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1 Introduction

In the RAN1#86 meeting, sPDCCH was discussed and the following agreements were achieved [1]: 

· Legacy PDCCH can be used to transmit sDCI (DCI for sPDSCH and/or sPUSCH).

· For CRS-based sPDCCH, 

· In time domain,

· sPDCCH is transmitted from the first OFDM symbol within an sTTI

· sPDCCH is not mapped to the PDCCH region.

· FFS number of OFDM symbols of the sPDCCH

· Frequency resource for sPDCCH can be informed by eNB.

In the RAN1#87 meeting, the Way Forward on 2-symbols DL sTTI layout structure [2] was agreed with the following agreements related to sPDCCH:
· If the starting symbol index of the first potential sPDSCH is 1 and for STTI 0, decide if sDCI can be transmitted in the symbol(s) after PDCCH region within this sTTI or in the legacy PDCCH region. 

· Alt 1: choose PDCCH or sPDCCH by specification

· Alt 2: higher layer signaling to configure between PDCCH or sPDCCH 

· For any possible first potential sPDSCH starting symbol index, DL sTTI 1 to 5 each contain sPDCCH candidates

In the RAN1#89 meeting, the following agreements were achieved: 
· A UE can be configured to monitor at most two sPDCCH RB set(s) containing the sTTI USS in an sTTI.

· One sPDCCH candidate is contained within one RB set

· A sPDCCH RB set can be configured with at least the following information:

· A set of RBs 

· EPDCCH PRB allocation is reused

· Transmission scheme (e.g., CRS-based or DMRS-based)

· FFS: Dependent on subframe type

· Localized or distributed sCCE to sREG mapping (at least for CRS, and, if supported DMRS-based sPDCCH)

· FFS: Localized or distributed sPDCCH candidate to sCCE mapping

· Number of sPDCCH candidates/aggregation levels of the RB set

· FFS: Same or different sPDCCH candidates for different sTTI index

· Number of symbols for sPDCCH duration at least in case of CRS-based transmission

· RS scrambling sequence (e.g., VCID) in case of DMRS-based transmission

· FFS: other information (if needed)
The contribution discusses search space design, including search space for sDCI in both legacy PDCCH region and sPDCCH region, and search space for DCI in legacy PDCCH region. 
2 sPDCCH search space for sDCI
The set of sPDCCH candidates to monitor are defined in terms of sPDCCH search spaces, where each sPDCCH candidate is aggregated by several sCCEs located in an sPDCCH RB set. 
2.1 Search space definition

Nested search space structure and random search space structure (similar to PDCCH) are two types of search space. Nested search space could provide the possibility to reuse the channel estimation results among different aggregation levels for DMRS based sPDCCH, and may also be easier for unused sPDCCH resource indication, e.g. may just indicate the last used sCCE. However, the blocking probability may be high since an sPDCCH for one UE at a high aggregation level may block sPDCCH candidates at a low aggregation level for another UE. Random search space could provide lower blocking probability compared to nested search space and reuses similar scheme as that for PDCCH. Considering pros and cons, both search space structures can be supported and it is up to eNB to configure any of them through indicating starting sCCE position for each aggregation level.
Proposal 1: The starting sCCE of a search space at a given aggregation level is explicitly configured by RRC signaling.

For an sPDCCH RB set configured with localized sCCE to sREG mapping, the definition for PDCCH search space can be reused. In detail, the sCCEs corresponding to sPDCCH candidate m of the search space [image: image1.wmf])
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. For the serving cell on which sPDCCH is monitored, if the monitoring UE is configured with carrier indicator field then 
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 is the carrier indicator field value, else if the monitoring UE is not configured with carrier indicator field then [image: image11.wmf]m
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 is the number of sPDCCH candidates to monitor in the given search space.

