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1. Introduction 
This document considers interference between PDCCH transmissions from neighbouring cells and possible means for mitigating the effects. The main focus is on scenarios where the cells are synchronised, which would include the case of cells from a single site under the control of the same eNB.  
2. Discussion
As this seems a basic requirement for many CoMP schemes we focus on the case of synchronized cells with time aligned subframes (e.g. controlled by the same eNB). Interference between the PDSCH transmissions from the two cells can be avoided or mitigated by scheduling, for example choosing different frequency domain resources. Interference between CRS from adjacent cells can usually be avoided by cell ID planning to give suitable frequency shifts, particularly for the case of 2 Tx antennas per cell. The remaining issue is interference between PDCCHs. The main measures for mitigating this can be classified as based on either randomization or orthogonality.
There are additional aspects such as interference between CRS and PDSCH and CRS and PDCCH, but we assume here that these are adequately dealt with by power boosting of CRS and randomization of PDSCH and PDCCH.
2.1
Increasing robustness by randomisation
In LTE Release 8 the main mechanism for mitigating the effect of interference on the PDCCH is randomization of the REs in the frequency domain (over the system bandwidth) and on the time domain (over the OFDM symbols reserved for control channel). Other possibilities based on an assumption of random interference are as follows:     
· Increase sparseness of control channel
· E.g. expand to 3 OFDM symbols, even if this is not required by PDCCH loading

· No specification changes are required to implement this
· Power boosting

· Effective against PDSCH interference (assuming the PDSCH is “non-boosted”)

· This could  combined with “increased sparseness”

· Higher interference would be generated, but only in some REs

· No specification changes are required, but restrictions on maximum boost could be reconsidered
· Increase aggregation level used for PDCCH
· This would increase robustness for an individual PDCCH transmission, but would lead to generation of higher interference levels, so is not likely to be very effective if applied in all cells.

2.2
Achieving orthogonality

Another approach is to provide orthogonality (or the possibility of orthogonality) between PDCCH transmissions from different cells. Some methods for this are as follows:

· FDMA and Frequency re-use factor applied to control channel carriers (e.g. as proposed in [1])
· From a given site not all the carriers carry PDCCH  

· Cross-carrier scheduling would be required for unity frequency reuse factor for PDSCH
· Compatible with carrier aggregation

· Co-ordination required between schedulers for different cells 

· The co-ordination could be to agree for a cell a preference on the cell (i.e. carrier) that should provide the PDCCH 
· No specification changes required (except for addition of cross-carrier scheduling in carrier aggregation as already agreed for Release 10) 

· FDMA and Frequency re-use factor applied to control channel sub-carriers
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Figure 1: Resource blocks used for PDCCH in two neighbouring cells (yellow/green) with re-use factor applied to control channel sub-carriers (black REs are CRS)
· Backwards compatible with Release 8 PDCCH transmissions if a Release 10 PDCCH is modified to use only a subset of the Release 8 sub-carriers.

· For a Rel 10 UE, the Rel 8 sub-carriers are muted according to the cell ID to provide a new set of orthogonal resources. The number of different sets of orthogonal resources is equal to the re-use factor (e.g. 2 out of 3 RBs are muted for a re-use factor of 3). To keep the Rel 8 performance, the aggregation level should be increased before muted (e.g. by a factor of 2 or 4). 

· Co-ordination required between schedulers for different cells

· The co-ordination could be to agree a preference on the subset of control CCEs to be used for each cell (for each DCI aggregation level). This is equivalent to a cell-specific preference for the part of the search space to be used.

· Requires good orthogonality between sub-carriers (e.g. close timing synchronization between cells)  
· FDMA and Frequency re-use factor applied to control channel search space 

· eNBs choose orthogonal positions in the search space for different UEs in different cells 

· This means that the schedulers use different PDCCH sub-carriers in different cells on the same frequency 

· This can be achieved under the assumption of the same system bandwidth and same number of OFDM symbols reserved for control channel 

· Co-ordination is required between schedulers for different cells

· The co-ordination could be to agree a preference on the subset search space elements be used for each cell (for each DCI aggregation level). This is equivalent to a cell-specific preference for the part of the search space to be used.

