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1 Introduction
In the RAN1#85 meeting, the following agreements were reached on the design guidelines for sPDCCH channel to achieve low latency [1]:  
· Confirm the working assumption

· Working Assumption:
· CRS-based sPDCCH is recommended to be supported 
· FFS whether CRS-based sPDCCH can be transmitted in the legacy PDCCH region 

· DMRS-based sPDCCH is recommended to be supported 

· Design of both CRS-based sPDCCH and DMRS-based sPDCCH will be studied further. 

· From resource utilization perspective, sPDSCH assigned by a sPDCCH can be mapped to resources that are left unused by any sPDCCH

· Details are for further study, e.g., FFS whether unused resources is RB or RE level

With these agreements in mind, we analyze in the following a number of open issues related to sPDCCH design and make a number of proposals to progress the design. 

2. Discussion
For the sPDCCH design, it is generally desirable to support both distributed and localized transmission due to various channel conditions experienced by different UEs. The former mode provides robust sPDCCH operation due to larger frequency diversity, while the latter facilitates the exploitatioin of the beamforming gain and also dynamic resource sharing with sPDSCH.  
Proposal 1: Support both localized and distributed transmission of sPDCCH. 
2.1 Multiplexing of sPDCCH for different UEs

The resources in the legacy PDCCH region are divided into control channel elements (CCE) of 36 REs. CCEs are forming the basis for multiplexing different UE control channels into the PDCCH region. This principle can be  reused for sPDCCH design. Although the concept of sREG make less sense for localized transmission, it is desirable for distributed transmission to split the sCCE into smaller pieces as sREGs for frequency diversity increase. Since we target a unified sPDCCH design for both localized and distributed allocations, it is natural to define sREG as a general physical resource layer unit and use it to define both types of allocations. 
The set of ALs for sPDCCH depends on the sCCE definition, i.e., the number of available resource elements per sCCE. In addition, the number of sREGs per sCCE determines the maximum diversity order per sCCE. The BLER performance of distributed sPDCCH naturally depends on the degree of frequency diversity. Further, it is benefiticial if all sREGs have approximately the  same performance to simplify sCCE link adaptation. As a result, it is desirable that the presence of CRS and CSI-RS impacts all sREGs approximately equally. Figure 1 shows two alternative sREG patterns in a PRB pair.
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Figure 1:   sREG structures with and without CRS puncturing
In Rel-8, a fixed CCE size of 36 REs is specified. For a 10 MHz system, DCI format 1A has a size of 43 bits while DCI format 2C has a size of 58 bits. An AL1 PDCCH transmission has an effective coding rate of 0.6 for DCI format 1A (i.e., for 43 bits) and 0.8 for DCI format 2C (i.e., for 58 bits). Given the payload size of a fast DCI is ~45 bits, it is important to keep the sCCE size close to 36 REs to maintain a coding rate in the range of 0.6 to 0.8 for AL1 sPDCCH transmission. Moreover, this also provides the ability to send a DCI format using roughly the same link adaptation granularity in terms of aggregation levels. Figure 2 gives an example of sPDCCH transmission using the current PDCCH block interleaver.
Figure 2 compares the BLER performance of the two alternatives shown in Figure 1 (i.e., 1 or 2 sREGs per PRB) for a potential fast DCI format size of 40/50 bits. It is seen that for AL1 and AL2, the frequency diversity gain by transmitting sPDCCH over 6 PRB pairs (assuming uniform distribution) compared to 3 PRB pairs is about  0.5 dB and 0.1 dB, respectively, at 1% BLER. 
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Figure 2: BLER performance of sPDCCH alternatives (left: EPA; right: EVA)

It is observed a sCCE size of 36 REs can offer similar BLER performance as the legacy PDCCH assuming payload size of ~40/50 bits. Note that distributed sPDCCH transmission is also required for aggregation level 1 as robust performance is needed also at high SNRs, for instance for high mobility UEs.
Proposal 2: sPDCCH resource is divided into sCCEs/sREGs and one PRB carries either 1 or 2 sREGs. 
There are various options for the sCCE to sREG mapping to enable sPDCCH to span more than 1 symbol e.g., 2 symbols, either time-first-frequency-second (Opt.1) or frequency-first-time-second (Opt.2). Figure 3 illustrates the two resulting patters for 4 sREGs. Opt.1 allows a smaller footprint in the frequency domain for DCI payload, which is useful for coverage, interfence coordination in dense networks and efficient multiplexing between control and data especially for DMRS-based sPDSCH transmission. On the other hand, Opt. 2 achieves short latency and higher frequency diversity for distributed sPDCCH transmission. As the latency benefit of Opt.2 is negligible due to the small number of sPDCCH symbols, we slightly prefer to map the sCCE to sREGs using the order of time-first-frequency-second.   
Proposal 3: Support Time-First-Frequency-Second mapping for sREGs to sCCE at least for DMRS-based distributed sPDCCH transmission. 
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Figure 3: Options of sCCE to sREG mapping for sPDCCH


