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1 Introduction

One critical design issue in multiplexing control channels and data channels is the efficient BW utilization. In Rel-8/10, this was achieved without any scheduling or other restrictions through the transmission of the PCFICH in the DL and through the placement of the dynamic HARQ-ACK PUCCH resources in the interior of the BW, next to the PUSCH region, in the UL. Since due to dynamic UE scheduling the number of required DL/UL control resources varies per subframe, most of the resources that become available when the maximum ones are not needed can be used to transmit data thereby minimizing the throughput loss due to control signaling overhead.

One of the main objectives for introducing operation with ePDCCHs is to improve the overall spectral efficiency (SE) relative to that achieved with PDCCHs. However, as it has been extensively demonstrated even from simple link level evaluations, this objective is exceedingly difficult to achieve for both localized ePDCCH and distributed ePDCCHs once some realistic (yet still optimistic) operational aspects are considered in Rel-11 (e.g. [1]). It therefore important for operation with ePDCCHs to not be additionally compromised relative to one with PDCCHs.

This contribution considers the multiplexing of PDSCHs and localized ePDCCHs, whether a UE needs to be aware of PRB pairs used to transmit localized ePDCCHs in a subframe and, if so, how this can be achieved. 
2 UE Awareness of PRB Pairs for Localized ePDCCHs
The issue of whether a UE needs to be aware of PRB pairs used to transmit localized ePDCCHs was extensively discussed over the reflector after RAN1#69 through discussions for two related WFs [2, 3]. An indication to a UE of whether a PRB pair is used to transmit localized ePDCCH can be by implicit or by explicit signaling. If a UE is not aware of the PRB pairs used to transmit localized ePDCCHs in a subframe, it is assumed that the UE considers each PRB pair as carrying PDSCH unless, obviously, it is a PRB pair where the UE detects a localized ePDCCH (since ePDCCH and PDSCH multiplexing in a same PRB pair is not supported). 

The following analysis focuses on RA type 0 which is most widely used and most applicable to FDS. RA type 1 is primarily intended for addressing individual PRBs within an RBG subset, cannot address all PRBs within an RBG subset (as the respective bit-map size is reduced compared to RA type 0) and, due to its limited usefulness, it is not currently supported. RA type 2 is primarily intended for coverage limited UEs, is associated with compact DCI formats (1A, 1B, 1D), mimics the contiguous RB assignment in UL, and cannot obtain the FDS throughput gains of RA type 0. 

The absence at UEs of information for PRB pairs used to transmit localized ePDCCHs in a subframe can have several adverse effects to the overall system operation, including:
a) Scheduler restrictions for PDSCH transmissions

A scheduler has to transmit PDSCH to a UE in an RBG containing the PRB of a respective localized ePDCCH and cannot use this RBG to transmit PDSCH to any other UE. A trivial example for seeing the throughput loss associated with such scheduler restriction is to consider a PF scheduler and 3 RBGs where UE1 has SINR of 12, 10, and 3 dB and UE2 has SINR of 0, 4, and 2 dB, respectively. In order to maximize SE, a PF scheduler will typically assign the first 2 RBGs to UE1 and the last RBG to UE2. However, the optimum PRB for a localized ePDCCH to UE2 (considering Rel-11 subband-based CSI feedback) is in RBG2. In general, average SE may be maximized by a PF scheduler allocating RBGs to a first UE where a second UE has its largest SINR. A PDSCH to the second UE may then be in RBGs where the second UE does not have its largest SINR. An evaluation of the throughput loss associated with this scheduler restriction is subsequently considered.

b) Scheduler restrictions for localized ePDCCH transmissions

To resolve the issue of UL grants for which respective PDSCHs do not exist, one or more UL grants need to be combined in a PRB pair with one or more DL assignments. This increases blocking probability resulting to DL throughput loss and smaller ePDCCH resource utilization. As many details related to the search space design and multiplexing of localized ePDCCHs are not yet agreed, respective evaluations for the increase in the blocking probability and decrease in resource utilization are not considered in this contribution.

