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1 Introduction 

In RAN#51, DL MIMO enhancement study item was agreed in [1] to further improve the system performance in Rel-11 with objective in the following,  
· With first priority:

· Evaluate issues from real-life network deployments of MIMO. 
·  Identify the need for DL MIMO enhancements, and evaluate such enhancements, applicable to non-uniform network deployments, low-power nodes (including indoor), relay backhaul scenarios, and practical antenna configurations (especially 4 tx, and including geographically-separated antennas i.e. macro-node with low-power RRHs), including:

· Evaluate UE CSI feedback enhancements, including:

· Identify and evaluate techniques for CSI feedback accuracy enhancement, especially for MU-MIMO.

· New codebooks or techniques for codebook selection, modification or update may be included, considering different environments and deployment scenarios.

· Assess the standardisation impact of the studied techniques, including impact on CSI payload sizes. If relevant feedback proposals are not directly implicit in nature, the study of testing aspects should be included. 

· Evaluate enhancements for downlink control signalling:
· to support MU-MIMO;
· based on UE-specific reference signals.

· With second priority:
· Evaluate open-loop MIMO, including open loop MU-MIMO operation
· Within the constraint of not introducing new antenna ports, evaluate possible enhancements for demodulation RS for MIMO, including considering improved orthogonality for MU-MIMO and possibilities for DMRS overhead reduction.

Downlink control signaling is one of the areas to study for further enhancement.  This paper discusses the relevant scenarios, the objectives, the constraints in the system design, and the possible solutions for PDCCH enhancement. 
2 Discussion
2.1 Scenarios for PDCCH enhancement

The PDCCH was designed to be able to be received by all UEs in the coverage area of the cell.  In order to support all UEs with different radio channel conditions, the PDCCH design has fixed MCS with interleaving to combat inter-cell interference.  CCE aggregation levels 1, 2, 4, and 8 provide variable repetition coding gain for UEs with different channel conditions.  However, UEs need to check all aggregation levels in the blind decoding process.  
For other DL control channels some special design features exist for specific applications or environments in LTE.  In Rel-9, four levels of MCS are supported for the MCCH for eMBMS services based on different deployment of MBMS SFN network [2], [3], and [4].  Variable MCS design for the MBMS control channel is supported due to the SFN gain, in particular at the cell edge, and different cell sizes in deployment.    In the Relay backhaul control channel (R-PDCCH) design [5], all different DL transmission modes are supported to take advantage of the near static radio channel conditions between the donor eNB and the relay nodes.  The fixed partition of DL/UL grants in R-PDCCH provides enough processing time in decoding of grants in the TDM type of relay back haul access with simplicity.  However, the fixed partition of DL/UL grants also limits the multiplexing capability and flexibility, which is demanded by large number of UEs supported in a cell to access the system.  
For DL MIMO enhancement, the target scenario is to optimize UE performance in real life deployment scenarios, including different antenna configurations and deployment environments.  The PDCCH enhancement should not be generalized to all UEs within the coverage area but should be designed for specific groups of UEs, such as UEs supporting MIMO with good channel conditions, or UEs at the cell-edge, to enhance PDCCH performance.  
2.2 Objectives of PDCCH enhancement 
The motivation for PDCCH enhancement is PDCCH usage is increasing, due to the introduction of new features and increases in the number of users in the system.  MU-MIMO and geographically separated antennas demand increased usage of PDCCH in a given cell.   Therefore the main objectives of PDCCH enhancement in Rel-11 should be: 
· Increase PDCCH multiplexing capacity – PDCCH multiplexing capacity should be enhanced to support increasing demands of PDCCH within a subframe. Expansion of the PDCCH region to more symbols or using FDM type of new PDCCH design would adversely impact the PDSCH.  The fundamental aim should be to increase the PDCCH multiplexing capability within the existing resource region. 
· Improve PDCCH coverage – The penetration loss in indoor deployments and high propagation loss in high frequency carriers limit the PDCCH coverage area.  It is desired to enhance the PDCCH to improve its coverage in real deployment scenarios.  
2.3 Constraints of PDCCH enhancement in Rel-11 
The PDCCH enhancement is for Rel-11 UEs and should have the following target requirements:
· The allocation of enhanced PDCCH should be transparent to Rel-8/9/10 UEs when they access the Rel-8 /9/10 DL control channels and shared channels.   

· The enhanced PDCCH should support all Rel-8/9/10 DCI formats and additional DCI formats in the future

· The enhanced PDCCH should reuse the PDCCH physical layer structure and design, such as CCE and aggregation level, as much as possible.   

