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1 Introduction
The inter-band carrier aggregation of TDD component carriers (CCs) with different configurations will be supported in Rel-11 and some agreements related to DL HARQ timing have already been reached. How to determine the number of DL HARQ processes was presented in [1] - [2] in RAN1 #70 and on the email reflector after RAN1 #70 based on [3]. 
An outcome of the discussions was the following agreement: 

· A new standardized solution is needed to define M_{DL_HARQ} for TDD inter-band CA and the exact solution is FFS until RAN1 #70bis.
This document discusses the number of HARQ processes for the operation of DL to address the above FFS aspect. 
2  Discussion 
2.1 Principles of rate matching and Soft Buffer Allocation operation 
In LTE system, Circular Buffer (CB) rate matching, performed per code block, and physical layer HARQ functionality is to extract the exact set of bits to be transmitted from the blocks of code bits within a given TTI. The rate matching operation is described in [4]. The size of the soft buffer used in rate matching for each code block is


[image: image1.wmf]÷

÷

ø

ö

ç

ç

è

æ

ú

û

ú

ê

ë

ê

=

w

IR

cb

K

C

N

N

,

min


               (1)

with


[image: image2.wmf](

)

ú

ú

û

ú

ê

ê

ë

ê

×

×

=

limit

DL_HARQ

MIMO

,

min

M

M

K

K

N

N

C

soft

IR



(2)
being the size of the soft buffer for the transport block, where

· Kw is the total number of code bits per code block,
· KC is parameter related to UE category
· 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 = 2 if the UE is configured to receive PDSCH transmissions based on transmission modes 3, 4, 8, and 9; otherwise 1, 

· Mlimit ​is a constant equal to 8, and
· MDL_HARQ ​is the maximum number of DL HARQ processes as specified in Table 1 for TDD system, which is essentially determined by the predefined HARQ timing for each TDD UL/DL configuration. Note that the parameter MDL_HARQ is used in both the rate-matching operation of eNB and soft channel bits storing operation of UE. 
As to the storing soft bits at UE side defined in Rel-10, if the UE is configured with more than one serving cell, for each serving cell, for at least 
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 transport blocks, upon decoding failure of a code block of a transport block, the UE shall store received soft channel bits corresponding to a range of at least 
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is the number of configured serving cells. In determining k, the UE should give priority to storing soft channel bits corresponding to lower values of k. 
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 shall correspond to a received soft channel bit. 
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 is the total number of soft channel bits according to the UE category indicated by ue-Category-v10xy or ue-Category. 
Table.1   Maximum number of DL HARQ processes for TDD

