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Continuous Error Detection (CED) for Reliable
Communication
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Abstract—Block Cyclic Redundancy Check (CRC) codes rep- 1) automatic repeat request (ARQ)-based data transmission;

resent a popular and powerful class of error detection techniques 2) (serially) concatenated coding systems employing an

used almost exclusively in modem data communication systems. inner error-correction code and an outer error-detection
Though efficient, CRCs can detect errors only after an entire

block of data has been received and processed. In this work, we code; . . .
exploit the "continuous" nature of error detection that results 3) reduced state sequence estimation for channels with
from using arithmetic codes for error detection, which provides memory.

a novel tradeoff between the amount of added redundanend Our proposed approach is based on arithmetic coding, which
the amount of time needed to detect an erronce it occurs. We s 5 honylar source (entropy) coding technigue [1]. During our
demonstrate how this continuous error detection framework h b f the fact that the id f fi
improves the overall performance of communication systems, and research, we ec_ame aware o _e ac_ E ] € ldea o contin=
show how considerable performance gains can be attained. We UOUs error detection based on arithmetic coding had been pro-
focus on several important scenarios: 1) automatic repeat request posed earlier by Boyet al.in [2]. We undertake a more rigorous
(ARQ) based transmission; 2) forward error correction (FEC) analysis of this approach, quantifying the underlying tradeoffs
frameworks based on (serially) concatenated coding systems;nq|ved in the process and also establish the impressive gains in

involving an inner error-correction code and an outer error-de- - - - -
tection code; and 3) reduced state sequence estimation (RSSE) forSyStem performance attainable through integration of this novel

channels with memory. We demonstrate that the proposed CED Method into different communication systems.
framework improves the throughput of ARQ systems by up to The basic idea is simple: add to the list of data symbols to
15% and reduces the computational/storage complexity of FEC pe arithmetically encoded an extra “forbidden” symbol that
and RSSE by a factor of two in the comparisons that we made 5 never actually transmitted. However, a controlled amount
against state-of-the-art systems. - . -
of probability space is reserved for it, nonetheless. (Note that
Index Terms—Arithmetic codes, automatic repeat request, de- this increases the redundancy of the coded symbol stream.)
cision feedback equalizers, error detection coding, forward error By increasing the amount of coding space that the forbidden
correction. . o . .
symbol occupies, it is possible to make statistical guarantees
aboutwhere the errors may have occurtékhat is, it is possible
I. INTRODUCTION to isolate the location of the error in a statistical sense, to any
kdesired confidence level, to the previous bits, wherem

ONVENTIONAL communication systems use bloc .
Cyclic Redundancy Checks (CRC) for error detectiorgepends on the amount of invested excess redundancy and the
?ﬁired confidence level.
t

Since CRCs operate on blocks of data, they can detect errg L . . .
only after an entire block of data has been processed. An is interesting to note that the error detection performance is
error detection scheme that is “continuous” can detect errépgependent of whether the errors are random or bursty and de-

while the block is being processed. Thus, it can enhance t?]%nds only on the amount of redundancy introduced. Thus CED
' be used for communication over additive white Gaussian

performance of communication systems, through increasgd’! . ; . .
throughput of data transmission systems, as well as redu&:?t € (AWGN.) c?_annelsi or fad'.?r? channels, or '? conjtutrrl]ctlon
complexity of sequence estimation —based receivers. In (g communication systems with error propagation at the re-

work, we describe a new class of “continuous” error detectidif'Ve" like the decision feedback equalizer with CED as an

techniques and show its utility in a variety of common Commlj)_ugzégrror dstec]:ung cct)de. . | icati ¢
nication scenarios such as: can be of great use in several communication systems

where there is state space explosion, such as in sequence esti-
mation-based receivers. In this work, we would like to present
Paper approved by R. D. Wesel, the Editor for Coding and Communicati@ED as a new approach to be incorporated into communication
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symbol$ and in this sense is not really continuous. In the prc® 0.011 0.110 1
posed arithmetic coding-based CED approach, encoded bits a b c

both data and parity bits and thus allow error detectionto occ| b . a ’ b ‘ c | a ’ b ) R
virtually at any instance. Even at its best, convolutional or cycli alv]e

codes cannot provide the continuously tunable redundancy tl
comes with arithmetic coding, where the redundancy can |
any real number. Therefore, the focus of this paper is to prese 1 0375 0.281 0.281
performance improvements in different communication systen N N
that use CED, over conventional CRC-based systems. We w
use arithmetic coding as a vehicle to demonstrate the power
continuous error detection, though the CED framework is gel

eral enough to encompass other schemes such as the one b o N \ 1 1

on convolutional coding as discussed above. a a a a
In an ARQ system, the utility of CED comes from the ability JO > a1 a6
to make statistical guarantees pertaining to the time of error c‘;j;f’sr;:l‘;i‘;d‘“g after encoding fer encoding after encoding

currence, once the error is detected. This results in potential sav-

ings in the number of bits that need to be retransmitted wheig. 1. An example of arithmetic coding: The source symbols:abec: with
an error is detected. In this setting, we optimize the tradedfft) = 0.011,p(b) = 0.011,p(c) = 0.010.

