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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 RAN1#89 the following agreements were made:
· A CRS based sPDCCH RB set can be configured to a UE by higher-layer signalling either with distributed or localized mapping of sCCE to sREG
· FFS definition of localized mapping
· 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
· An sREG consists of 1 RB within 1 OFDM symbol including REs for CRS and/or DMRS applied to CRS based sPDCCH
· SFBC is supported for CRS-based sPDCCH
· FFS number of antenna ports
· Single port DMRS-based sPDCCH demodulation is supported
· FFS bundling size
· FFS if two port DMRS-based sPDCCH demodulation is supported
· FFS bundling size
· 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)
· [bookmark: _Hlk488409873]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 number of OFDM symbols per RB set for DMRS based sPDCCH for 1-slot sTTI is 2
· The number of OFDM symbols for DMRS based sPDCCH for 2/3-symbol sTTI is
· 2 for 2-symbol sTTI#1,2,3,4
· FFS: 3 for 3-symbol sTTI#1 and #5
· FFS: sTTI#0

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. 

[bookmark: _Ref178064866]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. 
Relevant demodulation combinations for sPDCCH and sPDSCH
[bookmark: _GoBack]The straight-forward combinations to support are CRS based sPDCCH with CRS based sPDSCH and DMRS based sPDCCH with  DMRS based sPDSCH.
In case of DMRS based sPDCCH and sPDSCH, FDM between 2os sPDCCH and 2os sPDSCH is preferable to enable independent precoding for sPDSCCH and sPDSCH. In case of slot TTI, separate DMRS pairs for control and data can be achieved in the same PRB. 
To avoid the DMRS overhead and in case no particular beamforming scheme is wanted for sPDCCH, the combination CRS sPDCCH and DMRS sPDSCH is attractive. In case of 2os TTI, it is preferable not to allow TDM between CRS-based sPDCCH and DMRS-based sPDSCH in 2/3os sTTI. Otherwise, the UE has to do rate matching around the DMRS positions of sPDSCH to detect its sDCI. To achieve the same BLER, a larger AL or more sREG/sCCE are needed to compensate for the larger RS overhead. In case of a 3os long sTTI, it is possible to have 1os CRS based sPDCCH and 2os DMRS based sPDSCH in the same PRB.
The last combination, i.e. DMRS sPDCCH and CRS sPDSCH, could be considered but there is no use case for it and thus no strong need to support it. In case of slot TTI, it is possible to have sPDCCH and sPDSCH in the same PRB multiplexing in time domain. Note that as discussed in [paper 11] we consider that for slot TTI, sDCI for sTTI0 is sent in legacy PDCCH region if PDCCH length > 1. For the same reason as mentioned earlier, in case of 2os TTI, FDM is preferred between DMRS based sPDCCH and CRS based sPDSCH.
[bookmark: _Toc490259585]CRS based sPDCCH can schedule a CRS based sPDSCH or a DMRS based sPDSCH
[bookmark: _Toc490259586]DMRS based sPDCCH schedules a DMRS based sPDSCH
[bookmark: _Toc490259587]FDM is supported in a PRB between sPDCCH and a DMRS based 2os sPDSCH
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 on how to inform the UE of which sPDCCH resources which are unused such that sPDSCH can be mapped to those. 
Note that this scheme should be used for both 2os TTI and slot TTI. As mentioned previously it is of particular importance for 2os TTI due to the scarcity of resources in such a short TTI. For slot TTI optimizing the control overhead is less crucial since more resources are available for data and at least for a PDCCH length > 1, sDCI should be transmitted in the legacy PDCCH region. However, since a scheme for reusing sPDCCH resources left unused for sPDSCH is needed for 2os TTI, it can be applied as well for slot TTI.

[bookmark: _Toc458603720]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. These are distributed over the configured set of PRBs according to the sCCE indices shown in Figure 2. As each sREG consists of 12 RE, one sCCE consists of three sREGs placed in three out of the six configured groups, e.g., sCCE0 consists of the sREGs placed in PRB 0,18 and 36. 
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.

[image: ]
[bookmark: _Ref473114122]Figure 1. Logical sPDCCH region consisting of six sCCE
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[bookmark: _Ref473113859]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.