	TDD UL/DL configuration
	Maximum number of HARQ processes

	0
	4

	1
	7

	2
	10

	3
	9

	4
	12

	5
	15

	6
	6


2.2 Candidates for MDL_HARQ for inter-band CA

For TDD inter-band CA with different UL/DL configuration in Rel-11, it was agreed that PDSCH HARQ timing for Pcell follows PCell UL-DL configuration itself, which is the same as Rel-10. For SCell, various HARQ timings are specified corresponding to three different types of configurations combination from PCell and SCell(s). In case of self-scheduling, the PDSCH HARQ timing on SCell will follow:   
· Case A: the PCell SIB1 UL/DL configuration if the set of DL subframes indicated by the SCell SIB1 configuration is a subset of the DL subframes indicated by the PCell SIB1 configuration. 
· Case B: the SCell SIB1 UL/DL configuration if the set of DL subframes indicated by the SCell SIB1 configuration is a superset of the DL subframes indicated by the PCell SIB1 configuration.
· Case C: a reference UL/DL configuration predefined in Rel-8/9/10 if the set of DL subframes indicated by the SCell SIB1 configuration is neither a superset nor a subset of the DL subframes indicated by the PCell SIB1 configuration,
Furthermore, a working assumption was agreed for the cross-carrier scheduling case that PDSCH HARQ timing on SCell shall follow the PCell timing regardless of the number of aggregated CCs, which is quite different from that specified for self-scheduling case. 
According to the HARQ timing agreements aforementioned , it can clearly be seen that the number of DL HARQ processes in Table 1 could be straightforwardly reused for rate-matching and minimum IR buffer size calculation on PCell since PDSCH HARQ timing for Pcell is the identical with that defined in Rel-10. However, the PDSCH HARQ timing for SCell can be different from the SCell UL/DL configuration, for instance, in Case A and Case C. Consequently, the actual value of MDL_HARQ in CA operation for the SCell, determined by the Rel-11 PDSCH HARQ timing of SCell, can be different from value of MDL_HARQ determined using SCell SIB1 UL/DL configuration. One further question naturally to be asked about how to determine the number of DL processes for SCell. 
Three candidate solutions to derive the parameter MDL_HARQ for Scell are initially identified during RAN1 #70 meeting, considering the ever-present trade-off between achievable throughput performance and additional UE/eNB complexity. One candidate solution, using the MDL_HARQ value defined in Rel-8 for SCell SIB1 UL/DL configuration, is further excluded for the list of possible candidates in email discussion thread [70-06], because it could result in severe DL throughput performance degradation when error burst happens. In the following sections, we provide a detailed comparison of the two remaining solutions with respect to specification complexity and DL throughput performance for both self-scheduling and cross-carrier scheduling cases. 
Case 1: Self-scheduling case

Two alternatives are considered in determining the maximum number of DL HARQ processes MDL_HARQ for SCell for the self-scheduling case. 

· Alternative 1: MDL_HARQ is equal to the actual maximum number of DL HARQ processes which is exactly determined by the DL HARQ timing defined for inter-band CA, denoted here
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· Alternative 2: MDL_HARQ is equal to the maximum number of DL HARQ processes corresponding to the reference UL/DL configuration, denoted here 
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Figure 1 Illustration on the maximum number of DL HARQ processes M on SCell (Conf.1 + Conf.0)

Different values of the maximum number of DL HARQ processes MDL_HARQ maybe generated with two alternatives and consequently applied for rate-matching (e.g. using the formula (1)) and minimum IR buffer size calculation (e.g. using the formula (3)) operation at eNB and UE, as is evident from the example shown in Figure 1. A series of MDL_HARQ values for all of the possible combinations of UL/DL configuration in CA scenario are summarized in Figure 2. There are total 49 cases for the combination, and can be divided into three categories as shown in Figure 2 and summarized in Table 2. 
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Figure 2 three categories for TDD UL/DL configuration combination 
Table 2: Category property and relationship with configuration combination cases
	Category
	Property
	Configuration combinations
	Throughput performance

	1
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	Case B
	Same
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	Case C and partial of Case A, e.g. configuration 1 or 2 or 3 or 4 on SCell
	Same 

	3
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	9 configuration combinations belonging to Case A, either configuration 0 or 6 on SCell
	Difference


For the category 1 and 2 of Table 2, the DL throughput performances of two alternatives are expected to be identical because the number of both RM bits for transmission (Ncb) and soft channel bits stored upon decoding failure (Nsb) are exactly same according to the Equations (1)-(3) and the categories property. Regarding the category 3 of Table 2, Alternative 1 enables UE to fully exploit the available soft buffer size by transmitting (due to E < Ncb is always valid for Alternative 1) and storing as many soft bits as possible (e.g. discarding less of the soft information bits that exceed the size of the soft buffer for the corresponding CC) for each HARQ process when the decoding results in a NACK based on the exact knowledge of the actual maximum number of HARQ-ACK process number, and consequently maximize the Incremental Redundancy (IR) HARQ gains. For the latter alternative, two drawbacks in terms of RM and soft bits storing are identified when LBRM is applied. One of the major drawbacks is that the RM code block length after discarding < E, which leads to initial transmission to be impacted, for example MCS level 17~26 in Table 3. Moreover, larger number of soft information bits are also unnecessarily discarded at UE side when the decode code block is erroneous. Based on the analysis elaborated, it seems a higher per-user throughput maybe achievable by means of Alternative.1.The marginal additional complexity of Alternative 1 is therefore worthwhile. 
Numerical Examples

