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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). Based on the agreements reached in RAN1 #90bis and recently RAN1 #91 [4-5], the analysis on the support of NPRACH and NPUSCH for TDD NB-IoT is continued. The document that analyses the downlink (DL) can be found in [6].
2 Background

In RAN1 #91, the time allocated for discussing TDD NB-IoT was mainly focused on DL aspects, being the only agreement reached on UL aspects the following one:

Agreements from RAN1 #91 on UL aspects – NPUSCH for TDD NB-IoT
	Agreement
For NPUSCH in NB-IoT TDD:

· For the NPUSCH transmissions with 15 kHz subcarrier spacing, both Multi-tone (3, 6, 12 subcarriers with RU lengths 4ms, 2ms, 1ms) and single tone (with RU length 8ms) transmissions are supported as in FDD NB-IoT for all the supported TDD configurations in TDD NB-IoT other than the TDD configuration #3 and [#6]. The number of supported subcarriers, and RU lengths for TDD configuration #3 and [#6] is FSS (The number of subcarriers and RU lengths as defined in FDD NB-IoT are not precluded).


The set of agreements from RAN1 #90bis are copied below as a guidance for assessing the open issues on UL aspects [4]:

Agreements from RAN1 #90bis on UL aspects – NPUSCH for TDD NB-IoT
	Agreements:

· NPUSCH transmissions with 15 kHz subcarrier spacing are supported in all supported UL/DL configurations for NB-IoT TDD.
· 3.75 kHz is also supported, in UL/DL configurations #1, [#3], #4, with the same definition of NB-slot and resource unit as FDD

· FFS if there any need for any other subcarrier spacing and/or slot structure for TDD

· This needs to take into consideration the co-existence of NPRACH and NPUSCH.


Agreements from RAN1 #90bis on UL aspects – NPRACH for TDD NB-IoT
	Agreements:

· TDD NPRACH supports at least 3.75KHz subcarrier spacing single-tone with frequency hopping.
· FFS if also 5 kHz subcarrier spacing is supported e.g. for UL-DL configuration #2
· NPRACH formats using G symbol groups with back-to-back transmission followed by a guard time (FFS guard time duration) are supported for 1, 2, and 3 contiguous uplink subframes

· An NPRACH format is associated with one value of N (the number of symbols per symbol group) and CP duration

· G is FFS, and G≥2

· P (number of symbol groups in a preamble) is even.
· For the G symbols groups that are transmitted back-to-back with 3.75 kHz subcarrier spacing, 3.75 kHz and 22.5 kHz hopping distances are supported.
· FFS the details of the hopping pattern
· FFS the hopping distance and pattern if 5 kHz subcarrier spacing is supported
· For the hopping between discontinuous transmissions within one preamble
· FFS hopping distance and hopping pattern
· Cell specific pseudo-random hopping is used between NPRACH preamble repetitions
· FFS details


The following subsections continue the analysis on the TDD support into NB-IoT for uplink, starting with NPRACH followed by NPUSCH.

3 TDD support into NB-IoT for uplink

The analysis below on NPRACH and NPUSCH for TDD aims at supporting them by using the existing LTE TDD configurations with the least possible impacts accounting for the latest RAN1 agreements.

3.1 NPRACH support into TDD NB-IoT

3.1.1 Single Tone NPRACH using a tone spacing of 3.75KHz.

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. Below we provide the overall technicalities of NPRACH in FDD NB-IoT, which are used as a one-on-one reference for addressing the design details that were set as FFS for the NPRACH to be used in TDD NB-IoT.

3.1.1.1 Tone Spacing:

	NPRACH in FDD NB-IoT
	Single-tone NPRACH subcarrier spacing is 3.75 kHz with frequency hopping

	NPRACH in TDD NB-IoT
	Agreements:

· TDD NPRACH supports at least 3.75KHz subcarrier spacing single-tone with frequency hopping.


Analysis: The agreement on the above technical aspects makes possible to follow the NPRACH design as in FDD.
3.1.1.2 Number of symbol groups per preamble:

	NPRACH in FDD NB-IoT
	A preamble consists of four symbol groups transmitted next to each other in the time domain, using a different subcarrier per symbol group.



	NPRACH in TDD NB-IoT
	Agreements:

· G is FFS, and G≥2

· P (number of symbol groups in a preamble) is even.
· For the G symbols groups that are transmitted back-to-back with 3.75 kHz subcarrier spacing, 3.75 kHz and 22.5 kHz hopping distances are supported.



