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Introduction
In RAN1#86 the following was agreed in [2]:
· Legacy PDCCH can be used to transmit sDCI (DCI for sPDSCH and/or sPUSCH) .
· QPSK is used for sPDCCH.
· Tail biting convolutional coding is used for sPDCCH.
· 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. 
[bookmark: _Hlk485902043]In RAN1#88bis the following agreements were made:
· An sREG consists of 1 RB within 1 OFDM symbol including REs for CRS and/or DMRS applied to DMRS based sPDCCH
· The number of OFDM symbols per RB set for CRS based sPDCCH for 2/3-symbol sTTI is 1 or 2 configured by higher layer
· FFS: 
· UE capability on: The HARQ Ack/UL grant timing dependent on the number of configured symbols for CRS based sPDCCH 
· The number of OFDM symbols per RB set for CRS based sPDCCH for 1-slot sTTI is 1 or 2 configured by higher layer.
· FFS: 3 OFDM symbols
· RAN1 will not pursue CDM-F based DMRS pattern for sPDCCH
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 further outline how the sPDCCH physical layer mapping is performed per sTTI based on these agreements and working assumptions. 
[bookmark: _Ref178064866]Discussion
During the SI it was concluded to support both CRS and DMRS based transmission of sPDCCH. Although the designs for doing this could be different for DMRS and CRS based transmissions based sPDCCH, it is desirable to analyse whether a common design for DMRS and CRS-based sPDCCH is feasible.
CRS and DMRS operation in the same sTTI
To allow more efficient resource usage, resource elements of a PRB in a given sTTI may be shared between sPDCCH of different UEs. An aspect to consider is whether or not UEs with CRS- and DMRS-based demodulation of sPDCCH can share the same PRB in the same sTTI. From the eNB perspective it will always be possible to configure one UE to operate with CRS-based demodulation and a second UE to operate with DMRS based demodulation on sPDCCH. These UEs can have their sPDCCH sent in the same TTI but it may not be resource-efficient for CRS-based users and DMRS-based users to have their sPDCCH in the same PRB. Indeed, these users have different overhead and thus see a different number of usable resource elements in a PRB for sPDCCH or sPDSCH. Using the same PRB for sPDCCH candidates of CRS and DMRS users makes the utilization of resources left unused by sPDCCH for sPDSCH more complicated. The design can be simplified if a PRB is shared between users with the same demodulation method, i.e. only between users with CRS based demodulation, or only between users with DMRS based demodulation. However, PRB sharing between CRS and DMRS UE is not carried out for sPDCCH.
 
[bookmark: _Toc485917938][bookmark: _Toc490235375][bookmark: _Toc490241942][bookmark: _Toc490254894][bookmark: _Toc490255131][bookmark: _Toc490255151][bookmark: _Toc490255398]The eNB shall be able to operate UEs configured with different control channel demodulation assumptions within the same sTTI 
[bookmark: _Toc485917939][bookmark: _Toc490235376][bookmark: _Toc490241943][bookmark: _Toc490254895][bookmark: _Toc490255132][bookmark: _Toc490255152][bookmark: _Toc462726549][bookmark: _Toc462733834][bookmark: _Ref462741486][bookmark: _Toc462742565][bookmark: _Toc462743254][bookmark: _Toc462743714][bookmark: _Toc462744228][bookmark: _Toc462744791][bookmark: _Toc490255399]Sharing of resources within a PRB can be done between UEs operating with CRS, and between UEs operating with DMRS based demodulation
[bookmark: _Toc485917940][bookmark: _Toc490235377][bookmark: _Toc490241944][bookmark: _Toc490254896][bookmark: _Toc490255133][bookmark: _Toc490255153][bookmark: _Toc490255400]The design for sPDCCH is not optimized to support coexistence of UEs using CRS-based demodulation and UEs using DMRS-based demodulation in the same PRB 

Based on Proposal 2, all REs of a PRB in a given sTTI can be used for sPDCCH at the exception of:
· The REs used by the cell configured CRS
· The REs used by the cell configured non-zero power and zero power CSI-RS
· The REs used by the (UE-specific) DMRS known to this UE
A UE using CRS-based demodulation will see more REs usable for sPDCCH than a UE using DMRS-based demodulation.

