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Sum-a Stopping Criterion for Turbo Decoding
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Abstract—In this article, we propose a new stopping criterion
for turbo codes. This criterion is based on the behaviour of the
probabilistic values alpha 'a' calculated in the forward recursion
during turbo decoding. We called this criterion Sum-a. The
simulation results show that the Bit Error Rates BER are very
close to those of the Cross-Entropy CE criterion with the same
average number of iterations.
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I. INTRODUCTION

URBO codes [1] are attractive parallel concatenated

codes, approaching the Shannon limit. Since their
introduction, they are used in different digital communication
standards because of their correction capacity. BER are
decreased after each iteration. However, it is useless to treat a
frame when it is decoded correctly. So, stopping the turbo
decoding process is necessary to reduce computational
complexity. Several methods based on Log-Likelihood Ratios
LLRs have been proposed [2-11]. This requires the end of the
processing of a frame to manipulate the LLRs and a large
memory storage which depends on the length of the frame N
(length before coding).

In this article, we present a simple method, which uses
practically no memory storage (except an accumulated sum)
and which provides an early decision to stop the processing of
an iteration. It means, after the end of the alpha calculation
am(t) of the forward recursion. We compare its efficiency
with the Cross-Entropy CE criterion [2], which constitutes a
good rule. We verify the application of the Sum-a criterion to
the turbo decoder for several sizes of the interleaver. We also
study the behaviour of this new criterion with several
thresholds and we deduce the optimal value.

The document is structured as follows: In section 2, we
present some stopping criteria proposed in the literature. In
Section 3, we show the behaviour of alpha probabilities and in
Section 4 we explain our idea of reducing the number of
iterations. We call this stopping criterion Sum-a. In section 5,
we present the results of our simulations.

II. EXISTING STOPPING TECHNIQUES

We consider two Recursive Systematic Convolutional
‘RSC’ codes concatenated in parallel. The frame of
information bits {u(k)}, k=1, ... ... , N, is coded by this turbo
code. Each information bit, after coding gives a systematic bit
u(k), and two redundant bits x;(k) and x»(k). After transmission
over a Gaussian channel using BPSK modulation, the received
samples are {yu(k), yi(k), y2(k)}. The received frame is passed
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to the turbo decoder of the Fig. 1. INT and DEI represent
respectively interleaver and the deinterleaver.

The famous criterion Cross-entropy CE uses the LLRs at the
outputs of the two decoders [2,3]. Let LY (a(k)) be the LLR of

bit u(k) at the output of the decoder ‘m’ (m=1, 2) of the i
iteration at the moment ‘k’, and Le'” (iu(k)) his extrinsic

[

information. The cross-entropy of the iteration ° i ’ is

approximated by [2]

CE(i)~Y, Az (@ () (D

K9 ae)
e

where
L) (4(4)) = £ a0) - e (30 ”

Decoding is considered converged and stopped when the
cross-Entropy CE(i) is below a threshold ‘¢ * :

CE(i)<e )

Hagenauer [2] claims that a threshold ‘¢’ between
(10 CE(1) < & < 10* CE(1)) is appropriate for stopping
iterations. This criterion permits the stopping of the Turbo
process after decoding of the frames with a very weak
degradation of the performances.

Two other methods derived from the ‘CE’ criterion have
been proposed. The first is the Sign Change Ratio criterion
SCR [4]. It consists of counting the number of sign changes
C(i) of extrinsic information produced by the second decoder
between the iteration ‘> and ‘i-1°. Simulations show that we
can stop the iterations when [4]:

C(@) < (0.005~0.03)N (4)
where N is the length of information frames before coding.

This criterion makes it possible to stop the turbo process with
about the same average number of iterations and the same
performances of the CE rule.

