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ABSTRACT

During the development of flight software, the processor emulator and satellite simulator are essential tools for
software development and verification. SWI/KARI developed the software-based spacecraft simulator based on TSIM-ERC32
processor emulator from Aeroflex Gaisler. But when developing flight software using TSIM-ERC32, there are much
limitation for understanding of exact behavior of ERC32 processor, and it is impossible to change or modify the
emulator core to develop the satellite simulator. To reslove this problem, this paper presents the development of new
cycle-true ERC32 emulator as laysimerc32 and describes the software development and debugging method on VxWorks/RTEMS
RTCS.
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II. ERC32 Z2ZAA E o & ol 7L 3}

1. ERC32 2 AA] o}7 8
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213 1. ERC32 Processor Architecture

U ZRAAS BE $95 @dsi 45 A, )
2] 29, PC(Program Counter) % % FPU %#
g 99siy U AloE 98]l PSR(Processor  State
Register), WIM(Window Invalid Mask), TBR(Trap Base
Register), Y(Multiply/Divide Register), PC/nPC A]2~8l |
A2=HE 72 glow yiAiks $13) 136719 Window
RegisterE WAlslal Utk Window Registers SAVE,
RESTORE %#-S 485tAY trape] WAt 749 Window
Register Z%to] whA¥slar, H3ke Window?}F WIMI} A %]
st 79 window underflow/overflow trap®] A3}
Trape] 248t 79 [US= ERC32 trap operationol] u}lz}
A3l =t

FPU%+ single/double precisions #]43slH IEEE-754
IS w23 gvk U TA S 317] $13] WF-4
° 2 JUS Y3 pipeline +&E 7HAal 1o, FPUS
AHef 9} exception AHE 77X 1= FSR(FPU Status
Register), &4 3% FPU W#3 F45 Agsia
9+ FQFPU Queue Register) 18]al 32702 <A4k]X]
2ElE ATt

MECY 7% W=zl 7], waitstate 5 H&]3tH 3
Ale] Elolust QlEldE AEESe, 2709 UART 5< A
ofghy oF A& T T 31709 A= HH|~H
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2. ERC32 &l /M #3

ERC32 Z2AAE A date= oEdolee 2% & 1
3} o] 47) o EolEE BT ESA A Aol A] Ak
o] Hon, F¢A JFuFALZE D (SWT)AA =
QEMU 0.11.1& 7]¥ke 2 3k QEMU laysim-erc32(3]1¢}
ol =FoA 7]&sl= GUI 718k Cycle True ©l&d|

o]E]¢l laysim-erc32Z 7§ &tk

3 1. ERC32 Processor Emulator Status

Emulator Type Supplier Remark

= Cycle True
- Used for most ESA Projects
- Used for KOMPSAT-3/5 Flight Software Simulator

Instruction | Aeroflex

TSIM-ERC32 Level Gaisler

SimERC32 Instruction | Astriuny |- Astrium Internal (SIMERC32 Emulator in SIMIX)

Level CNES |- Gaia Real-Time Simulator
ESOC Instruction | VEGA/ | _
Simulator Level ESOC Used for most ESOC/ESA ground system
QERx Dynamic | FFQTECH | - Based on QEMU 0.9.1
Translation SciSys |- Galileo Constellation Operation Simulator
/ i - J
QEMU Dynamic SWI/KARI Based on QEMU 0.11.1

laysim-erc32 | Translation - S/W development on VxWorks/RTEMS

- Window & Linux Platform
Instruction SWI/KAR |~ Source Level Debugging and Cycle True

faysim-erc32 | "7y o) - Used for KOMPSAT-3/5 Ground Operation

Simulator
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sysfsr

fq
D
f2
L]

Memory
(ROM/RAM)

