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1 Introduction

According with the Work Item Description (WID) on further NB-IoT enhancements [1], revised in [2] and more recently in [3] (see text below 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.

This contribution analyses the TDD support into NB-IoT for uplink (UL). The performed analysis provides a preliminary assessment on NPUSCH and PRACH for their support in NB-IoT TDD operation. The document that analyses the downlink (DL) can be found in [4].
2 Background

In RAN1 #90, the TSG RAN WG1 started the discussions on the support of the TDD operation into NB-IoT, where most of the discussions focused on DL and common aspects, being only the following agreements reached for UL aspects [5]:
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
For the TDD support into NB-IoT, it is important to be aware that in a time division duplex operation there will be significant limitations associated with resource mapping due that in TDD the DL and UL transmissions were made to coexist within the same radio frame. Table 1 shows the existing LTE TDD configurations as described by the LTE standard [6].
Table 1: Uplink-downlink configurations

	Uplink-downlink 

configuration
	Downlink-to-Uplink 

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


D: Downlink; U: Uplink; S: Special Subframe
As can be seen from Table 1, the TDD configurations determine whether the DL or UL becomes more restrictive. The limited amount of resources in the time domain becomes more relevant, if we take into consideration that the design of the NB-IoT physical channels make a significant use of the allocated resources in the time dimension.

3 TDD support into NB-IoT for uplink
This section provides preliminary considerations for NPRACH and NPUSCH in TDD, aiming at supporting them by using the existing LTE TDD configurations with the least possible impacts.

3.1 NPRACH support into NB-IoT

3.1.1 Single-tone vs multi-tone NPRACH
The physical layer random access preambles are used by NB-IoT UEs camping on a given cell to indicate the base station the intention to get access to it.
Overall NPRACH in FDD NB-IoT Technicalities:

· A preamble consists of four symbol groups transmitted next to each other in time domain, using a different subcarrier per symbol group.
· Each symbol group has a Cyclic Prefix followed by 5 symbols; the CP has different duration depending on the preamble format.

· Deterministic hopping pattern as well as pseudo-random hopping are used.

· The NPRACH tone spacing is 3.75 kHz. 

· NPRACH preamble repetition unit is 5.6ms or 6.4ms depending on the CP.

· Number of repetitions: 1, 2, 4, 8, 16, 32, 64, 128.
Completely new NPRACH design requires a lot of efforts in 3GPP. It is therefore preferred to adopt a similar single tone NPRACH design while taking into account the TDD frame structure. Multi-tone NPRACH is not a preferred option due to PAPR issues which have been well acknowledged during Rel-13 FDD NB-IoT design [7]. 

Proposal 1: Single tone NPRACH design is adopted for TDD NB-IoT.
3.1.2 Single-tone NPRACH design
In principle, there is no TDD configuration that in terms of contiguous UL subframes can host the NPRACH preamble repetition unit as it was designed for FDD NB-IoT (i.e., the preamble repetition unit of NPRACH goes beyond 5ms).
The transmission of a single NPRACH of Rel-13 FDD NB-IoT in time domain takes 5.6 ms (with 66.7 us CP) or 6.4 ms (with 266.7 us CP). The legacy LTE TDD configurations only have 1, 2, or 3 contiguous UL subframes. If the Rel-13 NPRACH design is directly used for TDD, a single NPRACH transmission needs to be divided into several discontinuous uplink transmissions. This might result in loss of coherent NPRACH across symbol groups or force the UE to maintain coherence over these discontinuities. Also hardware introduces random phase which might be a problem for maintaining the phase coherency. In addition, requirements may have to be relaxed on the amount of delay needed to detect the PRACH. In case of in-band/guard-band deployment, NB-IoT TDD configurations should follow the same configurations of LTE and in this case there is no escape from this problem.

Observation 1: UE may or may not maintain coherence over discontinuous NPRACH transmission. 

Since UE may or may not maintain coherence over discontinuous NPRACH transmission, at least two symbol groups at different subcarriers should be transmitted back-to-back to facilitate time-of-arrival estimation at eNBs.

