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1 Introduction

This contribution discusses aspects of the uplink scheduling in particular of the logical channel prioritization procedure that may need to be considered for LTE advanced in order to take account of the existence of multiple uplink grants for a single  TTI as a result of carrier aggregation. 
2 Discussion
When carrier aggregation is configured, a UE is required to generate more than one transport blocks for a single TTI. Although UL SU-MIMO may require similar discussion, this document focuses on carrier aggregation specific aspects for uplink scheduling.
The logical channel prioritisation mechanism specified for Rel-8 was based on the assumption that at most one grant can be received for a TTI and, consequently, the specification of logical channel prioritisation should be revisited to see if any changes are required. The following three aspects of uplink scheduling for LTE-Advance will be looked at in more detail in the following: 
· Logical channel prioritization (LCP) procedure in the presence of multiple grants

· Processing order for multiple uplink grants

· Handling of MAC control elements during LCP procedure 

2.1 LCP procedure in the presence of multiple grants

In Rel-8 the UE allocates resources of a single uplink grant to logical channels on the basis of logical channel priority and prioritized bit rate (PBR). The logical channel prioritisation procedure was designed in such a way that it is ensured that the logical channel’s PBR requirements are met in decreasing priority order first after which all the logical channels are served in a strict decreasing priority until the remaining uplink resources is exhausted. 
In our view it’s rather obvious that when eNB only activated a single UL component carrier for a given UE respectively or when UE only receives a single UL assignment for a TTI, the logical channel prioritization should behave exactly as in Rel-8. Furthermore also for the case that when multiple UL CCs are activated and when UE receives more than one uplink grant for a single TTI, we think the same principles for allocating resources to logical channels as in Rel-8 should be applied. First UE should meet the PBR requirements of the logical channels (in priority order) after which the available resources are allocated in decreasing priority order to the logical channels. It should be noted that already at RAN2#65bis meeting it was agreed that there is no strict mapping between logical channels and component carriers and that there is no restriction of the set of HARQ entities that can be used by a given logical channel. 
Proposal 1: For the case that UE receives more than one uplink grant for a single TTI, the allocation of uplink resources to logical channels should follow the same prioritization rules as defined for Rel-8.
With respect to the generation of transport blocks we see two main approaches to extend the Rel-8 LCP procedure to accommodate multiple grants being received for a single TTI
· Multiple LCP procedure approach: The existing Rel-8 logical channel prioritisation procedure is applied to each of the grants received for the TTI. Multiple LCP procedures may be performed sequentially per TTI.  

· Single LCP procedure approach: UL grants are accumulated first. Single LCP procedure is performed over whole assigned uplink resources i.e. accumulated UL assignments. 
It’s assumed that the PBR is a property of a logical channel configured by eNB and therefore the PBR enforcement should be agnostic of whether carrier aggregation is applied or not. In general the UE should update the bucket status of a logical channel, i.e. incrementing the number of tokens, before starting the process of generating transport block(s) in a TTI. After having processed a grant the buckets affected are decremented according to Rel-8 principles.
We compare two approaches further in the following.
Multiple LCP procedure approach
Figure 1 illustrates the general principle of multiple LCP procedure approach. In this example UE receives three uplink assignments for a TTI. UE processes the received the uplink grants in the following order UL CC2 > UL CC1 > UL CC3. This selected processing order is only one example. In the multiple LCP procedure approach, UE first applies LCP procedure as defined for Rel-8 over the grant received for UL CC2. As can be seen the generated transport block is comprised of the PBR part of the three logical channels. After having processed the first uplink grant there are still 100bytes left for the PBR of logical channel 3, i.e. only 300bytes of logical channel are included in the first transport block. Therefore the second transport block also contains data of all three logical channels, i.e. remaining 100bytes for PBR enforcement of logical channel three. Subsequent to generating the second transport block according to uplink assignment received for UL CC1, UE will perform LCP procedure for the uplink assignment allocating resources for UL CC3. 
It should be noted that the calculation of the content of a transport block need to be performed sequentially, i.e. it’s not possible to perform calculation of transport block content in parallel.
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Figure 1: multiple LCP procedure approach 
Single LCP procedure approach
Figure 2 illustrates for the same exemplary scenario the single LCP procedure approach. Firstly UE accumulates all three received uplink grants in order to form one “virtual” uplink resource assignment of 3200bytes for the TTI. Subsequently UE performs the LCP procedure as defined for Rel-8 over this single “virtual” uplink resource assignment, i.e. accumulated uplink grants.  Essentially in this approach the UE would behave as having received a single uplink assignment with a TB size of 3200bytes. Obviously the UE needs to consider the boundaries given by the separate received uplink assignments when generating the transport blocks finally.  
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Figure 2: Single LCP procedure approach 
As shown in above figures the two approaches result in different transport blocks generated by the UE, i.e. content of generated transport blocks differs among the two approaches. This is due to the enforcement of prioritized bit rate (PBR) for a logical channel. In case the prioritized bit rate is set to zero for each logical channel, the content of the transport blocks will be the same for both approaches. 
The differences among the two approaches are the following:

