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Introduction
According with the Work Item Description (WID) on further NB-IoT enhancements [1], revised in [2] and recently in [3] (text in a different font colour), one of the objectives refers to work on the support of the TDD operation into NB-IoT, which commenced 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 addition to the baseline, support the following:
· Based on Rel-14 FDD designs:
· OTDOA positioning using Rel-14 NPRS RE patterns and sequences. Subframe configurations Part A and Part B shall be used with necessary amendments, if any.
· Non-anchor carrier operation for paging and random access
· UE category NB2, with the same TBS table as FDD, and support for 1 and 2 UL/DL HARQ processes. The support of 2 UL/DL HARQ processes by UE is an optional capability available to Cat NB2, i.e. same way as FDD.
· Non-anchor carrier operation for system information (MIB-NB and any SIB-NB) can be considered.
· Specify band specific requirements for band 41.

[bookmark: _Hlk509568204]This contribution deals with common aspects for the support of TDD NB-IoT, continuing the discussions on remaining aspects about the better suitability of certain LTE TDD configurations, MCL relaxations and capacity targets, the scheduling delay for TDD NB-IoT, and cross-carrier scheduling.
Background
In RAN1 #92bis, the TSG RAN WG1 reached the following agreements on Common aspects for TDD NB-IoT [4].
	· DwPTS can be used for NB-IoT transmission in CRS-less special subframe configuration #10 in TDD NB-IoT.
· FFS on how to use the blank REs corresponding to CRSs
· Downlink scheduling delay is defined by 4 physical subframes + k0, and k0 is based on valid downlink subframes. The scheduling delay values in FDD NB-IoT are reused.
· FFS on whether valid special subframes which include DwPTS can be counted as a part of the scheduling delay k0
Agreed via Email discussion [92b-LTE-12] 
· Proposal A) For a UE configured with 2 HARQ processes, the minimum timing relationships within one HARQ process for NPDCCH to NPDSCH, NPDCCH to NPUSCH format 1, NPDSCH to corresponding ACK/NACK, NPUSCH format 1 to corresponding ACK/NACK, and NPUSCH format 2 to next DCI for the same process, are the same as Rel-14 FDD.
· Proposal B) The 1 ms minimum gap from end of NPUSCH format 2 for one HARQ process to NPDCCH for the other HARQ process is not specified for TDD NB-IoT.
· Proposal 5) For UE configured with 2 HARQ processes, eNB can schedule NPDSCH of a DL HARQ process which begins before the completion of NPUSCH format 1 for an UL HARQ process or format 2 of the other DL HARQ process transmission
· Proposal 6) For UE configured with 2 HARQ processes, eNB can schedule NPUSCH format 1 for an UL HARQ process or format 2 of a DL HARQ process which begins before the completion of NPDSCH reception for the other DL HARQ process
· Proposal 8) Collisions between NPUSCH format 1 for an UL HARQ process and NPUSCH format 2 corresponding to a DL HARQ process are assumed to be avoided by eNB, with no specified UE behaviour in case of collision.