Proposal 2: At least two symbol groups at different subcarriers should be transmitted back-to-back to facilitate time-of-arrival estimation at eNBs.

Further, different TDD configurations may have different numbers of contiguous UL subframes, including 1, 2, and 3 contiguous UL subframes. Using a single NPRACH symbol structure to cater all the TDD configurations is not efficient, especially considering different operators may have different preferences on TDD configurations. Instead, similar to legacy LTE PRACH, multiple NPRACH formats should be supported so that the TDD deployment can choose the most suitable NPRACH format according to the used TDD configuration.

Proposal 3: Multiple NPRACH formats should be supported to cater for different TDD NB-IoT configurations.

Note that according to the WID, Rel-13 FDD NB-IoT is the baseline. Given this, 3.75 kHz subcarrier spacing can be considered as a starting point for NPRACH design in TDD NB-IoT. 

Proposal 4: 3.75 kHz subcarrier spacing can be considered as a starting point for NPRACH design in TDD NB-IoT.

Assuming 3.75 kHz subcarrier spacing, we next discuss NPRACH symbol structure, basic repetition unit, and frequency hopping. That said, the general principles below apply to other subcarrier spacing that may be selected for the final NPRACH design in TDD NB-IoT.

Due to the switching between DL and UL subframes on the same carrier in TDD, to avoid NPRACH interference to DL transmission, guard time (GT) at the end of NPRACH transmission should be considered for NPRACH design in TDD NB-IoT.

Proposal 5: Guard time should be considered for NPRACH design in TDD NB-IoT.

Next we describe in detail the symbol structure design for TDD NPRACH.

3-SF NPRACH symbol structure

Table 2 lists NPRACH design options that fit with TDD configurations that have 3 continuous UL subframes. As in FDD NPRACH, each symbol group consists of 1 CP + X symbols. To reduce the resource waste, X can be different across symbol groups.

· 4 symbol groups in 3 UL SFs: there are 6 symbols in total across the 4 symbol groups, with X=1, X=1, X=2, X=2 in the 1st, 2nd, 3rd, 4th symbol group, respectively.

· 3 symbol groups in 3 UL SFs: there are 7 symbols in total across the 3 symbol groups, with X=1, X=2, X=4 in the 1st, 2nd, 3rd symbol group, respectively.

· 2 symbol groups in 3 UL SFs: there are 8 symbols in total across the 2 symbol groups, with X=4, X=4 in the 1st, 2nd symbol group, respectively.

The CP in all cases is chosen to be 266.7 us, which is the same as the long CP in Rel-13 FDD NPRACH. The remaining GT is ~333 us. Under these design options, the nominal supported cell radius is 40km, which is the same as Rel-13 FDD NPRACH. However, proprietary solutions may be used to enable deployment with cell radius larger than 40 km.

Table 2: Design options for 3-SF NPRACH
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2-SF NPRACH symbol structure

Table 3 lists NPRACH design options that fit with TDD configurations that have 2 continuous UL subframes. As in FDD NPRACH, each symbol group consists of 1 CP + X symbols. To reduce the resource waste, X can be different across symbol groups.

· 4 symbol groups in 2 UL SFs: there are 4 symbols in total across the 4 symbol groups, with X=1, X=1, X=1, X=1 in the 1st, 2nd, 3rd, 4th symbol group, respectively. The CP length is ~186.6 us. 

· 3 symbol groups in 2 UL SFs:

· Option 1: ~233.3 us CP: there are 4 symbols in total across the 3 symbol groups, with X=1, X=1, X=2 in the 1st, 2nd, 3rd symbol group, respectively.

· Option 2: ~266.7 us CP: there are 3 symbols in total across the 3 symbol groups, with X=1, X=1, X=1 in the 1st, 2nd, 3rd symbol group, respectively

· 2 symbol groups in 2 UL SFs:

· Option 1: ~222.2 us CP: there are 5 symbols in total across the 2 symbol groups, with X=2, X=3 in the 1st, 2nd symbol group, respectively.