· The enhanced PDCCH should be able to be used for Rel-11 UEs at every subframe.  
· The enhanced PDCCH should be able to support a large number of UEs with different radio channel conditions and mobility.  
· The enhanced PDCCH should have minimal increase of blind decoding.  
2.4 Possible solutions
The principle of PDCCH enhancement for the increase of the multiplexing capacity and the coverage performance improvement is to have channel dependent PDCCH design with link adaptation.   A channel dependent PDCCH with link adaptation would take advantage of individual UE channel state information to adapt the MCS scheme, antenna scheme, Tx power and radio resource accordingly.  This would improve the efficiency of PDCCH utilization without changing the performance target.  However, a channel dependent PDCCH would require knowledge of the channel and could not apply to all UEs.  Possible schemes for PDCCH enhancement can be categorized as follows:
· Advanced antenna technology – MIMO and BF are channel dependent technologies.  The CSI feedbacks would provide the required channel information for channel dependent PDCCH.  The BF technology would improve PDCCH received SINR and reduce inter-cell interference to PDCCH of neighboring cells.  
· Multi-user access – The spatial multiplexing capability allows multiple streams sharing same resource in spatial domain.  If each stream is used for one UE’s DL control information, this will allow multiplexing of multi-user DCI through spatial multiplexing, similar to MU-MIMO.  The spatial multiplexing improves the PDCCH multiplexing capability.  
· Coordination of PDCCH transmissions among neighbour cells - Coordinating PDCCH transmissions would control the mutual interference and improve the PDCCH detection performance.  
3 Enhanced PDCCH design 
The requirements and motivations outlined above can be satisfied by a UE-specific PDCCH (U-PDCCH) in which groups of UEs with similar radio channel conditions can share a control channel element (CCE) through multi-layer BF.  The eNB would group the UEs based on their CSI feedbacks.  The multi-layer BF U-PDCCH design would be similar to the MU-MIMO PDSCH design.  The BF feature in the U-PDCCH would improve the coverage and reduce the inter-cell interference from the neighboring cells.  The multi-layer spatial multiplexing capability of U-PDCCH design would allow spatial multiplexing of multiple downlink control channel information in the same control channel element resource.   
In order to support multi-layer BF, UE-specific reference signals need to be sent with the DL control information. An example is shown in Figure 1.  The proposed U-DPDCCH for Rel-11 UEs in Figure 1 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 U-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 Figure 1.  From Figure 1, 2 REGs are combined as a DM RS group to support to 8 DM RS antenna ports for U-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 be used for the control information for dynamic control of the U-DPCCH information.  This REG is not precoded.  The UE would decode this REG before decoding the DM RS in the other REGs.  The dynamic control information could be configured by RRC signaling semi-statically per UE.  
The possible control information carried in the orphan REG could be,

•
Dynamic user allocation for multi-user multiplexing in U-PDCCH

•
Dynamic MCS allocation for the U-PDCCH.  This would allow the eNB to aggressive assign the modulation and coding schemes for the UEs with good channel condition. 

•
Dynamic rank allocation for precoding matrix

The U-PDCCH would be precoded at the eNB transmitter. DCI information on U-PDCCHs for multiple users are spatially multiplexed in the same CCE resources by eNB precoding. The precoded U-PDCCH is demodulated by using UE-specific RS. Rel-11 UEs need to support UE-specific RS for U-PDCCH, unlike Rel-8/9/10 UEs which uses CRS for PDCCH demodulation. Apart from using UE-specific RS for U-PDCCH, the remaining PDCCH procedure remains the same as Rel-8/9/10.



Since the U-PDCCH design uses exactly the same DL control channel resource allocation numerology and blind detection as the Rel-8 PDCCH, the U-PDCCH could be embedded in the PDCCH region in normal subframes.  In the Rel-11 PDCCH region shown in Figure 2, there would be legacy PCFICH, PHICH and PDCCH (in black) and U-PDCCH (in red) in the CCE allocation.   The U-PDCCH CCEs and other Rel-8 control channel CCEs would go together through the sub-block interleaver, resulting in an  interleaved U-PDCCH.    The U-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 U-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 U-PDCCH for DL assignments.  
· The U-PDCCH configuration for a specific UE would be included in the setup.  The UE specific information, such as OCC and  MCS, are part of U-PDCCH configuration


4 Conclusions

We have discussed the requirements and possible solutions for PDCCH enhancement in Rel-11.  
The objectives of PDCCH enhancement are primarily to increase the multiplexing capacity and coverage area of the PDCCH.  
A further requirement is that Rel-8/9/10 UEs must not be adversely impacted by the introduction of enhanced PDCCH in Rel-11.  
We propose UE-specific PDCCH with DM-RS and MIMO to support multiple DCI multiplexing onto CCE(s).  The UE-specific PDCCH design should be fully integrated into the existing PDCCH control region and compatible with the Rel-8 CCE design.  
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Figure � SEQ Figure \* ARABIC �1�: DM RS allocation for U-PDCCH 





Figure � SEQ Figure \* ARABIC �2�: U-PDCCH CCE allocation in the control channel region











