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1 Introduction
In RAN1 #64 [1], it was agreed that further studies will be performed for CoMP Scenarios 3 and 4.  In Scenario 4, the same cell ID could be used in both the macro-eNB and all the RRHs within the coverage area of the macro-eNB. One of the potential challenges for Scenario 4 is how to achieve a PDCCH capacity similar to that of Scenario 3 in a cell. In RAN #51 meeting, DL PDCCH enhancement was also agreed as part of the study item on DL MIMO enhancement in LTE-A Rel-11 [2]. 
In this contribution, some possible PDCCH enhancement options and design considerations for increasing PDCCH capacity are discussed. 
2 PDCCH Enhancements 

In [3], the concept of a UE specific RS has been proposed for PDCCH/PHICH to enhance capacity and coverage of these channels by techniques such as CoMP, MU-MIMO and beamforming.   The use of UE-specific RS for PDCCH/PHICH would enable area splitting gains also for the UE-specific control channels in a shared cell-ID deployment.  

One proposal is to reuse the R-PDCCH design principles in Rel-10 for relay node (RN), in which UE-specific DMRS is supported.   R-PDCCH was introduced in Rel-10 for sending scheduling information from eNB to RN. Due to the half-duplex nature of a RN in either DL or UL direction, PDCCH for a RN cannot be located in the legacy control channel region (the first few OFDM symbols in a subframe) and has to be located to the legacy PDSCH region in a subframe.   

The drawback with the R-PDCCH structure is that the micro-sleep feature, in which a UE can turn off its receiver in a subframe after the first few OFDM symbols if it doesn’t detect any PDCCH in the subframe, cannot be supported because an RN has to be active during the whole subframe in order to know whether there is a PDCCH for it. This may be fine for an RN because an RN is considered as part of the infrastructure and power saving is a lesser concern.  In addition, only 1/8 of the DL subframes can be configured to an RN for eNB to RN transmission, micro-sleep is less important to a RN.  Even though it would be an implementation issue, the micro-sleep feature may be  considered  important  to a UE because it helps to reduce power consumption and thus extend a UE’s battery life.. If that is the case, it would be desirable to maintain the micro-sleep feature for UEs in any new PDCCH design.

Another drawback of the R-PDCCH design is that the starting position of the first OFDM symbol of R-PDCCH is semi-statically configured. So R-PDCCH may not start right after the OFDM symbol in the legacy PDCCH region. As a result, the resources between the legacy PDCCH region and the R-PDCCH region may not be used effectively.

2.1 PDCCH enhancement with a new PDDCH region

To support micro-sleep feature at UEs, the new PDCCH region may consist of a number of OFDM symbols in the time domain and the whole or subset of RBs in the frequency domain in the legacy PDSCH region right after the legacy control region as shown in Figure 1.  The same resource allocation methods for PDSCH may be used for RB allocation for the new PDCCH region.   

The new PDCCH region may be either semi-statically configured and signalled through higher layer or could be dynamically allocated and indicated to UEs.  Since the number of OFDM symbols in the legacy control region can be dynamically allocated in a subframe by subframe basis with PCFICH, it seems to be make sense that the new PDCCH region is also dynamically allocated, at least the starting OFDM symbol.   

In case of dynamic allocation, a special PDCCH grant in the legacy PDCCH region can be used in the common PDCCH search space with a predefined special RNTI as shown Figure 1.
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Figure 1 An example of new PDCCH region  with dynamic allocation

With this design, a UE can go into micro-sleep if it does not detect any valid PDCCH in a subframe.  With UE specific DMRS, PDCCH demodulation can be done independent of CRS. As a result, a PDCCH could be sent over antenna ports that are different from CRS.  Thus PDCCHs can be sent to a UE over the closest transmission points (TPs) to the UE.  