The second rule HDA (Hard-Decision-Aided) [4], compares

the hard decisions at the output of the second decoder with
those of the previous iteration. Decoding is stopped if all hard
decisions remain the same. The overall performances of the
simplified variants are close to that obtained by the original CE
rule.
Another stopping criterion called Sign Difference Ratio (SDR)
[5] is a variant of the SCR. In this case, we count the number
of times Dj; where the signs of the a priori information and the
extrinsic information of the same decoder differ at the iteration
‘i’. The turbo process is stopped if:

D,<pN )
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Fig. 1. Turbo decoder

where ‘p’ is a threshold that represents the sign difference ratio
SDR , and:

10°<p<107 (6)
D;; is also the number of sign differences between the extrinsic
informations of the two decoders.

SDR achieves similar performance of SCR in terms of BER,
FER, and the average number of iterations, while requiring
lower complexity. The CE, SCR and SDR methods require an
additional iteration on average than the ideal GENIE criterion
[5]. For the GENIE criterion, the information bits are known
and the iterations are stopped immediately after the frame is
correctly decoded. GENIE is only a theoretical criterion.

The improved hard-decision-aided rule (IHDA) [6] modifies
HDA to compare the hard decisions of the two decoders. All of
these methods are based on the manipulation of LLRs
calculated after each iteration. In addition, they require the end
of frame processing and data storage.

Another contribution [7] uses a CRC code to check if the

frame has been corrected, but it penalizes the information rate
by adding redundancy. Other method use the identification of
undecodable blocks for stopping the turbo process [8]. We cite
other criteria that also use the LLR (or decisions) [9-14], but in
this article, we consider for comparison the Cross-Entropy CE
criterion [2-4], which constitutes a good criterion and offers
good performances.
In this article, we propose a new method based on the
behaviour of alpha a.(?) probabilities. This criterion works
after the end of the forward recursion of the Maximum A
Posteriori MAP algorithm. It allows to know if the frame was
decoded before the calculation of the probabilities Beta f(2)
of the backward recursion, and before the computation of the
LLR. It is therefore considered as an early criterion. In
addition, it requires practically no memory storage.

III. BEHAVIOUR OF THE ALPHA PROBABILITIES

During a MAP decoding, before calculating the LLR, the
alpha probability of the state ‘m’ of the trellis at the moment ‘7’
is computed by

am (t) = Z”am' (t - 1) j/(m',m) (Z) (7)

m'=1

where M, is the number of states. y,. (¢) are the

probabilities of transition between the states (m',m) of the

trellis. Note that the alpha value an(?) of the state ‘m’ is only
the probability

a, (1)="Prob(S,=m.Y}) ®)

where Y/

" is the sequence of samples received between the

moment ‘1’ and ‘t’.

[15] shows that the alphas a,,(2) of the corrected instants are
characterized by a strong impulse of the most probable state.
The other alphas are very weak. In addition, an erroneous
moment is characterized by some concurrent alphas that have
significant probabilities. This idea is used in [15] to improve a
turbo decoding based on the M-BCJR algorithm [16]. The
proposed algorithm in [15] is called the ZMAP algorithm.

Figure 2 shows the concurrent alphas of an erroneous
moment of a trellis that has 16 states. This phenomenon can be
used to stop the Turbo process after decoding a frame
correctly. It makes it possible to formulate an early stopping
criterion of the turbo decoding because this decision will be
taken just after the alphas calculations, that is to say, just after
the end of the forward recursion of the MAP algorithm.
Moreover, we will show in the simulation results section that
the proposed criterion ensures the same performances in terms
of BER and average number of iterations of the CE criterion.
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Fig. 2. Concurrent alphas of a trellis with 16 states.
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IV. THE PROPOSED STOPPING RULE: THE SUM-0. CRITERION

We propose a very simple stopping criterion for the turbo
decoding based on the behaviour of the probabilistic values
om(t) calculated in the forward recursion. This criterion uses
practically no memory storage.

For every moment 'f', we call ama(?) the probability of the
state with the highest alpha value. It means that

(o2 (t) = max(am (t)) )
We call other alphas 'concurrents'.

