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1
Introduction
The WI on Latency reduction techniques for LTE has been approved in [1], where one of the objectives is to enable reduced minimum timing/processing time for 1ms TTI.  
At RAN1#86 [2] a processing time reduction to n+3 timing has been agreed: 

Agreement:

· For FS1,2&3, a minimum timing n+3 is supported for UL grant to UL data and for DL data to DL HARQ for UEs capable of operating with reduced processing time with only the following conditions: 

· A maximum TA is reduced to x ms, where x <= 0.33ms (exact value FFS); 

· At least when scheduled by PDCCH 

· For FS2, new DL HARQ and UL scheduling timing relations will be defined

· Details FFS

· FFS:

· Possibility of scheduling by EPDCCH.

Moreover, asynchronous UL HARQ has been agreed to be used with reduced processing time operation for 1ms TTI based on the following agreement in [2]: 

Agreement:

· PHICH-less asynchronous HARQ for UL is used for 1 ms TTI with shortened processing time 
· For FS1 and FS2, bit fields are defined in the applicable DCI messages to indicate HARQ processes ID and RV 
· No change in FS3 asynchronous UL HARQ operation
Furthermore, RAN1 agreed on dynamic fall-back operation to legacy processing time (i.e. n+4 assumption) with the following related agreement taken at RAN1#87 [3]:

Agreement
· For 1 ms TTI shortened processing, support fallback to legacy processing timing n+4 by the search space, i.e.  DCI for processing time n+3 are carried in USS of PDCCH and DCI for processing time n+4 are carried in CSS of PDCCH.
· For PDSCH the HARQ processes of n+3 1ms TTI and n+4 1ms TTI are shared
· FFS: Possible PUSCH HARQ processes sharing between n+3 1ms TTI and n+4 1ms TTI
· FFS: UE behaviour in case of n+3 and n+4 collision
· Note: It is not expected that the eNB will often change between n+3 and n+4 scheduling timing
In this contribution, we discuss several aspects of asynchronous UL HARQ. In Section 2, we provide our input on the supported UL HARQ operation with legacy (i.e. n+4) processing time. In Section 3, we discuss the interaction/sharing of synchronous UL HARQ processes using legacy n+4 timing and asynchronous UL HARQ using reduced processing timing (i.e. n+3) considering the FFS issue noted above. In Section 4, we discuss details on the DCI design to support asynchronous UL HARQ for reduced processing time operation for 1ms TTI.
2
UL HARQ for N+4 processing time

Legacy LTE PUSCH operation (with N+4 processing time) is using synchronous UL HARQ operation. So far, in the discussions in RAN1 it has been assumed that the legacy 1ms TTI operation is not to be changed due to the introduction of shorter TTI and reduced processing time operation. 

However, in [4] enabling asynchronous UL HARQ also for legacy (N+4) PUSCH timing is discussed in relation to sTTI HARQ process handling, by proposing ‘Support asynchronous UL HARQ for 1ms TTI operation with n+4 timing and for UEs configured with sTTI operation’. To keep the discussions general, the same could be also considered in relation to N+4 and N+3 timing HARQ process sharing for carriers where N+3 timing is configured.

Based on the fallback agreement from RAN1#87 stated above, if N+3 timing is configured for a UE (on a carrier), then the UE would monitor on USS only based on the N+3 timing assumptions (i.e. asynchronous HARQ). The only exception is the PCell, where the UE would still monitor on CSS for UL grants with N+4 timing. As the CSS operation is to be regarded as overall fallback to legacy operation, the UL HARQ assumption when scheduling from CSS should not be changed. This should be equally applicable for configured N+3 processing time of 1ms TTI as well as shorter TTI operation. 

Proposal 1: When PUSCH is scheduled from CSS (i.e. using legacy timing), PUSCH is scheduled by DCI format 0 and uses the legacy (synchronous) UL HARQ mechanism independently of shorter TTI or reduced processing time 1ms TTI operation. 
The discussion on UL HARQ operation for N+4 on USS in connection to shorter TTI is therefore a different issue to be handled in the specification of the shorter TTI feature, and we discuss that in our companion contribution on HARQ operation for shorter TTI [5].  

