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ABSTRACT

In this paper, we propose a new Channel-Adaptive Early
Termination (CAET) strategy to early stop Low-Density
Parity-Check (LDPC) decoders. Our method checks the
sign-changing rate of the log-likelihood ratios, and is able to
perform the early termination under all SNR ranges with
simple methodology. The average decoding latency can be
decreased from the preset number of 8 to 6.73 iterations
with negligible performance degradation. In addition, we
create the BER Performance Loss Ratio (BPLR) index to
evaluate the performance loss of different ET criteria. Com
pared to the Hard-Decision-Aided criterion, our CAET
strategy reduces the decoding iterations effectively and im
proves the BPLR by 76.6%.

Index Terms- LDPC, early termination

1. INTRODUCTION

Low-Density Parity-Check (LDPC) codes were first intro
duced by Gallager in 1962 [1], and they have become can
didate codes in modem communication standards. Due to its
excellent error-correcting performance approaching the
Shannon limit, LDPC codes have been adopted for advanced
communication systems, such as DVB-S2, IEEE 802.3an,
802.16e [2] and 802.11n [3].

An LDPC codeword v can be iteratively decoded, and
two ways are commonly used in LDPC decoders to deter
mine the decoding terminations. One is to check v with the
equation Hv T at the end of each iteration until it equals to
zero, where H is the parity check matrix. The other is just to
preset a maximum number of decoding iterations. These two
methods could also be combined together according to dif
ferent applications and considerations.

However, these criteria fail to follow the dynamics of
the communication environment. The varying channel af
fects the essentially required decoding iterations under dif
ferent decoding situations. For example, when the SNR is
relatively high, the received codewords probably demand
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fewer iterations to accomplish the decoding process than
usual, whereas the heavily corrupted codewords under rela
tively low SNR are less likely to be successfully decoded. In
these two cases, further decoding procedure might not be
effective, and it is desirable to sense such circumstances
earlier in order to save unnecessary decoding operations.
Therefore, early termination (ET), which stops the decoding
process at an early stage according to the decoding status,
becomes a highly concerned issue. When ET is applied, not
only the decoding throughput increases, but also the power
consumed in decoding each codeword decreases because of
the reduced latency.

Many high-performance ET criteria of LDPC decoders
have been proposed [4]-[7], but considerable mathematical
operations make them unsuitable for chip implementation.
Instead, the Hard-Decision-Aided (HDA) criterion, which is
originally proposed for turbo codes [8], is adapted for LDPC
codes and hardware realized by [9], but still ineffective un
der low SNR channels. For LDPC decoders, a simple and
completely channel-adaptive ET criterion, which is able to
determine the decoding termination under all SNR condi
tions, is strongly demanded.

Therefore, we propose the Channel-Adaptive Early
Termination (CAET) strategy, which checks the
Sign-Changing Rate (SCR) of the Log-Likelihood Ratios

(LLRs). The CAET criterion efficiently determines the ap
propriate decoding terminations under all SNR ranges with
little performance loss. Furthermore, we create the BER

Performance Loss Ratio (BPLR) index to evaluate the per
formance loss of different ET criteria.

The remainder of this paper is organized as follows. In
Section 2, we introduce the LDPC codes and the LLR mes
sages. Several existing ET criteria are reviewed in Section 3,
and the effects of the channel on the decoding process are
introduced in Section 4. In Section 5, the design concept and
methodology of the CAET strategy is revealed, and the si
mulation results are presented in Section 6. Finally, we draw
the conclusions in Section 7.
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3. REVIEW ON EXISTING ET METHODS

2. LOW-DENSITY PARITY-CHECK (LDPC) CODES

where P (B = x) represents the probability that B takes the
value x. At the end of every decoding iteration, the decoder
performs the hard decision (HD), which only takes the sign
values of the LLRs, to obtain the decoded results.

Binary (n, k) LDPC codes are linear block codes, where n

and k represent the codeword length and the information bit
length, respectively. LDPC codes are defined by the sparse
parity check matrix H(n-kj*m that is, the density of 1's in H is
very low, and the code rate R is defined as kin. A parity
check matrix H can be mapped into a bipartite graph [10],
where rows and columns of H can be mapped to check node
units (CNDs) and bit node units (BNDs) according to the 1's
in H, respectively. The decoding of LDPC codes is based on
the iterative message-passing between CNDs and BNDs [1].