Common aspects on the TDD support into NB-IoT
This section analyses first the LTE TDD configurations within the scope of NB-IoT TDD. Then, other common aspects such as the MCL relaxations and capacity targets, the scheduling delay for TDD NB-IoT, and the support of cross-carrier scheduling are addressed.
TDD configurations 
UL & DL in the TDD configurations
In a TDD operation, the downlink and uplink radio resources have been made to coexist within the same radio frame, being the switching between downlink and uplink performed during a guard period (GP) contained within a special subframe. Table 1 shows the existing LTE TDD configurations as described by the LTE standard [5].
[bookmark: _Ref488749878]Table 1 Uplink-downlink TDD configurations
	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
In RAN1 #90bis, it was agreed that the “TDD UL:DL configuration 0 is not supported in TDD NB-IoT in Rel-15,” while the following statement “TDD UL:DL configuration 6 is not supported in TDD NB-IoT in Rel-15” remains as a Working assumption [6]. In RAN1 #92, it was agreed that RAN1 will “Revisit the working assumption about TDD UL/DL configuration 6 once the TDD design as a whole is more advanced.”
For the TDD configuration #6 there are only three DL subframes per radio frame, meaning that the resources are hardly sufficient for carrying NPSS, NSSS, and NPBCH with no room or almost no room (subframe #0 is also used by SIB1-NB ) for other channels, if only one DL carrier is configured. Thus, if the Working assumption is not confirmed, meaning that TDD configuration #6 will indeed be supported for TDD NB-IoT, one of the consequences/implications is that there are no DL subframes left for NPDCCH/NPDSCH or for other signals such as NPRS, MBSFN, or eIMTA. In RAN1#90bis, the substantial number of UL subframes in TDD configuration #6 was highlighted, which was mentioned to be beneficial for IoT systems that are UL heavy. However, the UL traffic needs to be supported by DL scheduling (even with semi-persistent scheduling (SPS)), and as mentioned earlier for TDD configuration #6 (depicted at the bottom of Figure 1) there are no DL subframes left to be used for NPDCCH or NPDSCH. Thus, the support of the TDD configuration #6 seems to be highly dependent on the support of cross-carrier scheduling for TDD NB-IoT.
[image: ]
Figure 1 Resource mapping for the TDD configurations on the anchor carrier based on the agreements that have been reached until RAN1 #90bis 
[bookmark: Proposal_2]Proposal 1: Confirm the working assumption that in Rel-15 the LTE TDD configuration#6 is not supported by TDD NB-IoT. 
Furthermore, given the time in Rel15, it is not feasible to finalize the details if new TDD configurations are introduced. Therefore, it is proposed that 
Proposal 2: In Rel15, no new UL/DL configurations are introduced in standalone TDD NB-IoT. 

MCL relaxations and capacity targets
The coexistence of DL and UL transmissions within the same radio frame will inherently impose significant limitations in terms of resource mapping, which in the end will lead to obtain a different performance as compared to FDD even if the same NB-IoT setup were used. This is the case of the resulting MCL and throughput, which will be impacted by the transmission gaps introduced by the TDD configurations.
In RAN1 #90, the following statements associated to MCL targets were agreed:
Agreements:
· 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
According to the WID that 

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

Since the coverage enhancement of NB-IoT is done through repetitions, it is expected that the number of repetitions of NB-IoT TDD design is not reduced comparing to NB-IoT FDD. Therefore, the MCL target of 164 dB can be met without any problem. However, the latency requirement may need to be relaxed, at least for some of the TDD configurations. 

Following the same methodology used in NB-IoT FDD [7], we evaluate the exceptional report latency for the TDD configurations. In Figure 2, the different steps of delivering an exception report are depicted. We only show the latency evaluation at the 164 dB MCL standalone case, and we show the 90% confidence level.  



[bookmark: _Ref494195452]Figure 2 Illustration of steps required during an exception reporting event
As it is expected the synchronization design of NB-IoT TDD should have the same performance as the NB-IoT FDD, we can directly use the synchronization time from the NB-IoT FDD design. At 164 dB MCL, the synchronization time for 90% of the UEs is 364 ms for the standalone. The MIB acquisition time depends on the TDD configurations. As discussed in RAN#90, for some TDD configuration#0, it is not possible to have the same NPBCH density as it is in FDD. Therefore, for TDD configuration#0, we assume the NPBCH acquisition time is doubled. For MIB reception time it is assumed that 1/1/4 code sub-blocks are needed for reception at 144/154/164 dB coupling loss. Each code sub-block is repeated 8 times and spread over an 80 ms interval (one repetition in each subframe 0). For terminals with 164 dB coupling loss, four code sub-blocks are required to decode MIB.  However, since MIB is updated in every TTI (640 ms), the four code sub-blocks must be in the same TTI in order for decoding to succeed. In the worst case, waiting until this condition is fulfilled causes an extra delay of four code-sub blocks, or 4*80=320 ms.  Reading the four code sub-block then takes 3*80+71=311 ms. Thus the total required time is 320+311=631 ms. 

