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Abstract

In this
pression

article we describe the imace (o
scheme of the Galileo
and other downstream signal proe
rithims that enable oflicient and 10bu-1 11 a1
mission of data to Earth.
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Introduction

We present. a robust implementation of 11
Galileo image compression system. Die 1o
the loss of the high gain anteina, the i
sion is replanmed to incorporate advanced dioa
compression, error correction, aned othio
link communication functions
data return. Most instrumaent. data wil he
highly edited and compressed hefore dov
link through a noisy and unpredictable e,
nel.
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The data compression schowes shive a
common disadvantage, that channel ¢

the compressed data tend 1o propapatc i
reconstructed data. To ensure yelinhle on
munication we developed a Feedbiock Can: e
nated Decoder (FCD) for error- correation and
arror-detection, and a concealment. s
prevent error propagation and realign (hie e
constructed data after decoder failiie W
also developed a frame repain schiome 1)
combats phase inversions and cymbol i
the chauncl, and 4
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tion/deletion in
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merging scheme that prevent data loss due to
station hand-over.

Image Compression

The Calileo hnage compression schaine is
a block based lossy immage compression algo-
rith which uses an 8x8 Integer Cosine Trans-
forn (1CT) 1. The algorithm is similar in
functionality to the bascline JPEG standard
which converts « fixed length stiing into a vari-
wble Jength string. A major diflerence between
the JPPEG standard and the Galileo compros-
ston scheme is that the JPEG standard uses
ian 8x8 Discrete Cosine Transform (DCTY). The
hiteper Cosine Iyansform (1CT) is an inte-
per approximation of the DCT. ICT requires
only inteper arithmetic, making it much sim-
Although the 1CT has
a nuch Tower complexity, the rate-distortion

pler to implement.

parformance is not. saciificed. This lower com-
plexity of the TCT is necessary because the
Galileo spacecrafl. uses Jate 1970°s micropro-

cossor techmolopy.

Error Correction
The Galileo error-correction coding scheme
nses a (2565,k) variable redundancy Reed-
Solomon (RS) code as the outer code, and a
(14,1/4) convolutional code as the inmer code.
I'he RS codewords are interleaved to depth 8




in a framne. The redundancy profile of the RS
codes is (94, 10, 30, 10, 60, 10, 30, 10) I'he
stapgered redundancy profile was desigrod Lo
facilitate the novel feedback concatenatd de
coding strategy [2]. This strategy allow: 1l
tiple passes of channel symibols thiough the
decoder. During cach pass, the decodes vaes
the decoding information from the BS onrer
code to facilitate the Viterbi decoding of the

inmer code ina progressively 1¢fined nisnen,
The I'CD is implemented in software oina il
tiprocessor workstation. The code s expicicd
to operate at bit signal-to-noise ratio (SNR)
of 0.65 dB at a bit crror rate of 10 7. ' he
FCD code selection and performanes aialys
are discussed in detail in [3].

If the 1CD cammot decode the diata due
Lo crrors beyond its capability to correcr. 1he
1'CD will invoke the “frame repaic” ntility and
the “gap processing” utility. Gap procossing
involves using data from cither side of gound
decoded data and attempts to fill iu data (hid
was missing, (the gap) because of loss of sy
chronization or hardware glitches. 'The hrzme
repair utility attempts to correct any svinhol
insertions, deletions or inversions due o irans
mission reception problem.  The reprocessed
data is then fed back 1o the FCD for aneothe

attempt at decoding.

