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1 Introduction
At the RAN1#68 meeting, it was agreed that multiplexing the PDSCH and ePDCCH within a PRB pair was not permitted. Although there was quite a lot of discussion about the ePDCCH search space, no further agreement was reached, either for the UE-specific or the common ePDCCH search space.

In this contribution, we provide details on the UE-specific ePDCCH search space. The common search space (CSS) is described in a companion document [1].
2 ePDCCH UE-specific search space
For Rel-8/9/10, the PDCCH has the following characteristics:
· The minimal PDCCH control channel unit is the Control Channel Element (CCE).

· The UE blindly searches for the PDCCH in a search space.

· Both a common search space and UE-specific search space are defined.  
· Within the PDCCH search space, four aggregation levels 1, 2, 4, and 8 are defined and determine the candidate set.
As explained in our previous contribution [1], for the ePDCCH we propose to minimize the changes from Rel-10 and to reuse these PDCCH characteristics as much as possible. In particular, we propose to rely on the UE blindly searching for the ePDCCH in a search space with the same aggregation levels as Rel-10 UEs. However, in our view, the CCE is not the best control channel unit for the ePDCCH, and that an enhanced CCE (eCCE) concept is needed. This is explained in another contribution [2]
Based on these assumptions, the details about the ePDCCH UE-specific search space are now described. Several issues are discussed:

1. How to address the UE-specific search space?
2. How to support both distributed and localized transmissions?

3. How to map the UE-specific search space?
2.1 UE-specific search space addressing
Having a search space spanning the entire bandwidth might make the blind detection process too complex for the UE. For instance, for a 20 MHz bandwidth, there are 100 available PRB pairs, each PRB pair containing 4 eCCEs [2]. For reference, a Rel-10 UE is capable of performing 60 blind decodes per subframe. Consequently, it is necessary to limit the UE-specific search space to a subset of PRB pairs. The question arising then is how to signal the UE-specific search space to the corresponding UE. Both semi-static configuration (RRC signalling) and dynamic configuration of the search space can be used. 
Using semi-static signalling, a higher-layer message informs the UE which PRB pairs where the ePDCCH may be transmitted for this UE, and when the UE monitors the ePDCCH or PDCCH. This can be done either in a single or two different messages: for instance, one RRC message can be a bitmap to indicate when subframe(s) the ePDCCH is transmitted while another message can indicate which PRB pairs the ePDCCH may be found.
When both the PDCCH and ePDCCH can be decoded, dynamic signalling enables more flexibility: in particular since the PDCCH needs to be present for legacy UEs, the resources allocated for the PDCCH may not be fully occupied in many instances. In such a case, a DCI for a Rel-11 UE can be sent on the PDCCH to maximize resource efficiency. However, for subframes when there is no space available on the PDCCH, no PDCCH at all, or simply because it is more spectrally efficient to use the ePDCCH, a Rel-11 UE should use the ePDCCH. In addition, since dynamic signalling is used for indicate whether to monitor the PDCCH or ePDCCH, it can be used to indicate the UE-specific search space for a particular UE. The frequency location for the ePDCCH is indicated by a new DCI format transmitted in the PDCCH region. The UE first performs blind detection in the PDCCH region to find this new format and then determines whether there is ePDCCH in the data region according to the status of that new format. Hence, the detection of ePDCCH really relies on detecting the new format in the PDCCH region. This design is hierarchical, and is illustrated in Figure 1. 
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Figure 1. Illustration of dynamic resource allocation
The new DCI format can be UE-specific or shared by a number of UEs. For many cases, in order to limit the overhead, it is beneficial to have the DCI sent to a group of UEs: for instance, UEs clustered at a particular location are likely to experience a similar interference environment, and therefore could use the same search space. Also, for scenario 4, UEs allocated to the same RRH(s) could be assigned the same search space. Moreover, UEs with similar CQI/PMI feedback may also be assigned the same search space. This new DCI could either be transmitted in the UE-specific PDCCH search space, or in a common search space. Using a common search space seems more appropriate if UEs are grouped together. The capacity of the existing PDCCH common search space may not be enough, though, and this solution may require an ePDCCH common search space. Furthermore, in some cases, it may be wasteful to sue only aggregation levels 4 and 8, as required on the PDCCH CSS. However, the dynamic configuration of search space for a UE may also be based on the feedback information from the UE. For example, the eNB may only allocate the ePDCCH within the resources indicated in the feedback information of the UE.
In summary, possible solutions for the ePDCCH search space addressing are as follow:
· A UE-specific search space can be either semi-statically or dynamically configured

· For dynamic configuration, one possibility is to have the UE first monitor the PDCCH search space to determine if and where there is an ePDCCH search space to monitor, then proceed to the ePDCCH search space monitoring, if appropriate
· Group signaling can be used to reduce overhead

