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1
Introduction
The sPDCCH design is a very important component of the overall shortened TTI implementation. It is essential to achieve an efficient and optimized sPDCCH design such that the control channel can schedule DL and UL users with minimal control overhead. There are multiple design parameters to be considered that are listed below:

· Sizing and granularity of sPDSCH Resources:

·     On a per sTTI basis, a shortened TTI user should be able to be assigned a variable resource allocation with reasonable granularity. Additionally, sspecification of this allocation should not consume a significant number of control resources.

· Number of ULL users per TTI:

·     For large bandwidths, the sPDCCH channel should allow for scheduling of more than one ULL user for a given sTTI

· sPDCCH control overhead:
·     The DCI formats should minimize payload wherever possible to maximize the resources that are available for sPDSCH use.
· DCI Aggregation Levels:
·     Multiple aggregation levels required per TTI in a cell to adequately reach shortened TTI users of different channel conditions in the cell. For example, a design that assumes a single aggregation level for all UEs will need to assume the worst-case DCI sizing resulting in excessive resources allocated to the sPDCCH.
· Blind decodes
·     Consideration should be given to minimizing the number of blind decodes per shortened TTI block.
· Optimization of resource allocation between sPDCCH and sPDSCH:
·     Consideration should be given to efficient assignment of control and data resources within a (virtual) sTTI block such that unused control resources are efficiently assigned for data transmission.
In this contribution paper, we discuss some of the remaining issues related to the design of sPDCCH and provide more details addressing the objectives listed above.
2
sCCE Structure, Supported ALs and Number of BDs

For determining the sCCE structure, first, the overhead incurred by the present of other signals per sREG should be considered. In particular, we consider the following three cases:

· 12 REs per sREG in the absence of other RSs.
· 9 REs per sREG if a 2-port DMRS is present
· 8 REs per sREG if CRS is present.
Second, it should be noted that although the number of usable REs varies over different symbols of different sTTIs, in order to reduce a processing complexity at a UE, it is desirable to keep the sCCE structure independent of the sTTI index.

Hence, assuming each sCCE = 6 sREGs and an sDCI of size 40bits, the following code rates are achievable under different ALs and the three scenarios listed above:

	 
	12REs/sREG
	9REs/sREG
	8REs/sREG

	AL = 1
	CR = 0.28
	CR = 0.37
	CR = 0.41

	AL = 2
	CR = 0.14
	CR = 0.18
	CR = 0.20

	AL = 4
	CR = 0.07
	CR = 0.09
	CR = 0.10

	AL = 8
	0.03
	0.04
	0.05


Based on each UE’s specific condition, an eNB can indicate a subset of the above ALs to be monitored by a UE.
Proposal 1: For the sTTI operation, one sCCE consists of 6 sREGs independent of the sTTI index.
Proposal 2: For the sTTI operation, the aggregation values of 1, 2, 4 and 8 are supported.

In RAN1 #89, it is agreed that a UE can be configured to monitor at most two sPDCCH RB sets containing the sTTI UESS in an sTTI. Regardless of the number of RB sets configured for a UE, the total number of blind decodes should be limited. Hence, the number of candidates for each AL per RB set should be configured such that the total number of required blind decodes is not above the BD capability of a UE. Depending on the number of configured RB set, the set of ALs to be monitored by a UE and the number of candidates per AL can be indicated by a higher layer signaling.
Proposal 3: The set of ALs to monitor per RB set and the number of candidates per AL is configured by a higher layer signaling such that the total number of required BDs is within the UE’s BD capability.
To reduce the decoding complexity and delay at a UE, the maximum number of BDs per sTTI can be in the order of 4 or 6.
3
sPDCCH Location within sTTI 
As discussed in details in [1], a resource management block (RMB) concept can be adopted as a minimum resource unit for resource allocation in the DL of an sTTI operation, where each RMB comprises a set of RBs which could be distributed across the system bandwidth or could be consecutive. In general, different RMBs can be of different sizes, or can be defined based on a collection of RBGs as adopted in the legacy LTE. For this latter approach, consider a system bandwidth of 10MHz, wherein each RBG consists of [image: image2.png]


 consecutive RBs. Hence, 17 RBGs can be defined. These 17 RBGs can be used to form three RMBs, where for each of them, either the constituent RBGs are consecutive or distributed as shown in the figures below: 
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Figure 1: An example of 3 consecutive RMBs formed over a 10MHz system bandwidth.
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Figure 2: An example of 3 distributed RMBs formed over a 10MHz system bandwidth.
Within each defined RMB, one or multiple sPDCCH RB sets can be defined. This is illustrated in the figure below.
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Figure 3: An example of one control RB set within RMB1.

