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1. Introduction

For the support of interband TDD CA with different UL-DL configurations on different bands, significant progresses were made in RAN1 #70 [1]. Consensus regarding HARQ-ACK timing configuration and feedback mechanism had largely been reached. One remaining important issue for the support is the handling of HARQ soft buffer and rate matching operations on the UE and the eNB sides. Initial analysis on this topics was provided in [2] and [3]. 
In this contribution, we address the eNB rate matching operations and UE soft buffer handling issues for the Rel-11 interband TDD CA cases. We provided analysis on the relative strengths and weaknesses of the three proposals discussed in [2] and [3]. We further propose two alternatives for consideration with the aims of lower complexity, enhanced operation robustness and improved performance.

The issue of maximum number of PDSCH HARQ processes to be operated in the Rel-11 interband TDD CA with different UL-DL configurations on different bands is a separate topic and is addressed in [8].
2. Background of Rel-8/9/10 TDD PDSCH HARQ operations

We observe the following principles in the design of Rel-8/9/10 soft buffer operations for TDD systems.

According to TS 36.212, the rate matching parameter NIR on the eNB side is calculated by

(1)
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The maximum number of PDSCH HARQ processes of a cell MDL_HARQ depends on its SIB UL-DL configuration and, as shown in Table 1, can be greater than Mlimit=8 for most UL-DL configurations. When this is the case, the UE operates the MDL_HARQ HARQ processes on 8 shared buffers on a statistical basis [4]

 REF _Ref336511934 \r \h 
[5].

· Process overbooking is an integral part of TDD operations to achieve high performance while controlling UE implementation costs.
Table 1 Process overbooking in Rel-8/9/10.

	PCell/SCell 
UL-DL configuration
	0
	1
	2
	3
	4
	5
	6

	MDL_HARQ
	4
	7
	10
	9
	12
	15
	6

	Number of buffers
	4
	7
	8
	8
	8
	8
	6


Note that, in carrier aggregation cases, KC is dependent of the UE category/capability and does not vary with the number of configured serving cells. One reason of this design [6] is to 

· Avoid rate matching operation ambiguity during reconfiguration of number of serving cells. 

As a result, one can further observe that

· Different MDL_HARQ values often lead to the same number of buffers (shown, e.g., in Table 1) and hence the same NIR value. 
· That is, beyond Mlimit, the exact MDL_HARQ value (e.g., 9 vs 10) is irrelevant to the correct operations of rate matching.
According to TS 36.213, if the UE is configured with more than one serving cell, then, upon decoding failure of a code block of a transport block for a serving cell, the UE shall store at least nSB received soft channel bits for the code block, where
(2)
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The minimum buffer size parameter nSB is determined by the number of buffers min(MDL_HARQ, Mlimit). Therefore, 

· Different MDL_HARQ values often lead to the same number of buffers (shown, e.g., in Table 1) and hence the same nSB value. 
· That is, beyond Mlimit, the exact MDL_HARQ value (e.g., 9 vs 10) is irrelevant to the correct operations of the soft buffer memory partitioning.

Since KC in EQ(1) is smaller than 
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 in EQ(2) for most UE categories, not all received soft values for a HARQ process can fit within the allotted HARQ process buffer memory on these UEs. Partial soft value discarding after decoding [6] was studied during the Rel-10 standardization process and was found to be a reasonable trade-off between performance and cost of carrier aggregation implementation. 

· For UEs of Cat 1—5 or UEs of Cat 6/7 and capable of supporting maximum two spatial layers, the ratio of NIR to C·nSB is roughly 
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This ratio is a key parameter for the Rel-10 eNB retransmission solutions handling this partial soft value discarding.
Equal partitioning of UE soft buffer memory

In Rel-10 TDD carrier aggregation, the UL-DL configurations for the configured serving cells shall be identical. As a consequence, for both FDD and TDD, the minimum soft buffer memory allotted to a HARQ process in the UE is identical across all serving cell in Rel-10. This is similar to Rel-8 operations and obviously simplifies Rel-10 CA UE implementation substantially.

For TDD carrier aggregation, a simple UE implementation can perform soft buffer overbooking if needed for each serving cell separately. However, the equal partitioning property allows a UE vendor to implement soft buffer overbooking more effectively. Namely, since process buffer sizes for different serving cells are identical, it becomes possible to pool the buffers to achieve more effective overbooking. When a serving is configured with DL MIMO, the two TBs share the soft buffer of a HARQ process equally. For instance, consider the Rel-10 carrier aggregation of two configuration #5 cells. 

