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1 Introduction

In RAN1#85 initial discussion on UE search space for short TTI (sTTI) operation took place. The following conclusion was made.

· 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 are on RB or RE level
In RAN1#86, the following was agreed among others.

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

In RAN1#87 the following was agreed among others.

· A UE can be dynamically (with a subframe to subframe granularity) scheduled with legacy TTI unicast PDSCH and/or short TTI unicast PDSCH
In this contribution, we discuss how sPDCCH can be designed to allow for a flexible control region per sTTI and an efficient multiplexing of sPDCCH with PDSCH and sPDSCH. We also discuss how to limit the number of blind decodes for sTTI UEs. 
2 Discussion
To schedule sTTI, a sPDCCH needs to be included in each sTTI. In this contribution, we describe a way to achieve dynamic adaptation of the sPDCCH region, more specifically to efficiently reuse for sPDSCH resources left unused by sPDCCH. Further, the number of blind decodes related to short TTI operation is discussed. 
2.1 Flexible sPDCCH region

System level evaluation [1] showed how important it is to have a flexible sPDCCH region in sTTI. At low load where the highest benefits of sTTI are expected, only few resources are needed for sPDCCH due to few co-scheduled users and due to high SINR. Assuming a fixed region for sPDCCH often leads to unnecessary high overhead in terms of unused resources. It is thus critical to design sPDCCH so that the amount of occupied resources is adapted to the number of co-scheduled users (in DL and UL) and their required aggregation level. The resources not occupied by the sPDCCH should be used by sPDSCH as also captured in [2]. Some details are given below of how to inform the UE of which sPDCCH resources which are unused such that sPDSCH can be mapped to those. 
2.1.1 UE configuration of sPDCCH locations
The locations to search for sPDCCH in can be configured over RRC. Each user is configured with (at least) one sPDCCH set of locations to search for sDCI. These configurations can be separate for different UEs, or overlapping for two or more UEs. In Figure 1 and Figure 2, an example is given for a configured sPDCCH set with distributed placement, indicating that PRB 0-2, 9-11, 18-20, 27-29, 36-38 and 45-47 can potentially be used for sPDCCH. In this example, these six groups coincide with six RBG used for DL resource allocation type 0 for the 1-ms TTI UEs.
The six configured sCCEs are represented in logical domain in Figure 1. Each of them is distributed over the configured set of PRBs according to the sCCE indices shown in Figure 2. E.g., sCCE0 consists of the sREGs placed in part of PRB 0,9,18,27,36 and 45. Here, each sREG consists of 6RE, following the discussion in [3], but the same methods could be applied to 12RE sREG size.
Depending on configuration, the sPDCCH set can be configured frequency distributed (as in the example), or localized. It can also be configured to use one, or more than one, symbols for sPDCCH.
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Figure 1. Logical sPDCCH region consisting of six sCCE
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Figure 2. Configured sPDCCH resources, with frequency distributed placement. Example of configured sPDCCH resources and scheduling of sPDSCH for three users. Top shows lower 24 PRB, bottom shows higher 26 PRB of a 10 MHz carrier.
2.1.2 Multiplexing sPDCCH with sPDSCH/PDSCH
As pointed out in [7], the RB group (sRBG) size for short TTI may be increased by a factor 2 or 3 compared to the RB group (RBG) size of 1ms TTI operation, in order to limit the number of resource allocation (RA) allocation bits in the sDCI. The UEs searches for sDCI in the configured sPDCCH search space. Each found DL sDCI informs the UE about the sPDSCH frequency allocation that can be based on a bitmap indicating the scheduled sRBGs. In this way, co-existence with legacy allocation type 0 scheduling is ensured.
Proposal 1 Define a sRBG that can be used for sTTI scheduling, containing a multiple of RBG used for 1ms TTI operation.

Using many sRBG for transmitting the sDCI to sTTI users (e.g. a separate sRBG per sTTI user) does not allow an efficient multiplexing with PDSCH, in particular in case of UL sDCI transmission. Each sRBG used for sDCI blocks, will prevent one (or more if the granularity of RBG is increased for sTTI) legacy RBG for usage by PDSCH of 1ms TTI users. 