· Option 2: ~266.7 us CP: there are 4 symbols in total across the 2 symbol groups, with X=2, X=2 in the 1st, 2nd symbol group, respectively.
Table 3: Design options for 2-SF NPRACH
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1-SF NPRACH symbol structure

Table 4 lists NPRACH design options that fit with TDD configurations that have only 1 UL subframe. To fit at least 2 symbol groups in one UL subframe, each symbol group can only have one 266.7 us symbol. The remaining time (1 – 0.2667*2) is equally allocated for the two CPs and GT, leading to ~155.5 us CP and ~155.5 us GT.
Table 4: Design options for 1-SF NPRACH
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NPRACH repetition unit

Depending on the selection of the symbol structure, repetition unit can be defined accordingly.

· If 4 symbol groups can be transmitted back-to-back, a NPRACH preamble repetition unit consists of 4 symbol groups 

· If 3 symbol groups can be transmitted back-to-back, a NPRACH preamble repetition unit consists of 3 symbol groups 

· If 2 symbol groups can be transmitted back-to-back, a NPRACH preamble repetition unit consists of 4 symbol groups, with the first two symbol groups transmitted back-to-back and the last two symbol groups transmitted back-to-back, respectively

NPRACH frequency hopping

To facilitate time-of-arrival estimation, both 1 tone and 6 tone hopping should be supported in a repetition unit.

· If 4 symbol groups can be transmitted back-to-back, same fixed hopping as FDD NB-IoT can be used.

· If 3 symbol groups can be transmitted back-to-back, 1 tone hopping is applied between 1st and 2nd symbol group, and 6 tone hopping is applied between 2nd and 3rd symbol group. 

· If 2 symbol groups can be transmitted back-to-back, 1 tone hopping is applied for the first 2 back-to-back symbol groups, and 6 tone hopping is applied for the second 2 back-to-back symbol groups.

· Since coherence/phase continuity is not guaranteed between non-continuous transmission, fixed hopping can be either used or not used between the 2nd and 3rd symbol groups. To randomize inter-cell interference, it may be beneficial to apply cell-specific pseudo random hopping between the 2nd and 3rd symbol groups.
The proposed frequency hopping for different design options are illustrated in Figure 1.
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Figure 1: NPRACH frequency hopping for different design options

To unify the design for different TDD configurations, we make the following concrete proposals.

Proposal 6: Two symbol groups are transmitted back-to-back in contiguous uplink subframes.
· Format 0 (fit in 1 UL subframe)

· 1st symbol group: ~155.5 us CP + one 266.7 us symbol 

· 2nd symbol group: ~155.5 us CP + one 266.7 us symbol 

· ~155.5 us GT

· Format 1 (fit in 2 UL subframes)

· 1st symbol group: ~222.2 us CP + two 266.7 us symbols 

· 2nd symbol group: ~222.2 us CP + three 266.7 us symbols 

· ~222.2 us GT

· Format 2 (fit in 3 UL subframes)

· 1st symbol group: ~266.7 us CP + four 266.7 us symbols 

· 2nd symbol group: ~266.7 us CP + four 266.7 us symbols

· ~333 us GT

The NPRACH formats above were designed to fit into the number of UL adjacent subframes as defined in the LTE TDD configurations. Thus, the configuration of the NPRACH formats can dependent on which TDD configuration is being used. That is, the NPRACH Format 0 can be configured for the LTE TDD configuration #2, and #5, the NPRACH Format 1 can be configured for the LTE TDD configuration #1, and #4, and the NPRACH Format 2 can be configured for the LTE TDD configuration #0, #3 and #6.

Proposal 7: Make the NPRACH formats configurable as a function of the LTE TDD configurations.

· NPRACH Format 0 configurable for the LTE TDD configuration #2, and #5.
· NPRACH Format 1 configurable for the LTE TDD configuration #1, and #4.
· NPRACH Format 2 configurable for the LTE TDD configuration #0, #3 and #6.
Proposal 8: An NPRACH preamble repetition unit in NB-IoT TDD consists of 4 symbol groups. 
Figure 2 illustrates the NPRACH repetition unit as a function of the configured NPRACH formats (Format 2, Format 1, and Format 0) fitting the number of available UL subframes.
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Figure 2: NPRACH repetition unit as a function of the configured NPRACH formats fitting the number of available UL subframes.
Moreover, the CP lengths, symbols lengths, and GT lengths contained in a symbol group can be made configurable in order to assess scenarios where the cell size targets are different. That is, the system can configure a CP with length M, a symbol with length N, and GT to have a length O, such that M, N, and O are chosen based on the cell size target, available adjacent subframes in UL, and the number of symbol groups to be fit into the available adjacent subframes in UL.