Analysis: In TDD the symbol groups cannot be transmitted next to each other due to the discontinuities (red dots in Figure 1b below) that are inherently present in the LTE TDD configurations. For TDD NB-IoT, it has been agreed that “NPRACH formats using G symbol groups with back-to-back transmission followed by a guard time (FFS guard time duration) are supported for 1, 2, and 3 contiguous uplink subframes” with “G≥2”, while there is another agreement that influences the selection of G which says that “P (number of symbol groups in a preamble) is even.” Thus, if G =2, then P = 4=G+G which makes possible to keep the preamble structure as defined for FDD  (i.e., the preamble repetition unit would keep consisting of four symbol groups). On the other hand, if G =3, then P = 6=G+G which overall reduces the cell size but with a proper selection of the frequency hopping pattern could make possible to cancel out frequency/phase errors within one preamble repetition unit. Table 1 shows a NPRACH preamble repetition unit as it is in FDD NB-IoT, and a preamble repetition unit in TDD NB-IoT which structure is different depending on whether the number of symbol groups composing one preamble repetition unit is P=4 (i.e., when G=2), or P=6 (i.e., when G=3). The details on frequency hopping will be discussed later, for the moment Table 1 simply includes examples of the tone relation between the four/six symbol groups within a preamble repetition unit.

Table 1: NPRACH preamble repetition unit in FDD NB-IoT compared to the NPRACH preamble repetition unit in TDD NB-IoT when P=4 (i.e., G=2) and P=6 (i.e., G=3).
	NPRACH in FDD NB-IoT
	NPRACH in TDD NB-IoT
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Figure 1a: NPRACH preamble in FDD
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Figure 1b: NPRACH preamble in TDD when G=2, and P=4=G+G.
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Figure 1c: NPRACH preamble in TDD when G=3, and P=6=G+G.


In principle, it would be desirable to keep the NPRACH preamble structure in TDD as close as possible to the existing one in FDD. Thus, the preamble repetition unit can be kept consisting of four symbol groups (i.e., P = 4), where the first and second symbol groups would be transmitted back-to-back (i.e., G = 2) over 1, 2, or 3 UL adjacent subframes as available, the second and third symbol groups would be disjointed due to the discontinuities, and finally the third and the fourth symbol groups would be yet again transmitted back-to-back over 1, 2, or 3 UL adjacent subframes as available.

On the other hand, if the preamble repetition unit consists of six symbol groups (i.e., P=6), then the first, second and third symbol groups would be transmitted back-to-back (i.e., G = 3) over 1, 2, or 3 UL adjacent subframes as available, the third and fourth symbol groups would be disjointed due to the discontinuities, and finally the fourth, fifth and sixth symbol groups would be yet again transmitted back-to-back over 1, 2, or 3 UL adjacent subframes as available.

Proposal 1: For TDD NB-IoT, the number of symbol groups that are transmitted back-to-back (i.e., G), and the number of symbol groups composing one NPRACH preamble repetition unit (i.e., P) are down-selected from the following alternatives:
· G =2, then P = 4=G+G. 

· G =3, then P = 6=G+G.
3.1.1.3 Formats for NPRACH in TDD NB-IoT

	NPRACH in FDD NB-IoT
	FDD NB-IoT supports two NPRACH formats. NPRACH Format 0 using a cyclic prefix duration 66.7 ms and NPRACH Format 1 using a cyclic prefix duration 266.67 ms.

	NPRACH in TDD NB-IoT
	Agreements:

· NPRACH formats using G symbol groups with back-to-back transmission followed by a guard time (FFS guard time duration) are supported for 1, 2, and 3 contiguous uplink subframes


Analysis: As discussed in [7], the NPRACH formats as defined for FDD NB-IoT cannot be used in TDD since there is a maximum of three contiguous UL subframes available for certain LTE TDD configurations. Thus, RAN1 has decided the following: “NPRACH formats using G symbol groups with back-to-back transmission followed by a guard time (FFS guard time duration) are supported for 1, 2, and 3 contiguous uplink subframes” with “G≥2”.  Therefore, according to the agreements, the number of contiguous UL adjacent subframes available in the LTE TDD configurations (i.e., 1, 2, or 3) provide by themselves the number of formats to be used for NPRACH in TDD. That is, the three formats for NPRACH in TDD would be:

· Format 2: G symbol groups followed by a guard time would fit into 3 UL subframes (LTE TDD configurations #0, #3, and #6 count with 3 UL contiguous subframes). Note: The TDD configuration #0 won’t be supported for TDD NB-IoT, while the TDD configuration #6 is under working assumption and might be not supported either [4].

· Format 1: G symbol groups followed by a guard time would fit into 2 UL subframes (LTE TDD configurations #1, #4, and #6 count with 2 UL contiguous subframes). Note: The TDD configuration #6 is under working assumption and might be not supported either [4].