sPDCCH Configuration
Number of OFDM symbols 
In RAN1#88bis, it has been agreed that the number of OFDM symbols per PRB set for CRS-based sPDCCH for slot-sTTI is 1 or 2 configured by higher layer. There is a FFS on the possibility of a 3 symbol-sPDCCH. There is no strong motivation for having a 3 symbol sPDCCH for slot TTI. It diverges from the design for CRS based 2-symbol sPDCCH and makes the multiplexing between these two more complex.
[bookmark: _Toc490235393][bookmark: _Toc490241927][bookmark: _Toc490255116][bookmark: _Toc490255383]There is no strong motivation to introduce a CRS based sPDCCH of 3 symbols long for CRS based demodulation

In RAN1#89 the sPDCCH length for DMRS based demodulation was discussed. There was a FFS on DMRS based 3 symbol sPDCCH in a 3-symbol sTTI. By contrast to slot TTI, here there is a clear advantage of defining a 3 symbol sPDCCH to enable efficient and straight-forward multiplexing between sPDCCH and sPDSCH in 3 symbol-sTTI. Having a 2-symbol sPDCCH for DMRS based demodulation in a 3-symbol sTTI means that the remaining symbol would be used for sPDSCH. If sPDSCH is intended to another UE, the DMRS cannot be precoded with a UE specific precoding, which makes the DMRS based demodulation for sPDCCH pointless. A 3-symbol sPDCCH for that case enables a clear pure FDM multiplexing between sPDCCH and sPDSCH where those issues do not occur.
[bookmark: _Toc485917943][bookmark: _Ref488398314][bookmark: _Toc490235378][bookmark: _Toc490241945][bookmark: _Toc490254897][bookmark: _Toc490255134][bookmark: _Toc490255154][bookmark: _Toc490255401]Support 3 OFDM symbols DMRS-based sPDCCH for 3-symbol long sTTI

sDCI transmission in sTTI0
In case of sTTI0 and a PDCCH length of 1, different locations are possible to send sDCI1. It can be sent as part of PDCCH or it can be sent in sPDCCH. The location can be set in the specification or it can be left to the eNB that would configure the sDCI transmission either on PDCCH or sPDCCH.
Leaving it to RRC configuration gives flexibility to the eNB to configure sDCI for sTTI0 on PDCCH for part of the UEs and sDCI on sPDCCH for sTTI0 for the remaining UEs. This is therefore our first preference. This may however imply more complexity for the UE. Our second preference is to send sDCI1 on sPDCCH in that case.
If PDCCH is used to schedule sTTI0, PDCCH will carry sTTI DCIs in addition to 1ms TTI DCIs. It may happen that one OFDM symbol is not enough to carry all these DCIs. For small BW as 5MHz, one PDCCH with AL8 will fill up the entire OFDM symbol. 
To fit a different number of DCIs the length of PDCCH can vary in each subframe. The granularity of it is however very coarse. If one symbol PDCCH is not sufficient, an entire 2nd OFDM symbol is added for PDCCH. This is less efficient than sending sTTI DCI on sPDCCH where both FDM and TDM with sPDSCH is possible, so part of the OFDM symbol used for sPDCCH can be reused for data transmission. 
In addition to being less efficient for control/data multiplexing, adding a 2nd OFDM symbol for PDCCH effectively means that sTTI0 cannot be scheduled for sPDSCH. This reduces the system capacity/user throughput achievable with sTTI operation.
Furthermore, with sPDCCH, DMRS based demodulation could be used for control as well (beamforming gain possible). This is not possible with PDCCH.
[bookmark: _Toc490235394][bookmark: _Toc490241928][bookmark: _Toc490255117][bookmark: _Toc490255384]If one symbol PDCCH is not sufficient to carry sTTI DCIs, adding a full 2nd OFDM symbol becomes less efficient than transmitting sPDCCH on sTTI0

For 1-slot sTTI, if the number of symbols for PDCCH > 1, the PDCCH capacity can be sufficient for both 1ms TTI and slot-based sTTI0 assignments/grants. Therefore, sDCI for slot- based sTTI0 could be transmitted in legacy PDCCH region. This limits the control overhead for the slot-based sTTI0. 
In general, the eNB should have the flexibility to decide transmitting sTTI DCI to schedule sTTI0/slot0 either in PDCCH or sPDCCH.