If micro-sleep is not considered a big issue for the UE, the new PDCCH could take the whole RB and new PDCCH and PDSCH could be multiplexed in a FDM manner. 
2.2 PDCCH enhancement based on UE specific PDCCH demodulation reference signals in legacy PDCCH region

Alternatively, UE specific PDCCH demodulation reference signal (UE-PDCCH-DMRS) may be introduced in the legacy PDCCH region for unicast PDCCH channels.   The purpose of UE-PDCCH-DMRS is to allow a UE to demodulate its PDCCH channels without the need of CRS. 

UE-PDCCH-DMRS may be inserted into each REG of a PDCCH by replacing one RE not reserved for CRS as shown in Figure 2. Since the REGs within a CCE may not be adjacent in frequency due to REG interleaving, at least one reference RE is required in each REG for channel estimation purpose.  
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Figure 2.   Conceptual diagram of UE-PDCCH-DMRS allocation

A UE specific symbol sequence may be defined on the reference REs.  The sequence could be derived from the RNTI assigned to a UE, the cell ID and the subframe index, so only the intended UE in a cell is able to estimate the DL channel correctly and thus decode the PDCCH successfully.  

One RE being used in each REG for UE-PDCCH-DMRS implies that less RE is available for carrying PDCCH data.  This overhead may be justified as the use of UE-PDCCH-DMRS could allow a PDCCH to be transmitted from a transmission point (TP) close to the intended UE and thus enable better received signal quality at the UE and lower CCE aggregation level. Furthermore, it also allows the same resources to be reused in different areas covered by different RRHs/TPs. 

Unlike in the CRS case where a unique reference signal is needed for each antenna port, UE-PDCCH-DMRS can be precoded together with the PDCCH and thus only one UE-PDCCH-DMRS is needed for a PDCCH channel regardless of the number of antenna ports used for the PDCCH transmission.  Such a PDCCH transmission example is shown in Figure 3, where the PDCCH channel together with a UE-PDCCH-RS is precoded with a coding vector 
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 before it is transmitted over the four antennas.  
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Figure 3  An example of pre-coded transmission of PDCCH with UE-PDCCH-DMRS

The benefit of this approach is that most of the Rel-8 PDCCH processing can be reused and it is fully backward compatible to legacy UEs.  
2.3 PDCCH enhancement with TP specific demodulation reference signals

The use of TP specific demodulation reference signals (DMRS) for PDCCH demodulation could be another alternative used to support PDCCH transmission over a single or multiple TPs.   To make it transparent to legacy UEs, The resources of legacy CRS port 2 and port 3 or a DMRS port may be borrowed for transmitting TP specific reference signals for PDCCH demodulation.  These ports are then not configured for legacy UEs. 

The benefits of a TP specific DMRS include:

1. Because the RS positions are fixed, higher quality channel estimates are possible by averaging across time and frequency.

2. Channel estimation requires little modification from Rel-8 principles.

3. Two port transmit diversity is straightforwardly supported (at least if CRS ports 2 and 3 are used).

The drawbacks of a TP specific DMRS include:

1. Beamforming or precoding PDCCH is difficult to apply.

2. It is less flexible: new UEs’ PDCCHs can only be transmitted from one of two groups of TPs (for example configured with CRS0/1 or CRS2/3) , and these groups change slowly.

3. Transmission modes based on four-port CRS can’t be used for Rel-8/9 UEs.
A TP specific sequence may be used for the reference signals.  The presence of these TP specific reference signals can be signalled to the new UEs.   
3 Summary

A few PDCCH enhancement options are discussed to support PDCCH transmission independent of CRS ports.  Based on these discussions, the following design aspects may be considered for PDCCH enhancement in Rel-11 :

Proposals:
· If micro-sleep is considered important to the UE, a new PDCCH region could takes the first several symbols out of the legacy PDCCH region and  the starting OFDM symbol of the new PDCCH region may be dynamically adjusted for better resource utilization; otherwise, the new PDCCH region could take the whole RB and multiplexed with PDSCH in FDM fashion
· UE specific reference signals may be introduced in the legacy PDCCH resources to support enhanced transmission of PDCCHs.
· TP specific reference signal for PDCCH demodulation may be introduced by borrowing some of the CRS ports or DMRS ports
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