· Format 0: G symbol groups followed by a guard time would fit into 1 UL subframe (LTE TDD configurations #2, and #5 count with isolated UL subframes). Note: The Format 0 could in principle be used on all the TDD configurations supported by TDD NB-IoT.
Figure 2 illustrates the three formats for NPRACH in TDD, and how they are used (i.e., respectively) to compose one preamble repetition unit P when a) P=4=G+G (i.e., G=2), and b) P=6=G+G (i.e., G=3). 
	a) When G =2, and the preamble P = 4 = G+G.
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	b) When G =3, and the preamble P=6 = G+G.
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Figure 2: NPRACH preamble Formats in TDD NB-IoT fitting into 1, 2, 3 UL subframes as available, when a) G=2, hence P=4=G+G, and when b) G=3, hence P=6=G+G.
Proposal 2: Make the NPRACH formats configurable as a function of the LTE TDD configurations.
· NPRACH Format 0 (fits into 1UL subframe) is configurable for all the LTE TDD configurations supported by TDD NB-IoT.
· NPRACH Format 1 (fits into 2UL subframes) is configurable for the LTE TDD configuration #1, #4, and [#6].
· NPRACH Format 2 (fits into 3UL subframes) is configurable for the LTE TDD configuration #3 and [#6].
The guard time length is discussed right below along with the details about the elements composing each of the symbol groups (i.e., CP length, number of symbols per symbol group and their lengths).

3.1.1.4 Guard time length, and Symbol Group structure (CP length, number of symbols per symbol group, symbol(s) length)

	NPRACH in FDD NB-IoT
	Each symbol group has a Cyclic Prefix followed by 5 symbols; the CP has different duration depending on the preamble format.

	NPRACH in TDD NB-IoT
	Agreements:

· An NPRACH format is associated with one value of N (the number of symbols per symbol group) and CP duration




Analysis: The content of the symbol groups transmitted back-to-back (i.e., a CP, and N symbols per symbol group) is limited by the duration of either 1, 2, or 3 subframes, plus the guard time duration. Thus, the CP duration, and the number of symbols per symbol group (i.e., the value of N) will be different for each the three NPRACH formats to be used in TDD NB-IoT. Moreover, in FDD NB-IoT each of the symbols within a symbol group has a duration of ~266 us, which in principle can be preserved for TDD NB-IoT.

For each of the NPRACH formats to be used in TDD NB-IoT, Table 2a and Table 2b show for G=2 and G=3 respectively, examples of the CP length, number of symbols per symbol group, and guard time when the length of the symbols has been kept the same as in FDD (i.e., ~266 us).

Table 2a: Contents of the NPRACH Formats for Large Cells in TDD NB-IoT fitting into 1, 2, and 3 UL subframes as available when G = 2.
	When G = 2
	

	NPRACH Formats for TDD NB-IoT
	Content of the NPRACH Formats for TDD NB-IoT fitting into 1, 2, and 3 UL subframes respectively when G=2.

	· Format 2 (Two symbol groups followed by a guard time fit in 3 UL subframes)
· 1st symbol group: ~288.8 us CP + four 266.7 us symbols 

· 2nd symbol group: ~288.8 us CP + four 266.7 us symbols

· ~288.8 us GT

· Nominal Cell Size: 43.3Km
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	· Format 1 (Two symbol groups followed by a guard time fit in 2 UL subframes)

· 1st symbol group: ~311.1 us CP + two 266.7 us symbols 

· 2nd symbol group: ~311.1 us CP + two 266.7 us symbols 

· ~311.1 us GT
· Nominal Cell Size: 40Km
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	· Format 0 (Two symbol groups followed by a guard time 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

· Nominal Cell Size: 23.3Km
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Table 2b: Contents of the NPRACH Formats for Large Cells in TDD NB-IoT fitting into 1, 2, and 3 UL subframes as available when G = 3.
	When G = 3
	

	NPRACH Formats for TDD NB-IoT
	Content of the NPRACH Formats for TDD NB-IoT fitting into 1, 2, and 3 UL subframes respectively, when G = 3.

	· Format 2 (Three symbol groups followed by a guard time fit in 3 UL subframes)
· 1st symbol group: ~283.2 us CP + two 266.7 us symbols 

· 2nd symbol group: ~283.2 us CP + two 266.7 us symbols

· 3rd symbol group: ~283.2 us CP + three 266.7 us symbols

· ~283.2 us GT

· Nominal Cell Size: 42.5Km
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	· Format 1 (Two symbol groups followed by a guard time fit in 2 UL subframes)

· 1st symbol group: ~166.6 us CP + two 266.7 us symbols 

· 2nd symbol group: ~166.6 us CP + two 266.7 us symbols

· 3rd symbol group:  ~166.6 us CP + one 266.7 us symbols

· ~166.6 us GT
· Nominal Cell Size: 25Km
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	· Format 0 (Two symbol groups followed by a guard time fit in 1 UL subframe)

