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Abstract— In this paper, we propose and evaluate the per-
formance of a new adaptive HARQ technique that utilizes the
correlation among bit errors at the output of a convolutional
decoder. The proposed correlated bit-error hybrid ARQ (CB-
HARQ) uses error events encountered in a soft-input soft-
output (SISO) decoder to capture the correlation in bit errors.
Retransmission is requested for selected coded symbols that have
the potential to correct a set of message bits associated with
these error events. The performance of the proposed technique
is compared to conventional incremental redundancy HARQ
that uses rate-compatible punctured convolutional (RCPC) codes
and reliability-based HARQ (RB-HARQ) that does not utilize
correlation between error events. The fundamental difference
between CB-HARQ and RB-HARQ is that CB-HARQ tries to
correct error events occurring in a decoder whereas RB-HARQ
tries to correct individual bit errors. The results show that the
proposed HARQ technique based on correlated bit errors can
provide much higher throughput.

I. I NTRODUCTION

Conventional hybrid automatic repeat request (HARQ) [1]
schemes are not adaptive to the channel in the sense that the
response to a packet error is fixed: retransmit the entire packet
as in Type-I HARQ or a predetermined subset of the packet
as in incremental redundancy HARQ. In [2], [3] a reliability-
based HARQ (RB-HARQ) scheme is proposed that adapts to
the channel errors by requesting retransmissions for those bits
that are deemed unreliable at the output of soft-input soft-
output (SISO) decoder. SISO decoders typically accept the
received symbols and estimates of thea priori probabilities
and produce estimates of thea posterioriprobabilities (APPs)
for the message bits. In RB-HARQ, the output of the SISO
decoder is used to identify the bits with low reliabilities
and retransmission is requested for such bits because the
bits with low reliabilities are more likely to be in error.
However, as noted in [2], errors at the output of a decoder are
typically time-correlated. Since the least reliable bits (LRBs)
are more likely to be in error, the LRBs are also correlated
i.e., if a bit has a low reliability it is likely that the adjacent
bits also have a low reliability. The previous work on RB-
HARQ [2], [3] does not make any significant effort to utilize
this correlation between the bit errors. Therefore RB-HARQ
would request retransmission for a set of consecutive bits
with low reliabilities. This a conservative approach because
correcting one LRB will have an effect on the neighboring

LRBs due to the correlated nature of the output of a decoder.
Thus, it is not necessary to request retransmissions for the
entire set of consecutive LRBs.

In this paper, we propose and evaluate the performance of a
new HARQ technique that utilizes the correlation between the
bit errors at the output of the decoder. We call our technique
correlated bit-errors based HARQ (CB-HARQ). The work
presented in this paper answers the following questions:

• What phenomena in the decoder can succinctly capture
the correlated nature of bit errors?

• How much information is required to correct a set of con-
secutive trellis sections that have decoded with correlated
reliabilities?

The max-log-MAP implementation of a SISO decoder com-
putes the reliability of a trellis section by considering the error
event that separates the maximum-likelihood (ML) path and
a competing path that differs from the ML path in the input
for that trellis section. We first demonstrate that correlated bit
reliabilities occur because the same error event is considered
in the computation of the reliability for adjacent bits. We
then design an ARQ scheme that requests for just enough
bits for re-transmission to correct a particular error event
thereby resolving all the correlated bit errors stemming from
that particular error event. RB-HARQ targets individual bits
that might require additional information whereas CB-HARQ
target error-events encountered in decoding (thereby poten-
tially correcting all bits associated with that error event). We
will demonstrate that fewer re-transmission bits are required
by the CB-HARQ scheme, thereby improving the throughput
over RB-HARQ.

II. T HE DECODER

In order to understand the understand the CB-HARQ
scheme presented in this paper, it is important to have a good
grasp of max-log-MAP decoding of convolutional codes. In
this section we briefly explain max-log-MAP decoding of
convolutional codes. Throughout this paper we assume the use
of rate–1/2 convolution codes.

