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1 Introduction

After the discussions during RAN1#72bis, multi-subframe and cross-subframe scheduling have been identified as the primary candidates for control signaling enhancements in small cell environments. The motivation is to utilize a single PDCCH/EPDCCH to either schedule multiple PDSCHs/PUSCHs (multi-subframe scheduling) or to exploit underutilized OFDM symbols or set of PRB pairs and transmit a respective PDCCH or EPDCCH to schedule a PDSCH/PUSCH in a later subframe (cross-subframe scheduling). This can enable minimization of DL control overhead in later subframes (e.g. by using only 1 OFDM symbol or by not using a set of PRB pairs). The applicability of multi/cross-subframe scheduling in small cells is enhanced by the typically small number of RRC-CONNECTED UEs combined with the typically stable channel characteristics which limit the scheduling variations per subframe. As multi/cross-subframe scheduling is a feature already supported since Rel-8 for the UL of TDD UL-DL configuration 0, the only issue is whether it can be extended to the remaining TDD UL-DL configurations, to FDD, and to the DL. 
Another identified potential enhancement for DL control signaling in small cells is the possibility to have EPDCCH/PDSCH starting from the first subframe symbol. 

This contribution considers the specification impact of multi/cross-subframe scheduling and operational aspects when supporting EPDCCH/PDSCH start from the first subframe symbol. As analysis can provide fairly accurate insight to expected overhead reductions with transparent assumptions, simulations are not considered to evaluate the previous two candidate enhancements.   

2 Control Signaling Enhancements
2.1 Multi/Cross-Subframe Scheduling
Although the general functionality of multi/cross-subframe scheduling can be beneficial for several purposes, such as for enabling PUSCH scheduling for special subframe configurations without EPDCCH support for a NCT SCell in TDD, for enabling reception at a UE of maximum data transport block sizes scheduled by EPDCCH, and for providing some interference stabilization [1], the main benefit in the context of small cell enhancements is overhead reduction. Multi-subframe scheduling resembles SPS but the maximum scheduling duration is predetermined (e.g. 2 subframes) and transmission parameters are dynamically indicated. Cross-subframe scheduling does not directly reduce DL control signaling overhead, but can exploit PDCCH/EPDCCH resource fragmentation in a subframe in order to reduce a total number of symbols for PDCCH or avoid the use of a set of PRB pairs for EPDCCH.
For PDCCH, half of an OFDM symbol is on average fragmented as it may not convey any DL control information. This implies that 17%-50% of PDCCH resources per subframe are not utilized, on average. Utilizing these PDCCH resources in a first subframe and providing one additional OFDM symbol for PDSCH transmissions in a second subframe, implies an 8.3%-9.1% additional resources for PDSCH transmissions in the second subframe (or, 4.2%-4.5% per two subframes). 

For distributed EPDCCH and a set of 4 PRB pairs or 8 PRB pairs, the respective overhead at 10 MHz is 8% and 16%, respectively. As the number of scheduled UEs per subframe in small cells in typically small, the required number of resources per EPDCCH is large (regardless of whether or not these resources are used to transmit EPDCCHs). Using the set of PRB pairs for multi/cross-subframe scheduling over 2 subframes could potentially result, on average, to an overhead reduction of 4% and 8% respectively.
For localized EPDCCH, the overhead savings are not expected to be significant even though PRB pair fragmentation is likely since not all UEs have the same optimal PRB pair and the probability of requiring only 2 ECCEs for an EPDCCH transmission in a suboptimal PRB pair is small. However, localized EPDCCH may not be practical to use for all scheduled UEs. For example, due to the minimum periodicity of 5 msec for the CSI-RS and the delay in CSI measurement and reporting, a sufficiently accurate CSI estimate for the purposes of EPDCCH detection reliability may not be possible for UE speeds as low as 10-15 Kmph considering a high carrier frequency of 3.5 GHz. Additionally, a PRB pair configured for localized EPDCCH with sufficiently high SINR may not exist for a given UE. A fragmentation of UEs between ones using localized EPDCCH and ones using distributed EPDCCH will make the resource fragmentation for distributed EPDCCH even larger. 
As a scheduler can use either conventional single-subframe scheduling or multi/cross-subframe scheduling for PDSCH/PUSCH, the main issue for supporting multi/cross-subframes is the associated specification impact. 

Assuming that multi/cross-subframe scheduling is limited to two subframes, the same interpretation of the 2-bit UL index field for TDD UL-DL configuration 0 in Rel-8 can apply but the presence of such field needs to be extended for additional TDD UL-DL configurations and it should also extend to DL/UL DCI formats in both TDD and FDD.

Rel-8 multi-subframe scheduling uses the same MCS and RA for all subframes. The same principle can apply for multi-subframe scheduling in Rel-12. It is noted that due to the variability in the number of REs in assigned PRB pairs among subframes, using the same MCS can be suboptimal (the level of sub-optimality depending on the relative difference in the number of REs available for transmitting PDSCH/PUSCH). However, this is not a concern as a UE can implicitly adjust the MCS to maintain the same spectral efficiency as for the first subframe. For cross-subframe scheduling, a scheduler can directly adjust the MCS as for single-subframe scheduling.
Multi-subframe scheduling is simpler for PUSCH due to the synchronous HARQ (in which case it can follow the same behavior as in Rel-8). For PDSCH, maintaining the same flexibility as for the conventional scheduling would mean that additional HARQ index, RV, and NDI fields are needed which will increase the size of a DCI format by 8 bits (scheduling over a maximum of 2 subframes). To avoid such overhead, using DL multi-subframe scheduling only for initial TB transmissions for the same HARQ process can simplify specifications and avoid an impact on DCI formats. For cross-subframe scheduling, HARQ aspects are as for the conventional single-subframe scheduling.

