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Introduction
A new Work Item (WI) on further NB-IoT enhancements was approved as a working agreement in RAN # 75 [1], then in RAN #76 the WI became approved with slight changes (power consumption prioritization) [2]. According to the Work Item Description (WID) [1], one of the objectives refers to work on introducing the support of the TDD operation into NB-IoT, which should commence from RAN #76. 
B. Work on the following objective to commence from RAN#76
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 this contribution, we discuss the support of TDD from the DL point of view in an NB-IoT system. Performing such analysis will allow us to identify the potential limitations, implications, and considerations of the NB-IoT TDD design. In our companion contribution [4], we discussion the UL aspects of the NB-IoT TDD design. 
Background
The support of NB-IoT TDD is justified as follows [1]. 
· The expedited standardization process in Rel-13 developed the air interface to support half-duplex FDD. However, TDD spectrum also exists globally, including regulatory environments and operator markets where there is strong un-met demand for NB-IoT. In some cases, this demand has existed since the early phases of the Rel-13 work. 
· Therefore, Rel-15 is the right time to add TDD support into NB-IoT, after establishing what the needed targets in terms of coverage, latency, etc. should be.
In a TDD system, unlike the FDD system, the UL and DL are sharing the same carrier frequency. Table 1 shows the available LTE TDD configurations as described by the LTE standard [3]. 
As can be seen from Table1 there are seven different TDD configurations that are supported in the current LTE system, three of them (i.e., configuration #3, #4, and #5) have a Downlink-to-Uplink switching periodicity equal to 10ms, meaning that there is only one “special subframe” per every radio frame. While, all the other TDD configurations (i.e., configuration #0, #1, #2, and #6) use a Downlink-to-Uplink switching periodicity equal to 5ms, where there are two “special subframes” per every radio frame. The “special subframes” consists of three fields, Downlink Pilot Time Slot (DwPTS), Guard Period (GP), and Uplink Pilot Time Slot (UpPTS), which have variable lengths depending on the special subframe configuration. Due to UL timing advance (TA), the “special subframes” is inserted between DL subframe and UL subframe to offer the UE preparing time to switch between DL to UL. 

[bookmark: _Ref485298037][bookmark: _Ref485298032]Table 1 Uplink-downlink configurations
	[bookmark: _Hlk487540696]Uplink-downlink 
configuration
	Downlink-to-Uplink 
Switch-point periodicity
	Subframe number
	Number of subframes / frame

