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ABSTRACT

Although many stopping methods of iterative decoding
have been discussed in the literatures, many of them
only focus on the solvable decoding. In this paper, we
proposed a new rule, called Measurement of Reliability
(MOR) that can be used to define the decoding
boundary. With two pre-simulated threshold values, the
iterative decoding can stop in either high-SNR situation
where the decoded bits are highly reliable, or in
low-SNR situation where the decoder already has no
capability to decode. Through the simulations, the
reduced iterations due to early termination (ET) will not
affect the SNR performance. Based on our analysis and
simulation results, we can further modify the popularly
used GENIE chart. Hence, the iterative decoding can be
terminated based on two pre-determined threshold
values. The ET property can help to either reduce the
computational complexity or power consumptions in
implementing the iterative decoding in DSP processors
or VLSIs.
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1. INTRODUCTION

In 1993, a new class of Forward-Error-Correction
(FEC) code, Turbo code, was introduced by Berrou,
Glavieux and Thitimajashima [1]. The basic concept of
this new decoding scheme is to use a parallel
concatenation of at least two codes with an interleaver
between the encoders. Decoding is based on alternately
decoding the component codes, and passing the
so-called extrinsic information (a part of the soft output
of the soft-in/soft-out decoder) to the next decoding
stage. The soft-output decoding algorithm is usually
known as the Maximum A-posteriori Probability (MAP)
algorithm [2] [3] or Soft-Output Viterbi Algorithm
(SOVA) [4]. The Turbo code is well known for its near
Shannon-limit superior decoding performance through
iterative processes. Consequently, the 3G mobile
wireless communication system standards [5], such as
CDMA2000 and WCDMA, have adopted the Turbo
code as the FEC coding scheme. Furthermore, the
decoder uses a “turbo” feedback and the method has
been generalized to “Turbo-Principle” [6]. It has been
successfully applied to many detection/decoding
problems such as serial concatenation, equalization,
coded modulation, multi-user detection, joint source and
channel decoding, etc. Even the rediscovered and
extremely good-performance Low Density Parity Check
(LDPC) [7] [8] codes are also based on iterative
decoding.

As the iterative

operations approach the
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performance limit of a given design, any further
iteration results in very little improvement. Therefore, it
is important to derive an effective criterion to stop the
iterative process, so as to prevent from unnecessary
computations and decoding delay. In recent literatures,
some stopping criteria for turbo decoders have been
presented, and they can be categorized into two classes:
One class is based on Soft-bit decisions, such as
Cross-Entropy (CE) [9], Mean-Estimation (ME) [10]
Updated  Threshold [11], and A-priori LLR
Measurement [12]. The other class is based on hard-bit
decisions, such as Sign-Change-Ratio (SCR) [13],
Hard-Decision-Aided (HDA) [13], Sign-Difference-
Ratio (SDR) [14], and Improved-HDA (IHDA) [15]. In
addition, some methods are based on extra checking
policies, such as Cyclic-Check-Codes (CRC) [16] and
Valid-Code-Word check (VCW) [17]. However, they
only focus on the solvable decoding, that is, the decoder
always can recovery correct information bits even with
serious noise interference, shown in Fig. 1(a). Obviously,
unlimited decoding ability is impossible. Therefore, this
paper, we propose a new rule, called Measurement of
Reliability (MOR), which considers the decoding
boundary. With two pre-simulated threshold values, the
iterative decoding can stop in either high-SNR situation
where the decoded bits are high reliable, or in low-SNR
situation where the decoder already has no capability to
decode, as shown in Fig. 1(b). As a result, we can avoid
power consumption and decoding delay, and the
decoder can be terminated earlier without performance
degradation.
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Fig. 1. TIteration number vs. SNR: (a) Conventional chart (without
MOR): The decoder will continue to decoding until the max iteration
is reached, even if it is unsolvable under very low SNR. (b) The
proposed MOR scheme: The decoder will stop decoding (early
termination) when it is unsolvable under very low SNR.

2. STOPPING CRITERIA

2.1. High-SNR conditions

For different environments, the Turbo decoder can
recovery the information bits by iterative decoding. As
usual, the decoder must perform more iterative
operations in low-SNR channel. For simulations of
Turbo decoding, observe the LLR variation vs.
iterations, in addition to iterations, it is shown that it
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grows with iterations and becomes saturated eventually.
Because the decoded bits are decided by the LLR,
saturated LLR means that it is no longer useful by
further iterative decoding. As a result, fo avoid power
consumption, the decoder can be terminated without
performance degradation.