Proposal 2: For an sPDCCH RB set [image: image14.wmf]p

 configured with localized sCCE to sREG mapping, the sCCEs corresponding to sPDCCH candidate m of the search space [image: image15.wmf])
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For an sPDCCH RB set configured with distributed sCCE to sREG mapping, the definition for PDCCH search space can be modified for sPDCCH search space at high aggregation level. As discussed and proposed in [3], every two sCCEs belonging to a distributed sPDCCH are contiguous which is beneficial to reduce the probability of blocking localized sPDCCH. And two two-sCCE pairs are non-contiguous within unrestricted RB resources since frequency diversity gain is more important for sPDCCH with large AL which is scheduled infrequently. 
Proposal 3: For an sPDCCH RB set [image: image19.wmf]p

 configured with distributed sCCE to sREG mapping, the sCCEs corresponding to a distributed sPDCCH candidate are contiguous at aggregation level 2 but non-contiguous at aggregation level more than 2 within unrestricted RB resources.
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Figure 1. Distributed sPDCCH to sCCE mapping
2.2 Configurable parameters for search spaces

According to the agreement in the RAN1#89 meeting, a UE can be configured with one or two sPDCCH RB set(s) containing the sTTI USS in an sTTI. Even if UE-specific sPDCCH search space is supported, the search spaces for different UEs can still be overlapped if needed. To reduce sPDCCH processing time, sPDCCH blind decodes (BDs) in each sTTI should be kept as low as possible. To reduce blocking probability, the size of an sPDCCH RB set should not be restricted too much. In addition, how to indicate the unused sPDCCH resources is related to the search space design [3]. To make the search space flexibly matches the actual situation, all or part of the following parameters can be introduced to configure UE-specific search space(s).
· The number of sPDCCH candidates

As agreed in the RAN1#89 meeting, the number of sPDCCH candidates can be configured by eNB flexibly based on different situations. In one case, for a UE not sharing the search space with other UE(s), at most 2 sPDCCH candidates are enough for each aggregation level wherein one is for UL Grant and another is for DL assignment. In another case, for a UE sharing the search space with other UE(s), more than 2 sPDCCH candidates are needed for each aggregation level.
There are two options to configure the number of sPDCCH candidates of an sPDCCH RB set:
· Option 1: An sPDCCH RB set [image: image22.wmf]p

can be configured with 
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 sPDCCH candidate(s) for aggregation level L, where 
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· Option 2: An sPDCCH RB set [image: image29.wmf]p

can be configured with sPDCCH candidate reduction value 
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 for aggregation level L, and the number of sPDCCH candidates to monitor at aggregation level L is 
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Both option 1 and option 2 can be considered. Option 2 is a similar mechanism already used for PDCCH and EPDCCH. Option 1 could provide more flexibility.
In addition, we think the number of sPDCCH candidates (i.e. 
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(

,

L

k

p

M

) in different sTTIs can be configured with different values. Firstly, for sTTI 3, since it is possible to share same sPDCCH RB set(s) between 2-symbol sTTI and 1-slot sTTI as discussed in [3], the number of sPDCCH candidates could be more than other sTTIs. Secondly, for an sTTI in the first slot of a subframe, it is preferred that the maximum allowable number of sPDCCH candidates should be very small considering UE also needs to monitor PDCCH. For an sTTI in the second slot, more sPDCCH candidates can be configured considering it is possible that UE already finishes PDCCH blind decoding before receiving the second slot. 
· sPDCCH aggregation level 