	
	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	DL
	UL
	S

	0
	5 ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	U
	2
	6
	2

	1
	5 ms
	D
	S
	U
	U
	D
	D
	S
	U
	U
	D
	4
	4
	2

	2
	5 ms
	D
	S
	U
	D
	D
	D
	S
	U
	D
	D
	6
	2
	2

	3
	10 ms
	D
	S
	U
	U
	U
	D
	D
	D
	D
	D
	6
	3
	1

	4
	10 ms
	D
	S
	U
	U
	D
	D
	D
	D
	D
	D
	7
	2
	1

	5
	10 ms
	D
	S
	U
	D
	D
	D
	D
	D
	D
	D
	8
	1
	1

	6
	5 ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	D
	3
	5
	2



D: Downlink; U: Uplink; S: Special Subframe
TDD support into NB-IoT for uplink
In this section, we first discuss the general configuration aspects of NB-IoT support. Then, we will discuss either of the DL channels individually in the context of TDD. 
TDD configurations 
To achieve best co-existence between NB-IoT and the existing TDD network, it is preferable that NB-IoT can support all the existing LTE TDD configurations. This does not only apply to the case of in-band and guard-band operation, but also for the standalone case. This is because in the standalone deployment, the NB-IoT carrier can be close to the LTE TDD carrier, and in this case, it is preferred the standalone deployment has the same TDD configuration as the nearby LTE TDD carrier to minimize the interference. Furthermore, within 20 MHz bandwidth, the anchor carrier can be standalone, but a secondary carrier can be in-band or guar-band. 
Proposal 1: [bookmark: _Ref487633313]Use the existing LTE TDD configurations as a baseline for introducing the TDD support into NB-IoT.
In NB-IoT FDD, repetitions are used to as a mean to enhanced the coverage. It is foreseeable, repetitions will also be used in NB-IoT TDD to extend the coverage. However, some of the configurations have very limited DL resource, which may be challenging in terms of repetitions. As we can see from Table 1 that SF #0 and SF #5 are commonly available in the DL for all configurations. Therefore, they are the best candidates for NPSS, NSSS and NPBCH. We will discuss this in details in later sections. 
The DL resource of TDD configuration is very limited in some of the TDD configurations, i.e., only 2 DL subframes in configuration #0, and 3 DL subframes in configuration #6. If these DL configurations are supported, the SI may have used up all the DL resources. Therefore, it is necessary to consider to setup more default carriers for some of the TDD configurations. However, in this case, the meaning of anchor carrier in NB-IoT TDD may be slightly different than NB-IoT FDD, as in FDD all the SI is carried on the anchor carrier. Therefore, anchor carrier in NB-IoT TDD should be defined as the carrier that contains NPSS and NSSS. 
Observation 1: [bookmark: _Ref487633525]Some of the TDD configurations, e.g., TDD configuration #0 and #6, have very limited DL subframes. These subframes may not be possible even to carry all the necessary system information for a UE in extended coverage to gain access to the network.  

Proposal 2: [bookmark: _Ref487633377]To support some of the TDD configurations with few DL subframes, some of the SI information can be transmitted on non-anchor carriers. 
Proposal 3: [bookmark: _Ref489790335]RAN1 to discuss the potential down-selection of the LTE TDD configurations to be used for NB-IoT in TDD mode. 
DL physical channels in TDD operation
NPSS and NSSS
In the current FDD NB-IoT system, the primary sync signal NPSS is sent in SF#5. NPSS is used by the UE to acquire the coarse frequency and time sync to the system. As we can see from Table 1 that only SF#0 and SF#5 are commonly available for all the TDD configurations, therefore these two subframes are the best candidates for NPSS, otherwise the UE needs to do multiple hypothesis. Since NPSSS detection is one of the most demanding operations at the UE, doing multiple hypothesis is not preferable. Moreover, from an implementation point of view, it is preferred that the current design can be re-used. Therefore, it is proposed that 
Proposal 4: [bookmark: _Ref487633389]The same NPSS design as FDD NB-IoT is used for NB-IoT TDD, and NPSS is transmitted in subframe #5 in each of the radio frame. 
After acquiring the NPSS, the UE further checks the NSSS to get the physical cell ID (PCID) and further correct its timing and frequency. In the current FDD NB-IoT system, NSSS is sent every 20 ms in every other SF#9 of the 10 ms frame. However, as we can see from Table 1, SF#9 is not available for TDD configuration #0, therefore, if we are aiming at support all the TDD configurations, SF#9 may not be a good candidate for NSS. As mentioned about, SF#0 is commonly available for all TDD configurations, and therefore SF#0 can be used for NSS. 
Another benefit of using a different subframe for NSSS in TDD is that the UE can distinguish between an TDD cell and FDD cell in the early phase of the cell search procedures. This can reduce the efforts in later stage, e.g., the MIB detection.  Moreover, the same NSSS sequence design can be kept minimizing the implementation efforts. 
Proposal 5: [bookmark: _Ref487633403]The same NSSS design as FDD NB-IoT is used for NB-IoT TDD, but instead of using SF#9 NSSS is transmitted in SF#0 in every other radio frame. 

