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1. Introduction

In RAN1 #73 meeting, the following working assumption about eIMTA signaling mechanism was agreed:
· Explicit L1 signalling of reconfiguration by UE-group-common (e)PDCCH
· FFS which search space is used for this signalling 

· FFS the fallback solution to improve reliability and robustness of the explicit solution

· FFS the necessary UL scheduling timing and HARQ timing signalling 

· Strive to avoid additional blind decodes
Under this working assumption, HARQ design for eIMTA will be further discussed. In this contribution, we first compare three existing solutions for eIMTA HARQ timing and then discuss the remaining problems for eIMTA HARQ design.
2. Comparison of Existing Solutions for HARQ Timing
In dynamic TDD system, there will be HARQ timing issue at the TDD UL-DL reconfiguration boundary [1]. Without loss of generality, the HARQ timing issue can be illustrated in Fig. 1, using HARQ-ACK feedback for PDSCH as an example. In Fig. 1, we observe that subframe #3 in the post radio frame is expected to be scheduled for the HARQ-ACK feedback of subframe #7 in the previous radio frame (if dynamic TDD reconfiguration is not applied). However, due to dynamic TDD reconfiguration, subframe #3 in the post radio frame now changes from a UL subframe to DL subframe, so HARQ-ACK feedback for PDSCH cannot be supported in this subframe any longer.  In addition, we should note that even if the transmission direction of one UL subframe remains unchanged after dynamic TDD reconfiguration, the HARQ timing across the reconfiguration boundary may NOT remain the same as that specified in the current specification.
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Figure 1. Problem statement

Different solutions for eIMTA HARQ timing have been proposed [2-8]. Generally speaking, these solutions can be classified into three categories:
· Category 1: Static HARQ timing with the predefined reference configurations [2-4]
· Category 2: Semi-static HARQ timing with the configurable reference configurations [5-7]
· Category 3: Dynamic HARQ timing, i.e., select one reference configuration for each reconfiguration boundary [8]

In the following text, we will provide analysis and comparison for the above three existing solutions.
2.1 Static HARQ Timing
For static HARQ timing, some predefined TDD UL-DL configurations will be set as reference configuration for DL and UL. To support HARQ timing of all seven candidates for TDD UL-DL configurations, the reference configuration of DL/UL should include the superset of DL/UL subframes of the candidate configurations. One straightforward solution is to set Config. 5 for DL reference configuration and Config. 0 for UL reference configuration.
This scheme is simple and has little specification impact, i.e., only some minor revisions will be needed to deal with other HARQ related issues, e.g., soft buffer handling and UL synchronous HARQ. In addition, the reference configuration for HARQ timing is static and will not change with the dynamic TDD UL-DL reconfiguration, so HARQ timing will not be influenced by the reconfiguration signalling error. But we should keep in mind that the mapping relationship between DL subframe and UL subframe for HARQ-ACK feedback may still be wrong if UE cannot correctly receive reconfiguration signalling.
The disadvantages of static HARQ timing include large feedback latency and unbalanced feedback load among different subframes. Since the HARQ-ACK for PDSCH and PUSCH will be fed back only in fixed subframes, the feedback latency of some subframes will be very large. The larger feedback latency will increase the RTT, which may reduce the benefits of dynamic TDD reconfiguration. For DL reference Config. 5, there’s only one fixed UL subframe, so all HARQ-ACK feedback for DL transmission should be sent in this subframe, i.e., subframe #2. Therefore, only PUCCH format 3 or HARQ-ACK multiplexing can be used according to the current 3GPP specification, which may have lower feedback efficiency and cause resource waste.  In addition, if Config. 0 is fixed as UL reference configuration, the 2 bits DAI/UL index indicator field will always be  interpreted as UL index indicator. So eIMTA UEs cannot know the actual number of scheduled transport blocks and may miss some transport blocks, which may cause some system performance degradation.
2.2 Semi-static HARQ Timing
For semi-static HARQ timing, the reference configuration can be semi-statically configured by higher layer signaling, e.g., RRC signalling, independent of the actual TDD UL-DL reconfiguration.
As analyzed in [6], the candidate TDD UL-DL configuration set should be based on the UL and the DL reference configurations. Otherwise, it is also possible to derive the candidate UL-DL configuration subset from the actual UL-DL configurations and then semi-statically change the UL-DL reference configuration. This scheme considers the actual TDD UL-DL configurations varying with time, so it can shorten the feedback latency and make the HARQ-ACK feedback distributed more evenly. 