While decoding, every bit of the codeword is consi
dered as a binary random variable B, and the corresponding
message of B is iteratively computed. The LLR is adopted
for the representation of the messages, and it is defined as

4. CHANNEL EFFECTS ON DECODING PROCESS

According to the above review, our main purpose is to formu
late the new channel-adaptive criterion for early termination.
However, the relation between the environment dynamics and
the exactly required decoding iterations is still under study. For
LDPC codes with different H matrices or decoding algorithms,
the decoding iterations range from 8 to 64 times in previous
works [9], [11]-[12]. Even in the same decoding system, the
current decoding status also affects the remaining amount of
effective iterations, which indicates the difficulty to signal the
decoding termination simply by the channel conditions. To
realize a more universal channel-adaptive early termination
criterion for LDPC decoders, the effects of the environment on
the decoding performance need to be explored.

If the decoding procedure is to be early stopped, the
risk of doing so must first be proved relatively low. Thus,
among the influences of the channel, we are mostly inter
ested in the risk of performing ET over different SNRs at
each decoding iteration. We define the Risk Index (RI, Rkyb)

of early stopping the decoding of each codeword as follows:

Rk = BERk - BERkm~ (2)
Yb Yb Yb'

where BER~;;ax and BER~b represent the bit error rate

(BER) of stopping the decoding operation at a predefined
maximum iteration kmax and at an early iteration k (k-5:.kmax) ,

respectively, both under the SNR of Yb. For two distinct SNR
conditions, if ETs are performed both at the same iteration, a
lower RI value under one SNR indicates that the risk of per
formance loss caused by early termination is lower than that of
a higher RI value under the other SNR.

For example, under (2304, 1152) LDPC codes of IEEE
802.16e standard [2] and maximum iteration number of 8, Fig.
1 illustrates the RI versus SNR curves of stopping the decoding
process at different iterations earlier than the preset maximum
value. Each curve is about bell-shaped, and the curve with the
larger early-terminating iteration number would have lower RI
values under all SNRs. For example, the RI values under all
SNR conditions at the 7th iteration are smaller than that at the
6th or earlier iterations.

One thing about the RI should be noted. The absolute
RI values under the same iteration and SNR condition

SNR is below some thresholds. In other words, the HDA crite
rion is not effective under low SNR conditions, where ET tech
nique is highly desirable for saving wasted decoding time, i.e.
shortening the decoding latency. Therefore, our objective is to
construct a general ET strategy which operates under all SNR
regions to perform the early termination while still maintaining
low computational complexity and high efficiency.

(1)L (B) = Lo P ( B = 0 )
g P(B=l)'

Several well-developed ET methods have been proposed
[4]-[7]. Li et al [4] proposed the criterion based on the con
vergence of the mean magnitude, which evaluates the ET
condition on the magnitude threshold and depth factor. Cai
et al [5] made use of both the check node mean magnitude
and mean checksum, and the scheme is quite efficient under
low SNR regions. Cui et al [6] also focused on the low SNR
regions by exploiting the convergence and distribution of the
summation of the sign products. Kienle et al [7] divided the
decoding blocks into decodable and undecodable blocks.
For decodable blocks, the common methods mentioned in
Section 1 are performed; for the undecodable blocks, the ET
criterion applies the variable node reliability and decoding
threshold to examine the ET status.

The above ET criteria only have little performance degra
dation, but they require massive mathematical operations and
thus are not applicable to hardware realization. The method
suitable for chip implementation is the HDA criterion realized
by Shih et al [9], which is only to store the HD values and
compare the results in two consecutive iterations. If the HD of
each bit in the current iteration is the same as that of the pre
ceding iteration, the decoding process is terminated. However,
take the (2304, 1152) LDPC codes of IEEE 802.16e standard [2]
and maximum iteration number of 8 for example. The HDA
criterion would not early terminate any codeword when the
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Fig. 2. The Risk Index over SNR at different iterations for
(1944, 972) LDPC codes of IEEE 802.11 n standard [3].
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Fig. 1. The Risk Index over SNR at different iterations for
(2304, I I52) LDPC codes of IEEE 802.16e standard [2].

change among different LDPC codes, but its variations
within each curve would still be similar. For instance, Fig. 2
shows the RI versus SNR curves for (1944, 972) LDPC
codes of IEEE 802. lin standard [3] with maximum iteration
number of 8. Though the absolute values of RI change, the
bell-shaped curves retain. This characteristic illustrates a
general effect of the channel on the decoding process.

