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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 uplink (UL) aspects for TDD NB-IoT, covering the remaining issues on NPRACH, and other uplink aspects. The analysis was performed based on pending agreements from RAN1 #92bis [4-6], and the most recent agreements reached in RAN1 #93 [7]. The document that analyses the downlink (DL) can be found in [8].
2 Background

In RAN1 #92, the discussions on UL aspects for TDD NB-IoT focused on the remaining design details for NPRACH and NPUSCH from which the following agreements were reached:

Table 1: Agreements from RAN1 #92bis on UL aspects – NPRACH for TDD NB-IoT
	Agreement
Mapping table for TDD UL/DL configuration and TDD NPRACH formats is list in Table X

· FFS configuration 6 if it is supported

· Transmit Format 0 and Format 0-a in all NPRACH subframes, and aligned with subframe boundary

Table X Mapping table for UL/DL configuration and NPRACH format
UL/DL Configuration  index
Format 0

Format 1

Format 2

Format 0-a

Format 1-a

 1

√

√

√

√

2

√

√

 [3]

[√]

[√]

[√]

4

√

√

√

√

5

√

√

Agreement
· For G=2, P=4  (format 0, 1, 2) 

· when the repetition number =1

Tone index of the first and third symbol groups in the preamble repetition unit is chosen by [SFN and cell specific pseudo-random sequence (FFS details)]. The initial tone index to hopping pattern mapping is

Index of the tone used by the 1st symbol group
Deterministic hopping length for the 2nd within a repetition unit
0, 2, 4, 6, 8, 10
+3.75kHz
1, 3, 5, 7, 9, 11
-3.75kHz
Index of the tone used by the 3rd symbol group
Deterministic hopping length for the 4th within a repetition unit
0, 1, 2, 3, 4, 5
+22.5kHz
6, 7, 8, 9, 10, 11

 -22.5kHz 
Table 16
· when repetition number >=2 

The initial tone index to hopping pattern mapping follows table above.

Tone index of the first symbol groups in the odd preamble repetition unit is chosen by [SFN and cell specific pseudo-random sequence (FFS details)] . 

Aiming at cancelling phase errors, for an odd preamble that has been transmitted with a given tone index for its first and third symbol groups, the candidate tone index for the first and third symbol groups in the even preamble is chosen by [SFN and ]cell specific pseudo-random sequence and will be confined to one of the tone indexes in the opposite half of the bandwidth as follows: 

Odd Preamble Repetition Unit
Even Preamble Repetition Unit

Index of the tone used by the 1st symbol group

Candidate Indexes for the tone to be used by the 1st symbol group

0, 2, 4, 6, 8, 10
1, 3, 5, 7, 9, 11

1, 3, 5, 7, 9, 11
0, 2, 4, 6, 8, 10

Index of the tone used by the 3rd symbol group

Candidate Indexes for the tone to be used by the 3rd symbol group

0, 1, 2, 3, 4, 5
6, 7, 8, 9, 10, 11
6, 7, 8, 9, 10, 11

0, 1, 2, 3, 4, 5

Table 17
· For G=3, P=6 (format 0-a, format 1-a)

· Tone index of the first and fourth symbol groups in the preamble repetition unit is chosen by [SFN and cell specific pseudo-random sequence (FFS details)]. The initial tone index of the first and fourth symbol groups to hopping pattern mapping is
· Table 18 Hopping patterns for 2nd and 3rd symbol group within a repetition unit

Index of the tone used by the 1st symbol group

Hopping pattern for  the 2nd and 3rd symbol group within a repetition unit

0, 2, 4,6, 8, 10

+3.75kHz，-3.75kHz

1, 3, 5,7, 9, 11

-3.75kHz，+3.75kHz

· Table 19 Hopping patterns for 5th and 6th symbol group within a repetition unit

Index of the tone used by the 4th symbol group

Hopping pattern for the 5th and 6th symbol group within a repetition unit

0, 1, 2, 3, 4, 5

+22.5kHz，-22.5kHz

6, 7, 8,9, 10, 11

-22.5kHz，+22.5kHz，



Table 2: Agreements from RAN1 #91 on UL aspects – NPUSCH for TDD NB-IoT
	Agreement
For NPUSCH transmission with 15 kHz subcarrier spacing, the number of subcarriers supported in TDD UL/DL configuration #3 is 1, 3, 6 and 12.

· RU length reuses FDD
Agreement
· For TDD NB-IoT with 15 kHz subcarrier spacing, the resource unit of NPUSCH format 2 is single tone with RU length 2 ms.

· The previous agreement above refers to NPUSCH format 1

Agreement
3.75kHz subcarrier spacing is not supported for TDD UL/DL configuration #3.




