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1. Introduction

In RAN#51, a study item [1] on DL MIMO enhancement was approved, which includes possible enhancement of downlink control channel. One aspect of downlink control channel enhancements is to support PDCCH with UE specific reference signal (RS), referred to as E-PDCCH in this contribution. It is noted that the control channel on relay backhaul (Un link) in Rel-10, i.e. R-PDCCH, is based on UE specific RS. Hence, R-PDCCH is a good basis for the design of E-PDCCH in Rel-11.

In this contribution, we first discuss the motivation for Rel-11 E-PDCCH. We then provide high level overview on the Rel-10 R-PDCCH and point out several aspects of R-PDCCH to be reconsidered for the E-PDCCH design in Rel-11. We further share our views on additional areas to be evaluated for R-PDCCH in Rel-11.
2. Motivation of PDCCH enhancement 

In Rel-8/9/10, legacy PDCCH occupies the first 1 – 3 or 2 – 4 OFDM symbols in a subframe, depending on the system bandwidth. Control channel elements (CCEs) are used to form a PDCCH. Each UE monitors a common search space and UE specific search space comprising several PDCCH candidates for which PDCCH blind decoding shall be performed. The UE specific search space is defined by a hashing function, which is related to the UE RNTI. To reduce the PDCCH blocking probability [3] or to reduce inter-cell interference on PDCCH, the PDCCH resource is typically not fully utilized. The design of E-PDCCH shall provide better resource utilization compared to Rel-8/9/10 PDCCH.

E-PDCCH shall further provide the following enhancements, to address the deployment scenarios in Rel-11. 
· Increase of DL control channel capacity
For the support of MU-MIMO as indicated in the DL MIMO SI, more PDCCHs need to be transmitted in a subframe compared to SU-MIMO operation. Limitation on the PDCCH capacity reduces the overall performance of MU-MIMO [2].
In non-uniform network deployments, e.g. CoMP scenario 4, each RRH has the same cell ID as the Marco cell. Hence, all RRHs share the same set of PDCCH resources with the Marco cell. With additional UE served by the RRHs, the Rel-8/9/10 PDCCH capacity may not be sufficient.
For possible support of non-backward compatible carriers, on which Rel-8/9/10 PDCCH may not be transmitted, the PDSCH/PUSCH on these non-backward compatible carriers shall be cross carrier scheduled. The PDCCH resource on the carrier where PDCCH is sent can be limited.

· Interference coordination in heterogeneous deployments

For co-channel heterogeneous networks, significant inter-layer interference may exist. The detection performance of the PDCCH in subframes with inter-layer interference is expected to be unsatisfactory. Although almost blank subframes (ABS) are supported in Rel-10, it requires the network node to reduce the activity (e.g. transmission power) in those ABS subframes, leading to insufficient spectral resource utilization. E-PDCCH shall provide the possibility of interference coordination for DL control channel, such that the utilization of spectral resource is improved.
· PDCCH performance improvement
Transmit diversity is applied for Rel-8/9/10 PDCCH, which cannot achieve the precoding or beamforming gain with advanced antenna array. The E-PDCCH based on UE specific reference signal can exploit such advanced MIMO techniques to improve the PDCCH reliability.
Proposal 1: E-PDCCH shall aim to improve the DL control channel capacity, reliability, and resource utilization.
3. Overview of R-PDCCH in Rel-10
The R-PDCCH design in Rel-10 for relay backhaul is a good starting point for the E-PDCCH design in Rel-11. The R-PDCCH channel structure is shown in Figure 1. In this section, we analyze the applicability of R-PDCCH design for E-PDCCH.
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Figure 1: R-PDCCH channel structure
Slot-based TDM for DL and UL grant

In R-PDCCH, DL grant is always transmitted in the first slot, while UL grant is transmitted in second slot. The DL and UL grant thus have separate R-PDCCH search spaces. In case there is only UL grant, the PRB(s) in the first slot of the PRB pair(s) used for transmission of the UL grant is wasted. It is expected that the occurrence of UL grant only in a subframe on the relay backhaul is infrequent, since the traffic on the relay backhaul is an aggregation of all traffics of the UEs servied by the relay. Therefore, the wastage in the first slot can be low for the relay backhaul. On the other hand, for E-PDCCH that is designed for a UE, the case of UL grant only in a subframe can happy more frequently. Thus, allowing UL grant transmitted only in the second slot may lead to higher resource utilization inefficiency with E-PDCCH.  Therefore, we have the following proposal:
Proposal 2: It shall be considered to allow UL grant transmission in both slots of a subframe for E-PDCCH.
TDM for DL grant and R-PDSCH
In Rel-10, R-PDCCH is transmitted with transmission rank of 1. In case there is only DL grant in a subframe, the PRB(s) in the second slot of the PRB pair(s) used for transmission of the DL grant can be used for PDSCH transmission to the relay. For E-PDCCH, such a design is also preferable from resource utilization perspective, since the corresponding PRB(s) in second slot can be used. On the other hand, the following aspects need to be considered if such a design is proper for E-PDCCH:

· The number of UE specific reference signals used in the first and second slot

If the transmission rank of the DL grant in the first slot and the PDSCH transmission rank in the second slot are different, it needs to be clarified how many UE specific reference signals are transmitted in each slot. This impacts the UE channel estimation.
· The precoding for the DL grant in the first slot and the precoding for the PDSCH

Whether different precodings can be applied for the DL grant in the first slot and PDSCH in the second slot shall be clarified, since this also impacts the UE channel estimation. 