- The multiple LCP procedure approach results in more segmentations than the single LCP procedure approach, i.e. more RLC PDUs are generated in order to transmit the same amount of data [3]. Consequently the MAC header overhead is also bigger for the multiple LCP procedure approach since data of more logical channels are multiplexed into a MAC PDU.
- It’s easier and more efficient when only a limited number of logical channels are multiplexed in a transport block. The reason is that consideration of the QoS requirements of the logical channels is necessary when choosing the HARQ operation point. To chose a good HARQ operation point increases the scheduling efficiency. This is especially true when only one logical channel is mapped in a transport block. Such situation happens more frequently in the single LCP procedure approach.
- The number of LCP procedures the UE has to perform within the given time constraints, i.e. decoding of uplink grant until transmission of transport blocks on PUSCH differ between the two approaches. Whereas in the single LCP procedure approach UE has to perform only a single LCP procedure as in Rel-8/9, UE would need to perform multiple LCP procedures sequentially in multiple LCP procedure approach. Therefore just from the number of LCP procedures, the single LCP procedure approach has some advantage compared to multiple LCP procedure approach.
- Depending on the DL TX timing difference among the aggregated component carriers, the available time for processing the grants from RLC to L1 transmission of PUSCH over the accumulated UL assignments, varies. For example in case the DL CCs have same or similar DL timing, i.e. UL grants are received almost simultaneously, the available UE processing time would be similar for both single and multiple LCP procedure approach. On the other hand in case there is a large DL time difference among aggregated DL CCs, available processing time for the single LCP procedure approach could be smaller compared to Rel-8/9. Therefore, the multiple LCP procedure approach has the advantage that it can start with the processing earlier. However it should be noted that we are not sure whether large DL Tx time differences like 0.333 ms i.e. 100km propagation delay among aggregated component carriers is required to be supported.     
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Figure 3: DL timing difference among DL CCs and UE processing time for single LCP procedure approach

The approach where a single LCP procedure is performed over the accumulated UL assignments seems to be some attractive way for extending the Rel-8 LCP procedure to accommodate multiple grants being received for a single TTI; we therefore propose to further study it in RAN2 also considering the timing issue of the UL PDCCH reception as mentioned above.
Proposal 2: RAN2 should further study the approach where UE performs single LCP procedure is performed over whole assigned uplink resources i.e. accumulated UL assignments considering the timing difference of the UL grants reception among the aggregated component carriers. 
2.2 Order for processing received uplink grants

With respect to the processing order for received uplink grants, there are generally two options possible:
· The order in which UL grants are processed is specified to the UE e.g. by configuration