· Requires good orthogonality between sub-carriers (e.g. close timing synchronization between cells)  

· Can be implemented with no specification changes 

· Modified search spaces could also be added for Release 10 UEs

· With new search space designs (e.g. if reduced/modified search spaces are specified for carrier aggregation), the search space could be a UE specific configuration, or depend on the Cell ID.

· If the number of OFDM symbols allocated for control information is different between the cells then two different search space positions are not necessarily fully orthogonal in different cells.

· There is also a partial loss of orthogonality due to insertion of CRS (and PHICH) in different positions in different cells. (see Figure 3).  However, the bigger problem for receiving the “non-orthogonal” resource elements is probably interference from CRS instead of PDCCH. 
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Figure 3: Two search space positions (green and blue) are orthogonal within Cell A. Due to CRS different CRS locations some resource elements for the same search space positions are different in Cell B (designated with arrows). The two search space positions (yellow and orange) are still orthogonal in Cell B. The potentially interfering transmissions from the two cells arising from control channels in positions green and orange (for example) are orthogonal between the two cells except for the CRS locations (black)
· FDMA and Frequency re-use factor applied to control channel resource blocks used for PDCCH
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Figure 2: Resource blocks used for PDCCH in two neighbouring cells (green/yellow), with re-use factor applied to control channel resource blocks (black REs are CRS).

· Backwards compatible with Release 8 PDCCH transmissions if a Release 10 PDDCH is modified to use only a subset of the Release 8 resource blocks. For a Rel 10 UE the Rel 8 resources in given RBs are muted according to the cell ID to provide a new set of orthogonal resources. The number of different sets of orthogonal resources is equal to the re-use factor (e.g. 2 out of 3 RBs are muted for a re-use factor of 3). To keep the Rel 8 performance, the aggregation level should be increased before muting (e.g. by a factor of 2 or 4). 
· TDMA applied to control channel subframes

· Scheduler uses different subframes for PDCCH in different cells on the same frequency 

· Some subframes would not be accessible for some UEs in some cells

· Could be combined with a frequency reuse factor applied to control channel carriers 

· Cross carrier scheduling required to give all UEs access to all subframes
· Can be implemented with no specification changes 

· TDMA applied to OFDM symbols

· Scheduler uses different OFDM symbols in the control region for PDCCH for different cells on the same frequency 

· Backwards compatible with Release 8 PDCCH transmissions if a Release 10 PDCCH is modified to use only a subset of the Release 8 REs in a given OFDM symbol.
2.3
General points
If use or otherwise of particular PDCCH resources is agreed via coordination between eNbs, then it would be probably be sufficient to treat such agreements as a preference for the eNB scheduler to take into account. This would avoid a strict prohibition on resource use. 

If PDCCH transmissions are made orthogonal between cells, then preferably CRS transmissions between cells should also be orthogonal. This means that, for example, time/frequency re-use should be tied to the CRS frequency shift. Therefore, in general it would be worth defining up to 6 (or possibly 3) distinct orthogonal transmission possibilities for PDCCH. In order to achieve this, the above proposals could be extended to include a CDM component.
Achieving orthogonality between PDCCH is likely to require more than the minimum control channel resources. Semi-static configuration of the size control channel region, or fixing to 3 OFDM symbols, could be considered for appropriate scenarios. This would also avoid PCFICH errors which may be a particular problem for cross-carrier scheduling. 

3. Conclusions
From the above discussion it is clear that several means are available for mitigating interference between PDCCH transmissions from adjacent synchronized cells. In scenarios where such interference is a problem, typical solutions would allocation of more PDCCH resource space. Some solutions do not require any specification changes. Others can be implemented in a way which is backwards compatible. 

We recommend that RAN1 considers potential backwards compatible modifications to the PDCCH in Release 10 in order to mitigate the effects of PDCCH interference between synchronized cells.
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