3
Synchronous & Asynchronous UL HARQ interaction 
There are basically two different options considering the UL HARQ operation when both asynchronous and synchronous HARQ mechanisms are available: 

A. Separate UL HARQ process handling for synchronous and asynchronous HARQ: 
In this case, an UL HARQ process started with synchronous HARQ (with legacy n+4 timing) can only be completed using synchronous HARQ operation with legacy timing. Similarly, an UL HARQ process started with asynchronous HARQ (and reduced processing time) can only be completed using asynchronous HARQ operation with reduced processing time. Such separate handling is clearly technically feasible but can potentially reduce the benefits that shortened processing times for 1ms TTI can provide. 
B. Joint UL HARQ process handling/HARQ process sharing for synchronous and asynchronous HARQ: 
With joint HARQ process handling, an UL HARQ process started by an initial transmission using synchronous HARQ (and legacy processing time) may be scheduled for asynchronous HARQ retransmission (using reduced processing time), and vice versa. With this approach, eNB can dynamically still impact the latency of the data associated with a UL HARQ process after the grant for the initial transmission has been sent. 
The two options are compared in Figure 1 with an example of transition from the legacy to the shortened processing time. In Figure 1 it is assumed that retransmissions of packets whose first transmissions are made with legacy processing time can be done with shortened processing time (of n+3 /RTT=6) which would allow to minimize their latency.  
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Figure 1: Latency benefit of joint UL HARQ process handling (n+3/RTT=6). 
Looking at the two possibilities for the UL HARQ interaction between synchronous UL HARQ with legacy processing time and asynchronous UL HARQ with reduced processing time, we think that the joint UL HARQ process handling has latency advantage and therefore should be supported.

Proposal 2: Support retransmission using adaptive, asynchronous UL HARQ (with reduced processing time) of a pending synchronous UL HARQ process (of legacy processing time). 

For the legacy UL HARQ operation there is no mapping between PUSCH in a certain subframe and the related HARQ ID available, which would be needed to address the re-transmission of an n+4 initial asynchronous UL HARQ grant. However, the relationship between the subframe carrying UL-SCH and the HARQ ID can be obtained by following HARQ process ID definition that RAN2 lately specified in Sec. 5.4.2 of 36.321-d20 for the SPS enhancements to reduce the UL processing time:
For configured uplink grants, the HARQ Process ID associated with this TTI is derived from the following equation for asynchronous UL HARQ operation:

HARQ Process ID = [floor(CURRENT_TTI/semiPersistSchedIntervalUL)] modulo numberOfConfUlSPS-Processes,
where CURRENT_TTI=[(SFN * 10) + subframe number] and it refers to the subframe where the first transmission of a bundle takes place.

A similar mapping to HARQ ID would be in general possible considering FDD and TDD cells also for normal (non SPS) scheduling. Looking at the different timing relations for TDD, considering the different number of UL subframes within a 10ms radio frame as well as the different number of required UL HARQ processes for different TDD configurations the following formula could be used for deriving a virtual HARQ process ID: 

HARQ_Process_ID = [SFN * number_of_UL_SFs_per_radio_frame + index_of_UL_SF] modulo number_of_UL_HARQ_processes,  

where SFN is the system frame number, index_of_UL_SF is equal to n-1 for the n:th UL subframe within a radio frame, and the other two parameters are dependent on the frame-structure and the UL/DL configuration as shown in Table 1.
Table 1: Number of UL subframes per radio frame as well as number of supported 
UL HARQ processes for TDD and FDD
	Frame structure / TDD UL/DL configuration
	Number of UL SFs per radio frame
	Number of UL HARQ processes

	FDD
	10
	8

	TDD UL/DL Config. 0
	6
	7

	TDD UL/DL Config. 1
	4
	4

	TDD UL/DL Config. 2
	2
	2

	TDD UL/DL Config. 3
	3
	3

	TDD UL/DL Config. 4
	2
	2

	TDD UL/DL Config. 5
	1
	1

	TDD UL/DL Config. 6
	5
	6


Special attention should be paid for derivation of the virtual ID for TDD UL/DL Configuration 0 because in this case the SFN wrap-around means that the same virtual process ID will be given for two HARQ processes in SFN 1023 and 0. The simplest solution would be to rely on eNB implementation avoiding asynchronous grants that would cause ambiguity around SFN change from 1023 to 0.
In short, we propose to define a generic mapping of HARQ ID to an UL subframe e.g. as presented above to enable joint HARQ process handling between synchronous and asynchronous UL HARQ. 

