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1 Introduction

In this contribution we elaborate on the impact of carrier aggregation on the L2 user plane protocol architecture for LTE Rel. 10. 
The carrier aggregation concept currently envisioned in 3GPP requires an increased number of HARQ processes and in this document we highlight the advantages of maintaining independent HARQ entities per component carriers. We also investigate the impact on other MAC functions such as RACH, Scheduling Request and Buffer Status Reporting. We show that the RLC sequence number space is sufficient for the high data rates provided with carrier aggregation but identify PDCP sequence number space as potential bottleneck.
Finally, we provide a corresponding text proposal for 36.912 [1].
2 Background
The peak-data rate targets for LTE-Advanced can only be fulfilled in a reasonable way with a further increase of the transmission bandwidth, compared to what is supported with LTE Rel. 8. Thus, one component of the LTE evolution towards LTE-Advanced is an increase of the maximum transmission bandwidth beyond 20 MHz, up to as high as 100 MHz. This is true for both the downlink and the uplink. 

To align such an extension of the transmission bandwidth with the requirement on backwards compatibility with Rel-8, so-called carrier-aggregation, will be used. Carrier aggregation implies aggregation of multiple component carriers of a narrower bandwidth. An LTE-Advanced-capable terminal is able to access the entire aggregation of multiple carriers, thus experiencing an overall wider bandwidth with corresponding possibilities for higher data rates. 
It has been widely agreed that both asymmetric spectrum allocations as well as UEs with asymmetric transmit and receive capabilities shall be supported. The former allows extending an existing symmetric FDD deployment with an additional downlink component carrier. Secondly, the capability of transmitting on multiple uplink component carriers appears to increase UE complexity significantly. Therefore, it may be desirable to support at least UE configurations with more downlink than uplink component carriers. 
3 Discussion
3.1 MAC
In this sub-section we discuss the impact of carrier aggregation on the functions and procedures provided by the MAC layer. In particular we distinguish functions that need to be provided per component carrier from those that are shared among all component carriers. Table 1 in the end of this section summarizes the findings. 
Note, that DRX for LTE Rel. 10 with carrier aggregation is treated in a separate contribution [5].

3.1.1 Random Access Procedure
The eNodeB must configure Random Access resources on all uplink component carriers if they are intended to be used by Rel-8 or Rel-9 UEs. Consequently, a Rel-10 capable UE could perform a random access on any such uplink component carrier once it obtained the corresponding system information.  
Proposal 1: The UE may perform random access on any uplink component carrier that has random access resources configured.
However, the UE could be restricted to perform the random access on a particular component carrier which may be useful, e.g., in response to a PDCCH order. 
For asymmetric configurations the UE must be aware of the downlink component carrier on which to receive Message 2. The UE should send Message 3 on the same uplink component carrier that was used for the random access. 
Finally, the UE should at no point in time have more than one random access procedure ongoing. In that sense, we regard the Random Access Procedure as being a shared function.
Proposal 2: The UE shall have at most one random access procedure ongoing at any time.
3.1.2 Maintenance of Uplink Time Alignment
The UE adjusts its uplink time alignment based on Timing Advance Commands received from the eNodeB. The component carriers corresponding to one cell are transmitted synchronously and the propagation delays do not differ significantly. We therefore assume that it is sufficient to maintain one uplink time alignment timer per UE and to send a time alignment command on any downlink component carrier to (re-)start the timer. Upon expiry of the time alignment timer all HARQ processes associated with any component carrier shall be flushed.

Details should be settled in the work item phase based on RAN1 decisions.

3.1.3 DL-SCH and UL-SCH data transfer
It has been agreed at by RAN1 [6] that the data streams from the different component carriers are aggregated above the hybrid-ARQ functionality. This implies that hybrid-ARQ operation is performed independently per component carrier by a dedicated HARQ entity. The HARQ entities are Rel. 8 compliant. With independent HARQ entities, transmission parameters such as modulation scheme and code rate can be selected per component carrier (provided the control signaling allows for this). This structure is especially useful in case of aggregating component carriers from different frequency bands with different radio-channel quality. Physical layer processing of each component carrier in accordance to Rel. 8 is also highly beneficial from a baseband implementation and specification perspective. Existing implementations can, to a large extent, be reused, thereby shortening the time-to-market for LTE-Advanced equipment.
Proposal 3: There is one dedicated and independent HARQ entity per component carrier.

