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1. Introduction

In recent Rel. 11 DL MIMO enhancement discussions, capacity shortage is identified as one of the problems for Rel. 8 PDCCH, especially in CoMP scenario 4 where the same cell ID is applied to both the Macro cell and its remote RRH(s). As a solution under consideration, UE-RS based PDCCH received much attention from different companies in RAN1 65. This solution obtains both cell splitting gain via using UE-RS for PDCCH demodulation and the ICIC gains via FDM among different transmission points. 
As a starting point, UE-RS based R-PDCCH provides a good reference design. 
In [1], we discussed the major differences in the design goals between UE-RS based R-PDCCH and PDCCH. In this contribution, we further discuss some key issues in designing the UE-RS based PDCCH.
2. Limitations of Rel.8 PDCCH
The capacity of PDCCH is of less concern if wideband scheduling and SU-MIMO is applied. However, if subband scheduling and MU-MIMO are applied, the PDCCH capacity runs short. The PDCCH capacity shortage becomes more severe in CoMP scenario 4 than the other scenarios since more UEs can be scheduled and they consume more PDCCH bandwidth. Besides CoMP scenario 4, some other scenarios also require high PDCCH capacity such as M2M, PDSCH transmission in MBSFN subframe, cross carrier scheduling in CA. In addition to the capacity shortage, since the Rel. 8 PDCCH distributes all over the frequency band, it prevents inter-cell interference coordination techniques using FDM. This causes a problem for HetNet especially with RE, where cell edge UEs suffers from strong interference. Therefore, we should take interference coordination into consideration for enhancing PDCCH.
3. Details of UE-RS based PDCCH
Several solutions were proposed in RAN1 65 to increase the PDCCH capacity. Many companies believed that UE-RS based PDCCH is a promising candidate. On the other hand, there are also some other solutions such as compacted DCI and scheduling bundling. However, if PDCCH is still decoded based on CRS, the cell splitting gain cannot be obtained even if the size of DCI is reduced. Thus, it is reasonable to focus on the UE-RS based solution first and then use DCI reduction as a further improvement.
3.1 Resource Allocation for UE-RS based PDCCH
Three types of resource allocation scheme were proposed in RAN1 65. They are listed in Table 1 together with pros and cons. Taking both the pros and cons of each scheme into account, we believe that RRC based resource allocation scheme is a promising choice since it can improve both the capacity and inter-cell interference. The other two schemes can be considered further if more justifications are shown.
Table 1, Pros and cons of different resource allocation schemes for UE-RS based PDCCH
	Resource allocation scheme
	Pros
	Cons

	RRC signalled new control region [4,5,1] 
	Purely UE-RS based decoding, (cell-splitting gain available) ; 
FDM ICIC gain;
	Doesn’t support Micro-sleep  if the new region is FDM with data.

	Layer1 signalled new control region [2,3]
	Dynamic scheduling may result in better inter-cell interference mitigation;
Micro-sleep compatible
	Need to define new DCI which should be decoded through CRS (cell splitting gain not available); Two DCIs are needed for one scheduling.

	REG based legacy control region [2]
	Legacy control region reusable; 
Less standardization effort
	25% spectrum efficiency loss due to UE-RS allocation (Aggregation level 1 is not supported for large DCI size, e.g. DCI 2C); 
How to multiplex with Rel.8 PDCCH is not clear;
No FDM ICIC gain.