[bookmark: _Toc490235379][bookmark: _Toc490241946][bookmark: _Toc490254898][bookmark: _Toc490255135][bookmark: _Toc490255155][bookmark: _Toc490255402]For PDCCH length = 1, the eNB should have the flexibility to configure sDCI transmission for sTTI0 either in PDCCH or sPDCCH. Alternatively, sPDCCH is used for sDCI transmission of sTTI0.
[bookmark: _Toc490235380][bookmark: _Toc490241947][bookmark: _Toc490254899][bookmark: _Toc490255136][bookmark: _Toc490255156][bookmark: _Toc490255403]For PDCCH length > 1, in 1-slot TTI operation sDCI for slot-based sTTI0 is transmitted in PDCCH
sPDCCH DMRS pattern
As described in our companion paper about DL DMRS design for sTTI [5], there are three DMRS patterns discussed for 2os sPDSCH. DMRS-based sPDCCH is of 2os or 3os long and should consider to use the same patterns as 2os sPDSCH. It can be applied for the DMRS-based sPDCCH configuration of both 2os sTTI and slot sTTI. Note that for slot TTI in sTTI0, sPDCCH is only sent for PDCCH length of 1os following proposal 6.

[bookmark: _Toc490235381][bookmark: _Toc490241948][bookmark: _Toc490254900][bookmark: _Toc490255137][bookmark: _Toc490255157][bookmark: _Toc490255404]Support for DMRS-based sPDCCH the same DMRS pattern as for 2os sPDSCH

Number of sREG per sCCE 
As described above, the actual number of REs in a sREG usable for sPDCCH may be variable depending on the presence of the reference signals. Based on this, the eNB should carefully select an appropriate aggregation level based on the presence of other signals in a given sTTI. For the case of high overhead of reference signals, a larger aggregation level should be selected to ensure sufficient number of usable REs for sPDCCH.

[bookmark: _Toc462726558][bookmark: _Toc462742563][bookmark: _Toc462743710][bookmark: _Toc462744224][bookmark: _Toc462744787][bookmark: _Toc485917930][bookmark: _Toc490235395][bookmark: _Toc490241929][bookmark: _Toc490255118][bookmark: _Toc490255385]The number of usable REs within one sREG may be different depending on the presence of reference signals within the sTTI
[bookmark: _Toc485917931][bookmark: _Toc490235396][bookmark: _Toc490241930][bookmark: _Toc490255119][bookmark: _Toc490255386]A higher aggregation level can cope with high RS overhead

If selecting a higher aggregation level for certain sTTIs depending on RS overhead, the UE needs to be prepared for this such that this higher aggregation level is included in the UE candidates. This will either increase the number of monitored candidates for the UE, or the UE can be configured to use different sets of aggregation levels in different sTTIs. Letting the number of sREGs per sCCE vary dependent on CRS presence will lead to a more constant number of usable RE per sCCE. This will lead to a more constant aggregation level, and thereby the UE may not need to monitor the extra aggregation level.
[bookmark: _Toc490235397][bookmark: _Toc490241931][bookmark: _Toc490255120][bookmark: _Toc490255387]If a fixed number of sREG/sCCE is used, more aggregation levels need to be monitored by a UE or the monitored ALs should depend on the sTTI index

If a fixed sREG/sCCE is chosen, 3 sREG/sCCE would lead to 36 REs in sTTI not containing CRSs for CRS based sPDCCH. For DMRS-based sPDCCH, the number of sREGs should be increased to 4 sREG/sCCE to help compensating the DMRS overhead compared to CRS based sPDCCH in sTTI not containing CRSs. In sTTI containing CRSs, a higher AL can be used.
As an alternative to compensating the RS overhead with higher AL, the number of sREG/sCCE can be defined depending on the RS overhead in a sTTI, as shown in in Table 1. In sTTI with low RS overhead, 3 sREG/sCCE and 4 sREG/sCCE are used for CRS based sPDCCH and DMRS based sPDCCH respectively. In sTTI with large RS overhead, the number of sREG/sCCE can be increased to ensure similar number of usable REs for sPDCCH. For the case of 3 OFDM symbols sPDCCH based on DMRS-based transmission (considered for the 3-symbol sTTI), 1 sCCE composed of 3 sREG can be built with one full PRB along 3 symbols. The third symbol represents an sREG free of RS overhead. Even though the number of usable REs for sPDCCH in this full PRB is 28 and thus lower than the legacy value of 36, it is not recommended to add more sREG/sCCE for this case. The reason is that to keep a pure FDM with sPDSCH it would mean adding 3 extra sREG /sCCE, leading to a total of 6 sREG/sCCE and thus 56 usable REs/sCCE which is far above the legacy value of 36REs.
[bookmark: _Toc485917932][bookmark: _Toc490235398][bookmark: _Toc490241932][bookmark: _Toc490255121][bookmark: _Toc490255388]Varying number of sREGs per sCCE can cope with high RS overhead.