Such semi-static HARQ timing may bring more specification impacts compared with the static HARQ timing.  In LTE Rel-10, HARQ process number and soft buffer size are dependent on TDD UL-DL configuration. If the reference configuration can be changed, some enhancement should be considered to properly handle HARQ process number and soft buffer size. Note that the static HARQ timing also needs to consider such problem. Some simplified scheme can be considered to impose less specification impact. Of course, some additional signalling is required to indicate the reference configuration. Also, the flexibility of traffic adaptation may be constrained, except for DL reference configuration is Config. 5 and UL reference configuration is Config. 0.
2.3 Dynamic HARQ Timing
For dynamic HARQ timing, the reference configuration is based on the previous and post TDD UL-DL configuration and the reference configuration may be only activated at the reconfiguration boundary, as shown in Fig. 2. Considering the specification impact and implementation complexity, the reference configuration defined in TDD CA can be one straightforward choice.
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Figure 2. Dynamic reference configuration for HARQ timing
Dynamic HARQ timing can further shorten the feedback delay and make the feedback load evenly distributed, which can benefit the system performance. With dynamic HARQ timing, HARQ process number and soft buffer size may change more frequently. But as aforementioned, some simplified scheme can be considered to impose less specification impact.
One challenge for dynamic HARQ timing is the reliability of reconfiguration signalling, because misunderstanding of reconfiguration information may also lead to misunderstanding of the reference configuration for HARQ timing.  Some mechanism to ensure the reliability of reconfiguration signaling and HARQ reference configuration should be carefully designed.
In addition, one minor enhancement for the configurable HARQ reference configuration (including both semi-static and dynamic HARQ timing) is only to apply reference configuration to those subframes whose HARQ-ACK will be fed back in the radio frame after reconfiguration of HARQ reference configuration. And for the subframes whose HARQ-ACK will be fed back in the radio frame before reconfiguration of HARQ reference configuration, HARQ timing still follows the original reference configuration.
2.4 Comparison
The pros and cons of above three eIMTA HARQ timing schemes are listed and compared in Table I.
Table I. Comparison of Different Solutions for HARQ Timing
	Categories
	Pros
	Cons

	Static HARQ timing
	· Less specification impact

· Robust to signaling error
	· Large feedback latency

· Unbalanced feedback load
· No DAI when UL reference configuration is set to Config. 0

	Semi-static HARQ timing
	· Adjustable feedback latency and load balancing
	· Specification impact