A. Max-log-MAP decoding of convolutional codes

Among all trellis-based decoding algorithms for linear
codes, the BCJR maximuma posteriori (MAP) decoder [4]
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Fig. 1. The code-trellis for the(5, 7) convolutional code with examples of
the notation used in this paper.

achieves the optimum bit error probability. The inputs to a
BCJR MAP decoder area priori probabilities and likelihoods
for the received symbols, and the output consists ofa posteri-
ori probabilities (APPs). The decoder is usually implemented
in the log-domain for fast operation. Letui denote the message
bit that is the input to the encoder at timei. Let ci = [c0

i , c
1
i ]

be the two-dimensional vector consisting of the two parity bits
output by the encoder at timei. For each message bitui, the
Log-MAP decoder computes the log-likelihood ratio (LLR) of
the APP as follows,

L(ui|r) = ln
P(ui = 0|r)
P(ui = 1|r)

, (1)

= ln

∑
c∈Ci

+
P(c|r)∑

c∈Ci
−

P(c|r)
, (2)

where c = [c1, . . . , cN ] is the transmitted codeword,r =
[r1, . . . , rN ] is the corresponding received codeword,Ci

+ is
the set of all codewords with input label0 at trellis section
i, and Ci

− is the set of all codewords with input label1
at trellis sectioni. The output LLR is also referred to as
the soft-information or soft-output. A suboptimal implemen-
tation of the Log-MAP decoder called the Max-Log-MAP
decoder is obtained by using the approximationln(

∑
xi) =

max(ln(xi)) to evaluate the log-APP in (2). Using this approx-
imation, and assuming that all the codewords to be equally
likely, the soft-output for codewords transmitted on a additive
white Gaussian channel (AWGN) with noise varianceσ2 =
N0/2 can be written as [5]

L(ui|r) = min
c∈Ci

+

(
‖r− c‖2

2σ2

)
− min

c∈Ci
−

(
‖r− c‖2

2σ2

)
, (3)

Since the union ofCi
+ and Ci

− is the set of all valid
codewords, one of the terms in (3) corresponds to the metric
for the ML codeword (cML ). Thus, the reliability which is the
magnitude of the soft information in (3) can be expressed as

Λi , |L(ui|r)| =
1

2σ2

{
‖r− ci

comp‖2 − ‖r− cML‖2
}

, (4)

where ci
comp is the codeword that is closest to the received

vector among all the codewords that differ from the ML
codeword in the input label for trellis sectioni. ci

comp will
also be referred to as the competing path or next best path
for trellis section i. Since the distance betweenr and the
ML codeword is smaller than the distance betweenr and any
other codeword, the difference in (4) is always positive. Thus,
the Max-Log-MAP decoder associates with theith bit, the
minimum difference between the metric associated with the
ML path and the metric associated with the best path that
differs from the ML path in the input label for trellis section
i [5]. A high value of reliability implies that the ML path and
the next best path with the opposite input label for biti are far
apart, hence there is a lower probability of choosing the other
path and making a bit error. Thus, reliability is a measure of
the correctness of the bit decision. This has also been shown
via simulation results in [2], [6]. A bit with high reliability
is more likely to have decoded correctly than a bit with low
reliability. The CB-HARQ scheme depends on the knowledge
of cML and ci

comp. We now present an approach to compute
cML and ci

comp using the computations already performed in
the decoder.

B. Obtaining the ML and competing path using the BCJR
algorithm

Following the development in [7], the soft information in (3)
can be expressed as

L(ui|r) = max
Ci

+

(
αi−1(s′) + γi(s′, s) + βi(s)

)
−max

Ci
−

(
αi−1(s′) + γi(s′, s) + βi(s)

)
, (5)

where

αk(s) , log(P (sk = s), rk
1), βk(s) , log(P (rN

k+1|sk = s)),

γk(s′, s) , log(P (sk = s, rk|sk−1 = s′)).

Note rb
a = [ra, ra+1, . . . , rb−1, rb]. Let S(→ s) denote the set

of states at timek− 1 that have branches leading into states
at time k. Similarly, let S(s →) be the set of states at time
k+1 that have branches emerging from states at timek. Then
it can also be shown that (see [7])

αi(s) = max
s′∈S(→s)

(αi−1(s′) + γi(s′, s)) (6)

βi−1(s) = max
s′∈S(s→)

(βi(s′) + γi(s, s′)) (7)

γi(s′, s) ∝ −‖ri − ci‖2. (8)

