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1. Introduction 
The discussion in RAN1#57 and subsequently has confirmed understanding of a baseline the agreement on carrier aggregation:-
· Separate coding of DL assignments and UL grants for each component carrier based on DCI format(s) for single carrier with the possibility of an additional carrier indicator field of 0-3 bits
A way forward was subsequently agreed in RAN1#58 in [1]. This document considers some open issues within the agreed framework, and in particular some issues relating to the design of the PDCCH search space for carrier aggregation.  
2. Discussion 
Asymmetric UL/DL Carrier Agreggation: Currently in Release 8 it is assumed that in FDD operation the UL and DL carriers are paired. This means that an UL grant transmitted using a PDCCH on a given DL carrier implicitly indicates a particular UL carrier. In the case of carrier aggregation, we can consider the following cases, also identified in[2]:

(1) Number of DL carriers is equal to or greater than the number of UL carriers

Provided a one-to-one association can be created between each UL carrier and a DL carrier, and all the DL carriers which are part of such an association can carry PDCCH, then it would not be necessary to use any additional signaling such as a carrier indicator to signal UL grants on any of the UL carriers.
(2) Number of DL carriers is less than the number of UL carriers  
In this case, signaling UL grants on at least some of the carriers would require some additional signaling mechanism.

Some possibilities are:

· Carrier indicator field
·  This would introduce a new DCI format 

· PDCCH CRC scrambled by a different ID

·  This would reduce the available ID space 

·  To check the additional ID(s), more blind decodings would be needed (but not more than the upper limit for case (1)) 

· Carrier is indicated by the PDCCH location in the search space

·  PDCCH blocking probability would need to be analysed

·  To check the additional search space locations, more blind decodings would be needed (but not more than the upper limit for case (1))

In all the above cases, the search space would need to be sufficiently large to accommodate additional PDCCH(s), since PDCCHs for more than one UL grant could need to be present on the same DL carrier. 

The requirement for additional signaling could even be avoided completely, for example by:  

· By having equal numbers of DL and UL carriers from a UE point of view (even if there are more UL carriers from a system viewpoint), but assigning different groups of UEs to different sub-sets of the available UL carriers  

·  This would mean some restriction on flexibility of UL resource allocation between UEs
· By splitting DL carriers to create more carriers with smaller individual bandwidths so that there are the same number of DL and UL carriers

·  This could mean some loss of DL efficiency/performance for earlier release UEs not able to access multiple component carriers  
In considering the above, it seems reasonable to assume that current agreements would hold even in the asymmetric case, and there would be no more than 5 UL carriers and no more than 5 DL carriers. 
It seems that some UE-specific configuration (probably semi-static) would be needed to explicitly link UL carriers to DL carriers.  
From the above discussion it seems that including a carrier indicator bit is not necessarily essential to support asymmetric UL/DL carrier aggregation (although it may be desirable for other reasons e.g. scheduling flexibility).  

PDCCH Search Space: The baseline assumption implies that the UE should be prepared to receive PDCCH(s) on any of the Component Carriers. Search space size and detailed design should therefore be considered in order to avoid excessive blind decoding load at the UE [1]. Some possibilities to consider on search space size are:

(1) Release 8 search spaces on all component carriers: 
a. Maximum flexibility

b. Excessive blind decoding load (Release 8 load plus up to 80 for each DCI format/CRC scrambling ID)

(2) Release 8 dedicated search space on all component carriers, common search space on one carrier:
a. Reduced common signalling flexibility

b. Blind decoding load a little lower than (1) 
(3) Release 8 search spaces on one carrier, reduced-size dedicated search spaces on other carriers:
a. Blocking performance vs. search space size requires analysis 

b. At least two PDCCH locations would be needed on each component carrier to allow both UL grants and DL assignments to be signalled. (Assuming support of all aggregation levels with two locations gives the Release 8 blind decoding load plus up to 32 for each DCI format/CRC scrambling ID)   

We propose that one carrier has special status for the UE (e.g. anchor carrier) and on this carrier the full Release 8 search space is used, and this carrier is the only one carrying common signalling to the UE. A reduced search space is used on other carriers. 
PDCCH Blocking: To evaluate the PDCCH blocking performance for carrier aggregation we propose the following assumptions:
· The relevant scenario is for a small number of active UEs requiring high bit rates, and therefore resources on several carriers. (A large number of active UEs cannot be given high bit rates simultaneously and therefore under this scenario would not typically benefit much from carrier aggregation) 
· Active UEs using carrier aggregation require simultaneous UL and DL resources on every component carrier and in every subframe 

· UEs using carrier aggregation have high priority (otherwise carrier aggregation would not be required).

