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1 Introduction

At RAN2#73bis meeting we had a contribution identifying certain limitations in PDCP to support high bit rates in Rel-10 [1]. The contribution was submitted at a late stage of Rel-10, and it was not possible to reach an agreement in Rel-10. However, the issues are not yet solved, so we would like to revisit that discussion in Rel-11.
2 PDCP limitations 

In this section we discuss limitations of the PDCP protocol and evaluate the implications of the limitations.
2.1 Peak bitrate support
Current PDCP supports PDCP SDUs of size up to 8188 octets, 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. This size depends on the currently used transport layer protocol such as TCP. Some TCP versions support larger packet sizes than 1500 bytes but it is expected that most of the packets in near future are still up to 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. 

One could argue that handover typically occurs in the cell edge where the bitrates are clearly lower than the maximum peak rate provided by the physical layer. However, in heterogeneous network deployments, there are cases when the UE with good channel conditions needs to be moved to different frequencies e.g. to reduce severe interference it is causing. Another case, when the handover can occur in good channel conditions, is the change of the primary cell of the UE. 

2.2 Wireless WLAN router

One further scenario where PDCP sequence numbers may be limiting is where LTE is used as a backhaul for a wireless WLAN router. In this case, several users will share the LTE link and generate a large number of packets.  As shown in eDDA report TR 36.822 [2], the packet sizes e.g. for gaming traffic are many times smaller than the maximum TCP segment. Large number of small packets may consume the full PDCP number space even the user and link speeds are lower than in the calculations above.
3 Discussion
3.1 Solutions to solve PDCP limitations
High bit rates provided by the physical layer combined to rather small packet sizes provided by Internet protocols mean that the number of PDCP PDUs per subframe increases significantly. Thus, the PDCP SN needs to be updated. First Missing SDU (FMS)-field is mirroring the PDCP SN-field and thus should also be updated. 
Proposal 1 An extension of the PDCP SN-field and FMS-field is introduced in REL-11.
The supported bitrates for different PDCP PDU sizes and PDCP SN-field sizes are given in Table 1. The calculations are based on the parameters given in the previous subsection. In the table, the smallest PDCP PDU size represents a typical IP packet size for the case of LTE backhaul for wireless router (see [2] for an evaluation of this value). We can see that with this packet size, the LTE link is limited at 340Mbps, shared between all users of the wireless router. The second packet size (1502 bytes) represents a typical TCP packet size, the third is limited by the RLC SDU size and finally, the fourth 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. We can also see that 14 bits would allow 1.3 Gbps on the LTE backhaul of a wireless router, assuming a typical packet size of 512 bytes.
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

	512
	0.34
	0.67
	1.34
	2.68

	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 2 PDCP SN-field and FMS-field should be extended by two bits 

3.2 Format configuration/selection
Support of the legacy format is also needed for UEs in Rel-8/9 networks.

For PDCP data PDU, there are reserved bits which could be used for indicating the PDCP SN format. Possibly one of the reserved bits could be used for the SN length indicator. However, in the PDCP control PDU, there are not reserved bits and thus one new octet is needed to enable the extended FMS-field. Due to changing size of the header, dynamic selection of the FMS-field is not so desirable. Thus it is proposed to handle PDCP SN-field as well as FMS-field format selection with RRC configuration. With this approach, a PDCP SN length indicator is not needed. When two reserved bits of three bits are used for SN-field extension, one R-bit remains for future extensions.
Proposal 3 PDCP SN-field and FMS-field extensions are configured by RRC

In principle it would possible to configure the extensions per RB. However, if the reserved bits in the PDCP header can be used to extend the SN, no additional overhead will be added and a simpler solution is to configure the extended SN per UE.

It could be argued that the highest TBs are only for DL direction and thus extended headers would be needed only for DL. However, to support the wireless router case, uplink could also be limiting, so we propose to use the extended format for both UL and DL. Also this maintains the symmetry of the PDCP protocol.
Proposal 4 Extensions are configured per UE in both DL and UL direction
3.3 Change of SN length at Handover
When extending the PDCP SN-field, the backwards compatibility issues need to be considered, when the UE is performing a HO from the Rel-11 eNB to the Rel-8/9/10 eNB or vice versa.  In this situation, it may be necessary to change the SN length format either in the source or the target node.
The source eNB can check the expected length of the SN by looking at the RRCReconfigurationMessage sent by the target, and from this it knows whether there is a need to change the length of the SN.

When handover is performed from a Rel-8/9/10 eNB to a Rel-11 eNB it is the target eNB that must do the SN adjustments, if required.

When handover is performed from a Rel-11 eNB to a Rel-8/9/10 eNB it is the source eNB that must do the SN adjustments, if required.
4 Detailed Text Proposal

This section gives a proposal for needed updates in the PDCP specification (36.323).
First modified section
6.2.3
User plane PDCP Data PDU with long PDCP SN (12 or 14 bits)

Figure 6.2.3.1 shows the format of the PDCP Data PDU when a 12 bit SN length is used (extended SN field not configured), whereas Figure 6.2.3.2 shows the format of the PDCP Data PDU when the extended SN field is configured. This format is applicable for PDCP Data PDUs carrying data from DRBs mapped on RLC AM or RLC UM.
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Figure 6.2.3.1: PDCP Data PDU format for DRBs using a 12 bit SN
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Figure 6.2.3.2: PDCP Data PDU format for DRBs using a 14 bit SN
Second modified section
6.2.6
PDCP Control PDU for PDCP status report

Figure 6.2.6.1 shows the format of the PDCP Control PDU carrying one PDCP status report when extended SN and FMS-fields are not configured, whereas Figure 6.2.6.2 shows the format of the PDCP Control PDU when the extended SN and FMS-fields are configured. This format is applicable for DRBs mapped on RLC AM.
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Figure 6.2.6.1: PDCP Control PDU format for PDCP status report using a 12 bit SN
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Figure 6.2.6.2: PDCP Control PDU format for PDCP status report using a 14 bit SN
Third modified section
6.3.2
PDCP SN
Length: 5, 7, 12 or 14 bits as indicated in table 6.3.2.1.

