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1 Introduction

For distributed ePDCCHs, similar to interleaved R-PDCCH, practically all design principles of legacy PDCCHs can be maintained by simply considering the assigned PRB pairs as forming a virtual BW. This allows for fast specification, testing, and deployment while maintaining the proven operational capabilities of legacy PDCCHs and providing all targeted additional functionalities. 

The BLER of distributed ePDCCHs is also considered in this contribution in order to determine its dependence on the level of frequency diversity and on the accuracy of the channel estimate which affect aspects of the search space design and are relevant to respective discussions in RAN1 on this topic.

2 Search Space Design of Distributed ePDCCHs 
The design of distributed ePDCCHs should offer reliable/robust operation without requiring highly accurate CSI feedback in order to meet challenging reliability requirements. As discussed in [1, 2], there are multiple reasons why such feedback for localized ePDCCHs may not be available in practice (e.g. Rel-11 sub-band based CSI feedback mechanisms may not even be applicable for the PRB pair based operation of localized ePDCCHs). Incorporation of as many as possible principles of the proven legacy PDCCH design is therefore critical for the design of distributed ePDCCHs, especially since in many cases this may be the only practical deployment option, and any divergence from the legacy PDCCH design should be only if necessary or only if it can be associated with significant benefits.  

In addition to ensuring a robust operation, a design for distributed ePDCCHs should avoid compromising BLER by limiting frequency and interference diversity or by hindering improvements in channel estimation. This is essential if distributed ePDCCH BLER is not to be much worse (2-3+ dB) than PDCCH BLER. It is noted that antenna diversity on its own is not sufficient even without considering realistic limitations including antenna correlation and/or AGI. This is now further exacerbated from the use of random beamforming (distributed ePDCCH) which has more than 1 dB loss compared to SFBC (PDCCH) [3] at small aggregation levels which are the ones most frequently used in practice. 

The design for distributed ePDCCHs can maintain the principles of the design for PDCCHs considering the following:
a) PDCCH resources occupy the whole system BW and the resource granularity is in the time domain. Distributed ePDCCH resources substantially occupy the whole subframe (minus the OFDM symbols for legacy DL control) and the resource granularity is in the frequency domain. A distributed ePDCCH is therefore just a time-frequency (T-F) rotated version of PDCCH and all respective PDCCH design attributes can be fundamentally maintained.

b) The minimum resources that always exist for PDCCHs 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 ePDCCHs correspond to a set of PRB pairs over the whole subframe (minus the OFDM symbols for legacy DL control). 
c) A PCFICH conveying a CFI is transmitted in the minimum legacy DL control resources (first OFDM symbol) and informs whether additional ones (OFDM symbols) exist. Applying a T-F rotation, an ePCFICH conveying an eCFI is transmitted in the minimum resources for distributed ePDCCHs and informs whether additional ones (PRB pairs) exist [1, 2]. Alternatively, PHICH(s) may be used if an explicit ePCFICH is not defined in Rel-11 [1].  

d) The coding, interleaving, and multiplexing for PDCCHs can apply for distributed ePDCCHs. A tree-based structure for ePDCCH candidates and the legacy UE-DSS design can be maintained with eCCE aggregation levels same as the CCE aggregation levels. The assigned PRB pairs form a virtual system BW (similar to R-PDCCH design). 
e) Distributed ePDCCHs are constructed from eCCEs which are constructed from eREGs. The eCCE size is the same as the CCE size. Also, the eREG has the same size as the REG. A time-first mapping of eREGs to REs applies [4]. 

Table 1 summarizes the previous design properties of distributed ePDCCHs and their equivalent for PDCCHs.
Table 1: Design Properties for Distributed ePDCCH and PDCCHs
	Design Property
	PDCCHs
	Distributed ePDCCHs

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

	Minimum Resources
	1 OFDM Symbol
	Minimum Set of PRB Pairs

	Resource Adjustment
	CFI indicates use of additional OFDM symbols
	eCFI indicates use of additional PRB pairs

	Structure
	PDCCH consists of 1, 2, 4, 8 CCEs              Each CCE consists of 9 REGs of 4 REs     Time-first mapping for REGs
	PDCCH consists of 1, 2, 4, 8, [16] eCCEs              Each eCCE consists of 9 eREGs of 4 REs      Time-first mapping for eREGs