between added redundancy and error-detection time to attain

throughput gains of up to 15% compared to a fully optimizefr achieving the entropy of the source. Here data strings are
conventional ARQ system. mapped onto code strings that represent the probabilities of the
In a serially concatenated coding system using inner conugsrresponding data strings. To realize this mapping, some model
lutional codes, CED can likewise be useful in eIiminating inhas to be assumed for the source, which could be Changed adap-
valid trellis paths, leading to potential performance gains. Thigely in practical situations. Based on this model for symbol
ability to dynamically prune inadmissible subpaths in a “listprobabilities, the coding algorithm progresses in a symbol-wise
Viterbi algorithm can be exploited to increase the likelihood q&cursive fashion. On each recursion, it partitions an interval of
retaining the correct path in the final list. Our approach reduc@fe number lindd < a < b < 1 and retains one of the parti-

the number of paths which have to be processed and stored infbgs as the new interval. Thus, the data string gets mapped onto
list Viterbi algorithm by a factor ofwo compared to the number 3 fractional number between zero and one.

of paths needed with block CRC detection for the same overallThis can be illustrated better with an example. Consider a
performance. source alphabet with three symbalsh, andc with p(a) =

In reduced state sequence estimation schemes, there is aljjyajll’p(b) = 0.011, andp(c) = 0.010, where the probabili-
on the number of paths that can be maintained. CED allows f@¥s are all in binary representation (Fig. 1). Let us consider en-
the checking of the validity of paths on the fly in the reducegoding a sequenasc. . .. After encoding the first symbal, the
state trellis and pruning the incorrect candidates earlier. This #ansmit sequence would lie between 0 and 0.375 (0.011 in bi-
creases the likelihood of the correct path being present at ty). At this point, the encoder can release the first encoded bit:
end. As in the concatenated coding scheme mentioned aboge; The second symbol confines the transmit sequence to the
CED allows for a reduction in the complexity/storage requirgange((0.375)(0.375), (0.375)(0.375) + (0.375)(0.375)), i.e.,
ments by a factor of two in the state-of-the-art system that we.1406,0.2812). Each symbol encoded reduces the interval in
considered. which the transmit sequence would lie. As the number of sym-

The rest of the paper is organized as follows. Arithmetigols increases, we get a fractional number between zero and one
coding is introduced in Section Il and details of how it can bgat represents the probability of occurrence of that particular
used for CED are discussed. Section Il presents an applicatsgfuence of symbols.
of CED for ARQ transmission where it provides significant The probabilities of symbols are allowed to vary in the
throughput gains over conventional CRC-based schemes.pldcess of encoding with the single restriction that they can
concatenated coding systems, using CED as an outer egaly depend on past data to ensure that the decoder can also
detection code can significantly reduce the complexity of theack them. Itis actually the model adaptation which contributes
system. This is discussed in Section IV. In Section V, we shaie most to the complexity of the practical arithmetic coders
how CED can reduce the complexity of reduced state sequeRgRl makes the term “arithmetic coding” synonymous with
estimation by a factor of two over a conventional CRC-basegomputationa”y expensive_” However, if the probabi"ties
scheme. We conclude in Section VI. of symbols are fixed through the encoding process, then the

computational burden is quite insignificant. Normally only
II. ARITHMETIC CODING AND ITS APPLICATION FORCED two registers are required for a data string with a few real

Arithmetic coding [1], with a suitable source model, has beeqperations per symbol [3]. This complexity is for the updates

widely accepted as the optimum method for data compressfgﬁ,the S|ze.and the begln'nlng pointer for the current mFervaI,
which require two multiplications. It has been shown in [4]

1it is always possible to partition the coded bits into information content bif‘@at each multiplication can be C|OS?'Y approximateq by a shift
and parity check bits. and an add, thereby greatly reducing the complexity of each
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update to two shifts and adds instead of two multiplication:® -9 ! After encoding/decoding

These results are used in this paper to justify the claims ab, valid code strings | W00 1datasymbol

complexity/storage requirements of our proposed systems sir )

they need no modification of probability models based on tt (1i— 2 ;1 After encoding/decoding
valid code strings \ W ,(x) ! 2 data symbols

previous data during encoding. We restate the fact here that
arithmetic coder is not being used as a source coder, and so :
do not have symbol probabilities that are changing, to whicg a-gn 1 After encoding/decoding
the coder has to adapt. We do not consider using the arithmei valid code strings | 0 | n data symbols

coder as a joint source-channel coder in this work, though that
is a straightforward extension of the concepts presented hefig. 2. The proper divisions of the unit interviil, 1) when encoding the

Some work in this direction was presented in [5] symbola and adding a symbat which is never encoded. The probability of
« is € and the probability of: is (1 — €). The subintervals representing data
strings that contain an are denoted ag,.().