Both approaches lead to the same result. The fixed number of sREG/sCCE may however complicate the number of blind decode discussion. It has also less fine granularity in the used sPDCCH resources at low AL. Therefore, we have a slight preference to having a sTTI index dependent number of sREG/sCCE.

[bookmark: _Ref489429645]Table 1 Number of sREGs per sCCE [usable number of REs per sCCE (assuming 2 DMRS pairs)]
	[bookmark: _Hlk489450506]2os sTTI
	sTTI0
(CRS present)
	sTTI1
	sTTI2
	sTTI3
(CRS present)
	sTTI4
	sTTI5
(CRS present)

	CRS sPDCCH
	4 [32]
	4 [32]
	3 [36]
	4 [32]
	3 [36]
	4 [32]

	DMRS sPDCCH (2os)
	4 [32]
	4 [32]
	4 [40]
	6 [36]
	4 [40]
	4 [32]

	DMRS sPDCCH (3os)
	-
	3 [28]
	-
	-
	-
	3 [28]

	slot sTTI
	slot0
	slot1

	CRS sPDCCH
	4 [32]
	4 [32]

	DMRS sPDCCH (2os)
	4 [32]
	6 [36]




[bookmark: _Toc485917945][bookmark: _Toc490235382][bookmark: _Toc490241949][bookmark: _Toc490254901][bookmark: _Toc490255138][bookmark: _Toc490255158][bookmark: _Toc490255405]For 2os sTTI and CRS-based sPDCCH a sCCE is composed of 3 sREG in sTTI1, sTTI2, sTTI4 and 4 sREG in sTTI0, sTTI3, sTTI5.
[bookmark: _Toc490235383][bookmark: _Toc490241950][bookmark: _Toc490254902][bookmark: _Toc490255139][bookmark: _Toc490255159][bookmark: _Toc490255406][bookmark: _Toc485917946]For 2os sTTI and a 2-symbol long DMRS-based sPDCCH a sCCE is composed of 4 sREG in all sTTI except sTTI 3, and 6 sREG in sTTI3.
[bookmark: _Toc490235384][bookmark: _Toc490241951][bookmark: _Toc490254903][bookmark: _Toc490255140][bookmark: _Toc490255160][bookmark: _Toc490255407]For 2os sTTI and a 3-symbol long DMRS-based sPDCCH a sCCE is composed of 3 sREG in sTTI1 and sTTI 3.
[bookmark: _Toc490235385][bookmark: _Toc490241952][bookmark: _Toc490254904][bookmark: _Toc490255141][bookmark: _Toc490255161][bookmark: _Toc490255408]For slot sTTI and CRS-based sPDCCH a sCCE is composed of 4 sREG in both slot0 and slot1. 
[bookmark: _Toc490235386][bookmark: _Toc490241953][bookmark: _Toc490254905][bookmark: _Toc490255142][bookmark: _Toc490255162][bookmark: _Toc490255409]For slot sTTI and DMRS-based sPDCCH a sCCE is composed of 4 sREG in slot0 and 6 sREG in slot1. 

[bookmark: _Toc462726029][bookmark: _Toc462726550][bookmark: _Toc462733836][bookmark: _Toc462726169][bookmark: _Toc462726554][bookmark: _Toc462733840][bookmark: _Toc462742569]sPDCCH mapping
Localized and distributed sCCE to sREG mapping
In RAN1#89, it was also agreed that a UE can be configured to monitor at most two sPDCCH-PRB-set(s) containing the sTTI USS in an sTTI. With localized sCCE to sREG mapping, the sREGs building the same sCCE are localized in frequency domain to allow for a sPDCCH resource allocation confined in a limited frequency band. This exploits scheduling and beamforming gains for DMRS-based sPDCCH when CSI is available at the eNB. Therefore, it is then preferred to configure at least localized sCCE to sREG mapping for DMRS-based sPDCCH. Nevertheless, to provide robust control signalling and fallback when CSI is limited or unavailable, a second PRB-set can be configured as distributed for DMRS-based sPDCCH. For CRS-based sPDCCH, both mappings were agreed.