Proposal 3: Define a mapping of an UL subframe to a virtual HARQ ID for legacy synchronous HARQ as has been done for SPS latency enhancements in 36.321, such as using HARQ_Process_ID = [SFN*number_of_UL_SFs_per_radio_frame+ index_of_UL_SF] modulo number_of_UL_HARQ_processes, 
Now let’s consider how to operate a retransmission using asynchronous UL HARQ of an UL HARQ process earlier transmitted using synchronous UL HARQ. As the UL grant for asynchronous HARQ will contain the full information required for a retransmission of a pending UL HARQ processes (namely HARQ process ID, RV as well as the related NDI) there should not be any problem to enable such operation when having the virtual HARQ ID from the synchronous UL HARQ process available. 
When trying to enable the inverse, i.e. first transmission with asynchronous HARQ and retransmission using synchronous HARQ procedure with legacy timing the advantages are not that clear: 

· For PHICH based re-transmission, there is a fixed mapping of the RV sequence {2,1,3,0}. As noted in the eLAA discussions, for asynchronous HARQ the RV needs to be explicitly included in the UL grant to prevent a miss-understanding between UE and eNB about the applicable redundancy version. Therefore, using PHICH based retransmission of an HARQ process initiated with asynchronous HARQ (of shortened processing time) is not seen as feasible and only synchronous, adaptive UL grant based retransmission using MCS 29-31 (for explicit indication of the RV) will be possible. Therefore, there is no DL control overhead savings possible through PHICH utilization. 

· Moreover, as the latency using an asynchronous HARQ retransmission would be shorter, we do not see what could be the motivation to schedule a retransmission of adaptive, synchronous HARQ with legacy processing time after a first transmission of asynchronous HARQ with reduced processing time.
· As DCI formats 0/4 are not containing the HARQ ID, a similar virtual HARQ ID mapping would be needed. But this might require the eNB to wait to schedule the UE in the corresponding subframe of the HARQ ID – which in worst case would mean to wait/delay the scheduling of up to 7 SFs in case of FDD, which would just increase the latency even compared to using legacy processing time and synchronous UL HARQ in the first place. 

As no advantages but even some drawbacks have been identified, we suggest to not support synchronous, non-adaptive retransmission using legacy processing time for a HARQ processes initially scheduled with asynchronous UL HARQ and reduced processing time. 

Proposal 4: A retransmission using adaptive, synchronous UL HARQ (with legacy processing time) of a pending asynchronous UL HARQ process (of reduced processing time) is not supported. 
4
UL grant details for N+3 PUSCH
At RAN1#86, the details on asynchronous UL HARQ operation for FS3 have been completed with the following outcome: 

· A 4-bit HARQ ID is to be included in all UL DCI formats

· The HARQ ID indicates both HARQ processes/TBs in case of UL TM2

· A 2-bit RV ({0…3}) is included in DCI format 0A/4A indicating the applicable RV

· The RV is applicable to both TBs in case of UL TM2 scheduled with DCI format 4A

The design for the HARQ ID field (applicable to both TBs in case of UL TM2) and RV (same RV applicable to both TBs in case of UL TM2) could be directly used also for the asynchronous UL HARQ indication for reduced processing time operation for FS1 and FS2. The only difference one might consider is, that a maximum of 8 HARQ IDs (i.e. 3bit) will be needed for FS1 and FS2 in contrast to LAA. 

