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1 Introduction
The Enhanced PDCCH (E-PDCCH) has been discussed in 3GPP as a potential solution to enhance the PDCCH coverage and capacity. The basic idea of E-PDCCH is to perform the beam forming on PDCCH with the possible use of UE-specific DMRS and MU-MIMO. In order to achieve the maximum BF gain and to facilitate the CSI feedback, the E-PDCCH for certain UEs will need to be in a “localized” bandwidth rather than the “distributed” bandwidth of the traditional PDCCH.
In [1], we show the impact of PDCCH capacity limitation and outline the basic design principles that the E-PDCCH should follow. 
This contribution discusses several specific issues to be considered by the introduction of the E-PDCCH, including interference cancellation and blind decoding, in more detail.

2 Interference cancellation for E-PDCCH
Frequency-localized transmissions usually experience faster-changing and more unpredictable interference than frequency-distributed transmissions. Since the E-PDCCH is likely to use localized transmission, one serious issue for E-PDCCH is how to guarantee the target BLER without using a too-conservative aggregation level. 
2.1 OCC based CCE aggregation

One solution is to use a CCE (Control Channel Element) level OCC (Orthogonal Cover Code) which is cell-specific or UE-specific whenever the aggregation level is greater than 1, as follows:
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is the OCC sequence.
This OCC does not need to be applied to the DMRS REs.
Fig. 1 illustrates one example of the OCC based E-PDCCH supporting MU-MIMO transmission, assuming with aggregation level 4. The traditional PDCCH can only support one UE transmission. For E-PDCCH, we assume the 4 CCEs support 2 UEs, which are spatially multiplexed. On top of the spatial multiplexing, the OCC can be used to eliminate the MUI. For example, the UE1’s four CCEs are multiplied by [1 1 -1 -1] and the UE2’s four CCEs can be multiplied by [1 -1 1 -1].
It should be noted that here we just use a binary OCC as an example; complex sequences are not precluded.
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Fig. 1 : OCC based E-PDCCH
2.2 OCC sequence allocation
The OCC sequence can be defined by two indices – a group index to cancel the ICI and a sequence index to cancel the MUI. All the available sequences are divided into 
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 groups, and each group of the OCC sequences are allocated to one cell. Here we assume each group includes 
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 sequences to support MU-MIMO transmission. 
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 if all the OCC sequences are orthogonal, and 
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 if semi-orthogonal OCC sequences are also used. 
· Group index allocation for ICI cancellation
The OCC group for a given cell can be calculated as:
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, where SFN is the system frame number. In order to maximally cancel the ICI, the CCEs of the adjacent cells should be locate in the same RBs, as shown in Fig.2.
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Fig. 2 : Inter-cell E-PDCCH scheduling
Note that the aggregation level of the adjacent cells need not be the same only if the OCC sequences are orthogonal. Taking Fig.2 as an example, the green CCEs in cell 1 can be allocated with OCC [1 1 1 1] and [1 1 -1 -1]; the red/black CCEs in cell 2 can be allocated as: [1 -1] & [1 -1].
For CoMP scenario 4, the virtual cell ID (similar as proposed for the DMRS [2]) may be considered for different groups of CoMP UEs to eliminate the ICI.
· OCC allocation for MUI cancellation:

The OCC index for a given UE can be calculated as: 
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is the index of the allocated DMRS (or CRS) antenna port. The UEs performing MU-MIMO transmission should have the same 
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values in order to fully remove the MUI.
Then the final employed OCC index for the UE is: 
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2.3 UE position-dependent sequence allocation
The variables 
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mentioned in section 2.2 obviously influence the E-PDCCH capacity, so we will discuss how to optimize the variables 
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Bearing in mind that the cell centre UEs and cell edge UEs usually experience different ICI to MUI ratios, a suitable strategy could be:

· For cell centre UEs, increasing 
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 and reducing 
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 since the MUI is usually greater than the ICI. For example, 
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· For cell edge UEs, increasing 
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 and reducing 
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 since the ICI is usually greater than the MUI. For example, 
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An example is shown in Fig.3. 
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Fig.3: frequency-dependent 
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The above discussion assumes that the OCC is used to cancel both MUI and ICI. If the ICI can be handled by coordinated beamforming of the E-PDCCH, the OCC can be used to eliminate only MUI, which would be much simpler.
3 Blind decoding
The blind decoding is another issue to be discussed for E-PDCCH. Basically, the E-PDCCH can only accommodate a UE-Specific Search Space (USS), and the Rel-11 UEs would still need to search the Common Search Space (CSS) of the legacy PDCCH in any case. 
One possibility is to combine the existing PDCCH resource and the E-PDCCH to form one extended PDCCH search space for R11 and beyond UEs. The eNB can configure the number of blind decodings in E-PDCCH and PDCCH respectively, such that 
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where 
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are the total number of BDs, number of PDCCH BDs number, and number of E-PDCCH BDs respectively. The values of 
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can be explicitly configured or pre-defined. 
4 DMRS design for E-PDCCH 
In order to support multi-layer BF, UE-specific reference signals need to be sent along with the DL control information [3]. An example is shown in Fig.4.  The proposed E-PDCCH for Rel-11 UEs in Fig.4 supports aggregation levels 2, 4, and 8, and has one predefined CCE, e.g. the 1st CCE, containing the DM RS and control information.   Rel-11 UEs configured with E-PDCCH would start blind decoding with aggregation level 2 with the knowledge of the 1st CCE being the DM RS and control information.   
As in Rel-8, each CCE contains 9 REGs with 4 REs in a REG.  The DM RS is allocated at 8 out of 9 REGs as shown in Fig.4.  From Fig.4, 2 REGs are combined as a DM RS group to support to 8 DM RS antenna ports for E-PDCCH.    There would be 4 DM RS for each antenna port within a CCE.   Applying a length-4 orthogonal cover code (OCC) on top of 4 DM RS would allow the eNB to multiplex 4 distinct DM RS for 4 different UEs.  The assignment of the OCC for each user could be configured semi-statically through RRC signaling or dynamically through the DL control region in the remaining orphan REG in a CCE.  The orphan REG could also be used for the control information for dynamic control of the E-DPCCH information and adaptive MCS configuration as aforementioned.  This REG is not precoded.  The UE would decode this REG before decoding the DM RS in the other REGs.  
The E-PDCCH would be precoded at the eNB transmitter. DCI information on E-PDCCHs for multiple users are spatially multiplexed in the same CCE resources by eNB precoding. The precoded E-PDCCH is demodulated by using UE-specific RS. Rel-11 UEs need to support UE-specific RS for E-PDCCH, unlike Rel-8/9/10 UEs which uses CRS for PDCCH demodulation. 



5 E-PDCCH positioning
The E-PDCCH could be embedded in the PDCCH region in normal subframes [3].  In the Rel-11 PDCCH region shown in the left hand side of Fig. 5, there would be legacy PCFICH, PHICH and PDCCH (in black) and E-PDCCH (in red) in the CCE allocation.   The E-PDCCH CCEs and other Rel-8 control channel CCEs would go together through the sub-block interleaver, resulting in an  interleaved E-PDCCH.    The E-PDCCH is thus transparent to Rel-8/9/10 UEs.   The Rel-8/9/10 UEs would perform the normal blind decoding and consider the precoded CCEs as one of the CRC error cases.    The general procedure for the E-PDCCH assignment could be as follows,

· The CONNECTED mode UEs would use the PDCCH for the initial access of DL control information.  

· The CONNECTED mode UEs are assigned to use DL transmission mode 9 along with E-PDCCH for DL assignments.  

· The E-PDCCH configuration for a specific UE would be included in the setup.  The UE specific information, such as OCC and  MCS, are part of E-PDCCH configuration
The other alternative is to allocate the non-interleaved E-PDCCH in the MBSFN subframes for Rel-11 UEs as shown in the right-hand side of Fig. 5.   The control region for E-PDCCH in an MBSFN subframe would be similar to MCCH for eMBMS service with the 1st symbol allocated for PCFICH, PHICH and PDCCH.  Rel-11 UEs configured for E-PDCCH would be informed by RRC signaling about the control region for E-PDCCH in the MBSFN subframes.   

Fig.5: E-PDCCH CCE allocation in the control channel region
Alternatively, the E-PDCCH could use an FDM positioning similar to the R-PDCCH.
6 Summary 
In this contribution, we discussed the interference cancellation and blind decoding issues for E-PDCCH. Our opinions are summarized as below:
· A CCE-level OCC applied to the E-PDCCH can eliminate MUI.
· The partitioning of the blind decodings between PDCCH and E-PDCCH should be configurable.
· DMRS should be embedded into the E-PDCCH CCEs to facilitate beamforming, CoMP and MU-MIMO on the E-PDCCH.
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Fig.4: DM RS allocation for E-PDCCH 
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