[bookmark: _Toc490235387][bookmark: _Toc490241954][bookmark: _Toc490254906][bookmark: _Toc490255143][bookmark: _Toc490255163][bookmark: _Toc490255410]DMRS-based sPDCCH can be configured with one localized and one distributed sPDCCH-PRB-set

Assuming that sPDCCH spans only the first OFDM symbol of a 2 symbol sTTI, both localized and distributed mappings are very simple. Figure 1 gives an example of distributed and localized configurations for 4 sCCEs and 1 OFDM symbol sPDCCH assuming that an sCCE is composed of 3 sREG.

 [image: ]
Figure 1 Distributed and Localized configurations for 4 sCCE composed of 3 sREGs each within a 1os-sPDCCH-PRB-set consisting of 18 PRBs

For 2 OFDM symbol sPDCCH, several options are possible to realize distributed and localized configurations. They are depicted for 4 sCCEs and 2 OFDM symbols sPDCCH in Figure 2 assuming 3 sREG/sCCE. 
In option A (Figure 2-left), the sREG forming an sCCE are selected in the order time-first mapping. Thus, it is possible to utilize from the beginning the 2 OFDM symbols available per PRB. However, option A comprises a low frequency diversity of the sREG in a distributed configuration. Therefore, option A is considered for localized sREG-to-sCCE mapping. On the other hand, in option B (Figure 2-right), the sREG forming an sCCE are selected in the order frequency-first mapping. With option B, higher frequency diversity of the sREG can be achieved. Thereby, option B is considered for distributed sREG-to-sCCE mapping in case of CRS based demodulation for sPDCCH. As mentioned previously, for DMRS based sPDCCH more efficient multiplexing between sPDCCH and sPDSCH of multiple UEs can be achieved by using all REs of a RB in time domain for sPDCCH. Therefore, a time-first mapping is more suitable for DMRS based sPDCCH with distributed sREG-to-sCCE mapping.

[bookmark: _Toc485917929][bookmark: _Toc490235399][bookmark: _Toc490241933][bookmark: _Toc490255122][bookmark: _Toc490255389]Selecting the sREG-to-sCCE mapping in the order frequency-first, higher frequency diversity can be achieved
[bookmark: _Toc490235400][bookmark: _Toc490241934][bookmark: _Toc490255123][bookmark: _Toc490255390]Selecting the sREG-to-sCCE mapping in the order time-first, a condensed frequency allocation can be achieved

[bookmark: _Toc490235388][bookmark: _Toc490241955][bookmark: _Toc490254907][bookmark: _Toc490255144][bookmark: _Toc490255164][bookmark: _Toc490255411]Frequency-first mapping is selected for distributed sREG-to-sCCE mapping for CRS based sPDCCH
[bookmark: _Toc490235389][bookmark: _Toc490241956][bookmark: _Toc490254908][bookmark: _Toc490255145][bookmark: _Toc490255165][bookmark: _Toc490255412]Time-first mapping is selected for localized sREG-to-sCCE mapping
[bookmark: _Toc490235390][bookmark: _Toc490241957][bookmark: _Toc490254909][bookmark: _Toc490255146][bookmark: _Toc490255166][bookmark: _Toc490255413]Time-first mapping is selected for distributed sREG-to-sCCE mapping for DMRS based sPDCCH

 [image: ]
Figure 2 Distributed and Localized configurations for 4 sCCE composed of 3 sREGs each within a 2os-sPDCCH-PRB-set. Option A: Time-first mapping. Option B: Frequency-first mapping


sPDCCH-PRB-set configuration
In RAN1#89 the sPDCCH-PRB-set allocation was agreed to be defined as the EPDCCH PRB allocation (TS 32.213 9.1.4.4). For that, the eNB should have full flexibility to assign a proper sPDCCH-PRB-set for each UE as well as the possibility to define that different UEs share the same search space region. For the case of different UEs sharing the same sPDCCH-PRB-set, the sPDCCH candidates should comprise 2os sTTI UEs and/or slot TTI UEs. For that, the number of symbols per sPDCCH should be the same.
[bookmark: _Toc490235401][bookmark: _Toc490241935][bookmark: _Toc490255124][bookmark: _Toc490255391]The eNB should have full flexibility to assign a sPDCCH-PRB-set for an UE or for different UEs
[bookmark: _Toc490235402][bookmark: _Toc490241936][bookmark: _Toc490255125][bookmark: _Toc490255392]2os sTTI UEs and slot sTTI UEs should be able to share the same sPDCCH-PRB-set as long as the number of symbols per sPDCCH is the same

sPDCCH-PRB-set size

A sPDCCH-PRB-set consists of a set of sCCEs. Those sCCEs are composed by a group of sREG’s (i.e. a group of PRBs), as previously described. The PRB-set size, i.e. the number of PRBs required to build the set of sCCEs, should be then well defined, so high order diversity can be achieved as well as excessive overhead is avoided. For that, the eNB should have full flexibility in order to define a proper sPDCCH-PRB-set size for each UE.
 
