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1. Introduction

 One of the main objectives of Rel-15 NB-IoT specification is to support TDD operation which has not been supported in Rel-13 and Rel-14 NB-IoT, which was captured in the latest WID [1] as follows.

	Support for TDD [RAN1, RAN2, RAN4]
Specify TDD support for in-band, guard-band, and standalone operation modes of NB-IoT. The design shall assume no UL compensation gaps are needed by UE, and strive towards a common design among the deployment modes. 

· Relaxations of MCL and/or latency and/or capacity targets to be considered by RAN1.

· Baseline is to support the same features as Rel-13 NB-IoT, additionally considering small-cells scenarios


In RAN1 #90 meeting, following agreements on the DL aspects were made [2][3]:

	Agreement(from RAN1 #90)
· Send a LS to the RAN4 to:

· Ask what is the minimum time for DL-to-UL and UL-to-DL switching on one NB-IoT carrier for TDD NB-IoT UEs. 

· Prepare draft LS in R1-1714758 (Yutao, Ericsson)

Agreement(from RAN1 #90)
· MCL target of 164 dB at an ‘application layer’ data rate of 160 bps is targeted for at least one UL:DL configuration (FFS which one or more than one).

· NOTE: The at least one UL:DL configuration may or may not be different for UL MCL target than DL MCL target

· For evaluations, the FDD numbers of repetitions for physical channels are assumed 

· FFS the noise figure (eNB and UE) which will be assumed

· The 2.6 GHz TDD band is prioritized for evaluations

· This does not imply that 164 dB MCL or ‘application layer’ data rate targets will be relaxed

· Targets of latency, and capacity may be relaxed for TDD NB-IoT.

Agreement(from RAN1 #90)
· For DL: subcarrier spacing, CP length, symbol length, subframe length, and radio frame length are the same in TDD as FDD

· At least NPSS, NSSS are transmitted on the same NB-IoT carrier.

· Non-anchor carriers at least for unicast, paging and RACH are supported in NB-IoT TDD
Agreement(from RAN1 #90bis)
· Send a LS to the RAN4 to:

· Ask what is the minimum time for DL-to-UL and UL-to-DL switching on one NB-IoT carrier for TDD NB-IoT UEs. 

· Prepare draft LS in R1-1714758 (Yutao, Ericsson)
Agreement(from RAN1 #90bis)
· MCL target of 164 dB at an ‘application layer’ data rate of 160 bps is targeted for at least one UL:DL configuration (FFS which one or more than one).

· NOTE: The at least one UL:DL configuration may or may not be different for UL MCL target than DL MCL target

· For evaluations, the FDD numbers of repetitions for physical channels are assumed 

· FFS the noise figure (eNB and UE) which will be assumed

· The 2.6 GHz TDD band is prioritized for evaluations

· This does not imply that 164 dB MCL or ‘application layer’ data rate targets will be relaxed

· Targets of latency, and capacity may be relaxed for TDD NB-IoT.
Agreement(from RAN1 #90bis)
· For DL: subcarrier spacing, CP length, symbol length, subframe length, and radio frame length are the same in TDD as FDD

· At least NPSS, NSSS are transmitted on the same NB-IoT carrier.

· Non-anchor carriers at least for unicast, paging and RACH are supported in NB-IoT TDD


In this contribution, we identify and discuss the main issues in supporting TDD NB-IoT operation, especially related to the UL/DL common aspects.
2. Discussion
2.1. Operation modes

In the Rel.13 NB-IoT, 4 different types of operation modes are supported and two of them belong to in-band operation mode which are in-band same PCI mode and in-band different PCI one. We had to deal with coexistence issues between legacy FDD LTE and three operation modes which are two in-band operation modes and guard-band one so that NB-IoT won’t make no harm to legacy FDD LTE systems while attaining the proper throughput and efficient operation for low cost and power devices. Standalone operation mode, however, did not need to consider coexistence with legacy LTE systems because its definition literally means NB-IoT systems which run occupying the entire bandwidth not only of signal but also of guard. Moreover, standalone mode was put on lower priority than other operation modes when it comes to standardization work for optimization since there is no contamination from other systems and all symbols and subframes are available to it. Taking into account the above aspects, we can first start from in-band and guard-band operation modes and then standalone mode can be developed based on TDD NB-IoT for in-band and guard-band operation modes. Therefore, it would be good to list standalone-specific issues so that we can discuss and develop them separately from in-band and guar-band operation modes.
Proposal 1: Standalone mode will reuse TDD NB-IoT design for in-band and guard-band modes if no critical issue is found, and following standalone-specific issues will be separately discussed.
· Whether to support more UL/DL configuration(s) than in-band and guard-band operation modes 
· Whether to consider special subframes