Inst. execute

o] |
|

T wor JL o JL
GUI register show
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713 2. laysimerc32 Emulator Architecture

layim-erc32% ZA 7 F-29] Atk WA ERC32 4
& Tds vrg Jgow 29sta, EH(a.out/elf X
el A A AR tWA BEE WA/ ASE
File Loader Module, 22 =9} 7] t]xojAlbe &
H=Z GUI 3$hdHe] Z83=  Source/Disassembler
Module, 1U9] ®#HolE& Fa3l= U Execution Module,
FP ®#ojE& 4=33}= FPU Execution Module, MEC
99d3s= MEC Execution Module,
trap/interruptE A28} Trap/Interrupt Module 1]
31 watch/breakpoint, AAIZF @A 2=H AH°]E, control
55 @33l GUI Control Module® A1 €T},

operation

2. File Loader Module

laysim-erc32e] =29¢ = F Qv Id IFH
VxWorks 5.4904 H= A AAHEE aout EWH
LECCS/RCCOlA = & wf A= elf 29 1831
A 2 oA ARZE gl binary S A YL
GUI #7494 ERC32 A8 #dS 29 & A% &g 3
do] XS FA% H &g xoflo] wh= 2yt 3y
v, 2= A HRe U JHE FEF st
ERC32 wZglo] text/data AlZHEE HAlSHA ®th
vreF RAMOA A== omxd A9
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3. Source/Disassembler Module

File Loader Modules %3] 29 ¥ ERC32 43 =
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MAAES] HoldE  $18l SPARCeOlA  Aljleh=
"Suggested Assembly Language Syntax"[4]& WE3il
Atk ERC32 SPARC v7olA Al¥sHe= WHS A
Load and Store Instruction, Arithmetic/Logical/Shift
Instruction, Control Transfer Instruction, Read/Write
Control Register Instruction, FP/CP Instruction®.2
A=, 1% AA ERC3200A4 A48 4= 3= wHole
1717001 7} e & 29} o] AA 379 xHe=
T3ETH3].

)

3 2. ERC32 SPARC v7 Instruction Format

FORMAT 1 : CALL

l opfgg)e [ 30-Bit Displacement (disp30) l
31 30 0
FORMAT 2 ; SETHI

opcode opcode -Bit Di i
l3l (0%)0[ [ (QPZZ)Z 22-Bit Displacement (disp22) 5 l
FORMAT 2 : BRANCH
opcode OPCOdeT -Bit Di i
[Picas | ] mest cona. [ %05 2B Displacement (@ep2) |
0 25 2 0

FORMAT 3 : OTHER INTEGER INSTRUCTIONS

opfgg)e Destination (rd) o&c;ge Sotz;scle) 1 Alternale(asi[;)ace [ Source 2
opcode ot opcode Source 1 13-Bit Immediate
(op) | Destination (rd) | PN (rs1) (simm13)

31 30 25 19 14 1 5
FORMAT 3 : FLOATING POINT/COPROCESSOR OPERAIONS
opcode - opcode Source 1 FP Opcode {opf)
[ 2oy [ estnation )| Pt | <G5 T] & Speode (8]
31 30 25 19 1 5
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217 3. laysim-erc32 Source/Disassembler

4. TU Execution Module

ERC329] 4] SPARC ®#H< 433} IU Execution
Module& 3}}e] thread® %2sbH, GUIONA  run,
stop, step 59 WHEd o HEZ Hc} U Execution
Module2 U9 494 pipelined] A W=Eo]S Fetch
— Decode — Execute — Write @A A3=] A
oz 7 49 e 5502 FFH
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g AEHE o] pilitt A& A5 5)
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tl. Decode @ACIAE lF WEo|E SPARC v7
2 A% F dE wWEoE dEwH|dse
Fo}. Execute/Write @74+ Decode ©@
olgdold 7t FAE, WEo]
Al ok A ~E e WEgE 3 1 ARE A
/Rl e}, FAALS AgsE FPU 4t 4
¥- FPU Execution Module 5384 Az2|stA =w, 7z}
welo] 428 wAnlT privilege, align, trap condition
5 IRIsHA Har At I Al #lT traps AA
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gt 2o s WHole] cycles ARtebH, F
MEC Execution Moduleol| A Al~®]l SE3} #dH Elo
w PR AEE HHo]E ). Execute/Write Ao A
trape] A% A trap handlerolA TG trap=
ERC32 trap operation®ll weg} xglshd wkeF trapg
g3t = Q1S H$ ERC32E Error mode® o]t
MEC®] dlg¢ #dd HAZHES JulolE gt
MEC Execution ModelolA= the}g Efo]m|e} UART
52 Agsta vpxTge g GUIE AHolE A =l