A. Incorporating Error Detection Into Arithmetic Coding

The arithmetic decoder is able to perfectly reconstruct the\yhen an error occurs, the bitstream is no longer restricted to
transmitted data by reversing the encoding operations. HOWe§L, i the subintervals that belong to the data symbols, but will
an error in an arithmetically coded stream often causes a l0s$,8f, have an probability of falling in the subinterval corre-

synchronization, and all subsequently decoded symbols beCOéBSnding tax (i.e., decoding the symbal) and a(1 — ¢) prob-

invalid. It is this loss of synchronization that we wish to exploi(tjlbi"ty of falling in the valid subinterval corresponding 4
to give us error detection capabilities. The idea (first proposedipom this. we see that

[2]) is to introduce a forbidden symbol that is never encoded by
thg grithmetic coder, buF is nonetheless ass?gned anonzero prob- PIY >n]=(1—- e @)
ability. Upon decoding, if an error occurs, this forbidden symbol
is I_ik_ely to be eventually decode_d With very high probabilityLettin95 =P
This is because loss of synchronization corrupts the subseq
decoded stream so that it can lie anywhere in the intétvdl|,
which means that the forbidden symbol, that has a finite proba- log,(6)
bility assigned to it, can be decoded with some nonzero proba- n= log,(1—€) ®)
bility. Investigation of the conditions under which the detection
of errors is guaranteed is not undertaken in this paper. What is¥hat (3) says is that, given that an error happefietinotes
exploited in this work is the fact that, if the forbidden symbol ishe confidence measure corresponding to the fact that the error
decoded, this guarantees that an error has surely occurred. filigpened in the previous bits, for a givene. There is still a
amount of time needed to decode the forbidden symbol after h@all probability that, given that an error occurred, the error pat-
occurrence of an error is inversely related to the amount of addeeh will result in the original code word being mapped to an-
redundancy due to the introduction of the forbidden symbol. other valid code word, so that the error is never detected. This is
To understand this better, consider the case where there arare event with insignificant probability, which never occurred
only two symbols (see Fig. 2): a “useful” symbohnd the for- in the different simulations that we conducted.
bidden symbok. Suppose that is assigned probability (0 < At this point, some observations regarding burst error detec-
e < 1) anda is assigned probabilityl — ¢). Each time a data tion properties of the CED scheme have to be mentioned. This
symbole is encoded, the subinterval corresponding tavith is of particular interest when considering error detection times
current uncertainty intervat) will be partitioned as follows:  for fading channels which cause bursty errors in the transmitted
* (1 — ¢)a of the subinterval is allocated tg data, or when CED is used as an outer error detection code with
¢ Of the subinterval is allocated ta an inner decoding scheme that could have error propagation,
Because the forbidden symbol is never encoded, the subike the decision feedback equalizer. Analysis of detection times
tervals corresponding teare never partitioned. Then, after enfor burst errors is not very straightforward as the effects of loss
codingn symbols, the length of the interval containing vali®f synchronization depend on the particular symbol sequence
codewords is decreased by the fa¢tor ¢)™. If an error is intro- and the particular burst of errors, and a general characteriza-
duced in the encoded stream, the decoded codeword will chatige would be difficult to make. However, it has been observed
its position on the interval. This change in position is well modrom simulations that the position of detection of error is inde-
eled as being uniformly distributed on the interftall). Thisis pendent of the burst length. The histogram for error detection
because the errors would be totally random for any good cofPsition was similar for burst lengths ranging from 1 to 50 bits
pressor, and so any error is equally probable, as all correlatid@ga frame of 2000 bits that we ran our simulations for.
in the source stream would have been removed by the arithmetid his can be intuitively understood as follows. Once an error
encoder. If we then define a random variablghat represents happens in a stream encoded using arithmetic coding, the re-
the number of bits it takes to detect an error after it occurs, thegived codeword can lie anywhere in tfig 1) interval with
Y can be modeled as having a geometric distribution equal probability [6]. The only way in which an error burst could

Y > n], taking the logarithm of both sides of (2)
solving form, we obtain

el 2Simulations using various sizes otonfirm that the geometric distribution
P,(k)=(1—¢) "¢, Ek=1,2,...,00. (1) s avalid model.
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affect this is if it could cause a resynchronization of the errgndependently of the channel conditions. This is not the case,
neous codeword into another valid codeword. This is a very rdrewever, for conventional ARQ, whe® must be carefully
event, and the probability of its happening within a finite framehosen in accordance to the bit error probability of the channel
size is quite small. Hence the position of detection of the errior order to optimize throughput. To maximize throughput in our
depends almost entirely on where the first error happened. Thésey (i.e., the number of bits to retransmit) must be optimally
helps us detect burst errors of different lengths with the sammatched to the channel conditions.
chances of success or failure as detecting a single error.