c) DL throughput loss in case of only UL grants in a PRB pair

Even under fully idealistic assumptions, localized ePDCCH BLER is not significantly better than PDCCH BLER (in reality, and still under highly optimistic assumptions, it can be worse [1, 4]). A localized ePDCCH conveying an UL grant may not be possible to multiplex in the same PRB pair with another localized ePDCCH conveying a DL assignment (e.g. DCI format 2C), especially in subframes with few REs per PRB pair. In case a PRB pair carries only an UL grant, a network scheduler has two options. Either to avoid assigning the respective RBG, resulting to an immediate throughput loss of 4% at 10 MHz for each such occasion, or transmit PDSCH in the respective RBG and address the HARQ buffer corruption at the UE either by using a much smaller code rate than necessary or by relying on retransmissions. Clearly, regardless of the selected option, the throughput loss is significant. 
d) Increased UL Overhead for PUCCH Format 1a/1b Transmission
Although specifics for PUCCH Format 1a/1b resource determination in response to an ePDCCH detection are not yet determined [7], assuming at least implicit determination from the (lowest) eCCE index of a respective ePDCCH, that eCCEs are indexed across PRB pairs with 4 eCCEs per PRB pair for localized ePDCCH, then in case of 8 PRB pairs there are 32 eCCEs requiring PUCCH Format 1a/1b resources of about 2 RBs. If a UE is unaware of PRB pairs used to transmit localized ePDCCHs in a subframe, this maximum of PUCCH Format 1a/1b resources may frequently need to be needlessly reserved (e.g. the 7th or 8th PRB pair is used in a subframe when several PRB pairs with lower indexes are not used). An ARI field for dynamic PUCCH Format 1a/1b resource indexing may or may not avoid such overhead depending on its mapping. Although it is difficult to exactly quantify the overhead penalty in PUCCH Format 1a/1b resources, 1 RB additional overhead can be expected to occur on average. 

If a UE is not aware of RBGs containing PRBs with localized ePDCCHs, a PDSCH to the UE has to avoid such RBGs except if an RBG contains the PRB with localized ePDCCH to the UE. Otherwise, if explicit or implicit signaling indicates to a first UE whether a PRB is used to transmit localized ePDCCH to a second UE, the RBG containing that PRB can be used for PDSCH to the first UE. This can be the case when a localized ePDCCH conveys an UL grant or when using the RBG to transmit PDSCH to the first UE is preferable in terms of optimizing a metric such as the SE.

In the following evaluations, PRB pairs configured for localized ePDCCHs are assumed to effectively have maximal separation in order to best exploit FDS and beam-forming opportunities. For a DL BW of 10 MHz, a PDSCH is transmitted in one or more of 17 RBGs where each RBG has size of 3 PRBs (the last RBG has size of 2 PRBs). In Figure 1, 6 PRBs located respectively in RBG0, RBG3, RBG6, RBG9, RBG12, and RBG15 are assumed to be used to transmit localized ePDCCHs (this is equivalent to about 1.7 OFDM symbols for PDCCH). For a UE receiving a localized ePDCCH in RBG9, the remaining RBGs containing a PRB used to transmit localized ePDCCHs cannot be used to transmit PDSCH to the UE. This is equivalent to 30% of the DL BW not being available for scheduling PDSCH to a UE when remaining PRBs configured for localized ePDCCHs are used to schedule PDSCH/PUSCH to other UEs. 
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Figure 1: RBGs available for PDSCH transmission to a UE when using PRBs for localized ePDCCHs

3 Simulation Results 

The impact of scheduler restrictions for PDSCH transmissions on the system throughput when UEs are not aware of PRB pairs used to transmit localized ePDCCHs in a subframe is evaluated assuming maximal separation of PRB pairs configured for localized ePDCCHs. The details of the simulation assumptions are provided in Table 1 in the Appendix.

Four or six PRB pairs are assumed to be used in each subframe to transmit localized ePDCCHs in a system BW of 10 MHz (equivalent to about 1.1 or 1.7 OFDM symbols for legacy PDCCH, respectively). A scheduled UE is assigned for localized ePDCCH the PRB pair where it experiences the highest SINR. This implies that the RBG where a scheduled UE has its highest SINR is always assigned for PDSCH transmission to that UE unless multiple UEs have the same “best” RBG in which case the UE having the largest SINR is selected. This represents a necessary restriction on the PF scheduler operation in case UEs are not aware of PRB pairs used to transmit localized ePDCCHs in a subframe. 
Figure 2 presents the DL throughput CDF with scheduler restrictions (UEs are not aware of PRB pairs used for localized ePDCCHs in a subframe) and without scheduler restrictions (UEs are aware of PRB pairs used for localized ePDCCHs in a subframe). When 4 PRB pairs are used (18% of the DL BW is not available for PDSCH transmissions to a UE), the loss in average UE throughput is 2.4%. When 6 PRB pairs are used (30% of the DL BW is not available for PDSCH transmissions to a UE), the loss in average UE throughput is 4.6%. 
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Figure 2: RBGs available for PDSCH transmission to a UE when using PRBs for localized ePDCCHs