[bookmark: _Toc485917933][bookmark: _Toc490235403][bookmark: _Toc490241937][bookmark: _Toc490255126][bookmark: _Toc490255393]The number of PRBs required to build the set of sCCEs in a sPDCCH-PRB-set should be well defined, so high order diversity can be achieved as well as excessive overhead is avoided

As proposed in our companion paper about search space for sTTI [4], sTTI operation should aim to support 6 sPDCCH candidates per UE for each 2-OFDM symbol sTTI, where the candidates need to be split among the configured aggregation levels. For instance, if three candidates are configured for AL 2, it requires that the UE’s sPDCCH-PRB-set contains at least 6 sCCE. On the other hand, if two candidates of aggregation level 4 are considered, it requires that the UE’s sPDCCH-PRB-set contains at least 8 sCCE.

[bookmark: _Toc485917934][bookmark: _Toc490235404][bookmark: _Toc490241938][bookmark: _Toc490255127][bookmark: _Toc490255394]The UE’s sPDCCH-PRB-set should contain at least as many sCCE as required to support the maximum number of sPDCCH candidates defined per aggregation level per UE

Likewise, if the same sPDCCH-PRB-set is configured for multiple UEs and each UE is configured at least with one high AL candidate, i.e. AL 4, the PRB-set size could contain as many sCCE as required to support eventually each UE with such aggregation level sPDCCH. However, this obviously can lead to an excessive sPDCCH overhead along the available frequency bandwidth. For that, the eNB should carefully configure the number of UEs sharing the same sPDCCH-PRB-set.

[bookmark: _Toc485917935][bookmark: _Toc490235405][bookmark: _Toc490241939][bookmark: _Toc490255128][bookmark: _Toc490255395]If the same sPDCCH-PRB-set is configured for multiple UEs, the sPDCCH-PRB-set should support only a limited number of simultaneous UEs with a high AL sPDCCH in the same sTTI. 

Hence, we propose to define the sPDCCH-PRB-set size based on at least containing the number of sCCEs required to support the number of sPDCCH candidates defined per aggregation level per UE as well as to support, if needed, a limited number of UEs with a high aggregation level sPDCCH, i.e. AL 4, in the same sTTI (if the sPDCCH-PRB-set is shared between multiple UEs). Also, the sPDCCH-PRB-set size is based on the number of OFDM symbols per sPDCCH and the number of sREG per sCCE.
The sPDCCH-PRB-set size in PRBs () is defined as the relation between the number of sCCE to be supported (), the number of sREG per sCCE () and the number of OFDM symbols per sPDCCH () as follows.


			
 is based on the number of sCCE required to support the maximum number of sPDCCH candidates defined per aggregation level per UE and to support, if needed, a limited number of simultaneous UEs with a high aggregation level sPDCCH, e.g. AL 4, in the same sTTI (if the sPDCCH-PRB-set is shared between multiple UEs). 
Considering the example of , e.g. for the case of supporting two candidates of aggregation level 4 per UE, the UE’s sPDCCH-PRB-set sizes based on 1os, 2os and 3os sPDCCH as well as 1 sCCE = 3 sREG and 4 sREG are shown in Table 2. As can be observed, supporting 8 sCCE within a UE’s sPDCCH-PRB-set can lead to a somewhat high sPDCCH overhead. For instance, a PRB-set size of 24 PRBs is needed for the case of 1os-sPDCCH. Therefore, it becomes obvious that  will be also based on different aspects, such as the system bandwidth.

 will be based on different cases or aspects such as the system bandwidth, maximum number of sPDCCH candidates to be supported per UE, and number of UEs sharing the same sPDCCH-PRB-set

[bookmark: _Ref488413418]Table 2 UE’s sPDCCH-PRB-set size for the case of  and considering 1os, 2os and 3os sPDCCH as well as 1 sCCE = 3 sREG and 4 sREG
	
	1sCCE = 3 sREG
	1sCCE = 4 sREG

	Nr of OFDM symbols for sPDCCH
	
	sPDCCH PRB set size () 
	sPDCCH PRB set size ()