- In a simple implementation A, each cell operates 15 HARQ processes on 8 buffers independently. For a given average block error rate, there are events where more than 8 HARQ processes require storage and a process is blocked from accessing the buffer. For the individual cell, this buffer blocking probability is denoted by P(15,8). Consider the two serving cells together, the overall buffer blocking probability becomes approximately 2·P(15,8).

- In an improved implementation B, the UE operates 30 HARQ processes on 16 buffers jointly. The overall buffer blocking probability is given by P(30,16). Using the methodology of previous studies [4], one can observe in Figure 1 that P(30,16) is one order of magnitude lower than P(15,8) and 2·P(15,8). Therefore, 

· Allowing soft buffer pooling between the serving cells can reduce buffer blocking probabilities substantially, which enhances the effectiveness of HARQ operations.
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Figure 1 Blocking probability analysis for Rel-10 carrier aggregation of two configuration #5 cells. Soft buffer pooling between the serving cells reduces the blocking probability by one order of magnitude. The average probability of a process requiring storage is 30% [4].
3. Maximum numbers of PDSCH HARQ processes in Rel-11 interband TDD carrier aggregation
The support of interband TDD CA with different UL-DL configurations on different bands was introduced in Rel-11 based on the observed benefits of legacy system co-existence, heterogeneous network support, aggregation of traffic dependent carriers, flexible UL/DL configuration and higher peak rates [7]. For several of these application scenarios, there are increased chances of SCell UL-DL configuration changes.

The analysis in [2] and [3] as well as the reflector discussion [70-06] identified the following issues to be addressed for a working soft buffer handling procedure for Rel-11 interband TDD carrier aggregation:

· MDL_HARQ for the PCell is unchanged by the interband carrier aggregation configuration and is dependent of the PCell SIB configuration only.

· MDL_HARQ for an SCell is affected by the interband carrier aggregation configuration and is dependent of the following factors:

· The PCell SIB configuration

· The SCell SIB configuration

· The configuration of self-scheduling or cross-carrier scheduling

· UE capability regarding simultaneous transmission and reception

For the case of self-scheduling and UE capable of simultaneous transmission and reception, the actual maximum numbers of PDSCH HARQ processes are given in [3] and reproduced in Table 2. For a UE configured with two serving cells, the actual maximum numbers of PDSCH HARQ processes on all cells are given in Table 3. 

For the case of cross-carrier scheduling or UE not capable of simultaneous transmission and reception, the actual maximum numbers of PDSCH HARQ processes may be different than those provided in Table 2 and Table 3.

Several companies provided the view that the benefits of optimizing for every case should be carefully traded off with the increase complexity of specifications and implementations on both the eNB and UE sides.

Table 2 Actual maximum number of PDSCH HARQ processes for SCell with self-scheduling [3].

	SCell SIB1 UL-DL configuration
	PCell SIB1 UL-DL configuration

	
	0
	1
	2
	3
	4
	5
	6

	0
	4
	5
	6
	6
	7
	7
	5

	1
	7
	7
	8
	9
	10
	11
	7

	2
	10
	10
	8
	14
	14
	14
	10

	3
	9
	10
	10
	8
	10
	11
	9

	4
	12
	12
	12
	12
	8
	13
	12

	5
	15
	15
	15
	15
	15
	8
	15

	6
	6
	6
	6
	7
	8
	9
	6


Table 3 Actual maximum number of PDSCH HARQ processes on two configured serving cells with self-scheduling.

	SCell SIB1 UL-DL configuration
	PCell SIB1 UL-DL configuration

	
	0
	1
	2
	3
	4
	5
	6

	0
	8
	12
	16
	15
	19
	22
	11

	1
	11
	14
	18
	18
	22
	26
	13

	2
	14
	17
	20
	23
	26
	29
	16

	3
	13
	17
	20
	18
	22
	26
	15

	4
	16
	19
	22
	21
	24
	28
	18

	5
	19
	22
	25
	24
	27
	30
	21

	6
	10
	13
	16
	16
	20
	24
	12


4. Soft buffer handling parameter nSB determination on the UE side

Since the maximum number of HARQ processes MDL_HARQ for the PCell is unchanged by the interband carrier aggregation configuration, it is clear that

· For the PCell, soft buffer handling parameter nSB is calculated using MDL_HARQ determined by the PCell SIB configuration.