As illustrated in Fig. 1 and Fig. 2, the SNR region of
about 1.8 to 2.2dB has the highest RI values for each curve,
and the RI value rapidly decreases when more iterations are
applied under these SNRs. This high-risk SNR region im
plies that each decoding iteration brings down the BER effi
ciently. Therefore, a channel-adaptive ET strategy should
not take effect under such circumstances. On the other hand,
when the SNR value is higher or lower than the highest-risk
region, the bell-shaped curves suggest that the risk becomes
relatively lower. Also, the RI values at different ET itera
tions are close under the low-risk SNR regions. This phe
nomenon indicates that the BER decrease gained by per
forming a non-ET decoding procedure is few when com
pared to an ET decoding process, while the former one is
more time-wasting. Thus, the reasonable use of a chan
nel-adaptive ET strategy to early signal the end of decoding
in the scenario is verified, and a property of the decoding
process which would catch the dynamics of these channel
effects will serve as the critical part in the new ET criterion.

5. PROPOSED METHOD

5.1. LLR Analysis

Based on the knowledge of the channel effects, the characte
ristics of the LLR are to be analyzed in order to develop the
new channel-adaptive ET criterion with low computational
complexity. The analyses are based on the (2304, 1152)
LDPC codes of IEEE 802.16e standard [2].

For the analysis , we define the Sign-Changing Rate
(SCR) of the LLRs as

L~- \51'-51'-11
SCR = t-1 t t , (3)

n
where Sik is the HD of the ith bit in a n-bits codeword at the
kth iteration . Fig. 3 demonstrates the average SCR over ite
ration under different SNR conditions. When SNR is below
about 2.2 dB, the average SCRs are less likely to approach
zero within 10 iterations, which means that the signs of the
LLRs keep changing and further iterations might be less
effective. For SNR above 2.2dB, the average SCRs would
approach zero at an early stage, which signals the end of the
decoding. Thus, by inspecting the HD of the LLRs, we
consider terminating the decoding process if the SCR keeps
relatively high or bounds to zero. In this manner, both high
and low SNR conditions could be early terminated while
more decoding efforts are provided if necessary. This
scheme would be equivalent to early terminate in the
low-risk SNR regions of the RI introduced in Section 4, and
a truly channel-adaptive ET method is formed.

Two points about the high SCR part should be noted.
First, as shown in Fig. 3, the average SCR of all SNRs keeps
high in the first 3 iterations. But, in latter iterations, the
average SCR of higher SNRs approaches zero while that of
lower SNRs keeps high and becomes more scattered.
Consequently, initiating the high SCR detection at the most
suitable iteration is a critical issue. For the second point, to
indicate if the SCR is high enough, we must preset a
threshold. However, the threshold depends on how the SCR
of all SNRs is distributed once the SCR detection is initiated.
For example, as illustrated in Fig. 3, if the SCR detection is
initiated in the 2nd iteration, the threshold would be higher
than that if the detection is initiated in the 5th iteration. Thus,
the threshold is highly related to the decision in the first
point and should be elaborately selected .
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6. SIMULATION RESULTS

5.2. Methodology

(4)

In order to determine the most suitable parameters, we
create the BER Performance Loss Ratio (BPLR) index to
evaluate the performance loss of ET criteria. Assume that
the following variables are all functions of SNR:

I) ler (SNR): Decoding iteration required while ap-
plying the ET criterion.

2) BERm(SNR): BER while applying the ET criterion.
3) BERrej(SNR): Reference BER.
4) W(SNR): Weight factor used to emphasize or

de-emphasize specific ranges ofSNR (O:::;;W:::;;I).
Let [SNRm, SNRM ] be the SNR range of interests. The

definition of the BPLR is as follows:

BPLR = BD x 100% ,
IR

6.2. Experiment II (fixed Thr)

JR = J::::: (fm ax - fETeS)) ds .

The BPLR means the average percentage of BER de
gradation on saving one decoding iteration, and it should be
minimized. For W(SNR) = I, the SNR ranges under consid
eration are taken as the same importance and the parameters
are chosen to optimize the overall performance. On the other
hand, for the W(SNR) of non-unity, the performance would
be optimized for the emphasized SNR ranges.

where BD = fSNRM W (s) X (BERET(S)- BERTer(S)) ds,
SNRm BERTer(s)

Thr is fixed to examine the influences of Ite on the perfor
mance of the CAET criterion, and similar results for differ
ent Thr are obtained. The average decoding iteration and the
BER of the case, Thr = 9%, are shown in Fig. 5(a) and 5(b),
respectively. Lower Ite values bring significant iteration
reductions, but also considerable BER performance degra
dation. Under the situations of Thr = 9% and Ite ~ 4, ET is
achieved with negligible BER performance loss.