[bookmark: _Ref473745502]Multiplexing sPDCCH with sPDSCH/PDSCH
As pointed out in [3], 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.
[bookmark: _Toc473119456][bookmark: _Toc473120549][bookmark: _Toc473120937][bookmark: _Toc473121070][bookmark: _Toc473619666][bookmark: _Toc473620187][bookmark: _Toc473622043][bookmark: _Toc473622096][bookmark: _Toc473625260][bookmark: _Toc473625358][bookmark: _Toc473744688][bookmark: _Toc474155943][bookmark: _Toc477786194][bookmark: _Toc477850477][bookmark: _Toc480880673][bookmark: _Toc480880800][bookmark: _Toc480977794][bookmark: _Toc481095999][bookmark: _Toc481096006][bookmark: _Toc481096051][bookmark: _Toc481096604][bookmark: _Toc481099732][bookmark: _Toc481493904][bookmark: _Toc481494040][bookmark: _Toc481606666][bookmark: _Toc481761117][bookmark: _Toc485909746][bookmark: _Toc490258459][bookmark: _Toc490259588]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. 
[bookmark: _Toc473619667][bookmark: _Toc473620188][bookmark: _Toc473622044][bookmark: _Toc473622097][bookmark: _Toc473625261][bookmark: _Toc473625359][bookmark: _Toc473744689][bookmark: _Toc474155944][bookmark: _Toc477786195][bookmark: _Toc477850478][bookmark: _Toc480880674][bookmark: _Toc480880801][bookmark: _Toc480977795][bookmark: _Toc481096000][bookmark: _Toc481096007][bookmark: _Toc481096052][bookmark: _Toc481096605][bookmark: _Toc481099733][bookmark: _Toc481493905][bookmark: _Toc481494041][bookmark: _Toc481606667][bookmark: _Toc481761118][bookmark: _Toc485909747][bookmark: _Toc490258460][bookmark: _Toc490259589]For efficient sPDCCH/PDSCH multiplexing, support location of sDCI for different sTTI users in the same (s)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 resources not used by sPDCCH be used by sPDSCH, a restriction may be added so that any PRB 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 the same sPDCCH-PRB-set containing PRBs in the same sRBG to different sTTI users for a more efficient sPDCCH/sPDSCH multiplexing and with no ambiguity on the resource elements used for sPDSCH. 
[bookmark: _Toc473625262][bookmark: _Toc473625360][bookmark: _Toc473744690][bookmark: _Toc474155945][bookmark: _Toc477786196][bookmark: _Toc477850479][bookmark: _Toc480880675][bookmark: _Toc480880802][bookmark: _Toc480977796][bookmark: _Toc481096001][bookmark: _Toc481096008][bookmark: _Toc481096053][bookmark: _Toc481096606][bookmark: _Toc481099734][bookmark: _Toc481493906][bookmark: _Toc481494042][bookmark: _Toc481606668][bookmark: _Toc481761119][bookmark: _Toc485909748][bookmark: _Toc490258461][bookmark: _Toc490259590]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 sPDCCH-PRB-set
As a consequence of proposal 3, a DL UE is only scheduled resources within the sPDCCH resources if explicitly told so by a flag in the sDCI message. The reuse of sPDCCH resources left unused can be done in the logical domain on sCCE level.
[bookmark: _Toc473625263][bookmark: _Toc473625361][bookmark: _Toc473744691][bookmark: _Toc474155946][bookmark: _Toc477786197][bookmark: _Toc477850480][bookmark: _Toc480880676][bookmark: _Toc480880803][bookmark: _Toc480977797][bookmark: _Toc481096002][bookmark: _Toc481096009][bookmark: _Toc481096054][bookmark: _Toc481096607][bookmark: _Toc481099735][bookmark: _Toc481493907][bookmark: _Toc481494043][bookmark: _Toc481606669][bookmark: _Toc481761120][bookmark: _Toc490258462][bookmark: _Toc490259591]The DL sDCI contains an indicator whether remaining sPDCCH resources are used for sPDSCH

Consecutive sCCE utilization within the PRB set
In the simplest case, a one-bit indication would be sufficient. For instance, if this bit field is set to 1, the UE uses sCCE resources with logical index larger than the one containing the sPDSCH assignment. If the field is set to false, none of the resources that were configured for sPDCCH, are used by this UE. 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.

[image: ]
[bookmark: _Ref473114455]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.

