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-1. SUMMARY

The objective of this project was to investigate and develop
memory ARG schemes for improving the pegrformance of multi-F8k data
transmission over the HF radio channels A setof euperiments was
conducted to evaluate the performance of various ARE schemes. In
this document we report on  the design and  setup of the
experiments, and we present the experimental results for memory
ARG schemes without coding a&s well as with block and convolutional
codes. )

The report is organized as follows. In section 2 the
transmission frame format is described, and a number of basic AR
schemes are considered. Section 3 describes the experiments that
were conducted to obtain the relative performance of the various
ARR protocols under equal transmission conditions. Section 4
presents performance results for memory ARG protocols. In Section
5 & number of modifications of the basic AR schemes are
considered. The corresponding performance results are then given

in Section b.

2. BASIC ARR SCHEMES

The system under consideration is an outgrowth of the two-tone
freguency diversity system used in  the Mini-message terminal

developed at the Department of Communications. The system
utilizes & half-duplex error—control protocol in which frames of
message subpackets are transmitted. Fach Fframe consists of a

header followed by 8 subpackets. Each subpacket has its own
sequence number and CRC byte, so that subpackets are acknowledged

“and  retransmitted separately. Efficiencigs are thus attained by

sharing the header overhead over many subpackets as well as by
selectively retransmitting only the the subpackets found in error.
The objective of this project was to develop a higher throughput
system by increasing the number of tones to 8 or lo as wall as by
introdacing a mare sophisticated error~¢ontrml;protoc01"

Figure la shows the structuwe of a single transmission frame
and Figure 1b shows the time sequence of frame transmissions and
acknowledgements. In the discussion below we ‘will ‘assume an
8—tone system, s each frame transmission consists of 64
subpatchkets, The sendar terminal buffers its message subpachkets
and  sends these according to their sequence number. Subpackets

that are detected in error at  the acceptor . terminal aim e
immediately retransmitted in  the pext frame. We now discuss a
number of possible error-control strategies. :

In standard ARD the checksum of each subpacket is computed and

Csubpackelts found in error are discarded. A subpacket is

retransmitted until an error—=free version is delivered to the
receiver. A flow chart for this scheme is shown in Figure 2. This
scheme is simple to implement and will perform well as. long as the
subpacket ‘error  rate is low. The system completely breaks down
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Figure 1. Frame Structure and Frame Transmission Sequence
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however as soon as the subpacket error rate is sufficiently high
that virtually all subpackets contain errors. : '

Standard AR c¢an be viewed jas:time~¢iv?fsity<trénsmiséion
without combining. It is then apparent that.th& threshold where:

the thiroughput drops to zero can be eftended throuah the use of
combining: an A/D converter is introduced at the modem output and
a soft version of the subpacket is passed to the decision device.

The device obtains a hard-decision version of the subpacket and

computes the checksum as in standard ARR. When errors are
introduced, however, the soft version of the subpacket is stored
for possible combining with subsequent . retransmissions of the
subpacket. We will refer to this approach as memory ARE without

r

coding. Figure = gives a fldw'chatt for this approach.

Lin and co-workers have developed a family of hybrid ARQ. error
correction/detection protocols based on.the ' observation that in
standard ~ARE a subpacket and its subsequent retransmission form a
simple rate 1/2 repetition code. The performance of the system can
therefore be improved by using more powerful rate 1/2 ervor
correcting codes. - Each "subpacket" now has two versions: the
first consists of the information followed by CRC bitsy; the
second consists of a coded version of the information followed by
CRC bits. The code used is invertible in the sense that the
information can be recovered unambigously from. - the coded
subpacket.. By alternating the transmission of the two subpackets,
it becomes possible to attempt a recovery of the information
through error correction. Figure 4 gives a flowchart for. this
scheme. Note that in this approach subpackets are discarded after
they have participated in an erroneous decoding.

Memory can be introduced into the hybrid ARL schemes by not

‘discarding the subpackets after unsuccessful decodings, | but

instead keeping them +or possible combining with subsequent
retransmissions. The combining should result in a reduction in the
number of retransmissions under poor channel conditions. We will
also refer to this approach as memory ARE with coding. A separate
memory vetrsion of the information and @ parity subpackets is
necessary as shown in the flowchart in Figure 5. Note that the
approach naturally leads to @ the use of soft-decision decoding.
The principal objective of the project was to. evaluate the
performance of various codes when combined with this apptroach.

In the next section we will describe the design and setup of
an experiment that was carried out to experimentally compare the
performance of these basic AR schemes ‘when applied to data
transmission over HF radio. In a later section we will consider
modifications of the basic schemes. ‘
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%. EXFERIMENT DESIGN AND SETUP

In this project it is assumed that the terminzal is implemented
around a personal computer. It is alscd assumed  that the error

transmission protocol is to be implemented using the pc. The.

selection. of codes tested is therefore dictated by their
feasibility for implementation in software. In previous phases of
the project it had been determined that short block codes as well

as short constraint—length convolutional codes are feasible for

real —time or near real-time soft-decision decoding. The following
codes were therefore selected for testing:

i. (8,4) Reed—-Muller block code -

2. (16,8) block code obtained by shortening the ( 17,?) cyclic
code with generating peolynomial 1+ w3+ w44+ xO+ w8 -

-r
.t

I. OER/EE constraint length 5 convolutional code
4, 171/13% constraint length 7 convelutional code.

In order to compare the relative effectiveness of the codes it
is necessary that ' they undergo the same channel transmission
conditions. This can be accomplished in a multi-tone system by
transmitting the different encoded sequences simultaneously over
the available tones. A data . gathering experiment was carried out

in  which the frame shown in Figure & was continously transmitted..

The frame length waz selected to . correspond teo that of the
two-tone system. A 241 symbol synchronization sequence followed
by a 1é& symbol frame number was sent instead of the header. Eight

subpackets of length 144 symbols followed. The 11532  bit

information sequence was obtained from & pn  sequence generatar.
The block code parity seguences were obtained by segmenting the
information sequences into groups of 4 o 8 symbols and then
encoding using the (8,4) and (154,8) codes respectivelvy.