Proposal 4: The HARQ entities should be kept Rel-8 compliant unless modifications provide significant gains.

When using the Rel-8 PDCCH assignment format, the HARQ process identifiers for downlink HARQ are ambiguous among component carriers, i.e., HARQ Process ID [0 .. 7] would be used on each carrier. Consequently, it is not possible to shift a HARQ process from one component carrier to another, i.e., HARQ retransmissions must be performed on the same carrier. This is not seen as a limitation and has already been agreed upon in RAN2#65bis.
Proposal 5: The HARQ Process Identifier for downlink HARQ operation are re-used for LTE Rel-10 with carrier aggregation.

Proposal 6: Explicit HARQ Process Identifiers will not be introduced for uplink HARQ. Instead a fixed timing relation (synchronous HARQ) is used like in Rel. 8. 

3.1.4 Scheduling Request

Section 5.4.4 of [2] defines when the UE may perform a scheduling request. We think that this functionality can be re-used for Rel. 10 with carrier aggregation. It is up to RAN1 to decide whether Dedicated SR resources on PUCCH may occur on one uplink component carrier like in Rel. 8 or on multiple uplink component carriers. If RAN1 agrees on the latter, it must be decided if the SR resource selection is performed by MAC or if that is done transparently by L1. In any way we regard the triggering of scheduling request as a shared MAC function. 
3.1.5 Buffer Status Reporting

Buffer Status Reporting is a common function that does not need to be replicated per component carrier. The Rel. 8 triggers and conditions can be re-used for Rel. 10 with carrier aggregation. If a UE sends multiple BSRs within a subframe they shall comprise the same values and represent the buffer status after compiling the last MAC PDU. Note that the eNodeB can (in most cases) identify the subframe during which the BSR has been generated. I.e., it can compute the buffer size at the end of that subframe even if the MAC PDU containing the BSR experienced more retransmissions than the other MAC PDUs.
Proposal 7: If multiple BSRs are sent in a subframe they shall have the same value reflecting the buffer status after the last MAC PDU has been compiled. 
3.1.6 Power Headroom Reporting
Unlike buffer status reporting, the power headroom reports may need to reflect the power headroom per component carrier at least if separate power amplifiers are used. Therefore, we assume that power headroom reporting is performed per component carrier. However, it is up to RAN1 to discuss and decide on the requirements and the MAC specification should be adapted accordingly.

3.1.7 Discontinuous Reception (DRX)

DRX for LTE Rel. 10 with carrier aggregation is treated in a separate contribution [5].
3.1.8 Overview of MAC Functions
Table 1: MAC Functions performed independently per component carrier 
or commonly for all component carriers.
	MAC function
	per CC
	shared