2.2 Search Space for sPDCCH
The starting OFDM symbol of the sPDCCH search space can be determined based on the determined DL sTTI length for a given UE. Figure 3 shows one example of 2-symbol sTTI configuration. Each sPDCCH contains one or two consecutive OFDM symbols, on top of which the sPDCCH search space is defined. 

 Proposal 4: The starting OFDM symbol of sPDCCH is determined by the UE based on the configured sTTI length.
To improve the resource efficiency of DL sTTI, it is desirable to allow one sPDCCH resource set to carry independent scheduling information, i.e., DCIs for different UEs. As shown in Figure 3, there will be a number of PRB pairs allocated or configured for sPDCCH seen from a single UE perspective. Other UEs may be sharing a fraction or the full set of PRB pairs allocated for a given UE. It should be noted that the set of physical resources provided for the UE as search space serve the purpose of possible allocations and they may be used by the eNB for other purposes such as scheduling other UEs or even for user data as PDSCH resources.
Proposal 5: The UE-specific search space on sPDCCH can be overlapped for different UEs. 
2.3 Blind decoding candidates
The total number of BDs in one subframe increases linearly with the number of monitored DCI format sizes, the number of aggregation levels (ALs), candidates for each AL, and the total number of sTTIs. On top of the BD attempts for sPDCCH in each sTTI, BD attempts on CSS and USS of legacy PDCCH need to be performed by the UE as well, e.g., to receive broadcast messages and support dynamic switching between legacy TTI and sTTI on a subframe basis. 

Decoding of the sPDCCH directly impacts the UL and DL timing and RTT. To achieve the targeted latency reduction, it is important to limit the maximum number of BD attempts in each sTTI to reduce the sPDCCH decoding latency. More specifically, the same BD attempts within a subframe can be maintained as the legacy LTE, which is split over multiple sTTIs within a subframe. This also implies that the number of BD attempts would be decreased per each additional sTTI in a subframe. We discuss some methods on how to achieve this target in the following.
A UE needs to monitor two fast DCI formats per sTTI, one for DL assignment and the other for UL grants. By matching the payload of the two DCI formats, the number of BD attempts can be simply reduced to 50%. 

Proposal 6: Introduce a DL sDCI1 format and a UL sDCI1 format with the same size.  
Additional mechanisms to limit the number of aggregation levels within an sTTI can be also considered. To minimize the impact on scheduling flexibility, a smaller number of ALs and/or a reduced number of candidates corresponding to a given AL can be dynamically signaled using a slow DCI format, e.g., based on UE geometry. Note that higher ALs (e.g., AL8) need to be supported by the sPDCCH configuration in order to ensure the same coverage as the legacy PDCCH. 

Proposal 7: Refine the number of ALs and the corresponding candidates for sPDCCH monitoring by using a sDCI2.      
3. Conclusions
In this contribution, we discuss several aspects of S-PDCCH transmission. Based on the discussion, we make the following proposals:
Proposal 1: Support both localized and distributed transmission of sPDCCH. 

Proposal 2: sPDCCH resource is divided into sCCEs/sREGs and one PRB carries either 1 or 2 sREGs. 

Proposal 3: Support Time-First-Frequency-Second mapping for sREGs to sCCE at least for DMRS-based distributed sPDCCH transmission. 
Proposal 4: The starting OFDM symbol of sPDCCH is determined by the UE based on the configured sTTI length.
Proposal 5: The UE-specific search space on sPDCCH can be overlapped for different UEs. 

Proposal 6: Introduce a DL sDCI1 format and a UL sDCI1 format with the same size.  
Proposal 7: Refine the number of ALs and the corresponding candidates for sPDCCH monitoring by using a sDCI2.      
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