For the SCell, three alternatives were discussed in [2] and [3]:

Alt-U1
For an SCell, soft buffer handling parameter nSB is calculated using MDL_HARQ determined by the SCell SIB configuration

Alt-U2
For an SCell, soft buffer handling parameter nSB is calculated using MDL_HARQ determined by the actual maximum number of HARQ processes.

Alt-U3
For an SCell, soft buffer handling parameter nSB is are calculated using MDL_HARQ determined by the PDSCH HARQ-ACK timing reference configuration for the SCell.

For the case of cross-carrier scheduling or UE not capable of simultaneous transmission and reception, the numbers of HARQ process buffers on PCell and SCell according Alt-U2 are provided in Table 4. Similar results can be found for Alt-U3. The numbers of HARQ process buffers on PCell and SCell according Alt-U1 are provided in Table 5.

Table 4 Number of HARQ process buffers on PCell and SCell with PDSCH self-scheduling according to Alt-U2.

	SCell SIB1 UL-DL configuration
	PCell SIB1 UL-DL configuration

	
	0
	1
	2
	3
	4
	5
	6

	0
	4+4
	7+5
	8+6
	8+6
	8+7
	8+7
	6+5

	1
	4+7
	7+7
	8+8
	8+8
	8+8
	8+8
	6+7

	2
	4+8
	7+8
	8+8
	8+8
	8+8
	8+8
	6+8

	3
	4+8
	7+8
	8+8
	8+8
	8+8
	8+8
	6+8

	4
	4+8
	7+8
	8+8
	8+8
	8+8
	8+8
	6+8

	5
	4+8
	7+8
	8+8
	8+8
	8+8
	8+8
	6+8

	6
	4+6
	7+6
	8+6
	8+7
	8+8
	8+8
	6+6


Table 5 Number of HARQ process buffers on PCell and SCell according to Alt-U1.

	SCell SIB1 UL-DL configuration
	PCell SIB1 UL-DL configuration

	
	0
	1
	2
	3
	4
	5
	6

	0
	4+4
	7+4
	8+4
	8+4
	8+4
	8+4
	6+4

	1
	4+7
	7+7
	8+7
	8+7
	8+7
	8+7
	6+7

	2
	4+8
	7+8
	8+8
	8+8
	8+8
	8+8
	6+8

	3
	4+8
	7+8
	8+8
	8+8
	8+8
	8+8
	6+8

	4
	4+8
	7+8
	8+8
	8+8
	8+8
	8+8
	6+8

	5
	4+8
	7+8
	8+8
	8+8
	8+8
	8+8
	6+8

	6
	4+6
	7+6
	8+6
	8+6
	8+6
	8+6
	6+6


We make the following observations for Alt-U1, Alt-U2 and Alt-U3:

· There are 15 different types of UE soft buffer partitioning schemes while there are only 4 different types of partitioning in Rel-10. This significantly increases Rel-11 implementation and IOT difficulties.

· For cases where the numbers of HARQ process buffers are different on the PCell and SCell, the soft buffers cannot be readily shared between the cells since the sizes are different.

· Alt-U1 has an advantage over Alt-U2/3 that the soft buffer handling is invariant to the configuration of self/cross scheduling. 

· Alt-U1 has one significant disadvantage relative to Alt-U2/3 in that, for a quarter of the aggregation combinations, SCell suffers from heightened soft buffer blocking probabilities (shaded in colors). The performance is particularly inferior when a #0 SCell is aggregated with a PCell with UL-DL configuration 2—5. As shown in Figure 2, the blocking probability is tripled to P(15,8)+P(7,4) based on Alt-U1 from P(15,8) based on Alt-U2.
· The UE soft buffer memory needs to be reorganized when the SCell configuration changes.

Based on the above discussion, we propose the following two approaches for consideration with the aims to simplify complexity, enhance operation robustness and, in most cases, bring additional benefits of performance improvements.

Alt-U4
For an SCell, soft buffer handling parameter nSB is calculated using MDL_HARQ given by 

- MDL_HARQ determined by SCell SIB configuration if the SCell SIB UL-DL configuration is identical to that of the PCell;

- Mlimit if the SCell SIB UL-DL configuration is different than that of the PCell.
The numbers of HARQ process buffers on PCell and SCell according Alt-U4 are provided in Table 6. 

· The number of different UE soft buffer partitioning schemes is reduced from 15 with Alt-U2 to 7 with Alt-U4.