The convolutional code sequences were obtained in & slightly
different manner. The intormation sequences wers divided  into o
subsequences of 144 bhits each. The last 4 or & bits of the
sequences were set to zero. The resulting sequences were then
convolutionally encoded wsing the 35723 and 171/13%F codes. The
resulting coded sequences have the property that the state of the
encoder beging and ends in the zero state. '

The tone assignments to each sequence were made so that the
spquences involved in the same decoding would not be in  adjacent
tones. To control +Ffoar differences in  the conditions in the
various tones, the transmitted frame was cvclically shifted by one
tone  soc that in effect the hransmitted pattern consisted of eight
rotated versions of the same fixed-frame.

The transmission of the above frame allows us to evaluate the
performance of the various ARD schemes under identical channel
transmission conditions. If & given subpacket is found in  error,

its "retransmission" is automatically found in thé next frame. By



B information and coded seguences

Each sequence consisting of 8 subpackets
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design the temporal separation betwsen these subpackets
corresponds. closely to that encountered in an actual system. Thus
the performance results obtained should be indicative of the.
performance in a fully operational system, as well as valid for
comparing the relative performance of the varidus schemes. The
frame ~ design also allows us to evaluate freqguency diversity and
coded frequency diversity performance by decoding appropriate .
pairs of subpackets.

Appendix A in the Interim report describes IBM FC cdmpafible

boards that were designed for the transmitter and receiver. . The
transmitter board accepts data from the pc and drives an 8 tone
modem. The receiver board accepts 8 "aye" (baseband digital)

signals and a recovered clock from the modem and then samples each
"eyve" a multiple number of times. These samples are DMA'ed to
memory and later processed to obtain an  approximation to an
integrate—and-dump, four-bit, soft-decision-detected seguence. in
the transmission tests the detected sequence were segmented into
blocks that corresponded to a complete frame transmission ‘which
were stored in disc on an IBM FC/XT. The experimental data was
later transferred to floppy discs and shipped to the University of
Toronto where the performance measurements were made using an
HF90O00 computer system. ) :

The segmentation of the received sequences into blocks was not
synchronized to the frame boundaries. A preliminary search of the
frame synch section was first made on an IEBM FC as {follows. A

ey

Binary template of the Ffirst 32 bits of the synch sequence was
shifted and compared to received sequences by taking the most
significant bit of the sequences and adding the number of matches.
This simple technigue was successful in locating the frame
boundary for virtuwally every frame. It was found that the
recorded sequences contained a significant number of bit slips
which would probably make correlation over the entire frame
ineftfective. : )

The aoriginal unsynchronized experiment files were transferred
from the IBM PC to. the HPYOOO. Frior to the transfer a modulo 264
sum was made of the characters in each block to obtain .a parity
check that was later used to verifty that the files were not
altered in the transfer. The location of the +irst subpacket in
epach frame was then carried out by correlating a template of the
first subpacket against the eight rotated versions of the received
[ELUENCE . The correlation computation wused all 4 bits in the
received symbols. The search for the boundary was limited to the
vicinity of the location predicted by the first gset @ of
measurements that had been done on the FC. Once a decision on the
location of the first subpacket was made, it was assumed that the
following symbols corresponded to the rest of the subpackets. The
entire frame was then unrotated and a file containing unrotated
subpacket seguences was then produced. This file was the input to
the programs that carried out the performance evaluation of the
various protocols. ' ' : :
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4. RESULTS
RalW DATA

The experimental data files are stored as character arrays.
in order to produce an output "map" that would allow us to easily
peruse the transmission data, a program was written that compared
each subpacket with a corressponding template. The number of hard
errors were counted and a file indicating the number of errors din
gach subpacket was produced. A sample of the output of such a
program is shown in the next page. Each line in  the. listing
corresponds to a frame or packet which consists of &4 subpackets.
The frames (packets) in each experiment are numbered from zero
onwards. Each character in the line indicates the number of
errors in the corresponding subpacket. The characters are arranged
in groups of eight according to the order of transmission. Thus
the first B characters correspond to the first cc2Z, CcolEE, into,
bcldy, ce35, ccl7i, be8, and info subpackets that were transmitted
in parallel, the second group of 8 characters correspond. to- the.
next 8 subpackets, and s on. The characters values correspond to
the following range of error counts:

character : @rror count range

O _ o
a-—j 10-19
@ 2O-29
# HO-ED
ks i 40—-49
A ~ H0-59
: HO—6F
% TO-TF
3 ' BO-89
{ PO-FP
A : 100-109
55 110-119
o : 120-129
D 130-139
E 140-149

Note that the alphanumeric characters are the uppercase characters
corresponding to matching numbers on the kevboard.

The S-~digit number on the right hand side of the frame is the
correlation value of the block of 144 bauds that best matched the
template for the first subpacket of the frame. There are 144
bauds with 8 symbols per baud and 4 bits per symbol. - The maximum
score is for a complete match and is thus therefore. 144 w0 8w 189 =
172803 the score for a completely uncorrelated sequence would he
17280/8 = 8&440. ‘ :

.l

A total of 12 experiments were carried out in the two-week
perind  beginning on September 12, 1984, The . last three
sHperiments were used in obtaining the performance results

presented below. The "maps" for these experiments are included in
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the Appendix " It can  be seen in these maps that the frame
recovery was successfully carried out in  all three of these
experiments.

The gsample output shows a ”barber~pole" effect that was found

‘in all of the experiments. This indicates ‘that certain tones

consistently exhibited worse error rates than other tones. This:
is probably due to dc offsets in the eye signals. The sample
output also shows what appear to be bit slips. In packets number
8 and 3% it can be seen that the error rate in the subpackets
becomaes approximately 50% from some point in the frame onwards.

FERFORMANCE OF MEMORY ARG FROTOCOLS

Computer programs were written in Fortran to implement the
standard AR® and memory AREA protocols. The programs computed the
distribution and the mean of the number of transmissions per
delivered subpacket and the relative frequency of the points  in
the algorithms where an errorfree packet is delivered. Because of
the non-stationary nature of the HF channel, these statistics were
computed separately for blocks of 50 frames which correspond to
periods of slightly less than 12 minutes.