sPDCCH should be targeted to achieve similar performance as PDCCH, so aggregation level 1, 2, 4 and 8 can be supported for sPDCCH. 
As agreed in the RAN1#89 meeting, the aggregation levels to be monitored can be configured with an sPDCCH RB set. One or two sPDCCH aggregation levels can be further configured for a UE flexibly based on different situation, e.g. based on UE capability and/or channel quality and/or load. For good channel quality, low aggregation level can be configured. For bad channel quality, higher aggregation level can be configured. Through restricting aggregation level, blind decoding can be reduced significantly.
If two-level DCI is adopted, some sPDCCH configuration information such as aggregation level (AL) can be signaled in sDCI 2 [4]. According to the discussion in Appendix A, for single-level DCI, the maximum number of BDs for one subframe is 48; while for two-level DCI, the maximum BD is 16. Therefore, two-level DCI can be beneficial for reducing number of sPDCCH BDs. 
Observation 1: Two-level DCI is beneficial for reducing sPDCCH BDs.
In addition, if sCCE size is fixed, the available aggregation level(s) in different sTTIs can be configured independently. Since DL RS overheads can be different in different sTTIs, to obtain similar sPDCCH performance, different sPDCCH aggregation level(s) may be needed for different sTTIs.
· Number of configured sPDCCH search spaces
Within an sPDCCH RB set, the number of configured sPDCCH search spaces can be indicated. If a UE is configured with none of search space within an sPDCCH RB set, the UE does not need to monitor sPDCCHs within the sPDCCH RB set. The reason of configuring zero is discussed in [4]. None of search space can be indicated by setting zero sPDCCH candidate for all supported ALs. If a UE is configured with one or several search spaces within an sPDCCH RB set, the number of sPDCCH candidates and aggregation level for each search space can be further configured as discussed above. Note that for a given aggregation level, at most 1 search space will be configured.
Proposal 4: For an sPDCCH RB set containing sPDCCH search space, a UE operating sTTI can be indicated or configured
· One or two aggregation level(s) from AL 1, 2, 4 and 8, and/or 

· The associated sPDCCH candidate(s) 
Proposal 5: The number of sPDCCH candidates (i.e. 
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) and/or aggregation level(s) to be monitored in different sTTIs can be configured independently.
2.3 Issue on processing time
Since sPDCCH blind decoding impacts processing time, the maximum number of sPDCCH candidates should be limited for each aggregation level.
In addition, it is possible that the processing time for DMRS based sPDCCH is longer than CRS based sPDCCH since CDM-T based DMRS pattern is used for DMRS based sPDCCH demodulation, then UE cannot start to decode sPDCCH until receiving all the DMRS symbols. One possible way to achieve similar processing time for CRS based sPDCCH and DMRS based sPDCCH is to set less blind decodes for DMRS based sPDCCH if possible. Another possible way is allowing DMRS based sPDCCH with longer processing time or smaller TA.
3 PDCCH search space for sDCI in sTTI 0 
3.1 sDCI transmission in DL sTTI 0 for 2-symbol sTTI
In the RAN1#87 meeting, it was agreed that UE determines sTTI pattern for 2-symbol sTTI based on the starting symbol index of the first potential sPDSCH [2]. If the starting symbol index of the first potential sPDSCH is 1 or 3, then pattern 1 (3, 2, 2, 2, 2, 3) is used. If the starting symbol index of the first potential sPDSCH is 2, then pattern 2 (2, 3, 2, 2, 2, 3) is used. When the starting symbol index of the first potential sPDSCH is 1, how to transmit sDCI in sTTI0 is still FFS. 3 options are discussed in this section.
· Option 1: sDCI always carried on legacy PDCCH 

Since legacy DL control region would always exist, legacy PDCCH can be used to transmit sDCI in the first sTTI of a subframe to reduce control overhead. As shown in Figure 1, sDCIs for scheduling 2-symbol sPDSCH in sTTI 0 and 2-symbol sPUSCH in sTTI k are carried on the legacy PDCCHs, respectively.
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Figure 1. sDCI in sTTI0 carried on legacy PDCCH
· Option 2: eNB configures whether sDCI carried on legacy PDCCH or sPDCCH in the symbol(s) after PDCCH region
· Option 2a: via higher layer signaling

In legacy system, the size of PDCCH region can be dynamically adjusted by PCFICH. If one symbol is not enough for the capacity of PDCCH region due to added sDCI, eNB can configure 2 or 3 symbols. However, there is also a risk to waste resource if one more symbol with the whole frequency band needs to be added for PDCCH region just because of few sDCI(s). 
· Option 2b: via sDCI 2 if sDCI 2 is adopted.

