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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


RAN1#90 is the first meeting where the official discussion for the specification of TDD operation of NB-IoT. In this contribution, we identify and discuss the main issues in supporting TDD NB-IoT operation, especially related to the DL operation.

2. Discussion
2.1. NPSS/NSSS
There had been a lot of proposals for NPSS/NSSS design in the early days of Rel.13 NB-IoT and we had extensively observed and compared performances in various aspects such as cell search detection success, false alarm, PAPR and so on, and we managed to reach today’s NPSS and NSSS which satisfy requirements of NB-IoT synchronization signal design. Therefore, we believe the current NPSS and NSSS should be the baseline of TDD NPSS and NSSS at least in terms of types of base sequences and their lengths. Especially NPSS structure which is composed by 11 repeated OFDM symbols with 11 length cover codes should be kept because it is expected that an oscillator accuracy of NB-IoT UE is much poorer than that of LTE and NPSS is the only signal which can be used for accurate carrier frequency offset estimation. Besides, when we take into account the fact that the current NSSS (504 cell IDs and 4 frame numbers) carries 12 times as much information as SSS in LTE (168 cell ID groups), new NSSS design for TDD is less likely to be introduced. Based on the reasons mentioned above, TDD NPSS and NSSS should occupy as many OFDM symbols as the current ones.
Proposal 1. If NPSS and/or NSSS is redesigned for TDD, the current NPSS and/or NSSS structure in FDD should be the baseline as follows.
· NPSS consists of single sequence for time/frequency synchronization and NSSS consists of 2016 sequences for the identification of cell ID and system frame number.
· TDD NPSS and NSSS should occupy 11 contiguous OFDM symbols
· TDD NPSS and NSSS sequences should reuse the types of base sequences and their lengths
As for the periodicity of synchronization signals, it should be the same as those of FDD NB-IoT no matter what MCL will be supported in TDD NB-IoT systems. Firstly, we remind synchronization signal’s periodicity in legacy LTE system. There are 5msec and 10msec periodicities for PSS and SSS, respectively regardless of its duplex mode. Secondly, if we introduce TDD NPSS and NSSS which have longer periodicities than those of FDD, it will end up increasing UE’s implementation complexity as well as computational one. For example, if NPSS is transmitted every other 10msec then UE may have to run correlators for both duplex modes in parallel and store them in a memory over 10msec and 20msec for FDD and TDD, respectively. Therefore, transmission periods of NPSS and NSSS for TDD should be the same as those for FDD
Proposal 2. Transmission periods of NPSS and NSSS for TDD should be the same as the current NPSS and NSSS for FDD in Rel.13
Based on two design principles above, detailed design options for TDD NB-IoT synchronization signals can be considered. Before diving deep into a detailed discussion, we would like to define first what additional information needs to be added which was not considered in Rel.13 NB-IoT. The current NB-IoT UEs can obtain a frame number within 80msec as well as cell ID by detecting NSSS sequence as legacy LTE UEs can get radio frame boundary and cell ID group number through SSS. In addition, there are two more information which LTE SSS provides. CP length and duplex mode can be additionally obtained by blindly detecting distance between PSS and SSS symbols. However, it had been decided not to support an extend CP in NB-IoT but to support TDD in Rel.15. Thus, duplex mode is most likely to be another essential information which needs to be considered when we discuss NPSS and NSSS design details.
If an NB-IoT UE cannot identify duplex mode in the stage of initial DL synchronization, it should try to decode NPBCH/SIB-NB to know if the cell can be a serving cell to the UE depending on the UE’s assumed/supported duplex mode. This can cause significant impairment to the UE’s battery consumption and system acquisition latency. Therefore, synchronization signal of TDD NB-IoT should be designed to provide discretion from the FDD duplex mode.

Proposal 3. NPSS/NSSS of TDD NB-IoT should be designed to provide discretion from the FDD duplex mode.