Tables 1-3 show the results for experiments #10 through #12
respectively. The Tables show the mean number of transmissions
per delivered subpacket and the total n$umber of subpackets
delivered during a block. N

The map for experiment #10. in° the Appendix = shows that
transmission conditions were guite good during this Mperiment.
Most of the subpacket transmissions were received errorfree after
the Ffirst transmission. As well ., when a retransmission is
required, it is very likely that it will be received errorfres.
The specific featwes of the various AR schemes are therefore
seldom required., and conseguently the performance of the schemes
are nearly identical.

Experiment #1J1 exhibits transmission conditiong quite worse
than those in the previous experiment. Furthermore, the
conditions get worse as the experiment progresses. This can be
sepen in  the ¢corresponding map and is clearly evident in the
statistics shown in Table 2. Differences in the different ARE
schemss aré apparent:

~—the use - of combining in memory ARE without coding makes it
uniformly bhetter than standard AGRGE;

——the use of coding results in further improvementss;

——the difference in error-correcting power. of the codes
becomes apparent only as the channel conditions worsen; Thus the
constraint length 7 convolutional code, while always the best,
only becomes significantly better as the channel conditions become
very poor. The weakeat_d@ the codes (bc®) peﬁformslalmostfaS*well

.
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TABLE 1. REBULTS FOR EXFERIMENT #10
mean number of transmissions per delivered Spracket
block # std memory hc8 bcyib ‘ :cc5‘ ce?
t 1,42 .40 1.39 139 1,39 1.38
2 1.06 1.06 1.06 1,085 ~1.04 1.03 :
3 1,11 1,11 t.11 S 1.08 1.12 1.09 . ) |
4 1.14 1.14 1.14 1.15 1.15 1.18 ] . T
S 1.26 1.24 1.24 1.24 1.21 1.27 '
|
\
delivered subpackets per block
block # std -~ memory hec8 botéd ced ~oce? o
. : 336 361 361 363 364 366 '

i
2 397 397 397 401 : 400 401
3 401 401 401 401 397 401
4 399 401 401 401 - 398 301
5 210 212 212 212 212 211




TAELE 2. RESULTS FOR EXPERIMENT #11
mean number of transmissions per delivered subpacket

 -b1Dck o std memory bc8 bclb ccd cc?

i 1.88 1.75 1.71 1,36 1.58 1,32
2 1.62 1.35 . 1.a0 1.30 1.39 1.47
3 1.71 £.39 1.33 1.30 1,54 1.47
4 2.06 1.86 1.68 .74 1,635 1.64
3 2.57 2.10 1.87 1.86 1.84 1.80
) 2,481 1.99 - 1.83 1.73 1.68 1. 67
7 . 2.29 2.02 1.88 1.88 1.68 1.82
8 2.13 1.84 1.71 1.67 1.68 1,63
? 3,23 2.76 2:30 2,22 2,16 2.03
10 3.54 3.20 2.735 2,94 2,49 2.42
11 6.70 3.93 5.38 3.01 4.92 4.58
12 - --- -—- ——= 397.3 135.18
13 11.04 10,71 10.28 .72 8.73 8.33

delivered subpackets per block

- block # _ std memary bc8 bcléb ccd  cce?

{ 32 344 352 377 365 374
2 58 373 385 391 399 397
3 348 373 383 391 388 196
3 300 328 3472 370 269 373
g 254 308 147 36 356 360
b 272 323 351 . 363 375 394
7 283 315 339 334 348 149
8 298 342 369 371 385 391
9 21 242 290 305 311 321
10 194 214 245 272 279 286 -
i1 112 126 139 148 152 163
12 0 0 t 3 13 60
13 57 49 72 75 84 84




TABLE 3. RESULTS FOR EXPERIMENT -#12

mean number of transmissions per delivered subpacket

- block # - std men bc8 - bcliéb - ccS o ccl.
1 1.42 1,39 1,35 1.33 1.42 1.38
2 1.69 1,56 1,52 1.52 1.47 1.51
3 1,48 1.42 1.39 1.38 1.34 1.40
4 3.59 3.33 3.15 3.19 2.96 3,01
] 1.84 1.82 1.76 1.64 1.46%9 1.72
b 14.14 14,14 8.83 15.84 9.17 5.90

delivered subpackets pgr*blqtk

i 375 389 391 395 389 391
2 340 363 377 367 383 373
- 3 363 377 383 389 394 391
4 190 203 219 212 228 227
3 326 332 342 344 399 351
) 42 42 b6 38 b4 100




as the other codes in most ot . the hlocks.

In experiment #12 the channel conditions are intermediate
bhetweean those of the two previous experiments. Again the
performance of the various schemes are essentiakly the same except
in the last block where channel conditions are very poor.

9. OTHER ARR PROTOCOLS

In thiz section we will describe a number of protocols that
were devised to improve on the performance of the basic memary ARR
protocols already discussed above. Section 6 -will present the
correspanding performance results. :

811 ARR schemes awtomatically adapt to changing channel
conditions through the automatic retransmission of erronsous
subpackets. For the multi—tone multiple—-packet per—frame system
under consideration the penalty incurred in gaining this
adaptivity is increased transmission delay as well increased
complexity in buffer management and sequence numbering operations.
Thus it is desireable if the protoceol operates so that the number
of retransmissions is kept low, while maintaining the throughput
as high as possible. For example, i¥ ‘the average number of
transmissions per subpacket is around 2, it may he preferable to
concede some throughput performance by transmitting both versions
of the subpacket in the same frame the first time that they are
transmitted. Subsequent retransmissions would follow the usual

protoceol. This type of adaptive arg protocol requires that the

channel condition be tracked. This can be done automatically by
ohserving the rate at which retransmission requests are being
macie.

In order to evaluate the per%nrménte of the above type of

adaptive algorithm, a computer program was witten in which dual
coded frequency diversity is used the first time that a subpacket
is  transmitted. If either of these subpackets is received errar

fres, then the information can be recovered immediately. I+  both
are received in error, then a soft-decision decoding can be
carried out. Further retransmissions are necessary only i+ this
decoding is unsuccessful. We note that subseguent retransmissions

do not use frequency diversity, bubt instead follow the memory ARD

protocol.

