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1 Introduction

One of the objectives of Rel-15 WI Further NB-IoT Enhancements is to support TDD operation for NB-IoT. Following are the scope of this part of WI provided in [1].
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

As part of RAN1-90 Meeting [4] following aspects are agreed

Related to the common aspects of NB-IoT TDD.

· 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
For the performance objectives to be met for NB-IoT TDD 

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

As part of RAN1-90bis Meeting [5] following aspects are agreed 

On the Supported UL/DL Configurations 

Agreement: 

· TDD UL:DL configuration 0 is not supported in TDD NB-IoT in Rel-15

Working assumption:

· TDD UL:DL configuration 6 is not supported in TDD NB-IoT in Rel-15

For NPSS/NSSS/NBPCH subframes 

· For NPSS, NSSS and NPBCH transmission in TDD:

· NPSS is transmitted on subframe #5 in every radio frame

· NSSS is transmitted on subframe #0 in every even-numbered radio frame

· NPBCH is in subframe 9 in every radio frame on the same carrier as NPSS/NSSS.

In this paper, we further analyze on the reference TDD configurations to be used for evaluation of MCL/Throughput/Latency performance. Further analysis on the special subframe configurations applicable for NB-IoT TDD is also included. 
2   NB-IoT TDD Objectives and Design
In [3], performance objectives were defined for NB-IoT. The objectives include improved indoor coverage, support of massive number of low throughput devices, reduced complexity, improved power efficiency, and latency. With respect to TDD operation for NB-IoT, the objectives may be described as follows –

· Improved indoor coverage: The target is to achieve an extended coverage of 20 dB compared to legacy GPRS devices.  This corresponds to achieving a target MCL of 164 dB. At this MCL, data rate of at least 160 bps should be supported on both the uplink and downlink at the Service Access Point to the equivalent SubNetwork Dependent Convergence Protocol layer. The 164 dB MCL should also be kept for TDD, although the data rate of 160 bps may be relaxed depending on UL/DL configuration.

· Support of massive number of low throughput devices: The target is to support at least 52547 devices within a cell site sector using the evaluation methodology as defined in [2]. An equivalent capacity target should be target for TDD (e.g. by scaling the target of 52547 devices by the UL/DL ratio). The evaluation and objective can be discussed further. Nonetheless, an equivalent capacity target should be established for TDD. 
· Reduced complexity: The goal is to provide ultra-low complexity devices to support IoT applications. This target should be the same for TDD operation as for FDD operation.

· Improved power efficiency: The target is to reduce power consumption of MTC devices so that battery life of ten years is possible with battery capacity of 5 Wh even at 164dB MCL. This target should be kept for TDD. 

· Latency: For latency evaluation, exception report latency of 10 seconds or less is the target for 99% of the devices. However, due to the much lower downlink and uplink transmission opportunities, this target should be relaxed for TDD.
Based on the above discussion, TDD should strive to meet the NB-IoT objectives from [3] as much as possible with some relaxation when appropriate. We therefore make the following proposal with respect to NB-IoT TDD objectives.
Proposal 1: NB-IoT objectives for cost, coverage, and battery life should not be relaxed for TDD, while latency requirement may be relaxed. It is FFS how equivalent capacity for TDD should be evaluated and whether any relaxation would be required.

Naturally, TDD design should be based on FDD with as much commonality as possible. This will reduce specification, implementation, and testing effort. In some cases, TDD specific optimization may be necessary but the goal is to try to reuse FDD design as much as possible. Therefore, we propose that TDD design should be based on Rel-14 FDD and should strive for commonality between TDD and FDD.
Proposal 2: TDD design should be based on Rel-14 FDD and should strive for commonality between TDD and FDD.