	Maintenance of Uplink Time Alignment
	
	X

	Mapping between logical channels and transport channels
	
	X

	Multiplexing / Demultiplexing
	X
	

	Error correction through HARQ
	X
	

	Transport Format Selection
	X
	

	Logical Channel prioritisation
	
	X

	Scheduling information reporting: BSR
	
	X

	Scheduling information reporting: PHR
	X
	

	Schdeuling Request triggering
	
	X

	Scheduling Request transmission
	Depends on RAN1 decisions

	DRX
	X
	

	Random Access Procedure
	
	X


3.2 RLC

Carrier aggregation is transparent to the RLC protocol which can be identical to the Rel. 8 version of the protocol. However, carrier aggregation requires an increased number of new RLC PDUs to be generated and received per subframe. With up to five component carriers and at most two transport blocks per carrier in case of multi-stream transmission, RLC must be able to generate up to 10 new PDUs. 
In a worst case scenario, all HARQ processes on all component carriers always succeed on the first transmission attempt. However, one HARQ process fails after reaching the maximum number of 5 transmission attempts (which we assume to be a reasonable upper bound). If we assume furthermore, that multi-stream MIMO is used on all component carriers, RLC must provide 10 new RLC PDUs in each subframe (8 in the subframes where the retransmissions take place). This accumulates to ~80 PDUs per HARQ RTT and consequently to ~400 PDUs until the first HARQ process expires. The RLC retransmission and the corresponding RLC status take another one to two HARQ RTTs, i.e., another 80 to 160 new RLC PDUs in order to utilize the link. With a sequence number range of 0..1023 (10 bit) the RLC transmitter may generate up to 511 RLC PDUs before receiving the accumulative status message. Obviously, stalling is very unlikely but may occur in this extreme scenario if the RLC retransmission and the corresponding status take longer than 1.5 HARQ RTTs.
Even if stalling occurs every now and then it is expected to have a negligible impact on the overall peak performance. 
Proposal 8: Agree that the RLC protocol according to LTE Rel-8 fulfills the requirements posed by carrier aggregation.

3.3 PDCP

Carrier aggregation is also transparent to the PDCP layer. However, the increased bitrate imposes an increased number of data units to be generated. The PDCP Sequence Number comprises 12 bit so 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 50 ms this limits the theoretical throughput to (3 MByte x 8 bit/byte / 0.05 s) 480 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. We therefore recommend introducing a larger PDCP sequence number size that may be configured for Rel. 10 capable UEs supporting data rates above 300 Mbps. A 14 bit sequence number seems sufficient for data rates up to 1 GBps but this should be investigated more carefully during the work item phase. 
Proposal 9: Agree that sustained transmission at very high data rates (~1 GBps) may lead to ambiguity and loss of HFN synchronization during handover.
4 Text Proposal
Proposal 10: Agree to include the following text in section 4 in 36.912 [1], section 5, “Support for Wider Bandwidth”.

5
Support of wider bandwidth

Carrier aggregation, where two or more component carriers are aggregated, is considered for LTE-Advanced in order to support wider transmission bandwidths e.g. up to 100MHz and for spectrum aggregation.. 
A terminal may simultaneously receive or transmit one or multiple component carriers depending on its capabilities:

· An LTE-Advanced terminal with reception and/or transmission capabilities for carrier aggregation can simultaneously receive and/or transmit on multiple component carriers.

· An LTE Rel-8 terminal can receive and transmit on a single component carrier only, provided that the structure of the component carrier follows the Rel-8 specifications.
· It shall be possible to configure all component carriers LTE Release 8 compatible, at least when the aggregated numbers of component carriers in the UL and the DL are same. Consideration of non-backward-compatible configurations of LTE-A component carriers is not precluded

The L1 specification shall support carrier aggregation for both contiguous and non-contiguous component carriers with each component carrier limited to a maximum of 110 Resource Blocks using the Release 8 numerology

· For contiguous carrier aggregation, the needed frequency spacing between the contiguous component carriers will be studied by RAN WG4. This study should include the supported number of RBs per component carrier and the needed guard bands between and at the edges for a certain aggregation case.

· If possible, the same solution should be used in the L1 specifications for contiguous and non-contiguous aggregation. 

It will be possible to configure a UE to aggregate a different number of component carriers of possibly different bandwidths in the UL and the DL. In typical TDD deployments, the number of component carriers and the bandwidth of each component carrier in UL and DL will be the same. RAN WG4 will study the supported combinations of aggregated component carrier and bandwidths.


[image: image1]
Figure 1: MAC and PHY structure for carrier aggregation (simplified).
5.1
MAC-PHY interface

From a UE perspective, there is one transport block (in absence of spatial multiplexing) and one hybrid-ARQ entity per scheduled component carrier. Each transport block is mapped to a single component carrier only. A UE may be scheduled over multiple component carriers simultaneously.

5.2
MAC 
Hybrid-ARQ operation is performed independently per component carrier by a dedicated HARQ entity. The HARQ entities are Rel. 8 compliant and also the physical layer processing of each component carrier is in accordance to Rel. 8. HARQ processes are bound to a particular HARQ entity, i.e., HARQ retransmissions must be performed on the same component carrier as the initial transmission. 