In order to inform duplex mode between FDD and TDD through synchronization signal, we can first take the same method as legacy LTE systems which is based on symbol distance between PSS and SSS. In general, it can be expected that duplex mode can be identified by means of the synchronization symbol distance when networks are time synchronized. However, there is a potential risk that networks transmit and receive signals in an unsynchronized manner between region boundaries and different operators. On top of that, FDD networks are less likely to be time synchronized as we can see in the current FDD cell deployments. Considering the fact above, drawbacks of synchronization symbol/subframe distance based approach need to be seriously taken into account in terms of false alarm rate and miss detection probabilities which affect power consumption of low cost and power devices. In addition, if synchronization symbol/subframe distance is the only mechanism for NB-IoT UE to identify duplex mode, Rel.13 NB-IoT UE may waste huge power staying on TDD carrier because Rel.13 UE may be able to manage to correctly detect NPSS and will continue to search NPSS on the subframe where it is supposed to be transmitted assuming FDD systems. As a result, substantial power consumption and initial acquisition time latency are expected.
Another method which can be considered to cope with the aforementioned potential problems is NPSS based duplex mode identification on top of synchronization subframe distance based approach. Unlike FDD systems, the current NPSS does not carry information other than 10msec radio frame boundary. Therefore, adding duplex mode information into NPSS can be considered while keeping FDD NPSS structure as is. The current NPSS is a 2-dimension composite sequence of 11-length ZC sequence with root index of 5 and 11-length cover code. As an example, 3 types of TDD NPSSs can be constructed as follows:
A) ZC sequence with root index of 6 and the same cover code as FDD NPSS
B) The same ZC sequence as FDD NPSS and different cover code from the current one in NPSS

C) ZC sequence with root index of 6 and different cover code from the current one in NPSS

First of all, ZC sequence with root index of 6 has complex conjugate symmetry relationship with ZC sequence of root index 5. This property had been seriously considered when the current LTE PSS design was adopted because two different cross-correlation outcomes for the root of 29 and 34 can be derived from one cross-correlation computation for the root of either 29 or 34. Based on the fact that power consumption and computational complex should be taken into account more seriously for NB-IoT, root index of 6 can be taken so that NB-IoT UE can take an advantage of the complex conjugate symmetry property.
Secondly, use of different cover code from the one in the current NPSS can be additionally defined for duplex mode identification. In this case, additional cover code should have low cross-correlation value to the current one [1, 1, 1, 1, -1, -1, 1, 1, 1, -1, 1] while achieving similar performance to that of Rel. 13 in terms of cell acquisition time. We have considered a cover code of [1, 1, -1, 1, -1, 1, -1, -1, -1, 1, 1] as an example cover code in the simulation.
In order to compare performances in terms of duplex and cell detection probabilities for the above 3 types TDD NPSSs, we have performed simulations in the circumstances given as Table A1 in appendix A. In the Table 1, case of Rel.13 is shown as a reference performance. Cases in the Table 1 are grouped into 3, which starts with ‘A’, ‘B’, and ’C’ representing 3 types of TDD NPSSs given above. As can be seen from the Table 1, all types(A-1, B-1, and C-1) achieve similar performance to the Rel.13 in terms of serving-cell detection probability. However, when we take a close look at miss-detection probabilities in the cases of A-2, A-3, and B-2 (highlighted in yellows), we can see that type C based TDD NPSS outperforms other types. Therefore, TDD NPSS should be designed based on type C which modifies root index as well as cover code from the current NPSS. (note that false alarm rate of B-2 is not negligible particularly for NB-IoT UEs as it will end up shortening battery life-time from the very initial stage)
Table 1. Link level evaluation results for different root indices and cover code
	Cases
	eNB
	UE
	Detection probability (%)

	
	(root index, cover code)
	

