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Discussion and decision
1. Introduction
In this contribution we discuss use cases for ePDCCH and analyze possible definitions for the control channel element (CCE) and resource element group (REG) for the enhanced physical downlink control channel.
2. CCE and REG definition and ePDCCH use case
As a starting point for the design of CCE and REG for ePDCCH we will first review the CCE and REG definitions for release 8 PDCCH. CCEs in R8 is created from 9 REGs each consisting of 4 physical resource elements (REs). REGs are using adjacent REs inorder to support up to 4 branch spatial transmit diversity while the REGs of one CCE is selected so as to maximize the frequency diversity. This design thus provides maximum diversity both in spatial and frequency domain. From R8 design we see that CCE and REG design depends on what transmission scheme the control channel is optimized for.
In the scenario where ePDCCH is used on legacy carrier to boost control channel spectral efficiency for UE specific search space, the CCE and REG definitions are expected to look somewhat different from the definitions known from R8. This is expected because the main reason for using ePDCCH is to allow for beamforming and frequency selective scheduling which is not supported with R8 PDCCH.
The philosophy behind both beamforming and frequency selective scheduling is to use knowedge about the radio channel to localize the transmission in spatial and frequency domain so as to improve the performance over blind diversity schemes as used for R8 PDCCH.
Another application scenario for ePDCCH is to replace PDCCH as downlink control channel for new carrier type. For this scenario the objective is not to complement PDCCH but rather to replace PDCCH with an ePDCCH which does not rely on the common reference signal. In this scenario we may argue that the R8 PDCCH design should be the starting point as this is robust, well proven and optimized for the most common case of two transmit antennas.
Observation 1: The optimal design of CCE and REG for ePDCCH depends on the exact ePDCCH transmission scheme and different application scenarios need different transmission schemes.
In summary, the fact that we have at least two different application scenarios for ePDCCH makes it difficult to decide on the optimal design of CCE and REG. A more feasible approach would be to define two different ePDCCH transmission schemes, one optimized for the localized transmission with beamforming and another mode optimized for distributed transmission with same kind of transmission diversity:
Proposal 1: In order to simplify the design of ePDCCH we propose to support two different transmissions schemes, one optimized for localized transmission and one optimized for distributed transmission. 
3. CCE and REG technical design considerations for localized ePDCCH.
For the design of localized ePDCCH transmission mode where the main objective is to improve spectral efficiency compared to R8 PDCCH we should prioritize beamforming and frequency selective scheduling support. For this purpose we should limit the distribution of CCEs in frequency domain as this will ensure reasonable reference signal overhead when using UE specific beamforming and also allow a single ePDCCH allocation to be localized within a specific PRB pair.
As the unit of channel estimation for the UE specific DM RS is a PRB pair it seems natural to include the PRB pair as a unit of ePDCCH resource. As a PRB pair is quite large compared to the ePDCCH target payload, further subdivision of resources is needed. Here we propose that for localized operation one PRB pair is divided into 4 CCEs which gives CCE sizes in similar ranges as what is available for legacy PDCCH.
Proposal 2: For localized operation, ePDCCH resources are divided into CCEs. One PRB pair carries 4 CCEs. The CCE size varies with the size of the legacy control channel region and reference signal/common signal configuration. One CCE is localized within one PRB pair.
There is now some freedom in how to map CCEs to physical resources, such as whether CCEs are constructed from adjacent REs or from distributed REs within one PRB, see Figure 1. One issue with localized CCEs is that channel estimation for the CCEs on the edge of the PRB could be more challenging because of the distributed reference signal REs. From the simulation results in Figure 2 we can see the quite different performance for different CCEs within the same PRB for the localized case. The distributed solution within a PRB pair does not have similar issue as the resources for one CCE is spread in a similar uniform way over the full PRB. 

Proposal 3: For localized operation one CCE should be distributed across the whole PRB pair.
For R8 PDCCH design REG was on one hand used to create a minimal set of localized REs to support spatial diversity and also as the building block for creating CCEs using the principle of maximization of frequency diversity. However if spatial diversity is not supported for localized ePDCCH and CCEs are localized there seems little need for ePDCCH specific REG definition considering this aspect.
For legacy PDCCH support for adapting transmit power is very important so the CCEs should be multiplexed in a way that optimizes the potential for power sharing. This means that the CCEs should be multiplexed such that each symbol are contributing REs to all CCEs. To insure this we need to control how REs are distributed among CCEs and this could be one potential new use case for resource element groups in ePDCCH.