It is also worth mentioning that a popular block-based. Throughput Analysis
Huffman (prefix) coding for data compression can be viewed aspssyming a noiseless return channel and an infinite receive
a special case of arithmetic coding. Thus, our results may al§orer, throughput analysis can be done for ARQ transmission
be extended to include Huffman coding, though the continuoyger 4 binary symmetric channel (BSC), where the throughput

nature of error detection will, in general, be lost. (The extensiQ@jefined as the average amount of bits transmitted per channel
is obvious: if a Huffman decoder receives a prefix that does gt Tnhis can be written as 7]

correspond to any codeword from the alphabet, an error has
surely occurred during the transmission.) T = BT.. (6)

B. Redundancy Versus Error Detection Time The ratio of the expected number of bits successfully received

Having established the error-detecting capabilities of intr&@ the expected number of bits transmitted on the charfiel,
ducing a forbidden symbol upon encoding, the next task to cdin be expressed as
sider is the price (in terms of extra bits) that is paid for intro- P21 — )L — (1 — py )t
ducing this forbidden symbol. To determine the coding inef- T, = 2" 5 b
ficiency resulting from the presence of the forbidden symbol, Py = &+ Rnepy(ps — €)(1 = pb)

we note that typically- log,(v) bits are needed to represent gynere,, is the bit error probability of the BSC anf, is the
subinterval of widthy on the unitinterval0, 1). By introducing  i5tal overhead bits.

the forbidden symbat that occupies a subinterval of widéh  Thg fraction of useful data contained within each bit after
the rest of the data symbols will be confined to a subinterval Bgrity 7 can be expressed as [7]

width 1 — e. As a result, the amount of redundang&y due to
adding the forbidden symbal is

(1)

H(p,)

3 = 8
7= Hp) —los,(1-9) ®
R, = —log,(1—¢) 4)
where H(p;) represents the entropy of the source with source
bits per symbol encoded. From (4) and (3), we obtain probabilitiesp,.
Simulations confirm that the throughput (6) models the actual
_ log,(6) throughput very well, as will be seen next.
n = (5)

Also, we see that the amount of redundancy added for a giv%h Results for ARQ With CED
“confidence level” (captured by) is inversely related to the Simulations were run using a BSC model at various bit-error
amount of time it takes to detect an error. This is useful for AR@robabilities with multisymbol data alphabets. One thousand
where there are conditions in which fast detection is more irgackets 10 kbits in size were sent at each bit-error probability,
portant than the amount of redundancy added (noisy chanfgH the resulting throughput was calculated. As a measure of
conditions) and there are conditions in which the opposite Rgrformance, we compared our method of ARQ to conventional
true (calm channel conditions). From (5), we have dicani- methods of ARQ. In an attempt to make the comparison between
tinuouscontrol over the amount of redundancy added versus ther method and the conventional ARQ methods fair, in our sim-

expected amount of time it takes to detect an error. ulations the optimal packet siz@as used at each of the bit-error
probabilities tested using conventional ARQ); the optimaks
. ARQ WiTH CED also found and used for each of the bit-error probabilities tested

) ) ) ) . using our new method of ARQ. The resulting throughputs are
In this section, we briefly mention the performance gaing,qown in Fig. 3.

achieved by the application of CED for ARQ transmission. A £rom the figure, we see that the new method of ARQ out-

more elaborate description can be found in [7]. performs conventional ARQ methods at all bit-error probabili-
To incorporate the new error detection scheme into ARQyq4 Fyrthermore, our new method of ARQ is well suited for

few minor modifications need to be made to the conventionﬁlne_\h,jwing channels, becausean becontinuously adapted
ARQ framework. The most critical change is that error detecy 4 function of the ch:';mnel conditions

tion is done continuously; as soon as the forbidden symbol is
decoded at the receiver, a retransmission bfts is requested, 3The optimal packet size for conventional ARQ methods is found by solving

wheren corresponds to a confidence levelof- §) as in (3). In " the packet size which maximizes the throughput [8].
4Throughputs for bit-error probabilities greater then = 10—2 are not

our scheme, the packet si2gis Only_ significantin contributing shown in the figure, because ARQ is no longer practical at such high bit-error
to the amount of overheddg, (V) bits and may thus be choserprobabilities.
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Fig. 3. Throughput curves of our new method of ARQ versus convention,

J . . . . . .
r_ o
ARQ at various bit-error probabilities. Elg. 4. lllustration of the parallel list VA forV = 2 paths in the list. At time

k + 1 for each state]V survivor paths are chosen based on their accumulated
metricsM; (k + 1). In the example, pathB andC are chosen and pathsand
D are pruned.