· Whether or not special subframe configurations can be different from the current ones

· Whether or not DL-only and/or UL-only configuration per carrier can be supported (e.g., FDD-like NB-IoT operation)
2.2. Special subframes 
In the current TDD, there is one special subframe every 5msec or 10msec depending of UL/DL configuration. In other words, 20% or 10% of resources can be wasted if we do not carefully consider the way to use them and come up with proper resource allocation or mapping pattern methods. Furthermore, taking into account the fact that one of the most discriminating features of NB-IoT from legacy LTE is transmission pattern with a large number of repetitions which may use up all available downlink and uplink resources for a long period of time, an effective use of uplink/downlink symbols in a special subframe needs to be developed in order to secure sufficient resources for TDD NB-IoT systems. When we take a look at special subframe configurations of #0 and #5 and possible CFI values, we can see that the 3rd OFDM symbol in DwPTS is only used by PSS which means it can be used as NB-IoT downlink symbol as long as NB-IoT carriers not located within center 6RBs. In addition, it is obvious that there is no LTE symbols in DwPTS and UpPTS in the case of guard-band operation mode.
Proposal 2: Downlink and/or uplink symbols in a special subframe can be used in Rel-15 TDD NB-IoT

· All symbols in DwPTS and UpPTS can be used at least in guard-band operation mode
If DwPTS can be used for data transmission, different design of NRS and RE mapping rule between DwPTS and DL subframe should be considered carefully due to the difference feature between them. Especially, if repetition is applied to DL transmission, the impact of symbol level combining should be considered carefully likewise Rel-13 NB-IoT design criteria. 
For DL subframes, TDD NB-IoT can use NRS configuration of FDD NB-IoT without difficulty. Furthermore, NRS transmission in a special subframe can be considered for TDD NB-IoT. Unlike a FDD NB-IoT, a number of adjacent DL subframes is limited in TDD due to the existence of UL subframes and special subframes. As we mentioned in a previous section, the radio frame structure of TDD makes it hard to achieve an efficiency of the cross subframe channel estimation scheme. To enhance the channel estimation accuracy, NRS transmission in special subframes could be considered. Also, if symbols in DwPTS can be used for NPDCCH and/or NPDCCH transmission, NRS should be provided within a special subframe region for reliable channel estimation. Details for NRS transmission in special can be found in our companion’s paper [5]
Proposal 3: NRS can be transmitted in special subframes.
2.3. Valid subframes
In the current specification, downlinkBitmap specifies the set of NB-IoT DL subframes with the periodicity of 10 or 40msec while all UL subframes are assumed as NB-IoT UL subframes. However, if we keep the same principle particularly regarding NB-IoT UL subframes even in TDD NB-IoT systems, then there would be potential issues due to the following properties of legacy LTE TDD systems.

1) UL subframes can be dynamically reconfigured as DL ones by eNB which supports eIMTA(Enhanced Interference Management and Traffic Adaptation)

2) Legacy LTE UEs’ synchronous ACK/NACK association between DL and UL
When we have a look at TDD eMTC systems, we can see that fdd-DownlinkOrTddSubframeBitmapBR has been defined to specify the set of valid subframes for TDD transmissions as well as FDD DL subframes in order to avoid negative impacts on the legacy LTE systems. With the same motivation as eMTC, the definition of a valid UL subframe needs to be introduced for TDD NB-IoT systems as well. In addition, NB-IoT features different types of operation modes, which make it stand out against eMTC. When it comes to Guardband mode, it is more likely for NB-IoT UE to use special subframes depending on the length of DwPTS/UpPTS in order to boost performance in terms of demodulation as well as latency. In other words, special subframes may need to be configurable ones as NB-IoT DL/UL subframes if special subframes can be used for NB-IoT.
Proposal 4: eNB can configure following subframes as either valid or invalid ones

