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1. Introduction
It was agreed in RAN1#67 that both localized and distributed transmission of the enhanced control channel are supported. There have been some discussions on how to support the two different ePDCCH transmission methods, but no consensus was reached so far. As distributed transmission of ePDCCH involves transmission of a DCI message in more than one PRB-pair at least in some lower aggregation levels [1], the localized and distributed transmissions of ePDCCH is strongly related to the ePDCCH search space design that defines “which REs are used for each ePDCCH candidate.”
This contribution provides some discussion on the ePDCCH search space design in consideration of supporting both localized and distributed transmissions.

2. Transmission of ePDCCH in the frequency domain
Throughout this contribution, it is assumed that an ePDCCH is transmitted on an enhanced CCE (eCCE) or an aggregation of multiple eCCEs where eCCE is the basic unit of ePDCCH search space construction. It is desirable to make eCCE similar to the legacy CCE (e.g., eCCE size is around 36 REs) in order to inherit the design of legacy PDCCH but, as discussed in [2], it should have some unique properties (e.g., eCCE size is variable depending on the subframe structure) to operate properly. 
From the viewpoint of transmitting ePDCCH in the frequency domain, two different types of eCCE can be considered; one is the localized eCCE (L-CCE) where an eCCE consists of REs originating from only one PRB pair and the other is the distributed eCCE (D-CCE) where an eCCE are spread over two or more PRB pairs. Figure 1 illustrates these two eCCE types under the assumption that 4 eCCEs are defined within a PRB pair and two PRB pairs are involved for the definition of a D-CCE. 
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Figure 1. An illustration of localized eCCE and distributed eCCE.
From the viewpoint of the transmission of an ePDCCH, only distributed transmission is possible with D-CCE by its definition. Thus, the L-CCE should be defined according to the agreement in RAN1#67. With the definition of L-CCE, ePDCCH can be transmitted either in a localized manner or distributed manner in the frequency domain. L-CCEs within the same PRB pair are aggregated for the localized transmission while L-CCEs belonging to different PRB pairs are aggregated for the distributed transmission. It is obvious that distributed transmission is impossible using L-CCE if the aggregation level 1, i.e., only one L-CCE is used for the transmission. Thus, we can consider three ePDCCH transmission methods as follows:
· Localized ePDCCH transmission with L-CCEs (Method L-L)

· Distributed ePDCCH transmission with L-CCEs (Method D-L)

· Distributed ePDCCH transmission with D-CCEs (Method D-D).
Figure 2 shows the examples of the three transmission methods for the case of aggregation level 2. We note that this section focuses on the cases where the aggregation level is relatively lower so that all the L-CCEs that are aggregated together can be located within a PRB pair for the localized transmissions. The higher aggregation level case is briefly discussed in the next section.
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Figure 2. An illustration of ePDCCH transmission methods.
It is apparent that Method L-L has the benefit of enabling the frequency selective ePDCCH scheduling and beamforming. This method is suitable when subband CSI is available at the eNB. Beamforming is also possible with Method D-L but it has the limitation that the beamforming can be operated only in a wideband manner. So this method is more suitable when wideband CSI is available at the eNB. If no CSI is available or reliable, some kind of PRB-pair-level precoder cycling can be applied to Method D-L but the achievable diversity order is limited to the aggregation level because all the REs in one L-CCE undergoes the same channel fading and precoding. It is expected that the performance loss caused by this limitation will reduce with an increased aggregation level. 
Method D-D has the advantage over the two L-CCE-based ePDCCH transmission methods in the sense that the frequency diversity can be exploited even for aggregation level 1. However, at this moment, it is not clear how this advantage is useful in Rel-11 ePDCCH. It seems difficult to apply UE-dedicated beamforming in this method due to the lack of orthogonal antenna ports. For example, if one PRB pair has available REs enough to make four CCEs as in Figure 1, one PRB pair should be divided into more than four parts to accommodate the parts of multiple D-CCEs. In the example of Figure 1, one PRB pair is divided into 8 parts (under the assumption that only D-CCEs are defined), each of which corresponds to the half of one of 8 D-CCEs that are made out of two PRB pairs. As the current agreement is that four orthogonal antenna ports can be used for ePDCCH transmission, it is not possible to apply beamforming which is dedicated to each D-CCE. One possible way is to apply some kind of random beamforming based on a shared antenna port – a single antenna port shared by REs belonging to different D-CCEs but locating in the same PRB pair. 