The existence of legacy UEs which cannot be aware of PRB pairs used for localized ePDCCHs and cannot be scheduled, in practice, in respective RBGs is not considered. Existence of legacy UEs would increase throughput losses as Rel-11 UEs would then have an even smaller number of RBGs (% of DL BW) available per subframe for FDS. Existence only of UL grant(s) in a PRB pair and/or the scheduler restrictions for placing UL grants and DL assignments in a same PRB pair are also not considered, thereby also leading to optimistic evaluations for the impact on DL throughput. 
Therefore, a DL throughput loss ranging from about 2.5% to possibly more than 5% can occur and several additional restrictions on the scheduler operation are required for operation with localized ePDCCHs relative to operation with PDCCHs. It is noted that a DL throughput loss in the order of 2.5%-5% is roughly equivalent to 0.35-0.7 OFDM symbols thereby effectively eliminating any potential SE gains of localized ePDCCHs over PDCCHs even under totally idealistic (and unrealistic in practice) assumptions for the BLER of localized ePDCCHs.
Observation 1: DL throughput loss in the order of 2.5% to 5% can be expected if UEs are unaware of PRB pairs used to transmit localized ePDCCHs in a subframe. 

4 Indication of PRBs Used for Localized ePDCCHs
The previous analysis and evaluations demonstrated the benefits, in terms of avoiding DL throughput loss and scheduler restrictions, for UEs to be aware of PRB pairs used to transmit localized ePDCCHs in a subframe. If this indication is provided to UEs, it can be either by implicit signaling or by explicit signaling.

Approaches using implicit signaling were described in [5, 6] and have a common characteristic of relying on different properties between DMRS for PDSCH and the DMRS for localized ePDCCH. Such approaches are generally limited to PDSCH TMs using DMRS and particularly to TM9. Nevertheless, one of the main use cases for ePDCCH is for general DL control capacity extensions (e.g. for DL CA or for MU-MIMO) and restricting ePDCCH applicability only for PDSCH TM9 is not desirable. Moreover, as the main objective is to detect whether a PRB pair is used to transmit localized ePDCCHs to one or more of second UEs when an RBG is used to transmit PDSCH to a first UE and as such detection may need to be based on only 6 DMRS REs (e.g. using only AP 7), the detection reliability can be an issue especially since, unlike the assumptions in [5], DMRS orthogonality for PDSCH and ePDCCH may not be possible. Further, significant variations in interference and even in the channel response may exist among adjacent PRBs. Additional UE receiver operations are required and testing of such approaches may not be simple. Therefore, implicit signaling approaches based on DMRS designs may not be effective in providing the required functionality. 

Observation 2: Approaches relying on different properties of the DMRS for localized ePDCCH and the DMRS for PDSCH to detect whether or not a PRB pair is used to transmit localized ePDCCHs require undesirable limitations for the applicability of ePDCCHs and are unlikely to provide robust detection reliability. 

Approaches using explicit signaling can use an eCFI and follow the same principle as the CFI in Rel-8. Explicit signaling through DL DCI formats is also possible but such an approach can have significantly larger total overhead than using a UE-common eCFI field and is not further considered. 