A clopse skwamination of the memory ARE protocol discussed in

the previous sections reveals that there are more than one way in,

Swhich & "memory" algorithm can operate. In the "tvype 1" memory
algorithm already discussed, a subpacket with detected errors is
immediately combined into the corresponding memory. subpacket prior
to the soft-decision decoding step. Iin what we will define as the
"type 2 memory ARR algorithm, a subpacket found in error is not
immediately combined into the memory subpacket. = Instead the
subpacket is uUsed with the complementary memory subpacket in a
soft decision decoding step. Only when this decoding fails is the

.‘aubpacketf combined with the memory subpacketnu‘lt'can he argued



-

that the type 2 algorithm should perform better than the tyﬁe 1

since a subpacket found with errors is less "suspect” than one
that has already part1c1pated in an. unsuacessful decmdlnq attempt.

'

The type S memory ARD protocol and the Lin protacols.»cah bé

‘viewed as two extremes of a class ‘of protocol in which each

subpacket can be either discarded or combined after each- decoding’
step. In the Lin protocol the oldest subpaclet is always
discarded a¥ter it has participated in a decoding failure. In the
type 2 memory ARE protocol, subpackets are always combined into
the corresponding memory subpacket. A natural middle ground to
these two extremeés ' is a protocol in which a subpacket is either-
discarded or combined into memeory depending on its potential.
usefulness . in subsequent decoding steps. The use of soft
decision decodlng provides us with the natural measure of a
subpacket’'s potential usefulness, namely, the metric that is
associated with each decoding. If the metric is less than some
threshold. then the subpacket is combined into memory; if the
metric ewceeds the threshold then the subpacket is discarded. The
value o% the threshold muat be optimized to vield the maxlmum 
1mprovement in performance, Some results on this method which we
will  dub memory QRD wlth selective dlscard will be"presented‘inv
the next section. ‘ :

6. PERFORMANCE OF OTHER ARG FROTOCOLS

The experimental data used in evaluating the perfaormance of
memory ARR protocols can also be used to evaluate the performance

‘of the protocols discussed in Section 8. Because of their

relatively high error rates, experiments #11 and #1Z were used to
obtain performance results. The (8,4) code and the constraint
length 7 code were used because they were the extreme cases of the
codes considered in terms of  error correcting capability and
implementation complexity. The results are given in Tables 4
through 7. '

A comparison of the first two columns in all the tables shows
that the type 2 memory ARG protocol is always better than the type
1 memory ARG " protocol. For most ‘channel conditions the two
schemes have nearly the same performance, but under very poor
channel conditions the type 2 protocol is clearly better.

A comparison of the third and fourth columns shows that the
Lin hybrid AR schemes do extremely well given the fact that they
do not  uwse combining. The Lin protocel with hard decision
decoding nearly  eqguals. the performance of the Lin protocol with
soft decision decoding except under very poor channel conditions.

The Lin algorithm with soft decision decoding and the type 2
umDry ARG algur:fhm hava verv nearly the same performance,

The 1a5t two columns ulve the par{ormance of the memory ARG

- protocol w1th SElPhthE_ discard.. Two values of Lhrpshmld ware
used 500. and 1c

D0 (wlth 4 blt quantl atlon, the 'maxlmum dlstance~-




TABLE 4. PERFﬁRﬁANEE oF OTHER ARQ SCHEMES
convolutional code of constraint length 7
experiment #11 ‘

mean number of transmissions per delivered subpacket

block memory memory lin. lin adapt adapt memory memory.
no. typel  type2 hard  soft  memory lin thresh thresh
typel  soft 500 1000
1 1,51 1,50 1.54 150 110 - 1.09  1.50  1.50
_ - 2,10 2.09 _
2 147 147 151 147 L0l 101 147 0 147
- ' 2,00 2.0 ' :
30 L4 147 Le L L0l Ll 14 1@
' : 2,01 2.0
4 1.3 1.2 167 .1.62 1,12 L.10 1.62 1.62
- 2,12 2.10 o
5 w76 1.7 1.8 L7 111 L1 L5 15
' 2,14 2,12 : :
6 1.67  1.66 1.82 166 1.08 1.06 1.66  1.68
B A 2,08 2.06
7 1.83 -1.81 192 1.82 .15 1,130 1,82 1,82
. To215 2,13
8- L6 163 171 163 103 1.03 1.2  1.62
. 2,03 2.03
9 2,01 1% 2,10 1.9 1,35 1.27 1.9 1.9
2.3 2.27
10 2,40 231 2.9 232 1.%% L% 232 .32
2.60  2.53 ‘
1 7 2,27 2,24 3008 2,29 150 L0 2,29 222
2,53 2.53
12 4.7 . 3.87 ----  3.68- 3,85 2,88 3,68  3.68
‘ 4,92 3.90 :
13 2,91 2.84 3,40 2,86 1.85 .85 2.86 2.88
' 2.86  2.86
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TABLE 5.

(8,4) block code

experiment §11

PERFORMANCE OF OTHER ARD SCHEMES

mean number of transmission per delivered subpacket

block memory.

no.

I~

[ 2N

10

11

12

13

memory lin lin adapt  adapt  memory memory
typel  type2 hard  soft memory lin thresh thresh
typel soft 500 10600
L7270 169 192 - 169 LAl 110 169 1.49
: ’ 211 2.10
1.48  1.48 1.59  1.40 1003 103 1,48 1.48
2,03 2.0
1.5  1.54 1.67 1.3 102 1.02 1.5 1.5
, 2,02 2,02
1,68 1.67  1.83  1.67 110 1,10 1.8  1.68
2,10 2.10
1.83 1.8 2.16 .83 118 116 1.83 1.83
: . 2,19 2,19 _
1.82 130 2.02 .80 1,12 1,11 180 1.8D
2,12 2.1
1.8  1.8%5  2.92  1.8D .12 1.26 1.8 1.83
2,12 2.26
L2 1.7% 1.98 1.7t L1 i L7117l
2,11 2.1
2,28 2,19 2,69 2.2 .47 142 2,21 2.21
2,50 2.49
2,72 261 3,300 2% 1.8%  1.83 2,98  2.%%
2,92 2.86
295 2.9% 369 2,94  1.8%  1.81 2.94 2.%4
2.39  2.84
3.5 3.5 391 350 2.96 2,06  3.4%9  3.%50
.09 3.09