=

k

i v
Check pending Service Interrupt
interrupt -
N Check Y
breakpoint

read/

ERC32 | write, Instruction | Jnst Service FPU
register/memory Execute & Write Execution Module

eck result 3

713 4. laysimerc32 IU Execution Module Flow

5. FPU Execution Module

FPUS] 7% [EEE-754 XU& ARE3E7] wie] o
E AFEA x86 MAle] AdE ol gate] FAAMNS
Fstal, 12 A3 FPU #dA&Eel wkdddt}, FPU <]
Abge] WSt A4 WA T2E FE] oejates 4
3] Aelg 5 7 g FEE FSRel wkg vl ERC32
FPUS| 29~ glel shute] FP WEels g & 7]
mjol AL oz Fp Weolrt s g WA e
FP ©#ol7} & w714 FP Queuel] the ™3

53l FSRO qne’} 1l(not empty)® AAEHW FA|o
U9 4~3% FP Queue’} empty’} 2 wWi7}A] freeze¥d
o} olg|$k FPU A7 WA wiiZel U B} cycle AMHY
ol Eiatn [U/FPU 5 1 %] Aitelx] € ¥
A= ARt @A Fdse wHole] A2 fAAH
2 A" 49 H/W interlocke] AE F714Q)
cycleo] Ag¥th #AA  laysim-erc32914 & o]E] st
H/W interlock7M4] E5 AA st=9ojet sLd3tA +&
Hol otk FPUS A% IU €49 RE(Reset, Run, Error
mode)9} €8] AAA o R F8EE Execution EEA
ol ]Alek(divide by zero, overflow/underflow %)o] &
g A9 Pending Exception B2 HoldlA =xqt
U A= S48 2= FPUS ofljAtads xS 4 gl
o]%F Ul ¢J&] vhr] FP WHols i uf HEi
Exception REZ Ho|3}A HarL [U 93 trap 8 (FPU
exception)®] TAISHA HTh. FALZE oA G|
FPU exceptions A # & 7% thA] FP Queuei empty
2 A= FPUE Execution BE=Z Holxo] AHd4
o2 FP ¥3oE 3L 5 AUk

Pending
Exception

1% 5. laysim-erc32/ERC32 FPU Operation Mode

6. MEC Execution Module

ERC32 MECE HEI/QIHHE/NO HEEZH, 2719
UART, 37l¢] Ele]™, fault detection/injection, 12|l
AZEoloA A2 5 e HAAHER AU
laysim—-erc32°|4+== ERC32 MECY EE 7]5& +d3}
Aom HA| sF=ojet FUFA AZEY oA H/A
4 & & 9ok MEC #A2=E9] 7% supervisor EEo|
A9t write/read® 7 & HALEHE user BEOA o
Al2=gt 7§ trape] BHAISHCE

Hrg] AEEZHY 4% laysim-erc322] RAM/ROM]
7], waitstateE A LZEYo7t vFd H FY
S AN~ 49 trap 1 (instruction access) / trap 9
(data access)7} ZAEHH, waitstater F7142] cycleS
29314 ®th ERC32% 15719 F/U5 AHHEE A
el UH AHHEELS laysim-erc329]14 MEC &%
Al Efo]H/UART sellA AR&shH &5 QJAEHHES] 4
F BE(AE E°] VASI 2E 29) A Al &l <
HEZF gt 10 HEED ] 45 ERC3200A4 AT H
= 09 VO 9E& AHEE ¢ UA=T A7]9) waitstate