· If the PCell configuration is 2—5, the UE soft buffer partitioning is identical to that in Rel-10. 

· There are more cases (shaded in green) where the numbers of HARQ process buffers for the PCell and SCell are identical. The soft buffers can be readily shared between the cells for these cases to reduce buffer blocking probabilities.

Consider the carrier aggregation of configuration #5 PCell and #0 Scell. Using Alt-U2, there are 15 HARQ processes sharing 8 buffers on the PCell and no process overbooking on the SCell. The buffer blocking probability is given by P(15,8). Using Alt-U4 or Alt-U5, one can pool 16 buffers to be shared by 22 HARQ processes, resulting in a buffer blocking probability of P(22,16). The analysis in Figure 2 shows that Alt-U4 and Alt-U5 enable soft buffer pooling between the serving cells to reduce the blocking probability by more than three orders of magnitude.
· No UE soft buffer memory reorganization is needed when the SCell UL-DL configuration changes.

· There are a few cases (shaded in gray) around the corners of Table 6 where the numbers of buffers for the SCell are slightly higher than needed.
Table 6 Number of HARQ process buffers on PCell and SCell according to Alt-U4.

	SCell SIB1 UL-DL configuration
	PCell SIB1 UL-DL configuration

	
	0
	1
	2
	3
	4
	5
	6

	0
	4+4
	7+8
	8+8
	8+8
	8+8
	8+8
	6+8

	1
	4+8
	7+7
	8+8
	8+8
	8+8
	8+8
	6+8

	2
	4+8
	7+8
	8+8
	8+8
	8+8
	8+8
	6+8

	3
	4+8
	7+8
	8+8
	8+8
	8+8
	8+8
	6+8

	4
	4+8
	7+8
	8+8
	8+8
	8+8
	8+8
	6+8

	5
	4+8
	7+8
	8+8
	8+8
	8+8
	8+8
	6+8

	6
	4+8
	7+8
	8+8
	8+8
	8+8
	8+8
	6+6
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Figure 2 Blocking probability analysis for Rel-11 carrier aggregation of configuration #5 PCell and #0 Scell. Alt-U4 and Alt-U5 enables soft buffer pooling between the serving cells to reduce the blocking probability by more than three orders of magnitude when compared to Alt-U2. The average probability of a process requiring storage is 30% [4].

Alt-U5
For an SCell, soft buffer handling parameter nSB is calculated using MDL_HARQ given by

- Mlimit if this SCell is of UL-DL configuration 1—6 and is aggregated with a PCell of UL-DL configuration 0; and
- MDL_HARQ of the PCell for all other cases.
The numbers of HARQ process buffers on PCell and SCell according Alt-U5 are provided in Table 7.

· The number of different UE soft buffer partitioning schemes is reduced down to just 5 with Alt-U5.

· If the PCell configuration is 1—6, the UE soft buffer partitioning is identical to that in Rel-10. 

· There are more cases (shaded in green) where the numbers of HARQ process buffers for the PCell and SCell are identical. The soft buffers can be readily shared between the cells for these cases to reduce buffer blocking probabilities.

Consider the carrier aggregation of configuration #1 PCell and #5 Scell. Using Alt-U2, there is no overbooking on the PCell and there are 15 HARQ processes sharing 8 buffers on the SCell. The buffer blocking probability is given by P(15,8). Using Alt-U5, one can pool 14 buffers to be shared by 22 HARQ processes, resulting in a buffer blocking probability of P(22,14). The analysis in Figure 3 shows that Alt-U5 enables soft buffer pooling between the serving cells to reduce the blocking probability by two orders of magnitude.

Similarly for the carrier aggregation of configuration #6 PCell and #5 Scell, Alt-U5 enables soft buffer pooling between the serving cells to reduce the blocking probability by one order of magnitude as shown in Figure 4.
· No UE soft buffer memory reorganization is needed when the SCell UL-DL configuration changes.

· There are a few cases (shaded in gray) around the corners of Table 7 where the numbers of buffers for the SCell are slightly higher than needed.
Table 7 Number of HARQ process buffers on PCell and SCell according to Alt-U5.