TABLE 6. PERFORMANCE oF OTHER ARQ SCHEMES
(8,4) block code
experiment #12

mean number -of transmission per delivered subpacket
block memory mehory lin lin adapi adapt  memory memory

no.  typel type2 hard  soft  memory lin.  thresh thresh
: typel  soft 500 1000

, 1 136 1.36  1.40  1.36  1.02  1.02  1.36 1.3
o 2,02 2.02 '
2 1,52 151 160 L5100 L1850 L14 151 1,51
‘ 2.15 2.4 :
3 1,38 1,38 1.42  1.38  1.06 1.05 1.38  1.78
‘ , 2.06  2.05 »
4 2,07 200 215 1,98 1,53 145 198 1.98
‘ 2.53  2.46
5 1,57 1,57 L7015t 137 1300 1,98 1.98
, . 2.37 230
‘ 6 8.86 7.07 133 290 6.12. 5.47 7290  4.49
. : 718 6.52 ‘
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experiment $12

| TABLE 7. PERFORMANCE OF -OTHER ARQ SCHEMES
. convolutional code of constraint length 7

mean number of transmission per delivered subpacket

block memory memofy lin
no. typel  type2  hard

4 201 191 .02
5 157 155 140

6 589 448 149

adapt

lin adapt  mémo

soft  memory lin thre
typel  soft 500

1.38 .02 101 1.38
2,82 2.1

1,49 1,10 1.09 1.4%
2,10 2.09 :

1.40 .94 104 1.40
2,04 2,04

1.91 1.45 1.39 1.91
2,45 - 2.39

.55 117 L15 1.55
2,17 2,15

4,58 3,85  2.81 4.58
4.89 3.84

ry memory’
sh thresh
1000
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between two 144 symbol  sequences is 144x15=2160). It is clear

-

"that no significant gain over type 2 memory ARG or the Lin

protocols are obtained.

A comparison of the performanté‘\mf the (8,4) code and the
constraint length 7 convolutional code shows that the (8,4) code

nearly always performs. as well as the more complex conveolutional

code. The only edceptions are block #& in experiment #I1i2 and
block #I12 in experiment #11. The dashed lines in the table
indicate that not enough subpackets were delivered in the block to
obtain & reliable estimate. Thus it appears that opting for the
simpler code entails no significant loss in performance over the
range of reascnable channel transmission conditions.

Finally columns five and six show the pertormance of the
adaptive algorithm if it were operating in the dual-diversity mode
for each first subpacket transmission. The entry for each block
is the mean number of frame time delays before a subpacket is

delivered errorfree to the receiver. The second entry is the

total number of subpackets reguired to deliver the errorfree
subpacket. The first entry is the subpacket delay and the
reciprocal of the second entry is the subpacket throughput
afficiency. It can be seen that the algorithm in adaptive mode
will indeed reduce the delay, and that it will do so without a

o signiticant penalty in throughput.

7. CONCLUSIONS

The pertormance of a number of ARG protocols has  been
pvaluated over channel conditions ranging from guite qood to  very

poor . This performance evaluation is highly computation
Cintensive, so  an  exhaustive study using a larger set ot
experinental data is not feasible. However the Jfollowing

conclusions can be made with some confidence. First, the use of
coding instead of simple combining is beneficial in that it
extends the threshold of channel conditions in  which, reasonable
throuwghpults are attainable.. BSecond, increasing the complexity of
the code results in significant performance improvement only under
sevaere channel transmission conditions. Third, the use of memnory
cambining with coding does not significantly improve the
performance  over the simpler indiscriminate subpacket-discard
policy of the Lin hybrid protocol. Fouwrth, the subpacket delay
can  be kept low by éwitching to dual coded frequency diversity
transmission when the channel conditions deteriorate. :

e i PPV
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pkt § 130 14....21 13....21 5.87..3 3b...b9 0 26....2.0 d.. 3 1d...27 1d..i.2a (15B3D) (........ j
pkt # 131 B.abl..2 géf....9 ala....5 ..2.... 136..... 20671 f5c.94a.  23gl...4 (15095) (L....... )
pkt ¥ 132 33.6.... 3L5.... 47010 ildad... 23.4.... 449 3. 452.... (5B (...
pkt $ 133 .B4Bb... .6448... 1213... 3.A7...  .59%.., .862q... .¥6ld... .dl.l... (15659) (.ovn..n. )
pkt # 134 ..3dle.. ..c9.8.. ..@b.9.. ..acle.. ..8b2d.." ..5gl7.. ...417.. ..3p2n.. (15700) (........ )
pkt # 135  ....b2b. ...34.a.  ...B43c.  ...2526. ...8clb. ...B619. ...bble. ...2e.9. (15754) (........ )
pkt § 136 ....671b  ....Balb ....i347  ....¢%2a ....a3.B ....2..1 ....6517 ....56.8  (15680) (........ )
pkt # 137 2....1.1 b..oas a.od5. 8.....20 Faalo 2000300 fo.42cl @....dBL 0 (IS93D) (..., )
pkt § 138 22....29 19....a7 54....22 461...22 13.....2° 33.....3 0 5.2 9...... (15795) (.iuvins )
pkt 3 139 217..... 739003 4380060 Sldo b 79,04 2uacd 224002 819,07 (15B35) (...}
pkt § 140 4@2j.... 9Q1Q...1 ShPE.... .e.c.... 143a.... .2.5.2.. 2334...1 5627.... (15571) ..vses, )
pkt & 141 ..336...  ..648... 4...315 5.c9ab.4  ..iZj... .lelg... .5829... ....l... (15778) (.ovseen, )
pkt & 142 1324, L1240, L3214, 1.63.3.20 L.9525..  L.b434.. .c21B.. L@P2b.. o (I57BD) (L....... )
pkt & 143 .1.885d1 ...cl.5.  ...3..3, L5419, L8316, L1120 LL.25865 L .157.5. (15520) C........ j
. pkt § 144 .6b.g6.9 . 4...5758  1...462c ... 313 L0L3 L2214 L.c.dS2) ..33862a - (15268) (...... L
Cpkt 4 145 2....... L3 513 90l celnaf? dedl 40200 Bed2 0 (5973 .l )
pkt # 146  ddé..64a .g....48 3a....57 6.2 6.3 a4 ... L4 410362 (15019) (.vonen)
pkt § 147 223....3 314....3 4.6..... 6.8.:..2 dlg....b  flg....§ h.9....8 g7f....@  (15840) (........ )
pkt 3 148 . 45.7.1.. 432di.. 13.4.... 4428.... 3. L3R 244, W13l (15801) (ivuvenns )
pkt ¥ 149 .3598... .52120.. ..1.5...  Ld6ld...  L5435..0  L.2.5.,,  .d4.da42 @B.74... o (15B96) (.......)
pkt #0150 0 L1120, L3, L1440 206326, blALGLE oo bless 12520 Lol (15907) (e....... )

RARKARYA - RERARAG, -

1.8, Beclll.. REASK

. (15786) (.