Basically REGs could be defined so as to enable the multiplexing among CCEs by grouping 4 adjacent REs, each allocated to a different CCE. Such solution would insure good CCE power sharing properties and equalized CCE performance. See Figure 3 and Figure 4 for an example of multiplexing CCEs using REGs.
Proposal 4: 3GPP to further consider the need and purpose for ePDCCH REG definition for localized ePDCCH mode. Consider to use REG concept for defining the multiplexing of CCEs within one PRB inorder to insure optimal power sharing and equalized CCE performance.
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Figure 1 Example mappings for localized and distributed CCEs within a single PRB pair. Note that distributed pattern can be further randomized. Here only 1 potential pattern is shown.
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Figure 2 The performance of ePDCCH using localized or distributed CCEs according to Figure 1. In the legend CH N refers to CCE N. One curve for each CCE in a PRB shown and only aggregation level one results shown (single CCE). For further simulation parameters see appendix. In the localized case we see a clear performance difference between different CCEs. For the distributed case performance is equalized and comparable to the best CCE for the localized case.
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Figure 3 One REG contains 4REs, one for each CCE.
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Figure 4. REGs are created using adjacent REs. One example given here is mapping with frequency first.
4. CCE and REG technical design considerations for distributed ePDCCH.

As already mentioned above we see that the principles of R8 PDCCH can reused for the design of distributed ePDCCH transmission mode. This means that reference signal port(s) are need to be shared among users and a single users ePDCCH transmission is distributed over a large number of PRBs to achive maximum frequency diversity. CCE design and search space could be readily reused but simply the mapping to physical resources would be somewhat different. The question of REG size relates to whether or not to support spatial diversity for distributed ePDCCH within a PRB pair. This question is discussed in detail in [1]. In summary there are pros and cons for spatial diversity support within a PRB pair but at least 4 port diversity within a PRB pair seems not relevant for the use cases so REG size for ePDCCH could be reduced or REG even completely discarded if spatial diversity within a PRB pair is not supported.
Reusing R8 PDCCH as much as possible would be a safe choice as the design has been very well tested and verified. Moreover it would be easy to specify as existing specifications would give guidance on most aspects. Finally existing implementations could to some extent be reused to lower cost of future products.
Proposal 5: In addition to localized ePDCCH transmission mode, specify an ePDCCH transmission mode for distributed transmission which reuses as much as possible the R8 PDCCH design.

5. Interference management for ePDCCH
Frequency domain intercell (inter-transmission point) interference management is agreed as one of the target capabilities for ePDCCH. From a general perspective there seems to be two different mechanisms. One mechanism relies on the possibility to configure the ePDCCH search space in a UE specific way. Using this we can configure non-overlapping ePDCCH search spaces among two potential interfering transmission points. In addition, we have the possibility to manage interference to ePDCCH by muting PRBs in the data region. This is a simple and general mechanism that would provide good interference management for most relevant scenarios.
Proposal 6: The principal mechanism for managing ePDCCH interference should be based on using different ePDCCH PRBs for different transmission points.
A second possibility for providing interference management on ePDCCH would be to allow for coordinating ePDCCH from different TPs within a specific PRB pair. To allow for interference coordination in this scenario ePDCCH resources needs to be paired in an orthogonal way so that the scheduling can be coordinated. If UEs are scheduled by one scheduler covering several transmission points this is not an issue but such coordinated scheduling may not always be available and in the case coordinated scheduling is not done its important to have also interference randomization mechanism available. So in fact it may be better to prioritize interference randomization mechanism among ePDCCH PRBs instead of orthogonal resources.
Proposal 7: ePDCCH design should consider both the need for interference management requiring coordinated scheduling and interference randomization for uncoordinated cases.
A simple example of how to achieve interference randomization is shown in 5. The principle is that one CCE in one transmission point should see an averaged interference from all CCEs in the interfering transmission point.
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Figure 5 Interference randomization among transmission points

6. Conclusions
This contribution has discussed multiplexing of ePDCCH for different users. To summarize we repeat the main observations and proposals:

Observation 1: The optimal design of CCE and REG for ePDCCH depends on the exact ePDCCH transmission scheme and different application scenarios need different transmission schemes.
Proposal 2: ePDCCH resources are divided into CCEs. One PRB pair carries 4 CCEs. The CCE size varies with the size of the legacy control channel region and reference signal/common signal configuration. One CCE is localized within one PRB pair.

Proposal 3: One CCE should be distributed across the whole PRB.

Proposal 4: 3GPP to further consider the need and purpose for ePDCCH REG definition. Consider to use REG for defining the multiplexing of CCEs within one PRB in order to insure optimal power sharing and equalized CCE performance.
Proposal 5: In addition to localized ePDCCH transmission mode, specify an ePDCCH transmission mode for distributed transmission which reuses as much as possible the R8 PDCCH design.
Proposal 6: The principal mechanism for managing ePDCCH interference should be based on using different ePDCCH PRBs for different transmission points.

Proposal 7: ePDCCH design should consider both the need for interference management requiring coordinated scheduling and interference randomization for uncoordinated cases.
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Appendix – Link Simulation parameters
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