NPBCH, SIB1-NB, and other SI
After acquiring the NPSS and NSSS, the UE needs to read MIB to get necessary information for accessing the system. As discussed above, if every other SF#0 is used for NSSS, the unused SF#0 can be used for NPBCH. After detecting the NPSS, the subframe index is resolved at the UE, and after detecting the NSSS the UE has the information about whether the SFN is even or odd. Therefore, it can easily identify which SF#0 is used for NPBCH. Since the density of the NPBCH is reduced, it is expected the MIB acquisition time can be longer comparing to the FDD NB-IoT. However, if the coverage of TDD NB-IoT is going to be relaxed and all TDD configurations need to be supported, then this is not a big problem. 
Proposal 6: [bookmark: _Ref487633417]To use every other SF#0 for NPBCH transmission, if all TDD configurations need to be supported. 
The size of the MIB is currently 34 bits in NB-IoT FDD. In Table 2 we list the current fields in NB-IoT FDD MIB. Some of the fields can be reused in NB-IoT TDD, e.g., systemFrameNumber-MSB, hyperSFN-LSB, systemInfoValueTag, ab-Enabled-r13. Other fields, e.g., operationModeInfo, and channel raster indication can be redefined, and new fields may be introduced in the context of TDD.  To be more specific, it is better for a UE to understand the TDD configurations after reading the MIB. In total, there are 6 different TDD configurations, which requires 3 bits. 
[bookmark: _Ref487532935]Table 2 NB-IoT FDD MIB fields and sizes
	Field Name
	Size

	systemFrameNumber-MSB-r13
	4

	hyperSFN-LSB-r13
	2

	schedulingInfoSIB1-r13
	4

	systemInfoValueTag-r13
	5

	ab-Enabled-r13
	1

	operationModeInfo-r13
	2

	Various ways to indicate channel raster. See TS36.331. Depending on the operation mode, different fields are presented.
	5 

	Spare
	11



Proposal 7: [bookmark: _Ref487633432]Introduce a field to indication the TDD configuration in the MIB. 

Currently in NB-IoT FDD system, SIB1-NB is sent on SF#4 in the radio frame where SIB1-NB is scheduled. And on SIB1-NB repetition is mapped to 16 continuous radio frames, where SF#4 in every other radio frame is used of SIB1-NB. However, from Table 1 we can see that SF#4 is not available for TDD configuration #0, #3, and #6. Therefore, depending on the TDD configurations, we may consider using different SF for SIB1-NB transmission. In configurations where the number of DL subframes is limited, we can also consider introducing to transmit SIB1-NB on non-anchor carriers. 
Proposal 8: [bookmark: _Ref487633442]Considering the limited number of commonly available DL SFs, SIB1-NB scheduling can be different for different TDD configurations. 
Proposal 9: [bookmark: _Ref487633459]For TDD configurations that have few DL SFs, consider sending SIB1-NB on the non-anchor carriers.
The scheduling information of other SIBs is given in SIB1. As discussed in [5],  in an NB-IoT FDD system, the total resource usage for SI can be around 40%. Therefore, it is foreseeable that in some TDD configurations with few DL SFs, it may not be possible to send all the SI information on one carrier. Therefore, it may be beneficial to spread SI in more than one carriers, at least for some TDD configurations. 
Observation 2: [bookmark: _Ref487633539]From resource usage point of view, it is beneficial to spread SI transmission in more than one carrier, at least for some TDD configurations.  

NPDCCH
In this section, we discuss the NPDCCH design for NB-IoT TDD. In our point of view, most of the design concepts in NB-IoT FDD, e.g., aggregation level, different types of search spaces, definition of search space candidates, and etc., can be directly applied in NB-IoT TDD. Therefore, we only discuss what needs to be modified or enhanced in NB-IoT TDD design. 
In NB-IoT FDD, forward scheduling is used. Due to the low complexity, in Rel13 NB-IoT FDD design, it is agreed that the UE should not do more than 4 blind decoding within 1 ms, and a 4 ms decoding time for the NPDCCH should be guaranteed. Therefore, if two search space are less than 4 ms apart, the UE is not required to monitor the first search space. However, this may not be the case for NB-IoT TDD. 
First of all, the DL transmission of NB-IoT is not continuous.  Therefore, naturally there are enough processing time offered during the UL SFs. Furthermore, during the discussions of Rel14 NB-IoT, it is understandable that UE with better performance can be expected while keeping the same low cost. Therefore, it may neither necessary to specify an explicit NPDCCH processing time, nor drop an entire search space when collision happens, e.g., caused by postponing. Moreover, if the entire search space is dropped, it may result in long delays, especially in the TDD configurations that have few DL subframes.
Proposal 10: [bookmark: _Ref487633477]Do not explicitly impose the 4 ms NPDCCH dropping rule in NB-IoT TDD. That is the UE only drops the NPDCCH candidates in a search space that end before the starting of the next NPDCCH search space. 









