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1. Introduction

Soft buffer partitioning for downlink carrier aggregation (CA) with multiple component carriers (CCs) was discussed during recent RAN1 meetings. At the RAN1#63bis meeting, a way forward (WF) [1] was proposed that sets the rate matching parameter according to the UE category and the number of CCs. To continue the discussion, the following design principles were agreed upon.

· Single CC performance shall not be degraded compared to Rel. 8

· The total number of soft channel bits for Cats. 1-5 does not depend on the number of supported CCs

In this contribution, we investigate the issue of soft buffer allocation in terms of the following aspects.

· Applicable CA scenarios considering limitations on the soft buffer 

· How to set the rate matching parameter (
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N_soft_RM) 

· UE receiver operation, i.e., how to store soft bits in the case of a limited soft buffer 

· Performance degradation in the case of a limited soft buffer

2. CA Scenarios for Consideration

For soft buffer partitioning, we should consider several factors such as the UE category, the number of CCs, the maximum number of spatial layers supported by the UE, and the bandwidth of each CC. Table AI in the Appendix shows the UE categories for Rel. 10, where the size of the soft buffer varies for each category. Although the main CA scenario assumes equal bandwidths among CCs as described in the Appendix of [2], 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. 

· Cats. 3 and 4 with 10+10 and 15+5 MHz bandwidths

· Cats. 6, 7, and 8 with 20 + 20 MHz bandwidths

CA for Cats. 1 and 2 might not be deployed in practice, and CA with more than 2 CCs for Cats. 3 and 4 may not need to be supported considering the performance impact due to soft buffer limitations. 
The size of the soft buffer for each CC will be decreased as the number of CCs is increased, if the total size of the soft buffer is not increased with the number of CCs. Nevertheless, we should strive to sustain a level of performance for each CC that is equal to that for the Rel. 8/9 with a single CC for Cats. 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
· 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 Allocation and Rate Matching for CA
3.1 Basic principles

The rate matching operation for Rel. 8 is described in [3]. The size of the soft buffer used in rate matching for each code block is
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being the size of the soft buffer 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; otherwise 1,

MDL_HARQ ​is the maximum number of DL HARQ processes,

Mlimit ​is a constant equal to 8, and
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 is defined as the size of the soft buffer assumed in rate matching at the eNB. In Rel. 8, 
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Note that in this contribution Nsoft_RM is viewed as the size of the virtual soft buffer that is assumed in rate matching at the eNB for each CC, i.e., this value is not necessarily the same as the size of the physical soft buffer at the UE for the CC. 
3.2 Candidates for N_soft_RM

For Rel. 10 UEs with a carrier aggregation capability, the size of the soft buffer assumed for rate matching (Nsoft_RM) is defined for each CC. There are several alternatives for Nsoft_RM at the nc-th CC as shown below.

Alternative 1 [4]: 
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where NconfiguredCC is the number of configured CCs.
Pros: 

· The number of systematic and parity bits after rate matching is the same as the number of soft bits that the UE can store for each HARQ process, which is the same principle as that for Rel. 8 FDD.

Cons: 

· This method could lead to the discarding of an excessive number of parity bits. As shown in Fig. 1, when the size of the transport block is increased, the code block length after discarding the parity bits may become shorter than the target code block length after rate matching (=E), and consequently there is an impact on the performance of the initial transmission due to the discarding of the bits. Furthermore, in the case of a very limited soft buffer, systematic bits would be discarded, which would incur significant performance degradation.
In addition, the rate matching procedure would change with the number of CCs. This causes a period of ambiguity when the number of CCs is reconfigured.
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Figure 1: Rate matching example of Alt. 1 (2 CCs)
Alternative 2 [5]: 
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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: 

· This method provides better utilization of the soft buffer than Alt. 1 when the bandwidths and the maximum number of layers are not equal among the CCs.
Cons: 

· The same problem occurs as in Alt. 1.

· More test cases are required than that for Alt. 1.

Alternative 3 [6]: 
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where  (nc) is the higher layer configured weighting factor.  
Pros: 

· This method provides more flexibility than Alt. 2.

Cons: 

· The same problem occurs as in Alt. 1.

· More test cases are required than that for Alt. 2.

Alternative 4 [7]: 
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Pros: 

· Rel. 8 rate matching is reused irrespective of the number of CCs.