As per the working agreements of RAN1-90, the MCL target along with application throughput needs to be met for atleast one configuration for uplink and downlink. The MCL performance of uplink and downlink for different UL/DL configuration varies depending on the available resources for each of the link. For example the MCL performance for uplink will be highest for configuration#0 and MCL performance for downlink will be higher for configuration#1.
For downlink, the MCL performance also depends on whether non-anchor carrier operation for common channels is supported or not. In case of single carrier operation, minimum 2.5 subframes (average) per radio frames needs to be reserved for common channels leaving only maximum of 3.5 subframes /radio frame are available for mapping the downlink traffic. If non-anchor carrier operation is supported, maximum of 4.5 subframes /radio frame are available for mapping downlink traffic. This will lead to corresponding increase in MCL performance along with application throughput for downlink.
As configuration#1 and configuration#2 are the most common used UL/DL configurations in LTE TDD deployments, MCL performance evaluation for UL and DL are required for atleast these two configurations. Configuration#2 can be refered as configuration for downlink MCL performance whereas configuration #1 can be refered as configuration for uplink performance. The downlink MCL performance will be higher if non-anchor carrier is supported.
Proposal 2A: Configuration#1 and Configuration#2 shall be considered as reference configuration for MCL evaluation for uplink and downlink. Non anchor carrier operation is mandatory to achieve maximum MCL gain for these configurations. 
3  NB-IoT TDD Inband Operation
UL/DL configurations supported in LTE TDD are given in the below table.

	UL/DL 

configuration
	DL-to-UL 

Switch-point periodicity
	Subframe number

	
	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	5 ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	U

	1
	5 ms
	D
	S
	U
	U
	D
	D
	S
	U
	U
	D

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

	3
	10 ms
	D
	S
	U
	U
	U
	D
	D
	D
	D
	D

	4
	10 ms
	D
	S
	U
	U
	D
	D
	D
	D
	D
	D

	5
	10 ms
	D
	S
	U
	D
	D
	D
	D
	D
	D
	D

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


In NB-IoT FDD systems, the common channels (NPSS, NSSS, NPBCH, NB-SIB1) are mapped to subframes 0, 4, 5 and 9. If the same mapping is used for TDD, more than 3 downlink subframes are needed for these channels in each radio frame. As per the latest working agreement on UL/DL configurations UL/DL configuration#0 is not supported for NB-IoT TDD.
From the remaining configurations, with NPSS,NSSS and NPBCH mapped to SF#0,SF#5 and SF#9 still some TDD configurations have resource limitations to map NB-SIB1 and other System informations along with support of NPDCCH/NDPSCH. Having fewer downlink subframes for NPDCCH will also impact the latency performance as the delay associated with scheduling increases if NPDCCH repetitions requires longer time to complete.

Observation 1: On the applicable UL/DL configurations for NB-IoT TDD, if the NB-SIB1 and other system information also mapped on downlink subframes only few downlink subframes available for mapping NPDCCH. With lesser number of DL subframes for NPDCCH, the NPDCCH latency is expected to increase which impact the overall latency performance.
Proposal 3 : Further analysis is required to identify alternative solutions where the NB-SIB1 and other system information can be mapped for the ‘downlink limited’ TDD configurations without increasing the periodicity of common control channels. Use of SS for mapping NB-SIB1 also should be considered as part of this analysis.
LTE TDD systems supports dynamic UL/DL switching to adapt the frame structure according to interference and traffic loading conditions. The frame switching is informed via PDCCH sent using special RNTI for this purpose. The minimum switching period for dynamic switching is 10 msec and maximum switching period is 80 msec as per current specification.

When NB-IOT is deployed as inband cell where LTE cell is configured for dynamic switching, the default configuration to be used for UL/DL configuration broadcasted in NB-SIB should be aligned to the configuration broadcasted in LTE system information.
For LTE cells, the UL/DL configuration broadcasted in System Information will point to default configuration whose downlink subframes cannot be changes as part of dynamic switching. Here the uplink transmission should be limited to 1 or 2 subframes only depending on the default configuration. In the same way the common channel operation in the NB-IoT uplink needs to be restricted to fixed uplink subframes when dynamic switching is enabled in LTE.
Proposal 4: For NB-IoT TDD inband deployment with LTE where the dynamic switching is enabled, the NB-IoT TDD should only use the minimum uplink subframes for its common channel operation to avoid interference with the LTE TDD cell which dynamically switches the UL/DL configuration frequently.