In NB-IoT FDD, the locations of the starting subframe of an NPDCCH search space is defined as “a subframe satisfying the condition , where , T≥4.”  This gives an easy way for the UE to calculated the starting position of an NPDCCH search space regardless the DL valid SF configurations and SI scheduling. This should also be adopted for the NB-IoT TDD design. However, the value of may need to be reconsidered. The use of is to offer different starting subframe for different UEs, which offers scheduling flexibility. Currently, the values of the  is among the set {0, 1/8, 1/4, 3/8}. For example, if we have T = 8, the  gives an offset of 0, 1, 2, 3 different SFs among different UEs. In some of the TDD configurations, if we consider the NPDCCH transmission is postponed due to UL SFs, the use of would points to the same starting SF of the NPDCCH, which contradicts the intention of . Therefore, it is beneficial to extended the range of  in the NB-IoT TDD design. 
Proposal 11: 
[bookmark: _Ref487633488]  Consider to extended the range of  in the NB-IoT TDD design to offer more scheduling flexibilities.
Currently, in the NB-IoT FDD system, the scheduling delays between NPDCCH are NPDSCH is indicated in the DCI format N1 (see Table 16.4.1-1 in TS36.213). The scheduling delay values are based on Rmax of the search space, and the maximum scheduling delay is 1024 SFs. Given in a TDD system, the DL and UL SFs are interlaced, the scheduling delay values may need to be redefined.  
Observation 3: [bookmark: _Ref489358640]Due to the interlaced DL and UL SFs in NB-IoT TDD, the scheduling delay values in DCI N1 may need to be redefined.  

NPDSCH
In this section, we discuss the NPDCCH design for NB-IoT TDD. Similar to NPDCCH, in our point of view, most of the design concepts in NB-IoT FDD, e.g., TBS, number of repetitions, can be reused. We only point out some issue that worth to consider in the design of NB-IoT TDD. As it is assume the NB-IoT TDD UE should at least have the similar soft buffer size as the latest NB-IoT UE, i.e., Cat-NB2, the TBS table in Rel-14 can be reused for NPDSCH. 
Proposal 12: [bookmark: _Ref489358832]  Consider reuse the TBS table of Rel-14 NB-IoT for NB-IoT TDD NPDSCH. 
As seen from Table 1 that the DL SFs and UL SFs are interleaved in a TDD system, the DL transmission is not continuous. In NB-IoT Rel 14, the maximum TBS is 2536, which gives a peak rate of ~79 kbps for 1 HARQ process, and ~127 kbps for 2 HARQ process in the DL. This, however, cannot be achieved by NB-IoT TDD. 
[bookmark: _Ref487621524]Table 3 Estimated peak data rate for 1 HARQ process in NB-IoT TDD DL
	Uplink-downlink 
configuration
	Estimated peak data rate, 1 HARQ process

	
	

