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Discussion and decision
1. Introduction
The following agreements related to eCCE and eREG definitions were reached in RAN1#70, see [1]:
· The specification supports the case that an eCCE is formed by N eREGs in distributed and localized
· N= 4 in following cases. (This corresponds to 4 eCCEs per PRB pair in localized transmission.)
· In normal subframe (normal CP) or special subframe configs 3,4,8 (normal CP) 
· N=8 in following cases. (This corresponds to 2 eCCEs per PRB pair in localized transmission)
· Special subframe configs 1,2,6,7,9 (normal CP)

· Normal subframe (extended CP) and special subframe configs 1,2,3,5,6 (extended CP) 
· Aggregation levels supported for EPDCCH are:

· In normal subframes (normal CP) or special subframe configs 3,4,8 (normal CP), and the available REs in a PRB pair is less than Xthresh, 

· For localised: 2, 4, 8, working assumption 16 subject to feasible search space design

· For distributed: 2, 4, 8, 16, working assumption 32 subject to feasible search space design

· In all other cases:

· For localised: 1, 2, 4, working assumption 8 subject to feasible search space design

· For distributed: 1, 2, 4, 8, working assumption 16 subject to feasible search space design

· Working assumption that Xthresh = 104

· Total number of EPDCCH USS blind decodes per CC is 32 or 48 depending on configuration of UL MIMO

· The UE is not expected to receive EPDCCH in a special subframe with special subframe configuration 0 or 5 in normal CP, or special subframe configuration 0, 4, or 7 in extended CP.

· The eREG to RE mapping is fixed in specifications given the Frame structure type, subframe configuration and CP length

· Special subframes with the same DMRS positions have the same eREG to RE mapping

· The eREG to RE mapping does not depend on the PRB pair#, subframe#, legacy control region size, DwPTS length or presence of other signals such as CRS,CSI-RS,PRS,

· eREG indices are sequentially mapped  to the REs without REs for DMRS (24 for normal CP and 12 for extended CP) in a frequency first and then time manner, within each PRB pair 

· It is FFS whether to support cyclic shift of the assigned eREG indices in each OFDM symbol or further rearrangement in the OFDM symbols carrying DMRS.

Note that Xthresh = 104 was derived to keep the worst case coding rate close to 0.8.

Note that EPDCCH is not mapped to GP or UpPTS. 

The agreement shows significant progress in the mapping definitions. However, a few aspects are still remaining to be decided:
· If and how to support inter-EPDCCH interference randomization

· Whether to include cyclic shifts in the eREG-to-RE mapping

· How to form distributed and localized eCCEs, i.e. the eCCE-to-eREG mappings

These remaining issues are discussed in this contribution.
2. Design criteria for RE mappings
We shortly summarize here the proposals made in [2,3] that are still applicable given the agreements reached in RAN1#70.
The eCCE-to-eREG and eREG-to-RE mappings define the effective eCCE sizes after removal of REs that are used for other purposes such as CRS and PDCCH. We think that it is clearly of advantage of ending up with about the same effective eCCE sizes after removal of other signals present on the EPDCCH PRB pairs, as this will on the one hand simplify the network operation with respect to EPDCCH scheduling (with respect to search space definition) as well as link adaptation/aggregation level selection. Therefore, from RE mapping point of view we make the following suggestion with respect to EPDCCH design:

Proposal 1: Strive for similar eCCE sizes after the removal of other signals within a PRB pair and take this into account in the RE mapping design.
As discussed in [2], it is highly beneficial if the mappings provide means for inter-EPDCCH interference randomization and, on the other hand, inter-EPDCCH interference coordination. If the inter-EPDCCH interference is not managed, the inter-cell interference power fluctuation will hamper the EPDCCH capacity. The reason for this is that the link adaptation of the DCI (selection of AL) has to be done in a conservative manner, preparing for the worst interference realization. Therefore, either the inter-EPDCCH interference should be predictable at the eNodeB (coordinated scheduling of EPDCCH), or the mapping should provide interference averaging via randomization. This suggests that either the eCCE-to-eREG mapping or the eREG-to-RE mapping should be configurable.
Proposal 2: Enable in the design of the eCCE-to-eREG and/or eREG-to-RE mapping inter-EPDCCH interference randomization as well as inter-EPDCCH ICIC.
We also repeat here the observation made in [4] that each eCCE should contain REs that are spread over the whole PRB pair. This way the distribution of the distance between REs used in DCI transmission and the REs used for DMRS is independent of the eCCE index. This is important in order to achieve as equal as possible decoding performance of different eCCEs.
Observation 1:The set of REs that correspond to an eCCE should be spread over the PRB pair as evenly as possible.