Table 6.3.2.1: PDCP SN length
	Length
	Description

	5
	SRBs

	7
	DRBs, if configured by upper layers (pdcp-SN-Size [3])

	12
	DRBs, if configured by upper layers (pdcp-SN-Size [3])

	14
	DRBs, if configured by upper layers (extendedHeaderFieldsDL [3])


Fourth modified section
6.3.9
FMS

Length: 14 bits if extended header fields are configured, otherwise 12 bits.
PDCP SN of the first missing PDCP SDU.

Fifth modified section
6.3.10
Bitmap

Length: Variable

The length of the bitmap field can be 0.

The MSB of the first octet of the type "Bitmap" indicates whether or not the PDCP SDU with the SN (FMS + 1) modulo (Maximum_PDCP_SN + 1) has been received and, optionally decompressed correctly. The LSB of the first octet of the type "Bitmap" indicates whether or not the PDCP SDU with the SN (FMS + 8) modulo (Maximum_PDCP_SN + 1) has been received and, optionally decompressed correctly.

Table 6.3.10.1 Bitmap

	Bit
	Description

	· 0
	PDCP SDU with PDCP SN = (FMS + bit position) modulo (Maximum_PDCP_SN + 1) is missing in the receiver. The bit position of Nth bit in the Bitmap is N, i.e., the bit position of the first bit in the Bitmap is 1.

	· 1
	PDCP SDU with PDCP SN = (FMS + bit position) modulo (Maximum_PDCP_SN + 1) does not need to be retransmitted. The bit position of Nth bit in the Bitmap is N, i.e., the bit position of the first bit in the Bitmap is 1.


The UE fills the bitmap indicating which SDUs are missing (unset bit - ’0’), i.e. whether an SDU has not been received or optionally has been received but has not been decompressed correctly, and which SDUs do not need retransmission (set bit - ’1’), i.e. whether an SDU has been received correctly and may or may not have been decompressed correctly.

Sixth modified section
7.1
State variables
This sub clause describes the state variables used in PDCP entities in order to specify the PDCP protocol.
All state variables are non-negative integers.
The transmitting side of each PDCP entity shall maintain the following state variables:

a)
Next_PDCP_TX_SN

The variable Next_PDCP_TX_SN indicates the PDCP SN of the next PDCP SDU for a given PDCP entity. At establishment of the PDCP entity, the UE shall set Next_PDCP_TX_SN to 0.

b)
TX_HFN

The variable TX_HFN indicates the HFN value for the generation of the COUNT value used for PDCP PDUs for a given PDCP entity. At establishment of the PDCP entity, the UE shall set TX_HFN to 0.

The receiving side of each PDCP entity shall maintain the following state variables:

c)
Next_PDCP_RX_SN

The variable Next_PDCP_RX_SN indicates the next expected PDCP SN by the receiver for a given PDCP entity. At establishment of the PDCP entity, the UE shall set Next_PDCP_RX_SN to 0.

d)
RX_HFN

The variable RX_HFN indicates the HFN value for the generation of the COUNT value used for the received PDCP PDUs for a given PDCP entity. At establishment of the PDCP entity, the UE shall set RX_HFN to 0.

e) Last_Submitted_PDCP_RX_SN

For PDCP entities for DRBs mapped on RLC AM the variable Last_Submitted_PDCP_RX_SN indicates the SN of the last PDCP SDU delivered to the upper layers. At establishment of the PDCP entity, the UE shall set Last_Submitted_PDCP_RX_SN to Maximum_PDCP_SN.

Seventh modified section
7.3
Constants

a) Reordering_Window

Indicates the size of the reordering window. The size equals to 8192 if the extended SN-field is configured by higher layers and 2048 otherwise, i.e. half of the PDCP SN space, for radio bearers that are mapped on RLC AM.

b) Maximum_PDCP_SN is:
-
16383 if the PDCP entity is configured for the use of the extended SN-field, i.e., 14 bit SNs
-
4095 if the PDCP entity is configured for the use of 12 bit SNs 

-
127 if the PDCP entity is configured for the use of 7 bit SNs

-
31 if the PDCP entity is configured for the use of 5 bit SNs
End of modified sections
5 Conclusions and Proposals

In this contribution, we have discussed limitations of PDCP protocol to support high bit rates in LTE Rel-11. Based on the analysis, we propose the following:
Proposal 1
An extension of the PDCP SN-field and FMS-field is introduced in REL-11.
Proposal 2
PDCP SN-field and FMS-field should be extended by two bits
Proposal 3
PDCP SN-field and FMS-field extensions are configured by RRC
Proposal 4
Extensions are configured per UE in both DL and UL direction
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