· Downlink subframes

· Uplink subframes

· Special subframes, if special subframes are used for DL and UL transmission

· FFS whether or not individual configuration is needed for DwPTS and UpPTS

2.4. HARQ process

In TDD system, an increase of transmission latency is inevitable due to the UL/DL interlaced radio frame structure of TDD. Although the latency target could be relaxed, it should be considered to enhance the latency performance for TDD NB-IoT. One possible solution is to introduce multiple HARQ processes. In Rel-14 NB-IoT, 2-HARQ processes are introduced for the latency target enhancement. Likewise, 2-HARQ processes could be considered for TDD NB-IoT. Simply, 2-HARQ definition in FDD NB-IoT can be reused for TDD NB-IoT. However, some issues should be considered on 2-HARQ processes for TDD NB-IoT. First, Due to the radio frame structure of TDD, monitoring two NPDCCH before the starting subframe of NPDSCH or NPUSCH transmission may be difficult in the current mechanism for 2-HARQ processes in FDD NB-IoT. Second, due to the limitation of UL subframe resource, it may be beneficial to introduce ACK/NACK bundling which is not introduced in FDD NB-IoT. Finally, 2-HARQ processes in FDD NB-IoT can be used in limited TBS and repetition number only. Thus, 2-HARQ processes in FDD NB-IoT may be modified to achieve the latency target for TDD NB-IoT.
Also, multiple NPDSCH (and/or NPUSCH) with single DCI multi-subframe scheduling can be considered for TDD NB-IoT. In TDD NB-IoT, DL subframe resources are most likely to be insufficient. Thus, instead of using multiple NPDCCH for multiple scheduling information, which may require lots of DL resources and increase the latency, scheduling multiple NPDSCH (and/or NPUSCH) with single DCI could be considered for saving DL resource and reducing the latency. Furthermore, compact DCI can be a possible solution for TDD NB-IoT to reduce the required DL subframes and latency. 

Proposal 5: Multiple HARQ process operation and DCI overhead reduction (e.g. multi-subframe scheduling DCI and/or compact DCI) should be considered in terms of uplink/downlink resource efficiency and latency reduction for TDD NB-IoT.

2.5. Cross-carrier scheduling
In Rel-13/14 NB-IoT, once a non-anchor carrier is configured, UE is supposed to stay on that carrier and receive and transmit signals and channels such as NPDCCH, NPDSCH, NPRACH, and NPUSCH. However, given that the TDD system inherently does not have sufficient amount of downlink and uplink resources and the ratio between the number of subframes for downlink and uplink could be imbalanced depending on the UL/DL configuration, multi-carrier reception and transmission needs to be supported so that network’s flexibility of UL/DL resource allocation among multiple UEs distributed among multiple NB-IoT carriers can be maintained. Therefore, the number of carriers can be dimensioned based on the direction (i.e., UL or DL) having most of the traffic. Besides, in some UL/DL configurations, for example UL heavy configurations, the number of DL subframes is most likely insufficient for eNB to transmit NPDCCH together with NPDSCH for multiple UEs. Simply put, most of DL subframes on a particular carrier are going to be used up transmitting NPDSCH to multiple UEs in a cell.
Examples in Figure 1 show the above issues and give benefits we can expect taking advantage of cross-carrier scheduling. In Figure 1-(b), UE-3 and -4 receive DL channels on the non-anchor carrier #1 while UL channels are transmitted on the non-anchor carrier #2. In this example, DL subframes on the non-anchor carrier #2 can be scheduled for legacy LTE UEs. As an alternative way, UE-3 and -4 can stay on the non-anchor carrier #2 receiving and transmitting signals and channels without supporting cross-carrier scheduling. Accordingly, in this case, parts of DL subframes on the non-anchor carrier can be scheduled for legacy LTE UEs. However, when we take into account the fact cross-subframe channel estimation is essential for demodulation of DL channels, eNB may have to still transmit NRSs in the most DL subframes on both non-anchor carriers no matter how many NB-IoT UEs actually stay there.
In order to overcome the above drawbacks, cross-carrier scheduling can be considered and following benefits are expected. Cross-carrier scheduling approach can achieve a better load balancing among carriers, and therefore potentially reduce the number of required NB-IoT non-anchor carriers. In addition, it is expected that the blocking problem between NPDCCH and NPDSCH from eNB’s scheduler perspective can be alleviated. In other words, cross-carrier scheduling can provide a better network’s flexibility of UL/DL resource allocation and utilization among multiple UEs and channels distributed upon multiple NB-IoT carriers.
Proposal 6: Cross carrier scheduling is supported in TDD NB-IoT.
· A UE’s NPDCCH monitoring carrier, NPDSCH scheduled carrier, and NPUSCH format 1 and format 2 scheduled carriers can be configured to be different

· If DL and/or UL gap for carrier switching is needed, it needs to be guaranteed

· FFS on the possible combinations of operation modes between carriers for cross-carrier scheduling

When cross-carrier scheduling is supported, reusing the LTE CA mechanism can be first considered. However, it may require additional bits for carrier indicating in DCI if carrier or PRB index needs to be dynamically indicated by DCI which will lead to performance degradation in terms of NPDCCH detection under the same SNR and repetition number condition. Therefore, it needs to strive to minimize the required number of additional bits in DCI if we find the necessity of dynamic carrier indicating mechanism for NB-IoT TDD systems. Note that “Carrier indicator” field in LTE DCI has 3bits when “cif-Presence” is true regardless of # of cells or carriers.

