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1 Introduction

The basic structure for an EPDCCH detection process was agreed in RAN1#70. In particular, a UE will be configured with K ≥ 1 EPDCCH sets where an EPDCCH set consists of N PRB pairs where N can be different among EPDCCH sets. The K sets can be divided into KL ≥ 0 sets for localized ePDCCH and KD ≥ 0 sets for distributed ePDCCH (an EPDCCH set cannot be configured to a UE as both localized and distributed). A distributed EPDCCH is transmitted using all PRB pairs in an EPDCCH set. The blind decoding operations a UE performs remain the same as in Rel-10 (independent of K) and are split among the configured EPDCCH sets. 

Several aspects for an EPDCCH detection process remained FFS after RAN1#70, including:

a) The configuration of EPDCCH sets

b) The values for the number N of PRB pairs in each EPDCCH set

a. A working assumption is that N = {1 for localised (FFS), 2, 4, 8, 16 for distributed (FFS), …}
c) How the EPDCCH blind decoding operations are split among the configured K EPDCCH sets

d) The maximum number for K (selected among 2, 3, 4, and 6)

e) Whether a localized EPDCCH can be transmitted across more than one PRB pair

f) Which combinations of KL and KD are most relevant 
This contribution addresses the above FFS aspects. 

2 EPDCCH Sets
Configuration of EPDCCH sets 

The configuration of EPDCCH sets is a rather simple aspect and can include the configuration of the number K of EPDCCH sets, an indication for the type (distributed or localized) of each set, and an indication of the respective PRB pairs. The latter can be either through a bit-map based approach or through other alternatives such as “direct enumeration of PRB pair number” [1]. 
A bit-map does not require an indication of the number of PRB pairs in an EPDCCH set while other alternatives use information for the number of PRB pairs in an EPDCCH set to reduce (only for the larger system BWs) the respective number of RRC bits. The disadvantage of the bit-map is the associated large signaling overhead particularly for the larger operating BWs and for a large number of configured EPDCCH sets. However, PRB pair indication with PRB pair granularity is not necessary as, both for distributed EPDCCH sets and for localized EPDCCH sets, the respective PRB pairs should be distributed in frequency to provide frequency/interference diversity or FDS/beamforming opportunities and the indication of PRB pairs can be in granularity of an RBG or even larger. A bit-map based approach is thus preferred due to its simplicity and flexibility.  
Proposal 1: A bit-map indicates RBGs containing PRB pairs for an EPDCCH set. 
Values for the number N of PRB pairs in each EPDCCH set 

If a bit-map is used to indicate the PRB pairs in each EPDCCH set, specifying the number N of PRB pairs in each set becomes irrelevant and can be left to implementation (regardless of the system BW). What is relevant from a RAN1 perspective is to specify the ECCE structure for possible values of N. Assuming that N is restricted to be even, the ECCE structure for any value of N can be determined from the ECCE structure in case of N=2 or N=4 [2]. 
Moreover, whether PRB pairs of EPDCCH sets are fully overlapped, partially overlapped, or fully non-overlapped also becomes a network implementation issue. Therefore, whether EPDCCH sets have a nested structure (one set is a subset of another set, similar to increasing the number of OFDM symbols for PDCCH) or a completely non-overlapping structure can be left to implementation. There are multiple benefits for a network to use a nested structure for distributed EPDCCH sets and allow a distributed EPDCCH to be transmitted over all UE-specific PRB pairs used in a subframe instead of only in a subset of such PRB pairs. These benefits include improved BLER, more accurate link adaptation, and improved interference diversity and are discussed in detail in the Appendix. 
From an operational perspective, following the same principles as for the PDCCH, the largest value of N should occur for a 20 MHz system BW (as the number of scheduled UEs and the size of DCI formats, especially for PDSCH scheduling, increases with the BW). Considering that a maximum number of PDCCH CCEs is about 88 and that there are 4 ECCEs per PRB pair, this implies a maximum number of 22 PRB pairs at 20 MHz for EPDCCH. However, given that the number of REs per ECCE that can be actually used for EPDCCH transmissions is practically always fewer than 36 (and often much fewer than 36 REs) and that distributed EPDCCH BLER can be considerably worse than PDCCH BLER (e.g. by at least 2 dB), allowing for a maximum of N=32 at 20 MHz seems required. 
It is noted that only a few values of N are needed per system BW (e.g. only N=2 may be used at 1.4 MHz and only N=8, 16, or 32 may be used at 20 MHz). However, since there is no dynamic indication of the EPDCCH set in Rel-11, this aspect may be transparent to specifications and only “reasonable” values of N may be tested for each system BW.
Proposal 2: ECCE structures for distributed EPDCCHs support N=2, N=6 (FFS), and N=4k (k=1, 2, 3, 4, 6, 8). 
Splitting EPDCCH blind decoding operations into the configured K EPDCCH sets 