· This method can avoid over-aggressive discarding of parity bits in the case of a very limited soft buffer, which prevents performance degradation due to a limited soft buffer.

Cons: 

· Since the total number of soft bits per UE is not increased, the UE must receive more code bits than the UE can store in the soft buffer. Thu, additional measures to deal with the soft buffer must be introduced at the UE.

Note that interlace partitioning [8] also enables Alt-4 rate matching by adjusting the parameters.
3.3  Receiver approaches for Alt. 4 rate matching
During the online / offline discussion during the RAN1#63bis meeting, two kinds of receiver approaches were identified. Although the receiver algorithm is an implementation issue, it would be desirable to have some guideline or possible specification (as a UE behevior), to facilitate the RAN4 performance specification. 

Receiver approach 1: Partial soft bit discarding (R1-110240)
A typical example of this approach is given below.

· At the receiver, the physical soft buffer is divided by the total number of HARQ processes, which is 8 x 2 = 16 for 2 CCs as shown in Fig. 2 (Soft buffer for each HARQ process is further divided by the number of code words). 

· Figure 3 shows the rate matching operation for a code block of a particular code word in the HARQ process. The eNB performs the rate matching operation based on the size of the soft buffer for a single component carrier (Eq. (6)) irrespective of the number of actual configured CCs.

· 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 to all HARQ process.
· When the decoded code block is erroneous, the UE discards some of the soft values that exceed the size of the soft buffer for the corresponding CC.

Pros: 
· All HARQ processes are assigned soft buffers. When the transport block size (TBS) is small, each HARQ process has sufficient capacity in the soft buffer and consequently no discarding operation is required.

Cons: 
· UE must perform discarding operations of soft bits that exceed the size of the soft buffer at each CC.
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Figure 2: Soft buffer partitioning of UE receiver approach 1 (discarding)
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Figure 3: Example of Alt. 4 rate matching with UE receiver approach 1 (discarding) (2 CCs)
Receiver approach 2: Overbooking 
A typical example of this approach is shown below.

· The size of the soft buffer per HARQ process is the same as that for a single CC case.

· The soft buffer for the maximum of 8 HARQ process is shared among 2 CCs as shown in Fig. 4, where CC 1 uses the soft buffer for 5 HARQ processes and CC 2 uses the soft buffer for 3 HARQ processes.

· The UE stores soft bits for the HARQ process only when the decoding results in a NACK. If the BLER of the initial transmission is kept low at around 10% to 20%, this operation could support the maximum of 8 HARQ process per CC without encountering a shortage in the soft buffer capacity for most cases. However, in the case of a busty error with a very high BLER, the UE cannot store any soft bits for some HARQ processes, which may impact the retransmission performance.

· Partitioning between two CCs depends on the traffic situation in each CC. When CC 2 is deactivated, the entire soft buffer should be available for CC 1 to cope with the design principle agreed at the RAN1#63bis meeting, i.e., single CC performance shall not be degraded compared to Rel. 8.

Pros: 

· Impact on UE implementation is smaller than that for partial discarding operation.

Cons: 
· UE needs to perform overbooking operation even when the TBS is small.
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Figure 4: Soft buffer partitioning of UE receiver approach 2 (Overbooking)
3.4 Performance
Tables I and II give examples of the TBSs for each MCS level when 50 RBs (10 MHz) and 75 RBs (15 MHz) are allocated, respectively. It is assumed that the size of the soft buffer at the UE is half that for Cat. 3. In the case of a 50 RBs allocation, if rate matching is performed based on the size of the soft buffer for each CC (Alt. 1), the code block length after discarding for higher MCS levels becomes shorter than that after rate matching (gray parts), which would impact the performance of the initial transmission. In the case of 75 RBs, if Alt. 1 is applied for rate matching, the systematic bits for higher MCS levels will be discarded (dark gray parts), which would impact the performance of the initial transmission significantly. On the other hand, if Alt. 4 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 5(a) and 5(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 AIII in the Appendix. UE Cat. 3 is assumed. For Alt. 4 rate matching, partial discarding of the soft bits is performed at the UE receiver. It is shown that in the case of 50 RBs, Alt. 1 rate matching incurs a performance degradation in the higher MCS region. This can be explained as follows. In the case of a 50 RB allocation, the maximum rate per transport block (TB) is 36696 bits (MCS26 with 50 RBs). After code block (CB) segmentation, systematic bits per CB are 6148 bits, and the size of the soft buffer per CC (divided equally between 2 CCs) is 6444. This is still larger than that for the systematic bits (6148); however, this is smaller than the rate matched code block length, E, as shown in Table I.  Thus, most of the parity bits are lost, 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, Alt. 1 rate matching with equal soft buffer partitioning incurs significant performance degradation in higher MCS regions due to discarding of the systematic bits. Alt. 2 rate matching could mitigate the performance degradation; however, Alt. 2 rate matching requires more test cases. Both figures show that Alt. 4 rate matching achieves almost identical performance compared to the full soft buffer case.
Figure 6 shows the throughput performance when the transmitted bandwidth is 50 RBs with the UE speed of 120 km/h. The results show that the performance of Alt. 4 rate matching is still better than that for Alt. 1. This is because the out-loop MCS correction works to avoid an increase in the number of retransmissions and the coding gain in Alt. 4 is greater than that for Alt. 1.
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Figure 5: Throughput performance of various rate matching schemes (3km/h, receiver approach 1 is assumed)
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Figure 6: Throughput performance of various rate matching schemes (120 km/h, receiver approach 1 is assumed)
4. Summary and Proposed WF