Proposal 7: When cross carrier scheduling is supported, the maximum number of configurable carriers should be downselected from the followings
· Single carrier per channel (i.e., no indication bit is required in DCI)

· Up to 2 carriers per channel (i.e., 1 bit of CIF is required in DCI)
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(a) FDD
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(b) UL/DL configuration #2 (DL-heavy) in TDD

Figure 1. Examples of user distribution comparisons for duplex modes
2.6. UL/DL interlacing

In FDD NB-IoT, once UE started transmitting NPUSCH, UE is not expected to monitor NPDCCH and decode NPDSCH until NPUSCH is transmitted as many slots as scheduled by UL grant even if UE stops transmitting NPUSCH in order to maintain downlink synchronization for 40msec or avoid a collision with NPRACH. Unlike HD-FDD, however, due to alternating patterns of the UL/DL configuration repeated every 5 or 10 ms, the number of consecutive DL subframes between two discontinuous UL subframes may not be sufficient for UE to save power consumption by turning off and on its power taking into account the practical amount of time for ramping down/up and storing/restoring data in/from a memory. But the amount of resources in DL subframes between two discontinuous UL subframes is not a negligible one. So if UL/DL scheduling principle in FDD NB-IoT(DL and UL transmissions will not be scheduled in parallel, and vice versa) remains as it is even in TDD, it will be obviously inefficient in terms of resource utilization as well as UE power saving.
In order to overcome the above drawbacks, UL/DL interlacing can be considered to effectively manipulate the resources across uplink and downlink subframes and following benefits are expected. UL/DL interlacing can reduce the overall transmission-and-reception latency when UE is required to transmit and receive the packet in both directions. In such a case, a multi-subframe configuration mechanism with one integrated DCI can be considered as well so that UE can save more power than reading DL and UL grants separately. Moreover, UE power consumption reduction is expected because UE does not need to stay in standby mode on DL subframes when UE is transmitting NPUSCH and the whole UL transmission is not completed, and vice versa.
Proposal 8: DL and UL HARQ can be scheduled in parallel
· UE can expect NPDCCH for PDSCH scheduling before completion of HARQ process for a PUSCH transmission
· UE can expect NPDCCH for PUSCH scheduling before completion of HARQ process for a PDSCH reception
· UE can receive a NPDSCH in DL subframes before completion of a NPUSCH transmission in UL subframes
· UE can transmit a NPUSCH in UL subframes before completion of a NPDSCH reception in DL subframes
· FFS on single DCI for both DL and UL scheduling or single DCI per DL or UL scheduling
Furthermore, UL/DL interlacing can be used to realize an early termination of NPUSCH format 1 transmission by monitoring UL grant if eNB successfully decodes it before reaching the scheduled repetition number. On top of that, another UL HARQ process can be assigned as soon as UE detects UL grant so that UE can avoid a waste of transmission power and eNB can take advantage of efficient resource utilization. In a similar way, UE may be able to transmit NPUSCH while receiving NPDSCH over discontinuous downlink subframes. In this scenario, UE can report ACK on NPUSCH format 2 when NPDSCH is successfully decoded before reaching up to the scheduled repetition number if there is another reserved resource for UE to send ACK on it.
Proposal 9: Early termination of PDSCH and PUSCH is supported
· UE can report ACK/NACK during a PDSCH reception
· eNB can terminate UE’s PUSCH transmission by NPDCCH
According to the current NB-IoT specification, the number of HARQ processes is UE’s capability while legacy LTE UEs is mandated to be equipped with the maximum number of HARQ processes per duplex mode. One simple way for NB-IoT UE to increase throughput is to support 2 HARQ processes at the expense of complexity. According to the observation from Table 5 in [4], however, the achievable throughput is limited mainly due to inconsecutive downlink subframes even if UE supports 2 HARQ processes. Base on the findings, UL/DL interlacing mechanism can be preferable than 2 HARQ process capability.
Proposal 10: Condition for the support of UL/DL interlacing feature by a UE is FFS between;
· Supported by only 2 HARQ capable UE

· Separate feature from UE's HARQ capability (or mandatory for TDD UEs)