2.2. Low-SNR conditions

On the other hand, observe the simulations in Fig, 2 if the
decoder can decode successfully in low SNR by given
enough iterations. When FEb/No is near 3.8 dB, the
decoding result is rapidly changed. Although the
decoding is useless as Eb/No is less than 3.804 dB in Fig.
2(a), it is successful as Eb/No over 3.805 dB in Fig. 2(b)
by operating with more than fifty iterations. In addition,
Fig. 3(a) is the simulation of BER vs. iterations relative
to Fig. 2(a)(b), and it is shown that there is a decoding
boundary of the Turbo decoder, which is near 3.8 dB
(Note that there is no fixed and certain generalized
boundary for all patterns). Also, observe the simulation
in Fig. 3(b), below Eb/No = 3.8 dB, the BER of next
iteration is uncertainly better than the one of previous
iteration. Therefore, to avoid power consumption, the
decoder also can be terminated below the decoding
boundary due to useless iterative operations.

@ ®
Fig. 2. Simulations for LLR vs. 100 iterations: (a) £b/No =3.804 dB.
(b) Eb/No =3.805 dB.

@ (®)
Fig. 3. Simulations for BER vs. iteration number: (a) £Eb/No = 3.804
dB and 3.805 dB. (b) Eb/No =3 dB to 4 dB.

3. PROPOSED METHODS
3.1. Measurement of Reliability (MOR)
In the Turbo decoding algorithm [1], the magnitude of
LLR itself is an index that indicates the reliable degree
of decoded information bit. Thus, we define the

magnitude of LLR ’L(zi) (u,)
B = |10, M

Clearly, the decoding is complete and can be terminated
if the reliability of all decoded bits is greater than some

threshold value, T7, .
R, >Th,ke{l2,.. N}. )

asreliability R, by

Besides, if the noise is so larger that the decoding can
do nothing, that is, the reliability of all decoded bits is

smaller than some threshold value, T h2 ;
R, <Thy, ke {l,2,.,N}. 3)

The decoder can stop decoding and send the
automatic-repeat- request (ARQ) message.

3.2. Frame Testing and Stage Testing

In both Egs. (2) and (3), it is shown that the testing
condition is based on the overall frame. Thus, the
approach needs 2N comparison operations per iteration.
By logical relationship, the condition of stopping
decoding as the reliabilities of all decoded bits are
greater (smaller) than the threshold, can be changed by
the condition of continuing decoding as the reliability of
any decoded bit is smaller (greater) than the threshold.
If the reliability of any decoded bit matches the
condition, the one of others need not to be tested again
and the comparison can be switched off. As a result, the
comparison operations can be reduced.

3.3. Modification on Existing Methods
Although there are several approaches discussed above,
most of all focus on stopping in high SNR. If the noise
is heavy, the decoding usually performs with maximum
iterations, even out of the decoding ability. Therefore,
some approaches can be modified to stop in low-SNR
situation, such as SCR, SDR, and ME methods. Besides,
most of all operate based on one overall frame, and
some of them also can be modified to operate in stage
testing, such as HDA and IHDA methods.
A.  Modified-ME (M-ME) [10]

In addition to the original condition, we add
anther condition of stopping in low SNR that

M, <Th, (4)

where TH isa pre-defined threshold that the mean of
absolute LLR can not be greater than in low SNR.
B.  Modified-SCR (M-SCR) [13]

For low SNR, it is shown that the sign of LLR
changes rapidly. Therefore, in addition to the original
conditio, we add anther condition of stopping in low
SNR that

1L

C(iy>Th, (5)
where 7h is a pre-defined threshold that the frequency
of sign change is greater than in low SNR.

C.  Modified-SDR (M-SDR) [14]
Similar to M-SCR, in addition to the original

condition, we add anther condition of stopping in low
SNR that

D(i)>Th, )
where 7h is a pre-defined threshold that the frequency
of sign change is greater than in low SNR.

D. Modified-HDA (M-HDA) [13]

By logical relationship, the condition of stopping
decoding as the signs of all decoded bits are the same as
those of previous iteration, can be changed by the
condition of continuing decoding as the sign of any
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decoded bit is different from the one of previous
iteration. If any decoded bit matches the condition,
others need not to be tested again and the comparison
can be switched off. As a result, the comparison
operations can be reduced.
E.  Modified-THDA (M-IHDA) [15]

Similar to M-HDA, frame testing can be modified
as stage testing. Thus, the comparison operations can be
reduced.

4. SIMULATIONS AND COMPARISONS

We perform simulations for 4-state Turbo codes, which
generator polynomials are [1, 1, 1] and [1, 0, 1]. The
Turbo-codes are obtained for hundreds of frames, where
length &V is 1000, maximum iteration is 10, and an
overall rate R is 1/2. The reductions of decoding
iterations using different stopping criteria for the
iterative Maximum A-posteriori Probability (MAP) [2]
[3] decoding scheme are considered.