Proposal 9: Allow the CP lengths, symbols lengths, and GT lengths contained within a symbol group to be configurable, being the lengths determined by the cell size target, available adjacent subframes in UL as defined by the TDD configurations, and the number of symbol groups to be fit into the available UL adjacent subframes.
Proposal 10: For frequency hopping in a NPRACH preamble repetition unit

· 1 tone hopping is applied for the first 2 back-to-back symbol groups

· 6 tone hopping is applied for the second 2 back-to-back symbol groups

· Cell-specific pseudo random hopping is applied between the non-contiguous 2nd and 3rd symbol groups
Proposal 11: For frequency hopping across repetition units, cell specific pseudo random hopping is applied.
3.2 NPUSCH support into NB-IoT

The NPUSCH is used to carry uplink user data and control information from higher layers (format 1). In addition, it can carry HARQ acknowledgement for NPDSCH (format 2).

Overall NPUSCH Technicalities:

· The maximum TBS is 2536bits
· The subcarrier spacing can be 15KHz or 3.75KHz.

· Multi-tone (12, 6, and 3 subcarriers) and Single-tone transmissions are supported.

· QPSK is used for Multi-tone transmissions, while single tone uses π/2-BPSK or π/4-QPSK for reducing the peak-to-average power ratio.

· The smallest unit to map a transport block is the resource unit (RU), which depends on the user’s bandwidth allocation and NPUSCH format.

· Number of repetitions for NPUSCH are 1, 2, 4, 8, 16, 32, 64, 128.

When NPUSCH was designed for FDD, one of the important aspects considered at that time was to achieve a good co-existence with the NPRACH design. That is, for Multi-tone transmissions the number of subcarriers (i.e., 3 and 6) that can be allocated in NPUSCH were carefully chosen for avoiding to have unused resources when NPRACH and NPUSCH happen to co-exist.

As in FDD, NPUSCH in NB-IoT TDD should take into consideration the design of NPRACH for TDD. On this matter, section 3.1.2 has presented a NPRACH design that re-uses the 3.75 kHz subcarrier spacing, since according to the WID on “further NB-IoT enhancements” the “Rel-13 FDD NB-IoT should be used as baseline” [3]. Based on that, section 3.2.1 provides an analysis on the number of subcarriers that would be suitable to be allocated in NPUSCH accounting for the different TDD configurations and the potential co-existence of NPRACH and NPUSCH.
3.2.1 Resource Mapping

3.2.1.1 Multi-tone transmissions:

In RAN1 90, some companies have proposed the usage of a subcarrier allocation consisting of 4 subcarriers with a Resource Unit duration equal to 3ms in order perform a better resource mapping over certain TDD configurations [8]. Table 5 shows examples on how a straight resource mapping can be performed over certain TDD configurations by using 4 subcarriers over 3ms.

Table 5: Examples of resource mapping for NPUSCH in TDD using Multi-tone transmissions allocating 4 subcarriers over 3ms.

	
	Frame #0

	TDD configuration #
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	D
	S
	U
	U
	U
	D
	S
	U
	U
	U