For UL HARQ-ACK signal transmissions in the PUCCH, the same TPC command can be used (adequate for tracking fading variation over two consecutive subframes). Additionally, in case of PDSCH scheduling over two subframes, the PUCCH resource for each respective HARQ-ACK signal transmission can be determined from the first CCE/ECCE of the respective PDCCH/EPDCCH (with trivial/no scheduling restrictions). For HARQ-ACK signal transmission in the PUSCH, there is no specification impact. 
For DL HARQ-ACK signal transmissions, PHICH may not be used (and EPHICH is not currently defined). Given the small number of UEs with PUSCH transmissions per subframe, no meaningful overhead impact is expected from using adaptive retransmissions. 

For frequency hopping or CSI request, the conventional functionality can apply (same FH for both subframes, A-CSI in the first PUSCH subframe). For A-SRS request, the Rel-11 behavior can apply.
If a UE is scheduled a PDSCH reception in a second subframe and is also scheduled (in the second subframe) PDSCH reception conveying system information, the latter can be prioritized. In general, if a UE detects a (E)PDCCH scheduling a single PDSCH/PUSCH, a previously scheduled PDSCH/PUSCH in the same subframe is overridden.  
Overall, some specification impact from supporting multi-subframe scheduling, especially in the DL, is expected but it can be limited only to UE behavior without additional signaling (other than the UL/DL index) or additional UE functionalities. For cross-subframe scheduling, the specification impact is trivial and practically no new UE behavior is needed (other than the one for cross-subframe scheduling). 
Observation 1: UL multi-subframe scheduling may require minimal additional specifications relative to Rel-8 ones.

Observation 2: DL multi-subframe scheduling may require non-trivial specifications, which may however be limited only to UE behavior, and may also require some restrictions for its applicability. 

Observation 3: DL/UL cross-subframe scheduling requires trivial specifications. 

Considering only the purpose of DL control overhead reduction in small cells, DL/UL cross-subframe scheduling can be further considered with priority for specification. If cross-subframe scheduling is supported, and given that DL control overhead reductions can be primarily achieved by avoiding resource fragmentation rather than reducing the amount of signaling, DL/UL multi-subframe scheduling can be de-prioritized. However, DL/UL multi-subframe scheduling may be further considered in other specific cases if it is favorable to other possible alternatives. 
Proposal 1: DL/UL cross-subframe scheduling can be considered for general specification in Rel-12. 

2.2 EPDCCH/PDSCH start at first subframe symbol
Assuming 4 subframes per frame for transmitting SI, RACH response, paging, and DCI 3/3A, the resource gains (per frame) from supporting an EPDCCH/PDSCH start from the first subframe symbol are at most 2.86% in FDD while minimal/no gains are obtained for most TDD UL-DL configurations (except for configuration 5). 
Signaling either by PCFICH or by higher layers has been suggested to indicate an EPDCCH/PDSCH start from the first subframe symbol. It is noted that PCFICH is already under-dimensioned in resources and needs to be power boosted, especially for channels that are not highly frequency selective. Further power boosting will be needed in case PCFICH conveys 4 states (instead of the 3 states in Rel-11) with the fourth state indicating EPDCCH/PDSCH start from the first subframe symbol. Moreover, although PCFICH power boosting has no impact on the detection of QPSK modulated PDCCHs, it will result to unreliable detection of QAM modulated PDSCHs as data REs in the first subframe symbol will have different power than data REs in remaining subframe symbols. Further, PCFICH (and PHICH) REs are need to be discounted from EPDCCH/PDSCH REs. Even if every PRB containing REGs for PCFICH/PHICH is not included in the EPDCCH/PDSCH rate matching (for simplification), additional specifications and implementation changes are still needed to the conventional rate matching operations as the frequency resources in the first subframe symbol will be different than the ones in the remaining subframe symbols. 
Observation 4: A PCFICH-based indication for PDSCH/EPDCCH reception in the first subframe symbol is unlikely to provide any meaningful resource gains, has very limited applicability, and requires significant implementation changes.
If the starting PDSCH/EPDCCH subframe symbol is configured by higher layer signaling to be the first one in some subframes per frame, this should be accompanied with an assumption by scheduled UEs that there is no PCFICH/PHICH/PDCCH transmission in those subframes. For legacy UEs, the scheduling restrictions will be more severe than in ABS as there is no practical possibility for PHICH/PDCCH transmissions triggering PDSCH/PUSCH (re)transmissions. Moreover, unlike ABS, any throughput gain from the availability of additional EPDCCH/PDSCH resources will be largely or completely negated by the throughput loss legacy UEs will experience due to the long term scheduling restrictions. 
Observation 5: Higher layer signaling for EPDCCH/PDSCH reception in the first subframe symbol imposes long term scheduling restrictions on legacy UEs and an associated throughput loss will practically eliminate a throughout gain that is theoretically obtained from EPDCCH/PDSCH reception in the first symbol of some subframes per frame. 

Proposal 2: Signaling for indicating the first subframe symbol as the starting symbol for an EPDCCH or a PDSCH reception is not supported in Rel-12. 

3 Conclusions

This contribution considered motivations and specification impacts from extending support of multi-subframe or cross-subframe scheduling in general to DL and UL and from introducing support for PDSCH/EPDCCH start at the first subframe symbol. In particular, the following are proposed:

Proposal 1: DL/UL cross-subframe scheduling can be considered for general specification in Rel-12. 

Proposal 2: Signaling for indicating the first subframe symbol as the starting symbol for an EPDCCH or a PDSCH reception is not supported in Rel-12. 
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