· For semi-static configuration, the UE receives by RRC signaling where and when to monitor the PDCCH/ePDCCH, and the PRB pairs where the ePDCCH may be located (UE-specific search space)
2.2 Support for both distributed and localized transmissions
For the ePDCCH, it was agreed to support both localized and distributed transmissions. For localized ePDCCH, the eNB needs to know the CSI so that beamforming and scheduling gains can be achieved for localized ePDCCH. However, when CSI is not available or not accurate enough to enable beamforming gains, it is better to switch to distributed transmission, and capture frequency diversity gain, and possibly spatial diversity gain as well.
· Considering that localized and distributed ePDCCH transmissions are quite different in nature, it is not clear that the same design can be used for both modes. In particular, the two following issues need to be discussed:
· Whether, in UE-specific search space, a UE searches for both localized and distributed ePDCCH in the same subframe. 
· Whether the same set of PRBs is used for both ePDCCH modes.
For the first issue, having the UE searching both localized and distributed ePDCCH in the UE-specific search space would either significantly increase the maximum number of blind decodes a UE needs to perform, or reduce the number of PRB pairs in the search space. Reducing the number of available PRB pairs in the search space may cause problems since there are now fewer possibilities to use the best candidate in the search space. For instance, if localized ePDCCH were used, with fewer choices to select the best PRB pair, the beamforming gain will, on average, be reduced. Consequently, it is better to have a larger search space, with one transmission mode, either localized or distributed. This configuration can be done in a semi-static manner.
With semi-static configuration of the transmission mode, one potential problem is that the transition from one mode to another may be relatively slow (on the order of several subframes). Note however that when switching from distributed to localized, this delay is inconsequential except, maybe, for a small loss of transmission efficiency for a short duration of time. When the eNB needs to switch the ePDCCH transmission from localized to distributed, it is however important to keep high robustness for the ePDCCH transmission: if a localized transmission is used, but the CSI is outdated, the beamforming gain is lost, and worse, the UE might be scheduled in a fade. However, if a CSS is available, there is always the possibility to use distributed transmission, or in some cases, even the regular PDCCH. 
For the second issue, whether to use the same set of resources for both modes, the design goals of localized and distributed ePDCCH are quite different. Furthermore, both modes have significantly different characteristics. Consequently, it is not necessary to configure the same PRBs for both ePDCCH modes. In summary, we propose the following:
· For UE-specific search space, only one transmission mode, either localized or distributed mode, is used and is semi-statically configured
· The physical resources for localized and distributed ePDCCH are configured independently. 
2.3 eCCE mapping in the search space

This section describes how the ePDCCH candidates are mapped in the UE-specific search space. 

Because the number of blind decodes that a UE can perform is limited, the number of candidates that can be searched by the UE must be restricted. Since the size of ePDCCH message corresponds to a number of eCCEs, the number of PRB pairs that can be examined is fairly small if the UE searches for ePDCCH candidates on the set of eCCEs alone, without taking into account on which PRB pairs they are mapped.

Currently, the number of candidates is dependent on the aggregation level. For instance, for aggregation level 1, there are 6 possible PDCCH candidates, whereas for aggregation level 8, there are only two candidates. In order to keep the UE complexity low, it is likely that such restrictions will be implemented for the ePDCCH search space. However, the number of PRB pairs of the UE-specific search space should be independent of the aggregation level. That may lead to some problems, where for some aggregation levels, some PRB pairs do not have any fraction of an ePDCCH candidate.
The problem can be illustrated very simply. Assume that the search space contains at least the following 6 PRB pairs: 3, 4, 8, 9, 11 and 12. For aggregation level 1, there are 6 candidates. If the six candidates are mapped onto the first continuous six eCCEs, which at first thought seems to be the simplest solution, eCCE0 to eCCE5 are accessed. However, since they are located in PRB pairs 3 and 4, PRB pairs 8, 9, 12 and 13 are ignored even though they may have better channel conditions than PRB pairs 3 and 4. Consequently, such a sequential mapping of eCCEs does not provide significant scheduling gain. This situation is illustrated in Figure 2.
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Figure 2. An aggregation level 1 candidate mapping: example 1

Another candidate mapping is shown in Figure 3. In this case, six candidates are mapping to PRB pairs 3, 4, 8, 9, 11, and 12. A larger bandwidth can be considered for mapping the eCCEs, thus leading to higher frequency selectivity. The eNB can then select the best PRB pair to send the ePDCCH with aggregation level 1.
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Figure 3. An aggregation level 1 candidate mapping: example 2

Then for localized transmissions, it is desirable to consider the achievable scheduling gain for the candidate to physical resource mapping. Note that for distributed transmissiond, although not described here, there is a somewhat similar problem.

· The set of ePDCCH candidates must cover a large set of PRBs in the search space in order to provide good frequency selectivity gain/frequency diversity gain
With a mapping such as the one in Figure 3, a related issue is the trunking efficiency: since the search space is defined in terms of PRB pairs, it is desirable to have some candidate sets in the search space starting from a different eCCE number to make sure that a PRBs pair are fully occupied. Logically speaking, the problem is as follows: assume that an ePDCCH uses eCCEs #0 and #1 of a given PRB pair. Another ePDCCH should use eCCEs #2 and #3, otherwise these two eCCEs would be wasted. Similarly, there is a chance of having one ePDCCH candidate blocking another one if all candidates are mapped on the same eCCE in a given PRB pair.

3 Conclusion
In this contribution, our views on ePDCCH UE-specific search space are presented. We first discussed search space addressing and the need to support of semi-static and dynamic allocation. We then described the constraints created by the need to support both distributed and localized ePDCCH transmissions. We also gave a high-level description of how to map the UE-specific search space. Our proposals are summarized below:
· A UE-specific search space can be either semi-statically or dynamically configured

· For dynamic configuration, one possibility is to have the UE first monitor the region of the PDCCH search space to determine if and where there is an ePDCCH search space to monitor, then proceed to the ePDCCH search space monitoring, if appropriate
· Group signaling can be used to reduce overhead

· For semi-static configuration, the UE receives by RRC signaling where and when to monitor the PDCCH/ePDCCH, and the PRB pairs where the ePDCCH may be located (UE-specific search space)
· For UE-specific search space, only one transmission mode, either localized or distributed mode, is used and is semi-statically configured

· The physical resources for localized and distributed ePDCCH are configured independently.
· The set of ePDCCH candidates must cover a large set of PRBs in the search space in order to provide good frequency selectivity gain/frequency diversity gain
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