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1. Introduction

Discussion on soft buffer partitioning when more than two component carriers are configured is still ongoing after RAN1#64. Regarding how to define rate matching parameter at each component carrier, mainly two schemes are discussed:

· Equal splitting, where the rate matching parameter Nsoft is divided equally by the number of configured CC

· Full overbooking, where the rate matching parameter Nsoft is the same as a single CC case irrespective of the number of configured CCs
One of the discussion points on full overbooking-based rate matching is how to design receiver algorithms when the UE receives more code-bits than the UE can store in the soft buffer. At the moment, two receiver structures are discussed; one is the overbooking receiver and the other is the discarding receiver. In this contribution, we compare the performance of two receiver structures by considering link adaptation error due to feedback delay and bursty interference.
2. Soft Buffer Allocation and Rate Matching for CA
2.1 Basic principles

The rate matching operation for Rel. 8 is described in [1]. The size of the soft buffer used in rate matching for each code block is
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(2)
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. 
2.2 Definition 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. Alternatives for Nsoft_RM at the nc-th CC are shown below.

Equal splitting [2]: 
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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, leading to the scheduling restriction of higher transport block sizes (TBS). 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 equal splitting (2 CCs)
Full overbooking [3][4]: 
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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. Thus, additional measures to deal with the soft buffer must be introduced at the UE.
2.3 Receiver approaches for full overbooking-based rate matching
Two kinds of receiver approaches have been identified so far. Although the receiver algorithm is in general an implementation issue, it might be beneficial to specify some UE behavior to ease the network operation to handle soft buffer overflow.
Discarding receiver
A typical example of this approach is given below.

· At the receiver, the physical soft buffer is equally 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. (4)) 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, where 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. For eNB scheduler, it might be beneficial to know which part of soft bits is stored at the UE to adjust the redundancy version (RV).
· Alt-1:UE always stores the first Ncb/2 bit portion of the instantaneous buffer as illustrated in Figure 4 (a).

· Alt-2 UE always stores the latest Ncb/2 bit portion of the instantaneous buffer as illustrated in Figure 4 (b). 

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 needs to have instantaneous buffer.
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Figure 2: Soft buffer partitioning of the discarding receiver
[image: image9.emf]To target code rate 

Systematic bits

K

w

E

Discard

Adjustment for soft buffer size

) 0 (

0

v

) 0 (

1

v

) 0 (

2

v

Parity bits

) 0 (

0

v

) 0 (

1

v

) 0 (

2

v

eNB

Transmitted

Discarding operation is based 

on the soft buffer size of 

single CC irrespective of the 

number of configured CCs.

In this case, since the code 

block length after discarding 

is larger than E, performance 

of initial transmission is not 

degraded by discarding.

UE

N

cb

Soft buffer size per codeblock per CC

Soft buffer size per code block when the number of CC is one

Discard after decoding

UE uses instantaneous 

buffer to store soft bits before 

decoding, and discards the 

soft bits that exceed the soft 

buffer size after decoding 

) 1 (

0

v

) 2 (

0

v

) 1 (

1

v

) 2 (

1

v

) 1 (

0

v

) 2 (

0

v

) 1 (

1

v

) 2 (

1

v


Figure 3: Example of full overbooking-based rate matching with discarding receiver (2 CCs)
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Figure 4 (a): UE buffer management

(UE always store the first Ncb/2 bit portion of the instantaneous buffer)
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Figure 4 (b): UE buffer management

(UE always store the latest Ncb/2 bit portion of the instantaneous buffer).
Overbooking receiver
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. 5, where, for example, 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. Partitioning between two CCs depends on the traffic situation in each CC. In case of rank 1 transmission in maximum 2 code words (CW) transmission, the soft buffer for the second CW can be reused in the 1st CW in another CC. 

Pros: 

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

Cons: 
· UE needs to perform overbooking operation even when the TBS is small.

· 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 event that occur both CCs, the UE cannot store any soft bits for some HARQ processes, which may impact the retransmission performance.
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Figure 5: Soft buffer partitioning of the overbooking receiver.
3.3 Performance
Assumptions:

Table 1 shows the simulation parameters. Key parameters are highlighted as follows.

