR[8.6] =--> DRMUX ---> RegFile.SR1
ALU.out RegFile.in

DR <== NOT( SR1)

R3 <— NOT(R5)

H FITE
R

STATE

NoT SR1 ' e

1001 101

bts: 15..12 11..9 8.6 5...0

ET ‘

Reg i S_l_er" Re-j | §+Cr AC)A{CSS‘[ Y\g LOMOR =] MOR | WAR o LOMAR

+;L P ‘ OUTPUT
MUX'ed RegFile INPUTS ( see, App. C, p. 574) ._,*
Control Signals: DRMUX[ 1 : 0] 95 | .
SRIMUX[ 1 : 0] fiom STRTE i
wisLabgled m PP A('pemj- c
3
DRMUX Decade

IR[5:14]

TRL] oo b0 ce
TH11 01 I‘{c&F}lc.hR
'gb'“o 10 7, IX', Fd’cl,, ;ns‘f'ﬁ
3 R1MUX Before:
TR[1:9] </oq Regfile[101] = 1100101011110000
¢l oo |>Regfil.SRT  Afer
1110 A0 Regfile[011] = 0011010100001111

Regfile[101] = 1100101011110000



ADD (3-register addressing)

State-1:
IR[15..12] FSM.in

IR[11..9] DRMUX RegFile.DR
IR[8.6] =--> SR2ZMUX ---> RegFile.SR1
IR2.0] ---> RegFile.SR2

IR[5] SR2MUX

DR <=== RegFile[ SR1] + RegFile[ SR2 ]

SR1 SR2

100 0.. 101

bits: 15.12 11.98.6 5 2.0

3
[F ]

L HE O =g

TI E '_I

| MACHINE

1 reare ™

STATE

COMTROL

32 T
DCCOAQ LOMOR "'ihn{] AR Jo- LOMAR ‘ .
-4-] ME MCERY ""-.:"-' INPLIT ‘ ouTruT ‘
1 =, =
: DR <— SR1+ SR o . SR2.
L DR SRT+ inumed5 TRLY:03 2 Y
cC
To 18
1
To ALV.B

ADD can function two ways:

1. ADD: Get both operands from RegFile, SR1 and SR2
---- register-register-register addressing

2. ADDi: Get one operand from RegFile (SR1) and the other fromIR[ 4 : 0 ]
----1R[ 4 : 0 ] (aka, immed5 in this context) is sign-extended from a 5-bit number

to a 16-bit number.

---- Sign-extending copies the low 5 bits, and then makes the upper 11 bits

all 0 or all 1, depending on whether immed5 is positive or negative

---- register-register-immediate addressing



Sign-extending the IR immediate data bits:
IR[4 : 0] ---> SEXT.in ---> ALU.B

Rejﬁle

SR1 imme/&" 5
100 1 00101
IR —_ 16 SR2 SRl
bits: 1512 11.98.6 5 4..0 ‘

0000 0000 0000 0101

A-B? ===>Do A+ (-B)
2s-complement with immediate constants.

Suppose: Ain RO, Bin R1

opff R14— NoT(R1)

001100001 R'lé'(-m)
R1  immeds RI<R1+1

0000010

RO RI RZ <— RO+ R]

RZ <~ RO - Rl (B4, R1 wow hea. ~B)
A B



Load/Store ( LD / ST ; pc-relative addressing )
load a register from memory / store register in memory

LD AE i.'l

DOES Address ARITHMETIC
LD Catal AL 'I r{‘in‘lrl:'ﬁ
State-2: . *
IR[8..0] ---> SEXT-9x16 ---> ADDR2MUX jiore—of ~ ] l
PC ADDR1MUX . o
( ADDR2MUX + ADDR1MUX) ---> MARMUX | FiC t

MAR <=== PC + IR[8..0]

‘JH

5““7“ DL.'T DI.JT

DDER A

State-25:

MDR <=== MEM.out

} * +Ti- {*x‘l’es 7 T
State-27: m Mio Bvs SREMUK
FMITE [ "

DR <===MDR Lol BINTE

COMTROL

LD IR |

LD PCofde'?