4  Standalone Operations for NB-IoT

When NB-IOT is configured as inband /guard band deployment along with LTE cells, in order to avoid cross-link interference (UL(DL, DL(UL), the NB-IoT PRB needs to align its UL/DL configuration with the LTE cell. This requirement is applicable only for inband deployment where LTE cell and NB-IoT TDD cells are co-located sharing same antenna for the transmission. Standalone operation is applicable in frequency band where only NB-IOT is deployed.

For standalone operation of NB-IoT TDD, the UL/DL configuration can be different from already defined UL/DL configurations of LTE to allow mapping of NB-IoT physical channels without any restrictions. For example, NPUSCH channel with 3.75 KHz tone operation requires 2 msec to map one resource element. In such cases any UL/DL configuration for NB-IoT TDD should have 2 continuous uplink subframes. In order to support this additional requirement without impacting the possible ratio of UL/DL resources within system, new UL/DL configurations are needed at least for standalone operations.

Observation 3 : Reuse of same UL/DL configuration for both FDD and TDD operations of NB-IoT will restrict the flexibility of channel mapping for standalone operation which enables maximum reuse of physical channels of NB-IoT FDD.

The flexible UL/DL configuration will require new UL/DL configuration which contains only one switching point. The number of uplink subframes following the special subframe is modified depending on the required uplink capacity. Thus, some subframes can be configured as either uplink subframes or downlink subframes depending on requirement whereas other subframes are fixed for either downlink or uplink use. With this flexibility, more UL/DL configurations are possible than the number of LTE UL/DL configurations. As there will be only one switching point, this configuration will not have SF5 as fixed DL subframe. For these configurations, the NSSS can be mapped to the 9th subframe.

The flexible UL/DL configuration for standalone operation is illustrated in Figure 1.


[image: image1]
This configuration has the additional benefit of knowing the standalone operation as early as during network synchronization so that additional symbols which were reserved for LTE control channel region can also be used for transmission of common channels to reduce the system acquisition time.

The deployment scenario where NB-IoT TDD standalone operation is possible where it can use different UL/DL configuration than the UL/DL configuration of LTE TDD system operating in the same band is not yet identified. One possible scenario applicable for such case is NB-IoT TDD small cells where the small cells uses NB-IoT TDD whereas the macro cells are deployed with LTE TDD. In this case due to reduced power of small cells and longer distance between macro and small cells, the impact of Cross-line interference is expected to be very low. In these deployments, the NB-IoT TDD small cells can select the UL/DL configuration independent of the UL/DL configuration of macro-cells.

The impact of using different UL/DL configuration in standalone NB-IOT TDD cell and the required ACI performance should be evaluated to allow standalone NB-IoT TDD configurations to have independent UL/DL configurations.

Proposal 5 : Whether standalone NB-IoT TDD deployments can use different UL/DL configurations than used in the LTE TDD operations and applicable deployment scenarios requires further analysis. If allowed, the standalone NB-IoT TDD configuration can have more flexible UL/DL configurations than the configurations defined for LTE operations.

Based on latest agreements in RAN1, the location for NPSS, NSSS and NPBCH within radio frame is finalized as SF0,SF5 and SF9. If the UE impacts for network synchronization is to be minimized, same should be maintained for standalone deployments also. In such cases maximum of  3 adjacent uplink subframes are possible for uplink transmission as there is need to switch to downlink which are allocated for downlink transmission of above common signals.

For these scenarios, it is possible to achieve additional uplink subframe with definition of new special subframe configuration along with extension of uplink transmission into the next downlink subframe.