Thus, it is seen from (8) thatγi(s′, s) is proportional to the
branch metric (cf. [1]),P (ri/ci), used in the Viterbi algorithm
(where the constant of proportionality depends only the signal-
to-noise ratio). Alsoαk(s) (s ∈ {0, 1, 2, 3} since a rate -1/2
code is used) is initialized to [7]

α0(0) = 0, α0(1) = −∞, α0(2) = −∞, α0(3) = −∞. (9)

Thus from (9) and (6), it is seen thatαi(s) is proportional to
the partial path metric (cf. [1]) of the surviving path (in the



Viterbi algorithm) at states in trellis sectioni. Similarly βi(s)
can be shown to be proportional to the partial path metric of
the surviving path at states at time i if the Viterbi algorithm
is executed in reverse i.e., starting at the end of the trellis1.

Let the ordered pair of states(si−1, si) that maximizes the
first term in (5) be(s+

i−1, s
+
i ). Similarly define (s−i−1, s

−
i ).

Also letsk(c) denote the state in the code trellis that codeword
c passes through at timek. By comparing (3) and (5), it is seen
that one of the ordered pairs of states(s+

i−1, s
+
i ) or (s−i−1, s

−
i )

corresponds tocML , while the other ordered pair corresponds
to ci

comp. For example, if

max
Ci

+

(
αi−1(s′) + γi(s′, s) + βi(s)

)
>

max
Ci
−

(
αi−1(s′) + γi(s′, s) + βi(s)

)
,

then si−1(cML ) = s+
i−1, si(cML ) = s+

i , and si−1(ci
comp) =

s−i−1, si(ci
comp) = s−i . Thus, when computing soft-output for

trellis sectioni, it is possible to identify the branches through
the trellis at time i that correspond to ML path and the
competing path.

We now present an approach to computecML given
si−1(cML ) andsi(cML ). There are two states at timei−2 with
branches ending at statesi−1(cML ). One of these branches
corresponds to the surviving path i.e., one of these branches
corresponds to the codewordc that minimizes the partial path
metric until timei−1 (‖ri−1

1 −ci−1
1 ‖2). As mentioned earlier,

αi−2(s′) + γi(s′, si−1(cML )) corresponds to the partial path
metric until time i − 1. Thus, the state at timei − 2 that
maximizesαi−2(s′) + γi(s′, si−1(cML )) corresponds to the
surviving path. Thus

si−2(cML ) = argmax
s∈S(→si−1(cML ))

{αk−1(s) + γk(s, si−1(cML ))} .

(10)
Now givensi−2(cML ), the state at timei− 3 can be found in
a similar manner i.e., by following the branch that maximizes
the partial path metric until timei− 2. This procedure can be
repeated until the beginning of the trellis is reached to obtain
the surviving path, which in this case iscML , until time i.

By a similar argument,si+1(cML ) can be obtained by fol-
lowing the path that maximizes the sum ofγi+1(si(cML ), s)+
βi+1(s). Therefore

si+1 = argmax
s∈S(si(cML )→)

{γi+1(si(cML ), s) + βi+1(s)} . (11)

It can be shown that this choice ofsi+1 corresponds to the
surviving path until timei if the Viterbi algorithm is executed
in reverse starting at the end of the trellis. The latter part of
cML can then be computed by repeating this procedure until
the end of the trellis is reached. Similarly, the competing path
can be obtained givensi−1(ci

comp), andsi(ci
comp).

Observe that the previous state (si−1) (in (10)) conditioned
on the current statesi is chosen such that it corresponds to
the branch involved in computing the alpha for the current

1This is true only for terminated convolutional codes

state (si) (in (6)). Similarly using (7) and (11), it is seen that
the next state (si+1) conditioned onsi is chosen such that
it corresponds to the branch involved in computing the beta
for the current state(si). This observation enables an efficient
modification of the BCJR algorithm that enables computing
cML andci

comp for any trellis sectioni. During the computation
of the αi(s), s ∈ S, i ∈ {1, . . . , N}, mark the statesi−1 =
s′ that maximizesαi−1(s′) + γi(s′, s) as the previous state
for s. Similarly, during the computation of theβi(s), s ∈
S, i ∈ {1, . . . , N}, mark the statesi+1 = s′ that maximizes
βi+1(s′) + γi(s, s′) as the next state fors. Then given the
branch in the code-trellis corresponding tocML or ci

comp for at
time i, the entire codeword can be obtained by following the
set of previous states (trace-back), and the set of next states
(trace-forward) emerging from the given branch.