IV. CED FOR CONCATENATED CODING SYSTEMS
dB over the original (i.e.N = 1) VA [10]. Note that the com-

ave . . )
been extremely popular due to their high performance and I%xny of the decoder and its performance are proportional to

existence of efficient decoding algorithms. In this work, we con- ’ and can be chosen depending on the tradeoff between com-

sider serially concatenated coding schemes with an inner cgtquxny and performance. The_ parflllel_ “%t. VA Is '"“S”‘f"‘ed_ n
.4 for N = 2. A more efficient “serial” implementation is

volutional coder and an outer error detection coder and shg\}g

how CED can be applied to significantly reduce the complexi@)so possible which stores all decisions and associated metrics
of such systems. along the trellis and allows for the request of additional path

Suppose that a data sequerieg } is encoded using a con- gstimates only when needed. To summarize, the list VA al-go-
volutional encoder to generate the transmitted vector sequefiHdms allow a tradeoff of the complexity of the decoder for its
{yx}. This goes over a memoryless ANGN channel and is rgerformance. Itis alsq true that m(?st qf 'Fhe |mprovement in per-
ceived agz;,} atthe receiver. The Viterbi Algorithm (VA), orig- formance can be achieved by maintaining a list of three to five
inally proposed in [9], finds the maximum likelihood data sepbaths instead of one [10]. Further increases in the size of the list
quencef{i,,} from the received vectofz; }. Further details on correspond to rather insignificant gains.
the VA may be found in [9]. Our proposed scheme uses the same idea of producing a list of

Despite the fact that the VA in its original form produce®est path estimates as in [10]. However, the outer block error de-
a maximum likelihood estimate of the transmitted codeworégction code (CRC) is replaced by a continuous error detection
this estimate may be incorrect. By using an additional errgfode. We assume that the total number of paths in thé/Ngt
detecting channel code (typically CRC), it is possible to teif fixed, to address computational complexity/delay constraints,
with a very h|gh confidence level whether the survivor path %nd we consider a paraI|E| version (WhICh is well suited for hard-
error-free at the price of an insignificant increase in the overdyare implementations) of the list Aas shown in Fig. 4. The
code rate. By making appropriate modifications, the Viterbi amotivation for USing CED is that if channel errors occur at the
gorithm can be changed to output an ordered list of fiietiost  beginning of the block, there is a good chance that this will
likely” transmitted codewords (for a lis¥ VA), i.e., instead of render all the paths in the lis¥- VA (for small V) incorrect,
finding the best path we require a list of thé best paths, re- resulting in an undesirable “no correct path” situation. The pro-
sulting in considerable improvements over the original VA. ARosed CED scheme allows some incorrect paths to be pruned
example of such modification is called the “parallel” list vAbefore the end of the block is reached, hence, increasing the
[10]. In the parallel list VA, at every step of the algorithm, thérobability that the correct path will survive. We illustrate our
list of IV best paths coming into each state is maintained ratti¥Pposed scheme in Fig. 5. Note the presence of a feedback path
than a single path as in the conventional VA. Thossurvivor from the arithmetic decoder to the list VA decoder.
paths are checked (in the order determined by their accumulated he system operates as follows (see Fig. 4). At each state of

metrics) at the end of the data block using an error detectiblif trellis, N best paths are chosen from among the incoming
code until the first valid path is found. 2N paths (we assume a binary alphabet as shown in Fig. 4).

The performance of the paraIIeI list Viterbi deCOdI.ng prloce- SFor fixed V, both parallel and serial implementations have the same perfor-
dure can be shown to have a worst-case asymptotic gain ahahce.
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Fig.5. Thelist VAwith CED. All paths in the decoder are checked periodicall 01
(feedback from the arithmetic decoder to the list VA decoder) and if an incorre Number of paths in list VA
path is found it is replaced by the valid path in the list.
Fig. 6. Comparison of a frame error rate versus the number of paths for the
reference list VA and the list VA with CED.

The decision about the survivor paths is made based on both
the accumulated metric atide validity of the pathin this case,
if the arithmetic decoder flags a path down as wrong, the pe SH s T
is pruned and replaced by a “valid” path having the next be g blodk grror datection
. : : =+~ gontinuous:&rror détection
accumulated metric. e SIN Y et VA(sih'gvle'paih) L
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A. Results for List VA With CED

To assess the performance of the proposed modified list
decoder, we compare it to the list VA scheme of [10] in terms (& 10} ..
the complexity/storage requirements for target performance ¢
signal-to-noise rate (SNR) gains. In all of our experiments, v
sete = 1072, which resulted in approximately a 1.5% increas
in the data rate: this is accounted for by appropriately reduci 1©
the SNR in the comparisons. We also chose to keep the se
packet structure as used with CRCs for simulation purposes.

