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1
Introduction
In RAN1 #85, the following agreement was reached:

Agreements:
· 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 is RB or RE level
In this contribution, we provide some design details to enable efficient multiplexing of sPDCCH and data over each sTTI. In order to do this, an efficient sPDCCH search space arrangement scheme and sPDSCH resource management scheme should be devised. Building upon these schemes, dynamic rate-matching that exploits the unused sPDCCH resources for sPDSCH transmission can be achieved. In particular, this contribution paper focuses on addressing the following issues:

1.  Block-based sPDSCH resource assignment
2. sPDCCH search space structure
3. sPDSCH rate-matching within the sPDCCH region. 
2
sPDSCH and sPDCCH Resource Assignments
As the TTI length reduces, there are specific challenges with the data channel design. The design should efficiently support multiple sTTI users accessing the sPDSCH simultaneously. Additionally, specification of sPDSCH resources must be minimized to prevent large sPDCCH payload resulting in unacceptable control overhead. Allocation of sPDSCH resources into defined blocks of separate data regions wherein 1 or more users can access either 1, multiple, or all of the defined sTTI data blocks is therefore essential. 
Further, to increase the multiplexing capability, the sPDCCH control channel should be embedded within each block and positioned in the first symbol at least under the CRS-based transmission to allow for early decoding. A high level diagram of this structure is shown in Figure 1.

There can be multiple blocks defined with varying size in frequency, and the blocks can be defined to span the whole system bandwidth or a portion of the bandwidth as shown in the figure. Note that each block consists of a number of PRBs, and can be either consecutive or distributed depending on the resource allocation type. In particular, each block can be thought of as an RBG with a flexible size. The block structure can be semi-statically defined via higher layer signalling. This allows for a baseline resource structure that (1) does not consume legacy PDCCH or sPDCCH resource overhead to define, (2) can allow for multiple UEs to access an sTTI resource at the same time, (3) can allow for a UE to be flexibly allocated a variable allocation of sPDSCH resources within the same TTI, and (4) can be modified and changed as needed by the eNB via higher layer signalling.
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Figure 1: Diagram of downlink sTTI Resource Allocation.
The sTTI duration is fixed within a block. However, as previously discussed, multiple blocks that are configured with the same sTTI length can be jointly scheduled for a particular user in a given sTTI period, and this information is conveyed in the sPDCCH channel. Note that for 1-slot sTTI, block based resource allocation may also be adopted, although the block size for slot sTTI and 2-symbol sTTI should generally be different. As an example, the resource allocation granularity for slot sTTI can be double that of the legacy 1-ms TTI based scheduling (e.g., 2-RB based block scheduling).

Proposal 1: A block based sTTI design should be considered at least for the 2-symbol sTTI, allowing eNB to flexibly assign one or more UEs to one or more sTTI blocks.
Proposal 2: The blocks for sTTI scheduling may have different sizes, e.g., via a higher layer signaling.
3
sPDCCH Search Space Structure

