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1. Introduction

It has long been observed that the average operational complexity of a turbo decoder can be significantly less than that indicated by the maximum decoding iterations [1, 2].  That is, error-free decoding is frequently achieved with less than Imax iterations and more iterations are only needed to cover events where the received frames are particularly noisy and the iterative decoding algorithm converges slowly.  Therefore, if the correctness of a data block can be detected at the end of each iteration to abort the iterative processor, the average operational complexity can be reduced without any performance penalty.  As the numerical results shown in Figure 1, the reduction in average complexity can be quite substantial.  Numerical results such as those for early stopping rules are commonly construed as power consumption saving during operation phase.  It is the purpose of this paper to show that, in the context of the high data rate LTE system, the benefits of early stopping additionally translates into significant hardware and build cost reduction during product design phase.  

In the LTE system, a large transport block (TB) for high data rate transmission is divided into a number of code block segments [3] (denoted by N).  If data integrity checking is available on the TB level only, hardware must then be budgeted to support a total of N×Imax turbo decoding iterations within a latency/throughput requirement.  The iteration budget can be implemented with high clock rates, high parallelization orders, multiple decoders or combinations of all the above.  For instance, four 4-th order parallel turbo decoders running at roughly 100MHz clock are required to support 100Mbps links.

If data integrity checking can be applied on the finer level of code block segments, complexity reduction benefits can be derived from two types of early stopping events.  If a segment is found to be correct, turbo decoding for the segment can be stopped and the decoder can proceed to process the next segment.  On the other hand, if a segment is found to be incorrect, processing of the rest of the transport block can be aborted.  The combined effect of applying both types of early stopping rules makes the extent of complexity reduction more predictable and hence exploitable during product design phase.  More specifically, we present the exact probability distributions of the total number of iterations required on the TB level.  It is then demonstrated the hardware budget for total turbo decoding iterations can be reduced by 25% or more with no or negligible performance losses.  For instance, three 4-th order parallel turbo decoders running at 100MHz clock would suffice to support 100Mbps links.  In addition, there is still further 20% or more average run-time complexity/power saving.
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Figure 1 Average number of turbo decoding iterations (with Imax=8).  AWGN channel results are plotted with solid lines and Rayleigh fading channel results are plotter with dashed lines.
Based on the significant amount of hardware complexity/cost benefits and negligible radio resource overheads, per-segment CRC attachment methods are recommended for the LTE system to facilitate reliable application of early stopping rules.  Details of such schemes are further discussed in [4].

2. Turbo Decoding Resource Budgeting
We present two turbo decoding hardware resource budgeting examples at 100 and 200Mbps.  In each case, a single TB is considered.  For MIMO configurations, the two streams can be operated symmetrically at 150Mbps each.  With successive interference cancellation, a 100/200 Mbps split between the two streams seems representative.

2.1. 100Mpbs Case

In the first case study, we consider turbo decoding resource budgeting for 100Mbps links.  For simplicity, the TB is assumed to be composed of N=16 segments of K=6144 bits each and coded at rate r=0.8.  
2.1.1 Budgeting without Early Stopping

Since a TB consists of N=16 segments, a total of N×Imax=128 turbo decoding iterations per sub-frame needs to be budgeted at the receiver if early stopping is not applicable.  This would roughly require an 8-th order parallel turbo decoder running at 200MHz clock.  Alternatively, the same decoding throughput can be obtained with four 4-th order parallel decoders running at 100MHz clock.

2.1.2 Budgeting with Early Stopping

The cumulative distribution functions (CDF) of actual number of decoding iterations observed in simulations are shown in Figure 2, where AWGN channel results are plotted with solid lines and Rayleigh fading channel results are plotter with dashed lines.  Since the maximum number of decoding iterations is set to Imax=8, the plots further distinguish events with 8 decoding iterations into two categories.  In the first (denoted as 8s), the segment is decoded successfully after 8 iterations.  In the second (denoted as 8f), the decoded segment is still incorrect after 8 iterations.  Hence, the segment error rate (SER) for a particular operation condition is exactly the probability of 8f.  
It can be seen from Figure 2 the actual number of iterations needed for decoding a segment decreases when the link quality improves.  For instance, if the link quality is at SER=10%, turbo decoding would require more than 6 iterations with less than 40% probability.  When the link quality is at SER=2%, turbo decoding would require more than 6 iterations with less than 15% probability.  It can also be observed that the statistics of the actual number of decoding iterations conditioned on a particular operation condition (SER) is not very sensitive to channel fading assumptions.
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Figure 2 Empirical cumulative distribution functions (CDF) of number of turbo decoding iterations for different segment error rates (SER).  The information block size is K=6144 and the code rate is r=0.8.  AWGN channel results are plotted with solid lines and Rayleigh fading channel results are plotter with dashed lines.
If the correctness of a segment can be checked after each turbo decoding iteration, decoding resource could be reduced by stopping processing early.  If a segment is found to be correct, turbo decoding for the segment can be stopped and the decoder can proceed to process the next segment.  On the other hand, if a segment is found to be incorrect, processing of the rest of the transport block can be aborted.  Both effects contribute to reduction in the total amount of decoding resource required.  Using the analysis presented in the Appendix, the exact distribution of actual number of iterations needed for a transport block is plotted in Figure 3.  It can be immediately seen that the processing of a transport block requires no more than 104 total decoding iterations with 100% probability regardless of the fading channel assumptions.  That is, a decoding resource reduction of 18% can be obtained with absolutely no impact on performance.