N e

pkt ¥ 151 .. .2%la. .
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. pkt § 152 ....446 .cB....1 454.b.d6 ..., €95  4....f4h ..17326 ....8337 ... 2.2 (15764) Cooaenee. )
: pkt ¥ 153 7.....4. 9.5 8....26, b....le. Q.dg.ghS  d.1.5j23 41,2926 51...152  (15804) (........ )
- pkt # 154 " 2e....35 47....45 25.....3 322 ...e3B.1 3777822 S..5R1 edb...2c 0 (15713) (........ )
pkt # 155 céel...8 423....3 117....4 214...1 L5, 2141 217....2 0 628....5 . (15400) (........ )
- pkt # 156 .636.11. 51532... 55.b3... 2399 3 la2ih... 6d5fl... éblel... 3538.... (15804) (....onn)
pkt # 157 (554b... 5224... .Ll6... 2413, .4B.a... LAL2.0. 56791 .3829... (15721) (o.one, )
pkt $ 158 ..4215.4 5....3.6 3.l 403af 6o Sl 20313 20400 (15780) (L....l)
pkt ¥ 159 93.42.2. Bc......  MfeaZh - BRRRMRAR  AMAMAR RERXMME RRARRN RRARRRSE  (1557%) (........ )
pkt # 160 3.1 L4130 L0962 ...1304 L1l L 2.1 ....2728 0 L1647 (15239 ...l )
pkt & 161" 7....21. b...%h. c....dB6 ja...3l. el P ... 5a7  4..71188  e.bek.73(15770) (........)
pkt ¢ 162 32....16 .a....16 2b.....b  .B....32 4.0 f....@b 8.3 la...dgh  (15802) (....... 2
pkt # 163 3.3....1 4.2 134.... ae... b 5707 15506 L@k 7Ba.. 3 (15735) (Lol )
pkt # 164  db38...1 492b.... .1.6.... 9818...1 .212Q.... .e23x... 1g3h.... 3324..1. (15656) (.ovonuil)
pkt § 165  .11.6... .2659... .3b.g... 1fb.@li. o 9ald9... 62,155 42391 ... - (15B1D) Co....... )
pkt .3 166 ..7.34.. 57123, ch...2.2 l.2.a.. L5212, LL1437.. 143500 L3192, (15567) (ovven. )
pkt # 167 ...8@5j. ...516b. ...2315. ...dbdc. ..56.13. ~ 513g138. el.29.9. ...21.4.  (15445) (........ )
pkt ¥ 168 d...4R4b .268.345 .h2....4 ... 145 ...490a 2...22.e  ..24gb3Q  .cB.3146 (1467%) (........)
pkt 3 169 66...4.. Fi,.1182 S5.1Q.841 2.14.62.  9....422 5....444  46...121  9...1212 . (I536B) (........ )
pkt # 170 2¢....55 .a....95 7c7...64 24..739% 1B.e9lda 6f....if 24....32 ad4..185  (15688) (........ )
pkt # 170 3.6....1 72....5 125f...9 abal..fl - 359....b  9la..... 5366...4  b3i5222a  (15854) (........ )
pkt # 172 79653.21 Bb4j.... bé8ci5.. b96d4l42  1415.cd.  jc9b3..2 4918.... jal@g... (15703) ... 2
pkt # 173 .243a2.. .12déc.. 24335.1e .bbda.e. .4.14... .4f3fe.. 3ahaBd.6 521462 (1557L) (........ )
pkt # 174 165922, 11.835.5 ..4alb.. ..6Q.h3. l..gl6.. ...1.6.. ..4%Ld.. ..6h1R.. (1539%) C........ )
pkt # 175 .47, LLRS.hL 47,3230 L0768 L..8893. 40023, 117.6. ...5858. (15517) Cooenen, j
pkt ¥ 176 .2..2225 ...lhd66 .1.1§9.8 .38....2 ....lbda  .1..i365  .2L.1312 D...2639  (15752) (........ )
Cpktd 177 93B4793  dhi.fib La....) 2.4%2.4 4612, 7....31 ah...83 F2L.091  (15493) (........ )
' pkt & 178 c4...342 4e.5.g%c  4f3...Bd 489...39 hib.6..d  .b.2.169 .37..... Seoda U545 (el )
pkt ¥ 179 849....5 hég...1b 1.3.8.24 52b.11.5 234l...a 261....1 2.2....1 1.1.2... (15550) (........ )
: opkt# 180 4849..2.  @9171... 36641... 1.15L... 19.cé... .72..L. peeal... 75391, (15517) C.ovnnes )
, pkt # 181  77l.c.ia  ....3. 14 .15.a2..  ..1.2b..  .15.8... .cidh..@ 1.5, L853d... (15091) C...v.ee. )
pkt § 182 4R9i%a4] AL ARRBRAR  AMBBERS  BARMRER MPMEBSE  REMBARS  BMRERR (14527 (o...... )
pkt 3 183 . 12#2f.  3.5@edd.  “cl..... 1..99.4.  b4.1.126 ...9%e3hé ...lg.4i ...2b381 (14884 (...... )
pkt § 184  .1..25.7 ....34.4 g...853%5 ...... h3  2.17.96b  11..683a ....a%25 ... 122F  (15804) (........)
pkt # 185  d....$6. 3.40.2.. F...0082 1.1 500533 %ho.174 2....04g  2..1F.:a 0 (1937D) (L....... )
pkt § 186 ~ 931a2..3 28....24 .Q....4% - 4@8...6h ele...2a d92.2233 342.22.4 14..2.52  US71D) (........ )
pkt 3 187 L.b....1 428....1 i4g....2 h3f....3  jFe....4 437....7 926l...a  fBdL...h (1573D) (...l )
pkt $ 188 1223.... .327.... 282c.... 261f.... 41B.... .3.2.... 12.2.3.. a%fl...  (15824) (........ )
pkt * 189 13%6c.l.  .98%... .2126.11 .7cd7... 17629.23 ....L¥. 1181, L3b7.al o (15565) To....... )