	Rel.13
	(F, F)
	(F,F)
	91.97

	A-1
	(T, F)
	(T, F)
	91.33

	A-2
	(F, F)
	(T, F)
	15.19

	A-3
	(T, F)
	(F, F)
	11.93

	B-1
	(F, T)
	(F, T)
	93.43

	B-2
	(F, F)
	(F, T)
	2.42

	B-3
	(F, T)
	(F, F)
	0.00

	C-1
	(T, T)
	(T, T)
	90.94

	C-2
	(F, F)
	(T, T)
	0.00

	C-3
	(T, T)
	(F, F)
	0.00


Note ‘F’ and ‘T’ in (root index, cover code) represents FDD and TDD, respectively. The current root index and cover code are used when (root index, cover code) is (F, F) while 5 and [1, 1, -1, 1, -1, 1, -1, -1, -1, 1, 1] are used as root index and cover code, respectively for (T, T).
Furthermore, NSSS based duplex mode identification can be considered as well. However, when we take into account the fact that the current NSSS (504 cell IDs and 4 frame numbers) carries 12 times as much information as SSS in LTE (168 cell ID groups), NSSS modification would not be as simple as NPSS based one.
Proposal 4. NPSS sequence for TDD NB-IoT is modified from the NPSS sequence for FDD NB-IoT to indicate difference in duplex mode.

· FFS for modification of NSSS sequence for TDD NB-IoT from the NSSS sequence for FDD NB-IoT

2.2. Valid downlink subframes
In FDD NB-IoT, valid subframe is subframe which can be used for NPDCCH and NPDSCH transmission. Likewise, concept of valid subframe can be reused for TDD NB-IoT. However, the number of valid subframe in TDD NB-IoT may not sufficient for supporting large number of repetition and massive number of UEs. Moreover, valid subframes in anchor carrier could be more limited than non-anchor carrier due to the periodic transmission of NPSS/NSSS/NPBCH/NB-SIB1. Thus using symbols in DwPTS in special subframe should be considered to secure the DL resources for NPDCCH and NPDSCH transmission. 

In other point of view, reducing DCI overhead could be helpful to save the DL valid subframes. For example, multi-subframe scheduling DCI for multiple NPDSCH and/or NPUSCH transmission can save the DL resource which is used for NPDCCH transmission. Likewise, compact DCI method could be considered. There are many pros and cons on introducing multi-subframe scheduling DCI and compact DCI, for example it can save DL resources while scheduling restriction and complexity of monitoring multiple search spaces can occur. Therefore, efficient DCI design such as redesigning existing DCI format of FDD NB-IoT and/or introducing new type of DCI with advanced procedure should be carefully considered. 

Proposal 5. Using special subframe for NPDCCH and NPDSCH transmission should be considered.

Proposal 6. Efficient DCI design for TDD NB-IoT should be considered to save the DL resource for NPDCCH transmission (e.g. multi-subframe scheduling DCI and/or compact DCI)
2.3. Downlink reference signals
There are 2 types of RSs in FDD NB-IoT systems which are NRS and NPRS. In Rel.14 NB-IoT, NRS is used for NB-IoT for all operation modes. Likewise, TDD NB-IoT requires NRS transmission in DL subframes especially for valid subframes and subframes used for NPBCH and NB-SIB1 transmission. Without difficulty, NRS design in FDD NB-IoT can be reused in DL subframes of TDD NB-IoT. 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 in a radio frame of TDD is limited due to the existence of UL subframes and special subframes. This characteristic 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. Moreover, as we discussed in previous section, using a special subframe for NPDCCH and/or NPDSCH transmission could be considered to secure DL resources. In this case, NRS should be provided within a special subframe region for reliable channel estimation. However, reusing NRS design of FDD NB-IoT for NRS transmission in a special subframe may not suitable; we have to consider the number of available symbols in a DwPTS and NPDCCH and/or NPDSCH design for TDD NB-IoT.

Proposal 7. NRS transmission in a special subframe should be considered.

· If supported, NRS in a special subframe should be redesigned to support DwPTS structure.