Figure 3 shows simulation results comparing the beamforming gain of L-CCE and the diversity gain of D-CCE. Aggregation level 1 is considered and beamforming is applied to L-CCE based on wideband CSI report while randomly selecting the precoder for D-CCE. Detailed simulation parameter setting can be found in Appendix A. It can be observed that, as long as proper CSI is provided to the eNB, L-CCE with beamforming outperforms D-CCE even in the aggregation level 1 although D-CCE can achieve some diversity gain in the frequency and precoder domains.
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Figure 3. Performance of L-CCE with CSI and D-CCE with no CSI for (a) DCI of 42 bits and (b) DCI of 27 bits.
From this observation, it is not proper to consider a beamforming-type transmission scheme, which requires at some CSI at the eNB, for D-CCE, and this leads to the conclusion that D-CCE needs be associated with a spatial diversity scheme which can provide satisfactory performance when no CSI is available at the eNB [3]. Table 1 summarizes the target operation scenario of the ePDCCH transmission schemes discussed so far.
Table 1. Target operation scenario of various ePDCCH transmission methods
	
	Localized transmission based on L-CCE (Method L-L)
	Distributed transmission based on L-CCE (Method D-L)
	Distributed transmission based on D-CCE (Method D-D)

	Subband CSI
	Target scenario (frequency selective scheduling and beamforming)
	Not able to make use of the CSI
	Not able to make use of the CSI

	Wideband CSI
	Lack of CSI
	Target scenario (precoding based on wideband CSI)
	Not able to make use of the CSI

	No CSI
	Lack of CSI
	Frequency diversity and random beamforming for the aggregation levels higher than one
	Target scenario (frequency and spatial diversity)


In the discussion of ePDCCH transmission schemes, the target PDSCH transmission scheme should be considered as well. As ePDCCH is based on port 7 - 10, it is natural to consider the transmission mode using those antenna ports as the baseline of an ePDCCH configured UE. This is also aligned with the agreement in RAN1#68bis that new carrier type, which is one of the target operation scenario of ePDCCH, can carry 1 RS port (consisting of the Rel-8 CRS Port 0 REs per PRB and Rel-8 sequence) but this RS port is not used for demodulation [4]. 

From this viewpoint, we first observe that the two L-CCE based ePDCCH transmission methods should be supported. Method L-L and Method D-L are well-aligned with the PDSCH transmitted based on subband CSI and wideband CSI, respectively. In order to facilitate the frequency selective ePDCCH scheduling and beamforming in Method L-L, some modification can be done with regard to the subband CSI feedback (e.g., periodic CSI feedback mode 2-1 or aperiodic CSI feedback mode 2-2) such that a subband containing ePDCCH-configured PRB has higher priority in selecting the preferred subband.

For the case of “no CSI at the eNB,” further study seems to be needed on whether this case should be considered as a reasonable operation scenario of ePDCCH. This is because the UE-specific RS based transmission modes were designed for the cases where the eNB has some reliable CSI. Thus, if Rel-11 does not support a transmission mode in which UE-specific RS based PDSCH is transmitted without CSI availability at the eNB, ePDCCH design in Rel-11 does not need to be optimized for the case of no CSI. ePDCCH based common search space (CSS) or the fallback operation may be another use case of the ePDCCH optimized for the no CSI case but, given that only high aggregation levels are considered in those cases, Method D-L may be able to serve this purpose to some extent. It is also needed to consider that such operations can be done based on the legacy PDCCH [5]. The following proposals can be made based on the discussion so far:
Proposal 1: At least localized eCCE type is supported such that all the REs belonging to an eCCE come from the same PRB pair.
Proposal 2: For the localized ePDCCH transmission, it is supported to aggregate multiple localized eCCEs locating in the same PRB pair.

Proposal 3: For the distributed ePDCCH transmission, it is supported to aggregate multiple localized eCCEs locating in different PRB pairs.

