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1. Introduction

Soft buffer partitioning for downlink carrier aggregation (CA) with multiple component carriers (CCs) was discussed during the RAN1#63bis meeting. This contribution studies this issue, particularly considering the following aspects:

· Rate matching operation based on soft buffer size

· Performance loss due to the limited soft buffer size for each CC

2. CA Scenarios for Consideration

For soft buffer partitioning, we should consider several factors such as the UE category, the number of CCs, the number of maximum spatial layers supported by the UE, and the bandwidth of each CC. Table A1 in the Appendix shows the UE categories for Rel. 10, where the soft buffer size varies for each category. Table A2 in the Appendix shows the UE categories with their potential CA scenarios [1]. Although the main CA scenario would assume equal bandwidth among CCs, we should also consider unequal bandwidths among CCs from the viewpoint of soft buffer partitioning among multiple CCs especially for the CA scenarios within a 20-MHz bandwidth. Thus, the following scenarios should be considered for soft buffer allocation. 

· Categories 3 and 4 with 10+10 and 15+5 MHz

· Categories 6, 7, and 8 with 20 + 20 MHz.

CA for Categories 1 and 2, and CA for Categories 3 and 4 with 20 + 20 MHz may not need to be supported if there is significant performance impact due to soft buffer partitioning. 
The soft buffer size at each CC will be decreased as the number of CCs is increased, if the total soft buffer size is not increased with the number of CCs. Nevertheless, we should strive to sustain the same performance level at each CC as that for the Rel. 8/9 with a single CC for Categories 3 and 4. At the same time, it is preferable to minimize the test efforts at the UE, and minimize the change in the encoding operation at the eNB to support various CA scenarios.

Proposal 1

· Strive to sustain the same performance level at each CC as that for Rel. 8/9 with a single CC.

· Minimize the test efforts at the UE and the change in the encoding operation at the eNB to support various CA scenarios.
3. Soft Buffer Partitioning and Rate Matching for CA

3.1.
Soft buffer partitioning (SBP)

Soft buffer allocation for Rel. 8 is described in [2] as follows.

Soft buffer size for each code block is
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being the soft buffer size for the transport block, where

Kw is the total number of code bits per code block,

C is the number of code blocks per transport block,

Nsoft is the total number of soft channel bits defined for each UE category,

KMIMO is equal to 2 if the UE is configured to receive PDSCH transmissions based on transmission modes 3, 4, 8, and 9, and 1 otherwise,

MDL_HARQ ​is the maximum number of DL HARQ processes,

Mlimit ​is a constant equal to 8, and

NconfiguredCC is the number of configured CCs.

For Rel. 10 UEs with a carrier aggregation capability, the soft buffer size must be allocated for multiple CCs. Two main alternatives have been discussed during the RAN1#63bis meeting.

Option 1 SBP: The soft buffer size is equally divided among each of the configured CCs [3].

In this case, the soft buffer size for the transport block for nc-th CC is written as:
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Pros:


· When the number of CCs is one, the same encoding operation as for Rel. 8/9 UEs is employed.

Cons:


· Option 1 SBP does not take into account the case where the bandwidths or the number of supported layers is different among CCs. 
Option 2 SBP: Soft buffer size of each CC is allocated such that it is proportional to the bandwidth and the maximum number of layers [4].

In this case, the soft buffer size for the transport block for nc-th CC is written as:
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where Lmax(j) and BW(j) are the maximum number of supported layers and the bandwidth of the j-th CC, respectively.

Pros:


· Better soft buffer utilization than Option 1 SBP when the bandwidths and the maximum number of layers are not equal among CCs.

Cons:  

· The soft buffer allocation varies with the bandwidth combination, which increases the number of test cases.
In both approaches, the total soft buffer size, Nsoft, does not increase with the number of configured CCs. Thus, both approaches may suffer from performance degradation due to limited buffer rate matching (LBRM) for each CC. The performance impact would be more significant in lower UE categories such as Category 3. 

3.2 Rate matching (RM)

Consider the example of a CA scenario with 2 CCs with equal bandwidths and an equal number of maximum layers. In this case, the soft buffer partitioning for Option 1 and that for Option 2 in Section 3.1 are the same. On the other hand, two alternatives could be considered for rate matching. 

Alternative 1: Rate matching is based on the soft buffer size of each CC as shown in Fig. 1, where 

· the eNB performs the rate matching operation based on the soft buffer size of each CC which is half of the soft buffer size of the single CC case. The eNB discards some of the code bits that exceed the soft buffer size at the UE.

Pros: 

· Limited buffer operation (discarding) is applied only at the eNB as in Rel. 8. 

Cons: 

· When the transport block size becomes large, it is possible that the code block length after discarding becomes shorter than the target code block length after rate matching (E), and there is an impact on the performance of the initial transmission due to discarding.

· Furthermore, the rate matching procedure changes with the number of CCs, which causes a period of ambiguity in the case that the number of CCs is reconfigured. 
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Figure 1: Rate matching example of Alt. 1 (2 CCs)
Alternative 2: Rate matching is based on the soft buffer size of a single CC irrespective of the number of configured CCs (= same rate matching as in Rel. 8 at each CC) as shown in Fig. 2, where the following occur.
· The eNB performs the rate matching operation based on the soft buffer size for a single component carrier, where Eq. (2) is used to compute N_IR at each CC using the parameters of each CC, which is
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.
· Note that in this case the soft buffer at the UE is not same as N_IR (nc). It is up implementation how the UE partition soft buffer for among HARQ processes though we need some assumptions on the soft buffer size per HARQ process for RAN4 test cases. 

