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1 Introduction

The primary motivations for introducing enhanced control channels (eCCHs) are to enable the key functionalities of increased capacity and frequency domain ICIC. This contribution considers the distributed operation of eCCHs (a companion contribution [1] considers the localized operation of eCCHs). 
For the distributed operation of eCCHs, practically all design principles of legacy CCHs can be maintained. This allows for fast specification, testing, and deployment while maintaining the proven operational capabilities of legacy CCHs and providing all targeted additional functionalities. The BLER of distributed ePDCCHs is also considered in order to determine its dependence on the level of frequency diversity and on the accuracy of the channel estimate.
2 Design of Distributed eCCHs 
Legacy CCHs include the PDCCH, the PHICH, and the PCFICH. The PHICH and the PCFICH allow for a spectrally efficient design; the gains associated with their deployment were extensively demonstrated during Rel.8 and are immediate, direct, and simple to achieve. To avoid a less spectrally efficient operation relative to legacy CCHs, this proven design must be maintained for eCCHs and an enhanced PCFICH (ePCFICH) and enhanced PHICHs (ePHICHs) shall be supported [2, 3]. As these channels are intended for multiple UEs and need to be highly robust to any impairment, distributed transmissions achieving interference, antenna, and frequency diversity are essential. 
As it is often challenging in practice for a localized ePDCCH to be more reliable/robust than a distributed ePDCCH, an effective design for the latter that incorporates all respective principles of the legacy PDCCH design is critical as distributed ePDCCHs may often be the only practical deployment option [2]. Moreover, a design that avoids compromising the performance and robustness of distributed ePDCCHs by limiting frequency and interference diversity or by hindering improvements in channel estimation is highly desirable. It is noted that antenna diversity on its own is not sufficient even under ideal conditions while under realistic conditions including antenna correlation and/or antenna gain imbalance, maximum frequency and interference diversity become essential.
For eCCHs, distributed ePDCCHs are the equivalent of legacy PDCCHs. The design principles of legacy CCHs can be maintained intact for eCCHs considering the following:
a) Legacy CCHs resources occupy the whole system BW and the resource granularity is in the time domain. Enhanced CCHs resources occupy the whole subframe (minus the OFDM symbols for the legacy CCHs) and the resource granularity is in the frequency domain. Enhanced CCHs are therefore a time-frequency (T-F) rotated version of the legacy CCHs and all the respective designs can be fundamentally maintained.

b) The minimum resources that always exist for legacy CCHs correspond to the ones in the first OFDM symbol over the whole system BW. Applying a T-F rotation, the minimum resources that always exist for distributed eCCHs correspond to a set of PRB pairs over the whole subframe (minus the OFDM symbols for the legacy CCHs). This set of PRB pairs may be either specified or be configured by the network and may depend on the system BW.
c) A PCFICH is always transmitted within the minimum resources for legacy CCHs and informs whether additional ones (OFDM symbols) exist in order to adjust the respective overhead according to the scheduling requirements per subframe. Applying a T-F rotation, an ePCFICH is always transmitted within the minimum resources for eCCHs and informs whether additional ones (PRB pairs) exist in order to adjust the respective overhead according to the scheduling requirements per subframe.  

d) PHICHs are always transmitted within the minimum resources for legacy CCHs unless the network configures the transmission to be over the maximum resources. Applying a T-F rotation, ePHICHs are always transmitted within the minimum resources for enhanced CCHs. Unlike PHICHs where the network can configure the duration of their transmission to be over the maximum resources if coverage is an issue, no need for such configuration seems to exist for ePHICHs as minimum resources for distributed eCCHs extend over the whole subframe.
e) CCEs for the legacy CSS are placed first followed by CCEs for the legacy UE-DSS and are therefore ensured to exist in the minimum resources for legacy CCHs. CCEs for the enhanced CSS (if supported) are also placed first followed by CCEs for enhanced UE-DSS. 
f) The same coding and multiplexing for legacy CCHs may apply for distributed eCCHs. A tree-based structure for the PDCCH candidates and the UE-DSS design can be maintained with the same eCCE aggregation levels (ALs). The assigned PRB pairs form a virtual system BW (similar to R-PDCCH design) and eCCEs for distributed eCCHs can be distributed in the T-F domain as for the CCEs of legacy CCHs. REs allocated to transmissions of other channels, such as ePCFICH and ePHICH, and REs allocated to transmissions of any RS types are discounted.
g) Distributed eCCHs are constructed from eCCEs. Although the performance of distributed ePDCCH is worse than the one of legacy PDCCH (FFS by how much), which would imply that the eCCE size should increase accordingly compared to the CCE size, the performance difference depends on the operating SINR and it is not a fundamental reason for the eCCE size to be different than the CCE size (e.g. the ePDCCH candidates per eCCE aggregation level may be adjusted accordingly compared to the legacy ones). For simplicity, it is preferred that the eCCE size is the same as the CCE size and does not vary per subframe regardless of the presence/absence of other signals. This avoids a complex or inefficient link adaptation that would otherwise be required from having a variable eCCE size. 
h) eCCEs for distributed ePDCCHs are constructed from eREGs. The eREG size may depend on the antenna transmitter diversity method. Nevertheless, considering the multiplexing of ePHICH and ePCFICH using legacy designs, the eREG size should preferably be a sub-multiple of the REG size (including equality). 