The following remarks are observed during repeated
simulations :

e The correct moments are characterized by a strong
value of alpha Omax(?) of the most probable state. The
alphas probabilities of other states are very weak.

e Erroneous instants are characterized by the concurrent
alphas that have significant values.  Gmax(?) is
therefore decreased.

e The correct frames are therefore characterized by
Omax(t) Who have great values and the concurrent
alphas who have very low values. The sum of the
alphas of the concurrents remains weak.

e Erroneous frames are characterized by concurrent
alphas that have significant values (probabilities). The
increase of the alpha values of the concurrent states
will decrease the probability of the most probable
states Omax(?) ,

e The decrease of the concurrent values can be used to
signalize correct frames.

From these remarks, we can formulate a criterion for
detection of the correct frames to stop the turbo process. We
call this criterion 'Sum-a'. it consists in :

1. At each moment ‘#’, and after the calculation of the
alphas in the forward direction of the MAP algorithm,
calculate the sum of the concurrents, it means

Mlt
Sum, (1) = (Zam (z)j —a,. (1) (10)
m=1
Note that we can calculate Sumc(t) by :
Sum, (1) =1=ct,, (1) (11)
because
MI/
Fet0]-
m=1 (12)

2.Calculate the sum of ‘Sumc)’ of all moments

normalized by the length of the frames ‘N,

N
S t
sta:M (13)
N
3. If ‘Suma’ is below a threshold ‘7°, then, stop the

Turbo process. It means that :
If Suma<T , then, stop the iterations.
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For the ‘T’ threshold, a large value can considerably reduce
the average number of iterations because it will quickly stop
turbo decoding, but this will degrade the BER bit error rate.
For an interleaver of size N = 5120, we will show that
T=0.001 is a good value . This technique uses only one
memory storage (great advantage) because the sum to the
moment ‘/’ is calculated by

ZZII:SumC (1)= ngumc (¢)+ Sum, (1)

We called this reduction mechanism of iterations the Sum-a
stopping criterion. Its implementation is simpler in terms of
memory space required than those presented at the beginning
of this article. In addition, we will show in the simulation part
that it provides the same performance of the Cross-Entropy CE
stopping criterion.

(14)

V. SIMULATION RESULTS

We consider a parallel Turbo code with a nominal rate
R=1/3, consisting of two RSC codes with the octal
representation [1, 35/23]. We use a pseudo-random
interleaver S-random with different sizes. The encoded bits are
transmitted with BPSK modulation over a Gaussian channel.
At the receiver, the turbo decoder uses a maximum of 10
iterations. The number of transmitted frames is 3000 (3000 x
5120 information bits, or 3000 x 5120 x 3 coded bits).

We compare the performance of the CE criterion with that of
the Sum-o using a threshold T=0.001. Then, we consider
another interleaver of small size (1280) with several
thresholds. The thresholds of the Sum-a criterion chosen for
the second part of the simulation are T=0.1, 0.01, 0.001 and
0.0001. For all cases, the threshold used for the CE criterion is
same. We chose the threshold € = 10~ CE(1).

Figure 3 shows the performance in terms of BER of the turbo
decoder controlled by the Sum-o criterion. The used
interleaved has the size N=5120. For a threshold equals to
T = 0.001, the performances of the turbo decoder MAP with
the Sum-a criterion are almost the same as those of the Cross-
Entropy CE criterion.
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Fig. 3. BER of the MAP turbo decoder using the ‘Sum-a’ and 'CE'
stopping criteria (Interleaver 5120).
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Similarly for Figure 4 which shows a comparison of the
Frame Error Rate FER of the two criteria. The two criteria CE
and Sum-a ensure the same FER. The results of the two
figures prove that the Sum-a rule is equivalent in performance
to the CE criterion. Moreover, it is considered as an early
criterion (just after the forward recursion), without memory
storage.
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Fig. 4. FER of the turbo decoder MAP using the criteria 'Sum-o' and 'CE'
(Interleaver 5120).

It remains for us to check if the Sum-a criterion allows to
stop the Turbo process just after the correct decoding of the
frames. To do this, Fig. 5 plots the average number of
iterations of the turbo decoder using the Sum-a criterion. This
criterion uses the same average number of iterations of the CE.
Consequently, this result shows the importance of the Sum-a
criterion. In addition, Sum-o is an early criterion because it
allows us to make a decision before calculating the LLR. This
makes the Sum-a criterion attractive and efficient.
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g. 5. Average number of iterations of the MAP turbo decoder using the
'Sum-a!' criterion (Interleaver 5120).