1) Complexity/Stage and SNR &formance: We compare .
the list VA with block CRC against the list VA with CED to ' 2 25 s 35 4 45 5
see what savings in complexity can be achieved for the sai.. Es/No, B
target performance (frame error rate)' The channel code “S_Edri%%. Comparison of BER versus SNR for rat memory 4 code for the
ratel/3, memory 4, Rate Compatible Punctured Convolutionalterence list VA and the list VA with CED (usiny = 3).

(RCPC) code [11]. The results are presented in Fig. 6. Note
that the proposed system requires only abwmlf the list size
to achieve the same performance.

The storage requirements are significantly reduced in the pro-
posed scheme since only a single register is needed to store thHeombating intersymbol interference (ISl) is one of the main
state of the arithmetic coder/decoder for each path, while thiallenges in digital communication over band-limited chan-
number of maintained paths is significantly lower. Computanrels. Several equalization techniques can be used to cancel out
tional complexity added by the arithmetic codec does not dise resulting ISI.
pend on the size of the data and can be addressed by efficienthile methods like decision feedback equalization (DFE)
implementations, where each multiplication operation can be feve the problem of error propagation, maximum likelihood
placed by a shift and an add. This was mentioned in Sectiondkquence estimation (MLSE) has exponential increase in com-

The proposed scheme also offers gains in channel SNR fagplaxity with channel memory and so is difficult to implement.
target bit error rate (BER) when compared to the list VA witlReduced state MLSE schemes seek to reduce this complexity by
block error detection as illustrated in Fig. 7. The gains are @hoosing not to grow the full trellis based on some set of rules.
to 0.25 dB in channel SNR, nonnegligible considering that we In [12], a novel scheme was presented that combined DFE
target only error detection (with only 1.5% rate increase) amdth high rate error detection coding. Here, a list of possible
not error correction. For comparison purposes, we also shpaths are maintained by branching out from the conventional
the performance of the original VA (single path in the list). DFE output using estimated values of channel noise. At the end

-5

V. APPLICATION OF CED FOR JOINT EQUALIZATION AND
CODING FORISI CHANNELS
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N Slicer 8 performance gains at the expense of a lot of complexity [12].
% o i C : So this algorithm does not look for paths beyond a depth of two
AN | :
— in the DFE tree.
The key rules for branching are summarized below.
ho# 3 1) Branches are allocated/positions where the estimated

vt noise amplitude has the greatest absolute value. We place
a constraint that a maximum &fsprouts can be allocated

Feedback Filter from branches at positions with largest noise amplitude.
Fig. 8. The DFE model. 2) Along B* branches with maximum noise amplitudes
(B* < B),S8* = §/8B*, sprouts are assigned to positions
where estimated branch noise amplitudes have maximum
absolute value. The othe8 — B* branches are not
assigned any sprouts.

of a frame, a CRC is used to select the correct path from the
list of paths. Our scheme integrates CED into that framework
and shows how, by providing an effective way of continuously .
pruning erroneous paths, one can reduce the complexity of thdf @ Path goes through branches and sprouts, the path is

scheme by a factor of two. said to have 4 s breakpoints. For a DFE tree with a depth of
two, there can be a maximum 88 breakpoints. A path with
A. CRC-Based Approach 6 = b+ s breakpoints is the correct path onlyithannel errors

In this section, some details of the algorithm discussed in [lgj:cur during the transmission. So, we see that a pathamifi
' g eakpoints is less likely to be the correct path than one §vith
that are relevant to our proposed scheme are presented.

The source data stream has takesymbols at a time and breakpoints. The important rules for path selection at the end of
; ) ; . the frame are as follows.
encoded using a cyclic code tosymbols. Since the code is i . _
cyclic, it can detect all bursts of error of length— % or less. 1) The pathsinthe DFE tree are processed in a fixed order to
verify if they belong to the cyclic code, and the first one

Let s1,s2,... be the transmitted sequenace,, n»,... be the ) ) )
channel noise samples, ahg, A1, . .., hys be the channel im- that happens to be in the code is selected as the estimated
o nnel o le output sequence.