pkt 190 9.1.2..5 ...8.7.a ..8711.. ..... 2.6 .1365a.2 1350 L L14e LL2.5.00 0 (15671 (... )
okt & 191 ... W L1250 28082 ...2.13.  ...43%. ....1.6. ..7L3.  L..24%3. (15808) (........ )
pkt 3 192 ... LS 1615 L0206 14558 Ll Jade L...2317 0 LL..242b Looa7le (15854) (L....... )
pkt $ 193 410 an..Bdl 8....331 6....25. 2,793 7....182 h....28. b....442 (15651) (....... )
pkt 3 194 54....74 2f....4a  .a....65 77,81 2b...36 24044 a...320 38001130 (156370 Co.l..l)
pkt & 195  817....4 96b....6 617....3 ... 424211 22,01 635811 4377 (15703 (..., )
pkt 3 196 1....86. 305703c. LIS, L..4H). 22,678, 3425.1%. 12.2.4j20 4312.68. - (15302) (........ )
okt § 197 4c749..1 X24.. #5....94 1g88j21. gedc... 7adla..l 5241, 7d%bl54  (U5261) (........ )
pkt # 198 L LL# 36161 243 L1355 L3A47.. L6419 236, (15477) (..., )
gkt 199 L0316, L.81%l  ...12.3.  ...194e9 L 455RF 1..a%iB4 L.l1ged. LBIRED. (15643) (..., )
- pkt ¢ 200 .1..12.3 ..., 3.5 ....6a2b ..o lod 2708 c6..9219  g...6759  3..lbbéh  (15579) C........)
pkt § 201 -~ 4211.d9% @2..bdgb 5.2.8643  9.ja.3al L.l 841122 A .20 ell433 0 (15178) (L....... )
' pkt §.202  .8...263 .3.f6224 34.6,.27 311...24 .Bl...1. 4Q...118 36L...2b  6b....88 (15 (... )
; pkt § 203 8972...5 529..... S4g3...4  g53....2 B34....6 45622.2c 7.8....3 ‘dal...3 o (15604) (..., )
. pkt § 204 - 3426.731 acBe2... 6338682. cjbf.... j3.5..2. 34da.1j2 L.l4....  6l2ec..l - (15475) (........)
pkt.§ 205  .1628..1 .Saghé.. be223... .1..3.24 .44352..  .7h24..l e1849.9a‘;‘;.2.éy;, BN L17 ) B GRS B
copktd 206 L.35.6.4 ‘_..7ed15}. (702979....0.7....2.8  .d7hf7. .68?13;;1 1.343516 . ..248i8. - (1549D) (........)
pkt 270 “;4aa47;;':; 200 2957504 5BlfFag9 8L374f1 - 2@474 36 96872 : (14950) (....;{..)
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: Cpkt§ 208 L1611..3 6...1778  17%a5c39 Scli9aéh 2....95a . 4912346 ....1386  .23612.7 (15653) (...o\... )
' pkt # 209  9188b125. @2..1c@é ell2.3c6 al...251 a...2683 © 22...11. 7....473 8...1442 (15364 (........)
pkt # 210 cbé...36 - 35.53546 @33..1ad Sa.2.c2e abbl..lg 3al5186f 2a61..b8 4712875 - (15062) (........)
pkt § 211 - i22.:.6  64d3...9  fB4.ub 4.4..2.20 425,00t LBL2LL. 0 93B3L..9 o e3fLL3. . (15172) (il )
. pkt § 212 7b39.... .47781..2 52252... 37%a.... 9hcB.. 1..8...0%0 CL.54215.  137a...8 . (15493) (...;:.;.)\
, pkt #. 213 .761b...  .296h... .36362.. 1239, .8B19... *.3916... .4918... " LLL3.L0 0 (15518) (L. )
pkt 4 2147 1.3.5..0 .1i67a.. 5.h649.1 ....4l4. .6c92d05 1.b45514 73234 ..662915 - (15576) (........)
pkt $-.215  -...bb7j1 c2.6c5a3 ..168553 12262.1. ...39495 2738913, ...b7435 ..3cI2l. (15138).(........ )
pkt & 216 ....534a 31,4245 1...334a  .4..28%c ....fb94- .....3.8 L 404 L5355 -(15465) C....all)
pkt # 217 b....292 b....656 9....6b1 2....64. 7....324 4....5a2 4....... ....12. 7 (15612) (L.l
pkt ¢ 218  7al...ab 1b.4..53 13....86 .4....21 L4010 40.0.8b 0 320, 28....25 (15479) (..nunll)
pkt # 219 759....3  32a....6  dé....f 43403 85FLL..3 0 21a....2  BA12...3 1fBiol 0 (15683) Ce...,l.)
pkt & 220 . 5649.... -a938..... l..6.... 1L.7...1 1225.... 957%.... .1%.... 5a58...2 CTO(15549) (o)
pkt.§ 221 SL36... L1423..0 U3..9..2 L1030 ldeSe... L2.16... 2..3c... el 6. (15691) (....0..))
[ Cpkt § 222 L A3h1.. Ll1bfg2.  1.7c4b29  7..4.6.5  ..98F3..  ..2af72. ...7¢%1. i.bief81 (15362) (ooivl)
! pkt ¥ 223 45186 . ...27gb) ...7e75.  ...h3... 265.324. #d.....1 e lobd L..2a3d6 . (14900 (..i...)i
L L opkt ¥ 224 ....ja37  99g58fcB  .@#1246a @3138 2 454,856 5...9.3 ...27i25 ....;fg@< (15179) (......0)
P pkt $ 225 9.h@72a2  F3E717..  7.i.392 al.bc@iR  4.7.20d2 . Jell7.6l  qll..g7. . 4316i..g . (1527D) (...l
pkt # 226 36.2aa.. 36.f1353 .4.d1..3 19....4b - h3.4.200  AKRORKK ARRMRASR . RAYMRRR . (15454) (........)