	1
	D
	S
	U
	U
	D
	D
	S
	U
	U
	D

	2
	D
	S
	U
	D
	D
	D
	S
	U
	D
	D

	3
	D
	S
	U
	U
	U
	D
	D
	D
	D
	D

	4
	D
	S
	U
	U
	D
	D
	D
	D
	D
	D

	5
	D
	S
	U
	D
	D
	D
	D
	D
	D
	D

	6
	D
	S
	U
	U
	U
	D
	S
	U
	U
	D


	
	4 Subcarriers allocation with a RU duration equal to 3 ms


The proposal of allocating 4 subcarriers over 3ms seems at first glance suitable for performing a better resource mapping over the TDD configuration #0, # 3 and #6. However, when NPUSCH and NPRACH happen to co-exist, the usage of 4 subcarriers over 3ms leads to a temporary waste of resources. In Table 6, the NPRACH design as proposed in section 3.1.1, and a TDD configuration counting with three UL adjacent subframes were used to illustrate the issue of allocating 4 subcarriers over 3ms when NPUSCH and NPRACH are co-existing.
Table 6: NPRACH and NPUSCH co-existence with legacy subcarrier allocations (i.e., 3, and 6 subcarriers) and a subcarrier allocation consisting of 4 subcarriers having a RU equal to 3ms
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	Format 2: NPRACH preamble repetition unit (45KHz) consists of 4 symbol groups

	
	
	4 subcarriers (60KHz) over 3ms

	
	Unused resources in UL  (15KHz) over 3ms                                                                  ×

	
	6 subcarriers (90KHz) over 2 ms

	
	
	
	3 subcarriers (45KHz) over 4 ms


As can be seen from Table 3, there is a temporary non-utilization of resources equal to 15KHz during 3ms, when a Rel-13 based NPRACH for TDD (i.e., 45KHz) co-exists with two NPUSCH transmissions scheduled to use 4 subcarriers over 3ms each (i.e., 120KHz in total).

Observation 2: A subcarrier allocation consisting of 4 subcarriers with a RU equal to 3ms seems at first glance suitable for performing a better resource mapping over the TDD configuration #0, # 3 and #6. However, when NPUSCH and a Rel-13 based NPRACH happen to co-exist, the usage of 4 subcarriers over 3ms leads to a temporary waste of resources.
On the other hand, Tables A1 to A7 in Annex 1 show how the legacy subcarrier allocations (3, and 6 subcarriers) can be used over all the LTE TDD configurations for not having un-used resources when there are simultaneous NPUSCH and NPRACH transmissions. Note from the Tables in Annex 1 that the NPRACH transmissions in TDD are compliant with Rel-13 NB-IoT FDD subcarrier spacing (3.75KHz), and that depending on TDD configuration a different NPRACH format is used to match the available resources in uplink (See section 3.1.1 for more details on the NPRACH formats for TDD).

From the set of tables shown in Annex 1 it can be observed that when NPRACH and NPUSCH are being transmitted simultaneously, Multi-tone NB-IoT transmissions consisting of 3 allocated subcarriers, or a combination of both 3 and 6 allocated subcarriers can be used over all the LTE TDD configurations for performing resource mappings that do not lead to end up with unused resources.

Observation 3: Multi-tone NB-IoT transmissions consisting of 3 allocated subcarriers, or a combination of both 3 and 6 allocated subcarriers can be used over all the LTE TDD configurations for performing NPUSCH resource mappings without leading to unused resources when a NPRACH TDD design based on Rel-13 NB-IoT (i.e., 3.75KHz subcarrier spacing) and NPUSCH are co-existing.

When NPUSCH transmissions in TDD are not simultaneously sharing resources with any other uplink channel, subcarrier allocations consisting of 12, 6, and 3 subcarriers and their possible combinations should be used for offering the same scheduling flexibility as in FDD for Multi-tone transmissions.

Observation 4: NPUSCH transmissions in TDD that are not simultaneously sharing resources with any other uplink channel, should be able to use subcarrier allocations consisting of 12, 6, and 3 subcarriers and their possible combinations for offering the same scheduling flexibility as in FDD for Multi-tone transmissions.

Proposal 12: As in FDD, NPUSCH in NB-IoT TDD should take into consideration the design of NPRACH for TDD (i.e., the co-existence of NPRACH and NPUSCH). 

Proposal 13: Adopt a NPRACH design for TDD based on the Rel-13 subcarrier spacing (3.75KHz) in order to guarantee a good co-existence with NPUSCH TDD which can in that case re-use the same number of subcarriers that can allocated in FDD for Multi-tone transmissions.