· The maximum number of active UEs which are “competing” for PDCCH resources (per component carrier, in any one subframe) is equal to the number of component carriers configured. With more UEs there would be no advantage using carrier aggregation. 
· No other PDCCH transmissions are considered
· The search space on any additional component carriers consists of two PDCCH locations for each aggregation level (to allow both an UL grant and DL allocation in the same subframe). As in Release 8 these possible PDCCH locations would be adjacent. 
· The Release 8 method of “hopping” search space location is applied

· Aggregation levels of most interest are 1or 2 CCEs. Two CCEs may be required assuming closed loop MIMO up to 8x8, a DCI format similar in size to format 2 in Release 8, and emphasis on reliability of PDDCH rather than minimising overhead. System bandwidth is 20MHz (i.e. bandwidth of one CC is 20MHz)
· One OFDM symbol is allocated for DL control channels. (For a small number of active UEs more symbols would be an unnecessary overhead).

· Two Release 8 antenna ports are assumed. 

· From the previous two assumptions the number CCEs available for PDCCH will be about 21.   

The blocking performance is considered in more detail in another document [4].
PDCCH blocking under some different assumptions (e.g. larger number of UEs) is considered in [5]. However, it is also noted there that there is potentially a direct impact on throughput.

Some means for mitigating PDCCH blocking could be considered:

1) Larger search space:  This would be at the cost of a higher blind decoding load.
2) Independent PDCCH search space hopping on each CC: This would ensure that if the PDCCH is blocked on one carrier it is unlikely to be blocked on the others. 
3) Using a different aggregation level if the first choice is blocked: In the above example the probability of blocking is reduced if a PDCCH with 2 CCEs is not available and 1 or 4 CCEs could be used instead. 

4) Allowing use of a PDCCH on a different carrier. This would be facilitated by using a carrier frequency indicator. 

5) Increasing the number of OFDM symbols for DL control if blocking is detected: This would generate a new set of PDCCH locations, most likely avoiding the blocking condition. The cost would be a small additional overhead in some subframes on some carriers from using more OFDM symbols than otherwise necessary. This is already supported in Release 8. To facilitate the same possibility with carrier aggregation, it should be possible to have different numbers of OFDM symbols for control on different CCs.
6) A fixed search space configured for each UE using carrier aggregation: Each UE could be given a defined location in the PDDCH space, which could be arranged to be orthogonal for small numbers of UEs, preventing any collisions, at least between the high priority UEs using carrier aggregation. There would be no additional overhead.
Option 2) above would be desirable and together with 3) and 4) above may be sufficient, and then no further special features would need to be included in the specifications. 

Interaction with DRX: In Release 8 UE power saving is supported using DRX. A DRX cycle may be configured so that the UE receiver only needs to wake up periodically to check for PDCCH transmissions. When a PDCCH is received, the UE continuously monitors the PDCCH in successive subframes until a timeout. The same principle can be applied for carrier aggregation, and extended to cover the additional CCs. Some possibilities which could be considered are:- 

· The operation of DRX is fully independent between the CCs: This has the advantage of simplicity. However, if the DRX cycles are not synchronised (or become unsynchronised), the UE may need to wake up frequently to check for PDCCH on the different CCs. Further options are:-  
· The DRX cycle configuration is common between the component carriers 
· Or, there may be different DRX cycle configurations for each carrier 

· The operation of DRX is co-ordinated across the CCs: This would prevent DRX cycles becoming unsynchronised and allow more effective UE power saving. For example when in DRX, the UE could be allowed to only monitor PDCCH on the anchor carrier (e.g. with the full Release 8 search space). As soon as a PDDCH is received, then the UE would monitor all the CCs in subsequent subframes, until the DRX timeout expired, or another PDCCH is received. A similar issue is addressed in [3], but the proposed solution is different and requires additional signalling bits in the DCI format. Alternatively, a reasonable UE implementation might be able to activate receiver processing for all the configured CCs when any PDCCH is to be monitored. In this case it would be possible to carry out blind decoding for multiple PDCCHs on all the CCs, whenever a DRX period ends. 
3. Conclusions
From the above discussion we propose the following for multiple CCs:

· The carrier indicator bit is not necessarily essential to support asymmetric UL/DL carrier aggregation, but it is desirable for other reasons e.g. scheduling flexibility, and to reduce probability of PDCCH blocking.  

· One carrier should have special status for the UE (e.g. defined as the “anchor carrier”) and on this carrier the full Release 8 PDCCH search space is used. Also this carrier is the only component carrier providing common signalling to the UE. A reduced search space is used on other component carriers (to reduce blind decoding load).

· Independent PDCCH search space hopping on each Component Carrier

· Using a different aggregation level or increasing the number of OFDM symbols if a PDDCH is blocked. These possibilities are already supported in Release 8, and should be retained for carrier aggregation.

· The operation of DRX is co-ordinated across the CCs, in order to maximise potential power saving at the UE.
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