For PDCCH detection, the number of blind decoding operations for DL/UL DCI formats is fixed per respective CCE aggregation level (AL). This is a rather suboptimal choice. For example, the number of candidates per CCE AL should preferably consider a UE’s SINR (particularly since the CSS is often used for fall-back), the PDSCH/PUSCH transmission mode (e.g. no reason to have the same number of candidates for AL of 1 CCE for DCI format 2C and DCI format 0/1A for the same UE), and possibly the operating BW (e.g. due to the smaller size of a DL DCI format, use of 1 CCE is more likely at 5 MHz than it is at 20 MHz). Nevertheless, despite this sub-optimality, there is no severe functional restriction for the PDCCH operation. 
For EPDCCH operation, the EPDCCH candidates need to not only be divided among ALs but also among multiple EPDCCH sets, which may also possibly have different types (distributed or localized), for the maximum possible value of K. Additionally, decoding operations per ECCE AL need to be defined per set of ECCE ALs (i.e. for a set of ALs of {1, 2, 4, 8, 16} ECCEs and for a set of {2, 4, 8, 16, 32} ECCEs). CoMP for EPDCCH may also be supported in a UE-specific manner. Therefore, it becomes apparent that fixing in the specifications the number of EPDCCH candidates to be the same for all UEs for each possible combination of EPDCCH sets and supportable ECCE ALs (even if the configurations are limited, for example by dismissing a value of K=6 or by having at most one localized EPDCCH set) would arbitrarily and severely further restrict the network operation. An RRC configuration per EPDCCH set of the number of EPDCCH blind decoding operations per ECCE aggregation level would allow the network to better manage the EPDCCH sets and provide a meaningful improvement for EPDCCH operation relative to a PDCCH one.

Proposal 3: The number of EPDCCH candidates per ECCE aggregation level is UE-specifically configured for each EPDCCH set per DCI format monitored by the UE and per set of ECCE aggregation levels. 

The maximum number for K (selected among 2, 3, 4, and 6) EPDCCH sets
From a specification perspective, little/no impact is envisioned from restricting the value of K (except for additional RRC signaling). However, from an operational perspective, there is little use for K > 4 as the number of blind decoding operations will then have to be significantly split among EPDCCH sets to the point that a particular set may have only one or zero EPDCCH candidates even for ECCE aggregation levels having the maximum total candidates. Additionally, given the identified objective to avoid an excessive number of configurations (and reduce testing combinations), not supporting K > 4 becomes a first obvious choice.

Due to the nature of distributed EPDCCH and the absence of a field equivalent to CFI for the PDCCH, having multiple distributed EPDCCH sets (and splitting the number of blind decoding operations in these sets) is essential for avoiding significant unnecessary overhead without impacting the blocking probability and degrading DL throughout. However, this is not the case for localized EPDCCHs, especially since a dynamic indication of the respective PRB pairs is not supported in Rel-11. Therefore, unless DL CoMP operation (DPS) is supported for EPDCCH [x], no other reason seems to exist for configuring multiple localized EPDCCH sets to a UE. 

Therefore, when KL = 0, then KD = 1, 2, 3, 4 while when KL = 1, then KD = 0, 1, 2, 3. Alternatively, as the benefits from supporting a maximum KD = 4, over KD = 3, are not likely to outweigh the additional cost of splitting the blind decoding operations, KD = 1, 2, 3 regardless of KL. This structure for the distributed EPDCCH sets is also similar to the PDCCH one (1, 2, or 3 OFDM symbols). A distributed EPDCCH set should always be configured (when EPDCCH is configured). This is obviously necessary when KL = 0 and it is also needed for fallback support for localized EPDCCHs when KL = 1. There is no need for the value of KD to depend on the value of KL (or vice versa).

Proposal 4: The possible values of KL are 0, 1, or 2 (with DPS CoMP). The possible values of KD are 1, 2, and 3. The maximum value of K = KD + KL is 4. 
Transmitting a localized EPDCCH in more than one PRB pair

Whether this aspect is FFS or not is unclear. It is captured as FFS in the agreement for EPDCCH sets in RAN1#70 but another agreement implicitly mandates support for localized EPDCCHs in more than one PRB pair (e.g. the agreement to support AL of 4 ECCEs for localized EPDCCH in case of extended CP where one PRB pair consists of 2 ECCEs or in case of normal CP when the number of REs available for transmitting EPDCCH in a PRB pair is below a threshold).  
A localized EPDCCH transmission in more than one PRB pairs is rather contradictory with the conditions for localized EPDCCH operation. If among the PRB pairs configured for localized EPDCCH, a UE has (near) maximum DL SINR in a PRB pair so low that it cannot support localized EPDCCH over the whole PRB pair, it is unlikely that such UE can obtain accurate CSI measurements (particularly CSI-RS based ones) to support localized EPDCCH or that the PUCCH BLER for CSI feedback will not be a limiting factor for the combined localized EPDCCH BLER. 
Moreover, if multiple PRB pairs are used for transmitting a localized EPDCCH, it is unclear how they are selected (for the UE to have good SINR in each of them) in order for the overall operation to not effectively become the same as the distributed EPDCCH one (thereby negating any need to support localized EPDCCH transmissions over multiple PRB pairs). It is also unclear how the search space for localized EPDCCHs will be designed if the additional PRB pairs are not predetermined (and hence having random SINR making localized EPDCCH resemble distributed EPDCCH). 

