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1
Introduction
In RAN1#80 the following observations [1] were made for the possible enhancements to DL control signaling.
Observations:

· For possible enhancements to DL control signaling,

· For the purpose of self-scheduling itself, no absolutely needed enhancements have been identified

· Please note, that other potential enhancements not specifically related to self-scheduling only are of course applicable as well. 

· The following potential issues applicable to DL control could be studied for the 36.300 CA deployment scenarios:

· Possible extension of the cross-carrier scheduling framework to more than 5 CCs

· FFS including:

· CIF (3bit vs. 5bit) as part of the UL/DL grants

· USS definition (in case of 3bit vs. 5bit CIF)

· Aspects to be considered (not limited to):

· DL control channel capacity limitation

· (E)PDCCH blocking/collision

· PHICH blocking/collision

· Increased false-detection rate with an increasing number DL carriers

· UE DL control decoding limitations incl. increasing number of blind decodes

· Improved UE power saving

· Potential limitations of the eIMTA signaling

This contribution discusses the potential DL control channel capacity limitation. In companion contributions we discuss other issues, like CIF and false detection [2], [3].
2
Discussion
There are three kinds of control channels that are transmitted in the downlink in LTE: (E)PDCCH carrying the allocations and grants, PHICH conveying the Ack/Nack feedback to the UEs and PCFICH signalling the number of OFDM symbols used for PDCCH. The potential capacity limitations for (E)PDCCH and PHICH when scheduling up to 32 component carriers are separately discussed in this section. 
2.1
(E)PDCCH resources

As was observed in [1], self-scheduling itself does not need any self-scheduling specific enhancements. This also means that the control capacity of self-scheduling is sufficient as there are no differences to previous releases. On the other hand the capacity limitation for cross-carrier scheduling is not fully clear and it requires some further discussions. 
In general having more carriers does not mean that one scheduling carrier necessarily needs to schedule each UE in the same subframe on all possible carriers. In a typical case when the allocation fits into one carrier there is no strong motivation to split the data into several carriers for the same UE. This is particularly true for the UL due to the power amplifier properties, but even in DL there is no clear reason to unnecessarily split the allocation on multiple carriers. The main motivation for scheduling an UE on several carriers at the same time is to provide higher capacity than can be achieved by a single carrier. Therefore, an eNB in real operation might strive for scheduling the data of a single UE on an as low number of carriers as possible.
Furthermore, a large number of carriers are typically configured for the flexibility of utilizing a variety of frequency bands rather than for achieving peak capacity so the system does not need to be optimized for the sole purpose of scheduling a UE simultaneously on several carriers in the same subframe. This also means that typically the amount of utilized (E)PDCCH resources per UE are not proportional to the number of configured component carriers. Small cells serve a limited number of users in a smaller area. Shortly, in many scenarios the number of UEs in the area is not proportionally increasing with the number of carriers compared to LTE Rel. 8 macro cell studies.
Observation 1: The number of scheduled UEs per carrier is not expected to be fixed with a large number of aggregated carriers.

Moreover, it should be noted that EPDCCH configuration is UE specific. This means that different sets of DL control resources can be configured to different UEs, effectively increasing the DL control capacity overall. Therefore, more than just 2 sets might be used on carrier where for a specific UE up to two EPDCCH sets can be configured. This is of course at the expense of PDSCH resources at the scheduling carrier, which will have a reduced data capacity as pointed out in [4]. But this is a rather clear effect, that a higher control channel capacity of course will increase the control channel overhead on the scheduling carrier. 
Observation 2: Different EPDCCH sets can be configured in a UE specific way, thus increasing the DL control capacity of the scheduling carrier overall.
In [4] the blocking probability is discussed. It is shown that PDCCH has some capacity limitations for cross carrier scheduling for more than 5 component carriers. This is seen as blocking, which mostly occurs for the higher aggregation levels or for a very high number of scheduled carriers. For the highest aggregation level blocking occurs rather soon when the number of carriers are increased beyond 5 but for the lower aggregation levels blocking starts to occur at a higher number of carriers. But one might consider, that using extensive multi-carrier transmission to some UE in low SINR region might not be the preferred operation mode specifically considering PUCCH coverage limitations. For EPDCCH, blocking can be mitigated by configuring the DL control resources for different UEs on different PRB pairs and thus having more control resources.
Observation 3: Blocking is more likely to occur for cross-carrier scheduling of a larger number of scheduled carriers.
In addition, one might consider to configure different scheduling carriers for different UEs. The same applies to cross-carrier scheduling a larger number of carriers for a single UE, these carriers for a single UE might not need to be configured to be scheduled from a single scheduling carrier but a reasonable will try to distribute the control load also from single UE perspective by using as many scheduling carriers as possible. Therefore, we considering the case of having a large number of UEs all configured for cross-carrier scheduling from a single scheduling carrier as a corner case, that should not be optimized for. Moreover, we keep in mind as well that cross-carrier scheduling is for carrier aggregation operation currently still an optional feature. 