· More influence to HARQ process number and soft buffer size

· Additional signaling to indicate the reference configuration

· Traffic adaptation capability may be restricted

	Dynamic HARQ timing
	· Small feedback latency
	· Specification impact

· More influence to HARQ process number and soft buffer size

· Need reliable PHY signaling


As we discussed above, one important metric to compare different HARQ timing schemes is feedback latency, i.e., the time interval between data transmission and corresponding HARQ-ACK feedback. In the following, we provide numerical analysis of feedback latency with different HARQ timing schemes in Fig. 3 and Fig. 4. For static HARQ timing, Config. 5 and Config. 0 are taken as DL and UL reference configurations, respectively. For semi-static HARQ timing, we consider the optimal situation, i.e., HARQ reference configuration can be changed before each TDD UL-DL reconfiguration point, which can achieve the lowest feedback latency. The reference configuration is selected based on the TDD CA reference configuration table. For dynamic HARQ timing, the reference configuration is also selected based on the TDD CA reference configuration table but only activated at the TDD UL-DL reconfiguration boundary. Note: We assume that each TDD UL-DL configuration is selected with the equal probability.
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Figure 3. Numerical analysis of DL feedback latency
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Figure 4. Numerical analysis of UL feedback latency
From Fig. 3, significant difference of feedback latency can be observed for DL HARQ-ACK feedback with different HARQ timing schemes, e.g. more than 30% latency difference exists between static HARQ timing and dynamic HARQ timing when the reconfiguration time scale is 100 ms. But for UL HARQ comparison in Fig. 4, different HARQ timing schemes achieve similar feedback latency because in most TDD UL-DL configurations, DL subframes are more than UL subframes. So it’s easier to find a DL subframe to send the HARQ-ACK feedback for PUSCH.
Observation 1: In order to achieve a lower HARQ-ACK feedback latency, the reference configuration for DL HARQ timing should be configurable.
Observation 2: Different HARQ timing schemes achieve similar UL HARQ-ACK feedback latency.
Proposal 1: Semi-static HARQ timing and dynamic HARQ timing should be prioritized over static HARQ timing for DL HARQ timing
· Considering the traffic adaptation capability, we prefer dynamic HARQ timing
Proposal 2: Semi-static HARQ timing should be prioritized for UL HARQ timing
· Considering the backward compatibility and specification impact, we prefer to use the SIB1 UL-DL configuration as the UL reference configuration
3. Some Remaining Problems
Besides HARQ timing, in order to maintain a continuous HARQ procedure cross different TDD UL-DL configurations, there are some remaining problems should also be considered. In the following, we will further discuss several major remaining problems for eIMTA HARQ design.
3.1 PUCCH Related Issues
· PUCCH format

In current LTE TDD system, PUCCH format 1b with channel selection can be used to transmit the HARQ-ACK feedback for all TDD UL-DL configurations except for Config. 5, because it can only support up to 4 bits HARQ-ACK information. In dynamic TDD scenario, Config. 5 may be set as the reference configuration for some combination of TDD UL-DL configurations, and then the HARQ-ACK feedback in one UL subframe may exceed 4 bits and PUCCH format 1b with channel selection cannot be used. 
Considering such situation, we should apply PUCCH format 3 to support more HARQ-ACK feedback bits or use HARQ-ACK bundling to reduce the total HARQ-ACK feedback bits. But compared with PUCCH format 1b with channel selection, these two schemes have some disadvantages, respectively. PUCCH format 3 will occupy more system resource and need explicit signalling to indicate the resource allocation, which will further increase the overhead. In addition, the maximum user number can be supported by PUCCH format 3 is much less than that by PUCCH format 1b with channel selection. For HARQ-ACK bundling scheme, it will only generate 1 or 2 bits in total for all HARQ-ACK feedback. Because the error detection of one transport block (TB) may cause the retransmission of other TBs whose HARQ-ACK are bundled together, HARQ-ACK bundling may reduce the feedback efficiency and cause system resource waste.
Therefore, it will be preferable to enhance PUCCH format 1b with channel selection for dynamic TDD. Here we show one example in Fig. 5. Not all but only partial HARQ-ACK feedback are bundled to reduce the total HARQ-ACK feedback bits to 4 bits, e.g., generate 1 bit HARQ-ACK for each of the first three subframes and bundle the remaining subframes together. This partial bundling operation has higher feedback efficiency than the current HARQ-ACK bundling operation that bundles all the HARQ-ACK feedback bits together. With this enhancement of partial bundling, PUCCH format 1b with channel selection can be used for dynamic TDD to achieve lower signalling overhead and higher feedback efficiency.
Proposal 3: Enhancement for PUCCH format 1b with channel selection should be considered, e.g.,
· Introduce partial bundling operation for PUCCH format 1b with channel selection
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Figure 5. PUCCH format 1b enhancement