As an example, standalone NB-IoT TDD cell can be configured with TDD configuration#6 if the NB-IOT traffic in the cell is more uplink centric than downlink. In this configuration 3 adjacent uplink subframes are available in the first half of the radio frame and 2 adjacent uplink subframes are available in the second half of the radio frame. Single uplink window for TDD configuration will enable efficient mapping of repetitions of NPUSCH/NPRACH in successive uplink window durations. Only 2 adjacent uplink subframes in each half should be considered for mapping the NPUSCH to avoid fragmentation while mapping the blind physical layer transmission. 

For this TDD configuration it is possible to obtain resource for additional uplink subframe with modified special subframe configuration and extended uplink transmission of uplink subframe into some symbols of next downlink subframe. The modified radio frame structure with 2 different SS used in first half and second half of the radio frame for TDD configuration 6 will provide 6 complete uplink frames and 4 downlink frames.

[image: image2]
With the above modification to TDD configuration 6, it is possible to get one additional uplink subframe by modifications to the special subframes and downlink frames. In the modified TDD configuration, NPUSCH 3.75 KHz format can be send 3 times within single radio frame using all 6 uplink subframes available in this configuration.

Proposal 6 : New special subframe configurations with GP+UL only and GP+DL only are required for effective resource utilization of resources in NB IoT Standalone deployments.

5 Special Subframe Configurations for NB-IoT-TDD

The special subframes of TDD system are meant to allow UE switching from downlink to uplink. Depending on the switching periodicity NB-IoT TDD systems will have one or two special subframes in every radio frame.

The special subframe consists of DWPTS where downlink transmission is allowed followed by guard period (GP) and UPPTS where uplink transmission can start. The Guard period ensures that the uplink transmission from UE at any position within cell radius does not arrive at ENB prior to the start of uplink subframe. The Guard Period also include time for UE to switch from downlink to uplink. The GP configuration of TDD system is related to the cell radius of TDD cell.
Following are the different special subframe configurations defined for LTE TDD systems [5].

	Special subframe configuration
	Normal cyclic prefix in downlink
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	Normal cyclic prefix
 in  uplink

	0
	
[image: image3.wmf]s

6592

T

×


	
[image: image4.wmf](

)

s

1X2192

T

+××



	1
	
[image: image5.wmf]s

19760

T

×


	

	2
	
[image: image6.wmf]s

21952

T

×


	

	3
	
[image: image7.wmf]s

24144

T

×


	

	4
	
[image: image8.wmf]s

26336

T

×


	

	5
	
[image: image9.wmf]s

6592

T

×


	
[image: image10.wmf](

)

s

2X2192

T

+××



	6
	
[image: image11.wmf]s

19760

T

×


	

	7
	
[image: image12.wmf]s

21952

T

×


	

	8
	
[image: image13.wmf]s

24144

T

×


	

	9
	
[image: image14.wmf]s

13168

T

×


	

	10
	
[image: image15.wmf]s

13168

T

×


	
[image: image16.wmf]s

13152

T

×




Below table is modified representation of special subframe configurations with DWPTS, GP and UPPTS are specified in terms of number of OFDM symbols. For the below table X value is assumed as 0.
	SS Configuration
	DWPTS
	GP 
	UPPTS