Proposal 4: Further study is needed on whether to support the distributed eCCE type where one eCCE consists of REs originating from multiple PRB pairs. If this eCCE type is supported, it is associated with a proper spatial diversity scheme.
3. Search space design based on L-CCE
As discussed in the previous section, two different transmission methods are possible with L-CCE and each method can be implemented by a proper search space design that determines “which eCCEs are used for each ePDCCH candidate.” This section discusses how to construct the search space with a set of L-CCEs.
For Method L-L, eCCEs in the same PRB pairs are selected first for the aggregation. So, one aggregation rule needs to be defined in order to support this property at least for lower aggregation levels and we can call it “localized aggregation rule.” If the aggregation level is higher than the number of eCCEs that can be made out of a single PRB pair, multiple PRB pairs should be involved and this case can be treated as an exception of the localized aggregation rule. We note that how to handle this exception is related to whether to support frequency localized ePDCCH transmissions even for high aggregation level such as the aggregation level 8. In designing ePDCCH search space based on the localized aggregation rule, it is important to distribute the ePDCCH candidates uniformly over the entire PRB pairs configured for ePDCCH search space. This uniform distribution is beneficial in that the frequency selective ePDCCH scheduling is enabled based on the subband CSI. Also this will reduce the scheduling conflict between ePDCCH and other UEs’ PDSCH because it allows eNB to have more chance to transmit ePDCCH on a PRB pair which is not used for other UE’s PDSCH transmissions that typically uses a set of consecutive PRB pairs. Figure 4 shows an example of ePDCCH search space configuration based on Method L-L, the localized aggregation rule. We note that this figure shows 6, 6, and 2 candidates for aggregation levels 1, 2, and 4, respectively. We also note that the candidates of different aggregation levels overlaps in some eCCEs but, if this overlap needs to be avoided, it is possible to apply an aggregation-level-specific offset (in the eCCE and/or PRB pair domain) to the search spaces of each aggregation level.
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Figure 4. An example of localized ePDCCH search space configuration.
For Method D-L, eCCEs in different PRB pairs are selected first for the aggregation. So, another aggregation rule needs to be defined in order to support this property and we can call it “distributed aggregation rule.” One important point in this aggregation is that eCCEs aggregated for a single candidate should be separated well in the frequency domain in order to maximize the frequency diversity. If enough PRB pairs are configured, an ePDCCH candidate of aggregation level L can be transmitted over L PRB pairs. Again, high aggregation level such as the aggregation level 8 may be an exception in this approach because occupying 8 PRB pairs may be harmful in multiplexing PDSCH with ePDCCH while additional frequency diversity gain could be marginal. Figure 5 shows an example of ePDCCH search space configuration based on Method D-L, the distributed aggregation rule. It is noteworthy that the search space of aggregation level 1 could have no difference in the two aggregation rules.
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Figure 5. An example of distributed ePDCCH search space configuration.
An exemplary ePDCCH search space construction method is provided in Appendix B. The following proposals summarize the above discussion:

Proposal 5: For the localized ePDCCH transmission, the ePDCCH candidates should be uniformly distributed over the PRB pairs configured for the search space.
Proposal 6: For the distributed ePDCCH transmission, each ePDCCH candidate should be made out of eCCEs that are well-separated in the frequency domain.
As discussed above, there may be some cases that require exceptional handling. We briefly discuss those cases in the following:
· High aggregation level

For the localized aggregation case, it is not possible to pack an ePDCCH candidate of high aggregation level within a PRB pair. An example is the aggregation level 8 with a PRB pair divided into 4 L-CCEs. There are several ways of handling this situation. If localized transmission is needed for aggregation level 8, two consecutive PRB pairs can be used as Figure 6(a). Otherwise, some distributed transmission can be adopted instead. As in Figure 6(b), two well separated PRB pairs can be used in order to achieve the frequency diversity order 2.

For the distributed aggregation case, placing all the constituent eCCE in different PRB pairs may lead to inefficient operation due to the impact on the PDSCH scheduling. Thus, it seems desirable to use limited PRB pairs even when the aggregation level is high. For example, in order to make a candidate of the aggregation level 8, only four PRB pairs can be used by extracting two L-CCEs in each PRB pair as shown in Figure 6(c).
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Figure 6. Examples of the ePDCCH candidates with aggregation level 8.
· Two or three L-CCEs in a PRB pair

As discussed in [2], it is desirable to vary the number eCCEs defined in each PRB pair according to the subframe configuration. Although the discussion so far has taken the case of 4 eCCEs per PRB pair as the example, the proposed ePDCCH search space design principles are also applicable to the other cases. On top of these principles, some separated handling may be needed for each case.
When a PRB pair is divided into 2 L-CCEs, the problem of high aggregation level – one PRB pair cannot contain all the eCCEs of a candidate – occurs in aggregation level 4. Thus a similar treatment is needed for both aggregation level 4 and 8.
A similar problem occurs when a PRB pair is divided into 3 L-CCEs. In [6], it was proposed to modify the number of aggregated eCCEs to solve this problem (e.g., the aggregation levels of 1, 3, 6, and 9 instead of 1, 2, 4, and 8), but in our opinion, changing the number of aggregated eCCEs is not preferable because non-trivial impact is expected on the link adaptation functionality of ePDCCH. It is worth to note that the number of aggregated eCCEs does not require this kind of change if Method D-L is configured. Therefore, instead of changing the number of aggregated CCEs for the candidates, it seems desirable to take the handling for the case of 2 eCCEs per PRB pair while using the remaining one eCCE for another candidate (potentially for another UE) with the aggregation level 1 or distributed aggregation. Figure 7 illustrates such an example.
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Figure 7. An example of the candidates of aggregation level 4 in the case where one PRB pair is divided into three L-CCEs.