Note that if si−k(cML ) = si−k(ci
comp) (or si+k(cML ) =

si+k(ci
comp)), for somek, then the sequence of state-transitions

obtained for any time before (or after)k will be the same
for cML and ci

comp. That is, the ML and the competing path
coincide for anyj 6= k, if si±k(cML ) = si±k(ci

comp). For the
objective of this paper, which is to design an ARQ scheme, it
is enough to obtain the ML and competing paths only for
the sections where they are different. Thus, the trace-back
and trace-forward procedures need not be carried out till the
beginning or end of the trellis, but only untilsi±k(cML ) =
si±k(ci

comp).
We now present an ARQ scheme that uses explicit knowl-

edge of thecML andci
comp to exploit correlated reliabilities.

III. D ESIGN OFCB-HARQ SCHEME

In this section, we describe the proposed CB-HARQ
scheme that exploits the decoders knowledge of the compet-
ing path and the ML path. It is well known that the soft-
output/reliabilities of adjacent bits in convolution code are
correlated [8]. For the special case of max-log-MAP decoders
we found through simulations that groups of neighboring bits
have the same reliability. Sincer andcML are the same for all
trellis sections, (4) implies that bits decoding with the same
reliability should have the same competing paths By using
the technique described in the previous section, and observing
the competing paths for adjacent bits that decoded with the
same reliability, it is verified that the competing paths are the
same for those bits. Thus, for max-log-MAP decoders, the
strong correlation between the reliabilities of adjacent bits is
reflected in the the choice of the same competing path in the
code-trellis for those bits.

In the reliability-based HARQ scheme proposed in [2], the
receiver sorts the bits according to the reliability whenever
there is a packet error, and requests for information about a
fraction of the least reliable bits (LRBs). Note, that the re-
transmission set will consist of groups of neighboring bits
with the same reliability value (because they all have the
same choice of the ML and competing paths). Assuming
that the LRBs are in error, it is not necessary to provide
retransmissions for all of the neighboring LRBs. For example,
assume four neighboring bits with the same reliability are



present in the set of LRBs. These bits will decode incorrectly
if the decoder chose the wrong path as the ML path for these
bits. If retransmitting the coded symbols for one of those bits
corrects it, that will change the ML path and competing path
involved in reliability calculation for that bit. Since the ML
and competing paths for the adjacent bits are likely to be the
same, they are likely to be corrected too. Therefore, it is not
required to provide information for all the neighboring bits.
It is enough to provide the minimum amount of information
that will change the decision aboutcML , thereby potentially
correcting all bits that chose the same ML and competing
paths. This idea is formalized in the sequel.

A. Estimation of retransmission size

Given the reliability of an LRB, the decoder needs to esti-
mate the amount of information to be requested to correct the
bit (the decoder assumes that the bit has decoded incorrectly).
We begin by defining an error event.
♦ Definition 1. Error Eventei: The event that separatescML

andci
comp is called an error event.

ei = cML ⊕ ci
comp,

where⊕ represents the XOR (addition or subtraction in a
binary field) operator. For linear convolutional codes consid-
ered in this paper,ei is a codeword. Sinceei represents the
difference betweencML andci

comp it is referred to as an error
event.

The reliability in (4) can be further simplified as

Λi =
1
σ2

rT · (cML − ci
comp). (12)

If bit i is an LRB, then the decoder assumes that it is in error,
and tries to estimate the amount of information required to
correct this error. There is an error if the codeword (cML ) that
is closest to the received vector (r) is not the true transmitted
codeword. If the ML path is not the true codeword, then it is
very likely that the competing path is the correct codeword.
So the decoder tries to estimate the amount of information
required to change the decision from the ML path to the
competing path (assuming that this will correct the error).

If cML [k] = ci
comp[k]2, it implies that the competing path

and the ML path have made the same decision about parity
bit k. Thus, requesting additional transmissions of parity
bit k will not be helpful because the decoder already has
sufficient information to decode parity bitk correctly. The
decoder will benefit by receiving additional transmissions for
only those parity bits for which the decisions of ML and
competing codeword are different. In other words, we want to
have retransmissions for only those parity bits that potentially
decoded incorrectly.

