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1	Introduction
This contribution paper provides design details and considerations for downlink processing timeline reduction in legacy LTE systems.
2	Discussion
In this contribution paper, we consider the possibility of reducing the DL timeline, i.e., the delay between the PDSCH and HARQ ACK/NAK, for a 1-ms legacy TTI from  ms to  ms, where  
To support the reduced DL HARQ timing, we address the following issues: 
1. The fallback operation to the legacy timing from the new reduced timing.
2. TA limitation.
3. Downlink control signalling restrictions.
4. TBS restriction.
5. Handling PUCCH resource allocation.
6. CA/DC operations under the reduced timeline.
7. Dynamic or semi-static timing update.
8. Downlink HARQ timing reduction in LTE-TDD.

2.1 Fallback Operation
When a new timing is introduced, it is preferable to support both the legacy and the new HARQ timings in the DL. In particular, the UEs capable of handling the reduced timing may be scheduled based on either the reduced timing or the legacy timing. If a UE is able to support different timings, e.g.  or , it is necessary to notify the UE about the chosen DL timing. One natural way to do this is to choose the legacy timing when the DL grant is in the common search space (CSS), and a shortened timing when the DL grant is in the UE-specific search space. Other approaches are possible, but  considering infrequent usage of fallback operation, the common search space based approach is sufficient.
Proposal 1: For UEs capable of supporting the new DL timings, the fallback operation should be supported via CSS.
2.2 TA Restriction
The current legacy DL HARQ timing of  is set based on the worst-case TA and DL control signalling, i.e., based on the maximum TA of 667us (corresponding to 100km site distance) and DL scheduling using EPDCCH. In order to enable DL timing reduction, some limitations can be placed on the maximum TA. As an example, when the maximum site distance is reduced to 50km, the corresponding maximum TA is 333us. Hence, a saving of 333us can be achieved. As another example, when the maximum site distance is reduced to 1km, the corresponding maximum TA is 7us. Hence, a saving of 660us can be achieved. Restricting TA would then help achieve shortened timing for legacy TTI. 
It should also be noted that the restrictions placed on the maximum TA may also depend on other features enabled in a network, e.g., CA, NAICS, eIMTA, etc. As an example, under CA operation, different UL CCs may have a maximum transmit timing difference of 31us. This timing difference should be accounted for in deciding the maximum TA. 
Thus, we propose:
Proposal 2: Supporting new shortened DL HARQ timing requires TA restriction.
2.3 DL Control Signalling Restriction
Currently, both PDCCH and EPDCCH are supported in LTE. While the former enjoys early decoding benefits due to TDM placement at the beginning of a subframe, the latter suffers from a pure-FDM structure and hence tightened HARQ timeline since the UE has to wait until the end of a subframe for EPDCCH decoding. For new HARQ timing using legacy TTI, the timing challenge is more pronounced. As a result, it is necessary to consider supporting PDCCH only scheduling for new HARQ timings. 
Proposal 3: Consider supporting only PDCCH based scheduling for new shortened DL HARQ.
2.3 TBS Restriction and Possible New HARQ Timings
Another approach potentially necessary for reducing HARQ timing is to place some restrictions on the TBS. In particular, due to PDSCH decoding, DL processing can be intensive. Hence, limiting the TBS can help reducing the DL timing. 
It is noted that under the restriction of the maximum TA and PDCCH-only scheduling, a reduction of 1-ms may be possible. For instance, a saving of 600us can be achieved if a maximum TA of 66us (covering 10km site distance) is assumed. In additional, a saving of hundreds of microseconds can be achieved comparing PDCCH-only scheduling vs. EPDCCH-scheduling. The combined restrictions can result in one millisecond saving, making it possible to support  HARQ timing without much hardware impact. 
However, the savings achieved by restricting TA and control signalling are far less than 2ms. Thus, other approaches are necessary unless significant hardware impact is expected. Although heavy TBS restriction is one approach to move towards this direction, the TBS restriction itself is not sufficient. In addition, heavy TBS restriction would make the feature of reduced HARQ timing much less useful. 
Proposal 4: In legacy 1-ms TTI, only consider the reduced DL HARQ timing of in Rel. 14. Whether or not to have TBS restriction depends on the maximum TA restriction and control channel restriction.

3.4 PUCCH Resource Allocation
Under the legacy  timing, PUCCH resources in subframe  provide HARQ ACK/NAK feedback for the DL grants scheduled in subframe . Since only a single fixed timing is assumed for all UEs, the PUCCH resource allocation based on the index of the first CCE/ECCE associated with each DL grant guarantees that different PUCCH resources are assigned to different DL grants. Hence, PUCCH resources for different UEs are not expected to collide.   
With the introduction of the new DL HARQ timing, however, it may happen that a given PUCCH resource in subframe  is assigned to multiple DL grants scheduled in different subframes. As an example, as shown in the figure below, a PUCCH resource in subframe  may be assigned to two DL grants; the first PDSCH is granted in subframe  with timing, and the second PDSCH is granted in subframe  with  timing. As a result, when different timings are supported, PUCCH resource collision may happen.  
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To address this issue, one natural way is to introduce a timing-dependent PUCCH resource offset. Another approach is to report HARQ feedback for only one of the PDSCHs.  In particular, we can provide HARQ feedback only for the fallback operation. 
Proposal 5: When a new timing is introduced, the PUCCH resource allocation scheme should be modified to avoid resource collision across multiple DL grants scheduled over different subframes with different timings.