pulse response. The channel impulse response is assumed to be - )
known, or reliably estimated, at the receiver. We can assume thag) T @ path belonging to the code is not found among the
ho = 1. (If itis not, then it can be normalized to unity.) Transmit paths processed, the standard path is declared as the esti-

symbols are drawn from a modulation alphabet of §¥e= q. mated sequence. ,
In Fig. 8, is the signal at the slicer input, addenotesthe ~ 3) Only those paths that have up4obreakpoints are pro-
estimated symbol. The output of the DFE, i&.,52, . . ., will be cessed (in the order of increasif
referred to as the standard path. The modulation alphabet con-
sidered is pulse amplitude modulation (PAM) with equiproB. Application of CED to the RSSE Framework

able symbols taking on values ih= {+1,£3, ..., £(¢— 1)}, In this section, we present how CED can enhance the perfor-
whereg = | A| is a positive even integer. A suitable estimate Ghance of the RSSE scheme described in the previous section.
the channel noise for this modulation scheme, required for g refer to the original system as the CRC-based system, and

path allocation mechanism, can be computed as the proposed system that uses CED to enhance the performance
of the CRC-based system shall be referred to as the CED-based
fy = {Zt — &, if [z <(¢—-1) ) system. In this system, CED is used for path pruning, and CRCs
0, otherwise are used at the end of the frame for selecting the best path.

The block diagram for the CED-based system is presented in

A new path is opened in the trellis whenever this estimatédg. 9. The DFE outputs estimates of the symbols at each instant.
value of the channel noise exceeds a certain threshold New paths are created on the trellis, based on the path generation
Paths already formed in the trellis also branch using the samechanism described in Section V-A. Whenever all resources
threshold. Thusy provides a tradeoff between performancéor branches and sprouts are used up and a valid candidate comes
and complexity. High values for would mean that we would up, all the paths are checked against the arithmetic decoder and
have very few paths in the trellis, and so the performance wouhk flagged paths are removed, and if all paths through a branch
approach that of the single zero-forcing DFE. On the other sprout are removed, then the resource is reallocated to the
hand, lower values would mean that we are approaching thext deserving candidate.
full MLSE trellis and we would have increasing complexity. How well can the CED-based scheme perform compared to

Errors can happen due to two different reasonthannel the CRC-based scheme? Is it lower-bounded by the same curve
error is said to have occurred at positionif |n,|] > 1 and as the CRC-based scheme? The lower bound discussed in [12]
lst +n¢| < g —1;and if 8; # s; we say that @ecision error consists of the case where the standard path is in error and it
has occurred. Typically a channel error is followed by severgbes undetected by the path selection scheme. This can happen
decision errors, due to error propagation. under two different scenarios: there are one or two channel er-

A path diverging from the standard path is callebranch rors and the CRC does not detect the error, and the case where
and a path that diverges from a branch is callsp@ut Going there are more than two channel errors. Since we do not keep
beyond a depth of two in the DFE tree would give only smafiaths with more than two breakpoints, our scheme will not be
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I P | bestpath 107" ——— : e
N ry I declared it S )
received |~ Slicer | o ReducedState | o SR
symbols i — o Trellis | :
. o ! 02k - -~ CED4N ]
\ [ | il —«—  CRC:Lower Bound | :
X X ! list of all wrong paths CRC:Upper Bound | -
! Fecdback \ : paths flagged down B} - -
! Filter P | 10
I
} i ! |Arithmetic Decoder | |
| ! | 1
—————————————————— Ty 1 4
1 1
) 1

Decision Feedback Equalizer

Block Error Rate
3
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in the trellis 107y S

Fig. 9. System block diagram for the CED-based scheme.

able to capture the cases where there are more than two cha L ORI S
errors. This results in negligible loss of performance, but the 17 pepe prs Y prs o5
is significant reduction in complexity [12]. SNR(B)

Asignificant pgrt ofthe errors are because_ ofthe fact that th%. 10. Plot of block error rate versus SNR using code of rate 0.954.
would have required more than two breakpoints to capture thenf.
Our modification by using CED only helps in reducing the er-
rors because of error bursts that go undetected by the outer Clr@or in the block error rate would be the cases where two break
code. Therefore, we are also essentially lower bounded by fgints were not sufficient to capture all the channel errors. Since
same curve as the CRC-based scheme. The improvement ig/énalso use only two break points, the errors in the CED-based
terms of fewer branches (sprouts) required to achieve the sasnbeme are also mainly due to this term. But as the SNR goes
performance. The derivation of the improvement in the othap, quite a few of the errors in the CRC-based scheme would
two terms in the lower bound is interesting, though straightfobe because the correct branch was replaced by some erroneous

ward and is omitted for conciseness. branch with a higher noise amplitude. The CED-based scheme s
_ _ _ _ able to remove most of those errors by being able to detect those
C. Simulation Results and Discussion paths to be in error, on the fly. Thus, it achieves more gains over