· The UE calculates the soft values of all the transmitted code bits, which are then decoded. Here, the UE could use the instantaneous buffer to store the soft bits before decoding. The instantaneous buffer is common for all HARQ process though it is an implementation issue.
· When the decoded code block is erroneous, the UE discards some of the soft values that exceed the soft buffer size for the corresponding CC.

Pros: 

· Rel. 8 rate matching procedure is retained irrespective of the CA scenario.

· Furthermore, in this example, since the code block length after discarding is longer than the target code block length after rate matching (E), the performance of the initial transmission is not degraded by discarding.

Cons: 

· UE needs to perform discarding operations of soft bits that exceed the soft buffer size at each CC.

Note that if Alternative 2 RM is applied, soft buffer partitioning (Option 1 or 2) at the UE is an implementation matter although we need some guideline regarding the soft buffer partitioning at UE for RAN4 performance requirement.
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Figure 2: Rate matching example of Alt. 2 (2 CCs)

One question is how the UE store and discard bits when most of the transmitted bits in the second transmission were not transmitted in the first transmission and the UE cannot store both of them due to soft buffer limitation. To address the question, Figure 3 illustrates the example where the bits in the second transmission is not transmitted in the first transmission and the UE cannot store both of the bits due to soft buffer limitation. It could up to UE implementation how to store and discard bits after decoding. A simple way is that UE stores first Ncb codebits where Ncb is the soft buffer size for the CC. In this particular example, if the second transmission is failure the all the bits in the second transmission is discarded. However, the bits in the third transmission could be combined and stored in the soft buffer. Another solution could be that the eNB adjusts the redundancy version (RV) such that effect of soft bits discarding at UE is minimized. 

On the other hand, in the Alt-1 rate matching on the other hand, UE will not discard any bits. However, the disadvantage is that the coding gain would be smaller than in the Alt-2 rate matching since more parity bits are discarded at the eNB side. It is also expected that in channel situations where we need more than 2 retransmissions, the operating points are rather low MCS regions and soft buffer limitation problem would not happen. 
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Figure 3: Comparison between Alt-1 and Alt-2 for retransmission
Numerical examples

Tables 1 and 2 show examples of the transport block sizes for each MCS level when 50 RBs (10 MHz) and 75 RBs (15 MHz) are allocated, respectively. It was assumed that the soft buffer size at the UE was half of that for Category 3 (Option 1 SBP in Section 3.1). In the case of a 50 RB allocation, if rate matching is performed based on the soft buffer size for each CC (Alternative 1), for higher MCS levels the code block length after discarding becomes shorter than that after rate matching (gray parts), which would impact the performance of initial transmission. In the case of 75 RBs, if Alternative 1 is applied for rate matching, for higher MCS levels the systematic bits will be discarded (dark gray parts), which would impact the performance of the initial transmission more significantly. On the other hand, if Alternative 2 is applied for rate matching, the code block length after discarding is always longer than that after rate matching, and thus there is no impact on the initial transmission.

Table 1: Transport block sizes per CC with 10 MHz 
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Table 2: Transport block sizes per CC with 15 MHz 
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Figures 4(a) and 3(b) show the throughput performance when the transmitted bandwidth is 50 RBs (10 MHz) and 75 RBs (15 MHz), respectively. Details of the simulation assumptions are shown in Table A3 in the Appendix. UE category 3 was assumed. It is shown that in the case of 50 RBs, Alternative 1 RM causes performance degradation in the higher MCS region. This can be explained as follows, in case of 50RB allocation, the maximum rates per TB are 36696 bits (MCS26 with 50RBs). After code block (CB) segmentation, systematic bits per (CB) are 6148 bits, and the soft buffer size per CC (if divided equally among 2CC) is 6444. This is still larger than the systematic bits (6148), however this is smaller than the rate matched code block length E as shown in Table 1.  Thus, we loose parity bits already in the initial transmission, which makes it difficult for the UE to decode the code bits correctly considering MIMO fading channels and channel estimation errors. 
In the case of 75 RBs, Alternative 1 RM with equal soft buffer partitioning (Option1 SBP) exhibits significant performance degradation in higher MCS regions due to discarding of the systematic bits. Option 2 SBP could mitigate the performance degradation, however Option 2 SBP requires more test cases. Both figures show that Alternative 2 RM achieves almost identical performance compared to the full soft buffer case.
Figures 5 show the throughput performance when the transmitted bandwidth is 50 RB with the UE speed of 120km/h. The results shows that the performance of Alt-1 rate matching is still better than that of Alt-2. This is because the out-loop MCS correction works to avoid the increase of retransmission and the coding gain in Alt-1 is larger than that of Alt-2.
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Figure 4: Throughput performance with soft buffer partitioning (SBP) and rate matching (RM) (3km/h)
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Figure 5: Throughput performance with soft buffer partitioning (SBP) and rate matching (RM) (50 RBs, 120km/h)

Based on the analysis above, we propose the following. 

Proposal 2
· Rate matching operation is performed based on the soft buffer size of a single CC irrespective of the number of configured CCs.

4. Conclusion

Based on the analysis above, our proposal on soft buffer allocation and rate matching for Rel. 10 CA is summarized as follows.
Proposed requirement:

· Strive to sustain the same performance level at each CC as that for Rel. 8/9 with a single CC.

· Minimize the test efforts at the UE and the change in the encoding operation at the eNB to support various CA scenarios. 

Possible solution:
· Rate matching operation is performed based on the soft buffer size of a single CC irrespective of the number of configured CCs. 
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