4. Conclusion
This contribution discussed how to support both localized and distributed transmission of ePDCCH. We first provided some discussion on the support of the localized eCCE type where all the REs belonging to an eCCE come from the same PRB pair. This eCCEs can be used to support both localized and distributed transmissions by the corresponding ePDCCH search space configuration as exemplified in this contribution. We also discussed the necessity of the distributed eCCE type where one eCCE consists of REs originating from multiple PRB pairs. The observation was that the necessity of this distributed eCCE is not clear at this moment because it is not suitable with the availability of CSI but no UE-specific RS based PDSCH transmission mode was defined for the operation without CSI. From this discussion, we proposed the following:
Proposal 1: At least localized eCCE type is supported such that all the REs belonging to an eCCE come from the same PRB pair.

Proposal 2: For the localized ePDCCH transmission, it is supported to aggregate multiple localized eCCEs locating in the same PRB pair.

Proposal 3: For the distributed ePDCCH transmission, it is supported to aggregate multiple localized eCCEs locating in different PRB pairs.

Proposal 4: Further study is needed on whether to support the distributed eCCE type where one eCCE consists of REs originating from multiple PRB pairs. If this eCCE type is supported, it is associated with a proper spatial diversity scheme.
Proposal 5: For the localized ePDCCH transmission, the ePDCCH candidates should be uniformly distributed over the PRB pairs configured for the search space.

Proposal 6: For the distributed ePDCCH transmission, each ePDCCH candidate should be made out of eCCEs that are well-separated in the frequency domain.
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Appendix A. Simulation assumption for Figure 3
	Parameter
	Value

	System bandwidth
	10MHz

	Carrier frequency
	2GHz

	Antenna configuration
	2x2

	Channel model
	ITU_PED_A, UE speed: 3km/h

	Tx scheme
	L-CCE: closed loop or random beamforming

D-CCE: random beamforming with orthogonal set of precoders in the two PRB pairs

	Codebook
	Rel-10 Codebook for 2-Tx

	PMI granularity
	Wideband

	PMI periodicity
	each 10ms

	Modulation
	QPSK

	DM-RS configuration
	port 7

	DCI payload
	42 (for DCI) + 16 (for CRC) bits or 27 (for DCI) + 16 (for CRC) bits

	eCCE configuration
	L-CCE: 4 eCCEs per PRB pair, 36 REs per eCCE

D-CCE: 4 eCCEs per PRB pair, 36 REs per eCCE, one eCCE is transmitted over two PRB pairs separated by 25 RBs

Interleaved mapping of eCCE in a PRB pair


Appendix B. An example of constructing ePDCCH search space
This section explains an example of ePDCCH search space construction method based on Method L-L and Method D-L. This example operates as follows:

1) N PRB pairs configured as ePDCCH search space are permuted and re-indexed such that two PRB pairs adjacent in the index domain are well-separated in the frequency domain (Figure B-1).
2) Each PRB pairs are divided into K L-CCEs and each L-CCEs are indexed in the PRB-pair-first order (Figure B-2).

3) If the localized aggregation rule is configured (Figure B-3),

A. The candidate m of the aggregation level L is defined by the aggregation of L-CCEs with the indices nm,L, (nm,L+N) mod N*K, …, (nm,L+(L-1)N) mod N*K. This implements the localized aggregation rule because the eCCE n is in the same PRB pair as the eCCE n+N*k for k=1, 2, ... Here, the modulo operation is to limit the eCCE index smaller than N*K, the total number of eCCEs made out of N PRB pairs. Note that n0,L is assumed to be 0 in Figure x3.
B. The candidates of the aggregation level L have the relationship nm+1,L = nm,L+1. Thus the two candidates are well separated in the frequency domain by the PRB pair permutation. 
4) If the distributed aggregation rule is configured (Figure B-4),

A. The candidate m of the aggregation level L is defined by the aggregation of L-CCEs with the indices nm,L, (nm,L+1) mod N*K, …, (nm,L+(L-1)) mod N*K. This implements the distributed aggregation rule because the eCCE n and eCCE n+1 is well-separated by the PRB pair permutation. Note that n0,L is assumed to be 0 in Figure x3.
B. The candidates of the aggregation level L have the relationship nm+1,L = nm,L+L. Thus the two candidates do not overlap with each other as long as an enough number of eCCEs are defined.
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Figure B-1. PRB pair indexing for the ePDCCH search space.
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Figure B-2. eCCE definition and indexing.
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Figure B-3. A set of ePDCCH candidates according to the localized aggregation rule.
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Figure B-4. A set of ePDCCH candidates according to the distributed aggregation rule.
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