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1 Introduction
In this contribution, we discuss various aspects related to the design of search space for sPDCCH and make a number of proposals to progress the design. 

2. Discussion
2.1 Aggregation levels 

The aggregation level (AL) of an sPDCCH indicates the amount of physical resources spent on transmitting the coded sDCI, i.e., different ALs can be used to vary the code rate and support link adapation of the control channel. Each search space consists of a certain number of sPDCCH decoding candidates for a UE and is a function of the AL. In LTE, each CCE has a fixed number of 36 resource elements (REs) and four ALs are supported, namely,1, 2, 4 and 8. 

For sPDCCH, the set of ALs depends on the sCCE definition as already pointed out in email discussions. To be more specific, it depends on the number of available REs on a per sCCE basis. In LTE, a fixed CCE size of 36 REs results in effective code rate of 0.6~0.8 for DCI with AL1. The same set of ALs as for legacy PDCCH should be used as baseline. 

At the same time, concerns have been raised about the need of AL8 for sPDCCH tranmission. As pointed out in the email discussion, the performance benefit of sTTI operation was mainly observed at low to medium loads for good and cell center UEs [1].This implies that support up to AL4 for sPDCCH transmission is sufficient to realize the expected gain of sTTI operation. However, there could be a problem if an sREG is punctured by other signals.
Due to the presence of other signals, e.g., CRS, DMRS, CSI-RS, in the sREG of the sTTI where sPDCCH is mapped, some REs belonging to an sCCE may be punctured which results in fewer available REs. In general, the sCCE should be constructed with approximately the same number of available REs to maintain the sDCI decoding performance and link adaptation functionality. 

Assuming one sCCE consist of a fixed number of sREGs, e.g. 4, in an sTTI where the amount of punctured REs is large, e.g., with both CRS and DMRS, using AL1 sCCE may be non-decidable for some sDCI format payloads. A solution to this problem could be that the set of BDs, e.g. (2,2,1) in the USS for AL = 1, 2, 4, can be shifted in such sTTI to (0, 2,2,1) for AL = 1, 2, 4, 8, respectively. 

When the sCCE definition is decided, the search space design can commence and jointly with this design the supported number of ALs can be revisited to ensure proper link adapation.          

Proposal 1:  Support aggregation level {1,2,4} for sPDCCH transmission and FFS on AL8.  
2.2 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 BD attempts of sTTIs within a subframe should be strived to be the same as for 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. 
Proposal 2: Strive for the same number of blind decoding attempts within a subframe as for legacy LTE. 
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 3: 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. 

Proposal 4: Refine the number of ALs and the corresponding candidates for sPDCCH monitoring by using an sDCI2.    

2.3 Details of sPDCCH search space

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. 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 serves 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. 
The PRB pair may contain CRS, CSI-RS, PBCH, PSS and SSS, and in this case the sREG (and thus also the CCE) are punctured by these channels and RSs. Since the eNB and the UE are aware of the presence of puncturing, they can take it into account when performing sPDCCH link adaptation and demodulating the sPDCCH, respectively.

Proposal 6: One sCCE maps to a predefined set of sREGs in a control resource set configured to the UE. 
The support for localized and distributed sPDCCH transmission can be handled by having different principles for aggregating sREGs for an sCCE. Localized transmission implies that consecutive sREGs are aggregated to form an sCCE, while distributed transmission implies that the sPDCCH candidate consists of sCCEs aggregated from multiple distributed sREGs or distributed PRB pairs that are spaced apart across the bandwidth of the control resource set and are not contiguous in order to provide frequency diversity within an sCCE. 
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Figure 1: Illustration of the localized and distributed sPDCCH transmissions 

Once the details of sPDCCH control resource sets are agreed, the main aspect to be further studied is determining the exact search space location within each sPDCCH set that the UE is expected to be monitoring.
2.3.1 Localized Transmission

For localized candidates, it is beneficial if the search space locations are uniformly distributed over the PRB pairs of an sPDCCH resource set to achieve decorrelation in frequency domain and, hence, enable frequency-selective scheduling benefits. This is ensured in the search space design below. 
Grouping of sREG to form an sCCE
We assume sREG indices are sequentially mapped to the PRBs in a time-first, frequency-second manner within each control resource set. Assuming an sPDCCH control resource set contains N PRBs and each sCCE consists of L sREGs, there are in total N/L sCCEs in the sPDCCH control set. To simplify the search space design, it is beneficial to number the sCCEs sequentially over the PRBs within a control resource set. However, to maximize the opportunities for frequency selective scheduling of sPDCCH transmission, adjacent sCCEs should not be used as consecutive sPDCCH candidates. This has to be considered in the search space design. Therefore, we have the following proposal for the sREGs-to-sCCE mapping: 
Proposal 7: The localized 
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 in an sPDCCH control resource set configured for localized transmission of N PRB pairs and L sREGs per sCCE are numbered sequentially over the PRB pairs. 
Search spacing definition 
In addition, we propose that the mth search space candidate for aggregation level L within a control resource set for localized transmission is given by: 
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where 
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 is the hashing function that is defined for ePDCCH in Rel-12. This ensures that the blind decoding candidates considered by a UE are evenly distributed  
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Figure 2: Numbering of sCCEs and illustrating of sPDCCH monitoring candidate for AL=1.  
2.3.2 Distributed transmissions
Grouping of sREG to form sCCE

For distributed transmission, we proposed that the sREGs forming an sCCE are spaced apart across the bandwidth of control the resource set whenever possible.  
Proposal 8: The distributed 
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 in an sPDCCH control resource set configured for distributed transmission of N PRB pairs and L sREGs per sCCE corresponds to sREGs numbered 
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Figure 3: sPDCCH monitoring candidate for AL=1 in case of Distributed transmissions  
For simplicity, the same equation, i.e. equation (1), can be also used for distributed transmission of sPDCCH, like in the case of ePDCCH in LTE. 

Proposal 9: The search space candidate m for different ALs within a control resource set for both localized and distributed transmission is given by the following equation: 
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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 aggregation level {1,2,4} for sPDCCH transmission and FFS on AL8.  
Proposal 2: Strive for the same number of blind decoding attemots within a subframe as for legacy LTE.
Proposal 3: Introduce a DL sDCI1 format and a UL sDCI1 format with the same size.  

Proposal 4: Refine the number of ALs and the corresponding candidates for sPDCCH monitoring by using an sDCI2.   
Proposal 5: The UE-specific search space on sPDCCH can be overlapped for different UEs. 
Proposal 6: One sCCE maps to a predefined set of sREGs in a control resource set configured to the UE. 

Proposal 7: The localized 
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 in an sPDCCH control resource set configured for localized transmission of N PRB pairs and L sREGs per sCCE are numbered sequentially over PRB pairs. 
Proposal 8: The distributed 
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Proposal 9: The search space candidate m for different ALs within a control resource set for both localized and distributed transmission is given by the following equation: 
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