3.2.1.2 Single-tone transmissions:

The single-tone transmissions in all cases last longer than the maximum number of contiguous UL subcarriers available in the LTE TDD configurations. Hence, one resource unit for single-tone transmissions spans over non-contiguous UL subframes by skipping special and DL subframes. 

Moreover, depending on the format and subcarrier spacing used for the single tone allocation, certain combinations (e.g., Format 1 or 2 with 3.75KHz as subcarrier spacing) seem to be more challenging to be supported in a TDD operation due to the limited availability of UL resources in the time domain. As depicted in Figure 3, a single-tone allocation using a subcarrier spacing equal to 3.75KHz has a slot duration lasting for 2ms. 
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Figure 3: Slot duration associated with a subcarrier spacing equal to 3.75KHz.
As can be inferred from Figure 3, for a single-tone allocation having a subcarrier spacing of 3.75KHz, the resource mapping is required to be performed (i.e., in a mandatory way) over pairs of UL adjacent subframes. Otherwise, the symbol having the index #3 (i.e., the fourth one among the seven OFDM symbols composing the slot) would be truncated. Therefore, for avoiding undesired truncations, the gaps shall only occur among pairs of UL adjacent subframes. This restriction makes e.g., unfeasible the usage of the TDD configuration #2 along with single-tone allocations using 3.75KHz as subcarrier spacing.

Observation 5: The single-tone transmissions in all cases last longer than the maximum number of contiguous UL subcarriers available in the LTE TDD configurations. Hence, one resource unit for single-tone transmissions spans over non-contiguous UL subframes.
Observation 6: For single tone allocation in NPUSCH, certain combinations seem to be more challenging to be supported in a TDD operation. That is the case of using a subcarrier spacing equal to 3.75KHz which has a slot duration lasting for 2ms. In this case, the resource mapping is required to be performed over pairs of UL adjacent subframes. Otherwise, the symbol having the index #3 (i.e., the fourth one among the seven OFDM symbols composing the slot) would be truncated. This restriction makes e.g., unfeasible the usage of the TDD configuration #2 along with single-tone allocations using 3.75KHz as subcarrier spacing.
Proposal 14: NPUSCH using a subcarrier spacing of 3.75KHz is only supported by TDD configurations counting with pairs of UL adjacent subframes (e.g., TDD configurations #1 and #4), otherwise the fourth symbol among the seven OFDM symbols composing the slot would be truncated.
4 Conclusions 

This contribution provided an analysis on some considerations for the support of NPRACH and NPUSCH in TDD. From the analysis performed the following observations and proposals have been made:
· For NPRACH into TDD:

Proposal 1: Single tone NPRACH design is adopted for TDD NB-IoT.
Observation 1: UE may or may not maintain coherence over discontinuous NPRACH transmission. 
Proposal 2: At least two symbol groups at different subcarriers should be transmitted back-to-back to facilitate time-of-arrival estimation at eNBs.
Proposal 3: Multiple NPRACH formats should be supported to cater for different TDD NB-IoT configurations.
Proposal 4: 3.75 kHz subcarrier spacing can be considered as a starting point for NPRACH design in TDD NB-IoT.
Proposal 5: Guard time should be considered for NPRACH design in TDD NB-IoT.
Proposal 6: Two symbol groups are transmitted back-to-back in contiguous uplink subframes.
· Format 0 (fit in 1 UL subframe)

· 1st symbol group: ~155.5 us CP + one 266.7 us symbol 

· 2nd symbol group: ~155.5 us CP + one 266.7 us symbol 

· ~155.5 us GT

· Format 1 (fit in 2 UL subframes)

· 1st symbol group: ~222.2 us CP + two 266.7 us symbols 

· 2nd symbol group: ~222.2 us CP + three 266.7 us symbols 

· ~222.2 us GT

· Format 2 (fit in 3 UL subframes)