0010 01010 1111 ﬁ %H' I;
A LD MOR —el QMDA | Wan Jo— LoAR

b‘.')'s-. 15...12 11..9 8......0

x OAF _——
W ThoAF S w—
emor Ffomil/DeCO& MEMEN, AW *

24
I 2019

AR < PC+ PCoffcetd

25
MDR < MEM

%

LD R3 OAF

R2 ‘)+0AF
0005 |<{ 0005 = 209

To 13
PC <== PC+1 0010 0000 0001 1010  (x201A)
+SEXT(IR[8:0] ) + 0000 0000 1010 1111  (xOOAF)
MAR <== - 0010 0000 1100 1001 (x20C9)

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



LDI/ STI
(memory indirect addressing)

Memary

| Pointers Variables 2
Is_sgie-1o: MR |FFFE< : |
MAR <=== PC + IR[8..0] FFFF Y9k£9
State-24:
S:a;::: MDR <=== MEM[ PC + PCoffset9] M AR ; -3y
State-25: MAR <=== IR w=31(1 #A1C
saoar N 1CC | o . YA1D
DR <=== MDR .
LD
— o
HA1D |,
bits: 1542 11.9 8.0 ofler PC41
x1CC (-x3¥)
Memory
State-26: E
MAR <=== MDR |
State-25: DR <o NENT AR | FFFF H9E9
State-27: o
DR <=== MDR MAR| FFFF :
Rej;i\e, Izé X-3q
27 o
R3 0005 MPR| 0905 .
sl 0005 | FFFF
Samity check. ) y 4 A 1010
1 4=0100Q A=10l0 D = o] B ol
4A1D =10 il = ¢ 1100
+ FFCC +r= 1 +f=101 = 1100 5 110]
Y49 EQ ooty 11001 17 1001 E 1110
41D
-3 4
Y9E 9



o From 34

MAR <== PC + PCoffset9

What we've got so far:

NOT R1, R1

ADD R1, R2, R3
ADDi R1, R2, x10

AND R1, R2, R3 s bt Jﬂ'&,\ % t 6 (f: 3‘Q) PIL' +,5;l = Z—

ANDiI R1, R2, #13

'Q'. .
LD R1, R2, x-34 Jecimal
ST R1, R2, x-34

LDI R1, R2, x-34
STI R1, R2, x-34

~ 9.
T w_ 4k} o i = *258 (a'=512)
he

X



Msw, addre Ssim} fa-\r\}e — -kt

LDR/ STR (register-indirect addressing)
Pointer in a register

LDR
State-6:
IR[11..9] ---> RegFile.DR
IR[8..6] ---> RegFile.SR1
RegFile.SR1out ---> ADDR1MUX
IR[5..0] ---> ADDR2MUX
MAR <== BaseR + offset6
State-25:
MDR <== MEM[ MDR ]
State-27:
DR <== MDR

LDR R3 Ré ofsedld

bits: 15..12 11..9 8.6 5....0

/KFWQQ, bt A&Yessfng

Memory
address content
" X0012: ABCD

R1

x0200: 10710 110 001101

Overall Effect

DR <=== MEM[ BaseR + Offset6 ]

0110 110 001101 Lowon

[oR |

MEMOSY

B, how did we gt

Mewm

LDR

Ré, po{n (
0068
offstd = 0D
0012
0200

dm Qééregs [Ié"b\'f')

W RC?



LEA

(immediate addressing) ‘aaum.wux—ﬂT
State-14:

PC ---> ADDR1MUX

IR[8..0] ---> ADDR2MUX

MARMUX ---> RegFile.in

DR <= PC + PCoffset9

LEA 0Fsel |

1110 11111 1101

b’»’)'_s'. 15..12 11..9 8.....0

Me mery CO“-‘IC“*
X01FE:
X01FF:

x0200: 1110 111111101 (PC <==x0201)
x0201:

02060

R5 <=== PC + SEXT( 1FD )

\&111 1111 1111 1101
0000 0010 0000 0001

0201 + FFFD = 0201-3 = O1FE

mem
OIFE
LEA 0Z0]
r-

R5

Pc