5.2
Random Access Procedure
The UE may perform random access on any uplink component carrier that has random access resources configured.
5.3
Buffer Status Reporting
If multiple padding BSRs are sent in a subframe they shall have the same value reflecting the buffer status after the last MAC PDU has been compiled.
5.4
RLC
Carrier Aggregation is transparent to the RLC protocol which can be identical to the Rel. 8 implementation even though the number of new RLC PDUs to be generated and received per subframe increases compared to a Rel-8 terminal. 
5.5
PDCP
Carrier Aggregation is also transparent to the PDCP protocol. However, the 12 bit PDCP sequence number may cause protocol stalling or sequence number ambiguity at very high bit rates.  
5 Conclusion
We investigated the impact of carrier aggregation on the L2 Protocol Architecture for LTE Rel. 10 and formulated the following proposals:
Proposal 1:
The UE may perform random access on any uplink component carrier that has random access resources configured.
Proposal 2:
The UE shall have at most one random access procedure ongoing at any time.
Proposal 3:
There is one dedicated and independent HARQ entity per component carrier.
Proposal 4:
The HARQ entities should be kept Rel-8 compliant unless modifications provide significant gains.
Proposal 5:
The HARQ Process Identifier for downlink HARQ operation are re-used for LTE Rel-10 with carrier aggregation.
Proposal 6:
Explicit HARQ Process Identifiers will not be introduced for uplink HARQ. Instead a fixed timing relation (synchronous HARQ) is used like in Rel. 8.
Proposal 7:
If multiple BSRs are sent in a subframe they shall have the same value reflecting the buffer status after the last MAC PDU has been compiled.
Proposal 8:
Agree that the RLC protocol according to LTE Rel-8 fulfills the requirements posed by carrier aggregation.
Proposal 9:
Agree that sustained transmission at very high data rates (~1 GBps) may lead to ambiguity and loss of HFN synchronization during handover.
Proposal 10:
Agree to include the following text in section 4 in 36.912 [1], section 5, “Support for Wider Bandwidth”.


6 References

[1] TS 36.912, “Feasibility study for Further Advancements for E-UTRA (LTE-Advanced)”, V0.0.0, 2009-03-26, 
http://www.3gpp.org/ftp/Specs/archive/36_series/36.912/36912-000.zip 
[2] TS 36.321, “Evolved Universal Terrestrial Radio Access (E-UTRA); Medium Access Control (MAC) protocol specification”, V8.5.0, 2009-03-23, 
http://www.3gpp.org/ftp/Specs/archive/36_series/36.321/36321-850.zip 

[3] TS, 36.322, “Evolved Universal Terrestrial Radio Access (E-UTRA); Radio Link Control (RLC) protocol specification”, V8.5.0, 2009-03-23, 
http://www.3gpp.org/ftp/Specs/archive/36_series/36.322/36322-850.zip 

[4] TS 36.323, “Evolved Universal Terrestrial Radio Access (E-UTRA); Packet Data Convergence Protocol (PDCP) specification”, V8.5.0, 2009-03-16, 
http://www.3gpp.org/ftp/Specs/archive/36_series/36.323/36323-850.zip 

[5] Ericsson, R2-092959, “DRX for Carrier Aggregation”, San Francisco, USA, 4th – 8th May 2009

[6] R1-091125, 3GPP TR 36.814, “Further advancements for E-UTRA Physical layer aspects”, V1.0.0, ftp://ftp.3gpp.org/tsg_ran/WG1_RL1/TSGR1_56/Docs/R1-091125.zip 
[7] Ericsson, R2-092958, “Control Plane Aspects for Carrier Aggregation”, San Francisco, USA, 4th – 8th May 2009











































































RLC





Uplink only





RLC





HARQ





Coding





DFT





OFDM





HARQ





Coding





DFT





OFDM





LTE





LTE





LTE





Advanced





-





LTE





PHY





MAC





HARQ





Coding





DFT





OFDM





 





 









1/8
2009-04-27