Framce Repair

Sometimes a frame is received that bae ade
quate SNR, but the frame markers at (1 e
giuming and end of it have too many a3 1o 1ew
symbols in batween them and/or have oppo
site phase. This indicates that
were inserted or deleted aud/or a phase invos-
sion occurred, somewhere in the frome (A
phasce inversion s an event whore the svialols
after it are detected with the opposite [hase
of the symbols before it. So, if the transitiod
symbols were all - 1, the received symbos in
the absence of noise, would be 11 up to the
inversion, and -1 for all symbols afoer thoy o

SO1

svilals

at Jeast until the next phase inversion.)  Be-
cause a high redundancy Reed-Solomon code-
word with too many errors is vastly more likely
to 1ot be decodable than to decode incorrectly,
one can make guesses about where the errors
arc and safely
if it results
ever, while
likely 1o be
son for making a particular guess.

assuine that a guess is correct
a decodable codeword.  How-
guessing may be safe, it is not
successful unless there is some rea-

1

The as
sutmption in frame repair is that 2 bits were
inscrted or deleted, and/or a phase inversion
ocemted, at one particular but unknown lo-
cation in the frame. The guessing involved is
testricted 1o guessing, this location. A gucss
s tested by arcating o modified version of
the 1eceived frame with the appropriate nuin-

ber of syvibols inserted or deleted, and/or a
phase inversion made, at the guessed location.
The franne is then Viterbi decoded, the result
i deinterleaved. and Reed-Solomon decoding
s attempted on the resulting eight words.
H the highest redundancy Reed-Solomon de-
codar succeeds, it is extremely likely that the
paess was approxitmately correct
the gu

The reason
s need not be exact is that the eflect

of an incorreet guess is that essentially all of
the Reed-Solomon symbols in between the ac-
tual anomaly location and the guessed one are
mcorreet, but if the gap is small enough, the
Reed-Solomon decoder can correct those ad-
ditional ervors. Once the location is approx-
hnately known, the guess can be refined by
frying nearby locations and choosing the one
that miniinizes the mnnber of errors the Reed-
Solomon decodar correct Then the frame,
modified 1o reflect the refined guess, is sent on
to the FCD for redecoding. But how are the
puesses ade in the first place?  One rather
simple minded rethod is to guess cach of the
65636 symbol Jocations in the frame, one at a
time. This, however, would take an unrcason-
able avount of thoe, hecause Viterbi decoding
is slow. Slightly Jess simple-minded is to do a




enough to the correct location. Thus, vor fist
guess the location halfway throngl the frane,
then 1/4 of the way, then 3/4. theu 1/v, ind
so on.  ‘This method, in fact, is v when
everything fails, but it can still take & vory
long time unless you're lucky. Befie resomt

binary scarch, since you only need 1o cof ¢l

ing to this, some other e
made.  If any of the following methods sue
ceeds, meaning that the highest redundasiey

cducated guess

Reed-Solomon decoder succeeds, 1he PUCs b
then refined and the modified fraine iv sent
to the 'CD, as explained above. ) no', the
next method is tried. 1ivst inethod: if o ata
rate change occured at some pomt durin . thie
fraine, that location is guessed, sinee
lies are known to be common when dita 1ale

Sccond method: the cnd of
the frame is tried as a guess, which e
that the frame is Viterbi decodind as i T he
branch metries along the decodod patl
saved, for use in the next step jn case (his
method does’t succeed.  Thivd snethod:
insertions o1 deletions are known to have o

Tiootna-

changes oceur.

curred, the branch metries mentioned o oove
Although the eflect iv sibile
when SNR s Jow, the mean value of 1he ool
rics will be slightly higher after the location of
the anomaly is reached than before i 1
analysis results in an estimate of vwhee
and this estimate

arce analyzed.

fhis
s
Fourth method: i o ly
a phase inversion is known to have occenn .l
(i.e. the frame is the correct lengt, bt e
markers on cither end have opposite place)
the transparency of the Galileo (14, [/} con
volutional code means that the output of {he

Viterbi decoder, after a transient in the viea
ity of the inversion, is the same as< it

increase oceurred,
as the next guess.

would
have been without an inversion. excopt with
opposite sign. Thus, in this special case. o
can make nltiple guesses without havine 1o
Viterbi decode a whole frame cncli time . 1

Is only necessary to invert all the Viteoh, d

coded symbols (from the original frame) after
the guessed Jocation and then attempt Reed-
Solomon decoding. A binary scarch is used to
make guesses throughout the frame, cach of
which can quickly be tested.  Fifth method:
the last resort is the binary scarch deseribed
previously, I this fail
cotplished.

