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1. Introduction

This contribution builds on top of R1-121287 [5]. In this contribution, we discuss the UE specific search space while our thoughts on using the common search space from PDCCH are outlined in [6]. In the work item description for ePDCCH in connection to Rel’11 of LTE Advanced [1], it is stated that the focus of the work for the ePDCCH should be:

The work item will specify an enhanced physical downlink control channel(s) that is/are able to operate on legacy carriers and on the new carrier type (as is being introduced under the WI on CA Enhancements for LTE, LTE-CA-EN). The enhanced physical downlink control channel(s) shall be able to support increased control channel capacity, to support frequency domain ICIC, to achieve improved spatial reuse of control channel resource, to support beamforming and/or diversity, to operate in MBSFN subframes (Note that ability to operate in non-MBSFN subframes is also assumed.), and to coexist on the same carrier as legacy UEs. It is also desirable for the enhanced physical downlink control channel to be able to be scheduled frequency-selectively, and to be able to mitigate inter-cell interference.

In this contribution, we will present some considerations on how to design search spaces for the ePDCCH to allow multiplexing flexibility within the resources available for scheduling, while at the same time keeping the UE blind decoding complexity at a relatively low level. It should be noted that the below considerations are made with Rel’11 in mind. That is, a UE would be connected to a PCell that is carrying a legacy PDCCH for backwards compatibility. Hence, our understanding is that for Rel’11 work on the ePDCCH, standalone operation does not need to be supported or considered.
Further, this contribution discusses the search space for both localized and distributed ePDCCH. When discussing localized ePDCCH transmission in connection to search spaces, we are considering this aspect to cover the fact that the lowest possible scheduling entity (the E-CCE) is confined to a single PRB pair, such that multiple E-CCEs being aggregated from different PRB pairs will still be considered to be operating with localized transmission. In contrast, distributed ePDCCH in connection to search spaces refers to the case of having already the lowest possible scheduling entity to be distributed over several (e.g. 4) PRB pairs.
2. Assumptions for the UE specific search space for localized ePDCCH configurations
For the subsequent discussions, we are making a number of assumptions which will serve as a baseline, and should just be seen as principle assumptions, upon which we base the arguments. As a starting point, the assumptions are:
1. A UE will be configured for monitoring a number of PRB pairs.
2. Multiple UEs can be configured to monitor the same set of PRB pairs.
3. The smallest allocation unit that can be assigned for a DCI is an enhanced CCE (E-CCE).
4. One PRB pair will be able to carry independent scheduling information (DCI) for multiple UEs.
The first assumption is based on the fact that a UE at any time should be aware of a limited amount of resources that it will be monitoring for detecting the ePDCCH. Correspondingly, the second assumption is based on the understanding that for maximum possibility for potentially releasing non-used ePDCCH resources back to the PDSCH domain, we should target at having a set of users monitoring the same set of resources for potential ePDCCH allocations (meaning that we have the option to “pack” user allocations within a limited set of physical resources). The third assumption is based on the reasoning also used for the current Rel’8 definition of the search space definitions. Such smallest allocation unit for the ePDCCH would in our understanding be approximately the same size as is used for LTE Rel’8 (assuming that the DCI size is roughly the same). The fourth assumption is based on the observation that multiple E-CCEs will be able to fit into the amount of physical resources provided within a single PRB pair.
To illustrate the above assumptions, we have compiled them into a single figure, which is shown in Figure 1, where we have also shown the potential location of the legacy PDCCH, which may be zero-sized for any potential new carrier types. Further, we have taken the assumption that one PRB pair would be able to carry 4 E-CCEs (which would fit to the assumption of E-CCE having roughly the same size as a CCE used for legacy PDCCH). For further discussion on how to construct the E-CCE from physical resources see our contribution on multiplexing of ePDCCH for different users [3]. In the figure, we have shown a total of 4 PRB pairs assigned for the ePDCCH area. These resources could be uniformly or non-uniformly distributed over the bandwidth. The central point for the distribution of the ePDCCH resources is that they provide some decorrelation over the frequency domain to allow for potential frequency domain scheduling gains (and potentially also frequency domain averaging).
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Figure 1 Illustration of the assumptions of the structure of the physical resources being allocated to the ePDCCH. It should be noted that the area of legacy PDCCH could be zero-sized for any new carrier types, and we have assumed that one PRB pair would be able to carry 4 E-CCEs.

Further, we will as a starting point assume that any UE in connected mode will have at least one carrier (PCell) supporting the legacy PDCCH, such that the need for common search space is not present for the ePDCCH. This aspect is further discussed in [6]. Following this understanding, we will assume that any UE supporting the ePDCCH will be able to use at least part of the legacy PDCCH search space for locating scheduling information.
With this starting point, we will present some considerations on the construction of the search spaces for the ePDCCH in the following section.
3. UE specific search space definitions for localized ePDCCH configuration
As shown in the illustration in Figure 1, we have the assumption that there will be a number of PRB pairs allocated or configured for the ePDCCH seen from a single UE perspective. Other UEs may be sharing a fraction or the full set of PRB pairs allocated for a given UE. It should be remembered that the set of physical resources provided for the UE as search spaces just serves as possible allocations, and that they may be used by the eNB for other purposes such as scheduling other UEs or even for user data as PDSCH resources.