After acquiring the MIB, the UE needs to perform random access. In NB-IoT, the same four-step random access procedure as in LTE is followed:

· Msg 1: UL: Random access preamble on PRACH
· Msg 2: DL: Random access response (C-RNTI, TA, uplink grant)
· Msg 3: UL: “Connection request” (TLLI, Access cause, BSR)
· Msg 4: DL: Contention resolution message (copy of TLLI)

The NPRACH preamble single tone as designed for TDD NB-IoT was used to estimate the time required for NB-IoT TDD NPRACH, fitting the required number of repetitions to the UL resources available in each of the TDD configurations.  We assume the UE sends NPRACH in the next available NPRACH slot. Therefore, for the worst case, it takes at most one NPRACH period as the waiting time before the UE can send NPRACH. In NB-IoT FDD, for UEs with 164 dB coupling loss, the preamble transmission takes 32 repetitions. We assume 4 ms waiting time before the random-access response (RA) window starts. To fit the NPRACH preambles to the available consecutive UL subframes, we use the recently agreed NPRACH formats [4].  The NPRACH transmission time is estimated based on the NB-IoT FDD performance, not based on simulations. 

The time required for RA mgs2-4 transmission can be calculated directly from the NB-IoT FDD design. We assume the UE gets the NPDCCH assignment immediately in the beginning of the USS. In addition, we assume T = 1.5 and Rmax = 128, for the USS configuration only counting the DL subframes. For the worst case, the UE needs to wait for 128*1.5 = 192 ms for the NPDCCH. We assume the other timing relationships are the same as used in NB-IoT FDD. The size of the messages and the required transmission time in NB-IoT FDD are given in Table 2. 



[bookmark: _Ref494203858]Table 2 Transmission time for RA msg2-4 in NB-IoT FDD at 164 dB MCL, standalone
	

	
	Bytes 
	Required time in NB-IoT FDD [ms]

	DCI for RAR (DL)
	
	128

	RAR, including UL grant (DL)
	8
	160

	RA msg 3 (UL)
	11
	288

	DCI for DL assignment (DL)
	
	128

	RA msg 4 (DL)
	8
	160

	ACK/NACK for msg4 (UL)
	
	64




Once random access is completed the terminal waits for an uplink grant on NPDCCH. Based on the buffer status report included in RA msg3 the eNB selects a suitable grant size and transmits the NPDCCH. Once the UE receives the UL assignment, it sends the exception report on the scheduled UL resources. For the exception report, according to [7], in total 100 bytes are assumed for the overhead of the upper layer protocols. At 164 dB MCL, it takes 2560 ms to send the exception report. The UL transmission gap is not considered in NB-IoT TDD. 

If the transmission is received in error or lost, the network will schedule the terminal to do a re-transmission. A re-transmission is requested by sending an uplink assignment in the next available NPDCCH with the NDI (“new data indicator”) flag not toggled. For the 90% confidence case, we assume no re-transmission. 

The total time to send exception report for each of the TDD configurations is summarized in Table 3.  Notice that the NPRACH transmission time is estimated based on the NB-IoT FDD design. The NPRACH designs follow the formats agreed in RAN1 #92 [4].  