· 1st symbol group: ~266.7 us CP + four 266.7 us symbols 

· 2nd symbol group: ~266.7 us CP + four 266.7 us symbols

· ~333 us GT

Proposal 7: Make the NPRACH formats configurable as a function of the LTE TDD configurations.
· NPRACH Format 0 configurable for the LTE TDD configuration #2, and #5.
· NPRACH Format 1 configurable for the LTE TDD configuration #1, and #4.
· NPRACH Format 2 configurable for the LTE TDD configuration #0, #3 and #6.
Proposal 8: A NPRACH preamble repetition unit in NB-IoT TDD consists of 4 symbol groups.
Proposal 9: Allow the CP lengths, symbols lengths, and GT lengths contained within a symbol group to be configurable, being the lengths determined by the cell size target, available adjacent subframes in UL as defined by the TDD configurations, and the number of symbol groups to be fit into the available UL adjacent subframes. 
Proposal 10: For frequency hopping in a NPRACH preamble repetition unit.

· 1 tone hopping is applied for the first 2 back-to-back symbol groups

· 6 tone hopping is applied for the second 2 back-to-back symbol groups

· Cell-specific pseudo random hopping is applied between the non-contiguous 2nd and 3rd symbol groups
Proposal 11: For frequency hopping across repetition units, cell specific pseudo random hopping is applied.
· For NPUSCH into TDD, the Multi-tone and Single-tone transmissions were analysed separately:

· Multi-tone transmissions:

Observation 2: A subcarrier allocation consisting of 4 subcarriers with a RU equal to 3ms seems at first glance suitable for performing a better resource mapping over the TDD configuration #0, # 3 and #6. However, when NPUSCH and a Rel-13 based NPRACH happen to co-exist, the usage of 4 subcarriers over 3ms leads to a temporary waste of resources.

Observation 3: Multi-tone NB-IoT transmissions consisting of 3 allocated subcarriers, or a combination of both 3 and 6 allocated subcarriers can be used over all the LTE TDD configurations for performing NPUSCH resource mappings without leading to unused resources when a NPRACH TDD design based on Rel-13 NB-IoT (i.e., 3.75KHz subcarrier spacing) and NPUSCH are co-existing.

Observation 4: NPUSCH transmissions in TDD that are not simultaneously sharing resources with any other uplink channel, should be able to use subcarrier allocations consisting of 12, 6, and 3 subcarriers and their possible combinations for offering the same scheduling flexibility as in FDD for Multi-tone transmissions.

Proposal 12: As in FDD, NPUSCH in NB-IoT TDD should take into consideration the design of NPRACH for TDD (i.e., the co-existence of NPRACH and NPUSCH). 
Proposal 13: Adopt a NPRACH design for TDD based on the Rel-13 subcarrier spacing (3.75KHz) in order to guarantee a good co-existence with NPUSCH TDD which can in that case re-use the same number of subcarriers that can allocated in FDD for Multi-tone transmissions.
· Single-tone transmissions: 

Observation 5: The single-tone transmissions in all cases last longer than the maximum number of contiguous UL subcarriers available in the LTE TDD configurations. Hence, one resource unit for single-tone transmissions spans over non-contiguous UL subframes.
Observation 6: For single tone allocation in NPUSCH, certain combinations seem to be more challenging to be supported in a TDD operation. That is the case of using a subcarrier spacing equal to 3.75KHz which has a slot duration lasting for 2ms. In this case, the resource mapping is required to be performed over pairs of UL adjacent subframes. Otherwise, the symbol having the index #3 (i.e., the fourth one among the seven OFDM symbols composing the slot) would be truncated. This restriction makes e.g., unfeasible the usage of the TDD configuration #2 along with single-tone allocations using 3.75KHz as subcarrier spacing.
Proposal 14: NPUSCH using a subcarrier spacing of 3.75KHz is only supported by TDD configurations counting with pairs of UL adjacent subframes (e.g., TDD configurations #1 and #4), otherwise the fourth symbol among the seven OFDM symbols composing the slot would be truncated.
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6 Annex 1
Tables A1 to A6 show how the legacy subcarrier allocations (3, and 6 subcarriers) can be used over all the LTE TDD configurations for not having un-used resources when there are simultaneous NPUSCH and NPRACH transmissions.