· 1st symbol group: ~49.95 us CP + one 266.7 us symbol 

· 2nd symbol group: ~49.95 us CP + one 266.7 us symbol 

· 3rd symbol group: ~49.95 us CP + one 266.7 us symbol

· ~49.95 us GT

· Nominal Cell Size: 7.5Km
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As can be observed from Table 1, the symbol duration was kept as ~266 us in all cases, being N (i.e., the number of symbols per symbol group) equal to 4, 2, and 1 for NPRACH Format 2, 1, and 0 respectively. On the other hand, for Format 1, and 2, the CP duration was kept equal to ~266 us aiming at achieving a nominal cell size of 40Km, while for Format 0 a CP of ~155.5 us was used due that the resource mapping must be performed over 1 UL subframe, leading to a nominal cell size of 23.3Km. Moreover, once the CP duration, symbol duration, and number of symbols per symbol group, were set, the guard time resulted to be ~333us, ~400us, and ~155.5 us for NPRACH Format 2, 1, and 0 respectively.

Proposal 3: Keep the symbol duration as in FDD (i.e., 266.7us), and chose the CP duration, the number of symbols per symbol group (i.e., N), and guard time targeting the maximum nominal cell size achievable for each NPRACH format in TDD NB-IoT. 
3.1.1.5 Frequency hopping

	NPRACH in FDD NB-IoT
	A deterministic tone hopping pattern acting on the symbol groups composing a preamble is used by the base station to estimate the TA.

	NPRACH in TDD NB-IoT
	Agreements:

· For the G symbols groups that are transmitted back-to-back with 3.75 kHz subcarrier spacing, 3.75 kHz and 22.5 kHz hopping distances are supported.
· FFS the details of the hopping pattern
· FFS the hopping distance and pattern if 5 kHz subcarrier spacing is supported
· For the hopping between discontinuous transmissions within one preamble
· FFS hopping distance and hopping pattern
· Cell specific pseudo-random hopping is used between NPRACH preamble repetitions
· FFS details



Analysis: In FDD NB-IoT, a bandwidth of 45KHz is used to support up to 12 orthogonal NPRACH preambles being transmitted simultaneously. Moreover, the hopping pattern makes use of 3.75KHz (1 tone hopping) and 22.6KHz (6 tone hopping) hopping distances. Table 3 shows the four-possible deterministic frequency hopping patterns within a NPRACH preamble in FDD NB-IoT, which are compared against the frequency hopping patterns that can be used for the NPRACH preamble in TDD NB-IoT.

Table 3: NPRACH preamble in FDD compared to the NPRACH preamble in TDD
	Frequency hopping pattern for NPRACH in FDD NB-IoT
	Frequency hopping pattern for NPRACH in TDD NB-IoT

	Table 3a: Deterministic hopping patterns for NPRACH in FDD

Index of the tone used by the first symbol group

Deterministic hopping patterns within a repetition unit

0, 2, 4

{+1, +6, -1}

1, 3, 5

{-1, +6, +1}

6, 8, 10

{+1, -6, -1}

7, 9, 11

{-1, -6, +1}


	Table 3b: Deterministic hopping patterns for NPRACH in TDD with no hopping after discontinuity (if any) 
Index of the tone used by the first symbol group

Deterministic hopping patterns within a repetition unit

0, 2, 4

{+1, 0, +6}

1, 3, 5

{-1, 0, +6}

6, 8, 10

{+1, 0, -6}

7, 9, 11

{-1, 0, -6}

In RAN1 #90bis, it was stated as “FFS the details of the hopping pattern”, emphasizing in the hopping after the discontinuity due to the nature of TDD:

“For the hopping between discontinuous transmissions within one preamble
· FFS hopping distance and hopping pattern”
As shown in Table 3b, one possibility is not performing a hopping after the discontinuity. However, since there might be different views, we can simply have a configurable hopping after the discontinuity as shown in Table 3c.

Table 3c: Deterministic hopping patterns for NPRACH in TDD with a configurable hopping after the discontinuity (if any) 
Index of the tone used by the first symbol group

Deterministic hopping patterns within a repetition unit

0, 2, 4

{+1, X, +6}

1, 3, 5

{-1, X, +6}

6, 8, 10

{+1, X, -6}

7, 9, 11

{-1, X, -6}

Where the value of X is configurable and chosen among the values in the following set: X = {0, 1, 2, 3, 4, 5}. 


On the other hand, If G=3, then the value of P would be equal to 6 (i.e., G+G). This results to be different as compared to the number of symbol groups composing one NPRACH preamble repetition unit in FDD NB-IoT. Hence, the deterministic hopping patterns for TDD NB-IoT would have to be re-designed accounting for six hopping distances rather than just four. An example is shown in Table 3d, where the hopping pattern consists of six hopping distances associated to each of the symbol groups composing one preamble repetition unit of length P=6. 