	1
	8
	24
	32

	2
	8
	12
	16

	3
	8
	8
	N/A



  
SFBC details
In RAN1#89 it was agreed that SFBC is supported for CRS-based sPDCCH. When it comes to the number of antenna ports the same rule as in legacy can be applied. Depending on PBCH 2 ports or 4 ports are used. The same CRS ports as used for PBCH are used for CRS based sPDCCH.
[bookmark: _Hlk489447190][bookmark: _Toc490235392][bookmark: _Toc490241959][bookmark: _Toc490254911][bookmark: _Toc490255148][bookmark: _Toc490255168][bookmark: _Toc490255415] The same CRS ports as used for PBCH are used for CRS based sPDCCH

Assuming an X-port SFBC is adopted for CRS-based sPDCCH, the number of usable tones per sREG needs to be a multiple of X, but may not be for a variety of reasons.  Firstly, two port CSI-RS may be present in the same symbols as sPDCCH, as shown below.  While one two port CSI-RS is shown here, UEs can be configured with multiple two port CSI-RSs for CoMP or for FD-MIMO with K>1 CSI-RS resources, and these will generally be distributed over different OFDM symbol pairs in a subframe.  Consequently, half of the sTTIs in a subframe could be impacted.  Secondly, if sPDSCH DMRS uses 3 REs in an sREG, there will again be an odd number of REs in the sREG, and this will happen in every sTTI in which the sPDSCH is scheduled.  If proposals such as simply dropping REs that do not form complete pairs/groups are used, we lose the use of up to X-1 REs per sREG, amounting to 1/12 and 3/12 REs for 2 port and 4 port SFBC, respectively.  Such 8-25% losses of available REs substantially reduce the gains of SFBC for sPDCCH.
An alternative to recover the otherwise lost REs is simply to repeat one of the transmitted SFBC symbols in the orphan RE. Figure 3 depicts an example with two port CSI-RS and two port SFBC. The REs available in the sREG are grouped in pairs. The orphan RE is associated to the last group and contains a repetition of a symbol from this last group (here S8 on antenna port 0 and -S9* on antenna port 1).  The orphan RE can be paired with its neighboring RE using the normal SFBC reception process, as shown by the dashed arrows.  Four port SFBC can be implemented in a similar way.
[bookmark: _Toc490255149][bookmark: _Toc490255169][bookmark: _Toc490255416]Handle SFBC ‘orphan’ REs by repeating an RE of each sREG 
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[bookmark: _Ref490217627]Figure 3 Orphan recovery for sPDCCH with SFBC
[bookmark: _Toc490254913]Increasing sPDCCH CRC length
There have been proposals about increasing the sPDCCH CRC length from 16 to 24 bits. This is motivated by the lower rate of false detection, and to avoid additional pruning algorithms in the UE to mitigate this. A longer CRC has some impact on the control channel performance.
Figure 4 shows sPDCCH BLER for sPDCCH of AL1 in 10 MHz system bandwidth with an sPDCCH-PRB-set size of 18 PRBs, assuming the distributed and localized configurations for the sCCE0 depicted in Figure 1. Results for an EVA channel (left) and for an ETU channel (right) both at 3 km/h are depicted in Figure 5. The figure shows simulations both for the standard 16 bits CRC, as well as performance when 8 additional bits are used, i.e. 24 bits CRC. As can be observed, 24 bits CRC will increase the code rate and BLER, which leads to a loss of about 1.5-2 dB.
[bookmark: _GoBack]
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[bookmark: _Ref490221307]Figure 4. Link performance of different sREG mappings for one sCCE sPDCCH. EVA on the left, ETU on the right. Both plots include curve sets with different payloads of 14 and 34 bits excluding CRC, and with CRC length 16 or 24 bits.

The loss in demodulation performance may be compensated by using higher aggregation levels, but this may then lead to more scheduling restrictions, and larger control overhead.

