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1
Introduction

In RAN1#69 and also during e-mail discussions after the meeting, mechanisms for indicating used ePDCCH PRB pairs to the UE have been discussed. Alternatives range from introducing ePCFICH [1] to relying on special DMRS sequences [2] or relying only on implicit ways to determine the ePDCCH PRB pairs [3]. In this contribution we provide some views and results on the reuse of ePDCCH pairs for PDSCH.
2
Discussion
During the PDCCH design in Release 8, it was agreed to introduce PCFICH to adjust the control signaling overhead in relation to how many CCEs are actually needed within the subframe. For the legacy control, PCFICH may have made sense since the leftover resource would otherwise remain unused due to the design of PDCCH. Also, the resource granularity is one OFDM symbol, i.e. 1/14=7.1% of the total resource so PCFICH can result in non-negligible overhead savings.
However, in contrast to PDCCH, ePDCCH is designed to be self-scaling in terms of resource utilization in the sense that PRB pairs not used for ePDCCH can be (at least to some extent) reused directly for PDSCH by resource allocation signaling and ePDCCH scheduling. Already this fact significantly reduces the need to have any other mechanisms for indicating used ePDCCH PRB pairs to the UE.
There are however some restrictions to how well the self-scaling feature can be taken advantage of: First aspect is search space design. Different UEs may be allocated different PRB pairs for ePDCCH, and hence the ePDCCHs of different UE can not always be scheduled as efficiently as theoretically possible in the same PRB pairs. In such case it may be difficult to reuse the resource for PDSCH especially that it has been agreed that PDSCH and ePDCCH shall not be located in the same PRB pairs. The other aspect is resource allocation granularity which is based on RBG in case of resource allocation type 0. For instance in a 10 MHz system RBG size is three PRB pairs. If one of the PRB pairs is used for ePDCCH transmission, it becomes difficult to use also the other two PRB pairs.
Several methods were proposed in RAN1#69 to improve resource utilization: First method involves special signature sequences used for ePDCCH DMRS [2]. By detecting the sequences the UE may determine which of the pre-allocated PRB pairs are actually utilized for ePDCCH. However during the e-mail discussion on the topic, several valid concerns were raised for instance on the detectability of the sequences in presence of low received signal power, e.g. due to beamforming in the null space of the UE’s radio channel. Therefore it was concluded not to introduce this method in Release 11.
Another proposed method involves specifying a new physical channel, ePCFICH, which is supposed to be similar to current PCFICH, i.e. indicating the number of used ePDCCH PRB pairs where the number of indicated states could be for instance three as in case of PCFICH or four (2 bits). Clearly the number of PRB pairs can be optimized to some extent with this approach.
Finally, one method to tackle the search space design aspect has been proposed in [4][5]. Here, the UE search space is configured within 2 PRB pair sets rather than only one. In such case, the eNB may utilize one of the PRB pair sets as a primary set, and only resort to scheduling the ePDCCH into the secondary sets in case the primary set becomes blocked. Such an approach makes the utilization of the self-scaling feature significantly easier and hence clearly improves resource utilization,
In order to compare the approaches, we simulated the resource utilization of ePDCCH when either one or two PRB pair sets have been configured to the UE, and compared these to ideal ePDCCH PRB allocation as well as (ideal) ePCFICH-based PRB allocation. The simulation methodology is the same as in [4]. The simulated cases are listed as follows:
· 1 set: Search space with 1 PRB pair set (4 PRBs) is allocated to each UE. Each UE is configured to monitor either localized or distributed allocations. There are 3 PRB pair sets (4 PRB pairs each) configured in the system and each UE is allocated one of them based on whether the UE is monitoring localized or distributed candidates. Numbers of PRB pairs comprising localized and distributed candidates are determined based on the fraction of UEs monitoring localized and distributed candidates, respectively.
· 2 sets: Search space with 2 PRB pair sets (4 PRBs each) is allocated to each UE: Again there are three PRB pair sets present in the system and one of the sets is used as a primary set which is allocated to all UEs. The secondary set is chosen randomly for each UE out of the two remaining ones. The eNB attempts to schedule the ePDCCH first in the primary set and if that is blocked, the ePDCCH is scheduled in the secondary PRB pair set of the UE. The number of blind decoding attempts is the same as in case of 1 PRB pair set.
· Ideal: Ideal number of PRBs, i.e. ceil(N x E{L} / 4) where N is the number of UEs, E{L} is the average aggregation level and we assume 4 eCCEs per PRB pair as in the other cases. This represents the lower bound of used PRBs given the aggregation levels.
· ePCFICH: We assume ePCFICH of 2 bits, with four states indicating {4,8,12,16} PRB pairs for ePDCCH. The states have been chosen to represent roughly similar overheads as {1,2,3,4} OFDM symbols in a 10 MHz system while keeping the granularity of four PRB pairs (see [4]). Search space is in this case assumed totally ideal: We simply pick the minimum number of PRBs that can be signaled that is equal to or larger than the ideal number of PRBs (in option 3). Hence, this can be considered as a lower bound that can be achieved with ePCFICH, and obviously modelling the search space would have an impact here, essentially increasing the number of PRBs that are used.
More detailed simulation assumptions are listed in Appendix A.
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Figure 1. Simulation results on the benefits of ePCFICH.