Each UE may be configured with 1 or 2 RB sets across all RMBs, for example, for a UE configured with 2 RB sets, each of them could be within one of the defined RMBs. 
Now, one important aspect to consider is the relation between the RB sets configured for users with CRS-based sPDCCH and DMRS-based sPDCCH. As discussed in RAN1 #88b, 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. Also, since a DMRS-based sPDCCH uses a DMRS ports over 2 symbols of an sTTI, each DMRS-based RB set uses 2 symbols (3 symbols in a 3-symbol sTTI.) Due to this disparity in the number of symbols used for CRS-based and DMRS-based sPDCCH, indicating the unused sPDCCH resources for data transmission is a challenge. 

To tackle this issue, the following design guidelines can be considered. First, the reason to consider either one or two symbols per RB set for CRS-based 2/3-symbol sPDCCH is that an eNB can flexibly accommodate DL/UL grants based on the cell load. Hence, it is reasonable to consider that the number of symbols for CRS-based 2/3-symbol sPDCCH per RB set is cell-specific. This value can be set differently for CRS-based sPDCCH RB sets in different RMBs. Besides the cell load argument, this approach makes it easier to claim the unused control resources for data transmission. Further, to reuse the unused sPDCCH resources, it should be considered that the CRS-based RB sets configured for all users within a given RMB are identical. Similarly, the DMRS-based RB sets configured for all users within a given RMB are identical. Moreover, it should be noted that the RB sets for CRS-based and DMRS based sPDCCHs per RMB can potentially be the same, non-overlapping or partially overlapping. However, only one RB set per RBG contains DL and UL grants. In other words, the DL/UL grants are sent to either the users configured with CRS-based sPDCCH or DMRS-based sPDCCH per RMB. It is worth mentioning that these guidelines make reusing the unused control resources possible. Hence, we propose:
Proposal 4: 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. Further, it is a cell-specific parameter configured identically for all CRS-based RB sets within an RMB.

Proposal 5: The CRS-based RB sets configured for all users within a given RMB are identical. Similarly, the DMRS-based RB sets configured for all users within a given RMB are identical.
Proposal 6: The RB sets for CRS-based and DMRS based sPDCCHs per RMB can potentially be the same, non-overlapping or partially overlapping.
Proposal 7: Within each RMB, the DL/UL grants are sent to either the users configured with CRS-based sPDCCH or DMRS-based sPDCCH per RMB. These two different types of grant are not expected to be mixed within a given RMB from design perspective.

4
sCCE-to-sREG Mapping  

As agreed in RAN1 #89, a CRS-based sPDCCH RB set could be configured with either distributed or localized sREG-to-sCCE mapping. The localized mapping is beneficial when beamforming can be adopted, whereas the distributed mapping is defined to gain from channel diversity. The DMRS-based sPDCCH transmission is helpful in the scenarios where the channel state information is available at the eNB; hence, a beamforming can be employed. The localized mapping can therefore be adopted under the DMRS-based sPDCCH. 

For the beamforming to be feasible under the localized mapping, all sREGs within an sCCE should experience the same channel condition. Unlike the ePDCCH design, where the eREGs forming an eCCE are placed in one PRB, the sREGs cover one RB and one symbol. Hence, unless they are consecutive, it is unlikely that beamforming gains can be achieved. 