[bookmark: _Toc485917937][bookmark: _Toc490235407][bookmark: _Toc490241941][bookmark: _Toc490255130][bookmark: _Hlk489447086][bookmark: _Toc490255397]The benefits from increasing the sPDCCH CRC length need to be compared with the SNR loss resulting from the increased coding rate

Conclusion
In this contribution, we discuss the design of sPDCCH and have the following observations:
Observation 1	There is no strong motivation to introduce a CRS based sPDCCH of 3 symbols long for CRS based demodulation
Observation 2	If one symbol PDCCH is not sufficient to carry sTTI DCIs, adding a full 2nd OFDM symbol becomes less efficient than transmitting sPDCCH on sTTI0
Observation 3	The number of usable REs within one sREG may be different depending on the presence of reference signals within the sTTI
Observation 4	A higher aggregation level can cope with high RS overhead
Observation 5	If a fixed number of sREG/sCCE is used, more aggregation levels need to be monitored by a UE or the monitored ALs should depend on the sTTI index
Observation 6	Varying number of sREGs per sCCE can cope with high RS overhead.
Observation 7	Selecting the sREG-to-sCCE mapping in the order frequency-first, higher frequency diversity can be achieved
Observation 8	Selecting the sREG-to-sCCE mapping in the order time-first, a condensed frequency allocation can be achieved
Observation 9	The eNB should have full flexibility to assign a sPDCCH-PRB-set for an UE or for different UEs
Observation 10	2os sTTI UEs and slot sTTI UEs should be able to share the same sPDCCH-PRB-set as long as the number of symbols per sPDCCH is the same
Observation 11	The number of PRBs required to build the set of sCCEs in a sPDCCH-PRB-set should be well defined, so high order diversity can be achieved as well as excessive overhead is avoided
Observation 12	The UE’s sPDCCH-PRB-set should contain at least as many sCCE as required to support the maximum number of sPDCCH candidates defined per aggregation level per UE
Observation 13	If the same sPDCCH-PRB-set is configured for multiple UEs, the sPDCCH-PRB-set should support only a limited number of simultaneous UEs with a high AL sPDCCH in the same sTTI.
Observation 14	 will be based on different cases or aspects such as the system bandwidth, maximum number of sPDCCH candidates to be supported per UE, and number of UEs sharing the same sPDCCH-PRB-set
Observation 15	The benefits from increasing the sPDCCH CRC length need to be compared with the SNR loss resulting from the increased coding rate


Based on the discussion in section 2 we propose the following:
Proposal 1	The eNB shall be able to operate UEs configured with different control channel demodulation assumptions within the same sTTI
Proposal 2	Sharing of resources within a PRB can be done between UEs operating with CRS, and between UEs operating with DMRS based demodulation
Proposal 3	The design for sPDCCH is not optimized to support coexistence of UEs using CRS-based demodulation and UEs using DMRS-based demodulation in the same PRB
Proposal 4	Support 3 OFDM symbols DMRS-based sPDCCH for 3-symbol long sTTI
Proposal 5	For PDCCH length = 1, the eNB should have the flexibility to configure sDCI transmission for sTTI0 either in PDCCH or sPDCCH. Alternatively, sPDCCH is used for sDCI transmission of sTTI0.
Proposal 6	For PDCCH length > 1, in 1-slot TTI operation sDCI for slot-based sTTI0 is transmitted in PDCCH
Proposal 7	Support for DMRS-based sPDCCH the same DMRS pattern as for 2os sPDSCH
Proposal 8	For 2os sTTI and CRS-based sPDCCH a sCCE is composed of 3 sREG in sTTI1, sTTI2, sTTI4 and 4 sREG in sTTI0, sTTI3, sTTI5.
Proposal 9	For 2os sTTI and a 2-symbol long DMRS-based sPDCCH a sCCE is composed of 4 sREG in all sTTI except sTTI 3, and 6 sREG in sTTI3.
Proposal 10	For 2os sTTI and a 3-symbol long DMRS-based sPDCCH a sCCE is composed of 3 sREG in sTTI1 and sTTI 3.
Proposal 11	For slot sTTI and CRS-based sPDCCH a sCCE is composed of 4 sREG in both slot0 and slot1.
Proposal 12	For slot sTTI and DMRS-based sPDCCH a sCCE is composed of 4 sREG in slot0 and 6 sREG in slot1.
Proposal 13	DMRS-based sPDCCH can be configured with one localized and one distributed sPDCCH-PRB-set
Proposal 14	Frequency-first mapping is selected for distributed sREG-to-sCCE mapping for CRS based sPDCCH
Proposal 15	Time-first mapping is selected for localized sREG-to-sCCE mapping
Proposal 16	Time-first mapping is selected for distributed sREG-to-sCCE mapping for DMRS based sPDCCH

Proposal 17	The same CRS ports as used for PBCH are used for CRS based sPDCCH
Proposal 18	Handle SFBC ‘orphan’ REs by repeating an RE of each sREG
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