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1 Introduction

The motivation for indicating the PRB pairs used to transmit distributed ePDCCHs in a subframe was extensively discussed in RAN1#69 without conclusion. This contribution considers possible design choices for the operation of distributed ePDCCHs and their impact on metrics such as DL throughout, ePDCCH functionality and performance, ePDCCH blocking probability and resource utilization, and search space design.    

2 Fundamental Properties of ePDCCH Operation
One of the main objectives for operation with ePDCCHs is to improve spectral efficiency (SE) compared to operation with PDCCHs. Such improvements consist of both link level ones, such as improved BLER (if possible), and system level ones, such as BW utilization for PDSCH. It is obviously pointless for an ePDCCH design to achieve better BLER than PDCCH and obtain X% SE gain when a larger than X% SE loss occurs, on average, in BW utilization for PDSCH.
The ePDCCH design problem is actually much more severe as even the link level gains will not exist in practice. For distributed ePDCCH, the BLER can be 2-3+ dB worse than for PDCCH, due to a combination of worse channel estimation worse frequency diversity and worse TxD diversity for the smaller eCCE aggregation levels, and this gap can only be reduced (never eliminated) with improved frequency diversity and channel estimation [1]. 
For localized ePDCCH, even under fully ideal assumptions not considering CSI measurement/quantization/feedback errors (which can be substantial especially for low/medium SINR UEs and CSI-RS based measurements) or interference variations per PRB pair per subframe, the BLER of a localized ePDCCH can be worse than the BLER of a legacy PDCCH even for low UE speeds [2]. It is noted that due to their distributed transmissions and due to interference mostly from multiple other PDCCHs, PDCCHs experience practically constant interference across subframes while the interference per PRB pair in the PDSCH region exhibits significant variations per subframe and this is not expected to change regardless of whether this interference is due to PDSCH or due to localized ePDCCH.

Even without considering interference variations per PRB pair and assuming ideal CSI feedback, the worse BLER for localized ePDCCHs relative to legacy PDCCH is mainly due to the fact that CSI feedback is designed to be in sub-bands (SBs) for PDSCH FDS and may not reflect the CSI a UE experiences in a PRB pair within a SB, especially for the larger BWs (10 MHz or 20 MHz) that are of most interest as the SB size increases. Moreover, if a CSI is reported for UE-selected SBs, PRB pairs configured for localized ePDCCHs may not be included in which case a localized ePDCCH transmission will be highly suboptimal unless fallback is used. The same applies when the CSI feedback is associated with a PDSCH TM not consistent with single-layer beamforming. 
Figure 1 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. It is observed that 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 can be problematic. Basically, in order to ensure a 1% BLER for more than 90% of UEs, a distributed ePDCCH transmission should have 3 dB additional SINR or 2x the eCCE aggregation level determined from the WB CQI report from a UE. This obviously further increases the SE gap between PDCCH and distributed ePDCCH which can become as large as 4x. Open loop link adaptation based on DTX detection can improve the link adaptation for distributed ePDCCHs but this 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 subset of PRB pairs configured for distributed ePDCCHs. However, this requires additional UE measurements, UL overhead, and is not possible in the Rel-11 timeframe. Therefore, it is essential for link adaptation and for frequency/interference diversity gains [1], to transmit a distributed ePDCCH in all PRB pairs used to transmit distributed ePDCCHs in a subframe and not only over a subset of PRB pairs.
Observation 1: A distributed ePDCCH should be transmitted in all PRB pairs allocated to distributed ePDCCHs in a subframe.
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Figure 1: Difference between WB SINR between subsets of PRB pairs and the entire DL BW.
Link adaptation is an even more severe problem for localized ePDCCHs. Figure 2 shows the difference between the SB SINR and the SINR in a PRB pair within the SB (selected to be in the middle of the SB to minimize the SINR difference) for 10 MHz BW and the ETU channel. The difference is clearly large enough to make link adaptation for localized ePDCCHs based on SB CSI feedback practically unreliable. This issue is also unlikely to be resolved even if CSI feedback per PRB pair configured for localized ePDCCHs was provided as the accuracy of such measurement would be poor especially for CSI-RS based ones. Considering additionally the interference variations per PRB pair per subframe and that link adaptation based on DTX detection can also be unreliable (as the channel changes more rapidly within a PRB pair than the average over multiple PRB pairs), it is questionable whether localized ePDCCH can provide the required operation robustness even if all other conditions for its operation are assumed to be ideal.  
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Figure 2: Difference between SB SINR and PRB pair SINR (within the SB).
Observation 2: Link adaptation for a localized ePDCCH transmission is not practically feasible in Rel-11.