Remark 1: RRC based resource allocation scheme is a promising choice if micro sleep is not a big concern.
3.2 Resource Mapping of UE-RS based PDCCH
In the last meeting, quite many companies shared the same view that allows the UE-RS based DL PDCCH and UL PDCCH to be sent in both slots [1, 4, 5]. The reason is highlighted in [1]. If PDCCH is mapped onto both slots, the CCE size of the UE-RS PDCCH may need to be changed. We slightly prefer the CCE size not greater than the legacy CCE size for the following reasons:
1) In Un interface the minimum CCE size of R-PDCCH is one VRB. If this allocation scheme is directly applied to Uu interface, one VRB pair at most has two CCEs and the CCE in the first slot has a size different from the CCE in the second slot due to the existence of the legacy control region. This results in a big difference in the coding rates of the two slots. 
For example, when 3 OFDM symbols are used for Rel. 8 control region and 2 CRS ports/4 UE-RS ports/8 CSI-RS ports are configured, the available REs is 30 in the first slot and 74 in the second slot (The difference gets even bigger in CSI-RS subframes if Zero Powered CSI-RS is transmitted). If one DCI is carried by one CCE (aggregation level 1), the coding rate will be much higher if it is transmitted in the first slot than in the second slot. Furthermore, the limited REs in the CCE of the first slot makes aggregation level 1 unusable for large DCI types (e.g. DCI 2C). This increases the complexity for the search space design.
2) As shown in the Appendix of [1], beamforming gain can improve the performance of PDCCH significantly. Therefore, the Rel. 8 CCE size is enough for reliable transmission and there is no need to increase.
Remark 2: One PDCCH may be allowed to map onto both slots.
Remark 3: The CCE size of UE-RS PDCCH may not be greater than the legacy CCE size.
3.3 MU-DCI and Overlapping between PDSCH and PDCCH
As proposed in [1, 3, 6], MU-DCI is another option for increasing the capacity of PDCCH. There are  some concerns about MU-DCI’s scheduling flexibility especially when PDSCH overlaps with PDCCH in the same RB. An example was shown in [5]. Another example is illustrated in Fig.1, where the PDSCH for each UE are transmitted using rank 2 and the PDCCHs of the two UEs are spatially multiplexed. Since the two UEs have different precoding vectors, the PDCCH of UE 2 has to be scheduled in the 3rd layer. This means UE 2 should search at least 3 layers for DCI decoding. This greatly increases the blind decoding complexities and the false alarm probability. On the other hand, if only SU-DCI is supported, the overlapping of PDSCH and PDCCH is easy to implement as mentioned in [1].
Remark 4: MU-DCI can be applied to increase the capacity. 
Reliability of PDCCH with MU-DCI should be evaluated. Overlapping of PDSCH and PDCCH may not be precluded but practical issues should be considered when PDSCH and PDCCH overlap.
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Fig 1. MU-DCI with PDCCH&PDSCH overlapping.
3.4 Search Space Design for both Low and High Mobility 
Search space design for the UE-RS based PDCCH should consider both low mobility and high mobility UEs. For low mobility, there should be search space candidates distributed widely across different subbands in order to get scheduling gain when the subband CSI feedback is reliable. For high mobility, the search space should allow the UE-RS based OL-MIMO be implemented for PDCCH. 
Considering the two aspects, the search space design in Fig.2 is proposed as an example. For UE with low mobility, its PDCCH can be mapped to a localized CCE; for UE with high mobility, its PDCCH can be mapped to a distributed CCE that consists of REG-like distributed resources for frequency diversity. One REG can comprise REs contiguous in time or frequency as in Fig.2 or REs distributed across time or frequency. For a distributed CCE, its REG may be precoded by a precoder that is applied to the RB where the REG is located. This effectively realizes random beamforming over the distributed REGs for spatial diversity. Each UE can prioritize the search space categories depending on its mobility for reducing the blind decoding complexities. Compared with legacy CCE, the distributed CCE can have FDM ICIC gain.
After the number of CRS/DMRS/CSIRS ports are configured by high layers, CCE can then be indexed based on the available REs in one RB. Actually, CCEs can be divided into two categories dedicated for low mobility and high mobility, respectively. For each category, the search space can be defined similarly to R-PDCCH without cross-interleaving.That is, PDCCH candidate Pm,
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Remark 5: The search space can be divided into two categories: localized CCE and distributed CCE.
The CCE should be indexed for each category according to the CRS/DMRS/CSIRS ports configured by high layers.
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Fig 2. UE-RS based PDCCH search space for both low and high mobility.
4. Conclusion
In this contribution we discussed the essential aspects in designing UE-RS based PDCCH and proposed criterions for the UE-RS based PDCCH design. The proposed items are reiterated below:
· If micro-sleep is not a big issue, we propose to use the RRC based resource allocation scheme.
· One PDCCH can be mapped into both slots of each subframe.
· The new CCE size should not be greater than the legacy CCE size and multiple enhanced PDCCHs can be packed in one PRB pair.
· MU-DCI can be applied for capacity increase but reliability should be evaluated.
· Scheduling complexity and other practical issues should be considered for PDSCH and PDCCH overlapping.
· The search space can be divided into two categories: low mobility and high mobility as in Fig.2. The CCE should be indexed for each category according to the CRS/DMRS/CSIRS ports by configured high layers.
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