For NPRS in TDD NB-IoT, subframe configuration for NPRS should be decided since TDD NB-IoT subframe structure consists of different numbers of DL subframe, UL subframe, DwPTS, and UpPTS depending on the UL/DL configuration. We suggest discussing at least the following aspects.

· Utilization of DwPTS for NPRS transmission

· Indication of NPRS subframe based on which types of subframes

· Indication of neighbor cell NPRS subframe configuration related to the UL/DL configuration

Moreover, in FDD NB-IoT, collision between NPRS subframe and NRS/NPDCCH/NPDSCH transmission is assumed to be avoided in most cases by eNB scheduling. On the other hand, in TDD NB-IoT this assumption may be unrealistic since DL resources are limited due to DL/UL subframe interlacing. Therefore, we suggest discussing collision handling between NPRS subframe and NRS/NPDCCH/NPDSCH transmission for TDD NB-IoT design.

Proposal 8. Discuss NPRS subframe configuration and indication considering the following aspects for TDD NB-IoT design.

· Utilization of DwPTS for NPRS transmission

· Indication of NPRS subframe based on which types of subframes

· Indication of neighbor cell NPRS subframe configuration related to the UL/DL configuration

Proposal 9. Discuss collision handling between NPRS subframe and NRS/NPDCCH/NPDSCH transmission in TDD NB-IoT design
3. Conclusion
In this contribution, we identified and discussed the main issues in supporting TDD operation in NB-IoT, especially related to the DL operation. The proposals are summarized below.
Proposal 1. If NPSS and/or NSSS is redesigned for TDD, the current NPSS and/or NSSS structure in FDD should be the baseline as follows.
· NPSS consists of single sequence for time/frequency synchronization and NSSS consists of 2016 sequences for the identification of cell ID and system frame number.
· TDD NPSS and NSSS should occupy 11 contiguous OFDM symbols
· TDD NPSS and NSSS sequences should reuse the types of base sequences and their lengths
Proposal 2. Transmission periods of NPSS and NSSS for TDD should be the same as the current NPSS and NSSS for FDD in Rel.13
Proposal 3. NPSS/NSSS of TDD NB-IoT should be designed to provide discretion from the FDD duplex mode.

Proposal 4. NPSS sequence for TDD NB-IoT is modified from the NPSS sequence for FDD NB-IoT to indicate difference in duplex mode.

· FFS for modification of NSSS sequence for TDD NB-IoT from the NSSS sequence for FDD NB-IoT

Proposal 5. Using special subframe for NPDCCH and NPDSCH transmission should be considered.

Proposal 6. Efficient DCI design for TDD NB-IoT should be considered to save the DL resource for NPDCCH transmission (e.g. multi-subframe scheduling DCI and/or compact DCI)
Proposal 7. NRS transmission in a special subframe should be considered.

· If supported, NRS in a special subframe should be redesigned to support DwPTS structure.

Proposal 8. Discuss NPRS subframe configuration and indication considering the following aspects for TDD NB-IoT design.

· Utilization of DwPTS for NPRS transmission

· Indication of NPRS subframe based on which types of subframes

· Indication of neighbor cell NPRS subframe configuration related to the UL/DL configuration

Proposal 9. Discuss collision handling between NPRS subframe and NRS/NPDCCH/NPDSCH transmission in TDD NB-IoT design
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5. Appendix A
Table A1. Link-level Evaluation Assumptions
	Parameter
	Value

	Operation Mode
	In-band same PCI mode

	Antenna Configuration
	2Tx in BS, 1Rx in UE

	BS Power
	35 dBm

	System BW
	180 kHz

	Operating SNR
	-12.6 dB

	Carrier Frequency
	900 MHz

	Channel Model
	TU

	Doppler Spread
	1 Hz

	Frequency Error
	Uniformly distributed in [-25 kHz, +25 kHz]

	Timing Error
	Uniformly distributed in [0 ms, 1 ms]

	False-alarm Probability
	1 %

	Number of Simulation subframe
	106

	CRS
	On