3. Proposed eCCE-to-eREG and e-REG to RE mappings
We consider the agreed eREG-to-RE mapping without the per-ODFM symbol cyclic shifts of [1] as the baseline mapping. The mapping is shown in Figure 1 for the cases of normal and extended CP in normal subframe.
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Figure 1: eREG to RE mapping for normal CP (on the left) and extended CP (on the right) for normal subframes. The number represents eREG index. For illustration purposes, PDCCH region is marked with red triangles, CRS with green circles and DMRS with yellow squares. The shades of grey represent eCCE with different indices.
The mapping in Figure 1 also illustrates proposed eCCE-to-eREG mapping:


L-eCCE(i, j) = { eREG( p+i, j ) },

p=0,4,8,12



for N=4 eREGs per eCCE



p=0,2,4,6,8,10,12,14

for N=8 eREGs per eCCE,

where L-eCCE(i, j) is the i-th localized eCCE in j-th PRB pair in the EPDCCH set, and eREG(i, j) is the i-th eREG in j-th PRB pair in the EPDCCH set. The above applies to the localized eCCEs. For distributed eCCEs we propose the cyclic mapping as in [2], which can be represented by

D-eCCE(i, j) 
= { eREG( p+i, mod(p/N_eCCE + j, M) ) },

p=0,4,8,12,

N_eCCE=4
for N=4 eREGs per eCCE



p=0,2,4,…,14,
N_eCCE=2 
for N=8 eREGs per eCCE,
where D-eCCE(i, j) is the (i,j)-th distributed eCCE in the EPDCCH set, M is the number of PRB pairs in the EPDCCH set. Note, that the distributed eCCEs D-eCCE(i,1) to D-eCCE(i,M) are thereby logically contained in the localized eCCEs L-eCCE(i,1) to L-eCCE(i,M) by a cyclic eREG to distributed eCCE mapping. This way we can guarantee the same effective eCCE sizes for localized and distributed eCCEs as well as prevent extensive blocking in case localized and distributed EPDCCH sets are sharing some PRB pairs, as further discussed below. 

Figures 2 and 3 illustrate these mappings with example L-eCCEs and D-eCCEs for the case of N=4 and N=8 eREGs per eCCE, respectively.
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Figure 2: Illustration of distributed and localized eCCE to eREG mappings. Examples in case {1,2,4} PRB pairs per EPDCCH set and N=4 eREGs per eCCE (i.e. 4 eCCEs per PRB pair) are shown.
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Figure 3: Illustration of distributed and localized eCCE to eREG mappings. Examples in case {1,2,4} PRB pairs per EPDCCH set and N=8 eREGs per eCCE (i.e. 2 eCCEs per PRB pair) are shown.

The mappings proposed in the above have the following beneficial properties:

· Equal effective eCCE sizes when considering REs punctured by CRS and REs in symbols before the PDSCH starting symbol. This applies to

· both normal and extended CP

· to all supported special subframe configurations
· both to localized and distributed eCCEs

· Compatibility with option to multiplex both localized and distributed eCCEs in the same PRB pairs

· Localized eCCE(i, j) blocks distributed eCCEs {D-eCCE(i,q)}, q=0,1,…,M-1. But it does not block any D-eCCE(p,q), where p≠i.
· Distributed eCCE(i, j) blocks localized eCCEs {L-eCCE(i,q))}, q=0,1,…,M-1. But it does not block any L-eCCE(p,q), where p≠i.

