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1. Introduction

Early stopping strategies have long been proposed to reduce operational complexity of turbo decoders [1, 2].  It is further shown in [3] that, in the high data rate LTE system, early stopping on the finer level of per code block segment can lead to 25% or more decoder hardware reduction with no or negligible performance losses.  In addition, there is still further 20% or more average run-time complexity/power saving.

While many detection methods for early stopping have been studied [1, 2], attachment and checking of CRC bits with properly chosen length remains the simplest and most reliable approach.  In this paper, we analyze the performance and complexity of three CRC attachment methods for multiple code blocks that have been proposed for the LTE system recently:

· In attachment method I, a transport block (TB) is first segmented into N code block segments.  CRC is then computed for and attached to each segment independently.

· In attachment method II, CRC computation for the first N−1 code block segments is different than that for the last one [4].  For the first N−1 segments, CRC is computed for and attached to each segment independently.  The CRC bits attached to the last segment are computed based on the entire TB.

· In attachment method III, a TB-level CRC is first computed and attached to the TB per current TS 36.212 [5].  The entire block is then segmented into multiple code block segments.  CRC is then computed for and attached to each segment independently.
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 (a) Attachment Method I
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(b) Attachment Method II
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(c) Attachment Method III

Figure 1 Alternative per-segment CRC attachment methods for multiple code blocks.

In attachment methods II and III, a TB-level CRC attachment of 24 bits is retained.  The probability of miss detection of an erroneous TB is roughly Pmiss=2−24=6×10−8.  For attachment method I, the correctness of the TB is derived from the XOR of all segment-level CRC.  If the length of per-segment CRC attachment in method I remains 24, the miss probability, given by Pmiss=N×6×10−8, would then increase with size of the TB.  For instance, the miss detection probability of a 150Mbps radio bearer (RAB) containing N=25 segments would be roughly 1.5×10−6.  Since performance of TCP/IP based applications is strongly dependent of the residual packet loss rates seen by the TCP protocol [6], this increase in miss probability is of concerns.  We present TCP/IP download performance results in Section 2 to assess the impact.  

In method I and III, the scope of each segment-level CRC attachment is limited to the individual segment.  On the other hand, the last CRC attachment in method II has a global TB-level scope.  Implications on implementation complexity and early stopping strategies are discussed in Section 3.  

Based on the analysis, attachment method III is recommended for the LTE system.
2. TCP/IP Performance Analysis

The throughput performance of TCP file downloads is computed based on analytical models for the HARQ and TCP protocols.  The maximum segment size (MSS) is set to 1460 bytes.  The one-way network delay includes the delays of radio network, core network and the Internet.  The initial TCP window size is set to 3.  For the air interface, an initial block error rate (BLER) of 10% and an RLC round-trip-time of 8ms are assumed.  Two RAB rates (150 and 300Mbps) and two file sizes (10M and 100M bytes) are tested.

The average TCP/IP download throughput results are plotted in Figure 2.  (Because of TCP slow-starts, the average session throughput is lower than the full RAB rate.)  For the 150Mbps RAB case, a loss rate of 10−6 does not negatively impact TCP/IP performance.  However, for the 300Mbps RAB case, TCP/IP performance degrades with a loss rate as low as 4×10−7.  Further results for a relaxed one-way network delay are presented in the appendix.

It is concluded from these numerical results that more than 24 bits would be needed for each of the segment-level CRC attachments in Method I.  To maintain the same level of reliability as the TB-level CRC attachment, the per-segment CRC length for Method I should be increased by at least 5 bits.  
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(a) Based on 150Mbps RAB


(b) Based on 300Mbps RAB
Figure 2 TCP/IP performance results (20ms one-way network delay).
It’s further concluded Method I requires the highest radio resource overheads: N×29 bits or more.  In methods II and III, the TB CRC can be kept at 24 bits while the per-segment CRC length can be set to 16 bits.  The total overheads of the methods II and III are, hence, (N−1)×16+24 and N×16+24 bits, respectively.  If the per-segment CRC length is also set to 24 bits, the total overheads for the two methods become N×24 and (N+1)×24 bits, respectively.  For higher data rates, Method I still introduces highest overheads.  

3. Hardware Complexity Analysis

In method I and III, the scope of each segment-level CRC attachment is limited to the particular segment it’s attached to.  This allows simple and tight implementation of CRC checking within a turbo decoder to apply early stopping check after every decoding iteration.  With both attachment methods, early stopping rules can be adopted in products based either on a single highly parallel decoder (e.g., one 8-th order parallel decoder at 200MHz clock) or on multiple decoders running independently (e.g., four 4-th order decoder at 100MHz clock).

In method II, the last CRC attachment is computed from the entire transport block.  On the receiver side, the implication is that early stopping rules cannot be used on the last segment unless all the first N−1 segments have been decoded.  

· A first ramification is that a more complicated CRC checker implementation is needed to support early stopping for the last code block segment.  A global CRC checker is needed to compute a partial checksum based on the first N−1 segments.  The partial checksum should then be stored and loaded into the CRC checker (that is integrated in the turbo decoder) before each turbo iteration.

· A further ramification is that this attachment method is less friendly to receiver implementations based on multiple independent turbo decoders.  Take, for instance, a receiver with three independent decoders.  If there are three code block segments left, early stopping rules cannot be applied to the last segment.

It is concluded that attachment method II requires more hardware complexity and is less friendly to certain high-speed turbo decoding hardware architectures.

4. Conclusion

CRC attachment method III is recommended for the LTE system.  
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6. Appendix

Additional TCP/IP performance results based on 40ms one-way network delay are presented in Figure 3.
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(a) Based on 150Mbps RAB


(b) Based on 300Mbps RAB
Figure 3 TCP/IP performance results (40ms one-way network delay).
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