· The order in which UL grants are processed is left to UE implementation 

It should be noted that for the case that UE treats the sum of all received uplink grants as a single unit, i.e.  single LCP procedure approach described above, the processing order denotes the order in which data is assigned to received uplink grants. 
As already mentioned in [2] the order in which the received uplink grants are processed may have an influence on the transfer quality experienced by certain logical channels if the QoS associated with the uplink grants is different. 
In Rel-8 the UE behaviour is basically deterministic, i.e. eNB is aware of what logical channels are mapped into a transport block. This is important since UL scheduling respectively QoS control for uplink transmissions is solely controlled by eNB. The existence of multiple grants received in one TTI opens the possibility of one additional degree of freedom in the UE behaviour during LCP procedure compared to Rel-8 by leaving the order for processing of uplink grants unspecified.  
However we see several issues when leaving the processing order up to UE implementation. Since eNB wouldn’t be aware of the mapping between logical channels and transport blocks during the LCP procedure, it would not be possible to tightly control the QoS requirements of logical channels by eNB, i.e. selection of appropriate MCS. Similarly eNB cannot determine appropriate HARQ strategy, e.g. choosing number of retransmissions, without having the knowledge of the logical channels included in a transport block, which might in turn lead to uplink resource usage inefficiencies. 
In general we think that it’s preferable for uplink scheduling if the UE behaviour is deterministic from eNB point of view as in Rel-8. Furthermore by having a specified order for the processing of the uplink grants, it can be ensured that high priority data is mapped to uplink grants that offer the best QoS. It should be noted that interference situation might differ significantly among uplink component carriers. Given above considerations we propose that the order in which UE processes uplink grants respectively the order in which data is mapped to transport blocks, should be specified. 
Proposal 3: The order in which uplink grants are processed should be specified to the UE. Details on how UE is informed about the processing order are FFS.
The details of the processing order should be further discussed within RAN2. Generally there are two options how to indicate the processing order. In the first option, eNB explicitly signals the order in which UE should treat the received UL grants. For example the processing order could be indicated by a MAC control element, since the order shouldn’t change dynamically. 
In the second option UE derives the processing order based on some defined rules respectively criteria. 
Since it was at RAN2#69 meeting agreed to introduce the concept of a primary and secondary component carrier, one rule could be for example that UE should always process UL grants received for the PCC first before processing grants received for a SCC. This would ensure that high priority data like VoIP or RRC signalling is mapped to the primary component carrier, which seems reasonable since also the uplink control signalling, i.e. UCI, is transmitted on the UL PCC. 
Another possibility would be to derive the processing order from the carrier index (CI) assigned to a component carrier. eNB assigns each configured UL CC an corresponding Carrier Index (CI), i.e. the mapping of CI to component carrier is UE specific. When receiving multiple uplink grants in a TTI UE processes the uplink assignments according to the CI order, e.g. starting with the uplink grant received for the component carrier with lowest CI. This would allow eNB by assigning the indices to the component carrier to also implicitly control the processing order and thereby the logical channel to transport block mapping.
    
2.3 Handling of MAC control elements during LCP procedure
It seems necessary to also consider some aspects of the handling of MAC control elements during LCP procedure when receiving multiple UL grants for a TTI. Given the RAN1#59bis agreements on UL power control, i.e. power headroom reporting per uplink component carrier, it should be discussed whether there are two types of MAC control elements, UE-specific MAC CE and CC-specific MAC CE. An example for a UE-specific MAC CE would be the buffer status report, whereas power headroom report would be rather CC-specific following RAN1 agreements. Furthermore the mapping of MAC CE to transport blocks needs to be clarified. In case there are two types of MAC CEs due to the existence of carrier aggregation there might be a different mapping depending on the type of MAC CE. 
As an alternative all MAC control elements, except the padding BSR, could be mapped to the first transport block generated by UE, e.g. TB for UL PCC. Since MAC CEs have in general a higher priority than data this seems to follow Rel-8 principles. However it should be noted that in such a case the power headroom MAC CE needs to include also an indication, which UL component carrier the power headroom value refers to, i.e. new format for power headroom MAC CE is required.     
Proposal 4: RAN2 should study the MAC control elements to transport block mapping for the case of carrier aggregation
3 Conclusions
This contribution discusses several aspects of the logical channel prioritization procedure in the existence of receiving multiple grants for a TTI due to carrier aggregation. It’s proposed to agree on the following: 

Proposal 1: For the case that UE receives more than one uplink grant for a single TTI, the allocation of uplink resources to logical channels should follow the same prioritization rules as defined for Rel-8.

Proposal 2: RAN2 should further study the approach where UE performs single LCP procedure is performed over whole assigned uplink resources i.e. accumulated UL assignments considering the timing difference of the UL PDCCH reception among the aggregated component carriers.
Proposal 3: The order in which uplink grants are processed should be specified to the UE. Details on how UE is informed about the processing order are FFS.

Proposal 4: RAN2 should study the MAC control elements to transport block mapping for the case of carrier aggregation
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