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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 agreement on the UL aspects was made [2]:
	Agreements:

· NPRACH for TDD supports single-tone with frequency hopping
· Multi-tone NPRACH formats can also be considered
· FFS details of frequency hopping
· One symbol group is defined by one CP, and N symbols. 
· FFS the value(s) of N
· FFS CP durations, symbol duration
· A preamble is defined by P symbol groups
· FFS: Guard time usage
· Repetition of NPRACH preamble is supported 
· The cell radius target for TDD NPRACH is FFS


In this contribution, we identify and discuss the main issues in supporting TDD operation in NB-IoT, especially related to the UL operation.
2. Discussion
2.1. Subcarrier spacing for NPUSCH
In FDD NB-IoT, both multi tone transmission (12, 6, and 3 subcarriers) and single tone transmission are supported for NPUSCH transmission. For multi-tone transmission, 15kHz subcarrier spacing is used, while 3.75kHz subcarrier spacing can be used in addition to the 15kHz subcarrier spacing for single tone transmission. In TDD, 15kHz subcarrier spacing is already used for legacy LTE system. Thus supporting 15kHz subcarrier spacing is very natural in TDD NB-IoT for both multi tone and single tone transmission. 
Meanwhile, we should be careful of supporting 3.75kHz subcarrier spacing due to the limitation of TDD radio frame structure. In FDD NB-IoT, one slot with 3.75kHz subcarrier spacing has 2ms duration. Therefore at least two sequential UL subframes must be guaranteed to support 2ms slot duration. However, in some case of UL/DL configuration, slot definition for 3.75kHz subcarrier spacing in FDD NB-IoT cannot be applied due to the limitation of the number of sequential UL subframes. For example, UL/DL configuration #2 and #5 cannot use slots with 3.75kHz subcarrier spacing because it can support 1ms UL transmission only. In this point of view, supporting 3.75kHz subcarrier spacing may not suitable for TDD NB-IoT in current design of FDD NB-IoT. To overcome this problem, some methods could be considered carefully. For example, supporting 3.75kHz subcarrier spacing could be decided based on UL/DL configuration. However, 3.75kHz subcarrier spacing is beneficial than 15kHz subcarrier spacing in terms of possible number of scheduled UEs at a same time. Thus before precluding 3.75kHz subcarrier spacing on the specific UL/DL configuration, alternative methods should be considered further. In this point of view, redesigning slot structure of 3.75kHz subcarrier spacing for TDD NB-IoT could be considered instead of restricting usage on specific UL/DL configuration. For example, number of symbols and DMRS pattern can be adjusted for supporting 3.75kHz subcarrier spacing within a 1ms duration.
Proposal 1: Whether/how to support 3.75kHz subcarrier spacing in Rel-15 TDD NB-IoT should be discussed considering TDD UL/DL configurations.

2.2. ACK/NACK transmission
TDD frame structure has different features from FDD; UL subframes, DL subframes and special subframes exist together in a same carrier frequency. Thus, the number of available UL subframes in a radio frame of TDD is smaller than that of FDD. This feature makes UL scheduling restriction and increase the latency. Also, NB-IoT should be suitable supporting massive connectivity. Thus, it is important to manage UL resource efficiently in TDD NB-IoT. In this context, it can be considered enhancing ACK/NACK transmission channel to reduce the required UL resource efficiently. 
One possibility is to support ACK/NACK piggybacking onto PUSCH format 1 in TDD NB-IoT. If interlacing of DL data and UL data is allowed in TDD NB-IoT as discussed in our another contribution [3], this approach would reduce the required UL resource when a UE should transmit UL data and ACK/NACK for DL data at the same time.
Also, ACK/NACK transmission in case of 2-HARQ process should be considered carefully to use UL resource efficiently. In FDD NB-IoT, ACK/NACK transmission of 2-HARQ process follows the timing relationship of single HARQ process. However, in TDD NB-IoT, this feature maybe not suitable due to the restriction on available UL resource and scheduling restriction which can increase the latency performance. In this point of view, some additional advanced techniques could be considered to enhance the UL resource efficiency and scheduling restriction for TDD NB-IoT. For example, ACK/NACK bundling or multiplexing could be considered for 2-HARQ process. Although, FDD NB-IoT does not support these kinds of methods, TDD NB-IoT may require more efficient UL resource management as we described above. 
Another topic is an ACK/NACK configuration for the early termination. As we described in our companion’s contribution [3], UL/DL interlacing could be applied in NB-IoT TDD. In this point of view, UE can receive the DL ACK/NACK for the UL data while transmitting its NPUSCH format 1 for early termination. Likewise, UE can send the UL ACK/NACK for the DL data before the end of the configured DL channel. This feature may be useful to handle the lack of UL/DL resources more efficiently. Also, latency and power consumption of the UE can be reduced. To support early termination procedure, ACK/NACK procedure and its resource configuration should be considered carefully.
Proposal 2: Enhancement of ACK/NACK for Rel-15 TDD NB-IoT should be considered for efficient utilization of UL resources in TDD UL/DL configurations.
· Support ACK/NACK piggy back on NPUSCH format 1 if UL/DL interlacing is supported.
· Support ACK/NACK bundling or multiplexing for 2-HARQ process.
· Support an early termination of UL/DL transmission utilizing interlaced UL/DL structure
2.3. NPRACH 
In RAN1#90 meeting, the agreements “NPRACH for TDD supports single-tone with frequency hopping” and “Multi-tone NPRACH formats can also be considered” were made. Generally, the PAPR performance of single-tone NPRACH preamble is better than that of multi-tone NPRACH preamble. Also, since the UE cost and complexity for TDD NB-IoT should be similar with that for FDD NB-IoT, TDD NB-IoT system should support the UE with a single-tone only transmission capability. Therefore, single-tone NPRACH preamble should be supported for all UL/DL configurations to be used in TDD NB-IoT system. Additionally, it can be considered that the single-tone NPRACH preamble format may be different according to UL/DL configuration. Since the number of consecutive UL subframes is different according to UL/DL configuration, the most suitable design of single tone NPRACH preamble can be different per UL/DL configuration.
Proposal 3: Single-tone NPRACH preamble is supported for all UL/DL configurations to be used in TDD NB-IoT system.
To support various UL/DL configurations, the following single tone NPRACH preamble design can be considered. 
First of all, to support same coverage and CP overhead as FDD, the length of symbol group should be same with NPRACH preamble format as FDD, that is, 1.4ms and/or 1.6ms. Also the same frequency hopping structure per NPRACH symbol group as in FDD should be supported. 
Next, single symbol group can be divided into two segments based on the symbol boundary to support symbol group transmission over two discontinuous UL subframes depending on the DL/UL configuration.