Simulations were carried out for a block lengthrof= 256  the CRC-based algorithm at higher SNRs than at lower SNRs.
symbols. A four-level PAM alphabet = {-3,—1,+1,+3} Since we use some redundancy for the arithmetic coder and
was employed with equa priori probabilities of transmis- some for the CRC atthe end of the frame for path selection, com-
sion. The number of break poinf&\) was chosen as two, asparison was also done with the CRC-based scheme assuming
discussed in Section V-A. The SNR mentioned in the simthe same power per frame. In our case, the excess rate due to
lation results refers to the ratio of the average signal powedundancy for the arithmetic coder was offset by lower energy
to the variance of the Gaussian noise, as seen at the inpupé» symbol so that the overall energy per frame would be the
the slicer. The channel is a 2-kft-AWG26 channel, encounteredme as the CRC-based scheme. Simulations were carried out
in HDSL applications, with the following channel coefficientswith ten branches and four sprouts as in [12] to see the gains,
hy = —0.6,hy = —0.15,hs = —0.12,hy = —0.05,h; = and also with four branches and one sprout to see the reduction
0.00, andhg = 0.05 [12]. in the resources required. These are shown in Fig. 11.

We carried out two different kinds of comparisons. If we Here we should also mention the fact that an effective SNR-
use an 8-bit CRC and 16 bits redundancy for the arithmeti@sed comparison would be a pessimistic metric as far as per-
coder, then we would effectively be using a code that uses 8 kit¢mance of the CED-based scheme is concerned. More bits for
more per frame than the CRC-based scheme and would bea@RC would only make path selection more reliable. The same
rate 0.954. With this code, we required only four branches apfls when used for CED can prune out wrong branches and in-
one sprout to achieve the same performance as the CRC-bagedse the probability of finding the correct branch among the
scheme, and if we were to use the same number of branchefisaf branches at the end of a frame. So, the bits serve different
the CRC-based scheme, there was a modest performance gaiudboses and cannot be compared in a straightforward manner.
0.5 dB. These results are shown in Fig. 10. The error rate shownwe observe that even with a pessimistic comparison, the
is the block error rate, i.e., the probability that a frame was deED-based scheme achieves the performance of a purely
coded incorrectly. Performance curves for= 10 andS = 4 CRC-based scheme that uses ten branches and four sprouts,
are shown for the CRC and CED-based schemes, as well asfth about six branches and one sprout, which is still a com-
B = 4 andS = 1 for the CED-based scheme, which matchesiexity reduction by a factor of two (see Fig. 11).
the CRC-based scheme. The lower and upper bounds for th@) Complexity Versus Performance Gain&n important
CRC-based scheme are also shown for comparison. The pssue to be discussed is the tradeoff of complexity versus
formance gains seem to increase as SNR increases. One repsoformance gains. The implementation of the algorithm
for this could be the following. At low SNRs, the predominantiescribed in Section V-A requires that all the paths in the trellis
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be physically combined with the source entropy encoder in

cro1oa]|  a single device (i.e., the arithmetic coder). Significant gains
SEp&t |1 of the proposed CED detection scheme over conventional
02l CED:7/1 | block codes are demonstrated for both ARQ and forward error

correction frameworks. These gains result from the ability of
the new method to detect errors earlier than the end of the
block and thus to be more responsive than block CRC-based
schemes. In the reduced state sequence estimation framework,
the new method gives us a means to allocate scarce resources in
a better way by letting us know, on-the-fly, which of the paths
are wrong, thereby enabling reallocation of resources to more
deserving candidates.

We also mention here that CED can be put to good use to im-
prove throughput performance of transport protocols like TCP
over heterogeneous networks, where early detection of an error
can resultin a potentially greater number of retransmits, thereby

sNR@ ® increasing the probability of successful reception over a fading

channel. This is currently being verified. The scenarios pre-

Fig. 11. Plot of block error rate versus SNR using code of rate 0.968. sented here are in no way exhaustive and CED could find ap-
plications in other frameworks also, like multiuser detection

be saved so that it is not required to search through the trewg‘ere thetrtehls s Staﬁ tha(ie explospn.t'_l'he go?I of this wgrk_ IS
and locate all paths when we perform error detection using t| ppresen CED ::ne s Ia _comgwurl!ca |ond/systhems (;]ant erive
arithmetic decoder. Since many paths are flagged down by hgm usmgt or complexity reduction and/or throughputen-
CED-based scheme, the memory requirement for this is ncement.
very large. Typically, we need to store about 20 paths at worst
and an average of 10 paths. This would have to be compared
against the computational complexity required for a path search
in a block-based scheme at the end of a frame, where therhe authors would like to thank J. Chou for all the encour-
correct path might be found only after several paths have begding discussions and for providing the results quoted in Sec-
invalidated by the path selection procedure as in Section V-fign L.
On the other hand, at the end of the frame in the CED-based
scheme, the correct path would be one of the first few in the
list as most of the wrong paths would have been removed by REFERENCES
then. Memory requirements for the CRC-based scheme would o _ _ _ _
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