When we use interleavers sizes smaller than 5120, the BER
and FER of the Sum-a remain the same as those of the CE.
However, the average number of iterations increases slightly.

A. OUARDI

For example, consider a pseudo-random interleaver (S-
random) of size 2560. Figure 6 shows that the average number
of iteration of the turbo decoder using the Sum-a is increased
by 0.5 iteration on the average over the CE at high Signal to
Noise Ratio SNR. This represents the cost to be paid if we
consider small interleavers.

In this second part, we compare the results obtained with two
interleavers for different thresholds. Figure 7 plots the BER of
the turbo decoders using two interleavers of sizes 5120 and
1280 for the thresholds of the Sum-a criterion 0.1, 0.01, 0.001
and 0.0001. The figure shows that the Sum-a criterion also
works with small and large interleavers.

For the small size interleaver 1280, the Sum-o criterion
with the 4 thresholds gives almost the same BER. When we
increase the size of the interleaver (5120), we always get the
good performances. For this, the BERs of the turbo decoder
using the interleaver with the size 5120 are better than those of
the turbo decoder using the interleaver of size 1280. On the
other hand, the use of a low threshold (T = 0.001 and T =
0.0001) ensures low bit error rates BER.

Figure 7 also shows that the use of high threshold (0.1)
quickly degrades performances (Interleaver 5120), as it leads
to the turbo process stopping before decoding is complete.
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Fig. 6. Average number of iterations of the MAP turbo decoder using the
'Sum-a' criterion (Interleaver 2560)

Regarding the FER (Fig. 8), the high values of the threshold
T (T = 0.1) degrades the Frame Error Rate FER for the two
interleavers. The best FER are obtained for low thresholds
(0.001 and 0.0001) using a large interleaver (5120).

These choices of thresholds have a great effect on the
computational complexity. By analyzing Fig. 9, which plots
the average number of iterations, we see that the large
threshold 0.1 gives the lowest complexity but deteriorates the
BER and FER (Fig. 7 and Fig. 8) because it stops the turbo
decoding. We also see that the low threshold 0.0001 wasted a
lot of iterations.

In conclusion, the analysis of these three figures (BER, FER
and average number of iterations) shows that the best threshold
of the new criterion Sum-a is 7= 0.001.
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Fig. 7. BER of the MAP turbo decoder using the ‘Sum-a’ and 'CE' stopping
criteria for two interleavers and different thresholds.
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Fig. 8. FER of the MAP turbo decoder using the ‘Sum-a’ and 'CE' stopping
criteria for two interleavers and different thresholds.
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Fig. 9. Average number of iterations of the MAP turbo decoder using the
'Sum-a!' criterion for two interleavers and different thresholds

VI. CONCLUSION

In this article, we presented a new stopping criterion of
iterations for turbo codes. This criterion called Sum-a, allows
to take an early decision that uses practically no memory
storage. The simulations have shown that this criterion ensures
the same performances in terms of BER, FER and average
number of iterations of the Cross-Entropy CE criterion. For
small interleavers, the average number of iterations is slightly
increased. So, we can say that the Sum-a criterion is a good
and early stopping technique for turbo decoding without any
storage memory.

The use of a low threshold of the Sum-a criterion ensures the
weakest BER and FER. Moreover, the use of high threshold
degrades performances. We also notice that high thresholds
gives the lowest complexity but degrade performances and low
thresholds increase the number of iterations.

Finally, the optimal threshold which ensures a good
compromise between decoding quality and complexity is the
threshold 7,,, = 0.001.

REFERENCES

[1] C. Berrou, A. Glavieux, and P. Thitimajshima, “Near Shannon limit
error-correcting coding and decoding: Turbo codes, ” in Proc. IEEE Int.
Conf. Commun., pp. 1064-1070, May 1993.