Proposal 8: For DMRS-based sPDCCH, only a localized sREG-to-sCCE mapping should be adopted. 
Proposal 9: For localized sCCE-to-sREG mapping, all the constituent sREGs of one sCCE should be consecutive in frequency.
5
Description of Search Space and Blind Decoding Methodology 
As previously mentioned, one CRS-based and/or DMRS-based sPDCCH RB set is inserted within each RMB. It occupies a pre-defined set of resources that is embedded within the sPDSCH transmission. A low latency UE will examine the control region in each of the RMBs containing its configured RB set to determine if a grant has been sent to it. It will look for both DL and UL grants and will do so at the pre-defined aggregation level specified via RRC signalling.

To simplify the search space for the DL grant, we can always assume that it is always placed in the first position of the sPDCCH region of a given RMB. In other words, the DL grant is sent via the first set of sCCEs within the RB set. Upon finding the DL grant, the user will then determine the RMBs that it will use for sPDSCH reception. It will automatically assume that the sPDSCH region in RMBs where it decoded the DL grant is to be part of its sPDSCH allocation. In addition, it will look at the resource assignment information in the DL grant to determine if there are any other RMBs in addition to the RMB containing the DL grant that will be jointly used for sPDSCH reception. This generalized procedure for receiving the DL grant is efficient, as the UE only needs to perform blind decodes in a fixed first position of the sPDCCH control region within each RMB. Also, since the user AL is already specified through RRC, the number of blind decodes to determine the DL grant is limited to the number of RB sets configured for it. Additionally, this procedure for allocating sPDSCH resources allows enough flexibility for 1 or more users to access any subset of the DL sPDSCH resource in units of RMBs. An example of this is shown in Figure 4 with 2 users being assigned flexibly across 4 RMBs. Note that as explained in Section 2, the constituent RBGs (RBs) of an RMB as well as the RB sets could be either contiguous or distributed. Here, to simplify the illustration, contiguous mapping is considered. 
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Figure 4: Example of flexible DL sPDSCH allocation with 2 users assigned across 4 RMBs.
Proposal 10: Each RB set includes only one DL grant, which is placed over the sCCEs with the smallest indices within the RB set. 
The CRS-based (DMRS-based) UL grants for a low latency user can be placed in any RMB that already contains a CRS-based (DMRS-based) DL grant for any user. Additionally, the CRS-based (DMRS-based) UL grants can be placed in any RMB that do not contain either an sPDSCH allocation or a DL grant in the sPDCCH region. The UL grants can be sent at varying aggregation levels depending on the user’s assigned aggregation level, which has been indicated via RRC. 
Proposal 11: The CRS-based (DMRS-based) UL grants for a low latency user can be placed in any RMB that already contains a CRS-based (DMRS-based) DL grant for any user. Additionally, the CRS-based (DMRS-based) UL grants can be placed in any RMB that do not contain either an sPDSCH allocation or a DL grant in the sPDCCH region.
To reduce the number of required BD attempts by a UE and help decoupling the DL processing timeline from the UL processing timeline at the UE, it is desirable to guarantee that the search spaces for the DL and UL grants do not overlap. Under this approach, the UE will be able to search for the DL grants quickly and if given a DL grant, it may start the DL sPDSCH processing in parallel with the UL grant search, although the actual benefits depend on UE implementation. Further, if the UL grants are send via the sCCEs with the largest indices within the RB set, as will be discussed in this section, claiming the unused sPDCCH resources via a small number of indication bits becomes possible.
Figure 5 shows an illustrative example of the allocation position of DL and UL grants. Again, it should be noted that the configured RB set may include a set of distributed RBs within an RMB. 
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Figure 5: Allocation positions of Stage 1 downlink and uplink grants in the sPDCCH control region
Proposal 12: Within each RB set, the search spaces for DL and UL grants are non-overlapping.
Proposal 13: Within each RB set, the UL grants are sent over the sCCEs with the largest indices. 