[image: ]
[bookmark: _Ref473114714]Figure 4. sDCI messages in logical sPDCCH 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.
[bookmark: _Toc473119457][bookmark: _Toc473120550][bookmark: _Toc473120938][bookmark: _Toc473121071][bookmark: _Toc473619668][bookmark: _Toc473620189][bookmark: _Toc473622045][bookmark: _Toc473622098][bookmark: _Toc473625264]
[bookmark: _Toc490258456][bookmark: _Toc490259580]If multiple UEs share the same sPDCCH PRB set, 1-bit indicator would be sufficient to indicate utilizing unused sPDCCH resources for sPDSCH in case of allocating consecutive logical sDCI 


[image: ]
[bookmark: _Ref477787821]Figure 5. Example of configured sPDCCH resources and scheduling of sPDSCH for three users, where each sCCE consists of three sREG. Top shows lower 24 PRB, bottom shows higher 26 PRB.

Non-consecutive sCCE utilization within the PRB set
Since the eNB should have sufficient flexibility to assign the UE’s sPDCCH candidates [4], the used sPDCCH candidates for different UEs may actually be placed in different positions within the sPDCCH PRB set rather than consecutively. It can look as depicted in Figure 6 for a sPDCCH PRB set of 8 sCCE. In this example, the sPDCCH PRB set is shared between three users: UE1, UE2 and UE3. There, UE1 gets an AL1 sPDCCH located in sCCE#1 containing a DL assignment, UE2 gets an AL2 sPDCCH located in sCCEs#4,5 containing an UL grant, and UE gets an AL2 sPDCCH located in sCCEs#6,7 containing a DL assignment. 

[image: ]
[bookmark: _Ref490229915]Figure 6 sDCI messages for three UEs within a logical sPDCCH region of eight sCCEs

As described before for the simplest case depicted in Figure 4, a 1-bit indicator would be sufficient. However, in case non-consecutive sCCEs are occupied by different UEs as depicted in Figure 6 a more elaborate indicator is needed to efficiently utilize the unused sCCEs for data. An indicator of up to three bits seems however to provide enough options to reuse unused sPDCCH resources. The sCCEs of the configured PRB set can be organized in 3 groups that can be individually allocated to a sPDSCH UE with a bitmap of 3 bits. The grouping of the sCCEs of a PRB set can be done so that the sCCEs that build the sPDCCH candidate where the UE found its sDCI are not considered. This enables to optimize the usage of the few available bits (there is indeed no use of being able to indicate a sCCE/PRB that was already used for sending sDCI). 
An example of grouping the 8 sCCE of a PRB set for ALs up to AL 4 is illustrated in Figure 7. There, “abc” represent the three bits of the bitfield indicator. Hence, e.g. when an AL1 sPDCCH is located in sCCE0, bit “a” points to the possible reuse of sCCEs {1, 2, 3}, bit “b” points to sCCEs {4, 5} and bit “c” points to sCCEs {6, 7}.
In Figure 8, an example of this is shown for these 3 users receiving sDCI as Figure 6, where the DL users get a resource allocation (RA) bitmap and a 3-bit indicator to inform about utilizing unused sCCEs for sPDSCH. Based on this, Figure 9 depicts the resulting bandwidth utilization. From the described 3-bit indicator mapping, for UE1 receiving the AL1 sPDCCH in sCCE1, the 3-bit indicator set to “100” refers bit “a” is set to “1”. This indicates that the unused sCCE0, sCCE2 and sCCE3 resources have been allocated for sPDSCH, as showed in Figure 9. It can be noted that there are no restrictions related to the location of UL sDCI or DL sDCI within the sPDCCH region in order to efficiently utilize unused sCCE resources for sPDSCH.

[bookmark: _Toc490258463][bookmark: _Toc490259592]An indicator with up to three bits is included in DL sDCI to efficiently utilize unused sPDCCH resources for sPDSCH


[image: ]
[bookmark: _Ref490233771]Figure 7 Example of sCCE to 3-bit indicator mapping definition for a sPDCCH PRB set of eight sCCEs and up to AL4.

[image: ]
[bookmark: _Ref490233842]Figure 8 Example scheduling bitmap for one UL user and two DL users. The 3-bit indicator is based on definition described in Figure 7
[image: ]
[bookmark: _Ref490235232]Figure 9 Example of configured sPDCCH resources and scheduling of sPDSCH for three users, where each sCCE consists of three sREG. 3-bit indicator is included in DL sDCI to indicate utilizing unused sCCEs for sPDSCH. Top shows lower 24 PRB, bottom shows higher 26 PRB.