[bookmark: _Ref494210667]Table 3 Exception report delivery time with 90% confidence for standalone case at 164 dB MCL
	      TDD configurationActivity

	#1
	#2
	#3
	#4
	#5
	#6

	Tsync(ms)
	364
	   364
	364
	364
	364
	364

	TMIB(ms)
	631
	631
	631
	631
	631
	631

	Waiting for NPRACH (ms)
	480
	960
	640
	960
	1920
	640/960*

	TPRACH(ms)
	480
	960
	640
	960
	1920
	640/960*

	TRAmsg2-4 (ms), including waiting time for NPDCCH and ACK/NACK for msg4
	2640
	2934
	2347
	1886
	4400
	3051

	TULgrant(ms), including waiting time for NPDCCH
	800
	534
	534
	457
	400
	   1067

	TULdata(ms)
	6400
	12800
	8533
	12800
	25600
	5120

	Total time (ms)
	11795
	19183
	13689
	18058
	35235
	11352/11672


*Note: TDD configuration #6 has an unbalanced number of UL within a radio frame. Thus, the latency is 640ms when NPRACH Format 2 is used and two symbol groups fit in 3 UL subframes (i.e., two ULs per radio frame wouldn’t be used by NPRACH) / 960ms when NPRACH Format 1 is used and two symbol groups fit in 2 UL subframes  (i.e., three ULs per radio frame wouldn’t be used by NPRACH).

As we can see that there is none of the TDD configurations can meet the 10 seconds latency requirements even for the standalone case at 164 dB MCL. Hence, we can expect a larger latency for the inband/guardband cases. This indicates that the application layer data rate of 160 bps cannot be guaranteed at the 164 dB MCL. Therefore, the above MCL target seems to be too aggressive to be met, since not all the subframes in a radio frame are usable for DL or UL respectively. 

[bookmark: _Ref488751920][bookmark: Observation_5]Observation 1: A MCL target of 164dB seems to be too aggressive to be met in a TDD operation, and we will need to find a way to compensate for lack of available resources in DL and UL through for example relaxation of the latency, allow for early termination, or a much more aggressive channel estimator, etc.
Scheduling Delay and timing relationship 
In relation to scheduling delay and timing relationship, as a guidance it is important to recall that the following was agreed in RAN1#92bis: 
	· DwPTS can be used for NB-IoT transmission in CRS-less special subframe configuration #10 in TDD NB-IoT.
· FFS on how to use the blank REs corresponding to CRSs
· Downlink scheduling delay is defined by 4 physical subframes + k0, and k0 is based on valid downlink subframes. The scheduling delay values in FDD NB-IoT are reused.
· FFS on whether valid special subframes which include DwPTS can be counted as a part of the scheduling delay k0

· For a UE configured with 2 HARQ processes, the minimum timing relationships within one HARQ process for NPDCCH to NPDSCH, NPDCCH to NPUSCH format 1, NPDSCH to corresponding ACK/NACK, NPUSCH format 1 to corresponding ACK/NACK, and NPUSCH format 2 to next DCI for the same process, are the same as Rel-14 FDD.
· The 1 ms minimum gap from end of NPUSCH format 2 for one HARQ process to NPDCCH for the other HARQ process is not specified for TDD NB-IoT.
· For UE configured with 2 HARQ processes, eNB can schedule NPDSCH of a DL HARQ process which begins before the completion of NPUSCH format 1 for an UL HARQ process or format 2 of the other DL HARQ process transmission
· For UE configured with 2 HARQ processes, eNB can schedule NPUSCH format 1 for an UL HARQ process or format 2 of a DL HARQ process which begins before the completion of NPDSCH reception for the other DL HARQ process
· Collisions between NPUSCH format 1 for an UL HARQ process and NPUSCH format 2 corresponding to a DL HARQ process are assumed to be avoided by eNB, with no specified UE behavior in case of collision.