TDD Configuration #0
Table A1: NPRACH and NPUSCH co-existence over TDD configuration #0 with legacy subcarrier allocations (i.e., 3, and 6 subcarriers)
	
	Frame #0
	

	TDD configuration #
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	

	0
	D
	S
	1st
	2nd
	D
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	3rd
	4th
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	…


	
	Format 2: NPRACH preamble repetition unit (45KHz) consists of 4 symbol groups

	
	
	
	
	3 subcarriers (45KHz) over 4 ms

	
	6 subcarriers (90KHz) over 2 ms


TDD Configuration #1
Table A2: NPRACH and NPUSCH co-existence over TDD configuration #1 with legacy subcarrier allocations (i.e., 3, and 6 subcarriers)
	
	Frame #0
	

	TDD configuration #
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	

	1
	D
	S
	1st
	2nd
	D
	D
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	3rd
	4th
	D
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	


	
	Format 1: NPRACH preamble repetition unit (45KHz) consists of 4 symbol groups

	
	
	6 subcarriers (90KHz) over 2 ms

	
	3 subcarriers (45KHz) over 4 ms


TDD Configuration #2
Table A3: NPRACH and NPUSCH co-existence over TDD configuration #2 with legacy subcarrier allocations (i.e., 3, and 6 subcarriers)
	
	Frame #0
	

	TDD configuration #
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	

	2
	D
	S
	1 2
	D
	D
	D
	S
	3 4
	D
	D
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	Format 0: NPRACH preamble repetition unit (45KHz) consists of 4 symbol groups

	
	6 subcarriers (90KHz) over 2 ms

	
	3 subcarriers (45KHz) over 4 ms


TDD Configuration #3
Table A4: NPRACH and NPUSCH co-existence over TDD configuration #3 with legacy subcarrier allocations (i.e., 3, and 6 subcarriers)
	
	Frame #0
	Frame #1
	…

	TDD configuration #
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	

	3
	D
	S
	1st
	2nd
	D
	D
	D
	D
	D
	D
	S
	3rd
	4th
	D
	D
	D
	D
	D
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	Format 2: NPRACH preamble repetition unit (45KHz) consists of 4 symbol groups

	
	
	
	
	3 subcarriers (45KHz) over 4 ms

	
	6 subcarriers (90KHz) over 2 ms


TDD Configuration #4
Table A5: NPRACH and NPUSCH co-existence over TDD configuration #4 with legacy subcarrier allocations (i.e., 3, and 6 subcarriers)
	
	Frame #0
	Frame #1

	TDD configuration #
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	4
	D
	S
	1st
	2nd
	D
	D
	D
	D
	D
	D
	D
	S
	3rd
	4th
	D
	D
	D
	D
	D
	D

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	Format 1: NPRACH preamble repetition unit (45KHz) consists of 4 symbol groups

	
	
	6 subcarriers (90KHz) over 2 ms

	
	3 subcarriers (45KHz) over 4 ms


TDD Configuration #5
Table A6: NPRACH and NPUSCH co-existence over TDD configuration #5 with legacy subcarrier allocations (i.e., 3, and 6 subcarriers)
	
	Frame #0
	Frame #1

	TDD configuration #
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	5
	D
	S
	1 2
	D
	D
	D
	D
	D
	D
	D
	D
	S
	3 4
	D
	D
	D
	D
	D
	D
	D

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	Format 0: NPRACH preamble repetition unit (45KHz) consists of 4 symbol groups

	
	6 subcarriers (90KHz) over 2 ms

	
	3 subcarriers (45KHz) over 4 ms


TDD Configuration #6
Table A7: NPRACH and NPUSCH co-existence over TDD configuration #6 with legacy subcarrier allocations (i.e., 3, and 6 subcarriers)
	
	Frame #0
	

	TDD configuration #
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	

	6
	D
	S
	1st
	2nd
	D
	S
	3rd
	4th
	D
	…

…
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	Format 2: NPRACH preamble repetition unit (45KHz) consists of 4 symbol groups

	
	
	
	
	3 subcarriers (45KHz) over 4 ms

	
	6 subcarriers (90KHz) over 2 ms
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