♦ Definition 2. Candidate set of parity bitsSi for trellis
section i: The set of parity bits for which the decisions of
the ML codeword (cML ) and competing codeword (ci

comp) are
different.

Si = {k : cML [k] 6= ci
comp[k]} = {k : ei[k] = 1} (13)

2x[l] refers to componentl of vectorx

Once the candidate set of parity bits are obtained, the decoder
tries to estimate the number of parity bits from the candidate
setSi that have to be re-transmitted in order for the decoder
to decide in favor ofci

comp instead ofcML .
Let r∗ be the received vector after retransmittingκ coded

symbols3. The decoder tries to estimate the minimum num-
ber of coded symbols retransmitted (k) that can change the
decision fromcML to ci

comp. That is, after retransmission we
require

‖r∗ − ci
comp‖2 < ‖r∗ − cML‖2 (14)

i.e., ‖r∗ − ci
comp‖2 − ‖r∗ − cML‖2 < 0 (15)

i.e., 2r∗T · (cML − ci
comp) < 0 (16)

i.e., 2rT · (cML − ci
comp) +∑

l∈η
η⊂Si,|η|=κ

2r
′
[l](cML [l]− ci

comp[l]) < 0, (17)

whereη is the subset of the candidate set that has been re-
transmitted, andr

′
corresponds to the symbols received due

to the re-transmission i.e.,r∗ = r + r′ (assuming BPSK and
transmission over an AWGN channel). Using (12), we obtain
2rT · (cML − ci

comp) = 2σ2Λi, where Λi is the reliability
of trellis sectioni after the first transmission. Note that in
the above equationscML and ci

comp refer to the ML path
and competing path encountered in computing the soft-output
for trellis sectioni before retransmission of additional coded
symbols.

The decoder assumes that the parity bits in the candidate set
are in error. Therefore, assuming that the all-zeros4 CW has
been transmitted, thenci

comp(l) = 1 and cML (l) = −1, ∀l ∈
Si. Since the all-zeros CW is the true transmitted codeword,
r′(l) ∼ N (1, σ2). Thus,

Xi ,
∑
l∈η

η⊂Si,|η|=κ

2r
′
[l](cML [l]− ci

comp[l]) ∼ N (−4κ, 16κσ2).

Thus according to the decoder, after the first-retransmission,
correct decoding is made if (using (17))

Xi < −2σ2Λi (18)

The decoder estimates the number of coded bits (κ) that have
to be re-transmitted as follows

min
κ

P (Xi < −2σ2Λi) ≥ Θ (19)

=⇒ min
κ

Q

(
σ2Λi − 2κ

2
√

κσ2

)
≥ Θ, (20)

where κ is the number of parity bits re-transmitted andΘ
is a pre-defined threshold. Thus, the decoder estimates the
number of bits to be re-transmitted as the minimum number
that would cause the decoder to decide in favor ofci

comp instead
of cML with a probability that is at leastΘ. The decoder

3r∗ is obtained by combining the original received vectorr and the
additional symbols using maximal-ratio combining.

4Since convolutional codes are linear codes, this analysis can be carried
out for the special case of transmission of the all-zeros CW



assumes that once the decision is reversed, the error will
be corrected.P (Xi < −2σ2Λi) will be referred to as the
correction probability after re-transmission(Pr). Thus, the
receiver requests the minimum number of coded bits such that
Pr exceedsΘ. Thus, by requesting forκ parity bits, all the bits
that had originally decoded with the same ML and competing
paths are corrected with a probability that is greater thanΘ.

B. Estimation of the retransmission set

After the decoder estimates the number of parity bits
required (κ) from the candidate set, it needs to decide whichκ
of the parity bits inSi should be requested for re-transmission.
We use estimates of the instantaneous SNRs of the different
trellis sections involved in the error eventei that separates
cML andci

comp to decide the re-transmission set. The receiver
sorts the trellis sections in the error-event according to the
instantaneous SNRs, and requestsκ parity bits from the trellis
sections with low SNRs.