	Coding and Multiplexing
	-
	Same as for PDCCHs 

	Search Space Design
	-
	Same as for PDCCH – virtual BW is defined by set of PRB pairs per subframe


From Table 1, it can be immediately observed that the specification and implementation of distributed ePDCCHs can be directly based on the ones for PDCCHs while preserving all operational characteristics of PDCCHs. 
Proposal 1: Adopt the design principles in Table 1 for distributed ePDCCHs.
3 Performance Aspects for Distributed ePDCCHs
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 frequency diversity. The simulation assumptions were such that a lower bound for the frequency diversity gains is obtained. For TxD, SFBC and absence of any antenna correlation or AGI are assumed. For random beam-forming (RBF), increased frequency diversity will provide even larger BLER gains (particularly for inter-PRB RBF). For the channel model, the highly frequency selective (even within 1 PRB pair) ETU channel is assumed - larger gains are observed for other channels (e.g. SCM-B). Finally, AWGN interference is assumed and interference diversity gains as the number of PRB pairs increases are not captured.
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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.

For a relatively high eCCE aggregation level (AL), such as AL4 in case of DCI 2C, the additional frequency diversity provided by transmitting an 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 an 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 gains, 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.  
In addition to improved BLER from frequency diversity, link adaptation also significantly increases as the number of PRB pairs for a distributed ePDCCH transmission increases [1]. 

Therefore, a distributed ePDCCH should be transmitted in at least 4 PRB pairs and in all PRB pairs allocated to distributed ePDCCHs in a subframe. The mapping and interleaving of REGs can be used to map and interleave the eREGs of a distributed ePDCCH in all PRB pairs allocated to distributed ePDCCHs in a subframe.
Proposal 2: A distributed ePDCCH is transmitted in all PRB pairs allocated to distributed ePDCCHs in a subframe. 
The distributed ePDCCH BLER has been shown to be significantly worse than the PDCCH BLER [5, 6]. The degradation exists for all eCCE/CCE aggregation levels due to worse frequency diversity, worse TxD, and worse channel estimation (with varying degrees of impact depending on the eCCE aggregation level and the SINR).
Using DMRS power boosting is beneficial particularly for large eCCE ALs (low SINRs) [7, 8]. 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, transmitting the same DMRS from APs 8 and 10 as from APs 7 and 9, respectively, should be considered. However, this is not possible if distributed and localized ePDCCHs are multiplexed in a same PRB pair.
Although utilizing 4 DMRS APs, instead of 2 DMRS APs, per PRB pair for distributed ePDCCHs can bring some BLER gains, most such 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 when 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 past subframes. This can always be the case for a minimum number of PRB pairs configured for distributed ePDCCHs as its existence can be a network choice (together with a configuration to UEs for DMRS interpolation).
Figure 2 shows the distributed ePDCCH BLER when using 12 DMRS REs per PRB pair (2 DMRS APs) and when using twice the DMRS REs (24 REs) and interpolating with DMRS REs in the previous subframe. A gain about ~1.4-1.5 dB is obtained which is substantial and, together with enhanced frequency diversity, can close most of the BLER gap between distributed ePDCCH and PDCCH.  
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Figure 2: BLER for DCI 2C with 12 DMRS REs per PRB pair and with 24 DMRS REs per PRB pair and DMRS interpolation in one previous subframe.
Proposal 3: A UE can be configured to assume that a DMRS AP uses the same beamforming in the same PRB pair across subframes. 

4 Conclusions

This contribution considered the basic framework for the operation and search space design of distributed ePDCCHs. In order to provide a practically meaningful alternative to PDCCHs, the distributed ePDCCH operation and design should follow the PDCCH ones and the BLER gap between distributed ePDCCH and PDCCH should be minimized. The following are proposed to achieve these objectives:

Proposal 1: Adopt the design principles in Table 1 for distributed ePDCCHs.
Proposal 2: A distributed ePDCCH is transmitted in all PRB pairs allocated to distributed ePDCCHs in a subframe. 
Proposal 3: A UE can be configured to assume that a DMRS AP uses the same beamforming in the same PRB pair across subframes. 
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