( a single localized eCCE blocks M distributed eCCEs, and vice versa.
We further note, that equal eREG size is not possible to be attained as such as the number of available REs is not in general divisible by the number of eREGs, that is, 16. However, the number of available REs after removing REs used by CRS and also REs in OFDM symbols before the PDSCH starting symbols is divisible by 4 (and considering different DwPTS lengths in special subframes). The same does not hold for other signals such as CSI-RS. The mappings that achieve equal eCCE sizes after removing CSI-RS are unfortunately bound to be rather complex due to the large number of possible NZP and ZP CSI-RS configurations. Since ZP and NZP CSI-RS do not occur in all subframes, we re-iterate the previous proposal to not optimize the mappings according to CSI-RS configurations. The same holds for PRS.
Given the agreed eREG-to-RE mapping in frequency first manner, the equal eCCE size cannot be achieved unless the eREG-to-eCCE mapping is fixed as proposed here. The reason is that the eREGs can’t be of equal effective size. Therefore we propose to fix the eREG-to-eCCE mapping accordingly.
To summarize, we propose the following eREG-to-eCCE mappings:

Proposal 3: The localized eCCE(i,j) consists of set of eREGs: { eREG( p+i, j ) }, where eREG(n,j) is the n-th eREG of j-th PRB pair in an EPDCCH set of size M. 
· For N=4 eREGs per eCCE: p=0,4,8,12. 
· For N=8 eREGs per eCCE: p=0,2,4,…,14.

Proposal 4: The distributed eCCE(i,j) consists of the set of eREGs: { eREG( p+i, mod(p/N_eCCE + j, M) ) }, where eREG(n,m) is the n-th eREG of m-th PRB pair in an EPDCCH set of size M. 
· For N=4 eREGs per eCCE: N_eCCE=4 and p=0,4,8,12. 
· For N=8 eREGs per eCCE: N_eCCE=2 and p=0,2,4,…,14.
4. Interference Randomization Configurability
In the previous sections and in [2] we discussed the need to do inter-EPDCCH interference randomization and/or coordination. We believe that such interference randomization is only beneficial if the eCCE-to-RE mappings applied in different cells/transmission points can be made uncorrelated enough. To this end, if the randomization is done in the eCCE-to-eREG level, there are not many such mappings that lead to interference averaging, since only 16 eREGs are available. There are less than 10 such configurations that have a maximum overlap between different cell eCCEs of 0.6, see Figure 4. This would in addition destroy the property related to equal effective eCCE sizes. 
Figure 4 shows an uneven distribution of effective eCCE sizes in case a randomized eCCE-to-eREG mapping is applied.
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Figure 4: Effective eCCE size distribution and number of available mappings vs. maximum overlap between neighbouring cell eCCEs in case eCCE-to-eREG mapping is randomized. Assumptions: 4 eREGs per eCCE, 2 CRS ports, no CSI-RS, and legacy control region size 2.
Observation 2: Configurability of the eCCE-to-eREG mapping leads to unequal effective eCCE sizes and does not provide proper interference randomization possibilities.
However, if the randomization would be done on the eREG-to-RE mapping level, there are more opportunities available. In [1] an FFS point was mentioned on whether to allow for cyclic shifts on the assigned eREG indices per OFDM symbol. Observing the Figure 1, it is clear that such cyclic shifts do not affect the effective eCCE sizes after subtraction of the CRS and legacy control region REs. Therefore, we can cyclically shift the mapping in each OFDM symbol by 0, 1, 2, or 3 REs in f-domain, and each of these cyclic shifts results in different overlapping between the eCCEs of different cells/transmission points. An example of mapping with pseudorandom cyclic shifts per OFDM symbol is given in Figure 5 for the case of N=4 eREGs per eCCE and normal cyclic prefix. As shown in Figure 6, the effective eCCE sizes are the same regardless of the shifts. Such randomization yields over 5 times more different mappings than eCCE-to-eREG level randomization when the maximum overlap between different cells eCCEs is kept at 0.5 to 0.6, as can be seen when comparing Figure 4b with Figure 6b.
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Figure 5: Example of a randomized eREG-to-RE mapping obtained by cyclically shifting the assigned eREG indices in each OFDM symbol in a pseudo-random fashion. The shifts shown in this specific example are [0,1,0,1,0,0,0,3,3,1,3,3,3,0].
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Figure 6: Effective eCCE size distribution and number of available mappings vs. maximum overlap between neighbouring cell eCCEs. Statistics are shown for 504 eREG-to-RE mappings obtained by pseudo-random cyclic shifts per OFDM symbol. Assumptions: 4 eREGs per eCCE, 2 CRS ports, no CSI-RS, and legacy control region size 2.