For an eCFI-based approach there are two issues; what do the eCFI bits represent and how are they transmitted. Unlike a CFI for PDCCHs or an eCFI for distributed ePDCCHs that can indicate only the number of used resource units (OFDM symbols or PRB pairs) in a subframe, an eCFI for localized ePDCCHs may need to indicate the exact PRB pairs. Equivalently, a CFI for PDCCHs or an eCFI for distributed ePDCCHs is a counter while an eCFI for localized ePDCCHs is a bit-map. A drawback then is that the number of bits required for the latter eCFI may become too large (e.g. equal to the number of PRB pairs configured for localized ePDCCHs). However, although optimal, a bit-map is not practically necessary and an eCFI for PRB pairs configured for localized ePDCCHs may instead indicate combinations of used PRB pairs. For example, a 2-bit CFI can indicate as used in a subframe either all configured PRB pairs, or no PRB pairs, or even numbered PRB pairs, or odd numbered PRB pairs. This is shown in Figure 3. 
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Figure 3: Meaning of 2-bit CFI for 6 PRB pairs configured at 10 MHz for localized ePDCCH transmissions. 
The indication of a group of PRB pairs, instead of individual PRB pairs, for localized ePDCCHs has the obvious disadvantage that the optimum PRB pair for a UE may not be selected. This may or may not have an impact. If another PRB pair where a UE experiences good SINR exists, a scheduler can transmit localized ePDCCH to the UE in that PRB pair; otherwise, fallback can apply and a distributed ePDCCH or a PDCCH can be used. It is noted that with the use of an eCFI to indicate PRB pairs for localized ePDCCHs, the candidates for localized ePDCCHs associated with PRB pairs that are not used in a subframe can be allocated instead for distributed ePDCCHs or for PDCCHs (no meaningful effect on the overall blocking probability as the total number of useful candidates stays the same). 
Similar to transmitting an eCFI field for distributed ePDCCHs [1], transmitting an eCFI field for localized ePDCCHs can be through an ePCFICH in a minimum set of PRB pairs allocated to distributed ePDCCHs or by predetermined PHICHs. However, unlike distributed ePDCCHs, a minimum set of PRB pairs configured for distributed ePDCCHs may not exist when operation with localized ePDCCHs is considered (an eCSS will not be defined in Rel-11). Therefore, similar to transmitting an eCFI field for distributed ePDCCHs [1], predetermined PHICH(s) can be used to transmit an eCFI for operation with localized ePDCCHs. As there is an explicit component indicating a PHICH resource for HARQ-ACK transmission to a UE, there is no material impact is reserving PHICH resources. No new transmitter specifications or UE receiver functionalities are required. Moreover, PHICH is more reliable than PCFICH. 
Observation 3: A 2-bit eCFI field indicating PRB pairs used to transmit localized ePDCCHs in a subframe, together with fallback operation either to distributed ePDCCHs or to PDCCHs, can serve to avoid DL throughput losses or scheduler restrictions with the tradeoff of occasionally not using localized ePDCCHs for a small fraction of scheduled UEs. In Rel-11, two predetermined PHICHs can provide the 2-bit eCFI.  
5 Conclusions

This contribution considered whether or not PRB pairs used to transmit localized ePDCCHs in a subframe need to be indicated to UEs. The trade-off is between specification simplicity (nothing is specified and a UE follows its PDSCH RBG allocation with the obvious exclusion of PRBs with localized ePDCCH reception) and DL throughput losses and scheduler restrictions that practically nullify any theoretical/ideal SE gains of localized ePDCCHs over PDCCHs. Indication of PRB pairs used for localized ePDCCHs in a subframe through a 2-bit eCFI field avoids DL throughput losses and scheduler restrictions. Two reserved PHICHs can be used to convey a 2-bit eCFI. The specification and implementation impacts are trivial. Comparing the aspects of the trade-off, the use of a 2-bit eCFI field is preferable. 
Proposal: The PRB pairs used to transmit localized ePDCCHs in a subframe are indicated to UEs through a respective 2-bit CSI what is conveyed by a predetermined legacy PHICH. 
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Appendix

	System Simulation Setup
	3GPP Case 1

	Transmission bandwidth 
	10 MHz

	Number of UEs
	20

	Sub-band bandwidth
	1.08 MHz (6 RBs)

	Channel model
	ETU 

	Spatial correlation between antennas
	Uncorrelated

	UE Speed
	3 km/h 

	Tx/Rx Antenna Configuration
	4x2

	Scheduling algorithm
	FDS – PF Scheduler

	Traffic model
	Full buffer

	HARQ 
	Chase combining

	Channel estimation
	Actual

	CSI Periodicity
	10 msec

	UE receiver
	MMSE 


Table 1: System Level Simulation Assumptions
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CFI value is 00: No PRB pairs are used for localized ePDCCHs 





RBG12





RBG11





RBG10





RBG including a PRB pair configured for localized ePDCCH
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RBG not including a PRB pair configured for localized ePDCCH
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CFI value is 11: All configured PRB pairs are used for localized ePDCCHs





CFI value is 10: Only PRB pairs in RBG3, RBG9, and RBG15 are used for localized ePDCCHs





CFI value is 01: Only PRB pairs in RBG0, RBG6, and RBG12 are used for localized ePDCCHs
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