To summarize, the sCCEs indices are mapped to the physical sCCE via a hashing function. The UEs then examine the sPDCCH hypotheses based on the sCCE ordering, e.g., the smallest sCCE index (i.e., 0) is the starting point for monitoring the DL grants, and largest sCCE index is the starting point for monitoring the UL grants. The hashing function is the same for all the users such that the starting locations are all identical. The hashing function could be dependent on the sTTI index such that the ordering is not always the same. This would help with providing diversity gain.
Proposal 14: The sCCEs indices are mapped to the physical sCCE via a hashing function. The hashing function is the same for all the users such that the starting locations are all identical. The hashing function could be dependent on the sTTI index such that the ordering is not always the same.
The sPDCCH control region is sized to accommodate the nominal level of grants and aggregation levels, and will be purposely oversized such that all grants can fit into the control region as previously shown in Figure 5. However, because of this oversizing, there will be sPDCCH resource elements that can go unused which is wasted overhead. A method can be introduced to allow these resources to be used as sPDSCH resources for user that is given the sDCI1 grant. Within the DL grant, a sPDSCH Rate Matching Information field informs the DL grant holder of sPDCCH resources that should be used for sPDSCH. Hence, the sPDSCH channel can rate match around the DL and UL grants to try to efficiently reuse this unallocated sPDCCH control space. 
The UE knows which sCCEs are used for sending the DL grant, and knows the largest sCCE index used. The sPDSCH Rate Matching Information field may include multiple bits, where each bit combination indicates which sCCEs are unused. For example, 000 may indicate no resource within the RB set is available for data, while 100 may indicate that all the sCCEs between the last sCCE used for DL grant transmission and sCCE j are available for data transmission. This is illustrated in Figure 6.
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Figure 6: sPDSCH Rate Matching Information Field sent in sPDCCH.
To give an example of the UL search space, Figure 7 shows one possible placement structure for the UL grants as a function of 4 aggregation levels. There are 4 placements for the UL sDCI1 grant at aggregation level 1, and 3 placements for aggregation levels 2, 4, and 8. Although they are shown as contiguous in this figure, these sCCEs containing the UL grants may be distributed in frequency and time. In this figure, we show 3 users A, B, and C that are sent at aggregation levels 1, 2, and 4, respectively, which are all sent in the same RB set within a particular RMB.
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Figure 7: sPDCCH uplink search space showing UL grant placement as a function of aggregation level.
The sPDSCH Rate Matching Information field within the sDCI1 grant can be sized to 3 bits to provide 8 different sCCE indices as mentioned before. In Figure 8, an example of 8 sCCE indices within the RB set is shown, which map to the start of the UL control grants corresponding to the different aggregation levels. In this example, the bit map corresponding to ‘5’ indicates that the sCCE resources between the last sCCE used for DL grant to the sCCE indexed by ‘5’ in the figure are all available for sPDSCH.
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Figure 8: Identification of the Region usable for sPDSCH via the Rate Matching Information Field.
Proposal 15: Rate matching information should be given in the DL grant to allow unused sPDCCH resources to be configured as sPDSCH resources.
One final note is that adopting a hierarchical sPDCCH search space structure, where the candidates of the smaller ALs are within the candidates of the larger ALs is desirable since the channel estimation performed for one candidate can be reused for others. This significantly reduces the processing complexity at a UE. 
Proposal 16: The sPDCCH search space design can be based on a hierarchical structure.
6
Aspects of DMRS-Based Design for sPDCCH 
In the previous section, we discussed the construction of the sPDCCH channel, which is applicable for both 1-symbol and 2-symbol sPDCCH RB sets (and both 2-symbol and 1-slot sTTIs). In this section, we provide additional details for implementing a DMRS-based sPDCCH channel mainly focused on a 2-symbol sTTI operation. While many of the principles previously presented remain valid, there are additional structural modifications introduced to the sPDCCH channel to support the DMRS-based reference tones.