Table 3d: Deterministic hopping patterns for NPRACH in TDD, when G=3 and P = 6=G+G

	Index of the tone used by the first symbol group
	Deterministic hopping patterns within a repetition unit

	0, 2, 4
	{+1, +6, 0, -6, -1}

	1, 3, 5
	{-1, +6, 0, -6, 1}

	6, 8, 10
	{+1, -6, 0, 6, -1}

	7, 9, 11
	{-1, -6, 0, 6, 1}


By selecting appropriate hopping distances complaint with the agreement “3.75 kHz and 22.5 kHz hopping distances are supported”, it would be possible to cancel out phase errors within one NPRACH preamble repetition unit since the number of hopping distances going upwards will cancel out with the number of hopping distances going downwards within one NPRACH preamble repetition unit.

For example, focusing on the first frequency hopping pattern of the above table when the starting index is 0, the first symbol group (i.e., SG0) starts at the lower end of 45 kHz bandwidth, the second symbol group (i.e., SG1) moves one tone up (i.e., 3.75 kHz above the previous symbol group), the third symbol group (i.e., SG2) yet again moves up to the seventh tone index (i.e., 6 tones up with respect to the previous symbol group), the fourth symbol group (i.e., SG3) remains in the seventh tone since the “hopping distance” equals zero (i.e., no hop with respect to the previous symbol group), the fifth symbol group (i.e., SG4) moves down to the tone index number one (i.e., six tones down with respect to the previous index), and finally the last symbol group composing the NPRACH preamble repetition unit moves down to the zeroth tone index (i.e., one tone down with respect to the previous symbol group). The above indicates that the residual hopping is zero, since the last symbol group within the preamble repetition unit has returned to the same tone index used by the first symbol group of the preamble repetition unit. The phase/frequency cancellation was achived within a preamble repetition unit, therefore the next preamble repetition unit can start at any tone index since it doesn’t have any hop pending to be cancelled.
Proposal 4: For frequency hopping in a NPRACH preamble repetition unit

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

· A configurable hopping is applied between the 2nd and 3rd symbol groups

· The value of the hopping X is configurable and chosen among the values in the following set: X = {0, 1, 2, 3, 4, 5}.
· 6 tone hopping is applied for the second 2 back-to-back symbol groups

	Index of the tone used by the first symbol group
	Deterministic hopping patterns within a repetition unit

	0, 2, 4
	{+1, X, +6}

	1, 3, 5
	{-1, X, +6}

	6, 8, 10
	{+1, X, -6}

	7, 9, 11
	{-1, X, -6}


· If G=3, where the value of P = 6 = G+G, the hopping distances associated to each of the symbol groups composing one preamble are selected in such a way that the number of hopping distances going upwards will cancel out with the number of hopping distances going downwards within one NPRACH preamble repetition unit as in the Table below.
	Index of the tone used by the first symbol group
	Deterministic hopping patterns within a repetition unit

	0, 2, 4
	{+1, +6, 0, -6, -1}

	1, 3, 5
	{-1, +6, 0, -6, 1}

	6, 8, 10
	{+1, -6, 0, 6, -1}

	7, 9, 11
	{-1, -6, 0, 6, 1}


Another aspect related with hopping refers to “Cell specific pseudo-random hopping is used between NPRACH preamble repetitions,” which certainly will be helpful to alleviate the interference.

Proposal 5: Make the frequency hopping cell dependent, and for frequency hopping across repetition units cell specific pseudo random hopping is applied.
3.1.2 Single Tone NPRACH using a tone spacing of 5KHz.

The agreements from RAN1 #90bis contain a “FFS if also 5 kHz subcarrier spacing is supported e.g. for UL-DL configuration #2”. The proponent company has described in [8], the basic characteristics of a single tone NPRACH using a subcarrier spacing of 5KHz, which is quoted below:

“After evaluating all possible sub carrier spacings, New design based on 5KHz spaced NPRACH carrier for NB-IoT TDD system was proposed. 5KHz spaced OFDM symbol takes 3 times the duration of 15KHz symbol. Based on CP format and guard duration 3/4 symbols with preamble value 1 can be sent in a single subframe. CP and Guard duration can be picked for the existing FDD-NBIOT PRACH”