Note that the absolute value of a received symbol provides
an estimate of the instantaneous SNR for the corresponding
parity bit. We define the instantaneous SNR of a trellis section
as follows. If for a particular trellis sectioni, cML and cicomp
differ in only one parity bit, then the instantaneous SNR of
that section is equal to the absolute value of the received
symbol corresponding to that parity bit. If for a particular
trellis sectioni, cML and cicomp differ in both parity bits, then
the instantaneous SNR of the trellis section is a function of the
instantaneous SNRs of the two parity bits. In this paper, we
provide results for three different functions that can be used to
define the instantaneous SNR of trellis sections for which the
ML path and the competing path differ in both parity bits. The
instantaneous SNR for such a trellis section can be defined as
the average of the absolute values of the two received parity
symbols, or as the minimum of the absolute value of the two
parity symbols, or by randomly assigning the absolute value
of one of the parity symbols as the instantaneous SNR of
the corresponding trellis section. The instantaneous SNR of a
particular trellis section for different output labels oncML and
ci

comp is given in Table I when the SNR of a trellis section
is defined as the average of the SNRs of the corresponding
coded symbols that belong to the candidate set. Note that all
possible output labels can be obtained by interchanging the
output labels on the ML and competing paths in each row of
Table I. The receiver selectsκ parity bits corresponding to
trellis sections with the lowest SNRs from the candidate set.

C. Suboptimal schemes

In Section IV it is shown that the throughput of CB-HARQ
is better than the throughput of the RB-HARQ proposed in [2]
if the size of the feed-back packet is not taken into account.
The throughput obtained by ignoring the size of the feedback
packet will be referred to as the throughput with zero-cost
for feedback. However, in any practical network, the feedback
packets constitute actual traffic, and hence will decrease the
overall throughput. It is also shown in Section IV that the
throughput of CB-HARQ after taking into account the size

TABLE I

INSTANTANEOUSSNR ESTIMATION FOR TRELLIS SECTIONS BASED ON

THE AVERAGE OF THE INSTANTANEOUSSNRS OF THE PARITY BITS IN THE

CANDIDATE SET

Output label on Output label on Estimate of the
trellis sectioni trellis sectioni instantaneous SNR

for cML for ci
comp for trellis sectioni

1 1 − 1 − 1 (|r0
i | + |r1

i |)/2
− 1 1 1 − 1 ′′

− 1 1 1 1 |r0
i |

− 1 1 − 1 − 1 |r1
i |

of the feedback packet is worse than the performance of RB-
HARQ at high SNRs. At low SNRs, the throughput is better
for the CB-HARQ scheme. The loss in throughput can be
attributed to the high overhead required to index each parity
bit to be requested. In RB-HARQ, for each bit index requested,
two parity bits are re-transmitted. However, in CB-HARQ
scheme, for each bit index, there is the potential to request
only one of the parity bits. Thus, if we fix the number of parity
bits that have to be re-transmitted in each iteration, then there
is the potential to feedback more bit indices in the improved
scheme when compared to RB-HARQ thereby decreasing the
throughput.

Thus, to improve the throughput, we need to compress the
size of the feedback packet. In CB-HARQ scheme,log2 N bits
are required to index each trellis section, and two additional
bits are needed to index the parity bit to be requested (c0

i or c1i
or both). We compress the feedback packet by the following
sub-optimal approach. We form the candidate set as in (13), but
by choosing parity bits from only the firstL trellis sections of
the error event. We then index each trellis section differentially
with respect to the first trellis section wherecML and ci

comp
diverge. Thus,log2N bits are required to index this trellis
section. However, the other trellis sections required onlylog2L
bits to indicate their distance (in time) from the origin of the
error event. Note that two additional bits are still required to
indicate which parity bit from each section is to be requested.

IV. RESULTS

In this section, we provide simulation results to evaluate the
performance of CB-HARQ scheme proposed in this paper. The
simulation setup is identical to the the scenario studied in [2].
The source encodes the a block of1000 information bits using
a rate 1/2 convolutional code with generator polynomials
1 + D2 and 1 + D + D2 ((5, 7) in octal notation). The
code is then punctured down to rate4/7 using a puncturing
pattern given in [9]. If the destination fails to decode correctly,
it sends a retransmission-request packet containing a list of
trellis sections, and the corresponding code symbols in those
sections that have to be re-transmitted. In [2], code symbols are
requested for25 LRBs i.e,50 code symbols are re-transmitted
by the source. To keep the comparison fair, the destination in
our work also sends a request for50 code symbols. However,
these bits need not correspond to25 trellis sections since only
one of the coded bits is requested for some trellis sections. The
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Fig. 2. Throughput for the CB-HARQ scheme using three different
approaches to choose the parity bits from the candidate set. For these results,
the throughput was calculated without considering the size of the feedback
packet required to index the parity bits that have to be re-transmitted.

