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1. Introduction
In RAN#58, a new work item of LTE_TDD_eIMTA was approved [1].  The objective of this work item is to enable TDD UL-DL reconfiguration for traffic adaptation in small cells, including:
· Agree on the supported time scale together with the necessary signaling mechanism(s) for TDD UL-DL reconfiguration and specify the necessary (if any) enhancements for TDD UL-DL reconfiguration with the agreed time scale and signaling mechanism(s), e.g.
· HARQ/scheduling timeline, 
· RLM/RRM measurements, 
· CSI reporting;
A number of signalling options have been discussed during the SI phase of the IMTA study, including SIB, paging, RRC, MAC and L1 signalling.  Extensive evaluation results have shown that generally faster reconfiguration provides more gains compared to slower ones.  On the other hand, due to inherent transition issues, implementation of faster reconfiguration increases complexity as well as loss due to boundary effects [2].

In this contribution, we discuss the HARQ timeline for TDD UL-DL reconfiguration and the corresponding signalling mechanisms.
2. HARQ Timeline for UL-DL reconfiguration
For UL-DL reconfiguration, the Rel-8 HARQ timing is not applicable since transmission direction of some subframes is dynamically changed. In general, there are two solutions: one is dynamically changing HARQ timing based on the latest reconfigured TDD UL/DL allocation; another is to use a fixed reference configuration for HARQ ACK/NACK and scheduling timing, regardless of how TDD UL/DL configuration changes. 
2.1. HARQ timing dynamically changed with UL-DL reconfiguration

For this HARQ timing solution, every time UE receives a new TDD UL-DL configuration, the UE also obtains a new HARQ timing which can be either derived from the latest TDD UL/DL allocation or as the function of currently configuration and the upcoming configuration. The principle is similar to reference configurations used in TDD inter-band carrier aggregation. 
The main issue with this method is the potential misalignment of TDD UL-DL configuration between eNB and UE when the reconfiguration signalling is false alarmed or missed. The misalignment could occur frequently if reconfiguration is on the time scale of 10 ms via L1 signalling. Another disadvantage for this method is higher implementation complexity to dynamically adjust HARQ timing on a frame basis. Therefore, the dynamically adjusted HARQ timing based on the latest configuration may not be appropriate for TDD UL-DL reconfiguration with time scale on the order of 10 ms. 
2.2. HARQ timing based on fixed reference configuration
In this HARQ timing implementation, a fixed UL-DL reference configuration is defined for TDD UL-DL reconfiguration. For example, DL HARQ operation can be based on UL-DL subframe configuration #5, regardless of the actual UL-DL subframe configuration in use in a frame or half a frame. That is to say, if dynamic UL-DL reconfiguration is enabled, the DL HARQ timing can be always based on the 9:1 UL-DL subframe configuration. At the same time, UL HARQ operation can be based on UL-DL subframe configuration #0, regardless of the actual UL-DL subframe configuration in use in a frame or half a frame. That is, if dynamic UL-DL reconfiguration is enabled, the UL HARQ timing can be always based on the 4:6 UL-DL subframe configuration. 
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Figure 1
 Example of HARQ and scheduling timing based on fixed reference configuration #5 and #0 for DL and UL separately.

The fixed reference configuration based HARQ timing is simple and provides no or very limited additional overhead since only RRC configuration is needed to activate dynamic UL-DL reconfiguration. Nevertheless, employing fixed extremely UL-heavy or DL-heavy configuration timeline as reference also imposes constraint on performance of flexible traffic adaptation. The 9:1 configuration for DL HARQ timing requires ACK/NAK feedback for 9 DL subframes in one UL subframe, causing large UL control overhead in that subframe, and may also limit the coverage range. Although bundling can be configured, the bundling may result in some DL throughput loss. Furthermore, ACK/NAK feedback for 9 DL subframes in one UL subframe also requires large PUCCH resource in subframe #2, and will decrease UL throughput. Similarly, the 4:6 configurations for UL HARQ timing requires double PHICH resource reservation and the need to schedule two UL subframes in one DL subframe. As a result, the 2-bit UL scheduling index has to be in UL grants, instead of DAI (downlink assignment index). The lack of DAI may lead to inefficient ACK/NAK feedback on PUSCH, since DAI indicates the total number of DL assignments which helps the UE detect missing DL assignments. 