Proposal 1: Prioritize specification of distributed ePDCCH in Rel-11. 

3 Multiplexing Distributed ePDCCH and PDSCH
Three possible alternatives exist for multiplexing distributed ePDCCH and PDSCH, e.g. [3-5]
a) A set of PRB pairs is semi-statically configured for distributed ePDCCH transmissions - each distributed ePDCCH is transmitted over all PRB pairs in the configured set of PRB pairs.
b) Multiple (e.g. two) subsets of PRB pairs are semi-statically configured for distributed ePDCCHs - each distributed ePDCCH is transmitted over all PRB pairs only within one of the configured subsets of PRB pairs. The ePDCCH candidates for a UE are split among the subsets of PRB pairs and a UE blindly determines which subset is used.

c) The set of PRB pairs for distributed ePDCCH transmissions is dynamically indicated per subframe through an eCFI from semi-statically configured sets of PRB pairs - each distributed ePDCCH is transmitted over all PRB pairs in the indicated set of PRB pairs.  

The first alternative is the simplest but results to the worst SE. For example, if 8 PRB pairs are configured when only 4 PRB pairs are needed in a subframe, the SE loss at 10 MHz is 8%. From the system level evaluation in [6], the average DL throughout is reduced by about 5% (equivalent to about 0.7 OFDM symbols). Combined with a considerably worse BLER of distributed ePDCCH relative to PDCCH, the first alternative would result to a much worse SE for distributed ePDCCH than for PDCCH for which the resource overhead (OFDM symbols) is adapted per subframe using the PCFICH. Therefore, the first alternative is clearly undesirable. 
The second alternative is shown in Figure 3. Each subset of PRB pairs contains its own UE Dedicated Search Space (UE-DSS). In subframe m, 4 subsets of PRB pairs are used for ePDCCHs. In subframe n, 2 subsets of PRB pairs are used for ePDCCHs. As a UE does not know the actual number of subsets, ePDCCH candidates assigned to subsets that are not used for ePDCCH transmissions in a subframe are obviously wasted.  


[image: image3]
Figure 3: Distributed ePDCCH Search Spaces in variable number of subsets of PRB pairs per subframe.

There are two critical disadvantages with the second alternative 
a) Blocking probability and resource utilization may be slightly improved over legacy PDCCH when all subsets a UE is configured ePDCCH candidates are used (at least in case of 2 subsets [4, 5], FFS in case of more than 2 subsets). However, there is little need for improving these metrics over their values for PDCCHs. Conversely, blocking probability and resource utilization are drastically worse when only some of these subsets are used in a subframe [3]. As a result, DL/UL throughput loss is expected relative to an operation re-using legacy PDCCH principles. 
b) The size of each subset (PRB pairs) needs to be small enough to offer sufficient granularity for overhead reduction and a size of 4 PRB pairs is considered [4, 5]. However, a distributed ePDCCH transmission over 4 PRB pairs introduces the following impacts on the performance

a. Worse link adaptation (as shown in Figure 1) and worse SE for a respective ePDCCH transmission.
b. Worse BLER due to limitations in frequency/interference diversity gains [1].   

Therefore, the second alternative negatively impacts system throughput, ePDCCH SE, and ePDCCH BLER. 

The third alternative is shown in Figure 4.
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Figure 4: Distributed ePDCCH Search Space in a single set of PRB pairs per subframe.