Several different options to configuring the cyclic shifts on a OFDM to OFDM symbol basis may be envisioned:

(i) The exhaustive configuration of these cyclic shifts (maximum of 14 for the case of normal CP, and 12 for the case of extended CP) would require a maximum of 26 bits to signal as a bitmap (2 bits per cyclic shift {0,1,2,3}, first symbol may be left un-shifted).
(ii) The shifts could be derived from a single parameter, such as cell ID, e.g. by utilizing the pseudo random sequence generator described in specification 36.211 section 7.2. Even a random selection of the shifts may lead to a sufficiently low overlap of eCCEs in different cells. However, the interference averaging properties could be improved upon by selecting a subset of cyclic shift patterns that yield particularly low overlap values.
(iii) A small set of cyclic shifts might be designed via a simple algorithmic approach. For instance, let ns denote the OFDM symbol index. The shift xs in s-th OFDM symbol could be defined as

xs = floor(c*ns / 6),

















(1)
where c is one of e.g. {0,1,…,7} signalled with 3 bits in the EPDCCH set configuration. These eight mappings result in overlap values upper bounded by 0.6 as shown in Figure 7. Note that a value of c=0 means there are no shifts applied, which could be a baseline option for eCCE level interference coordination.
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Figure 7: Number of available mappings vs maximum overlap between eCCEs in different mappings assuming cyclic shifts are obtained from equation (1) in option (iii). All 8 mappings may be employed while maximum overlap is bounded by 0.6.
Analysing further the three options envisioned above, the option (ii) has the downside that if it is derived using the cell-ID directly, the mappings would not be configurable as such. Also the selection of a suitable subset of the pseudo-random mappings would require additional standardization effort. On the other hand, the option (iii) has the benefit of low signalling overhead as compared to option (i). We therefore propose to consider creating different mappings by equation (1).

To summarize the discussion in the section, we propose:

Proposal 5: The eCCE-to-eREG mapping shall not be configurable. This is to achieve equal effective eCCE size after removal of REs used for CRS and/or REs in the legacy control region.
Proposal 6: Enable per OFDM symbol configurable cyclic shifts for the eREG-to-RE mappings in order to enable configurable inter-EPDCCH interference randomization as well as inter-EPDCCH interference coordination. The cyclic shift xs applied in OFDM symbol ns is obtained as xs = floor(c*ns / 6), where c may be one of {0,1,2,…,7} and is UE and EPDCCH set specifically signalled as part of the EPDCCH configuration.
5. Conclusions

In this contribution we discuss the remaining details of RE to eREG/eCCE mapping and make the following observations and proposals:
Proposal 1: Strive for similar eCCE sizes after the removal of other signals within a PRB pair and take this into account in the RE mapping design.
Proposal 2: Enable in the design of the eCCE-to-eREG and/or eREG-to-RE mapping inter-EPDCCH interference randomization as well as inter-EPDCCH ICIC.

Proposal 3: The localized eCCE(i,j) consists of set of eREGs: { eREG( p+i, j ) }, where eREG(n,j) is the n-th eREG of j-th PRB pair in an EPDCCH set of size M. 

· For N=4 eREGs per eCCE: p=0,4,8,12. 
· For N=8 eREGs per eCCE: p=0,2,4,…,14.

Proposal 4: The distributed eCCE(i,j) consists of the set of eREGs: { eREG( p+i, mod(p/N_eCCE + j, M) ) }, where eREG(n,m) is the n-th eREG of m-th PRB pair in an EPDCCH set of size M. 

· For N=4 eREGs per eCCE: N_eCCE=4 and p=0,4,8,12. 
· For N=8 eREGs per eCCE: N_eCCE=2 and p=0,2,4,…,14.

Proposal 5: The eCCE-to-eREG mapping shall not be configurable. This is to achieve equal effective eCCE size after removal of REs used for CRS and/or REs in the legacy control region.
Proposal 6: Enable per OFDM symbol configurable cyclic shifts for the eREG-to-RE mappings in order to enable configurable inter-EPDCCH interference randomization as well as inter-EPDCCH interference coordination.The cyclic shift xs applied in OFDM symbol ns is obtained as xs = floor(c*ns / 6), where c may be one of {0,1,2,…,7} and is UE and EPDCCH set specifically signalled as part of the EPDCCH configuration.
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