2.3. Semi-static HARQ timing configuration based on anchor subframe
The anchor subframe design was discussed in [3] mainly for UL-DL interference mitigation, where a set of subframes called anchor subframes has fixed or common transmission direction cross adjacent cells, and another set of subframes called non-anchor sub-frames whose UL/DL directions can be adaptively changed and/or different for different cells, therefore suffer from interference. eNB can signal the anchor subframe configurations, e.g. by a bit map to indicate which subframes it will not change directions. In the case where all 7 configurations are involved, this would be, e.g.  #0, #1, #2, #5 and #6. When more than two configurations are involved, this is simply the subset of subframes that completely align. Examples of anchor subframes are illustrated below. 
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Figure 2
 Anchor subframe example for different configurations
HARQ timing as well as ACK/NACK locations for these anchor subframes do not need to change. On the other hand, HARQ timeline and ACK/NACK location have to be redefined for non-anchor subframes, e.g. move ACK/NACK for the non-anchor subframes into an anchor subframe where the direction of transmission allows ACK/NACK transmission. That is, the HARQ ACK/NACK and UL scheduling grant are transmitted only in the anchor subframes. For instance, the fixed UL in anchor subframe is used to transmit HARQ-ACK for PDSCH and fixed DL/Special subframes in anchor subframes will transmit UL scheduling grant and HARQ-ACK for PUSCH. An example of HARQ timing based on anchor subframe for configurations 0, 1, 2 and 6 is shown in Figure 3.
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Figure 3
 HARQ timing based on anchor subframes for configuration 0, 1, 2 and 6
Note that HARQ timing based on anchor subframes is quite similar to the semi-static reference TDD configuration proposed in [3] where the UL reference configuration is that of all non-anchor subframes are set to UL and the DL reference configuration is that of all non-anchor subframes are set to DL. The main advantages of semi-statically configured HARQ timing include:
· It provides a simple HARQ timing solution to avoid potential misunderstanding between eNB and UE when UL-DL configuration changes;
· It also provides the flexibility for eNB to control HARQ timing and scheduling grant to avoid strong inter-cell interference and meanwhile improve operation efficiency.
2.4. UL synchronous HARQ retransmission collision
For TDD configurations 0 and 6, the round trip time (RTT) of PUSCH initial transmission and retransmission is not 10ms, and the UL retransmission would collide with the non-anchor subframe which is reconfigured to DL. A simple solution is to use UL-grant based PUSCH retransmission called HARQ suspension [4], e.g. retransmission packet suspended by an ACK on PHICH and this HARQ process will be re-triggered by an UL grant with no toggle of NDI bit when there is an available UL subframe for this HARQ process. There is latency issue with this method and the delay between initial transmission and retransmission can be large especially when there is only one fixed UL subframe. Therefore, the eNB should have the flexibility to determine number of fixed UL subframes and the UL reference configuration for performance tradeoff between traffic adaptation and UL synchronous HARQ collision. 
3. Signaling Design

When HARQ timing is semi-statically configured there is additional signaling to indicate the transmission direction of the non-anchor subframes, e.g. change from UL to DL. Explicit signaling is preferred since UE can be unambiguously notified in advance which subframes will be DL in order to turn off transmit chain for power saving. In this section we discuss different aspects of signaling mechanisms to support efficient eIMTA operation. We will focus only on MAC and L1 (not including PBCH/MIB) signalling methods based on the working agreement from RAN1#72bis.
3.1. MAC signaling
In this method a new MAC Control Element (CE) is added to the MAC header to carry the dynamic UL-DL configuration. The corresponding time scale supported by this method is on the order of a few tens of ms. It is expected that MAC signaling has relatively low latency. Referring to secondary cell’s activation/deactivation, the updated TDD UL-DL configuration received in subframe n could be applied in subframe (n + 8). However, considering the update of TDD UL-DL configuration only possible on the frame boundary the actual latency will be larger than 8ms dependening on which subframe the MAC CE signaling is transmitted.
