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1. Introduction

At RAN1#67, it was agreed that 

· Both localized and distributed transmission of the enhanced control channel are supported

In this contribution, we discuss further the multiplexing of DCI messages and ePDCCH processing of such localized and distributed control channel transmission and analyze the associated control channel overhead. 

2. ePDCCH processing and overhead

A possible way to implement the ePDCCH processing is discussed and a starting point could be the R-PDCCH, including CCE and search space concept, extended to support both localized and distributed ePDCCH transmission simultaneously. A straightforward way to do this is by introducing two parallel processing flows for the DCI information. Hence, a UE may have separate resources (PRB pairs) configured and separate search spaces for localized and distributed ePDCCH. 

An alternative is to define a single search space and a single set of resources for ePDCCH transmission and depending on the UE specific configuration of used eREGs and associated antenna ports, distributed or localized transmission is achieved in a more transparent manner. However, for the following analysis in this contribution, we treat the distributed and localized transmissions separately and thus assume separate search spaces but the feasibility of a merged solution should be further considered. In any case, each UE needs to know where to find an ePDCCH candidate and what RS to use for demodulating it. 

Assuming two processing flows, they could each be similar to the one used for R-PDCCH with the difference in that for the distributed transmission, frequency diversity should be achieved for all aggregation levels, not only the larger ones as the situation is somewhat different when comparing UE and RN. This is achieved by the introduction of extended resource element groups (eREG) as the physical resource granularity needs to be smaller than one PRB. See our further discussion about eREGs in [2]. 
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Figure 1 Reservation of distributed resources (D-1, D-2,..) and localized resources  (L-1,...). In this illustration each PRB pair has 8 eREG and they are numbered within each PRB pair first, then in frequency (next PRB pair).  A localized transmission may be mapped to eREG [1,2,3,4] in L-1 and a distributed transmission to [1,2,9,10] in D-1 and D-2. 

A set of enhanced control channel resources are configured in a UE specific manner to allow for intra- and inter-cell interference coordination for CCH according to the agreed requirements. One resource consists of a PRB pair and each PRB pair consists of a number of eREG which are non-overlapping sets of REs in the PRB pair. The number of eREGs per PRB pair is FFS and also how these sets are defined within a PRB pair needs to be studied further. Note that the UE specific configuration is required to enable frequency domain ICIC, especially in the Het Net and shared cell scenarios. In practice and due to control overhead, all UEs connected to a transmission point may use the same set of configured resources, although configured UE specifically for flexibility. 

At least for the following discussion, it is assumed that all the eREGs in a UE specific set of resources are numbered, for example running within each PRB first and then in the frequency direction, over the multiple configured PRB pairs. The UE is in this study assumed to be configured a set of distributed (D) resources or a set of localized (L) resources (i.e. PRB pairs) and these are assumed to have independent numbering as they are not overlapping and as they are assumed to have different DCI processing chains and search spaces. See an example in Figure 1 of such numbering and mapping where a PRB pair has 8 eREG. Note as mentioned above, a combination of L and D into a single set of resources configured to the UE is FFS. 

The mapping of the modulated control information constituting the CCEs are made onto eREGs, and the localized or distributed mapping can then be achieved by how this mapping is performed. In the localized case, the mapping is simply performed in the same way as the eREGs are numbered, i.e. [1,2,3,4,…]. Hence, if an ePDCCH use 4 eREGs, this mapping ensures that the ePDCCH falls within one and the same PRB pair. 

For distributed transmission, the mapping could in this example of Figure 1 be [1,2,9,10,..] to ensure a distributed transmission (two eREGs is assumed per PRB pair to allow for transmit diversity since each eREG use a different antenna port according to the design in [2]). 

Depending on the configuration of the UEs search space and the used aggregation level, the sets of the eREGs to be used for an ePDCCH transmission can be selected by the eNB and is thus known by the UE for its blind decoding attempts.  Furthermore, since the configuration of PRB pairs to be used for enhanced control transmission is UE specific and controlled by the eNB, different PRB pair sets can in principle be configured for different UEs. This eliminates any blocking between these two UEs but may result in an increased control overhead if those reserved PRB pairs are only partly utilized. 

2.1. Control overhead analysis 

Based on the design described above, a control channel overhead analysis is made. The purpose is to compare the control overhead for localized and distributed ePDCCH transmission and also to compare with the PDCCH. In the PDCCH case, unused resources are empty but still contribute to the overhead due to the coarse granularity of 1,2 or 3 OFDM symbols. Due to this and the random UE specific search space, the PDCCH has a low REG “fill-factor” in terms of how many REGs that actually are used. In the ePDCCH case on the other hand the benefit is that empty resources can be used for PDSCH transmissions at least if all eREG of a configured PRB pair are empty.  We will further compare this “fill-factor” between PDCCH and ePDCCH in this section. 

It is also investigated if there are benefits of having a dynamic (per subframe) configuration of the number of enhanced control channel resources in terms of an enhanced PCFICH (ePCFICH) [3]. This could potentially reduce the control overhead when the number of scheduled UEs varies from subframe to subframe first by decoding the ePCFICH to know the actual used configuration (e.g. similar to the PCFICH) and then subsequently decode the ePDCCH. 