	SCell SIB1 UL-DL configuration
	PCell SIB1 UL-DL configuration

	
	0
	1
	2
	3
	4
	5
	6

	0
	4+4
	7+7
	8+8
	8+8
	8+8
	8+8
	6+6

	1
	4+8
	7+7
	8+8
	8+8
	8+8
	8+8
	6+6

	2
	4+8
	7+7
	8+8
	8+8
	8+8
	8+8
	6+6

	3
	4+8
	7+7
	8+8
	8+8
	8+8
	8+8
	6+6

	4
	4+8
	7+7
	8+8
	8+8
	8+8
	8+8
	6+6

	5
	4+8
	7+7
	8+8
	8+8
	8+8
	8+8
	6+6

	6
	4+8
	7+7
	8+8
	8+8
	8+8
	8+8
	6+6
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Figure 3 Blocking probability analysis for Rel-11 carrier aggregation of configuration #1 PCell and #5 Scell. Alt-U5 enables soft buffer pooling between the serving cells to reduce the blocking probability by two orders of magnitude when compared to Alt-U2. The average probability of a process requiring storage is 30% [4].
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Figure 4 Blocking probability analysis for Rel-11 carrier aggregation of configuration #6 PCell and #5 Scell. Alt-U5 enables soft buffer pooling between the serving cells to reduce the blocking probability by one order of magnitude when compared to Alt-U2. The average probability of a process requiring storage is 30% [4].
5. Rate matching parameter determination on the eNB side

Since the maximum number of HARQ processes MDL_HARQ for the PCell is unchanged by the interband carrier aggregation configuration, it is clear that

· For the PCell, rate matching parameter NIR is calculated using MDL_HARQ determined by the PCell SIB configuration.

For the SCell, three alternatives were discussed in [2] and [3]:

Alt-E1
For an SCell, rate matching parameter NIR is calculated using MDL_HARQ determined by the SCell SIB configuration.
Alt-E2
For an SCell, rate matching parameter NIR is calculated using MDL_HARQ determined by the actual maximum number of HARQ processes.

Alt-E3
For an SCell, rate matching parameter NIR is are calculated using MDL_HARQ determined by the PDSCH HARQ-ACK timing reference configuration for the SCell.

Alt-E2 and Alt-E3 are not recommendable because rate matching operations become ambiguous during SCell UL-DL configuration changes.

Since Alt-U1 is not recommendable, we investigated using Alt-E1 together with Alt-U2—5 and found it to be problematic. More specifically, when Alt-E1 is used with Alt-U2, the ratio of NIR to C·nSB often deviates from the Rel-10 value of 
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 and can become as high as 1.75
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 for some of the carrier aggregation combinations. Similarly, when Alt-E1 is used with Alt-U5, the ratio of NIR to C·nSB can deviate from the Rel-10 value of 
[image: image11.wmf]DL

cells

N

 and can become as high as 2
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 for some of the carrier aggregation combinations. With this much deviation from the operations in Rel-10, the Rel-10 retransmission solutions for handling partial soft value discarding may not be reusable. There is a need to investigate/develop new retransmission handling solutions on the eNB side. This increases Rel-11 implementation complexity and may present more difficulties in IOT.

Based on the above discussion, we propose the following approach for consideration to simplify complexity and enhance operation robustness. 

Alt-E5
For an SCell, rate matching parameter NIR is are calculated using MDL_HARQ given by
- Mlimit if this SCell is of UL-DL configuration 1—6 and is aggregated with a PCell of UL-DL configuration 0; and
- MDL_HARQ of the PCell for all other cases.
When this Alt-E5 is used with Alt-U5, the ratio of NIR to C·nSB stays at the same Rel-10 value of 
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. The Rel-10 retransmission solutions for handling partial soft value discarding on the eNB side can be reused. If the PCell configuration is 1—6, the eNB rate matching operations are identical to those performed in Rel-10.
6. Conclusion

Based on extensive analysis provided in this contribution, we propose to adopt the following approach for determining the rate matching and soft buffer handling parameters (NIR and nSB). The proposed approach has lower complexity, enhanced operation robustness and superior performance than other alternatives.
For a TDD serving cell, the rate matching parameter NIR and the minimum required soft buffer storage parameter nSB are calculated using MDL_HARQ given by

- Mlimit if this serving cell is an SCell of UL-DL configuration 1—6 aggregating with a PCell of UL-DL configuration 0; and
- MDL_HARQ of the PCell for all other cases.
The issue of maximum number of PDSCH HARQ processes to be operated in the Rel-11 interband TDD CA with different UL-DL configurations on different bands is a separate topic and is addressed in [8]. The above rate matching and soft buffer handling parameter determining proposal is robust to the exact maximum number of PDSCH HARQ processes to be operated in the Rel-11 interband TDD CA cases.
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