, frame repair is not ac-

Frame Merging

Becanse of the large frame size (65536 sym-
bols) and low bit rates that Galilco will be
using. a single frame will take close to half an
howr to transimit at the Jowest bit rate. The
lowest bit rate is used near the beginning and
end of a pass, when the SNR s lowest, and it is
not unlikely that a fiame that starts out with
adequate SNR may not he conmpleted before
the signal is lost, or becomes noisy cnough to
render the whole frame undecodable. Because
the ground stations have overlapping, coverage,
the next station may pick up the signal in the
middle of the same frmne. Thus, cach of two
stations may have an incomplete and/or too
noisy version of the smmne frane.

Because of
the natwe of the redecoding algorithin, a par-
tial frame by itself is casentially useless. Since
the best part of cach frame is the worst part
of the other, it scems obvious to try to paste
them together somchow. 11 the SNR at the
crossover point, where the falling SNR at. the
first station equals the rising SNR at the sce-
ond, is high enough, one could make a good
frane by just using the symbols from the first
station up to that point and from the sce-
ond station after that point. However, even if
the SNR at the crossover point s significantly
helow the decoding threshold, by adding the
symbols from the two frames together, 3 dB3
could theoretically he gained in the vicinity of
the crossover poiut, assuming the noise at the
two stations is independent, a reasonable as-
stunption. Farther from the crossover point,
one could still conbine symbols from the two




frames, but with weights reflect ing tvinrel o
tive SNR’s. Note that this requives oning fes
o f the SNR throughout both frames. anetbat
the rCsults can be expected to dep encion the
An arlditional
SNR not cnly
makes symbols no isy, it can also cane s 10 bol
inse rtions and deletions. One way {his ccnld
be detected is if the frame markers botlh be

fore and after a frame were detected bt he
11111112 H¢r of symbols in bClween waserenrero
less  han 65536, Since frame maker s ¢ o be
detec ted at SNR’s way below the thiesh | old
of decodability, this is not unlikely Nt ee,
however, thatl this does not give any it dona

tion about where in the frame symbols wae
inser 1( (@ ordelet ed! o try to find 1 hogbross
imate locat ion of any insertions o1 delcans,

acew acy of thiese estim ates.
problem arises, however: Tow

dynamic progrannning is used. Basicallv he
idea is 1o try to maxitmize the corvel i |
tween the two frames, by deleting cn i ~or t
ing various symbols. This is possible wlhither
ornot the existence of insertions ordod tioms
in one or both frames was det ected via Ounde
ing symbols between frame man kers; the lattor
justreduces the number o f paossibilit des { L
must. be considered. The result of 1 his aleos
rithnn is a small number of candhidate it oed
frames, that must then be sent to the 1°C [ 1 1o
attempt decoding.

lirror Contaimnent

If all these attemnpts fail to cortectihie dara
then the final step is to minhimize ervon op
agat ion. Because any corrupt ion (f dats in a
compressed data stream can ¢ suse g ibeed
(11°017s ducto propagation,safepnidswaein
11°0(1@ACC@ intothecompresseddatasheinto
minimize these effects.

First, images are com pressed indeprend ni ly
by rows of 8, wit ha synchvonization 1111111
inser ted ad t he beginning, so wony hivr 1oy
during data transmission can he isol e

Sccond, the decOmpression alporsthiin -

cludes provisions for detection of errors so that
crron cont aimanent 1mode will be activated.
These t wo safeguan ds ar ¢ used together in
the following manmer: i fan aror is detect ed
during decompression, 1 he decompression al-
sorit i will stz ut a se reh for the synchro-
nization marker. This marker is 32-b its wide
which consists of 2 fields. A 7-bit sequencing
field and a 25-15it fixed pattern field. The 7-
bit ficld will ident ify where the 8-rows of data
belongs relative 1o the whiole tmage and the
25-bit field i's used for synchronization. Us-
myg these safeguards, ernor propagation can at
ost be isolated to 16-10ws of image data.
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