£ AAshks FEolH /0 99l tdt butel~s 55
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213l SpaceW1re PM32 FPGA controller, VASI 5%
TA3IATH5]. ERolme] A9 ERC32004 A#|&8%¥+= RTC
(Real-Time Clock Timer), GPT (General-purpose
Timer), WDT (Watchdog Timer) 370¢] E}o]HE 2|
St=gojel U3 WA o R laysim—erc320 4 A|&35hH
IU/FPU ®#Ho] =3 Al &£Q% cycleo] A Elojng]
scaler/count”} 743 timeouto] WAE A9 dE <
HYEZ} BAE [U Execution Moduleoﬂf\i 2] 5}
Hrh Fle] UARTE &3] 579 A& 3 =+
laysim-erc32 GUI®IA #|&%+= UART A/B consoles
B3 FAY Y 2 udd HJEE Y ¢ Ak
UART JIHHEE v byte@912 Y& Al JHHE 4/5
7h wAsh o] Al Al RIBJHE 7ol gL 17 6
L laysim-erc3204 RTCell 2]t QIEjHES} UART #
A 3 A3g HoFEr

3. laysim-erc32/ERC32 Interrupts

b

Interrupt t Comments

WDTE Interrupt Mask RegisterS 34 maskingZ + ¢io=, IWDE7-

(acuve)°l F oz F&sE I WDTTimeouto -
37l 23, WDTResetTimeout$ts] WDOGTRE 7%

-85t laysim-erc32& =141 A ZITh

laysim-erc32¢]] & = A1-&317 222

A VASI RTC Cycle/Slot J& £E AH&

Watchdog timeout | Ox1F | level=15

g5 dEEE

External INT 4 OX1E | level=14 5% VASI =

Real time clock
timer

General-purpose
timer

0x1D | level=13 |ERC32 RTCTimeoute] £43t4 IRQ 132 LA~ 712,

Ox1C | level=12 |ERC32 GPTTimeoute] Z4%-3 IRQ 12& 4~ 7ith

-1y |G dEE
External INT 3 0x1B | level=11 % VASI

g5 ¢ E'é‘ E 2 Iayslm er032°||1\ = 2t
% VASI = VAS| Nominal JE JE=

DMA timeout 0x19 | level=9 |DMA session exceeds permitted time
DMA access error| 0x18 | level=8 [DMA performs an access error, access violation or illegal access

ERC32 UART % F overrun/parity/frame =12} 7- 24 & 3% IRQ 79]
=493

External INT 2 Ox1A | level=10

UART Error 0x17 | level=7

Correctable
memory error

UART A RX/Tx 0x15 | level=5 [ERC32 UART A 212 Byte
UART B Rx/Tx 0x14 | level=4 |ERC32 UART B