New DCI formats scheduling PUSCH including the HARQ ID field and RV field for N+3 PUSCH operation will be needed and are denoted here with DCI format 0C (for UL TM1) and DCI format 4C (for UL TM2). The size of the new UL DCI format 0C (scheduling UL TM1 with N+3 processing time) will be therefore 5-6bits/~15% larger compared to the legacy DCI format 0. To reduce the number of blind decodes in legacy operation, the sizes of DCI Format 0 and DCI Format 1A are aligned. We therefore have either the options to try to align the size of DCI Format 0C with DCI Format 1A as well – or give up this advantage in terms of blind decoding and handle the issue otherwise. From simplicity point of view, we think that it would be advantageous to aligning the sizes of the new DCI format 0C with DCI format 1A as done for eLAA and DCI Format 0A.

Clearly, from N+3 operation point of view, only 8 HARQ process (for FDD/FS1) as for the case of legacy will be needed, requiring a HARQ ID field size of 3bits. There are proposals to enable more HARQ processes in conjunction with shorter TTI operation [4], which might require a field size of 4 bits and which we discuss in our contribution [5]. Depending on the decision related to shorter TTI operation, the size of the bitfield should be either 3 or 4 bits (independently, if a UE is configured for shorter TTI operation or not).
Overall, our discussions can be summarized in the following proposals: 

Proposal 5: Define DCI format 0C for scheduling UL TM1 with N+3 timing as well as DCI format 4C for scheduling UL TM2 with N+3 timing. The sizes of the new DCI format 0C should be aligned (by bit padding) to the size of DCI Format 1A.
Proposal 6: Include a single HARQ ID field to the UL DCI formats scheduling 1ms PUSCH with reduced processing time (DCI formats 0C/4C). The HARQ ID in case of UL TM2/DCI Format 0C applies to both UL HARQ processes. 

· FFS: the number of bits of the HARQ ID field (3 or 4 bits), depending on short TTI decisions.
Proposal 7: Include a 2-bit RV field indicating the RV from the set {0,1,2,3} to the UL DCI formats scheduling 1ms PUSCH with reduced processing time (DCI formats 0C/4C). The indicated RV is applicable to both TBs in case of UL TM2/DCI format 4C. 
5
Conclusions
In this contribution, we discuss open issues in terms of asynchronous HARQ operation for 1ms TTI. Based on the discussions in this contribution, the following observations and proposals are made:
Proposal 1: When PUSCH is scheduled from CSS (i.e. using legacy timing), PUSCH is scheduled by DCI format 0 and uses the legacy (synchronous) UL HARQ mechanism independently of shorter TTI or reduced processing time 1ms TTI operation.
Proposal 2: Support retransmission using adaptive, asynchronous UL HARQ (with reduced processing time) of a pending synchronous UL HARQ process (of legacy processing time).

Proposal 3: Define a mapping of an UL subframe to a virtual HARQ ID for legacy synchronous HARQ as has been done for SPS latency enhancements in 36.321, such as using HARQ_Process_ID = [SFN*number_of_UL_SFs_per_radio_frame+ index_of_UL_SF] modulo number_of_UL_HARQ_processes,

Proposal 4: A retransmission using adaptive, synchronous UL HARQ (with legacy processing time) of a pending asynchronous UL HARQ process (of reduced processing time) is not supported. 

Proposal 5: Define DCI format 0C for scheduling UL TM1 with N+3 timing as well as DCI format 4C for scheduling UL TM2 with N+3 timing. The sizes of the new DCI format 0C should be aligned (by bit padding) to the size of DCI Format 1A.
Proposal 6: Include a single HARQ ID field to the UL DCI formats scheduling 1ms PUSCH with reduced processing time (DCI formats 0C/4C). The HARQ ID in case of UL TM2/DCI Format 0C applies to both UL HARQ processes. 

· FFS: the number of bits of the HARQ ID field (3 or 4 bits), depending on short TTI decisions.
Proposal 7: Include a 2-bit RV field indicating the RV from the set {0,1,2,3} to the UL DCI formats scheduling 1ms PUSCH with reduced processing time (DCI formats 0C/4C). The indicated RV is applicable to both TBs in case of UL TM2/DCI format 4C. 
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