· Support of MU-MIMO for E-PDCCH

If MU-MIMO is supported for E-PDCCH, it needs to be further studied if and how to support MU-MIMO in the PRB(s) in the second slot of the PRB pair(s) used for DL grant transmission, as well as any potential restriction (e.g. transmission rank) on the use of MU-MIMO in the second slot for PDSCH transmission.
Overall, we have the following proposal:
Proposal 3: It shall be further studied whether DL grant and PDSCH transmission in the same PRB pair is supported with E-PDCCH. 
Cross interleaving transmission

Rel-10 R-PDCCH design support both cross interleaving and non-cross interleaving. The cross interleaving R-PDCCH design is similar to Rel-8/9/10 PDCCH which does not provide efficient resource utilization. Therefore, it is proposed that Rel-11 E-PDCCH only focuses on non-cross interleaving. In particular, this choice works best with UE specific reference signal based E-PDCCH design. 
Proposal 4: E-PDCCH only supports non-cross interleaving.
R-PDCCH resource allocation
In Rel-10, a set of PRB pairs is configured by higher layers for potential transmission of R-PDCCH. In addition, the set of OFDM symbols that can be used for R-PDCCH is also configured by higher layers. For E-PDCCH, similar approach can be adopted. For example, eNB can configure for each UE with a set of PRBs for E-PDCCH. This also allow possible inter-cell interference coordination for E-PDCCH since different eNBs can assign different PRBs for E-PDCCH in different cells. The time resources, i.e. the set of OFDM symbols, for E-PDCCH can also be configured by higher layers if necessary. One example is for eNB to configure the starting OFDM symbol for E-PDCCH, since in some scenarios the UE may not be able to dynamically determine the starting OFDM symbol for E-PDCCH, e.g. in heterogeneous deployments where the UE is unable to decode PCFICH reliably.
Proposal 5: The set of frequency and time resources for E-PDCCH is configured by higher layers.
4. E-PDCCH design considerations
In addition to the proposals in section 3, the following aspects need to be considered for the design of E-PDCCH.
CSI feedback
Assuming non-cross interleaved E-PDCCH based on UE specific resource, the transmission of a control channel using E-PDCCH is expected to be localized, i.e. on a set of contiguous PRBs, to exploit the gain of frequency selective scheduling. In order to have frequency selective scheduling for E-PDCCH, the channel and interference condition on different PRBs for potential E-PDCCH shall be available at the eNB. This would require channel state information feedback for those E-PDCCH PRBs. The existing CSI feedback modes for PDSCH may not be sufficient for E-PDCCH. For example, it is possible that the PDSCH CSI comprises a PMI with rank 2, which is not proper for transmission of PDCCH with rank 1. Therefore, we have the following proposal:

Proposal 6: It shall be further studied whether specific CSI feedback is required for E-PDCCH.
MU E-PDCCH
Support of MU for E-PDCCH can further reduce the downlink control channel overhead and hence is worth to look into. The design shall provide efficient support of MU for E-PDCCH, without many restrictions on the support of MU for the corresponding PDSCH. As discussed earlier, whether MU is supported for E-PDCCH directly impacts the design, particularly on the coexistence of E-PDCCH and PDSCH in the same PRB pair.
Proposal 7: Whether MU is supported for E-PDCCH shall be agreed upon as soon as possible.
E-PDCCH search space

The definition of search space for E-PDCCH needs to be agreed in Rel-11. It shall be discussed whether common search space is supported by E-PDCCH, in addition to the E-PDCCH UE specific search space. A related question is whether the UE shall perform PDCCH blind decodings in both the Rel-8/9/10 PDCCH region and the Rel-11 E-PDCCH region. Correspondingly, the design of E-PDCCH search spaces shall consider the number of PDCCH blind decodings a UE needs to perform, in order to limit the UE implementation complexity. Meanwhile, the number of PDCCH blind decodings in the E-PDCCH region shall be sufficiently large such that the performance of E-PDCCH is enhanced, e.g. via frequency selective scheduling.

Proposal 8: A proper definition of E-PDCCH search space shall consider both the UE implementation complexity as well as the performance of E-PDCCH.
PUCCH resource

For DL grants detected in the E-PDCCH region, PUCCH resources shall be derived for the transmission of ACK/NAK in UL. Either implicit or explicit methods can be used to determine the PUCCH resources corresponding to E-PDCCH. The PUCCH resources for E-PDCCH shall not collide with the implicit PUCCH resources associated with Rel-8/9/10 PDCCH.

Proposal 9: Either implicit or explicit method shall be adopted to determine the PUCCH resources associated with E-PDCCH.
5. Conclusions

In this contribution, we discuss on the support of E-PDCCH in Rel-11. The design of E-PDCCH in Rel-11 shall aim to provide higher resource efficiency, better performance, and larger capacity for DL control channel. Assuming E-PDCCH is based on UE specific reference signals, the Rel-10 R-PDCCH design is a good basis for E-PDCCH. In particular, we have the following proposals:

· Proposal 1: E-PDCCH shall aim to improve the DL control channel capacity, reliability, and resource utilization.

· Proposal 2: It shall be considered to allow UL grant transmission in both slots of a subframe for E-PDCCH.

· Proposal 3: It shall be further studied whether DL grant and PDSCH transmission in the same PRB pair is supported with E-PDCCH. 

· Proposal 4: E-PDCCH only supports non-cross interleaving.

· Proposal 5: The set of frequency and time resources for E-PDCCH is configured by higher layers.

· Proposal 6: It shall be further studied whether specific CSI feedback is required for E-PDCCH.

· Proposal 7: Whether MU is supported for E-PDCCH shall be agreed upon as soon as possible.

· Proposal 8: A proper definition of E-PDCCH search space shall consider both the UE implementation complexity as well as the performance of E-PDCCH.

· Proposal 9: Either implicit or explicit method shall be adopted to determine the PUCCH resources associated with E-PDCCH.
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