· PUCCH resource collision

Another problem related to PUCCH is PUCCH resource allocation. In the current specification, PUCCH resource is allocated according to the TDD UL-DL configuration and the CCE index (used to indicate the PDSCH scheduling information). Since in dynamic TDD system legacy UEs and eIMTA UEs may have different understanding of the current TDD UL-DL configuration, PUCCH resource overlapping between legacy UEs and eIMTA UEs may happen and should be solved. Several possible solutions for this problem have been proposed in [9-11]. The basic idea is to use independent PUCCH resource allocation for eIMTA UEs and legacy UEs to avoid the resource collision or renumber the PUCCH resource allocation to achieve a shared collision-free PUCCH region of eIMTA UEs and legacy UEs. The solution with less specification impact and higher resource utilization efficiency should be prioritized. 
3.2 PHICH Related Issues
The PHICH related issues for dynamic TDD mainly includes two aspects, i.e., PHICH resource allocation and PHICH absence in some subframes for eIMTA UEs. 
PHICH resource allocation is dependent on the TDD UL-DL configuration and it may influence the resource allocation of PDCCH since PDCCH will be allocated in the remaining resource after the resource allocation of CRS, PCFICH and PHICH. UE needs to do blind decoding with the TDD configuration-specific parameters to correctly locate PHICH and then PDCCH.  If PHICH resource is allocated based on the dynamic TDD configuration, legacy UEs may have problem to detect PDCCH correctly since legacy UEs do not know the dynamic TDD configuration. Considering the backward compatibility, as proposed in [9], PHICH resource allocation should follow the TDD UL-DL configuration signaled by SIB1.

In current LTE TDD system, some DL subframes in some TDD UL-DL configurations do not contain PHICH, so for dynamic TDD there will be the problem of PHICH absence in some subframes for eIMTA UEs. The PHICH absence issue has also been discussed in TDD CA, where the PUSCH retransmission can be triggered by a UL grant.
3.3 UL Synchronous HARQ
In TDD LTE system, UL HARQ is synchronous, i.e., the timing relationship of initial transmission, HARQ-ACK feedback and retransmission of one HARQ process is predefined. For dynamic TDD, some UL subframes may be changed to DL subframes; therefore, the UL HARQ process may be blocked. Especially, for Config. 0 and Config. 6, the UL RTT is not 10 ms. So even if we only schedule UEs in the fixed UL subframe, the retransmission may also fall into a DL subframe.
There are two possible solutions for this issue, i.e., to add some scheduling constraint or introduce asynchronous UL HARQ. Scheduling constraint has no specification impact but may bring some resource waste and performance loss. Asynchronous UL HARQ may provide better system performance but its specification impact is non-trivial, e.g., additional signalling to indicate the UL HARQ process number is required, the DCI for UL scheduling may be changed, etc. 

3.4 HARQ Process Number

Different TDD UL-DL configurations have different number of DL/UL HARQ processes. So the HARQ process number may change with the dynamic changing of TDD UL-DL configuration. The problem mainly happens when the post configuration has less HARQ process number, which may lead to data loss. Also, the calculation of soft buffer size is dependent on the HARQ process number. So the HARQ process number across different TDD UL-DL configurations should be carefully managed to avoid such kind of data loss. One possible solution is proposed in [12], i.e., set a static or semi-static HARQ process number to manage the soft buffer. How to decide the HARQ process number across different TDD UL-DL configurations should be further studied.
Proposal 4: Remaining problems for HARQ design are FFS
4. Summary
In this contribution, we compared three existing solutions for eIMTA HARQ timing and discussed the remaining problems for eIMTA HARQ design. Our observations and proposals are summarized as follows.

Observation 1: In order to achieve a lower HARQ-ACK feedback latency, the reference configuration for DL HARQ timing should be configurable.
Observation 2: Different HARQ timing schemes achieve similar UL HARQ-ACK feedback latency.
Proposal 1: Semi-static HARQ timing and dynamic HARQ timing should be prioritized over static HARQ timing for DL HARQ timing
· Considering the traffic adaptation capability, we prefer dynamic HARQ timing
Proposal 2: Semi-static HARQ timing should be prioritized for UL HARQ timing
· Considering the backward compatibility and specification impact, we prefer to use the SIB1 UL-DL configuration as the UL reference configuration
Proposal 3: Enhancement for PUCCH format 1b with channel selection should be considered, e.g.,

· Introduce partial bundling operation for PUCCH format 1b with channel selection
Proposal 4: Remaining problems for HARQ design are FFS
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