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1. Introduction
In the previous RAN1 meeting #84b [1], companies agreed that shortened PDCCH (sPDCCH) needs to be introduced for operation of sTTI, and each sTTI may contain sPDCCH user-specific search-space (USS) decoding candidates. RAN1 could agree on a working assumption that both CRS and DMRS based sPDCCH decoding should be supported. In addition, most of the companies agreed that some upper bound on the number of blind decodes needs to be introduced. However, it could not be agreed on how this restriction should be formulated.  
In this paper we address design issues of sPDCCH. In Section 2, we present further details on sPDCCH design assuming two-level DCI operation laid out in our companion contribution [2]. In Section 3, we address the sPDCCH USS design. In addition, we discuss the needed reduction of the number of blind decodes for shortened TTI operation. 
2. On sPDCCH design  
With the two-level control discussed in accompanying contribution [2], the slow-DCI indicates the sPDCCH region in each DL sTTI of the DL subframe. In the first sTTI of a subframe, the shortened PDCCH (sPDCCH) is transmitted within the legacy PDCCH region in order to avoid additional control channel overhead for sTTI operation in the first sTTI.
Similarly to legacy PDCCH operation, where PCFICH defines the number of OFDM symbols used for control on sub-frame bases, the slow-DCI would define parameters of the sPDCCH in each sTTI within the subframe. The sPDCCH parameters that could be indicated by slow-DCI could for example include: 1) sPDCCH type (e.g. wide/narrow band, localized/distributed), 2) CRS/DM-RS demodulation of sPDCCH (if needed), and 3) size of the control region.  As a consequence, eNB may select the best form of control channel for a given subframe.
Observation-1: The slow DCI may indicate sPDCCH type, applicable demodulation RS and/or size of the sPDCCH region applicable for sTTI operation within the subframe.
The sPDCCH utilizing CRS demodulation may be placed anywhere (orthogonal to RS) within sTTI DL resources/band, if the full set of CRS is transmitted in the subframe (i.e. in non-MBSFN subframes). In this case, an eNB should configure control resources within the first OFDM symbols to enable fast decoding of sPDCCH. Contrary to legacy operation, the resources of the sPDCCH region shall not necessarily occupy the whole sTTI band of an OFDM symbol. Instead, multiplexing of sPDSCH and sPDCCH in the same OFDM symbol should be supported. The sPDCCH design should take advantage of frequency diversity, and the design should enable the reuse of control resource for data in order to dynamically adapt the needed control overhead. Similarly to legacy operation, the sTTI DCI formats could be placed on sCCEs, i.e. resources of 36REs consisting of smaller continuous frequency chunks of sREGs. 
Proposal-1: Multiplexing of sPDCCH and sPDSCH within the same OFDM symbol shall be supported.
Proposal-2: CRS-based sPDCCH operation should take advantage of frequency diversity.
Proposal-3: sPDCCH design should support reuse of unused DL control resources for sPDSCH data.
Proposal-4: sPDCCH design could reuse the LTE definition of the REG and the CCE.

On the other side, the design of sPDCCH operating on DM-RS requires additional considerations and may therefore be different from sPDCCH operating on CRS. This coming from the fact that additional DM-RS for sPDCCH demodulation (aDM-RS) need to be transmitted, causing additional overhead. To minimize overhead, aDM-RS based sPDCCH should be transmitted in narrower frequency resource compared to CRS base sPDCCH, and it may take advantage of precoding gain instead of frequency diversity. Alternatively, some aDM-RS ports of sPDCCH could be used for demodulation of sPDSCH and vice versa. In this case, the design of sPDCCH could be similar for both DM-RS and CRS. However, eNB would lose the possibility to select the preferred beamformer for control, which will be needed if sPDCCH carries the UL grant and would prefer a different beamformer than used for multiplexed sPDSCH.  
Observation-2: sPDCCH operating on sPDCCH-specific DM-RS should be narrow-band to decrease the overhead of additional DM-RS, and it may take advantage of precoding gain.

[bookmark: _Ref446873161]3. On User-specific search space (USS) design  
It the previous meeting companies agreed that sPDCCH may contain decoding candidates, and the maximum number of candidates and/or blind decodes, per sTTI and/or per subframe will be restricted. The restriction is necessary, because the DL control blind decoding complexity directly impacts the required UE processing time at the UE, which plays a key role in latency reduction. Therefore, the maximum number of BDs should be correlated with the processing time rather than with sTTI length, because the same DL control processing time requirement may be applied to different sTTI length supported by a UE capable of latency reduction. The USS of the first sPDCCH being transmitted in the PDCCH region and scheduling sPDSCHs in the first sTTI, should be limited accordingly as well. This sPDCCH of the first sTTI of a DL subframe could, as an example, reuse a subset of PDCCH USS.  
Observation-3: The maximum number of BDs per sTTI should be dependent on the DL control processing time requirement for the UE.
The number of blind decodes performed by a UE may be reduced by several methods. The reduction of USS has been studied as well in the Rel-14 CA beyond 5 CC WI, where two different methods to reduce the number of USS BDs in the end had been specified, namely (i) reducing the number of USS candidates on a carrier, and (ii) disabling monitoring for DCI format 0/1A. These two methods have two underlying principles, namely reducing the number of BDs through reducing the number USS candidates within a subframe and reducing the number of DCI formats the UE would need to search for. 
Observation-4: The number of BDs can be limited by reducing the user-specific search space and by reducing the number of DCI formats a UE has to monitor.
Obviously, the number of BDs could be reduced by assuming the UE would only be required to monitor fast DCI format of equal size on sPDCCH for sTTI operation. This means that a single new fast DCI format size common to both DL assignment as well as UL grants would need to be specified. However, the number of BDs saved by reducing the number of DCI format sizes will provide only limited complexity savings. The other option to be looked at is reduction of USS sPDCCH candidates for sTTI operation. However, reduction of USS candidates comes with potential blocking, when eNB cannot place DCIs of two different user orthogonally on sPDCCH anymore. USS of legacy PDCCH is designed with assumption that plenty of resource is available and this is not the case anymore for sPDCCH.  
Therefore, we think that sPDCCH will also require a new search space design. This sPDCCH design should include two new key features: (i) it should enable compact packing of control resources to limit the control overhead (given by the slow DCI), and in addition (ii) enable reuse of unused control resources for data as discussed in Section 2.  
Proposal-5: The sPDCCH USS definition should allow for compact packing of fast-DCIs.

4. Summary
Based on the discussion in above, we have the following observations and proposals:
Observation-1: The slow DCI may indicate sPDCCH type, applicable demodulation RS and/or size of the sPDCCH region applicable for sTTI operation within the subframe.
Proposal-1: Multiplexing of sPDCCH and sPDSCH within the same OFDM symbol shall be supported.
Proposal-2: CRS-based sPDCCH operation should take advantage of frequency diversity.
Proposal-3: sPDCCH design should support reuse of unused DL control resources for sPDSCH data.
Proposal-4: sPDCCH design could reuse the LTE definition of the REG and the CCE.
Observation-2: sPDCCH operating on sPDCCH-specific DM-RS should be narrow-band to decrease the overhead of additional DM-RS, and it may take advantage of precoding gain.
Observation-3: The maximum number of BDs per sTTI should be dependent on the DL control processing time requirement for the UE.
Observation-4: The number of BDs can be limited by reducing the user-specific search space and by reducing the number of DCI formats a UE has to monitor.
Proposal-5: The sPDCCH USS definition should allow for compact packing of fast-DCIs.
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