To make such analysis, it was assumed that all UEs in the cell have the same set of configured enhanced control channel resources. Here we also analyze the localized or distributed type separately and used a randomized and subframe dependent search space, e.g. the same algorithm as for PDCCH.  The UEs were dropped according to an Urban Macro SINR distribution to determine each UEs CCE aggregation level. Each UE was either assigned a 66 bit DL DCI format or a 44 bit UL DCI format with probability 60% and 40 % respectively. 

The same link performance for ePDCCH as for the PDCCH was assumed in the link adaptation for simplicity, and each CCE consisted of 36 RE in both cases. In reality, the link adaptation for ePDCCH need to take rate matching into account due to presence of PDCCH, CRS, CSI-RS etc but these signals were assumed to be absent to simplify this overhead analysis. Furthermore, in the first results of Figure 2, 8 eREG per PRB pair with size 18 RE each was used and the mapping principle according to Figure 1 was assumed where in the D-mapping, 2 eREG per PRB pair was used.  

The results can be seen in Figure 2, where the PDCCH overhead is adapted according to the load (number of scheduled UEs) by the use of PCFICH to maintain a scheduling blocking probability below 20%, see the red curve. The control overhead for PDCCH is simply the number of OFDM symbols used for control to the total number of symbols in the subframe.
A fixed reservation of 80 CCE (20 of 100 PRB pairs reserved for enhanced control) for the ePDCCH was simulated for the L and D mapping respectively and it can be seen in the figure that when the number of scheduled UEs reduces, the ePDCCH overhead also reduces since more and more reserved PRB pairs are empty and can be used for PDSCH transmission instead. The localized ePDCCH transmission has naturally a lower overhead than distributed since reserved PRB pairs are more frequently empty do to the particular CCE to eREG mapping.  
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Figure 2 Control channel overhead for PDCCH and ePDCCH as a function of the number of scheduled UEs. 

The use of an ePCFICH, allowing for a subframe dependent resource reservation for the ePDCCH was analyzed, where the number of CCEs was dynamically configured to be either 28, 56 or 80 CCE (corresponding to an adaptation between 7,14 or 20 reserved PRB pairs out of the 100).  

As can be seen in Figure 2, introducing an ePCFICH has a very marginal impact on the overhead of localized mapping since when the number of scheduled UE reduces; the unused PRB pairs can readily be used for PDSCH transmission. For distributed mapping, there are some small benefits of a few percentage units in control overhead reduction by having a ePCFICH. Hence, the overhead benefits if an ePCFICH is introduced are marginal and comes with the cost of additional specification work. Since an ePCFICH would likely to be shared by multiple UEs, it cannot be precoded and would need to rely on distributed diversity transmission. Hence, it would be costly in terms of overhead and it would need to be designed to allow for frequency domain ICIC of the ePCFICH.  

Observation: As reserved but unused PRB resources can be used for PDSCH transmission, semi-static configuration of enhanced control channel resources is sufficient from a control channel overhead perspective.
Proposal 1: An enhanced PCFICH is not supported

Due to the UE specific search spaces and their overlap, there are unused REG/eREG for both the PDCCH and the enhanced control channels. In the PDCCH, power can be transferred from empty REG to used REG to boost the control transmission. Whether this can also be done for the ePDCCH needs further consideration, as it depends on how the eREG regions are defined within the PRB pair. 

In Figure 3, the “fill factor” is analyzed for the PDCCH and ePDCCH with L and D mapping and for D with different eREG sizes. The fill factor is defined as the percentage of REG or eREG that are used. For the ePDCCH, PRB pairs where all eREGs are empty have not been considered part of the enhanced control region since such eREG is used for PDSCH transmission (and thus effectively do not belong to the control channel in that subframe). 

In the localized case, about half of the eREGs are empty whereas the fill factor is lower for PDCCH and for distributed mapping. It should be mentioned that this is also an effect of the randomized search spaces. If a more controlled search space is used, it is likely possible to have a better eREG utilization. 

In Figure 3 also the impact of the number of RE per eREG is shown as is affects the fill factor for the distributed case. With fewer RE per eREG, the distributed transmission is spread over more PRB pairs and the probability that a configured PRB pair resource is empty is lower. However, the diversity order increases when the number of RE per eREG is reduced so there is a tradeoff between fill factor/control overhead and the diversity performance that needs to be studied further.
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Figure 3 Percentage of used eREG and REG for L and D transmission of ePDCCH and PDCCH respectively

How well eREGs can be utilized depends on the final design of the UE specific search space (whether it is randomized or deterministic) and the eREG size and if it turns out that it is a resource efficiency problem, it should be further investigated if unused eREG can be used for PDSCH transmission to achieve an improved spectral efficiency. However, as was discussed in [4], this approach comes with additional specification effort and requires a PDSCH which may be constrained in the number of supported layers. Therefore this needs to be studied further and we make the following proposal:

Proposal 2: In a PRB pair configured for enhanced control channels where only a fraction of the eREGs are used for ePDCCH, it should be further studied the feasibility to use these empty eREGs for a PDSCH transmission. 
3. Conclusion

Based on the discussion, we make the following proposals:

Proposal 1: An enhanced PCFICH is not supported

Proposal 2: In a PRB pair configured for enhanced control channels where only a fraction of the eREGs are used for ePDCCH, it should be further studied the feasibility to use these empty eREGs for a PDSCH transmission. 
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