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1 Introduction

The new LTE Release 10 categories have recently been agreed in RAN4 [1] as well as new TB sizes in RAN1 [2]. The maximum size of a single downlink transport block is 299852 bits, that is, 37482 octets. Furthermore, the number of downlink transport blocks per subframe can be even 10, if the UE is scheduled for all five component carriers. Large TB sizes as well as many TBs per subframe are challenging for the Rel-8/9 U-plane protocols. It can be that high data rates provided by the physical layer for fulfilling the LTE advanced targets cannot be exceeded if L2 protocols are not updated accordingly.
2 Background analysis 

In this section we discuss limitations of LTE L2 protocols (MAC/RLC/PDCP) in Rel-8/9 and evaluate how the limitations would impact on obtaining the targeted high bit rates.
2.1 MAC limitations

In MAC specification, the size of the MAC SDU in bytes is indicated in the L field of the MAC subheader. Because the size of the L field is 15 bits, the maximum supported MAC SDU size is 32767 octets. Only for the last MAC SDU L field can be omitted. If the size of the transport block provided by the physical layer is more than 32767 octets, the MAC layer cannot fill the TB with a single MAC SDU for one logical channel. Having multiple MAC SDUs per MAC PDU would lead to multiple RLC PDUs as well. However, it is generally understood that the intention of the MAC/RLC protocols has been to have only one new RLC PDU per TB [3]. 
2.2 RLC limitations
In the case of the last RLC SDU of a RLC PDU, the current RLC protocol can handle the size up to the maximum RLC PDU size excluding headers. All other concatenated RLC SDUs in the RLC PDU are associated with an LI-field having length of 11 bits, thus limiting the rest of RLC SDUs to 2047 octets.  The RLC SO (Segmentation Offset), SOstart and SOend fields are limiting re-segmentation of large RLC PDUs. The current SO field is 15 bits mirroring the size of the MAC L field.

The RLC sequence number field is 10 bits and has thus 1024 values. This allows the RLC transmitter to generate and transmit up to 511 RLC PDUs before receiving the accumulative status message.  
2.2.1 RLC stalling example 

Let us assume that two new RLC PDUs per Component Carrier and per TB are generated, resulting thus 20 RLC PDUs per subframe. RLC sequence number space is occupied in 511 / 20 = 25 milliseconds, which means that we can keep on sending for 3 HARQ RTTs before we run out of RLC sequence numbers.

If there would not be any HARQ failures, i.e., all RLC PDUs are received, the RLC status report can be sent about once every 15 ms and RLC stalling is not experienced (assuming T-statusProhibit = 15 ms). However, if HARQ fails (e.g. due to a NACK->ACK error) the RLC receiver waits for t-Reordering to expire before reporting the missing PDU. T-Reordering will typically be set to ~40 ms (allowing for 5 HARQ retransmissions) before declaring an RLC PDU as lost. Upon expiry it takes another ~2 HARQ RTTs to generate and send the RLC status report and to obtain the RLC retransmission. Consequently, we could expect RLC stalling for something like 40ms. During that time we could have transmitted approximately 3 GBps * 0.04s = 15 MByte of data.
2.3 PDCP limitations

Current PDCP supports PDCP SDUs of size up to 8188, which for DRBs corresponds to a maximum PDCP Data PDU size of 8190 octets.  However, typically the packets provided by higher layers are smaller, e.g. 1500 bytes. 

The PDCP Sequence Number comprises 12 bits, meaning that 4096 / 2 = 2048 PDUs can be brought in flight. With an IP packet size of 1500 Byte this corresponds to ~3MByte. With an assumed PDCP RTT of 25 ms this limits the theoretical throughput to (3 MByte x 8 bit/byte / 0.025 s) = 980 MBit/s. In principle, the PDCP transmitter could bring more data in flight but this bears the risk of sequence number ambiguity. In normal operation this is not a problem as the RLC receiver ensures in-sequence delivery towards PDCP. However, during handovers the PDCP status report does not allow identifying a particular PDU unambiguously. This may cause loss of HFN synchronization and data loss resulting in poor performance. 

3 Discussion
3.1 Solutions to solve L2 limitations
Due to limitations of the L, SO, LI and SN fields in L2 (MAC, RLC and PDCP), the peak rates of Category 8 UEs may not be maintained on a single DRB. However, distributing traffic of one application over multiple DRBs is not straightforward or even desirable. E.g. in-sequence delivery of PDCP is provided per PDCP entity and DRB.
To allow operation at peak rate for extended durations, two alternative approaches are foreseen:

1. Allow inclusion of up to two new RLC PDUs per LCH and TB. This increases the rate of RLC PDUs and, hence, also RLC SNs. Thus, although extension of L and SO fields can be avoided, the RLC SN space would need to be extended.

2. Extend MAC L, RLC SO, RLC SOstart and RLC SOend fields to allow RLC to build larger RLC PDUs. This approach limits the RLC PDU rate and, hence, RLC SN need not be extended.

Since for both approaches, the number of PDCP PDUs which can be accommodated in one TB increases, extension of the PDCP SN is recommended for both approaches. Furthermore, since both approaches imply extension of RLC headers with one more octet where some bits remain unused, it would appear useful to also extend the RLC LI field to enable support for PDCP PDUs larger than 2 kB.