a. For ePDCCH detection, although the CSI-RS configuration is UE-specific, rate matching of all CSI-RS REs can be by configuration of an ePDCCH CSI-RS set (e.g. may be the same as the CoMP CSI-RS CSI measurement set). 

Table 1 summarizes the previous design properties of legacy CCHs and their equivalent for eCCHs

Table 1: Number of eCCEs for a Respective Number of PRB pairs

	Design Property
	Legacy CCHs
	Distributed eCCHs

	Allocated Resources
	Whole system BW, Subset of OFDM Symbols
	Whole subframe, Subset of system BW

	Minimum Resources
	1 OFDM Symbol
	Configured Set of PRB Pairs

	Resource Adjustment
	PCFICH in minimum resources indicates use of additional OFDM symbols
	ePCFICH in minimum resources indicates use of additional PRB pairs

	HARQ Indicator
	PHICHs in minimum resources
	ePHICHs in minimum resources

	CSS
	First 16 CCEs
	First X eCCEs

	Coding and Multiplexing
	-
	Re-use basic coding/multiplexing for legacy CCHs eCCEs consist of eREGs, eREG size <= REG size eCCE size = CCE size, eCCE ALs = CCE ALs  

	Search Space Design
	-
	Same as for legacy PDCCH – virtual BW is defined by assigned set of PRBs in a subframe


From Table 1, it can be immediately observed that the specification and implementation of distributed eCCHs can be based on the ones for legacy CCHs while preserving all the beneficial characteristics of legacy CCHs and supporting all identified new functionalities for eCCHs. 
3 Performance Evaluation 
The BLER of distributed ePDCCHs naturally depends on the degree of frequency diversity and on the quality of the channel estimation (particularly at low SINRs).

Figure 1 shows the dependence of the ePDCCH BLER on the frequency diversity. 
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Figure 1: BLER for DCI 2C and DCI 1A as a function of the number of PRBs for distributed ePDCCH.

For a relatively high eCCE AL, such as AL4 in case of DCI 2C, the additional frequency diversity provided by transmitting the ePDCCH over 4 PRB pairs (assumed uniformly distributed) compared to 2 PRB pairs is about 1 dB at 1% BLER. An additional gain of ~0.25 dB is obtained by transmitting the ePDCCH over 8 PRB pairs. 

For AL1 and DCI 1A, the additional frequency diversity from transmitting the ePDCCH over 4 PRB pairs, compared to 2 PRB pairs, is about 2 dB at 1% BLER. An additional gain of ~0.6 dB is obtained by transmitting the ePDCCH over 8 PRB pairs. The reason why larger frequency diversity provides larger gains in this case, compared to AL4 and DCI 2C, is because the code rate is increased (despite 1A having smaller size than 2C) and frequency diversity then becomes more important to achieve a steeper slope for the BLER curve. Therefore, contrary to a general impression that 4 PRB pairs are roughly adequate for achieving the required frequency diversity, this also depends on the code rate and larger diversity order is needed when the code rate is moderate or high. Moreover, transmission over only 2 PRB pairs exhibits some curve flattening which, although somewhat below 1% BLER, is something that should always be avoided.  
The results in Figure 1 actually provide a lower bound for the gains of frequency diversity as neither antenna correlation nor antenna gain imbalance is considered (each will decrease the gains of TxD). The results in Figure 1 also provide a lower bound for the gains of frequency diversity because the ETU channel is already highly frequency selective (even within one PRB pair) - larger gains are observed for other channels (e.g. SCM-B). Moreover, the simulation assumed AWGN interference and the interference diversity gains as the number of ePDCCH PRBs increase were not captured.