The results are shown in Figure 1. First, it is seen that 2 PRB pairs sets instead of one brings a significant improvement in the resource utilization as expected. With this improvement, most of the time the overhead saving due to ePCFICH compared to using 2 PRB pair sets in the search space is actually less than two PRB pairs. Furthermore it should be noted that there was no search space modelled here for the ePCFICH case, rather the numbers represent an ideal search space where the required number of eCCEs can be packed as tightly in the PRB pairs as possible. Obviously with a realistic modelling of search space the ePCFICH benefits would be clearly reduced. Hence at least based on this result it would seem that introducing mechanisms for dynamic indication of used PRB pairs may not be needed. 
Finally, the problem related to resource allocation signaling with RBG granularity remains to some extent. In case two PRB pair sets are configured to the UEs, the main problem relates to the secondary PRB pair sets as most or all UEs would be configured with the same primary PRB pair set which would typically comprise distributed ePDCCH candidates and hence not be usable for PDSCH ever. Hence, even if the UE is scheduled in the secondary set, the UE may anyway be aware that the primary set PRB pairs are not allocated for PDSCH. This aspect already reduces the problem slightly. One obvious way to further improve resource utilization that has been already been used in context of R-PDCCH was proposed in [3]. Essentially the proposal is that whenever the UE receives a DL grant on ePDCCH where the resource allocation indicates an RBG overlapping with the PRB pair that was used to transmit the ePDCCH, the PRB pair with the ePDCCH shall be skipped in PDSCH resource allocation. It seems this is a very natural way of handling the resource allocation when there is a collision between the resource allocation signaling and a known ePDCCH PRB pair containing a DL grant. As such we would support this approach at least as one mechanism of improving the resource utilization.
There may still be limitations related to for instance handling of UL grants, and handling of the secondary ePDCCH pair sets of other UEs of which the UE might not be aware. Such limitations can be to some extent handled by the eNB using existing tools, for instance by using other resource allocation types or by clever allocation of the ePDCCH PRB pairs. Still there may be room for other improvements such as modifications to resource allocation signaling, informing the UE about PRB pairs that are allocated to other UEs’ ePDCCH etc. However, clear benefits should be shown in terms of resource utilization before adopting such optimizations.
4
Conclusions
Based on the discussion and our results and observations in this contribution we have the following proposals on improving the reuse of ePDCCH PRB pairs for PDSCH:
Proposals:
· Support at least the following: 

· ePDCCH search space is located within one or two configured PRB pair sets.
· When receiving a PDSCH resource allocation which overlaps with the PRB pair containing the corresponding ePDCCH, the UE shall assume that the PDSCH scheduled by the ePDCCH is not mapped to that PRB pair on any layer.

· If these are not deemed enough, additional solutions can be considered.

· However, there does not seem to be much benefit of dynamic indication of used ePDCCH PRB pairs.
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Appendix A – Simulation assumptions

	Parameter
	Value

	System bandwidth
	10 MHz

	Carrier frequency
	2.0 GHz

	System scenario
	3GPP Case 1

	Number of UEs
	20

	Channel model and antenna configuration
	ETU, 2x2 IID

	UE velocity
	3 km/h

	ePDCCH configuration
	16 eREGs per PRB pair, 9 REs each

eCCE size 36 REs

1) Localized allocation, 4 eREGs per eCCE 

2) Distributed allocation, 4 eREGs per eCCE

	PRB pair set configuration
	3 PRB pair sets in the system

{1,2} PRB pair sets allocated per UE

4 PRB pairs per set

	ePDCCH power control range
	±3 dB

	Codebook for CL-MIMO
	Rel-10 codebook for 2-Tx

	PMI/CQI granularity
	50 PRB / 6 PRB (mode 3-1)

	Number of layers
	One layer, MU-MIMO was not utilized in the search space

	Modulation and coding
	QPSK modulation, coding rate according to eCCE size and aggregation level

	CCE size
	36 REs

	DCI format and payload
	DCI 2C: 42 + 16CRC bits

	ePDCCH target BLER
	1%