It is, however, possible to push for greater decoding resource reduction with negligible impact on performance.  For instance, consider a receiver that is budgeted for a total of 96 turbo decoding iterations per sub-frame.  On a Rayleigh fading channel, it can be observed from Figure 3 and Figure 4 that performance is not affected if the link condition affords a TBER below 50%.  For cases with TBER above 50%, there is a small chance the
receiver is unable to finishing decoding and has to issue an NACK request.  For instance, if the link quality is at
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(a) AWGN channel
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(b) Rayleigh fading channel

Figure 3 Empirical cumulative distribution functions (CDF) of ITB for different transport block error rates (TBER).  The TB consists of N=16 segments of K=6144 bits and the code rate is r=0.8.

TBER=70%, the receiver would issue a NACK request with a 79.7% probability (instead of 70%).  This effectively decreases the normalized throughput
 from 58.8% to 55.6%.  A more complete enumeration of performance comparison is provided in the following table:
	Transport Block Error Rate
	Ideal Throughput
	NACK Rate
	Actual Throughput
	Average # of Iterations per TB

	2.00%
	98.04%
	2.00%
	98.04%
	73

	10.00%
	90.91%
	10.00%
	90.90%
	77

	30.00%
	76.92%
	30.49%
	76.63%
	74

	50.00%
	66.67%
	52.13%
	65.73%
	66

	70.00%
	58.82%
	79.72%
	55.64%
	57

	90.00%
	52.63%
	96.81%
	50.81%
	42

	99.90%
	50.03%
	100.00%
	50.00%
	20


With essentially no loss in performance, the receiver can be budgeted with 25% less decoding resource.  For instance, an 8-th order parallel turbo decoder can be clocked at 150 MHz (instead of 200MHz).  Alternatively, three (instead of four) 4-th order parallel decoders running at 100MHz clock would suffice to support the required decoding throughput.  Note also that, as shown in the fifth column, the operational complexity as measured by the average total decoding iterations per TB is at least 20% further lower than 96 iterations.

2.2. 200Mpbs Case

In the second case study, we consider decoding resource budgeting for 200Mbps links.  For simplicity, the transport block (TB) is assumed to be composed of N=32 segments of K=6144 bits each and coded at rate r=0.8.  On the Rayleigh fading channel, it is possible to push for a 30% decoding resource reduction with essentially no performance loss:

	Transport Block Error Rate
	Ideal Throughput
	NACK Rate
	Actual Throughput
	Average # of Iterations per TB

	2.00%
	98.04%
	2.00%
	98.04%
	142

	10.00%
	90.91%
	10.00%
	90.91%
	147

	30.00%
	76.92%
	31.12%
	76.27%
	143

	50.00%
	66.67%
	55.55%
	64.29%
	127

	70.00%
	58.82%
	80.08%
	55.53%
	106

	90.00%
	52.63%
	99.30%
	50.17%
	77

	99.90%
	50.03%
	100.00%
	50.00%
	34


3. Conclusion

Early stopping strategies can be utilized to reduce turbo decoding hardware resource in a receiver by more than 25% with no or negligible performance losses.  Configurations such as per-segment CRC attachment [4] are recommended for LTE to facilitate simple and reliable application of early stopping rules.
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5. Appendix
Let the random variable In represent the actual number of decoding iterations for the n-th segment.  The probability density function (PDF) of In can then be expressed as a mixing of two conditional PDFs:


P(In =i) = (1−SER)×P(sn=i) + SER×P(fn=i),
where the conditional random variables are defined as


sn
the number of actual decoding iterations conditioned on a decodable segment,


fn
the number of actual decoding iterations conditioned on an undecodable segment.

Note the PDF of fn is simply P(fn=i)=δ(i−Imax).  The PDF of sn can be computed from the numerical results presented in Figure 2.

Since a TB is decoded correctly if and only if all segments are decoded correctly, the probability of a TB decoding success is given by 


(1−TBER) = (1−SER)N,
where TBER denotes the transport block error rate:

TBER = 1− (1−SER)N  = SER + (1−SER)×SER + (1−SER)2×SER + … + (1−SER)N−1×SER.

Let the random variable ITB represent the actual number of decoding iterations for a transport block.  The PDF of ITB is can be similarly expressed as a mixing of two conditional PDFs:


P(ITB =i) = (1−TBER)×P(sTB=i) + TBER×P(fTB=i),
where the conditional random variables are defined as


sTB
the number of actual decoding iterations conditioned on a decodable transport block,


fTB
the number of actual decoding iterations conditioned on an undecodable transport block.

Based on the above analysis, the PDF of sTB is given by:


P(sTB=i) = P(s1=i) * P(s2=i) * … * P(sN=i),
where * denotes the convolution operation.  The PDF of fTB is given by


P(fTB=i) = [δ(i)+
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(1−SER)n×(P(s1=i) * … * P(sn=i))] * (SER×δ(i−Imax)) / TBER.
The cumulative functions of (1−TBER)×P(sTB=i) and TBER×P(fTB=i) for 100Mbps and the Rayleigh fading channel are plotted in Figure 4(a) and Figure 4(b), respectively.  The CDF of ITB is plotted in Figure 3.
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(a) CDF of sTB scaled by (1−TBER)

(b) CDF of fTB scaled by TBER
Figure 4 Components of empirical CDF of ITB for different transport block error rates (TBER).  The TB consists of N=16 segments of K=6144 bits and the code rate is r=0.8.  Rayleigh fading channel is assumed.
� Assuming incremental redundancy gains, normalized throughput is calculated as (1+RetransmissionRate) −1.
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