The above text seems to suggest that a NPRACH for TDD using a 5KHz subcarrier spacing can fit a CP, one symbol group (composed of 3 or 4 symbols) and a guard time into 1 UL subframe, since it is mentioned “Based on CP format and guard duration 3/4 symbols with preamble value 1 can be sent in a single subframe”. Thus, when we assume that a preamble is composed by four symbol groups (i.e., P=4), then the proposed NPRACH using a subcarrier spacing of 5KHz would span over two radio frames, while a NPRACH using a subcarrier spacing of 3.75KHz will only span over one radio since NPRACH Format 0 would be used in that case. Figure 3 shows a one-on-one comparison between a NPRACH using a subcarrier spacing of 5KHz and 3.75KHz when the NPRACH preamble is composed by four symbol groups.
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Figure 3: NPRACH preamble in TDD NB-IoT using a subcarrier spacing of a) 5KHz and b) 3.75KHz
The proposed NPRACH scheme using a subcarrier spacing of 5KHz has the disadvantage of not having symbol groups being transmitted back-to-back. This not only overlooks one of the agreements made in RAN1 #90bis, but most likely will result in loss of coherence across the symbol groups or will force the UE to maintain coherence over the discontinuities.
Using a subcarrier spacing of 5KHz will impact the co-existence with NPUSCH since NPRACH will occupy a bandwidth of 60KHz instead of the 45KHz that are occupied when the subcarrier spacing is kept to 3.75KHz as in NB-IoT FDD. Moreover, since for NPRACH in TDD with 3.75KHz subcarrier spacing a set of NPRACH Formats have been agreed to assess the cases when there are 1, 2, or 3 UL subframes available, then it doesn’t seem to be a real need for supporting yet another subcarrier spacing for NPRACH in TDD. The main motivation for supporting a subcarrier spacing of 5KHz for NPRACH was for it to be used on the TDD configuration #2, however as shown in b) of Figure 3, an NPRACH using a subcarrier spacing of 3.75KHz along with the NPRACH Format #0 can be used on the TDD configuration #2 keeping unimpacted the NPUSCH capacity when NPRACH and NPUSCH happen to co-exist (see Annex 1 for more examples). Indeed, if the NPRACH preamble is kept composed by four symbol groups as in FDD (Recall that according to the WID, Rel-13 FDD NB-IoT is the baseline), then for the TDD configuration #2 it would possible to use the Format 0 twice over one radio frame (as in b) of Figure 3) to fully transmit an NPRACH preamble. 

Observation 1: NPRACH in TDD with subcarrier spacing of 3.75KHz can be used along with the NPRACH Format #0 on the TDD configuration #2 keeping unimpacted the NPUSCH capacity when NPRACH and NPUSCH happen to co-exist.
Proposal 6: NPRACH for TDD NB-IoT uses only 3.75KHz as subcarrier spacing.
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).

3.2.1 Single-tone NPUSCH transmissions using 15KHz subcarrier spacing
In RAN1 #90bis it was agreed that “NPUSCH transmissions with 15 kHz subcarrier spacing are supported in all supported UL/DL configurations for NB-IoT TDD.” Recently, in RAN1 #91 the following agreement was reached for NPUSCH with a 15 KHz subcarrier spacing in TDD NB-IoT.

“For the NPUSCH transmissions with 15 kHz subcarrier spacing, both Multi-tone (3, 6, 12 subcarriers with RU lengths 4ms, 2ms, 1ms) and single tone (with RU length 8ms) transmissions are supported as in FDD NB-IoT for all the supported TDD configurations in TDD NB-IoT other than the TDD configuration #3 and [#6]. The number of supported subcarriers, and RU lengths for TDD configuration #3 and [#6] is FSS (The number of subcarriers and RU lengths as defined in FDD NB-IoT are not precluded).”

Note: The brackets surrounding the TDD configuration #6 mean that it is not certain if it will be supported for TDD NB-IoT or not since it is currently under Working Assumption [4].

According with the above agreement, the number of subcarriers and resource unit (RU) lengths for all the supported TDD configuration in TDD NB-IoT other than the TDD configuration #3 and [#6] will be inherited from the existing ones in FDD NB-IoT. The reason for having an FSS on the “number of supported subcarriers, and RU lengths for TDD configuration #3 and [#6]” was related with the proposal of introducing a subcarrier allocation consisting of 4 subframes with a RU length lasting for 3ms, which would be used to fit better into the three contiguous UL subframes present in both the TDD configurations #3 and [#6].

The applicability/use-cases of supporting a subcarrier allocation consisting of 4 subframes with a RU length lasting for 3ms would be the TDD configuration #3 and [#6] only, which makes questionable whether the impacts on the specifications and test cases would be justified. Moreover, as shown in Table 4, the existing subcarrier allocations (e.g, 6 and 12 subcarriers having RU lengths of 2ms and 1ms respectively) can be used to fulfill the goal intended to be covered by a subcarrier allocation consisting of 4 subframes with a RU length equal to 3ms without causing any further impacts (Recall the WID says that Rel-13 should be used as baseline).
TDD Configuration #3

Table 4: 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
	
	
	
	D
	D
	D
	D
	D
	D
	S
	
	
	
	D
	D
	D
	D
	D
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	12 subcarriers (180KHz) over 1 ms

	
	
	6 subcarriers (90KHz) over 2 ms


Observation 2: The applicability/use-cases of supporting a subcarrier allocation consisting of 4 subframes with a RU length lasting for 3ms would be the TDD configuration #3 and [#6] only, which makes questionable whether the impacts on the specifications and test cases would be justified. Moreover, the existing subcarrier allocations (e.g., 6 and 12 subcarriers having RU lengths of 2ms and 1ms respectively) can be used to fulfil the goal intended to be covered by a subcarrier allocation consisting of 4 subframes with a RU length equal to 3ms without causing any further impacts (Recall the WID says that Rel-13 should be used as baseline).
Proposal 7: For the NPUSCH transmissions with 15 kHz subcarrier spacing, the TDD configuration #3 and [#6] only support Multi-tone (3, 6, 12 subcarriers with RU lengths 4ms, 2ms, 1ms) and single tone (with RU length 8ms) as in FDD NB-IoT.