4.1. Simulations for GENIE-Aided Benchmark
Before simulating for above stopping approaches, it
needs a GENIE-aided benchmark (The information bits
are known and the iteration is stopped immediately after
the frame is correctly decoded) to be the performance
boundary. Fig. 4 illustrates the equivalent GENIE curve
composed of low-SNR and high-SNR situations. The
conventional GENIE curve is popularly used in
previous stopping approaches. By the simulations
shown in Fig. 3(a), it can be found that the decoder
exists a decoding limitation near Eb/No = 3.8 dB.
Therefore, it is necessary to add auxiliary GENIE curve,
which the decoder, below the decoding limitation, just
runs an iteration to obtain the LLR for stopping-
criterion testing.

EbMo (d8)

Fig. 4. Simulations for Iteration vs. SNR (GENIE curve).

4.2. Simulations for Different Stopping Criteria

With the GENIE curve, the simulations for several
approaches discussed above are performed. Fig. 6(a)
illustrates the simulations for MOR, SCR, and HDA
approaches. It can be found that in high SNR, the
performance is close, but in low SNR, only MOR
approach has the stopping ability. Then, Fig. 6(b)
illustrates the simulations for MOR, SDR, ITHDA, and
ME approaches. Similar to Fig. 6(a), in high SNR, the
performance is close except IHDA, but in low SNR,
only MOR approach has the stopping ability.
Meanwhile, the IHDA has poor ability for some special

frames, which raises the average of iterations. Last, Fig.
6(c) illustrates the simulations for MOR, M-SCR,
M-SDR, and M-ME approaches. It can be found that in
high SNR, the performance is close, and in low SNR, in
addition to MOR approach, others also have the
stopping ability.

4.3. Simulations for Frame Testing vs. Stage Testing

In the above discussion, we mention that the operations
of the MOR approach based on stage testing can be
reduced from those based on frame testing. Fig. 5(a)
illustrates the simulations for counting the comparison
operations of MOR approach. Because the reliability of
each decoded bit must compare with two threshold
values, the decoding totally includes 2N comparison
operations each frame per iteration. Therefore, frame
testing will increase the operations with iterations,
shown in Fig. 5(a). On the other hand, the stage testing
use fewer operations than frame testing on average. By
Eq. (2), the decoding terminates, as the reliability of all

decoded bits is greater than 77 h1~ In other words, the
decoding continues, as the reliability of anyone is
smaller than 7} h1 In low SNR, the condition is fast
matched by such decoded bit. Therefore, observe the
stage-testing (condition 1) curve in Fig. 5(a), there are

fewer operations in low SNR. Relatively, by Eq. (3), the
decoding stops, as the reliability of all decoded bits is

smaller than Th, .
continues, as the reliability of anyone is greater than
T h2~ In high SNR, such decoded bit rapidly matches

the condition. Therefore, observe the stage-testing
(condition 2) curve in Fig. 5(a), there are fewer
operations in high SNR. Consequently, the stage-testing
(equivalent) curve is the summation of two conditions
and keeps smaller than frame testing. Last, we also
modified HDA and IHDA approaches in stage testing in
Fig. 5(b).

In another word, the decoding

S S
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Fig. 5. Simulations for Comparison Operation vs. SNR: (a) MOR. (b)
HDA and IHDA.

4.4. Performance Simulations

Last, the simulations of BER vs. SNR of all approaches
described above are performed in Fig. 6(d)(e)(f).
Besides, we also add the simulations of conventional
GENIE and fixed 10 iterations as the benchmark. It can
be found that the performance of them is close either in
low-SNR or high-SNR situations, that is, the reduced
iterations due to early termination and the saved
comparison operations due to stage testing will not
affect the SNR performance.
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Fig. 6. Simulations: (a)}(b)(c) Iteration number vs. SNR. (d)(e)(f)

BER vs. SNR.

4.5. Summary of ET Approaches

Last, all stopping methods are summarized in Tab. 1.
The main operations include measurement, threshold,
and comparing operations. Moreover, due to compare
with previous one, some approaches perform after two
iterations, such as SCR, HDA, M-HDA, and M-SCR,
and they usually need storage. Besides, within the
approaches operated with thresholds, their thresholds
are usually pre-simulated according to a specific system,
even the Updated Threshold method, which one is
obtained by pre-simulation and updating with iterations.
Last, by the comparison, our proposed MOR approach
can perform efficiently with much fewer operations
either in high-SNR or low-SNR situations.

5. CONCLUSIONS

This paper discusses stopping criteria in high and low
SNR channels. We present a new rule, called
Measurement of Reliability (MOR). With two pre-
simulated thresholds, the iterative decoding can stop in
either high-SNR situation that the decoded bits are high
reliable, or in low-SNR situation that the decoder
already has no ability to decode. By the simulations, the
reduced iterations due to early termination and the saved
comparison operations due to stage testing will not
affect the SNR performance.
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