Finally, same tone is maintained between the two segments of the same symbol group and the frequency hopping can only occur among the different symbol groups to support same frequency hopping structure among symbol groups in FDD. 
Figure 1, figure 2, and figure 3 show examples of frequency hopping patterns for the proposed single tone NPRACH preamble in different UL/DL configurations. In this example, the subcarrier spacing and the CP length of TDD NPRACH preamble are assumed same as that of FDD NPRACH preamble so that the symbol group consists of one CP and 5 symbols. Also, we consider that single symbol group can be divided into two segments of equal length.
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Figure 1. Example of hopping pattern for TDD NPRACH preamble in UL/DL configuration #2 and #5 (T=5ms for UL/DL configuration #2 and T=10ms for UL/DL configuration #5)

Figure 1 shows the example of frequency hopping pattern for TDD NPRACH preamble in #2 and #5 UL/DL configuration. In this figure, since there is no consecutive UL SFs, two segments of a same symbol group are transmitted discontinuously. Similarly, for the same reason, the last segment of the former symbol group and the first segment of later symbol group are transmitted discontinuously. As mentioned earlier, the frequency hopping always occurs among the different symbol groups, and same tone is always maintained between the two segments of the same symbol group. In this example, the frequency hopping pattern is same as that of FDD case. Also, the same level of implicit guard time as the legacy FDD NPRACH preamble is guaranteed.
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 Figure 2. Example of hopping pattern for TDD NPRACH preamble in #1 and #4 UL/DL configuration (T=5ms for #1 UL/DL configuration and T=10ms for #4 UL/DL configuration)

Figure 2 shows the example of frequency hopping pattern for TDD NPRACH preamble in #1 and #4 UL/DL configuration. In this figure, since the number of consecutive UL SF is two, the segments of same symbol group are transmitted continuously, while frequency hopping pattern and guard time are maintained same as FDD case. 
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 Figure 3. Example of hopping pattern for TDD NPRACH preamble in #0 and #3 UL/DL configuration (T=5ms for #0 UL/DL configuration and T=10ms for #3 UL/DL configuration)

Figure 3 shows the example of frequency hopping pattern for TDD NPRACH preamble in #0 and #3 UL/DL configuration. In this figure, since the number of consecutive UL SF is three, the segments of same symbol group are transmitted continuously or discontinuously. Also, for the same reason, the last segment of the former symbol group and the first segment of later symbol group are transmitted continuously or discontinuously. Still, frequency hopping pattern and guard time are maintained same as FDD case. 
Proposal 4: The following design principles for single tone NPRACH preamble should be supported.

· The same length of NPRACH symbol group as in FDD should be supported. 
· The same frequency hopping structure per NPRACH symbol group as in FDD should be supported.
· Single symbol group can be divided into multiple segments based on the symbol boundary depending on the available consecutive UL subframes in DL/UL configuration.
3. Conclusion
In this contribution, we identified and discussed the main issues in supporting TDD operation in NB-IoT, especially related to the UL operation. The proposals are summarized as follows.
Proposal 1: Whether/how to support 3.75kHz subcarrier spacing in Rel-15 TDD NB-IoT should be discussed considering TDD UL/DL configurations.
Proposal 2: Enhancement of ACK/NACK for Rel-15 TDD NB-IoT should be considered for efficient utilization of UL resources in TDD UL/DL configurations.
-
Support ACK/NACK piggy back on NPUSCH format 1 if UL/DL interlacing is supported.
-
Support ACK/NACK bundling or multiplexing for 2-HARQ process.
· Support an early termination of UL/DL transmission if configured UL/DL resources are present between noncontiguous scheduled NPUSCH/NPDSCH subframes.
Proposal 3: Single-tone NPRACH preamble is supported for all UL/DL configurations to be used in TDD NB-IoT system.

Proposal 4: The following design principles for single tone NPRACH preamble should be supported.

· The same length of NPRACH symbol group as in FDD should be supported. 
· The same frequency hopping structure per NPRACH symbol group as in FDD should be supported.
· Single symbol group can be divided into multiple segments based on the symbol boundary depending on the available consecutive UL subframes in DL/UL configuration.
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