· CQI feedback cycle is 20 msec, and outer-loop control delay is 6msec. These feedback cycle and delay would capture link adaptation error.
· Transmission mode (TM3) with rank 2 is assumed. In rank 2, decoding failure of 2 CWs occurs simultaneously for most of the case due to CDD precoding.
· For the discarding receiver, equal splitting between CCs is assumed at the UE as described in Section 2.3. Alt-1 soft buffer management is assumed where UE always stores the first Ncb/2 bit portion of the instantaneous buffer as illustrated in Figure 4 (a). No adaptive RV control is assumed, i.e., eNB always transmit in the order of RV0, RV2, RV1 and RV3.
· In order to assess the performance of worst case scenarios of soft buffer congestion at the UE, it is assumed that the error events at 2 CCs are perfectly correlated, that is equivalent to fixed buffer partitioning between 2CCs, i.e, soft buffers are allocated for 4 HARQ process for each CC without dynamic buffer sharing. For the overbooking receiver, two cases are evaluated (1) eNB always transmits in the order of RV0, RV2, RV1 and RV3, and (2) eNB reset the redundancy version to be 0 only when the initial packet is not correctly decoded but cannot be stored in the soft buffer. Note that resetting RV would require eNB to monitor soft buffer usage of each CA-configured UE.
· Busty interference is taken into account in evaluating the performance of the two receivers. Interference which yields S/I = 10 dB is generated based on the 2-state Markov chains as shown in Figure 6, where interference is characterized by long-term average duty cycle of the interference signal: 0.1.

[image: image13.emf]w/o 

interference

0.5

0.0556

0.9444

0.5

w/

interference


Figure 6 Two state Bursty interference model. “w/ interference” state causes interference levels of S\I = 10 dB)
Results:
· Rank 2 case
As shown in the Figures 7-8, when the target BLER is 10%, the performance difference between them is not significant. When the target BLER is set to 30%, the performance of overbooking receiver is degraded due to higher BLER target and link adaptation error even if the RV is reset to 0 for the initial packet associated with NACK but not stored in the soft buffer. When a bursty interference is assumed, performance of discarding receiver is better than the overbooking receiver when the target BLER becomes higher. In addition, as shown in [3], the performance of discarding receiver is almost identical to that of UE receiver having unlimited soft buffer even in the unequal bandwidth between 2 CC case.
· Rank 1 case
Although the results are not shown, we expect that there would not be performance degradation of the overbooking receiver compared with discarding because soft buffers reserved for the 2nd CW of CC1 can be reused for the 1st CW of CC2.
The results show that in practice when the target BLER will be kept low, the performance difference between the two approaches would not be significant. On the other hand, if we consider heavy soft buffer congestion due to link adaptation errors, the discarding approach would have an advantage.
Table 1: Simulation parameters
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(a) Target BLER = 10%
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Figure 7 Performance comparisons between the discarding and overbooking receivers w/o bursty interference
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Figure 8 Performance comparisons between the discarding and overbooking receivers with bursty interference

3. Conclusion
In this contribution, we conducted further evaluations of soft buffer partitioning schemes in terms of rate matching at the transmitter, and soft buffer management at the receiver, which is summarized as follows.

· Full overbooking-based rate matching is preferable over equal splitting-based rate matching since the Rel-8 rate matching can be reused in all CA scenarios, and the additional performance benefit shown in [3]. RRC configuration of the two rate matching parameters should be avoided to reduce the number of options and to prevent future IoT problem.
· When applying full overbooking-based rate matching, the intended eNB behavior to handle soft buffer congestion at the UE would differ according to whether the UE performs “discarding” reception or “overbooking” reception. Thus, specifying UE behavior how to handle soft buffer congestion would ease the network operation. Pros and cons of each receiver is summarized in the following table.
	
	Discarding receiver
	Overbooking receiver

	Pros
	· More robust to the link adaptation error
· No discarding needed when small TBS is scheduled.


	· Smaller impact on UE receiver

· No overbooking needed when smaller number of HARQ processes are scheduled

	Cons
	· Instantaneous buffer is required


	· More sensitive to the link adaptation error

· Overbooking happens even in the low TBS is scheduled.


· Performances are evaluated in case of soft buffer congestion due to correlated error events between 2CCs, bursty interference, and link adaptation due to relatively long feedback delay and cycle. The results show that when the initial target BLER is sufficiently low, e.g., below 10%, the performance difference of the discarding and overbooking receivers is not significant. On the other hand, when the initial BLER target is higher, e.g. above 30%, the performance of the overbooking receiver is degraded compared with the discarding receiver. Thus, considering the scenarios of un-intended soft buffer congestion, discarding receiver would be more robust compared with the overbooking receiver.
· Thus, discarding receiver is our preferable option. Potential aspects for specification of UE behavior is described as follows.
· The physical soft buffer at the UE is equally divided by the maximum number of transport blocks. Specification would impose the minimum amount of soft buffer per transport block since it is up to implementation to have more soft buffers than specified in TS36.306.
· UE possesses an instantaneous buffer which is common for all HARQ process. In each transmission, UE first stores all the soft values of the transmitted code word and the soft values in the soft buffer to the instantaneous buffer before decoding.
· When the decoded code block is erroneous, the UE discards some of the soft values that exceed the size of the soft buffer. UE stores the first or latest Ncb/2 bit portion of the instantaneous buffer.
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Table AI: Rel.-10 UE categories
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