3.2.2 Single-tone NPUSCH transmissions using 3.75KHz subcarrier spacing
On the hand, a subcarrier spacing of 3.75KHz can be used in NPUSCH for performing single-tone transmissions. However, as depicted in Figure 4 a truncation can occur in TDD when there are no 2 UL adjacent subframes since for such a subcarrier spacing the slot duration lasts for 2ms. 
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Figure 4: Slot duration associated with a subcarrier spacing equal to 3.75KHz.

As can be inferred from Figure 4, 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. That was the reason why in RAN1 #90bis, it was agreed that “3.75 kHz is also supported, in UL/DL configurations #1, [#3], #4, with the same definition of NB-slot and resource unit as FDD”.
As can be inferred from the above agreement, the brackets surrounding the #3 have let open the possibility of using NPUSCH single-tone transmission with 3.75KHz subcarrier spacing over the TDD configuration #3. In our view, it would preferable to support the single-tone NPUSCH transmissions with 3.75KHz subcarrier spacing only over TDD configurations counting with the exact number of UL subframes needed to host a slot duration 2ms, that is TDD configuration #1 and #4. If the single-tone NPUSCH transmissions with 3.75KHz subcarrier spacing were supported for the TDD configuration #3, then the following statement shall be included:

· For TDD configuration #3 which counts with three adjacent subframes, the 2ms slot is mapped over two out of three adjacent subframes in order to avoid slot truncations.
Not including the above statement if the TDD configuration #3 is supported, will result in incurring in the slot truncation issue that was avoided by the agreement on supporting single-tone NPUSCH with 3.75KHz only for TDD configurations #1 and #4.

Proposal 8: If NPUSCH in TDD with 3.75KHz subcarrier spacing is supported for the TDD configuration #3, the following statement shall be included to avoid slot truncations: “For TDD configuration #3 which counts with three adjacent subframes, the 2ms slot is mapped over two out of three adjacent subframes in order to avoid slot truncations”.

3.2.3 Single-tone NPUSCH transmissions using a subcarrier spacing other than 15KHz and 3.75KHz

NPUSCH with 15KHz subcarrier spacing (with 0.5ms slot duration) has been agreed to be supported for all the TDD configurations. On the other hand, the NPUSCH with 3.75KHz subcarrier spacing has been agreed to be supported by the TDD configurations #1, #4, and potential #3, since those are the TDD configurations where the slot of 2ms can be hosted/mapped.

On top of the above two subcarrier spacings that will be supported for NPUSCH in TDD NB-IoT, there is a FFS on whether another subcarrier spacing for NPUSCH should be supported or not. The following was captured in the Chairman’s notes:

· FFS if there any need for any other subcarrier spacing and/or slot structure for TDD

· This needs to take into consideration the co-existence of NPRACH and NPUSCH.
The motivation for having yet another subcarrier spacing value for NPUSCH has to do with the TDD configuration #2, since it was argued that even when such a TDD configuration can be covered by single-tone NPUSCH with 15KHz subcarrier spacing there would be a loss of capacity with respect to a single-tone NPUSCH using a subcarrier spacing of 3.75KHz. Therefore, the proponent asked for the possibility of having some other subcarrier spacing for NPUSCH.

In terms of capacity, the subcarrier spacing of 15KHz which is usable with the TDD configuration #2 allows having up to 12 single-tone NPUSCH transmissions at the same time. Finding 12 simultaneous candidates for performing single-tone transmissions might not be easy to find, as mentioned by other companies in [9], “With respect to single- subcarrier allocation, it is expected that single-tone allocation would provide increased capacity as the system would use less resources to serve coverage-limited UEs. However, the gain may not be very significant as the number of UEs that can benefit from using single-subcarrier compared to 3-subcarrier is not expected to be large”. That is, the capacity offered by NPUSCH with subcarrier spacing of 15KHz seem to be sufficient to deal with single-tone allocations on the TDD configuration #2, hence it doesn’t seem to be a real need for having three subcarrier spacings for NPUSCH in TDD NB-IoT.

