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1. Introduction

In RAN1 #66bis, motivation and application scenarios for enhanced PDCCH (E-PDCCH) were discussed. A working assumption of introducing E-PDCCH in Rel-11 was made, as the following [1]:
Working Assumption from RAN1#66bis, based on considerations from CA Enhancement new carrier type, CoMP and DL MIMO:
· Introduce an enhanced physical downlink control channel that is:

· able to support increased control channel capacity

· able to support frequency-domain ICIC, 

· able to achieve improved spatial reuse of control channel resource 

· able to support beamforming and/or diversity

· able to operate on the new carrier type and in MBSFN subframes

· able to coexist on the same carrier as legacy UEs

Desirable characteristics include ability to be scheduled frequency-selectively, and ability to mitigate inter-cell interference.
In addition, in RAN1#67, following agreements on E-PDCCH has been reached [2]:
· Agreement:
· Both localised and distributed transmission of the enhanced control channel are supported

· At least for localised transmission, and for distributed transmission where CRS is not used for demodulation of the enhanced control channel, the demodulation of the enhanced control channel is based on DMRS transmitted in the PRB(s) used for transmission of the enhanced control channel

· Antenna ports 7-10 is/are used

· The scrambling sequence used is FFS

· Working assumption:
There are no cases where CRS is used for demodulation of the enhanced control channel.
In this contribution, we discuss the search space aspects for E-PDCCH design.
2. Discussion 
In Rel-8/9/10, a UE should perform PDCCH blind decodings in the corresponding search space in a downlink subframe. A PDCCH search space is defined as a set of CCEs with a certain aggregation level of {1, 2, 4, 8}. Both common search space and UE specific search space are defined, for transmitting PDCCH scheduling common signaling and UE specific downlink/uplink data/signaling transmissions, respectively.

Rel-10 R-PDCCH supports both interleaving mode and non-interleaving mode. In interleaving mode, the search space is constructed in the similar way as PDCCH, i.e. by CCE aggregation. In non-interleaving mode, the search space is constructed by PRBs and a DCI is transmitted in aggregated PRBs. Only UE-specific (RN-specific) search space is supported in R-PDCCH since the common signaling is provided by dedicated higher layer signaling for each RN due to the expected small number of RNs deployed in a cell.

In general the principles of search space and blind decoding for Rel-8 PDCCH as well as Rel-10 R-PDCCH should be reused for E-PDCCH design to reduce the standardization work and reuse the current implementations. However, further investigation is needed to accommodate the design targets for E-PDCCH in the working assumptions.

2.1. E-PDCCH resource

In Rel-10, a set of PRB pairs is configured by higher layers for potential transmission of R-PDCCH. 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 allows 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.
Within the higher layer configured resources, search space for E-PDCCH shall be defined. A UE performs blind decodings for E-PDCCH on its search space. 
Proposal 1: Higher layer configures for a Rel-11 UE the time and frequency resources for potential E-PDCCH transmissions, within which the E-PDCCH search space is defined.
2.2. Common search space
Common search space is currently defined in Rel-8 PDCCH in which a UE blind decodes the DCIs scrambled with common RNTIs, e.g. SI-RNTI, P-RNTI, RA-RNTI. These common DCIs are transmitted to a group of UEs or broadcast to all UEs in the cell, regardless of the UE version. In most scenarios, it would be sufficient that these common DCIs are transmitted in common search space of the legacy PDCCH region. However, there are still cases where the legacy PDCCH would be problematic. One example is co-channel heterogeneous network deployment with range expansion, where the reliability of the legacy PDCCH would be degraded severely due to high inter-layer interference. This could happen especially in TDD systems in which subframe offset approach for control interference mitigation cannot be applied. One possible solution is to transmit system information by dedicated signaling for each UE, which increases the control signaling overhead significantly since the number of UEs experiencing strong interference within a cell may be large. Another example is low cost MTC UEs accessing a network with a larger bandwidth than that supported by the MTC UEs, in which case the low cost MTC UEs cannot decode the legacy PDCCH correctly since PDCCH is interleaved in the larger bandwidth. In this case common search space in E-PDCCH is required. It should be noted that it is assumed bandwidth reduction is adopted for the design of low cost MTC UEs.
In the above mentioned scenarios, transmitting common DCIs by E-PDCCH can be beneficial for Rel-11 UEs. It is therefore proposed that common search space should be considered in E-PDCCH design. In addition, since the need for transmitting common DCIs in E-PDCCH can be scenario specific, a Rel-11 UE should be configured by the eNB to monitor common search space in either legacy PDCCH or in E-PDCCH. Therefore we have the following proposals:

Proposal 2: Support of common search space should be considered in E-PDCCH design.
Proposal 3: If common search space is supported in E-PDCCH, a Rel-11 UE should monitor common search space either in legacy PDCCH or in E-PDCCH region.
2.3. UE specific search space
E-PDCCH can provide benefits to the system in terms of improved PDCCH capacity, improved PDCCH performance, etc. However, the benefits may not always be obtainable in all deployment scenarios, e.g. in a network with only 1 or 2 antennas where beamforming gain is nearly achievable. In deployment scenarios where the legacy PDCCH is sufficient, eNBs should have the freedom to transmit all DCIs in the legacy PDCCH region. From another perspective, a Rel-11 UE should be able to monitor DCIs in the legacy PDCCH region for backward compatibility. Therefore it should be configurable that a Rel-11 UE shall monitor UE specific search space either in legacy PDCCH or in E-PDCCH. There may be another possibility that a Rel-11 UE monitors UE specific search space in both legacy and enhanced PDCCH. However, this is not attractive since if it is beneficial to transmit DCIs with E-PDCCH, all blind decoding attempts shall be allocated to E-PDCCH region to increase the E-PDCCH scheduling flexibility and reduce blocking probability. Therefore it is preferable not to split the blind decodes for UE specific search space on the legacy and enhanced PDCCH regions. The configuration for UE specific search space should be independent to that for common search space, since the targeted scenario and requirements are different.

Proposal 4: A Rel-11 UE shall monitor UE specific search space either in legacy PDCCH or in E-PDCCH region. 
It has been agreed that both localized and distributed transmission of the enhanced control channel are supported. However, it is not yet clear whether a UE should monitor both localized and distributed E-PDCCH candidates. According to the working assumptions, E-PDCCH should be able to support beamforming and/or diversity gain. In general, localized transmission of E-PDCCH can be applied to obtain beamforming and frequency selective scheduling gain in case more accurate CSI is known at the eNB, for example in high SNR regime. Distributed transmission of E-PDCCH can be applied to obtain frequency diversity gain in case less accurate CSI is available at the eNB, for example in low SNR regime. Another important factor that may impact the E-PDCCH performance is inter-cell interference. Although beamforming and frequency selective scheduling gain can be provided, localized transmission may not be robust due to time and frequency varying inter-cell interference, especially for cell edge UEs. Therefore, the search space design shall support both localized and distributed transmission of E-PDCCH. Detailed designed is provided in the next section.
Proposal 5: E-PDCCH search space design shall support both localized and distributed transmissions, i.e. a UE shall monitor both localized and distributed E-PDCCH candidates in each subframe.
3. E-PDCCH search space design
Based on the above analysis, in order to obtain beamforming and/or frequency diversity gain in E-PDCCH transmission, a UE can be configured with several frequency non-contiguous E-PDCCH clusters. Each E-PDCCH cluster consists of one or several contiguous RBs. Figure 1 gives an example with four configured E-PDCCH clusters. 
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Figure 1: E-PDCCH resource
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Figure 2: E-PDCCH candidates for localized and distributed transmission

In [4], the simulation results show that the localized E-PDCCH transmission has better link performance than distributed E-PDCCH transmission for lower aggregation levels, and the distributed E-PDCCH transmission is more attractive for higher aggregation levels. Based on this observation, one example of E-PDCCH search space design is given in Figure 2. Each E-PDCCH cluster is divided into four sub-PRBs (or defined as E-CCE), each of which consists of several subcarriers within one PRB pair. An E-PDCCH with aggregation level x is mapped onto x contiguous or non-contiguous sub-PRBs. For E-PDCCH aggregation level 1 and 2, only localized candidates are supported, which is primarily due to the fact that the E-PDCCHs with lower aggregation level always work in high SNR region with reliable CSI feedback, for which the beamforming and frequency selective scheduling gain can be obtained. For E-PDCCH aggregation level 4 or 8, only distributed candidates are supported which is primarily due to the fact that the E-PDCCHs with higher aggregation level always work in low SNR region with less reliable CSI feedback, for which frequency diversity is more robust than frequency selective scheduling. 

As in legacy PDCCH, to control the blind decoding complexity and CRC false alarm, E-PDCCH blind decoding candidates for each aggregation level should be limited.
Proposal 6: Localized E-PDCCH candidates can be supported for lower aggregation level, and distributed E-PDCCH candidates can be supported for higher aggregation level.
4. Conclusions

In this contribution, we discuss the design principle of E-PDCCH search space and provide an example of E-PDCCH candidate assignment between localized and distributed transmission. Particularly, we have the following proposals:
Proposal 1: Higher layer configures for a Rel-11 UE the time and frequency resources for potential E-PDCCH transmissions, within which the E-PDCCH search space is defined.

Proposal 2: Support of common search space should be considered in E-PDCCH design.

Proposal 3: If commons search space is supported in E-PDCCH, a Rel-11 UE should monitor common search space either in legacy PDCCH or in E-PDCCH region.
Proposal 4: A Rel-11 UE shall monitor UE specific search space either in legacy PDCCH or in E-PDCCH region. 

Proposal 5: E-PDCCH search space design shall support both localized and distributed transmissions, i.e. a UE shall monitor both localized and distributed E-PDCCH candidates in each subframe.
Proposal 6: Localized E-PDCCH candidates can be supported for lower aggregation level, and distributed E-PDCCH candidates can be supported for higher aggregation level.
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