Coexistence of sPDCCH for 2-symbol and 1-slot sTTI
A question is whether an UE configured for 2-symbol sTTI should be configured the same sPDCCH resources as a 1-slot sTTI UE. Applying the scheme above with an indicator that remaining configured sPDCCH resources can be used for sPDSCH, a slot-sTTI UE is not aware of any 2-symbol TTI UEs in the same sPDCCH region, and cannot adapt its sPDSCH resource allocation depending on smaller timescales than the slot-length TTI. This case was analysed and illustrated in our previous contribution [5]. If slot-length UEs get the indication to use remaining resources, it enables to exploit sPDCCH resources left unused by UEs receiving sDCI for 2-symbols sPUSCH. However, 2-symbols UEs receiving DL assignment cannot reuse these resources for data during an entire slot. This restriction is known by the eNB in the scheduling. It is up to the eNB to let the most suitable UEs reuse the resources left unused by sPDCCH.

[bookmark: _Toc462822790][bookmark: _Toc465436889][bookmark: _Toc473119454][bookmark: _Toc473120556][bookmark: _Toc473120935][bookmark: _Toc473121077][bookmark: _Toc473619664][bookmark: _Toc473620185][bookmark: _Toc473622095][bookmark: _Toc473625259][bookmark: _Toc473744687][bookmark: _Toc474155942][bookmark: _Toc477786193][bookmark: _Toc477786212][bookmark: _Toc477850476][bookmark: _Toc478146103][bookmark: _Toc480880672][bookmark: _Toc480880799][bookmark: _Toc480977793][bookmark: _Toc481096050][bookmark: _Toc481096603][bookmark: _Toc481099731][bookmark: _Toc481493903][bookmark: _Toc481494039][bookmark: _Toc481606651][bookmark: _Toc481606673][bookmark: _Toc481606708][bookmark: _Toc481606812][bookmark: _Toc481761115][bookmark: _Toc485909744][bookmark: _Toc490258457][bookmark: _Toc490259581]Letting both 2-symbol UEs and slot-sTTI UEs share the same sPDCCH resources improves frequency resource utilization.
[bookmark: _Toc481606652][bookmark: _Toc481606674][bookmark: _Toc481606709][bookmark: _Toc481606813][bookmark: _Toc481761116][bookmark: _Toc485909745][bookmark: _Toc490258458][bookmark: _Toc490259582]Letting 2-symbol UEs and slot-sTTI UEs share the same sPDCCH may lead to some scheduling restrictions when reusing unused sPDCCH resources for data, but the eNB is aware of this and can choose accordingly between same or separate sPDCCH resources.

[bookmark: _Toc481096609][bookmark: _Toc481099736][bookmark: _Toc481493908][bookmark: _Toc481494044][bookmark: _Toc481606670][bookmark: _Toc481761121][bookmark: _Toc485909750][bookmark: _Toc490258464][bookmark: _Toc490259593]Both 2-symbol sTTI and 7-symbol sTTI UEs can share the same configured sPDCCH resources.


Conclusion
In section 2 we made the following observations:
Observation 1	If multiple UEs share the same sPDCCH PRB set, 1-bit indicator would be sufficient to indicate utilizing unused sPDCCH resources for sPDSCH in case of allocating consecutive logical sDCI
Observation 2	Letting both 2-symbol UEs and slot-sTTI UEs share the same sPDCCH resources improves frequency resource utilization.
Observation 3	Letting 2-symbol UEs and slot-sTTI UEs share the same sPDCCH may lead to some scheduling restrictions when reusing unused sPDCCH resources for data, but the eNB is aware of this and can choose accordingly between same or separate sPDCCH resources.

Based on the discussion in section 2 we propose the following:
Proposal 1	CRS based sPDCCH can schedule a CRS based sPDSCH or a DMRS based sPDSCH
Proposal 2	DMRS based sPDCCH schedules a DMRS based sPDSCH
Proposal 3	FDM is supported in a PRB between sPDCCH and a DMRS based 2os sPDSCH
Proposal 4	Define a sRBG that can be used for sTTI scheduling, containing a multiple of RBG used for 1ms TTI operation.
Proposal 5	For efficient sPDCCH/PDSCH multiplexing, support location of sDCI for different sTTI users in the same (s)RBG
Proposal 6	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 sPDCCH-PRB-set
Proposal 7	The DL sDCI contains an indicator whether remaining sPDCCH resources are used for sPDSCH
Proposal 8	An indicator with up to three bits is included in DL sDCI to efficiently utilize unused sPDCCH resources for sPDSCH
Proposal 9	Both 2-symbol sTTI and 7-symbol sTTI UEs can share the same configured sPDCCH resources.
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