2.5 CA/DC Operations under the Reduced Timeline
For each UE, the selected timing is a function of both its own capability as well as eNB capability. However, under CA/DC, if each CC is allowed to have its own timing configuration, different CCs may have different timings. Hence, even if a UE is capable of operating under a new DL timing over all CCs, some CCs may belong to the eNBs which do not configure or support the new reduced timing. Further, under the DC operation, different groups of CCs may be asynchronous; the maximum TA between these groups could be significantly different. In order to enable shortened DL timing under CA/DC, the following two approaches can be considered. 
First Approach: Depending on both the UE capability and the DL HARQ timing that can be supported over each CC, the DL timing of each UE per-CC can be specified. For example, a UE can be configured with  on the PCell and  over a subset of SCells. When this approach is adopted in the downlink, the PUCCH resource allocation procedure should be carefully looked at. In particular, when different DL HARQ timings are supported over different CCs, PUCCH resources may collide. This is shown in the figure below, where a PUCCH resource at subframe  has to report UCI for PDSCHs scheduled over PCell at subframe  and an SCell at subframe . 
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When collision occurs, one may multiplex the corresponding UCIs over a shared PUCCH resource. However, this approach may degrade uplink coverage. Alternatively, parallel PUCCH transmission can be considered; nevertheless, this approach violates the SC-FDM property needed to meet UE’s coverage in the uplink. One other way to address the PUCCH resource collision is to report HARQ feedback for only one of the PDSCHs.  In particular, we can provide HARQ feedback only for the fallback operation.[footnoteRef:2]  [2:  Based on the discussion in Section 2.1, the HARQ feedback associated with a DL grant scheduled in the UE-specific search space can be dropped.] 

Second Approach: The chosen DL HARQ timings for a given user are identical over all CCs. As an example, if handling  over all CCs is feasible for a given UE, then the UE is scheduled using  over all CCs. If even one of the configured CCs is unable to support the reduced DL HARQ timing, then  is chosen over all CCs. As opposed to the first approach, this approach clearly simplifies the design of legacy LTE systems under CA/DC with shortened DL timing. Hence, we propose to consider the second approach for enabling shortened DL HARQ timing under CA/DC operations.[footnoteRef:3] [3:  The impact of reducing the UL timing under the CA/DC is discussed in [1].] 

Proposal 6: In CA/DC, a UE is configured with a new reduced DL HARQ timing only if it can be supported over all CCs. Otherwise, the legacy timing of  is considered over all configured CCs. 

2.6 New HARQ Timing Management
As mentioned before, the supported timing for a given UE depends on both its own capability as well as the serving eNB capability. As an example, if both UE and eNB are capable of operating under  timing, the UE can be scheduled using either  or timing. An important question to address is that whether the timing has to be updated semi-statically, or can be updated adaptively? Clearly, updating the downlink HARQ timing in an adaptive manner, i.e., potentially over each subframe, complicates the HARQ management. 
Let us take a closer look at TDD systems. In the legacy LTE TDD, the DL association sets, i.e., the mapping between the DL subframes and their associated UL subframes for ACK/NAK feedback, are defined according to the  timing. With the addition of the new reduced timing, the DL association sets should be modified based on the timings in use. This can be seen from the table below which demonstrates the DL HARQ association sets for each given DL timing for TDD configuration 0. Each row of the table corresponds to a given DL timing configuration. In each case, UL subframe  is associated with the DL subframe . 
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As seen from this table, the downlink association sets are dependent on the underlying DL HARQ timing considered in a system. Therefore, the new DL association sets should account for the possibility of updating the HARQ timing from  to  and vice versa. This can be done in two ways. First, the new DL HARQ association set can be defined as the union of the association sets corresponding to the supported timings. When both  and  timings are supported, the new DL HARQ association set for TDD configuration 0 is shown in the table below:
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The second approach to define the new DL HARQ association sets is similar to the previous approach; however, when multiple DL grants with different HARQ timings are associated with a given UL subframe, only one assignment is considered valid. When both  and  timings are supported, the DL HARQ association set for TDD configuration 0 under the second approach is shown in the table below:

New DL Association Set for TDD Configuration 0 with n+3 and n+4 Using Approach 2
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In both cases, this would introduce non-trivial specification impact. As a result, it is desirable to only allow for semi-static DL HARQ timing update, such that only one associated set is assumed by the UE. Note that in this case, if fallback operation based on  timing is detected by the UE, wherein the fallback operation is not expected to be frequently occurred, the UE can take the fallback operation with a higher priority and drop HARQ feedback for the new timing accordingly.
Proposal 7: DL HARQ timing is updated/configured in a semi-static manner.  
Proposal 8: In TDD LTE with new reduced DL timings, DL association sets should be modified.
3	Conclusions 
Based on the discussion presented in the paper, we outline the specific issues that need to be considered for reducing the DL timing in a legacy LTE network. In particular, we propose:
Proposal 1: For UEs capable of supporting the new DL timings, the fallback operation should be supported via CSS.
Proposal 2: Supporting new shortened DL HARQ timing requires TA restriction.
Proposal 3: Consider supporting only PDCCH based scheduling for new shortened DL HARQ.
Proposal 4: In legacy 1-ms TTI, only consider the reduced DL HARQ timing of in Rel. 14. Whether or not to have TBS restriction depends on the maximum TA restriction and control channel restriction.
Proposal 5: When a new timing is introduced, the PUCCH resource allocation scheme should be modified to avoid resource collision across multiple DL grants scheduled over different subframes with different timings.
Proposal 6: In CA/DC, a UE is configured with a new reduced DL HARQ timing only if it can be supported over all CCs. Otherwise, the legacy timing of  is considered over all configured CCs. 
Proposal 7: DL HARQ timing is updated/configured in a semi-static manner.  
Proposal 8: In TDD LTE with new reduced DL timings, DL association sets should be modified
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