Pros and cons of Alternative 1 are following:
+ MAC header does not need to be modified; 
- increased MAC processing and overall overhead since MAC SDU rate increases; 
- RLC Sequence number range needs to be extended;
- RLC CPDUs need to be modified due to RLC SN being extended;
Pros and cons of Alternative 2 are following: 

+ lower MAC processing load and lower overall overhead thanks to lower MAC SDU rate; 

+ no need to extend RLC SN space;
- RLC CPDUs need to be modified due to RLC SO being extended;
- MAC subheaders are modified;

Overall, approach 2 seems preferable.

Proposal 1 Extension of MAC L-field shall be supported.

Proposal 2 Extension of RLC SO-, SOstart- and SOend-field shall be supported.

Proposal 3 Extension of the PDCP SN-field shall be supported.
3.2 Dimensioning

The maximum TB size in Rel-10 is 37482 octets [1]. Current maximum MAC SDU size is 32767 octets (2^15-1 octets). Hence, the L-field needs to be extended with one bit to signal the length of a MAC SDU filling the largest Rel-10 TB size. The size of the RLC SO-field mirrors the size of the MAC L-field.
Proposal 4 MAC L-, RLC SO-, RLC SOstart- and RLC SOend-fields can be extended by one bit each.
In MAC subheader there are two reserved bits and one of them can be used for L extension. The L field extension can be achieved either by shifting other fields one bit to the left to accommodate a larger L field or by logically prepending or appending the extra bit to the bits of the legacy L field to form an extended L field while keeping the positions of all fields. It is suggested to keep the positions of fields and, logically, use the extra bit (i.e., a reserved bit) as MSB of the extended L field. 
Since there are no reserved bits in RLC header, an extension of the RLC SO, SOstart and SOend fields implies a one octet addition to the RLC header. Also for RLC one can envision physical field extension where fields are shifted to make room for extended fields, or logical field extension where field positions are preserved and additional bits are logically prepended or appended to the legacy field. Since the added octet is largely unused, the remaining bits can later be considered for LI-field extension to enable full RLC support for RLC SDUs/PDCP PDUs up to the maximum size DRB data PDU supported by PDCP.
The supported bitrates for different PDCP PDU sizes and PDCP SN field sizes are given in Table 1. In the table, the smallest PDCP PDU size is limited by a typical TCP packet size, the second is limited by the RLC SDU size and finally, the third is limited by the PDCP PDU size. We can conclude that 14 bits are needed in the PDCP SN field to support the high bit rates provided by the radio interface.
Table 1. Bitrate limit (Gbps) for different PDCP PDU sizes and PDCP SN field sizes. 
	 
	PDCP SN length (bits)
	 
	 

	PDCP PDU (bytes)
	12
	13
	14
	15

	1502
	0,98
	1,97
	3,94
	7,87

	2049
	1,34
	2,69
	5,37
	10,74

	8190
	5,37
	10,73
	21,47
	42,94


Proposal 5 PDCP SN-field can be extended by two bits 

3.3 Format configuration/selection
Since extension of L, SO, LI and SN fields in L2 typically implies increased overhead, it is desirable to support both the legacy format for legacy data rates and an extended format for the new very high rates. Support of the legacy format is also needed for UEs in Rel-8/9 networks.

Format selection can be envisioned to be handled either by L2 autonomously or by RRC configuration.

MAC: For MAC we note that format selection can be performed dynamically, based on TB size or MAC SDU size. This is possible since the L field only depends on the current TB. The use of extended L-field can be indicated independently from the F-field or by extending the F-field to allow more L-field sizes; e.g., by means of one of the R-bits. Alternatively, L-field extension can be configured by RRC. Then indication in the MAC (sub-)header is not necessary. 
RLC: For RLC, however, the SO field depends not on the size of the current RLC PDU, but rather on the size of the original RLC PDU (or possibly TB). Thus, since there are no reserved bits in the RLC header, dynamic SO field format selection does not appear feasible. We note that one possibility would be to indicate the SO field format outband; i.e., in lower layers, but this would create undesirable interlayer dependencies so should be avoided. Consequently, RLC SO, SOstart and SOend field formats would preferably be configured by RRC. 
PDCP: For PDCP there are reserved bits which could be used for indicating the PDCP SN format. For simplicity and alignment with RLC SO format selection it is, however, proposed to handle also PDCP SN format selection with RRC configuration to avoid the need for a PDCP SN length indicator. When two reserved bits of three bits are used for SN field extension, one R-bit remains for future extensions.
Proposal 6 MAC L-field extension is configured by RRC 

Proposal 7 RLC SO-, SOstart- and SOend-field extension is configured by RRC 

Proposal 8 PDCP SN-field extension is configured by RRC

In principle it is possible to configure the extensions per RB. This could save some reconfigurations (potentially intra-cell HOs) for overhead reduction for low rate services such as VoIP when moving in and out of areas with worse coverage. It should be noted that in Rel-10, the highest TBs are only for DL direction and thus extended headers would be needed only for DL. 
Proposal 9 Extensions are configured per UE and per DRB. The extensions can be limited to downlink direction only.
4 Conclusions and Proposals

Proposal 10 Extension of MAC L-field shall be supported.

Proposal 11 Extension of RLC SO-, SOstart- and SOend-field shall be supported.

Proposal 12 Extension of the PDCP SN-field shall be supported.
Proposal 13 MAC L-, RLC SO-, RLC SOstart- and RLC SOend-field can be extended by one bit each.

Proposal 14 PDCP SN-field can be extended by two bits 

Proposal 15 MAC L-field extension is configured by RRC 

Proposal 16 RLC SO-, SOstart- and SOend-field extension is configured by RRC 

Proposal 17 PDCP SN-field extension is configured by RRC

Proposal 18 Extensions are configured per UE and per DRB. The extensions can be limited to downlink direction only.
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