Proposal 2 For efficient sPDCCH/PDSCH multiplexing, support location of sDCI for different sTTI users in the same RBG

If sPDCCH resources of only one user can be part of a sRBG, the user knows the resource elements used for its sPDCCH and the remaining resource elements can be used for its sPDSCH. Following proposal 2, if sPDCCH resources of more than one user can be part of a sRBG, each user does not know which resource elements of the sRBG were used for sending sDCI to the other UEs. To make it work, more information needs to be signalled to the UE to indicate which of the REs in a sRBG are used for sPDSCH. 

In order to multiplex sPDSCH and sPDCCH, while letting resource not used by sPDCCH be used by sPDSCH, a restriction may be added so that any PRBs indicated by the sRBG bitmap are only used if they are not present in the search space configured to the UE for sPDCCH over RRC. This enables the eNB to configure overlapping sets of PRBs in the same sRBG for sPDCCH to different sTTI users for a more efficient sPDCCH/sPDSCH multiplexing and with no ambiguity on the resource elements used for sPDSCH. 
Proposal 3 For efficient sPDCCH/sPDSCH multiplexing among multiple sTTI users, the PRBs used for sPDSCH are the one indicated by the RA allocation field of sDCI excluding the PRBs belonging to the configured set of PRBs for sPDCCH
A DL UE is only scheduled resources within the sPDCCH resources if explicitly told so by a flag in the sDCI message. If the flag is set to false, none of the resources that were configured for sPDCCH, are used by this UE. If the flag is set to true, configured sPDCCH resources after this sDCI that are part of the PRB allocation of sPDSCH contain sPDSCH resource elements. The UE knows the location of the sPDCCH set, and knows that resources after the present sDCI are used for data transmission targeted to itself. If many users share the same configured sPDCCH resources, only one user can be given a “1”.
In Figure 3, an example of this is shown for 3 users, where the DL users use this bitmap and extra bit.
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Figure 3. Example scheduling bitmap for 1 UL and 2 DL users.

Now assume that these three users are given the same configured sPDCCH region, as defined in Figure 2. If each of these three UEs gets aggregation level 1, the sPDCCH resources from Figure 1 could be used according to Figure 4, where we see that the last three sCCE indices are left unused. As UE3 gets the flag, the remaining resources (sCCE 3,4,5) will then be used for UE3 DL data.
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Figure 4. DCI messages in logical sCCE region
Applying the sPDCCH configuration from Figure 2 together with the bits in Figure 3, we get the resulting bandwidth utilization shown in Figure 5. According to the bitmap, UE1 gets sRBG 1 and 3. Then UE1 will not use the full sRBG1, since PRB 9-11 are in its configured sPDCCH set, and similarly for sRBG3. Thereby, UE1 will use resources in PRB 6-8 and 21-23. UE2 gets a UL grant and thus no DL resources. UE3, finally, is given sRBG 5,6,8. It can use full sRBG 5 and 8, since no configured sPDCCH region is placed there, and uses parts of sRBG 6, (PRB 39-41). UE3 is given the flag, indicating use of remaining sPDCCH resources. Since it decoded its DCI message on sCCE location 2, it then knows that all resources corresponding to sCCE location 3 and upwards are used for UE3 data allocation, as shown in the figure.
As seen in Figure 5, legacy PDSCH scheduling with resource allocation type 0 is possible. In this example, RBG 1,4,5,8 and 14 are free to use, either for PDSCH, or for scheduling another group of short TTI UEs configured with another sPDCCH set.

Proposal 4 The DL sDCI contains a flag indicating if remaining sPDCCH resources are used for sPDSCH
Proposal 5 The flag indicating the usage of sPDCCH resources for sPDSCH refers to all resources corresponding to sCCE with logical index larger than the ones used for the detected sPDCCH containing the assignment for sPDSCH
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Figure 5 Example of configured sPDCCH resources and scheduling of sPDSCH for three users. Top shows lower 24 PRB, bottom shows higher 26 PRB.
2.2 Limiting the number of blind decodes with short TTI operation
As agreed in RAN1#87, dynamic switching between short and 1 ms TTI is supported. This means that a UE has to search for both 1ms TTI assignment/grant and sTTI assignment/grant in a subframe. Since the UE will need to monitor additional candidates in the sPDCCH multiple times per subframe, the total number of blind decodes the UE needs to perform will increase. Given that, we keep the same number of candidates within (E)PDCCH. This may imply additional processing requirements on the UE particularly in the beginning of a subframe where the UE may for example need to process both sPDCCH and PDCCH candidates at the same time, if the UE is not configured with EPDCCH. One should keep in mind that the processing capability since Rel-8 timeframe has increased, so some additional blind decodes per carrier should be possible for the UE to handle. 