If localized EPDCCH transmission in more than one PRB pairs is supported (e.g. due to the number of available REs in a PRB pair becoming too low resulting to a very high code rate for a transmission of a relatively large DCI format, such as DCI format 2C), the additional PRB pairs should be adjacent to one configured in the localized EPDCCH set (and be considered for localized EPDCCH transmission only for ALs that cannot be supported in a single PRB pair). This will maintain the advantage of high SINR for a localized EPDCCH. The additional PRB pairs should be in the same RBG as the PRB pair in the localized EPDCCH set. 
Proposal 5: If transmitting a localized EPDCCH in more than one PRB pairs is supported, these PRB pairs are contiguous to a PRB pair in the localized EPDCCH set.

3 Conclusions

This contribution considered the FFS aspects for the operation of EPDCCH sets and proposes the following.

Proposal 1: A bit-map indicates RBGs containing PRB pairs for an EPDCCH set. 

Proposal 2: ECCE structures for distributed EPDCCHs support N=2, N=6 (FFS), and N=4k (k=1, 2, 3, 4, 6, 8). 

Proposal 3: The number of EPDCCH candidates per ECCE aggregation level is UE-specifically configured for each EPDCCH set per DCI format monitored by the UE and per set of ECCE aggregation levels.  
Proposal 4: The possible values of KL are 0, 1, or 2 (with DPS CoMP). The possible values of KD are 1, 2, and 3. The maximum value of K = KD + KL is 4. 
Proposal 5: If transmitting a localized EPDCCH in more than one PRB pairs is supported, these PRB pairs are contiguous to a PRB pair in the localized EPDCCH set.
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Appendix

Increasing the number of PRB pairs for a distributed EPDCCH transmission offers improved BLER, improved link adaptation, and improved interference diversity. For an ECCE consisting of 4 EREGs, the full benefits for AL=1/2/4/8 ECCEs are obtained for an EPDCCH transmission over 4/8/16/32 PRB pairs. For an ECCE consisting of 8 EREGs, for AL=1/2/4/8 ECCEs are obtained for an EPDCCH transmission over 8/16/32/64 PRB pairs. 
It is highly important to improve the BLER of a distributed EPDCCH as, at least for Rel-11, it is the likely primary type for EPDCCH operation and its BLER may be significantly worse than the PDCCH one for all ECCE/CCE ALs. 
It is also highly important to improve link adaptation for a distributed EPDCCH as, otherwise, design objectives such as ensuring same ECCE sizes become largely irrelevant and the respective spectral efficiency can significantly deteriorate.
Finally, as interference variations per PRB pair per subframe in the PDSCH region can be significant (in the order of 10 dB or more for cell-edge UEs) it is also highly important to average interference for an EPDCCH transmission over as many PRB pairs as possible (it is noted that a PDCCH experiences relatively static interference across subframes). 
Figure 1 shows the DCI Format 2C BLER for PDCCH and for distributed EDPCCH in case of 4 PRB pairs and 8 PRB pairs. No antenna correlation or AGI is assumed to obtain a lower bound for frequency diversity gains. The gain from increasing the number of PRB pairs from 4 to 8 ranges between 0.4 dB and 0.8 dB. Similar gains were observed in [3].
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Figure 1: BLER for DCI 2C and DCI 1A as a function of the number of PRB pairs for distributed ePDCCH.
Figure 2 shows the wideband (WB) SINR difference between the WB SINR over a number of PRB pairs with maximal frequency separation and the actual WB SINR for 10 MHz system BW and the ETU channel. The WB SINR over 4 PRB pairs can be significantly different than the actual WB SINR reported by a UE (through the WB CQI), and link adaptation for distributed EPDCCH can be problematic. Basically, in order to ensure 1% BLER for more than 90% of UEs, a distributed EPDCCH should have 3 dB additional SINR or 2x the ECCE AL determined from the WB CQI report. It is noted that open loop link adaptation based on DTX detection is a slow and inaccurate process and it is furthermore not possible for CA. Ideally, a UE should provide a WB CQI report for each distributed EPDCCH set. However, this requires additional UE measurements, UL overhead, and is not possible in Rel-11. 
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Figure 2: Difference between WB SINR between subsets of PRB pairs and the entire DL BW.
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