6.3. HER Performance Loss Ratio

6.1. Experiment I (fixed lte)

Ite is fixed to reveal the influences of Thr on the perfor
mance of the CAET criterion, and we observe very similar
results for different Ite values. For instance of Ite = 2, the
average decoding iteration and the BER over SNR are
demonstrated in Fig. 4(a) and 4(b), respectively. The aver
age decoding iterations for different Thr are almost the same
under medium to high SNRs as illustrated in Fig. 4(a), but
differ a lot under low to medium SNRs. The average itera
tions reductions are more significant for lower Thr than for
higher Thr; however, for lower Thr, the risk of BER perfor
mance loss also increases as shown in Fig. 4(b). We should
notice that, under the conditions of Ite = 2 and Thr ~ 10%,
the CAET not only works effectively under low to high SNR
ranges, but also achieves no BER performance degradation.

-e SNR = 1.6dB
e SNR = 1.8 dB
+ SNR = 2.0 dB
A SNR = 2.2 dB
~SNR =2.4 dB
-it- SNR = 2.6 dB
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Fig. 3. Average Sign-Changing Rate (SCR) of the LLRs.
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We perform several simulations based on the IEEE 802.16e
standard [2], and (2304, 1152) LDPC codes with code rate R

of 0.5 are adopted. The preset maximum number of itera
tions is 8, and floating-point computation is performed. In
order to find out the most suitable values of Ite and Thr, we
need to analyze the parameters separately.

To sum up, in order to utilize the SCR of the LLRs to
realize our new ET criterion, we must take two design issues
into consideration simultaneously: 1) The specific iteration
to perform the high SCR detection, and 2) the SCR
threshold used to detect the high SCR status .

According to the analyses in Section 5, we propose the
CAET criterion. To clearly specify our method based on the
two design issues above, two parameters are created:

1) Initial Iteration Number, denoted by Ite, is the first
iteration to initiate the high SCR detection.

2) SCR Threshold, denoted by Thr, is the checking ra
tio of sign-changing bits.

Let Imax and n be the maximum number of decoding
iterations and the codeword length, respectively. The CAET
criterion operates as follows:

1) Initialization: Set Ite and Thr.
2) At the end of the kth iteration (k~I), compute the

HD, Sik , of the decoded LLR for the ith bit.
3) Compute the amount of HDs that Sik t- Sik -

1 for
all i's, denoted as Nurru,

4) a. Check if Num, = O.
b. Check if k ~ Ite and Nurru/n ~ Thr.

5) If either or both the results of 4a) and 4b) are true,
or k ~ Imax , terminate the decoding process; oth
erwise continue to the next iteration.
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6.4. Performance Comparison

Under weight factor of I, we apply the BPLR to our CAET
criterion with different parameter combinations (Ite, Thr).

As shown in Fig.6, each curve is U-shaped , and the lowest
point represents the most suitable Thr for a specific /te. Our
final decision is (lte, Thr) = (4, 9%), where the correspond
ing BPLR has a minimum value of 4.76%. As compared to
the HDA criterion [9], which has the BPLR of 20.33%, the
CAET criterion improves the performance by 76.6%.

Fig. 7 demonstrates the terminating iteration distribu
tion of applying the CAET criterion with Ute, Thr) = (4,9%)
under different SNR conditions. No codeword has been
stopped in the first 3 iterations, so we show from the 4th ite
ration. Under the SNR of 2.0 to 2.2dB, over 95% of code
words are terminated at the maximum iteration of 8. How
ever, when the SNR is higher or lower, more codewords
could be early terminated. For the SNR above 3.0dB, more
than 60% of the codewords are terminated at the 7th or earli
er iterations. For the SNR below IAdB , over 50% of the
codewords are stopped at the 4th iteration, which would be a

significant reduction in the decoding time. As illustrated in
Fig. 7 and Fig. I, the terminating iteration distribution is
highly related to the Rl. For the SNR regions where more
codewords are early terminated, the corresponding RI values
are lower, and vice versa. This property demonstrates that
our CAET strategy of checking the SCR is truly chan
nel-adaptive.

Fig. 8(a) shows the average decoding iterations of the
HDA criterion [9] and the CAET criterion with (Ite , Thr) =
(4, 9%). The average decoding latency of our criterion is
6.73 iterations while that of the HDA criterion is 7.60 itera
tions. Also, Fig. 8(b) demonstrates that the CAET criterion
brings negligible BER performance loss under all SNR re
gions with respect to the non-ET decoding process and the
HDA criterion. From Fig 8(a) and 8(b), the applicability of
our CAET strategy is verified.

7. CONCLUSION

As a new ET strategy for LDPC codes, we propose the
channel-adaptive CAET criterion, which is effective under
all SNR conditions . Also, the simple methodology operating
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