	0
	~33 kbps

	1
	~51 kbps

	2
	~62 kbps

	3
	~62 kbps

	4
	~62 kbps

	5
	~52 kbps

	6
	~42 kbps



In Table 3 we have calculated the estimated achievable peak data rate for 1 HARQ process without considering the DL overhead of sync channels and broadcast channels. A peak rate reduction of ~20% - 60% is observed. This is partly because of postponing DL or UL transmission due to the uplink-downlink configurations. Similar effect can be observed of smaller TBSs also, which is used for extended coverages.
NRS
In NB-IoT FDD, NRS is used for the UEs to estimate the DL channel for decoding NPBCH, NPDCCH, and NPDSCH. Currently, two NRS antenna ports are supported. For NB-IoT TDD, since DL subframes are interleaved with UL subframes, it may be challenging to performance cross subframe channel estimation in the same way as in the FDD setup. Therefore, we may consider other ways to compensate the loss.
One way to compensate this is to introduce more TX antennas at the eNB to increase the diversity gain. At this moment, in NB-IoT FDD, only NRS patterns for 2 TX antenna ports are supported. We can consider extending this to 4 TX antenna ports, e.g., similar to the legacy LTE, to support SFBC for 4 antennas. 
Proposal 13: [bookmark: _Ref487633510]  Consider supporting NRS patterns for 4 antenna ports for NB-IoT TDD. 
Other issues
In NB-IoT FDD, a bit map for valid DL subframes is used to indicate to the UE which DL subframes are used for NPDCCH and NPDSCH. The valid DL subframes should also be supported for NB-IoT TDD, however, the interpretation of the bit map should be discussed. Two alternatives can be considered: 1) The bit map represents all the subframes, regardless whether it is UL or DL; 2) the bit map represents only the DL subframes.  The advantage of alternative 1 is that we can have a unified the design for all TDD configurations (notice that the number of DL subframes are different for different configurations). Then advantage of alternative 2 is that the length of the bit map is shorter, which saves the resource when broadcast the bitmap in SIB1-NB. Since some of the NB-IoT TDD configurations have only limited DL resources, alternative 2 is preferred.  
Proposal 14: [bookmark: _Ref487634489]   Use a bit map only represents the DL subframes to indicate valid subframe configurations. 
In NB-IoT FDD, DL gap is supported to alleviate the blocking problem, i.e., a UE requires long transmission in the DL may occupied the resource for a long time. The blocking problem also exists in NB-IoT TDD. Therefore, the DL gap should also be supported in NB-IoT TDD. 
Proposal 15: [bookmark: _Ref487634498]DL gap should be supported in NB-IoT TDD. 
Conclusions 
Proposal 1: Use the existing LTE TDD configurations as a baseline for introducing the TDD support into NB-IoT.
Proposal 2: To support some of the TDD configurations with few DL subframes, some of the SI information can be transmitted on non-anchor carriers.
Proposal 3: RAN1 to discuss the potential down-selection of the LTE TDD configurations to be used for NB-IoT in TDD mode.
Proposal 4: The same NPSS design as FDD NB-IoT is used for NB-IoT TDD, and NPSS is transmitted in subframe #5 in each of the radio frame.
Proposal 5: The same NSSS design as FDD NB-IoT is used for NB-IoT TDD, but instead of using SF#9 NSSS is transmitted in SF#0 in every other radio frame.
Proposal 6: To use every other SF#0 for NPBCH transmission, if all TDD configurations need to be supported.
Proposal 7: Introduce a field to indication the TDD configuration in the MIB.
Proposal 8: Considering the limited number of commonly available DL SFs, SIB1-NB scheduling can be different for different TDD configurations.
Proposal 9: For TDD configurations that have few DL SFs, consider sending SIB1-NB on the non-anchor carriers.
Proposal 10: Do not explicitly impose the 4 ms NPDCCH dropping rule in NB-IoT TDD. That is the UE only drops the NPDCCH candidates in a search space that end before the starting of the next NPDCCH search space.
Proposal 11: Consider to extended the range of  in the NB-IoT TDD design to offer more scheduling flexibilities.
Proposal 12: Consider reuse the TBS table of Rel-14 NB-IoT for NB-IoT TDD NPDSCH.
Proposal 13: Consider supporting NRS patterns for 4 antenna ports for NB-IoT TDD.
Proposal 14: Use a bit map only represents the DL subframes to indicate valid subframe configurations. 
Proposal 15: DL gap should be supported in NB-IoT TDD.

Observation 1: Some of the TDD configurations, e.g., TDD configuration #0 and #6, have very limited DL subframes. These subframes may not be possible even to carry all the necessary system information for a UE in extended coverage to gain access to the network.
Observation 2: From resource usage point of view, it is beneficial to spread SI transmission in more than one carrier, at least for some TDD configurations.
Observation 3: Due to the interlaced DL and UL SFs in NB-IoT TDD, the scheduling delay values in DCI N1 may need to be redefined.
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