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1. Introduction 
Under the work item for further enhancements to LTE TDD for UL/DL Interference Management and Traffic Adaptation, the designs of reconfiguration signalling and interference mitigation scheme have been discussed considerably in the previous RAN1 meetings. With the proposed schemes on dynamic TDD UL/DL configuration change for traffic adaptation, the TDD UL/DL configuration change would be done more frequently, as fast as every 10 ms. With such a fast reconfiguration rate, the impact of HARQ timing discontinuity due to the UL/DL reconfiguration is expected to be more significant. In this contribution, we discuss the issues and propose solutions to solve the HARQ issues with the frequent TDD UL/DL reconfiguration in eIMTA.
2. HARQ discussion
The potential issues during TDD UL/DL reconfiguration include HARQ timing linkage for both PDSCH and PUSCH, number of HARQ processes difference before and after reconfiguration.
2.1. PDSCH HARQ timing
There are several possible schemes which can be used to solve the PDSCH HARQ issue during the UL/DL reconfiguration.
Option 1: Dynamic DL-reference configuration based approach
For DL PDSCH HARQ, every PDSCH transmission or retransmission is desirable to be properly ACKed/NACK-ed after the TDD UL/DL configuration change. To minimize the specification change, each PDSCH subframe follows the DL HARQ timing of the UL/DL configuration where the DL subframe is transmitted.
For the cell currently configured as configuration 0, all DL subframes, except subframe #6, can complete the Ack/Nack within the frame. If following the current configuration 0 PDSCH HARQ timing, subframe #6 can be Ack/Nacked at subframe #2 of the subsequent frame which is always an UL subframe and able to send Ack/Nack. Therefore, we have,

If the current configuration is configuration 0, it always follows its own PDSCH HARQ timing regardless of the configuration of the subsequent frame.
Figure 1 shows an example of DL HARQ timing during UL/DL configuration 0 changing to configuration 2.
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Figure 1 DL HARQ timing during UL/DL configuration 0 change to configuration 2.
For any current configuration, PDSCH transmission in current frame n may not be Ack/Nack-ed within the current frame n. Some of PDSCH Ack/Nack bits have to be transmitted in the next frame (n+1). In this situation, the rules are,

Based on current configuration PDSCH HARQ timing, if PDSCH can be Ack/Nack-ed within the current frame n, the HARQ timing follows the current configuration PDSCH HARQ timing.

Based on current configuration PDSCH HARQ timing, if PDSCH has to be Ack/Nack-ed in the subsequent frame (n+1), the timing follows a reference configuration.

The reference configuration is determined by comparing the DL subframe set of the current frame n and the subsequent frame (n+1) after reconfiguration. It is similar approach used in the TDD inter-band CA case. Table 1 summarizes the reference configuration for cross frame PDSCH HARQ timing of all possible UL/DL configuration combinations during reconfiguration. Multiple numbers in some entries represent the alternative choices.
Table 1 Reference configuration for cross frame PDSCH HARQ timing

	Original UL/DL Configuration
	UL/DL Configuration after change

	
	0
	1
	2
	3
	4
	5
	6

	0
	-
	0 or 1
	0 or 2
	0 or 3
	0 or 4
	0 or 5
	0 or 6

	1
	1
	-
	2
	4 or 3
	4 or 1
	5
	1 or 6

	2
	2
	2
	-
	5 or 3
	5 or 4
	5
	2

	3
	3
	4
	5
	-
	4
	5
	3

	4
	4
	4
	5
	4
	-
	5
	4

	5
	5
	5
	5
	5
	5
	-
	5

	6
	6
	1
	2
	3
	4
	5
	-


Option 2: Static reference configuration approach
With this option, the PDSCH timing is based on a fixed reference configuration regardless the original and after change UL/DL configurations. Since configuration 5 is the most DL-heavy configuration among all existing seven TDD UL/DL configurations, it can naturally be used as a fixed reference configuration for PDSCH HARQ timing purpose. With configuration 5, all the PDSCH acknowledgements will be sent at subframe #2 which is always a UL subframe regardless the UL/DL configuration, the time linkage is always there for any reconfiguration.
One example of this design PDSCH HARQ timing during reconfiguration from UL/DL configuration 1 to configuration 3 is shown in Figure 2.
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Figure 2 Configuration 5 HARQ timing during UL/DL configuration 1 change to configuration 3.

In this example, because the time interval is less than 4ms between subframe #9 and #2, the subframe #9 has to be Ack/Nacked in the next radio frame. Comparing with the previous design, this design is simple and unified for all possible reconfiguration. However, it may increase the round trip time (RTT). Another potential issue is that only HARQ-ACK bundling is supported in the case of only one serving cell.
If reconfiguration is confined within UL/DL configurations with 5ms switching periodicity, an alternative is to use PDSCH HARQ timing linkage of UL/DL configuration 2 as the reference configuration for all reconfiguration combinations.

Configuration 5 can be used as the static reference configuration.
Configuration 2 can be used as the static reference configuration if restricting reconfiguration within 5ms switching periodicity configurations
Option 3: eNB based approach
This approach uses eNB intervention to handle the PDSCH HARQ timing discontinuity. Basically, the eNB knows the configuration change. If a PDSCH transmission before the TDD reconfiguration boundary was not able to be ACK/NACK-ed after the reconfiguration boundary, as illustrated in the Figure 3 below, PDSCH at subframe #9 of frame n which is not able to be ACK/NACK-ed from subframe #3 of frame n+1 due to the link direction change at subframe #3.  The eNB could send a small (e.g. 1 resource block) HARQ retransmission of that transport block after the reconfiguration boundary, for example, small retransmission at subframe #3 of frame n+1. According to the current MAC specification [1], it depends on if the data for this TB was successfully decoded before or not, the UE then shall generate an ACK or NACK of the data in this TB. In this way, the UE would signal back the ACK/NACK following the configuration 2 HARQ timing at that time. Therefore, the UE would convey the ACK/NACK at subframe #7 of frame n+1. The drawback of this scheme is also to potentially increase the delay as well as the resource usage increase.
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Figure 3 DL HARQ timing during UL/DL configuration 1 change to configuration 2 using eNB based approach
eNB based small retransmission approach can be used to solve PDSCH HARQ timing discontinuity during UL/DL reconfiguration.
Table 2 Comparison of different PDSCH HARQ timing options.