If sDCI 2 is supported, the configuration information can be included in sDCI 2 since sDCI 2 is mainly used to dynamically indicate the adjustment of sPDCCH search space. The configuration flexibility of sDCI 2 can be better than that of PCFICH indication and option 2a. Therefore, option 2b is slightly preferred.
· Option 3: sDCI always carried on sPDCCH.
In sTTI 0, except PDCCH region, sPDCCH RB set(s) are also configured, which will increase control overhead, especially when many PDCCHs are available in PDCCH region. Therefore, option 3 is not preferred.
3.2 sDCI transmission in DL sTTI 0 for 1-slot sTTI

Similar to the case of 2/3-symbol sTTI as discussed in section 3.1, there are 3 options to transmit sDCI in DL sTTI 0:

· Option 1: sDCI always carried on legacy PDCCH, as shown in Figure 2.
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Figure 2. sDCI in sTTI0 carried on legacy PDCCH
· Option 2: eNB configures whether sDCI carried on legacy PDCCH or sPDCCH in the symbol(s) after PDCCH region
· Option 2a: via higher layer signaling

· Option 2b: via sDCI 2 if sDCI 2 is adopted.

· Option 3: sDCI always carried on sPDCCH.
Due to same reasons for 2-symbol sTTI, option 1 and option 2 can be further considered. 
Proposal 6: For 2/3-symbol DL sTTI pattern (3, 2, 2, 2, 2, 3) and the starting symbol index of the first potential sPDSCH is 1, or, for 1-slot DL sTTI, down-select between:

· Option 1: sDCI in sTTI 0 scheduling an sPDSCH/sPUSCH always carried on legacy PDCCH

· Option 2: sDCI in sTTI 0 scheduling an sPDSCH/sPUSCH carried on legacy PDCCH or sPDCCH in the symbol(s) after PDCCH region is configured via sDCI 2 if sDCI 2 is adopted, or else via higher-layer signaling

3.3 PDCCH search space for sDCI in sTTI 0
When sDCI scheduling an sPDSCH/sPUSCH is carried on legacy PDCCH, there are two possible options to design search space for sDCI:

· Option 1:   same as PDCCH search space for 1ms 
With option 1, if the payload size of sDCI is aligned with some 1ms DCI (e.g. format 0/1A), then the total PDCCH BDs will not increase since PDCCH for 1ms PDSCH/PUSCH always needs to be detected. However, 44 maximum BDs without UL MIMO will be assumed which means the processing time for sPDSCH/sPUSCH scheduled by this sDCI is high. 
· Option 2:   part of PDCCH search space for 1ms 

With option 2, the number of PDCCH candidates for sDCI is smaller. To reduce processing time effectively, current PDCCH search space should be shrunk largely for sDCI. The number of PDCCH candidates can be configured by eNB adaptively or defined fixedly as shown in Table 1. Note that to reduce the PDCCH blocking for short TTI, PDCCH for sDCI should be scheduled with higher prioritization. In addition, separate detection of sDCI and 1ms DCI can be performed, which can avoid impact on the performance for 1ms DCI. For example, UE can monitor sDCI using the CRS transmitted in the first one or first two symbols in legacy PDCCH region for lower latency, while UE can monitor 1ms DCI using the CRS transmitted in the fifth symbol besides the first one and two symbols for better performance.  
Table 1 An example of PDCCH search space for sDCI in sTTI 0
	Search space
	Number of PDCCH candidates

	Type
	Aggregation level
	

	USS
	1
	2

	
	2
	2

	
	4
	2

	
	8
	2


Based on the above discussion, we propose:

Proposal 7: PDCCH search space for sDCI in sTTI 0 is part of PDCCH search space for 1ms DCI.
4 Discussion on PDCCH search space for DCI
To reduce sPDCCH processing time, sPDCCH blind decodes (BDs) in each sTTI should be as low as possible. In addition, to avoid additional UE capability requirement, it is better to keep the total maximum number of PDCCH blind decodes (BDs) and sPDCCH BDs in a subframe almost the same as before or slightly larger than before. 
Furthermore, how to reduce PDCCH blind decodes for DCI seems very important. As applied in eCA, the number of PDCCH candidates and aggregation level(s) can be restricted and signaled to UE to reduce blind decodes. 