[2] J. Hagenauer, E. Offer and L. Papke, “Iterative decoding of binary block
and convolutional codes”, IEEE Transactions on Information Theory,
vol. 42, no. 2, pp. 429-445, Mar. 1996.

[3] M. Y.M. Nasir, R. Mohamad, M. Kassim, N. M. Tahir and E. Abdullah,
“Performance Analysis of Cross-Entropy Stopping Criterion for
Quadrature Amplitude Modulation, ” 2019 IEEE 9th International
Conference on System Engineering and Technology (ICSET), Shah
Alam, Malaysia, pp. 273-276, 2019.

[4] R.Y. Shao, S. Lin and M. P. C. Fossorier, “Two simple stopping criteria
for turbo decoding, ” IEEE Transactions on Communications, vol. 47,
no. &, pp. 1117-1120, Aug. 1999.

[51 Y. Wu, B. D. Woerner and W. J. Ebel, “A simple stopping criterion for
turbo decoding", I[EEE Communications Letters, vol. 4, no. 8, pp. 258—
260, Aug. 2000.

[6] T. M. N. Ngatched and F. Takawira, “Simple stopping criterion for turbo
decoding”, IEE Electronics Letters, vol. 37, no. 22, pp. 1350- 1351, Oct.
2001.

[71 A. Shibutani, H. Suda and F. Adachi, “Reducing average number of
turbo decoding iterations”, IEE Electronics Letters, vol. 35, no. 9,
pp.701-702, Apr. 1999.

[8] M. AlMahamdy and J. Dill, “Early Termination of Turbo Decoding by
Identification of Undecodable Blocks,” 2017 IEEE  Wireless
Communications and Networking Conference (WCNC), San Francisco,
CA, pp. 1-6,2017.

[91] A. Taffin, “Generalised stopping criterion for iterative decoders,”
IEEElectronics Letters, vol. 39, no. 13, pp. 993-994, June 2003.

[10] L. Trifina, H.G. Baltd and A. Rusinaru, “Decreasing of the turbo MAP
decoding time by using an iterations stopping criterion, ” [EEE
International Symposium on Signals, Circuits and Systems ISSCS 2005,
Iasi, Romania, pp. 371-374, 14-15 July 2005

[11] F. M. Li and A. Y. Wu, “On the new stopping criteria of iterative turbo
decoding by using decoding threshold, ” IEEE Transactions on Signal
Processing, vol. 55, no. 11, pp. 55065516, Nov. 2007.

[12] J. Wu,B. R. VojcicandJ. Sheng, "Stopping Criteria for Iterative
Decoding based on Mutual Information, ” 2012 Conference Record of
the Forty Sixth Asilomar Conference on Signals, Systems and Computers
(ASILOMAR), pp. 183-187, Nov, 2012

[13] A. Savin, L. Trifina, M. Andrei, “Threshold Based Iteration Stopping
Criterion for Turbo Codes and for Scheme Combining a Turbo Code and
a Golden Space-Time Block Code,” Advances in Electrical and
Computer Engineering, vol.14, no.1, pp.139-142, 2014.

[14] I. Amamra et N. Derouiche, “Enhancement of iterative turbo decoding
for HARQ systems,” ICTACT Journal on Communication Technology,
vol. 7, no. 2, pp. 1295-1300, Jun. 2016


https://ieeexplore.ieee.org/xpl/conhome/6480934/proceeding
https://ieeexplore.ieee.org/xpl/conhome/6480934/proceeding
https://ieeexplore.ieee.org/xpl/conhome/6480934/proceeding

482 A. OUARDI

[15] A. Ouvardi, A. Dijebbari, B. Bouazza, “Optimal M-BCJR Turbo [16] V. Franz, J. B. Anderson. “Concatenated Decoding with a Reduced-
Decoding: The Z-MAP Algorithm,” Wireless Engineering and Search BCJR Algorithm,” [EEE Journal on selected areas in
Technology, vol. 2, no. 4, pp. 230-234, 2011. communication, Vol, 16, pp. 186-195, 1998.