As previously mentioned, the sPDCCH 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 “virtual” sTTI blocks to determine if an sDCI1 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 previously either via a stage 0 grant, if sDCI2 is adopted, or a higher layer signalling. This minimizes the number of blind decodes. 
To simplify the search space for sDCI1, we can always assume that it is placed in the first position of the sPDCCH region of a given virtual sTTI block. Upon finding the DL grant, it will then determine the blocks that it should use for sPDSCH reception. It will automatically assume that the sPDSCH region in the block 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 blocks in addition to the block 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 block, and the number of decodes to determine the DL grant is limited to the number of blocks that are configured by the cell. 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 sTTI blocks. An example of this is shown in Figure 1 with 2 users being assigned flexibly across 4 sTTI blocks.
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Figure 1: Example of flexible DL sPDSCH allocation with 2 users assigned across 4 sTTI blocks.
Proposal 3: The sDCI1 should indicate block-based resources to be used for sPDSCH. 
An sDCI1 UL grant for a low latency user can be placed in any sTTI block that already contains a DL grant for any user. UL grants can additionally be placed in any sTTI block that does not contain sPDSCH allocation. Further, all UL grants can be squeezed in one block that satisfies the two mentioned conditions. The UL grants can be sent at varying aggregation levels depending on the user’s assigned aggregation level, which has been indicated in sDCI2 that was previously sent, or via a higher layer signalling. The UL grants are always sent at or near the end of the predefined sPDCCH control region, with the exact position dependent on the configured aggregation level. The reason for separating the sDCI1 DL and UL grants and allocating them at the beginning and end of the sPDCCH control region, respectively, is to guarantee that the search spaces for the DL and UL grants do not overlap. This aspect greatly reduces the number of required blind decode attempts by a UE and helps to decouple the DL processing timeline from the UL processing timeline at the UE.
Figure 2 shows the allocation position of sDCI1 downlink and uplink grants. As shown in the figure, the DL grant always occupies the first position within the virtual sPDCCH control region. Multiple uplink grants can be placed at the end of the virtual control region for multiple users. Note again that the figure shows the sPDCCH and the embedded uplink and downlink grants as contiguous virtual resources, but the physical resources actually used can be interleaved across the sTTI block. Also, as shown, different aggregation levels can be used for the different users.
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Figure 2: Allocation positions of sDCI1 downlink and uplink grants in the sPDCCH control region.
It is important to note that the proposed search space design and the rate-matching scheme can be considered for both CRS-based and DMRS-based transmission modes. In particular, regardless of the fact that the control information is constrained within the first symbol only (for CRS-based TMs) or not (for DMRS-based TMs), it is beneficial to assign separate resources to the UL and DL grants within each block so that the rate-matching can be done efficiently as will be explained in Section 3.
Proposal 4: Multiple aggregation levels should be supported in the low latency control design. A user’s aggregation level can be sent in an sDCI2 grant or via RRC signalling to reduce the number of blind decodes required for receiving the sDCI1 grants within the sPDCCH control region.
Proposal 5: For both CRS-based and DMRS-based transmission modes, the DL and UL control regions within the sPDCCH region should be separated.
Proposal 6: The UL grants can be placed in any resource block that contains a DL grant for any user, or any sTTI that does not contain sPDSCH allocation. Further, UL grants can be squeezed in one block that satisfies the two mentioned conditions.
The eNB can choose the exact placement of the uplink grants based upon the UL grant aggregation levels, and these positions can be statically defined. For a given aggregation level, multiple grant positions can be defined – more grant positions allow for eNB scheduling flexibility, but comes at the expense of more blind decoding attempts at the UE receiver. However, note that the separation of the DL grant position and the UL grant position into the beginning and end of the sPDCCH control region, respectively, may facilitate a UE to decouple the DL processing timeline from the blind decodes required to search for the UL grants. 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. 
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 are able to fit into the control region as previously shown in Figure 2. However, because of this oversizing, there will be sPDCCH resource elements that can go unused. A method can be introduced to allow these resources to be used as sPDSCH resources for a user that is given the sDCI1 DL grant. Within the DL grant, an 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 sPDSCH Rate matching Information field can indicate the start of UL grants within the sPDCCH control region as shown in Figure 3.
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Figure 3: sPDSCH Rate Matching Information Field sent in sPDCCH.
Figure 4 shows one possible placement structure for the UL grants as a function of 4 aggregation levels. There are 4 placements for the sDCI1 UL grant at aggregation level 1, and 3 placements for aggregation levels 2, 4, and 8. They all are collocated at the end of the sPDCCH region, and can provide enough flexibility to support multiple uplink users at different aggregation levels. 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 sPDCCH region within a particular sTTI block.
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Figure 4: sPDCCH uplink search space showing UL grant placement as a function of aggregation level.
Proposal 7: The UL grants should always be placed at the end of the virtual sPDCCH control region. The sPDCCH should support multiple simultaneous uplink users at multiple aggregation levels.
3
sPDSCH Rate-Matching Scheme
The sPDSCH Rate Matching Information field within the sDCI1 DL grant can be sized to, e.g., 3 bits to provide 8 locations within the sPDCCH region to identify the start of the UL grants within the control region. In Figure 5 , an example of the 8 locations within the sPDCCH control region are shown which map to the start of UL control grants corresponding to the different aggregation levels. For this example, 3 UL grants are allocated for three separate users, with the first grant placement for User C. In user B’s DL grant, the sPDSCH Rate Matching Information field is populated with the value of 5 which informs user B that the portion of the control region starting at the end User B’s DL grant to the start of the placement marker ‘5’ within the control region will be used for sPDSCH data transmission.
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Figure 5: Identification of the Region usable for sPDSCH via the Rate Matching Information Field

Proposal 8: Rate matching information should be given in the sDCI1 DL grant to allow the unused sPDCCH resources to be used by sPDSCH.
Proposal 9: Further study the rate-matching indicator payload.

Using this overall sPDCCH grant scheduling scheme, multiple benefits are realized:
· Multiple sTTI blocks can be allocated semi-statically such that low latency operation can co-exist efficiently with legacy 1ms operation. Both the 2-symbol and 1-slot sTTI operations can be achieved in a same subframe by allocating their usage to separate frequency resources. 

· One or more users within the same sTTI can be allocated a varying sPDSCH allocation with sTTI block granularity.
· Multiple aggregation levels can be supported to prevent sizing sPDCCH control grants based on worst case UE.
· Additional sPDSCH rate matching information can be allocated in the sDCI1 DL grant to efficiently convert unused sPDCCH control resources into sPDSCH data resources.
· DL grant and UL grant search spaces are physically separated to simplify the grant reception procedure at the UE. DL grants can be easily accessed at the start of sPDCCH control region. Additional blind decodes for UL grant are performed in a separate search space and conditioned on the particular aggregation level given to that UE in a prior sDCI2 or via RRC signaling. The DL grant reception and sPDSCH processing timeline can be fully decoupled from the UL grant and processing timeline.
4
Conclusions  
Proposal 1: A block based sTTI design should be considered at least for the 2-symbol sTTI, allowing eNB to flexibly assign one or more UEs to one or more sTTI blocks.
Proposal 2: The blocks for sTTI scheduling may have different sizes, e.g., via a higher layer signaling.
Proposal 3: The sDCI1 should indicate block-based resources to be used for sPDSCH. 

Proposal 4: Multiple aggregation levels should be supported in the low latency control design. A user’s aggregation level can be sent in an sDCI2 grant or via RRC signalling to reduce the number of blind decodes required for receiving the sDCI1 grants within the sPDCCH control region.
Proposal 5: For both CRS-based and DMRS-based transmission modes, the DL and UL control regions within the sPDCCH region should be separated.
Proposal 6: The UL grants can be placed in any resource block that contains a DL grant for any user, or any sTTI that does not contain sPDSCH allocation. Further, UL grants can be squeezed in one block that satisfies the two mentioned conditions.
Proposal 7: The UL grants should always be placed at the end of the virtual sPDCCH control region. The sPDCCH should support multiple simultaneous uplink users at multiple aggregation levels.

Proposal 8: Rate matching information should be given in the sDCI1 DL grant to allow the unused sPDCCH resources to be used by sPDSCH.
Proposal 9: Further study the rate-matching indicator payload.
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