Previously, we discussed the integration of control and data resources within the same RMB. Although the proposed approach can suitably work for a CRS-based implementation, it may create excessive reference signal overhead for a DMRS-based design. For example, a sPDSCH region that is co-located with both DL and UL sPDCCH grants that may be intended for different users will require separate DMRS signals for each individual user. This results in a congestion of DMRS reference symbols. It is therefore desirable to set up an FDM approach between control and data regions under the DMRS-based transmission modes. Within each of these FDM regions (sPDCCH DL grants, sPDCCH UL grants, and sPDSCH), separate user-specific DMRS signals are included as shown in Figure 9. For the purpose of illustration, for each PRB, 3 sets of DMRS tones are used per port and per RB with equal spacing in frequency. Placement of the DMRS within the RMB are shifted in frequency to ensure that there is no collision with the CRS signals.
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Figure 9: FDM placement of user-specific DMRS signal within sPDCCH DL and UL grants
Note that both the DL and UL control regions span the duration of the sTTI for both 2-symbol and 3-symbol sTTIs.
Additionally, note that the same rate matching of the sPDSCH region can be performed as discussed in the preceding section. A Rate Matching Information field will be present in the DL sPDCCH control assignment within each RB set. With this information, the DL user will be able to correctly identify the DL sPDSCH portion of a given RMB.

Proposal 17: The DMRS-based sPDCCH DL assignment, sPDCCH UL assignment, as well as the sPDSCH data assignment should be FDMed. Also, sPDCCH should span the full two/three symbols of an sTTI.
Finally, as shown in this section, sending DMRS for sPDCCH demodulation in every sTTI is very costly. Hence, it would be beneficial if DMRS is not sent in every sTTI. In that case, some ways to determine the presence or absence of DMRS in an sTTI for sPDCCH demodulation should be considered.
Proposal 18: Further study how to determine the presence or absence of DM-RS in an sTTI for DM-RS based sPDCCH.
7
Conclusions 
Proposal 1: For the sTTI operation, one sCCE consists of 6 sREGs independent of the sTTI index.
Proposal 2: For the sTTI operation, the aggregation values of 1, 2, 4 and 8 are supported.

Proposal 3: The set of ALs to monitor per RB set and the number of candidates per AL is configured by a higher layer signaling such that the total number of required BDs is within the UE’s BD capability.

Proposal 4: 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. Further, it is a cell-specific parameter configured identically for all CRS-based RB sets within an RMB.

Proposal 5: The CRS-based RB sets configured for all users within a given RMB are identical. Similarly, the DMRS-based RB sets configured for all users within a given RMB are identical.
Proposal 6: The RB sets for CRS-based and DMRS based sPDCCHs per RMB can potentially be the same, non-overlapping or partially overlapping.
Proposal 7: Within each RMB, the DL/UL grants are sent to either the users configured with CRS-based sPDCCH or DMRS-based sPDCCH per RMB. These two different types of grant are not expected to be mixed within a given RMB from design perspective.

Proposal 8: For DMRS-based sPDCCH, only a localized sREG-to-sCCE mapping should be adopted. 
Proposal 9: For localized sCCE-to-sREG mapping, all the constituent sREGs of one sCCE should be consecutive in frequency.
Proposal 10: Each RB set includes only one DL grant, which is placed over the sCCEs with the smallest indices within the RB set. 
Proposal 11: The CRS-based (DMRS-based) UL grants for a low latency user can be placed in any RMB that already contains a CRS-based (DMRS-based) DL grant for any user. Additionally, the CRS-based (DMRS-based) UL grants can be placed in any RMB that do not contain either an sPDSCH allocation or a DL grant in the sPDCCH region.
Proposal 12: Within each RB set, the search spaces for DL and UL grants are non-overlapping.

Proposal 13: Within each RB set, the UL grants are sent over the sCCEs with the largest indices. 

Proposal 14: The sCCEs indices are mapped to the physical sCCE via a hashing function. The hashing function is the same for all the users such that the starting locations are all identical. The hashing function could be dependent on the sTTI index such that the ordering is not always the same.
Proposal 15: Rate matching information should be given in the DL grant to allow unused sPDCCH resources to be configured as sPDSCH resources.
Proposal 16: The sPDCCH search space design can be based on a hierarchical structure.
Proposal 17: The DMRS-based sPDCCH DL assignment, sPDCCH UL assignment, as well as the sPDSCH data assignment should be FDMed. Also, sPDCCH should span the full two/three symbols of an sTTI.
Proposal 18: Further study how to determine the presence or absence of DM-RS in an sTTI for DM-RS based sPDCCH.
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