0x16 | level=6 [SRAM Single Bit EDAC Error7- £ 4313 IRQ 6°] &

RXTx < HEE

laysim-erc32¢f ~ =
al LHEEE A8

=k laysim-erc32e ¥ & A1-§317 222

External INT 0 0x12 | level=2 -y SHPEZS Abe %

External INT 1 0x13 | level=3

Masked hardware

errors 0x11| level=1 |ERC322] H/W errorst L8352 = maskeZl= %23 IRQ 1 T4

CYOLES : DODGOO00000 1 154003

1% 6. laysim—erc32 RIC/UART Test

7. Trap/Interrupt Handling Module
ERC32& ZA Hzx I¢7t E3F AJHIQl Reset

54

mode, AJAo2 HHE 33}+= Run mode, 123l
& T gz A A9 o ol FAE sk Haka
halt3}Al = Error mode® F-i-¥lt}h. ERC3204 &
ol 43 T WAt 4= = trap> FA synchronous
trap} (interrupt)® Yt}
Synchronous trap% window overflow/underflow trap<]
A AZEYo]oA 7|EHOF trap handlerg A&3}7]
o] AAH oz A AW Ywx] synchronous trap
(o] & E9] UNIMP, privilege, align error)o] 2 7
T R AZEg el AR Kahr] el d=
Error mode® Ho]Ht}. laysim-erc3294 % AZE o]
oA synchronous traps A#atA] % A9 L
Error mode® Zlo|3lil 1] o]%} W& olE FastA] b=
t}. Asynchronous trap (interrupt)®] 7% <te] 3% 33
2ol 15719 QI HE.] oJaix s AHHE LA

asynchronous  trap

Al synchronous trap®] §12 -9 U <A A2 du).
o]2]3t trap *#]+= IU Execution Moduleol|A] Z} w & o]

& Fdshs dAEE trap Z7o] HAPEA Flstar
trap }_7@%} 4% ERC32 Z2A|A trap operation® &Y
SHA olh 49 22 AR Aggrh vk trapol
disable® AFEfolA  synchronous trape] 2Ast 7H$-
ERC32% Error mode® Ho|ght}.

4. laysim-erc32/ERC32 Trap Operation

1) Further traps are disabled (asynchronous traps are ignored; synchronous traps force an error
mode).

2) The S bit of the PSR is copied into the PS bit; the S bit is then set to 1.

3) The CWP is decremented by one (modulo the number of windows) to activate a trap window.

4) The PC and nPC are saved into r[17] and r[18], respectively, of the trap window.

5) The tt field of the TBR is set to the appropriate value.

6) If the trap is not a reset, the PC is written with the contents of the TBR and the nPC is
written with TBR + 4. If the trap is a reset, the PC is set to address zero and the nPC to

address four.

8. GUI Control Module
laysim-erc32¥ GUI Control Module®] ]3] single

step mode % run mode®Z 43 & 4= 2t} Single step
modeoll = 72 WH o] 43 Azlol] w2 x| ~Ee} P

T3 A3} T2 AAORE traced F 9o 7|E GDB
SollA AFs= thdek breakpoint, watch, run to
cursor, set PC here 59 715S 3% 4 92, run
modedl| &= 24 ERC32 sl=gloiel FdaiA 3=
28] 3 breakpoint’} AAE Fxe} PC7F 9| 3 Ao
single step mode® WZE I wiA9 ZZAA AR}
GUI 3pdol fddle]E Ft}. Run moded A= miH GUIE
AHolE & A9 AT Ayt HAs] wiol], AAzte
2 ERC32 #A~=EE GUI shidA g1 & 5 glovt
watch 7I's& SdA BEUHY shs W/Fa52 A%
trace & 4~ 92, console HS F3 3 T w=z
o} A =He AHES 1% & vk =3 53 F 4
2atato] whAlEte] ERC327F Error mode® FolatA I
W single step mode® W7 ¥t} GUI cycle/time



9173 AlEEelE M 9lgh ERC32 ZR2AA 7|5k 713} Al2El 7

controlg 34 @Al T35 HHole M5 cycles
gholst 4= 9lom 33 performance reportsS Ed CPU
Simulation

Real-time  performance,

performance < 2|XYE 4= A 7L o7golu).

performance,

IV. laysimerc320|4¢] AT E4o] 7t 2 A

1. VxWorks/RTIEMS 7]8ke] A= ESo] 7 314

712 TSIM-ERC32 Z2AA &g olE]E o]&3dt] 7))
kel A EYo)E 9t SUEHA laysim-erc329)4 % VxWorks
5.4/RTEMS RTOS 7]4te] AZE0]E W7 ¢lo] A4 s

=dojsh e =d % R & S Qlrk

[ ——— LT | =
TP CYCLES : 000000000000T4938659

WiReg | P ey MEC Reg. Canired
Regter Vol

1 0000368 Tk rume
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19 8. S/W Development based on VxWorks/Tornado
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