Table 3 gives an example of the RM bits generation and soft bits storing for each typical MCS level when 50 RBs (10MHz) are allocated per CC. It is assumed configuration 1 on PCell and configuration 6 on SCell (Category 3). As shown in Table 3, it is observed that the larger number of soft information bits per CB per HARQ process, particularly including systematic bits, are undesirably discarded upon failed decoding for higher MCS level, for example MCS level 20~26 for UE category 3 if Alternative 2 is applied.
Table 3: Rate-matching bits size (Ncb) and soft bits stored (nSB) with 10MHz bandwidth per CC
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Figure 3: Throughput performance of different DL HARQ process calculation method
Figure 3 show throughput performance corresponding to series of typical MCS levels when the transmission bandwidth per CC is 50 RBs (10MHz). Details of the simulation assumption and corresponding BLER performance are shown in Table I and Figure 4 in the Appendix. UE category 3 is assumed through the simulation sets. Partial discarding of the soft bits is performed for both of alternatives at the UE side following Rel-10 principle. It is shown that in the case of 50 RBs and two CCs configured, Alternative 2 incurs DL throughput performance degradation in the higher MCS region. This can be explained based on Table 3. In the case of a 50 RB allocation, the rate matching bits length per transport block (TB) is 39232 bits with the example of MCS 26 with 50 PRB under assumption that one transport block mapped to two-layer spatial multiplexing. After code block (CB) segmentation, systematic bits per CB are 5629 bits, and the size of the soft buffer per CC (divided equally between two CCs) is 7364 bits (Alternative 1) and 5523 bits (Alternative 2) respectively. We can see clearly that the number of soft bits (5523) is less than that for the systematic bits (5629) and hence performance loss would happen. Additionally, with the second alternative, the number of information bits after Bits collection operation (11046) is smaller than the rate matched code block length (13029), E, as shown in Table 3. 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. 
Case 2: Cross-carrier scheduling case
For cross-carrier scheduling case, the working assumption so far is that PDSCH HARQ timing on SCell shall follow the PCell timing regardless of the number of aggregated CCs as pre-mentioned. To avoid undesirable wastage of soft buffer resources and DL throughput performance loss correspondingly as discussed in self-scheduling case section, we prefer to use actual maximum number of DL HARQ processes for cross-carrier scheduling case as well. 
Based on the analysis on both self-scheduling case and cross-carrier scheduling case, we propose the following: 

Proposal: MDL_HARQ is equal to the actual maximum number of DL HARQ processes which is exactly determined by the DL HARQ timing defined for inter-band CA. 
3 Conclusions
This contribution discussed the determination of maximum number of DL HARQ processes. In particular, the following principle is proposed: 
Proposal: MDL_HARQ is equal to the actual maximum number of DL HARQ processes which is exactly determined by the DL HARQ timing defined for inter-band CA. 
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· Annex
Table I: Simulation parameters

	Parameters
	Values

	System Bandwidth 
	10MHz (50 RBs) per CC

	Number of component carrier (CC)
	2

	TDD configuration
	Configuration 2 on PCell and Configuration 6 on SCell

	Carrier Frequency
	2 GHz

	Cyclic Prefix
	Normal CP

	Number of sub-carriers
	600

	Number of OFDM symbols for PDCCH
	2 OFDM symbols

	Transmit/Receive antenna configuration
	2x2 (open-loop MIMO)

	Rank adaption
	OFF

	FFT timing detection
	Ideal

	Channel estimation
	Practical

	Maximum of HARQ retransmission 
	4

	Soft buffer implement
	Instantaneous soft buffer

	Path model
	EVA5 (3km/h)

	EVM error 
	6%
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Figure 4: BLER performance of different DL HARQ process calculation method
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