3.1 Definition of the available resources

As a starting point, we will assume the structure presented in Figure 1, where 4 PRB pairs are configured for one UE to monitor. This configuration should present sufficient options for selecting a PRB pair that is potentially seen to have superior frequency domain conditions, and would therefore provide the needed FDPS gains that are also highlighted as one design target for the ePDCCH in [2]. Further, we would assume that the 4 E-CCEs that are located within a single PRB pair are offered the same possibility for being aggregated by combining physical resources to effectively lower the code rate, and thereby provide means to also provide coverage. This approach is shown in [5], where a total of 7 ePDCCH candidates are shown for each PRB pair. 
Our discussion of the numbering and tentative definition of actual search space can be found in [5], where we have outlined a set of proposals that will be able to address the following properties of the UE specific search space:

· Frequency domain scheduling

· Coverage and link adaptation

· Distributed transmission, and

· Fallback operation for the common search space, which is discussed in [6]

The proposals from [5] are summarized as follows:
Proposal 1: When constructing the search space definitions for localized ePDCCH configurations, the UE should be assigned an anchor E-CCE, which will act as a reference in terms of deriving the remaining search space candidates. The anchor E-CCE would be referring to a PRB pair as well as one of the minimum resource allocation units within this PRB pair.
Proposal 2: The search space creation across PRB pairs for localized ePDCCH configurations should be based on the allocation_index from the anchor E-CCE for allowing frequency domain scheduling. The aggregation level used for obtaining the frequency domain scheduling gain should be FFS.
Proposal 3: Within the anchor PRB pair, a number of allocation_index values should be assigned for search space for allowing link adaptation as well as for improving coverage.

Proposal 4: To allow for frequency distributed transmissions for localized ePDCCH configurations, E-CCEs with the same allocation_index can be aggregated according to certain rules to create aggregation levels higher than 1.
4. UE specific search space definitions for distributed ePDCCH configurations
When considering distributed transmission of the ePDCCH, it is our assumption that E-CCEs will have approximately the same radio channel conditions due to averaging over the frequency domain resources. Hence, such a configuration is having a very high similarity to the current Rel’10 definitions and properties of the UE specific search spaces there. In such a configuration, all E-CCES could be arranged in order and have aggregation levels as well as search spaces defined according to Rel’10 specifications. Based on this, we propose the following:
Proposal 5: When configuring UE specific search space for distributed ePDCCH configurations, the E-CCEs should be arranged linearly and current Rel’10 UE specific search space definitions should be adopted for this approach.
5. Evaluation of UE specific search space performance for localized ePDCCH configurations
The evaluation framework and assumptions have been laid out in [5], and here we will shortly summarize the outcome from the evaluation in terms of expected performance for the UE specific search space. An example of the search space possibilities for this approach is shown in Figure 2.
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Figure 2 Illustration of the search space options available for the case with 4 PRB pairs and 4 eCCEs per PRB pair when considering the limited search space option with distributed allocation available.
When observing the blocking probabilities (similar to the approach used in [4]), it is seen from Figure 3, that the full ePDCCH search space is having superior performance, but that is also to be expected, given that a total of 30 blind decoding attempts are required from each UE to have this search space, and in this case, there is not really any support for distributed transmission. Further, it is seen that the expanded search space will provide improved performance over the most restricted search space configuration. This is mainly caused by the additional freedom in selecting additional “openings” at higher aggregation levels, and using this expanded search space will provide 1 to 1.8 additional UEs being scheduled before a UE is blocked due to lack of eCCE resources.
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Figure 3 CDF of first blocking (left hand figure) and second blocking (right hand figure) for the considered methods.
When considering the results presented for the search space, we believe that the proposed search space definitionswill provide significant flexibility in terms of allowing a relative large number of UEs to be scheduled within a relative small set of physical resources (after all, we have only considered 4 PRB pairs to provide the ePDCCH resources in this scenario), while at the same time have appropriate UE blind decoding complexity. Hence, we suggest that RAN1 takes these considerations into account when determining which approach should be used when deciding the UE specific search space structure.
5. Conclusion
With the above considerations and proposals, we have proposed a set of candidates for search space definitions that will significantly reduce the number of UE blind decoding attempts, while at the same time offering the properties that have been highlighted in the current WI text for the ePDCCH. The total number of blind decoding attempts has been reduced from a total number of 28 (without any reductions) to a total of 11 (with the additional support for diversity transmissions). Hence, we propose that RAN1 considers the following proposals for approval:
Proposal 1: When constructing the search space definitions for localized ePDCCH configurations, the UE should be assigned an anchor E-CCE, which will act as a reference in terms of deriving the remaining search space candidates. The anchor E-CCE would be referring to a PRB pair as well as one of the minimum resource allocation units within this PRB pair.
Proposal 2: The search space creation across PRB pairs for localized ePDCCH configurations should be based on the allocation_index from the anchor E-CCE for allowing frequency domain scheduling. The aggregation level used for obtaining the frequency domain scheduling gain should be FFS.
Proposal 3: Within the anchor PRB pair, a number of allocation_index values should be assigned for search space for allowing link adaptation as well as for improving coverage.

Proposal 4: To allow for frequency distributed transmissions for localized ePDCCH configurations, E-CCEs with the same allocation_index can be aggregated according to certain rules to create aggregation levels higher than 1.
Proposal 5: When configuring UE specific search space for distributed ePDCCH configurations, the E-CCEs should be arranged linearly and current Rel’10 UE specific search space definitions should be adopted for this approach.
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