	Options
	Pro
	Con

	Dynamic DL-reference config.
	Performance again, short RTT
	Possible ambiguity issue, more standards effort

	Static DL-reference config.
	Simple, less standards effort
	Longest delay, performance degradation, PUCCH resource issue, only A/N bundling

	eNB based
	Simple, less standardization effort
	Long delay, a little performance degradation due to small retransmission


Table 2 provides the comparison of above mentioned three possible options. Each option has its advantages and disadvantages. The significance of pros and cons is depended on reconfiguration signalling and time scale. So, the decision on choices should be made after the finalization of reconfiguration signalling and adaptation time scale.
2.2. PUSCH grant and HARQ timing

Because of synchronous nature of UL HARQ and UL grant transmitted in advance, for UL HARQ timing, it includes two linkages. One is between UL grant and PUSCH transmission, the other is from PUSCH transmission to ACK/NACK (PHICH) and retransmission if needed.
 
Similar to the DL case, UL-reference configuration approach has been proposed in [2], [3] and [4] to attempt to solve the issue. This approach may solve the UL grant issue. Every possible UL subframe could be scheduled for PUSCH. However, it may still run into PHICH resource and retransmission problems. Especially, when the new UL/DL configuration has less number of UL subframes than the previous configuration, some of UL HARQ processes are not able to continue on. This will lead to UL throughput loss which is against the purpose of eIMTA feature.
UL-reference configuration approach may be effective on UL grant issue but will not completely solve the PHICH and retransmission issues.

With certain UL/DL configurations, it is not every DL subframe being configured with PHICH resources. In this case, eNB has no PHICH resource to convey the ACK/NACK. For PHICH resource issue, the simplest solution is to use adaptive PUSCH retransmission. Basically, if there is no PHICH resource configured for the DL subframe where the ACK/NACK needs to be sent according to PUSCH HARQ timing, it sends UL grant instead with NDI not toggled. UE will transmit the transport data in the buffer for retransmission. This method includes to reuse the existing DCI format 0/4 or to introduce HARQ processes ID in UL grant to make timing linkage more flexible.
Adaptive PUSCH retransmission may be used when PHICH resource is not available.

For PUSCH retransmission discontinuity issue, we do not see any way to solve the issue completely without introducing new time linkage. However, introduction of the new timing will lead to more significant standardization effort. It is recommended to look into the trade-off between the performance gain and complexity increase.
Further studies should be conducted to look into the trade-off between the performance and complexity of the new timing introduction.
2.3. Number of HARQ processes

The number of HARQ processes changes as the TDD UL/DL configuration changes since the number of HARQ processes is UL/DL configuration dependent on both UL and DL. When the number of HARQ processes changes to a larger or the same number after reconfiguration, the current m HARQ buffer(s) should be able to directly transfer to the first m HARQ buffer(s) of the HARQ processes after reconfiguration. This can be applicable to both DL and UL HARQ processes.
However, when the number of HARQ processes changes to a smaller number due to the reconfiguration, the data in the excessive number of HARQ processes may be forced to be flushed out and pass the packet error onto the upper layer (RLC) to handle. Alternatively, for better performance, one may transfer HARQ buffer to fill up all available HARQ processes and temporarily store the remaining HARQ buffers in the same order in a queue at both UE and eNB. Continue to finish all the remaining HARQ processes one by one as soon as there is an opportunity.
3. Conclusions

In this contribution, we have discussed HARQ issues associated with the frequent TDD UL/DL reconfiguration in eIMTA. Observations on PDSCH HARQ timing are listed as follows,

Observation1: If the current configuration is configuration 0, it always follows its own PDSCH HARQ timing regardless of the configuration of the subsequent frame.
Observation2: Based on current configuration PDSCH HARQ timing, if PDSCH can be Ack/Nack-ed within the current frame n, the HARQ timing follows the current configuration PDSCH HARQ timing.
Observation3: Based on current configuration PDSCH HARQ timing, if PDSCH has to be Ack/Nack-ed in the subsequent frame (n+1), the timing follows a reference configuration.

Observation4: Configuration 5 can be used as the static reference configuration.

Observation5: Configuration 2 can be used as the static reference configuration if restricting reconfiguration within 5ms switching periodicity configurations
Observation6: eNB based small retransmission approach can be used to solve PDSCH HARQ timing discontinuity during UL/DL reconfiguration.
We also have the following observations on PUSCH grant and HARQ timing,
Observation7: UL-reference configuration approach may be effective on UL grant issue but will not completely solve the PHICH and retransmission issues.

Observation8: Adaptive PUSCH retransmission may be used when PHICH resource is not available.
Based on our observation, we propose the following,

Proposal 1: The decision on PDSCH HARQ timing solution should be made by considering reconfiguration signaling and adaptation time scale.
Proposal 2: PUSCH HARQ time linkage is more complicated and the reference configuration approach may not be enough to solve the issue completely. New time linkage may be required in some cases. Further study is needed for performance and complexity trade-off.
Proposal 3: Difference in number of HARQ processes during reconfiguration has to be carefully considered.
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