pkt # 227 - gghgeBje 7jge.2.2 FF@917.8  912.6%.h  26b.@994  j6jdBa2i  149. €825 4.1.8d62 (14030 (L......0)
pkt 228 15.524.. 1..4.1.. 172.6.... 41810, Zic.... 4565...1  .8.7.. 753726. . (15522) (overenll)
pkt & 229  L.1.4%f 451.1.fa 21.31.1Q £769d2.4 .jl4a4.5 c..da..b .7@ag8.. 1b.441.2  (153268) (...... )
pkt ¥ 230 - 1..2831. ..acld.. -..4.4ldd .3aibe.. ..e526.. ........ 1539, L 23,5, (15297). Covnnn )
Cpkt #0231 L.83772 L135.F. L..9442. L..592c. ...1..3. L. ldde.  ,..beBF2 - 1,.2113. (15651) C..oee, )
pkt § 232 835123g3 1443ad%e  233.5586 - .1..15.2 .32.a526 1...267c 1..2282d a...8267 . (15319) (........)
pkt £ 233 alé@.152 j6.2ahge c3..3.84 27...ac8 32...959 5.....41 4.j2.11. 2.2d.8.4  (15315) (........ )
. pkt § 234 212...23 7f5...48 14....3 .3.1...2 4e...218  .53...53 8a2...5b  19....47  (1557%) (........ )
pkt # 235  b28....8 bedé..3c  75b.3..6  66b.1..9 27§2..1a  448...43  937....d - 343004 (15425) (........ )
pkt ¥ 236  7218.... 47%67b... 8dSc1.15 778Blec. q97cé. 1l  Thed2563  94361... 5432157, (15600) C........ )
- pkt ¥ 237 .gé767.. .251gld.  .3414.51  .b6894.. -~ 21fded.. .7a571,. 267abl... 392711, (15199) (........ )
: pkt § 238 ..3a3d.. 823bla.2 ..55¢56. ..9a8.3. ..261d.1 3.13.3.2  .24.39.. ..4364.. (15539) (...... )
pkt ¥ 239 - ...523d. ...32371 ...2526. S1.41.2.  ..514e74 ...5c%a. ....87.91 ...23252 (15586) (........ )
pkt ¥ 240 4...4c% .1..53.9 .2.12.54 4...3ddg .6..7a86 .ca.6.11 ,.26182j 2...@j6d . (15366) (........)
pkt ¢ 241 8..7d145 8...ea3 71...774 6.3a3211 @..1d5h1  .4...f13 B8..a..56  2.pRe.2. (15263) (..\0e.. )
pkt § 242 5113 025,402 98....0a 961...22 26,2113 1911c2.5  55242.33  4b....7d . (15741) (........ )
pkt ¥ 243 hie2..4b 5845...q 537.d821 b7hi15565 @2b....5 42a....8 825,...1 11616eé6  (15163) (........ )
pkt § 244  656613.. 3147.884 .@332... 4g.6.... 2715198, 399h827 1l.lebc. 2917.... (15522) (..ol
pkt § 245 4618749 8340, 15.a..3 0 LF3LLE O LP3EE8.. 0 L3351, .B126.51 . .e176.45 . (15168) (..... )
pkt & 246 ..2.... .5 i.814e.i ..35368. ..hhSed. ..c3593. 5.4.14.e ..flef.. ..i55eb. (15719) (v ).
pkt ¥ 247 @@@ss¢A@ MEKMNE O KBRFERAL  RRARARRE  RRAFNRAL RNRRRMEL  AARINRT RS (12499) (L....... )
pkt # 248 B.i..i.1 L1..6c23 L $2.39.5  L95lelcl SSSSEEEE MMRRRMRE AMMARMME L AMRRAMEA (153D (L..alll)
pkt 3 249 SSESHER  WRANAR RRRRARFL  SRMRRRN MMRRARAR  MRAARRRN  RRANBRRS RAMEAMRA (12196) (L....... )
pkt # 250  .3...b26 33...3sa 8g...123 1@.....b .3.415.2 .7.5a.31 261..c.4  a2864.1] (15235) (.evnen. )
pkt # 251  7634...5 l...ee.. 2253b4. F2Q....6 .ad....4 12ic...2 B817....2 324.1..2 (15653) (........ )
pkt § 252 623a..9. 86ce2..g 7@be3.5. e61é1..1 idg98... 1112¢l.. 3215.... 7b29....  (15386) (........ )
pkt § 253 1.6.7.3d  d6234..1 .B3ie... 3dach6.l 146R$1., .1d7Q132° 1284g1.1° .3416... (15223) (........)
pkt § 254 - ..3336.6 4..1.7.b e31515.2 8dld%h.1 .c4fé@71  .3..... 1 ..5al3g. ..48fel. (15515) (........ )
pkt § 255 . ..18@15.  ...15.7. L..B9.b. 4..5..21 5.2, a25.3.4.  $a.1724,  @Q.cl34. (15110) (.ovunse, )
. Cpktd 2% 5.dfda 20458 .1.2.537 5...21d6  i22.47d4  .l..egde 1...7B4. $97..13. (15237 ..l )
pkt § 257 3.1 43008 2,11 goll139. 0 BLLLLF72 L LML 3§51 3od4a 1. (1575D) (L...... B
pkt § 258 Bed.l.dc  994..144  25...0.1 6@.....B  LF.40 86,067, SidEfee@ AR . (15337) (...
pkt § 259 HQHHEE  BRERMRR  NMARECAL RRRARRM  WAREARM ARARRREA  RMRRRRRS MAMMRKR (12243) (L.......)
pkt.-# 260  gaBa7ig. 1315.bil 3b77.gR. 1}.5.3@. ...2.5s@1 1..1.528. 5fde.... 1§18.... (14653) C.ovnn)
pkt § 261 51QE.. .6689473. 6ab@ SRS 4 RPN 1. X R - VORI L T BRR 5 3 VA (14964). (.00l onnl)
pkt § 262~ 2.56.725 - ..g575:.. .:g24.. @2@@2 ~=e4@6;,1. 13492 188551 SRRPV-V3Y SR € L7A V3 N S

civend)

“opkt § 263 ‘.»‘fzig;lz ~ge, b618"

S SR R, Ga b f A

3dleec4 oD, iR 2eab6 ' 785aa 324355 (15689)
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