Another issue with MAC signaling is that there is no error recovery procedure and ambiguity exists between eNB and UE on the TDD UL-DL configuration. For example, HARQ-ACK corresponding to the PDSCH containing the MAC CE signaling may be received incorrectly by eNB. In addition, in order to improve the signaling reliability with MAC CE, the scheduling of PDSCH containing the MAC CE for UL-DL reconfiguration has to use lower MCS and coding rate, which would degrade the performance gain of dynamic UL-DL configuration.
3.2. L1 common signaling
There are several alternatives to implement L1 signalling for UL-DL reconfiguration, e.g. UE-specific or common signalling using existing or new DCI formats. One example of common signalling is to define a new DCI with the same size of format 1C scrambled by a new RNTI. The advantage of common L1 signalling is low overhead since the same signalling is transmitted to a group of UEs. However, since there is no confirmation procedure with common L1 signaling eNB cannot know whether UE receives the configuration message successfully. To minimize DL throughput loss, it is expected that the error rate for common L1 signalling shall be at a level of 1e-5 or 1e-6, which will require repetition of signalling transmission in multiple subframes resulting in high signalling overhead. 
Another disadvantage for the common signalling is that all UEs need to monitor and decode the signalling every radio frame to get the latest UL-DL configuration, which is not possible for UE in CDRX mode. For example, when UE wakes up in DRX ON duration it may not be able to decode the reconfiguration signalling if the on-duration period of the DRX cycle does not include the subframe of common L1 signaling. In such case the UE will not perform dynamic UL-DL reconfiguration. Although optimizations can also be applied, such as to find one appropriate DRX pattern to include the subframe of common L1 signaling, there is still the ambiguity on DRX on-duration period since it is defined on the number of PDCCH sub-frames which is dependent on TDD UL-DL configuration. Furthermore, such optimization would impose constraints in CDRX operation which impacts efficiency of power management.
To address the reliability as well as CDRX support issues discussed above, more transmissions could be allocated for L1 common signaling. However, such solution is not desirable because it increases control channel overhead, consumes excessive common control search space, and has impacts to both Rel-12 and legacy UEs.
In summary, L1 common signaling needs more discussions on transmission periodicity and duration considering signalling reliability, overhead, and support of CDRX mode, etc.
3.3. L1 dedicated signaling
Instead of L1 common signaling, a more attractive solution is to use dedicated signalling to transmit the UL-DL configuration to specific UE with traffic to be served. PDCCH and EPDCCH can be reused in such cases. With this mechanism, the specification impact can be very limited if existing DCI formats are reused. Similar to the case of aperiodic SRS request, a new field of two or three bits can be added to DL assignment to indicate the subframe direction in the next radio frame. The new field of configuration information is only present when UE is configured to support dynamic reconfiguration, and therefore it does not increase number of PDCCH blind decodings. Furthermore, we could add these bits only to DCI format 1, 2, 2A, etc., in UE specific search space, and zero padding is not needed thus no impact to other DCI formats such as 0/1A. 
Compared to L1 common signaling discussed above, this approach can support CDRX operation easily since it is dedicated signaling and eNB can determine when to send the updated UL-DL configuration message to UE during the on-duration period. Moreover, considering typical eIMTA scenario where only limited number of UEs have traffic to be served, dedicated signalling fits well in such scenario compared to common signalling in terms of overhead and flexibility.
Similar to MAC signalling, L1 dedicated signaling also has a reconfiguration ambiguity problem if the confirmation of updated UL-DL configuration is not received correctly by eNB. But the advantage of L1 dedicated signaling over MAC signaling is also obvious, e.g. very low latency and higher reliability. The signalling transmitted in current frame can be used to indicate the UL-DL configuration of the next frame and thus dynamic reconfiguration on radio frame level can be achieved.
4. Conclusions
In this contribution, we discussed HARQ timing and signaling aspects of flexible UL/DL subframe reconfiguration to facilitate efficient eIMTA, and proposed:
· HARQ timing is semi-static configured and independent of how TDD UL/DL configuration changes. HARQ ACK/NACK and UL scheduling grant are transmitted only in configured fixed UL/DL subframes
· Explicit L1 signaling is used to indicate the transmission direction of the non-anchor subframes of the next radio frame. New field of reconfiguration information is introduced to existing DCI format 1/2/2A mapped to UE specific search space. 
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