UE with 1 HARQ process
In FDD NB-IoT, for UL data transmissions a scheduling delay (i.e., a time gap) of at least 8ms between the last DCI subframe and the first scheduled NPUSCH subframe is required. The scheduling delay, which is indicated via DCI allows the NB-IoT device decoding the DCI, switching from reception mode to the transmission mode, and preparing the upcoming UL transmission. In addition, after the NPUSCH transmission has been completed, there is a gap of at least 3ms intended to give enough time to the NB-IoT device to switch from transmission mode to reception mode, so it can be ready to monitor the next NPDCCH search space candidate.
The time offset for NPDSCH in FDD NB-IoT, together with the timing for NPUSCH Format 2 can be divided in three parts:
· The minimum time gap between the last DCI subframe and the first scheduled NPDSCH subframe is 4ms, which can be elongated according to the “Additional time offset for NPDSCH” field indicated via DCI.
· The DL scheduling also handles scheduling of the NPUSCH Format 2, and in this case a gap of at least 12ms between the end of the NPDSCH and the start of NPUSCH Format 2 is required.
· Once NPUSCH Format 2 has been transmitted, at least 3ms have to pass before starting a new attempt for monitoring the next NPDCCH search space candidate.
For TDD NB-IoT, it is expected the same UE complexity as FDD, hence we can assume the same processing time for each channel, and keep the timing relationships the same as FDD NB-IoT. 
Proposal 3: For UE configured with 1 HARQ process, keep the same timing relationships in TDD NB-IoT as in FDD NB-IoT. 
The single HARQ process UE targets to ultra-low-cost segments where data rate is not the first concern (i.e., not the most import metric). Therefore, considering the UE capability, it is proposed that 
Proposal 4: UL/DL interlacing is not supported for UE configured with 1 HARQ process. 
For the DL scheduling delays, it has been agreed that the scheduling delay is defined in respect to the valid downlink subframes. In case of DwPTS in a special subframe is configured to be valid and can be used for DL transmission for any UEs, then the DwPTS should be counted as a part of the scheduling delay k0. Otherwise, there can be a collision between two UEs. 
Proposal 5: When a special subframe is configured to be valid and DwPTS can be used for DL transmission for any UEs, the DwPTS should be counted as a part of the scheduling delay k0. 
Regarding the scheduling delays in the UL, for TDD NB-IoT, as the DL and UL are sharing the same frequency resource but divided in time, it is expected the same number of repetitions takes longer time to transmit. Therefore, there are two alternatives for the UL scheduling delays:
1) Define new scheduling delays with respect to the absolute subframes (regardless of whether the subframe is used for DL or UL).
2) Reuse the scheduling delays as in FDD and the scheduling delays are interpreted with respect to the valid UL subframes. 
There are several different TDD configurations that have different number of DL and UL subframes per radio frame, and hence, alternative 2 is a better option, as it gives a simple and unified design. 
Proposal 6: For UE configured with 1 HARQ process, use the same scheduling in TDD NB-IoT as in FDD NB-IoT, and the delays are interpreted with respect to the corresponding valid UL subframes. 
 UE with 2 HARQ processes
In RAN1 #92, the following was agreed “Supporting two HARQ processes is an optional UE capability in NB-IoT TDD system”, and “A 2-HARQ capable UE configured with 2 HARQ processes can be scheduled to transmit in UL subframes that occur during a DL reception, and receive in DL subframes that occur during a UL transmission”.
Recall that it is preferred that the UL and DL transmission can be interlaced to improve the UE throughput. However, there are concerns of the UE complexity. For the processing time, we can use the Rel-14 UE that is capable of 2 HARQ processes as reference but with some further improvements to increase the system capacity. Therefore, it is preferred not to have a separate UE capability for a 2 HARQ capable UE, as there is no significant cost reduction foreseeable but complications to the eNB scheduling algorithms.
Proposal 7: No separate UE capability is needed for UL/DL interlacing. 
In Rel-14 FDD NB-IoT, if 2 HARQ process is configured, the UE should stop monitoring NPDCCH candidates until 1 ms before the corresponding scheduled transmission starts. If there is an ongoing NPDSCH transmission from any HARQ process, it is reasonable to expect that the UE won’t monitor NPDCCH candidates, so the UE does not need to buffer and perform blind decoding of NPDCCH at the same time of decoding NPDSCH. Recall that the UE needs 12 ms to decode the NPDSCH and prepare for the corresponding NPUSH format 2. Therefore, it is proposed that
Proposal 8: For UE configured with 2 HARQ processes, the UE does not monitor NPDCCH if it has an ongoing NPDSCH transmission from any HARQ process plus a 12 ms from the end of the NPDSCH transmission. 
However, if there is an ongoing NPUSCH transmission and there is no NPDSCH transmission, the UE can still monitor the DL in the DL subframes. Since in NB-IoT, there is no link adaptation and RRC reconfiguration, the eNB can only scheduled a UE based on estimated pathloss with some margins. Therefore, there can be good chances the eNB can finish decoding the UL transmission earlier, if the instantaneous channel is better than the long term average. 
In this case, if the UE can monitor the DCI in the DL subframes, it can help to improve the system scheduling flexibility and capacity, since the DL and UL transmissions are expected to happen independently. Recall that in some TDD NB-IoT configurations, the UL resource is very limited. Therefore, it is beneficial to free up the UL resource as quick as possible. Therefore, if there is a chance for the eNB to signal to the UE for early termination of the ongoing NPUSCH transmission (for both NPUSCH format 1 and NPUSCH format 2) when eNB has already decode it correctly, not only the UE can save power, but also we can free up the UL resource for other UEs, which is especially important for a TDD system. 
Proposal 9: For UE configured with 2 HARQ processes, if there is an ongoing NPUSCH transmission but there is no NPDSCH transmission, the UE should monitor the DL subframes for DCI. 
Proposal 10: For UE configured with 2 HARQ processes, early termination of UL NPUSCH transmission should be supported to both save the UE power and increase the system capacity. 
Conclusions 
This contribution provided an analysis on the better suitability that some LTE TDD configurations have as to be considered for supporting TDD into NB-IoT, MCL relaxations and capacity targets, the scheduling delay for TDD NB-IoT, and the support of cross-carrier scheduling are addressed. From the analysis performed the following observations and proposals have been enunciated:

Observation 1: A MCL target of 164dB seems to be too aggressive to be met in a TDD operation, and we will need to find a way to compensate for lack of available resources in DL and UL through for example relaxation of the latency, allow for early termination, or a much more aggressive channel estimator, etc.
[bookmark: _GoBack]Proposal 1: Confirm the working assumption that in Rel-15 the LTE TDD configuration#6 is not supported by TDD NB-IoT. 
Proposal 2: In Rel15, no new UL/DL configurations are introduced in standalone TDD NB-IoT. 
Proposal 3: For UE configured with 1 HARQ process, keep the same timing relationships in TDD NB-IoT as in FDD NB-IoT. 
Proposal 4: UL/DL interlacing is not supported for UE configured with 1 HARQ process. 
Proposal 5: When a special subframe is configured to be valid and DwPTS can be used for DL transmission for any UEs, the DwPTS should be counted as a part of the scheduling delay k0. 
Proposal 6: For UE configured with 1 HARQ process, use the same scheduling in TDD NB-IoT as in FDD NB-IoT, and the delays are interpreted with respect to the corresponding valid UL subframes. 
Proposal 7: No separate UE capability is needed for UL/DL interlacing. 
Proposal 8: For UE configured with 2 HARQ processes, the UE does not monitor NPDCCH if it has an ongoing NPDSCH transmission from any HARQ process plus a 12 ms from the end of the NPDSCH transmission. 
Proposal 9: For UE configured with 2 HARQ processes, if there is an ongoing NPUSCH transmission but there is no NPDSCH transmission, the UE should monitor the DL subframes for DCI. 
Proposal 10: For UE configured with 2 HARQ processes, early termination of UL NPUSCH transmission should be supported to both save the UE power and increase the system capacity. 
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