Observation 4: The need for a large control channel capacity and issue of blocking can be additionally reduced, by configuring different scheduling carriers for different UEs and configure several scheduling carriers for a single UE for the purpose of cross-carrier scheduling.
Finally the number of cross-scheduled UEs depends significantly on how many carriers can be scheduled from one scheduling carrier. In RAN1 there is a discussion whether there is a need to be able to cross-schedule all potential 32 carriers from one scheduling carrier. The alternative is to keep the 3-bit CIF, which limits the number of simultaneously scheduled carriers for a single UE to 8 without additional changes, but ways to schedule more than cross-carrier schedule with the 3-bit CIF have been discussed in [5]. Clearly a smaller number of carriers can be scheduled with less control resources than optimizing the DL control for 32 carriers scheduled from a single carrier through cross-carrier scheduling. Therefore we consider that at least for 3-bit CIF the current DL control resources are sufficient. In a companion contribution [2] we specifically discuss the issue of cross-carrier scheduling in relation to the CIF.
Observation 5: At least for 3-bit CIF there is no need to increase the number of (E)PDCCH resources.

Last but not least, we think that we should not try to optimize for the corner case of having carrier aggregation of a very large number of carriers all to be cross-carrier scheduled from a single scheduling carrier and several UEs. We believe that this corner case is definitely not the target deployment scenario of Rel. 13 CA operation considering a larger number of CCs and that a clever network implementation will distribute the control load over the number of available carriers from single UE as well as from overall system point of view. 
Observation 6: The corner case of having a single scheduling carrier scheduling a large number of UEs with a large number of CCs configured all by cross-carrier scheduling is not the main target Rel. 13 CA deployment and operation in terms of cross-carrier configuration. Therefore, RAN1 should not optimize the Rel. 13 CA for this corner case. 

From the reasons discussed above, we believe that the current number of (E)PDCCH resources is sufficient and that no enhancements to increase the (E)PCCCH capacity are needed when considering carrier aggregation up to 32 carriers. 
Proposal 1: Keep the number of (E)PDCCH resources the same as for Rel-11. 
2.2
PHICH resources

PHICH (Physical Hybrid ARQ Indicator channel) is the feedback channel transmitting Ack/Nack information corresponding to UL transmissions. Each UL transmission (with exception of SPS) are initiated by an UL grant on (E)PDCCH so there is a direct relationship between the (E)PDCCH resources and the PHICH resources. In Rel-10 it was decided that the PHICH is transmitted in the same carrier as the corresponding UL grant.
Here we discuss the need for additional PHICH resources when up to 32 component carriers can be aggregated in the eNB. The starting point for the discussion is the observation that the number of needed PHICH resources is not proportional to the number of carriers but rather to the number of available (E)PDCCH resources on the scheduling carrier.
There is a wide selection of the amount of PHICH resources that can be configured. The maximum number of resources for a 20 MHz bandwidth and normal cyclic prefix is 200. Due to channel estimation inaccuracies as well as power differences between 2 PHICHs in the same constellation it is sometimes advised for robust operation to use only 4 PHICHs in a PHICH group instead of 8 so there would be 100 PHICHs available. 
The amount of UL data is usually smaller compared to the DL and therefore also the number of configured UL carriers can be considered smaller. Due to single carrier properties it is also more efficient to schedule a UE in the UL on a single carrier rather than to split the allocation over several carriers. This means that the number of (E)PDCCH resources used for UL scheduling can be assumed to be smaller than the resources for DL scheduling.  This must be taken into account when estimating the number of needed PHICH resources.
One additional thing to consider is the fact, that the DL control capacity on (E)PDCCH is to be shared for signalling of DL relation operation including DL grants as well as UL related control signalling including UL scheduling assignments. Based on the Rel-12 CA framework, the number of configured UL CCs cannot be larger than the number of configured DL CCs. Moreover, it has been shown that from a single UE point of view, the integration of DL CA of a larg(er) number of CCs from hardware and RF operation point of view is easier to manage compared to UL CA. This is also the reason, that currently RAN4 is working on CA band combinations for 4 DL but the UL CA investigations are still limited to 2 UL carriers. We think, that this trend is not expected to change in the future dramatically, as the RF interference issues from multi-carrier multi-band transmission are much harder to handle in a single portable device as a UE compared to an eNB, where the different carriers might not even be located at the same physical location considering as an example CA including macro and small cells/RRHs. 

