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1. Introduction

In RAN 1 #72 and #72b meetings, extensive discussions are made on the study of “Further Enhancements to LTE TDD for DL-UL Interference Management and Traffic Adaptation,” including the performance evaluation, signalling mechanisms, and interference mitigation schemes. It has been concluded that, in general, average cell throughput can be improved to a large extent by enabling dynamic reconfiguration in LTE TDD systems [1]. In addition to the discussion of signalling and interference mitigation schemes, several companies have also become aware of the issue of HARQ timing mismatch resulting from the TDD configuration change, e.g., [2-4]. In this contribution, we discuss and propose our solutions to the issue of both DL and UL HARQ timing problem. The impact of such HARQ timing problem is expected to have a larger impact on systems with fast adaptation speed. As it has been agreed that [5]
· A signaling mechanism which explicitly or implicitly indicates TDD UL-DL reconfiguration by either 
· PHY signaling (not including PBCH/MIB signaling), or 
· MAC signaling
· PBCH/MIB signaling issue could be revisited if reliability issue of the above method becomes severe
how the HARQ timing problem is resolved has a direct impact on the achievable throughput gain offered by dynamic TDD reconfiguration.
2. Discussions
Since in the TDD mode, the DL and UL HARQ timing is dependent on the adopted TDD configuration, HARQ timing mismatch arises naturally as a result of an abrupt configuration change. In the following, we first elaborate on the effects and propose our solution to the DL HARQ timing mismatch problem. The UL case is investigated subsequently.
In the following, we assume an appropriate signalling mechanism, e.g., a new PHY channel, has been designed and applied such that the eNB and UEs have a common understanding of when and to which the TDD configuration will be changed. 
2.1.  DL HARQ Operations
2.1.1.  PDSCH and ACK/NACK Timing Problems
For the DL transmissions, HARQ timing mismatch arises when the PDSCH and its associated ACK/NACK are transmitted across two radio frames which have different TDD configurations, i.e., the DL transmissions happen right before the switching point of TDD reconfiguration. An example is provided in Fig. 1, where the configuration is changed from #1 to #2. In this example, the ACK/NACK associated with the PDSCH transmitted in the last subframe of radio frame #n could not be transmitted since the specified subframe number (subframe #3) has been changed to a DL subframe.
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Fig. 1. DL HARQ timing mismatch problem.

2.1.2.  Solution to PDSCH and ACK/NACK Timing Problems
In [6], the concept of “reference configuration” is proposed to solve a similar problem in the case of aggregation of carriers with different TDD UL-DL configurations. For minimal standard effort as well as system complexity, we propose to reuse the same solution to resolve the HARQ timing mismatch problem in the case of TDD UL-DL reconfiguration. The DL reference configuration is found by choosing the TDD configuration whose set of DL subframes constitute a superset of both the sets of DL subframes in radio frame #n and in radio frame #n+1. If there are multiple TDD configurations fulfilling the aforementioned criterion, the TDD configuration having the least number of DL subframes is chosen as the reference configuration. The ACK/NACK timing having mismatches then follows the HARQ timing defined for the reference configuration. For example, TDD configuration #2 qualifies as the reference configuration for the combination of TDD configuration #1 and #2. The timing mismatch problem described in Fig. 1. can thus be resolved by following the timing defined for configuration #2. This is illustrated in Fig. 2.
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Fig. 2. Solution to the PDSCH and ACK/NACK timing mismatch using a reference configuration.

Accordingly, we can construct a DL reference configuration table for all the possible combinations of TDD configurations. 
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It should be noted that by assigning an appropriate subframe for sending ACK/NACK whenever there is an HARQ timing mismatch in an exhaustive fashion, the performance could be optimized at the cost of huge standardization effort and system complexity. Furthermore, the additional performance benefit is not justified by such complicated design. The method of using a reference configuration, on the other hand, provides a concise definition of the timing rule and is expected to have relatively little specification impact.
2.2. UL HARQ Operations
2.2.1.  PUSCH and Grant/PHICH Timing Problems
Due to similar reasons, the problem of HARQ timing mismatch also arises in the UL. Unlike the DL case, however, the problem of HARQ timing mismatch is more complicated in the UL as a result of the synchronous HARQ operation plus the fact that PUSCHs have to be scheduled by eNBs beforehand. For example, in Fig. 3 the UL grant associated with UL subframe #2 in radio frame #n+1 should be transmitted in subframe #8 based on the timing defined for configuration #2. However, subframe #8 now becomes an UL subframe due to TDD reconfiguration; as a consequence the UL grant could not be scheduled. In Fig. 4, the PUSCH associated with the PHICH sent in the last subframe in radio frame #n should be transmitted in subframe #3 based on the timing defined for configuration #1. However, subframe #3 now becomes a DL subframe due to TDD reconfiguration. In Fig. 5, the PHICH associated with the UL PUSCH transmission in subframe #8 in radio frame #n should be transmitted in subframe #4, which now becomes an UL subframe due to TDD reconfiguration.
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Fig. 3. UL grant timing mismatch problem.
[image: image4.png]Radio frame #n, configuration #1 1 Radio frame #n+1, configuration #2