destinations starts with the LRB, identifies the corresponding
error event, and the candidate set. It then requests a number
of code symbols depending on its estimate of the amount
of information required to makePr exceed a threshold of
Θ = 95%. The destination then looks at the next LRB. If
this bit has the same ML and competing paths as one of the
previous LRBs no information is requested. This is because
the previously requested information has the ability to correct
all the bits that have the same competing path (error event).
The decoder proceeds till a total of50 parity bits are requested
for a set of different error events. The code symbols from the
re-transmission are combined with all previous copies of the
received information, and decoding is performed. If the packet
does not decode correctly, another iteration of requests and re-
transmission is performed. We allow a total of5 iterations with
50 parity bits being re-transmitted in each iteration. Thus, in
5 iterations the code rate reduces from4/7 to 1/2.

The throughput of CB-HARQ with zero-cost for feedback
is shown in Figure 2 for various functions used to define the
instantaneous SNRs of a trellis section. The performance of
RB-HARQ and HARQ based on RCPC [9] is also shown.
In RCPC based HARQ, all the punctured coded bits are re-
transmitted whenever a packet decodes in error. It is seen that
all the CB-HARQ schemes perform better than RB-HARQ.
It is also seen that randomly choosing the parity bits from
the candidate set is not a good strategy. The performance
of choosing parity bits based on the average or minimum
of the instantaneous SNRs of the individual parity bits in
the candidate set that belong to a particular trellis section is
almost the same. However, since using the average performs
slightly better at low SNRs we use this approach in our sub-
optimal schemes. The results in Figure 3 show that in the high
SNR region (Es/N0 > 0 dB), the CB-HARQ scheme without
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Fig. 3. Throughput for the CB-HARQ scheme using three different
approaches to choose the parity bits from the candidate set. The throughput
shown in this figure includes the overhead due to the size of the feedback
packet.

compression performs worse than the RB-HARQ scheme. This
is because the throughput shown in Figure 3 takes into account
the size of the feedback packet. The size of the feedback
packet for CB-HARQ scheme can become bigger than that
for the RB-HARQ scheme leading to a loss in throughput.
This motivates compressing the feedback packet.

The throughput performance of sub-optimal schemes for
three different values ofL (see Section III-C) is shown in
Figure 3. The packet error rate (PER) for these schemes is
shown in Figure 4. It is observed that asL decreases, the PER
increases at low SNRs, but remains the same at high SNRs.
At low SNRs, longer error events occur more frequently, and
restricting the candidate set to the firstL sections eliminates
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Fig. 4. Probability of packet error for the sub-optimal CB-HARQ scheme.



some sections that can potentially benefit from retransmis-
sions. This degrades performance, but the performance loss is
not significant. At high SNRs, the performance is dominated
by very short events (the minimum distance event spans three
trellis sections for the (5, 7) code), and hence there is no
loss even whenL = 4. The small degradation in PER is
well compensated by the increase in throughput caused by
the reduction in the size of the feedback packet. WithL = 4,
the throughput of the CB-HARQ scheme is larger compared to
RB-HARQ at all SNRs. For instance, the throughput increases
by 180% at Es/N0 = −1 dB.

V. CONCLUDING REMARKS

In this paper, a novel HARQ scheme that utilizes the
correlated error events in a soft-input soft-output decoder is
presented. In the proposed CB-HARQ technique, the decoder
first analytically estimates the minimum number of parity
bits that have the potential to correct an entire error event
with a certain probability. Then the decoder requests for
retransmissions of these parity bits. By targeting error events
instead of individual bits, this approach has the ability to
correct multiple neighboring bits that decode incorrectly. Thus,
the error event corresponding to the ML and competing paths
in a max-log-MAP decoder provides a convenient approach
to exploit the correlated nature of the reliabilities. It shown
through simulation results that this approach outperforms RB-
HARQ and conventional incremental redundancy HARQ at
all SNRs, and has the potential to increase the throughput by
180%.
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