Observation 1 sTTI operation will require an increase in the number of blind decodes in the UE
Proposal 6 Additional blind decodes might be defined for sTTI operation
As a general principle, the same UE capabilities and thus the same number of required blind decodes for sTTI operation should be targeted for both FS1 and FS2. The solutions to limit the number of blind decodes may be slightly different for FS1 and FS2. But the requirements in terms of number of blind decodes per sTTI should be the same in FS1 and FS2 assuming the same sTTI length. 
Proposal 7 Target the same overall number of blind decodes per sTTI for FS1 and FS2 assuming the same sTTI length
2.2.1 Limiting blind decodes on PDCCH

Since PDCCH can be used to transmit sDCI and dynamic switching between short and 1 ms TTI is supported, a UE has to search for both 1ms DCI and sDCI in PDCCH in every subframe. Consequently, the total number of blind decodes in PDCCH may increase. A way to limit the number of blind decodes may be to target a common format for short and 1 ms TTI.

Observation 2 Having the same format for short TTI and 1ms TTI in PDCCH USS will limit number of blind decodes in PDCCH.
2.2.2 Limiting blind decodes on sPDCCH

In both single-level and two-level DCI frameworks, a DCI can be transmitted in each sTTI on sPDCCH. The sPDCCH may also contain a DCI with an UL grant. With several UEs scheduled in the same sTTI, as described in section 2.1.2, the need for additional blind decodes increases in sPDCCH to give enough flexibility to the eNB for multiplexing the sDCI of several UEs.  

Uplink grants and downlink assignments in the DCI may in principle have slightly different fields, for instance dedicated bits for RVI and QCL are needed in DL while not in UL. While uplink grants and downlink allocations might have different amount of bits needed in the DCIs, these formats will be blindly decoded on the same sCCEs. To limit blind decodes, the design of DCI formats should aim for the same size for all grants and a bit field indicating if the DCI is an uplink grant or downlink assignment. This approach is similar to the flag for format 0 / format 1A differentiation; see section 5.3.3.1.1 in [4]. Here padding bits can be used in addition to indicating bits, in case the number of required bits are different for uplink grants and downlink assignments.
Observation 3 A single size can be defined for both DL and UL fast DCI, in order to limit the number of blind decodes for the UE.
3 Conclusion

In section 2 we made the following observations:
Observation 1
sTTI operation will require an increase in the number of blind decodes in the UE
Observation 2
Having the same format for short TTI and 1ms TTI in PDCCH USS will limit number of blind decodes in PDCCH.
Observation 3
A single size can be defined for both DL and UL fast DCI, in order to limit the number of blind decodes for the UE.


Based on the discussion in section 2 we propose the following:
Proposal 1
Define a sRBG that can be used for sTTI scheduling, containing a multiple of RBG used for 1ms TTI operation.
Proposal 2
For efficient sPDCCH/PDSCH multiplexing, support location of sDCI for different sTTI users in the same RBG
Proposal 3
For efficient sPDCCH/sPDSCH multiplexing among multiple sTTI users, the PRBs used for sPDSCH are the one indicated by the RA allocation field of sDCI excluding the PRBs belonging to the configured set of PRBs for sPDCCH
Proposal 4
The DL sDCI contains a flag indicating if remaining sPDCCH resources are used for sPDSCH
Proposal 5
The flag indicating the usage of sPDCCH resources for sPDSCH refers to all resources corresponding to sCCE with logical index larger than the ones used for the detected sPDCCH containing the assignment for sPDSCH
Proposal 6
Additional blind decodes might be defined for sTTI operation
Proposal 7
Target the same overall number of blind decodes per sTTI for FS1 and FS2 assuming the same sTTI length
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