Proposal 8: Reduction of PDCCH BDs for 1ms TTI can be further studied.
5 Conclusions
In this contribution, search space design is discussed, including search space for sDCI in both legacy PDCCH region and sPDCCH region, and search space for DCI in legacy PDCCH region, and the following proposals are given:

Observation 1: Two-level DCI is beneficial for reducing sPDCCH BDs.
Proposal 1: The starting sCCE of a search space at a given aggregation level is explicitly configured by RRC signaling.

Proposal 2: For an sPDCCH RB set [image: image42.wmf]p

 configured with localized sCCE to sREG mapping, the sCCEs corresponding to sPDCCH candidate m of the search space [image: image43.wmf])
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Proposal 3: For an sPDCCH RB set [image: image47.wmf]p

 configured with distributed sCCE to sREG mapping, the sCCEs corresponding to a distributed sPDCCH candidate are contiguous at aggregation level 2 but non-contiguous at aggregation level more than 2 within unrestricted RB resources.
Proposal 4: For an sPDCCH RB set containing sPDCCH search space, a UE operating sTTI can be indicated or configured
· One or two aggregation level(s) from AL 1, 2, 4 and 8, and/or 

· The associated sPDCCH candidate(s) 
Proposal 5: The number of sPDCCH candidates (i.e. 
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) and/or aggregation level(s) to be monitored in different sTTIs can be configured independently.

On sDCI transmission in sTTI 0 and related PDCCH search space for sDCI in sTTI0, we have the following proposals:

Proposal 6: For 2/3-symbol DL sTTI pattern (3, 2, 2, 2, 2, 3) and the starting symbol index of the first potential sPDSCH is 1, or, for 1-slot DL sTTI, down-select between:

· Option 1: sDCI in sTTI 0 scheduling an sPDSCH/sPUSCH always carried on legacy PDCCH

· Option 2: sDCI in sTTI 0 scheduling an sPDSCH/sPUSCH carried on legacy PDCCH or sPDCCH in the symbol(s) after PDCCH region is configured via sDCI 2 if sDCI 2 is adopted, or else via higher-layer signaling

Proposal 7: PDCCH search space for sDCI in sTTI 0 is part of PDCCH search space for 1ms DCI.
Proposal 8: Reduction of PDCCH BDs for 1ms TTI can be further studied.
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Appendix A. sPDCCH BDs in UESS
It is assumed that AL of sPDCCH carrying sDCI 2 is not known to a UE, so the UE needs to blind decode all possible ALs. An example on the maximum BDs for sPDCCH UESS is shown in Table 1 assuming the sPDCCH candidates for each AL is 2. According to Table 1, the total number of sPDCCH BDs in a subframe is 16 for two-level sDCI design, while the BD number for a single-level sDCI is 48 (=4 ALs x 2 candidates x 6 sTTIs), which means two-level DCI is beneficial for reducing sPDCCH BDs.

Table C1 sPDCCH BDs in UESS (2-symbol TTI)

	sTTI index
	Number of BDs
	Note

	sTTI 0
	4  

(sDCI 2 in PDCCH CSS)
	· AL of sPDCCH carrying DCI2 needs to be blind detected.

	sTTI 0/1/2/3/4/5
	2

 (for 2 fast DCIs - one DL assignment and one UL  Grant)
	· AL of sPDCCH carrying fast DCI is indicated by slow DCI.
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