Besides, various types of the minimum amount of processing time between channels are ensured depending on the UE’s HARQ capability. For instance, the minimum amount of processing time for single-HARQ capable UE can be seen as below.
· UE perspective

· NPDCCH decoding time (e.g., the gap between DL grant and NPDSCH transmission is at least 4ms)

· NPDSCH decoding and NPUSCH format 2 generation time (e.g., the gap between NPDSCH and NPUSCH format 2 is at least 12ms)

· NPDCCH decoding and NPUSCH format 1 generation time (e.g., the gap between UL grant and NPUSCH format 1 is at least 8ms)

· eNB perspective

· NPUSCH decoding and NPDCCH generation time (e.g., the gap between NPUSCH and DCI is at least 3ms)
In order not to increase UE’s complexity and power consumption as much as possible compared to Rel.14 FDD, timing relationship for HARQ process and the minimum processing time need to be studied to see if UE’s complexity can be significantly affected by UL/DL interlacing. Restrictions and concerns that should be taken into account are listed below as a starting point
Proposal 11: Study the impact of UL/DL interlacing mechanism on UE’s complexity from the following aspects, where RAN1 aims not to increase UE’s complexity as much as possible compared to Rel.14 FDD
· Minimum processing time
· Timing relationship for HARQ process
· The size of HARQ buffer
3. Conclusion
In this contribution, we identify and discuss the main issues in supporting TDD operation in NB-IoT, especially related to the UL/DL common aspects. Proposals of this contribution are summarized as follows.
Proposal 1: Standalone mode will reuse TDD NB-IoT design for in-band and guard-band modes if no critical issue is found, and following standalone-specific issues will be separately discussed.
· Whether to support more UL/DL configuration(s) than in-band and guard-band operation modes 
· Whether to consider special subframes

· Whether or not special subframe configurations can be different from the current ones

· Whether or not DL-only and/or UL-only configuration per carrier can be supported (e.g., FDD-like NB-IoT operation)
Proposal 2: Downlink and/or uplink symbols in a special subframe can be used in Rel-15 TDD NB-IoT

· All symbols in DwPTS and UpPTS can be used at least in guard-band operation mode
Proposal 3: NRS can be transmitted in special subframes.
Proposal 4: eNB can configure following subframes as either valid or invalid ones

· Downlink subframes

· Uplink subframes

· Special subframes, if special subframes are used for DL and UL transmission

· FFS whether or not individual configuration is needed for DwPTS and UpPTS

Proposal 5: Multiple HARQ process operation and DCI overhead reduction (e.g. multi-subframe scheduling DCI and/or compact DCI) should be considered in terms of uplink/downlink resource efficiency and latency reduction for TDD NB-IoT.

Proposal 6: Cross carrier scheduling is supported in TDD NB-IoT.
· A UE’s NPDCCH monitoring carrier, NPDSCH scheduled carrier, and NPUSCH format 1 and format 2 scheduled carriers can be configured to be different

· If DL and/or UL gap for carrier switching is needed, it needs to be guaranteed

· FFS on the possible combinations of operation modes between carriers for cross-carrier scheduling

Proposal 7: When cross carrier scheduling is supported, the maximum number of configurable carriers should be downselected from the followings
· Single carrier per channel (i.e., no indication bit is required in DCI)

· Up to 2 carriers per channel (i.e., 1 bit of CIF is required in DCI)

Proposal 8: DL and UL HARQ can be scheduled in parallel
· UE can expect NPDCCH for PDSCH scheduling before completion of HARQ process for a PUSCH transmission

· UE can expect NPDCCH for PUSCH scheduling before completion of HARQ process for a PDSCH reception

· UE can receive a NPDSCH in DL subframes before completion of a NPUSCH transmission in UL subframes

· UE can transmit a NPUSCH in UL subframes before completion of a NPDSCH reception in DL subframes

· FFS on single DCI for both DL and UL scheduling or single DCI per DL or UL scheduling

Proposal 9: Early termination of PDSCH and PUSCH is supported
· UE can report ACK/NACK during a PDSCH reception
· eNB can terminate UE’s PUSCH transmission by NPDCCH
Proposal 10: Condition for the support of UL/DL interlacing feature by a UE is FFS between;
· Supported by only 2 HARQ capable UE

· Separate feature from UE's HARQ capability (or mandatory for TDD UEs)

Proposal 11: Study the impact of UL/DL interlacing mechanism on UE’s complexity from the following aspects, where RAN1 aims not to increase UE’s complexity as much as possible compared to Rel.14 FDD
· Minimum processing time
· Timing relationship for HARQ process
· The size of HARQ buffer
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