Proposal 9: NPUSCH in TDD NB-IoT only supports subcarrier spacings of 15KHz (on all TDD configurations) and 3.75KHz (on TDD configurations #1, [#3], and #4).
4 Conclusions 

Based on the agreements in RAN1 #90bis and more recently in RAN1 #91, this contribution continued with the analysis on the support of NPRACH and NPUSCH in TDD. From performed investigation the following observations and proposals have been made:
· For NPRACH into TDD:

· Proposal 1: For TDD NB-IoT, the number of symbol groups that are transmitted back-to-back (i.e., G), and the number of symbol groups composing one NPRACH preamble repetition unit (i.e., P) are down-selected from the following alternatives:
· G =2, then P = 4=G+G. 
· G =3, then P = 6=G+G.
· Proposal 2: Make the NPRACH formats configurable as a function of the LTE TDD configurations.
· NPRACH Format 0 (fits into 1UL subframe) is configurable for all the LTE TDD configurations supported by TDD NB-IoT.
· NPRACH Format 1 (fits into 2UL subframes) is configurable for the LTE TDD configuration #1, #4, and #6.
· NPRACH Format 2 (fits into 3UL subframes) is configurable for the LTE TDD configuration #3 and #6.
· Proposal 3: Keep the symbol duration as in FDD (i.e., 266.7us), and chose the CP duration, the number of symbols per symbol group (i.e., N), and guard time targeting the maximum nominal cell size achievable for each NPRACH format in TDD NB-IoT. 
· Proposal 4: For frequency hopping in a NPRACH preamble repetition unit
· 1 tone hopping is applied for the first 2 back-to-back symbol groups

· A configurable hopping is applied between the 2nd and 3rd symbol groups

· The value of the hopping X is configurable and chosen among the values in the following set: X = {0, 1, 2, 3, 4, 5}.
· 6 tone hopping is applied for the second 2 back-to-back symbol groups

	Index of the tone used by the first symbol group
	Deterministic hopping patterns within a repetition unit

	0, 2, 4
	{+1, X, +6}

	1, 3, 5
	{-1, X, +6}

	6, 8, 10
	{+1, X, -6}

	7, 9, 11
	{-1, X, -6}


· If G=3, where the value of P = 6 = G+G, the hopping distances associated to each of the symbol groups composing one preamble are selected in such a way that the number of hopping distances going upwards will cancel out with the number of hopping distances going downwards within one NPRACH preamble repetition unit as in the Table below.
	Index of the tone used by the first symbol group
	Deterministic hopping patterns within a repetition unit

	0, 2, 4
	{+1, +6, 0, -6, -1}

	1, 3, 5
	{-1, +6, 0, -6, 1}

	6, 8, 10
	{+1, -6, 0, 6, -1}

	7, 9, 11
	{-1, -6, 0, 6, 1}


· Proposal 5: Make the frequency hopping cell dependent, and for frequency hopping across repetition units cell specific pseudo random hopping is applied.
· Observation 1: NPRACH in TDD with subcarrier spacing of 3.75KHz can be used along with the NPRACH Format #0 on the TDD configuration #2 keeping unimpacted the NPUSCH capacity when NPRACH and NPUSCH happen to co-exist.
· Proposal 6: NPRACH for TDD NB-IoT uses only 3.75KHz as subcarrier spacing.
· For NPUSCH into TDD:

NPUSCH with 15KHz subcarrier spacing

· Observation 2: The applicability/use-cases of supporting a subcarrier allocation consisting of 4 subframes with a RU length lasting for 3ms would be the TDD configuration #3 and [#6] only, which makes questionable whether the impacts on the specifications and test cases would be justified. Moreover, the existing subcarrier allocations (e.g., 6 and 12 subcarriers having RU lengths of 2ms and 1ms respectively) can be used to fulfil the goal intended to be covered by a subcarrier allocation consisting of 4 subframes with a RU length equal to 3ms without causing any further impacts (Recall the WID says that Rel-13 should be used as baseline).
· Proposal 7: For the NPUSCH transmissions with 15 kHz subcarrier spacing, the TDD configuration #3 and [#6] only support Multi-tone (3, 6, 12 subcarriers with RU lengths 4ms, 2ms, 1ms) and single tone (with RU length 8ms) as in FDD NB-IoT.

NPUSCH with 3.75KHz subcarrier spacing
· Proposal 8: If NPUSCH in TDD with 3.75KHz subcarrier spacing is supported for the TDD configuration #3, the following statement shall be included to avoid slot truncations: “For TDD configuration #3 which counts with three adjacent subframes, the 2ms slot is mapped over two out of three adjacent subframes in order to avoid slot truncations”.

NPUSCH with a subcarrier spacing other than 15KHz and 3.75KHz

· Proposal 9: NPUSCH in TDD NB-IoT only supports subcarrier spacings of 15KHz (on all TDD configurations) and 3.75KHz (on TDD configurations #1, [#3], and #4).
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Annex 1
Tables A1 to A6 show examples on how the legacy subcarrier allocations 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 #1

Table A1: 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
	S
	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 A2: 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 A3: 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 A4: 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 A5: 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 A6: 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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