Observation 7: The number of configurable UL CCs is not expected to increase proportional to the number of DL CCs. 
One argument for the need for (UL) cross-carrier scheduling has been LAA in order not to be dependent on LBT limitations of the UL grant carried on the LAA carrier. At the same time, there seems to be a rather strong consensus, that asynchronous HARQ operation will be needed for UL LAA operation which is also seen in an agreement from the LAA RAN1 ad-hoc:

· Recommend to support asynchronous UL HARQ for UL LAA operation
In case of asynchronous HARQ operation for LAA UL operation, there will be no need for the PHICH resources for LAA UL transmissions as the acknowledgements are given by adaptive grants. As a consequence, one of the main motivations for cross-carrier scheduling (i.e. LAA UL) is not expected to require any PHICH resources for its operation. 
Observation 8: LAA UL operation based on asynchronous HARQ will not require PHICH resources on the scheduling carrier. 
Finally, PHICH resource collision is another issue to be considered. Resource collision happens when two or more PHICHs map to the same resource. The PHICH resource collision can be mitigated with cyclic shift for DMRS in the UL grant. Taking into account that PHICH resources support much larger number of UEs than can be effectively scheduled, the number of PHICH resources can be assumed to be sufficient. In case resource collision is still seen as a problem PHICH bundling could be one feasible approach with minor standardization efforts.
Proposal 2: No enhancements to the number of available PHICH resources are seen as needed.
2.2
PCFICH

PCFICH is to be considered as carrier specific signalling and therefore independent of the carrier aggregation operation overall. As we do not see a need to change the PDCCH definition in Rel. 13 for the purpose of CA and consider the required backward compatibility, the PCFICH definition is not to be changed. 
Proposal 3: No changes to PCFICH for Rel. 13 CA needed. 
3
Conclusions
In this contribution, we discuss DL control channel resource limitations. Based on the discussions, the following proposals and observations can be summarized: 
PDCCH/EPCCH resource related:

· Observation 1: The number of scheduled UEs per carrier is not expected to be fixed with a large number of aggregated carriers.

· Observation 2: Different EPDCCH sets can be configured in a UE specific way, thus increasing the DL control capacity of the scheduling carrier overall.
· Observation 3: Blocking is more likely to occur for cross-carrier scheduling of a larger number of scheduled carriers.

· Observation 4: The need for a large control channel capacity and issue of blocking can be additionally reduced, by configuring different scheduling carriers for different UEs and configure several scheduling carriers for a single UE for the purpose of cross-carrier scheduling.
· Observation 5: At least for 3-bit CIF there is no need to increase the number of (E)PDCCH resources.
· Observation 6: The corner case of having a single scheduling carrier scheduling a large number of UEs with a large number of CCs configured all by cross-carrier scheduling is not the main target Rel. 13 CA deployment and operation in terms of cross-carrier configuration. Therefore, RAN1 should not optimize the Rel. 13 CA for this corner case. 
· Proposal 1: Keep the number of (E)PDCCH resources the same as for Rel-11. 

PHICH related observations and proposals:

· Observation 7: The number of configurable UL CCs is not expected to increase proportional to the number of DL CCs.
· Observation 8: LAA UL operation based on asynchronous HARQ will not require PHICH resources on the scheduling carrier. 
· Proposal 2: No enhancements to the number of available PHICH resources are seen as needed.

PCFICH related proposal: 

· Proposal 3: No changes to PCFICH for Rel. 13 CA needed.
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