Based on the analysis above, our views on soft buffer allocation for CA are summarized as follows. 

Proposal for basic design principle:
· 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.
When a sufficient soft buffer capacity is available, Alt. 1 rate matching (
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) should be supported to prevent unnecessary performance degradation by introducing carrier aggregation. Thus, we support the WF in R1-110588 in principle, and our proposal for the rate matching parameter is summarized in the table below with some notes.

· For Rel. 8 compatible UE Cats. 1-5, Rel. 8 rate matching operation is reused irrespective of the number of component carriers.For two CCs, joint soft buffer management should be performed by the UE, which could be either the UE discarding operation or the overbooking approach. Expected UE behavior should be clarified, and could be specified.
· Support of CA for Cats. 1 and 2 is not required in practice, and support for more than 2 CCs for Cats. 3-5 might not be feasible due to the very limited soft buffer per CC.

· In new Rel. 10 UE Cats. 6-8, we could follow the principle of Alt.1 rate matching.

· Introducing additional adjustment of the rate matching parameters for TDD is FFS.

Table 3: Proposed rate matching parameters (N_soft_RM)
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Table AI: Rel.-10 UE categories
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per TB

per TTI 

Max. num. of 

UL-SCH TB 

bits per TTI

Max. num. 

of spatial 

layers

Total num. of 

soft channel 

bits

Max. num. of 

DL-SCH 

bits 

per TB

per TTI

Max. num.of

DL-SCH TB 

bits

per TTI

UL DL

Max. Data rate

(DL / UL)

(Mbps)

UE category

No 51024 51024

2 or 4

3667200

149776 

(4 layers)

75376 

(2 layers)

301504

DL 300 Mbps / 

UL 50 Mbps

Category 6

No 51024  102048 

2 or 4

3667200

149776 

(4 layers)

75376 

(2 layers)

301504

DL 300 Mbps /  

UL 100 Mbps

Category 7

Yes 149776 1497760

8

35982720

299856

(8 layers)

2998560

DL 3000 Mbps / 

UL 1500 Mbps

Category 8

Yes 75376 75376 4 3667200 149776 299552

300 Mbps / 

75 Mbps

Category 5

No 51024 51024 2 1827072 75376 150752

150 Mbps / 

50 Mbps

Category 4

No 51024 51024 2 1237248 75376 102048

100 Mbps / 

50 Mbps

Category 3

No 25456 25456 2 1237248 51024 51024

50 Mbps / 

25 Mbps

Category 2

No 5160 5160 1 250368 10296 10296

10 Mbps /

5 Mbps

Category 1

Support 

for 

64QAM 

Max. num. of 

UL-SCH bits

per TB

per TTI 

Max. num. of 

UL-SCH TB 

bits per TTI

Max. num. 

of spatial 

layers

Total num. of 

soft channel 

bits

Max. num. of 

DL-SCH 

bits 

per TB

per TTI

Max. num.of

DL-SCH TB 

bits

per TTI

UL DL

Max. Data rate

(DL / UL)

(Mbps)

UE category


Table AII: Simulation parameters
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