The main conclusion from the results of Figure 1 is that distributed ePDCCH transmission over at least 4 PRB pairs is required and each distributed ePDCCH should be transmitted over all respective assigned PRB pairs in a subframe. This is also required for proper link adaptation assuming wideband CSI feedback. The legacy interleaving process can be used to distribute the eREGs of a distributed ePDCCH over all respective assigned PRB pairs in a subframe.
Observation 1: To avoid significant BLER degradation and ensure robust operation and proper link adaptation, a distributed ePDCCH should be transmitted over all PRB pairs assigned to distributed ePDCCHs in a subframe.
The distributed ePDCCH BLER has been shown to be significantly worse than the legacy PDCCH BLER [4, 5]. The degradation exists for all eCCE/CCE aggregation levels and is the largest at low SINRs. 
At the higher SINRs, the primary source for the worse BLER (~1.0 dB for 1 eCCE/CCE aggregation level) of distributed ePDCCH relative to legacy PDCCH is the reduced frequency diversity (4 PRB pairs were assumed for distributed ePDCCH) as the loss from the DMRS-based channel estimation relative to the CRS-based one diminishes at high SIRNs. It is noted that a significant portion of the BLER loss is captured by transmitting an ePDCCH over 8 PRB pairs instead of 4 PRB pairs (at least for relatively high code rates). 

At the lower SINRs, that are more often associated with distributed ePDCCHs, channel estimation becomes the dominant source for the worse BLER (~2.0/2.5 dB for 4/8 eCCE/CCE aggregation level) and the losses cannot be recaptured by only transmitting an ePDCCH over all assigned PRB pairs in a subframe. The only option for narrowing the performance gap between distributed ePDCCH and legacy PDCCH, in addition to maximizing the ePDCCH frequency diversity, is to improve the DMRS-based channel estimate. 
Using APs 8 and 10 to boost the DMRS power from APs 7 and 9 by 3 dB has been shown [6, 7] to provide some gain (~0.5-1.0 dB) depending on the SINR. As power boosting may be ineffective when DMRS REs in different cells are co-located or when different interference levels are introduced to data REs due to boosting/de-boosting DMRS REs, it is preferable that APs 8 and 10 transmit the same DMRS as APs 7 and 9, respectively. 
Although utilizing 4 DMRS APs, instead of 2 DMRS APs, per PRB pair for distributed ePDCCHs can bring some performance gains, the most gains can be achieved by time interpolation across subframes (past and current). In this manner the DMRS can functionally be used as a CRS which is effectively the case for distributed ePDCCHs where all respective UEs use the same DMRS APs. Obviously, this is only possible when the DMRS is guaranteed to exist in the same PRB pairs in previous subframes. This can always be the case for the minimum number of PRB pairs configured for distributed ePDCCHs.
Figure 2 shows the ePDCCH BLER when using only the nominal DMRS REs (12 REs) per PRB pair and when using twice the DMRS REs (24 REs) and also interpolating with the DMRS REs in the previous subframe. A performance gain about ~1.4-1.5 dB is obtained which is substantial and can close most of the performance gap between distributed ePDCCH and legacy PDCCH.  

Observation 2: DMRS interpolation across subframes provides substantial performance gains and can facilitate some BLER convergence between distributed ePDCCH and legacy PDCCH. Utilizing the maximum number of DMRS REs per PRB pair is also beneficial.  
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Figure 2: BLER for DCI 2C using 12 DMRS REs per PRB pair and 24 DMRS REs per PRB pair with 1 previous subframe interpolation.

4 Conclusions

This contribution considered the basic framework for the distributed operation of eCCHs. In order to provide a meaningful alternative to legacy CCHs, it is required that the operation with distributed eCCHs maintains the principles of the operation with distributed ePDCCHs and the design minimizes the performance gap between the two types of control channel. The following are proposed to achieve these objectives:

Proposal 1: A minimum set of PRB pairs shall be configured for distributed eCCH transmissions and additional sets of PRB pairs shall be indicated per subframe by an ePCFICH.
Proposal 2: An ePCFICH shall be transmitted in the minimum set of PRB pairs using distributed transmission.

Proposal 3: ePHICHs shall be transmitted in the minimum set of PRB pairs using distributed transmission.

Proposal 4: UE-common control signaling shall be supported through distributed ePDCCHs in a CSS. 
Proposal 5: Distributed ePDCCHs shall be constructed from eCCEs of fixed size. The eCCE aggregation levels are the same as for legacy CCEs. eCCEs shall be constructed from eREGs. The eREG size shall be smaller than or equal to the legacy REG size.
Proposal 6: The eREGs of a distributed ePDCCH shall be interleaved over all PRB pairs assigned to distributed ePDCCH transmissions in a subframe using the Rel-8 REG interleaving process. 
Proposal 7: Inter-subframe DMRS interpolation shall be supported for distributed ePDCCHs. 
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