	0
	3
	10
	1

	1
	9
	4
	1

	2
	10
	3
	1

	3
	11
	2
	1

	4
	12
	1
	1

	5
	3
	9
	1

	6
	9
	3
	1

	7
	10
	2
	1

	8
	11
	1
	1

	9
	6
	6
	2

	10
	6
	2
	6


In the above table, SS configuration #0 and #9 contains large GP for the special subframe. The larger GP configuration is required for cells having larger radius where the round trip delay is expected to be equivalent to GP-1 OFDM symbols. The LTE RACH transmissions from UE at the cell edge in this configuration will result in the RACH symbol reception at next uplink subframe after 10 OFDM symbols. As the LTE RACH Preamble CP length configuration can sufficiently cover this maximum delay, these SS configurations do not have impact for LTE RACH reception.
The longer guard periods are required for larger cell radius which also requires the NPRACH preamble format to support the same cell radius. The NPRACH Format for FDD using 3.75 KHz SCS supports only maximum of 40 km cell radius where the limitation comes from the CP length. With NPRACH format for TDD reusing the similar format, the CP length is also expected to be same or lesser due to limited uplink window size. Considering the above facts, NB-IoT TDD deployments need not support special subframe configurations with larger GP. The NPRACH transmission whose CP and GP is lesser at cell edge of larger cell radius may result in NPRACH transmission overlapping into next subframe which may be downlink subframe.

Moreover the number of DWPTS symbols available for NB-IoT operation excluding symbols reserved for LTE PDCCH are very less and cannot be effectively used for mapping NB-IoT TDD channels.

Observation 4: Use of SS configuration 0 and 5 for NB-IoT TDD which are designed for lesser cell radius than TDD system will have impacts on NPRACH reception at ENB.

Proposal 7: Downselection of special subframes for NB-IOT TDD systems should be studied considering the impacts to NPRACH performance and also the available symbols in SS for NB-IoT TDD operations.

6 Conclusions
In this document, we discuss the common aspect of NB-IOT TDD and make following assumptions and proposals
Proposals for scope and objectives for NB-IOT TDD

Proposal 1: NB-IoT objectives for cost, coverage, and battery life should not be relaxed for TDD, while latency requirement may be relaxed. It is FFS how equivalent capacity for TDD should be evaluated and whether any relaxation would be required.

Proposal 2: TDD design should be based on Rel-14 FDD and should strive for commonality between TDD and FDD.

Proposal 2A: Configuration#1 and Configuration#2 shall be considered as reference configuration for MCL evaluation for uplink and downlink. Non anchor carrier operation is required to achieve maximum MCL gain for these configurations.

Observations and Proposals for Inband Operation

Observation 1: For NB-IoT TDD Inband operation, when NB-IoT cell operates with some of existing UL/DL configurations, the available downlink subframes per radio frame are not sufficient to maintain the similar mapping as NB-IoT FDD.

Observation 2 : With more than one common channel mapped to same DL subframe, the periodicity of the common control channels is increased. This modification will have impact on the system acquisition time for UE.

Proposal 3 : Further analysis is required to identify alternative solutions where the NB-SIB1 and other system information can be mapped for the ‘downlink limited’ TDD configurations without increasing the periodicity of common control channels. Use of SS for mapping NB-SIB1 also should be considered as part of this analysis.

Proposal 4: For NB-IoT TDD inband deployment with LTE where the dynamic switching is enabled, the NB-IoT TDD should only use the minimum uplink subframes for its common channel operation to avoid interference with the LTE TDD cell which dynamically switches the UL/DL configuration frequently.

Observations and Proposals for Standalone Operation

Observation 3 :  Reuse of same UL/DL configuration for both FDD and TDD operations of NB-IoT will restrict the flexibility of channel mapping for standalone operation which enables maximum reuse of physical channels of NB-IoT FDD.

Proposal 5 : Whether standalone NB-IoT TDD deployments can use different UL/DL configurations than used in the the LTE operations and applicable deployment scenarios requires further analysis. If allowed, the standalone NB-IoT TDD configuration can have more flexible UL/DL configurations than defined for LTE operations.

Proposal 6 : New special subframe configurations with GP+UL only and GP+DL only are required for effective resource utilization of resources in NB IoT Standalone deployments.

Observation and Proposals for Special Subframe Configuration for NB-IoT TDD

Observation 4 : Use of SS configuration 0 and 5 for NB-IoT TDD which are designed for lesser cell radius than TDD system will have impacts on NPRACH reception at ENB.

Proposal 7: Downselection of special subframes for NB-IOT TDD systems should be studied considering the impacts to NPRACH performance and also the available symbols in SS for TDD operations.
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