GLEL el
il

PUSCH




Fig. 4. PUSCH transmission timing mismatch problem.
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Fig. 5. PHICH timing mismatch problem.
From the above examples, it is understandable that the TDD reconfiguration has a larger impact on the UL HARQ operations. As it has been shown that by employing TDD reconfiguration, the cell average throughput in the UL could even get degraded compared to the case with a static TDD configuration due to severe eNB-eNB interference [1], it is highly desirable to resolve all of the UL HARQ timing mismatches.
2.2.2.  Solution to PUSCH and Grant/PHICH Timing Problems
We propose to resolve the UL HARQ timing issues by remapping the HARQ timelines defined for each of the two TDD configurations. The remapping is done by referring to the timing rule defined for an UL reference configuration.  
The UL reference configuration is found by choosing the TDD configuration whose set of UL subframes constitute a superset of both the sets of UL subframes in radio frame #n and in radio frame #n+1. If there are multiple TDD configurations fulfilling the aforementioned criterion, the TDD configuration having the least number of UL subframes is chosen as the reference configuration. For example, for TDD reconfiguration from configuration #1 to #3 in Fig. 6, we have that TDD configuration #6 qualifies as the reference configuration following the aforementioned criterion.
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Fig. 6. Solution to the UL HARQ timing problem by HARQ timeline remapping following a reference configuration (configuration #6 in this example).
Accordingly, the table for UL reference configuration can be constructed as follows:
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After determining the reference configuration, the HARQ timeline in radio frame #n follows the HARQ timeline defined for the reference configuration starting from the UL subframes in radio frame #n. In other words, the timing of the PHICH associated with each of the UL PUSCH transmission in radio frame #n now follows the timing defined for the reference configuration instead of the original timing defined in radio frame #n. This is exemplified by the fourth UL subframe (subframe #8) in radio frame #n and its associated PHICH in Fig. 6. Based on the timing defined for configuration #1, the associated PHICH for the fourth UL subframe should be in subframe #4 in radio frame #n+1. However, the associated PHICH is remapped to subframe #5 in radio frame #n+1 based on the reference configuration (configuration #6 in this example). 

The HARQ timelines of radio frame #n are connected with radio frame #n+1 if the timing of the subsequent UL PUSCH transmission associated with the aforementioned PHICH coincides with one of the UL subframes in radio frame #n+1. This is exemplified by the HARQ timelines corresponding to the first (subframe #2) and the second (subframe #3) UL subframes in radio frame #n in Fig. 6. The HARQ timelines associated with the first and the second UL subframes in radio frame #n can be connected with the HARQ timelines associated with the second (subframe #3) and the third (subframe #4) UL subframes in radio frame #n+1 based on the reference configuration’s timeline.

In the case that the subsequent UL PUSCH transmission associated with the aforementioned PHICH coincides with a DL subframe in radio frame #n+1, the associated HARQ timeline terminates at the aforementioned PHICH. This is exemplified by the third and the fourth UL subframes in radio frame #n in Fig. 1. In the case that a NACK is received and the HARQ timeline has to be terminated, the UEs’ behavior can be implementation dependent, e.g., rescheduling or leaving it to the upper layer.
Finally, if all of the HARQ timelines associated with the UL subframes in radio frame #n+1 are successfully connected with radio frame #n in the previous step, the HARQ timeline remapping is completed. Otherwise, UL grants are allocated for each of the remaining UL subframes in radio frame #n+1 based on the timing defined for the reference configuration. This is exemplified by the first UL subframe (subframe #2) in radio frame #n+1 in Fig. 6.
Again, one should note the UL HARQ timing mismatches can also be resolved by defining the way of remapping in an exhaustive fashion. The standardization effort can be even more overwhelming in this case as the UL HARQ operations are more complicated. On the other hand, the proposed method utilizes the concept of reference configuration which already has well-defined timing rules. The standardization effort and system complexity can both be reduced. 
3. Conclusions
In this contribution, we have discussed and analysed the possible HARQ timing mismatch problems for TDD UL-DL reconfiguration. Solutions to the both the DL and UL HARQ timing mismatch problems are proposed, and it is suggested that both the DL and UL HARQ timing mismatches are resolved by following the timing defined for a reference configuration. Specifically, for the UL HARQ timing mismatch, the steps of HARQ timeline remapping have to be performed following the reference configuration.
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