The PRB pairs used to transmit distributed ePDCCHs are adjusted per subframe based on an eCFI, similar to adjusting the OFDM symbols used to transmit PDCCHs per subframe based on a CFI. Unlike the CFI for PDCCHs that is cell-specific, the eCFI for distributed ePDCCHs can be UE-specific. The third alternative eliminates or suppresses the disadvantages of the second alternative. There is no meaningful impact on the ePDCCH blocking probability and resource utilization since no ePDCCH candidates are lost as the number of PRB pairs used to transmit distributed ePDCCHs varies per subframe. Moreover, as a distributed ePDCCH is transmitted in all PRB pairs used to transmit distributed ePDCCHs in a subframe, link adaptation and BLER are significantly improved. 
Observation 3: Resource utilization for distributed ePDCCH should not be worse than for PDCCH in order to avoid additional SE losses. Indication of the PRB pairs used to transmit distributed ePDCCHs in a subframe and transmission of a distributed ePDCCH in all such PRB pairs is required to avoid DL/UL throughput loss and BLER degradation.

Proposal 2: A distributed ePDCCH is transmitted in all PRB pairs used to transmit distributed ePDCCHs in a subframe.

Proposal 3: An eCFI indicates to a UE the PRB pairs used to transmit distributed ePDCCHs in a subframe. 
4 eCFI Transmission
The transmission of an eCFI for distributed ePDCCHs can be either through an ePCFICH in resources for distributed ePDCCHs or in legacy DL control resources through a legacy channel. 
The former approach (ePCFICH) would be preferable if an enhanced common search space (eCSS) and ePHICH transmissions were supported in Rel-11. Then, an ePCFICH could also be multiplexed in PRB pairs carrying UE-common control information. However, using eREGs in a minimum set of configured PRB pairs is still possible. Assuming that an eREG is defined as a REG (in fact, support of an ePCFICH is the only remaining technical reason for even defining an eREG), the same transmission principles as for the PCFICH can apply with the only adjustment being the number of repetitions which needs to account for the difference of ePCFICH BLER relative to the PCFICH BLER due to reduced frequency diversity and worse channel estimation for the former and possibly due to different numbers of information bits. This is a trivial evaluation and can be practically the same as for the ePDCCH vs. PDCCH one. Therefore, an ePCFICH design is straightforward as the same principles as for the PCFICH can be followed. Nevertheless, in order to keep a clean design for Rel-12, where an eCSS and/or ePHICH may need to be supported, an ePCFICH design can be avoided in Rel-11 while still providing an eCFI. 
The latter approach (use of a legacy channel) can be supported by using predetermined PHICH(s) to convey an eCFI for distributed ePDCCHs. As there is an explicit component indicating a dynamic PHICH resource for HARQ-ACK transmission to a UE, there is no material impact is reserving a PHICH resource. Obviously, no new transmitter specifications or UE receiver functionalities are required. Whether a 1-bit or a 2-bit CFI is needed to indicate the PRB pairs used for distributed ePDCCHs in a subframe is FFS (e.g. a 1-bit CFI is sufficient in case 4 PRBs pairs or 8 PRB pairs are used in a subframe, as suggested for alternative 2 in [4, 5], or a 2-bit CFI can be considered for more heavy use of ePDCCHs). It is noted that the PHICH BLER (1 bit) is better than the PCFICH BLER. 
Observation 4: An eCFI for distributed ePDCCHs can be provided either by an ePCFICH or by a predetermined PHICH. The latter approach allows for a design in Rel-12 to support eCSS/ePHICH/ePCFICH without constraints.  
Proposal 4: A UE is indicated a 1-bit or a 2-bit eCFI value through predetermined PHICH(s).

5 Conclusions

This contribution considered fundamental properties of ePDCCH operation and aspects relating to adjustments of PRB pairs used for distributed ePDCCHs in a subframe according to the respective required resources. Such adjustments are necessary if heavy losses in spectral efficiency, relative to PDCCH operation, are to be avoided for operation with distributed ePDCCHs. In particular, the following are proposed.

Proposal 1: Prioritize specification of distributed ePDCCH in Rel-11. 

Proposal 2: A distributed ePDCCH is transmitted in all PRB pairs used to transmit distributed ePDCCHs in a subframe.
Proposal 3: An eCFI indicates to a UE the PRB pairs used to transmit distributed ePDCCHs in a subframe. 

Proposal 4: A UE is indicated a 1-bit or a 2-bit eCFI value through predetermined PHICH(s).
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