The following subsections continue the analysis on uplink aspects for TDD NB-IoT, starting with the remaining issues on NPRACH followed by other UL related issues.

3 TDD support into NB-IoT for uplink

The analysis below addresses the remaining issues on NPRACH and other UL related issues for TDD NB-IoT, accounting for the latest RAN1 agreements, and aiming at supporting them with the least possible impacts.

3.1 NPRACH support into TDD NB-IoT

3.1.1 NPRACH Formats for TDD NB-IoT

In TDD not all the symbol groups composing one preamble repetition unit can be transmitted next to each other due to the discontinuities that are inherently present in the LTE TDD configurations. Therefore, for TDD NB-IoT it was agreed that “NPRACH formats using G symbol groups with back-to-back transmission followed by a guard time are supported for 1, 2, and 3 contiguous uplink subframes” with “G≥2”, while “P (number of symbol groups in a preamble) is even.” In RAN1 #92, the above set of agreements led to the following NPRACH formats for TDD NB-IoT.
Table 1: NPRACH formats for TDD NB-IoT
	Format
	Description
	G
	P
	N
	CP length 
	Nominal cell size

	0
	Two symbol groups followed by a guard time fit into 1 UL subframe
	2
	4
	1
	4778 Ts

(~155.5us)
	~23.3km

	1
	Two symbol groups followed by a guard time fit into 2 UL subframes
	2
	4
	2
	8192 Ts

(~266.7us)
	~40.0km

	2
	Two symbol groups followed by a guard time fit into 3 UL subframes
	2
	4
	4
	8192 Ts

(~266.7us)
	~40.0km

	0-a
	Three symbol groups followed by a guard time fit into 1 UL subframe
	3
	6
	1
	1536 Ts

(~49.95us)
	~7.5km

	1-a
	Three symbol groups followed by a guard time fit into 2 UL subframes
	3
	6
	2
	3072 Ts

(~99.9us)
	~15.0km


3.1.2 How and which format to use for each TDD UL/DL configuration
In RAN1 #92bis, the following agreements were reached on how and which format to use for each TDD UL/DL configuration.

Agreement
Mapping table for TDD UL/DL configuration and TDD NPRACH formats is list in Table X

· FFS configuration 6 if it is supported

· Transmit Format 0 and Format 0-a in all NPRACH subframes, and aligned with subframe boundary
Table X Mapping table for UL/DL configuration and NPRACH format
	UL/DL Configuration  index
	Format 0
	Format 1
	Format 2
	Format 0-a
	Format 1-a

	 1
	√
	√
	
	√
	√

	2
	√
	
	
	√
	

	 [3]
	[√]
	
	[√]
	[√]
	

	4
	√
	√
	
	√
	√

	5
	√
	
	
	√
	


As can be seen from the Table above, there is an FSS on which TDD NPRACH format to use for the TDD UL/DL configuration #3. The main reason to put this on hold was that one of the companies showed interest in supporting the TDD NPRACH Format 1/1-a on the TDD Configuration #3. However, Format 1/1-a (where each “G” followed by a guard time fits into 2 UL subframes) was in principle designed to address the LTE TDD configurations #1, and #4 which count with exact 2 UL contiguous subframes. Thus, supporting Format 1/1-a on TDD Configuration #3, which counts with three contiguous UL subframes requires a special handling to make sure that the TDD NPRACH Format 1/1-a will be mapped only on two out of three contiguous UL subframes. Otherwise, the issue depicted in Figure 1 will occur.
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Figure 1: Issue of supporting TDD NB-IoT NPRACH format 1 on TDD UL/DL configurations having 3 contiguous UL subframes (e.g., TDD configuration #3).
At this point, where the WI on “further NB-IoT enhancements” is coming to the end, it is better to support only TDD NPRACH Formats that do not require introducing any special solution for using them on the TDD configuration #3 as it the case of TDD NPRACH Formats 0, 2, and 0-a.

· Format 0/0-a: With TDD NPRACH Format 0/0-a each “G” followed by a guard time respectively fits into 1 UL subframe, which makes possible using the Format 0/0-a on all the TDD configurations supported by TDD NB-IoT, since the basic requirement of transmitting G symbol groups back-to-back is never broken or violated.
· Format 2: TDD NPRACH Format 2 (where each “G” followed by a guard time fits into 3 UL subframes) was in principle designed to address the LTE TDD configurations #3, which count with exact 3 UL contiguous subframes. Hence, it is natural to support it on TDD Configuration #3.
Proposal 1: The TDD NPRACH Formats 0, 2, and 0-a are used on the TDD UL/DL configuration #3.
Note: The TDD configurations #6 was not included above since it is still under a working assumption and might not be supported, especially if cross-carrier scheduling is not supported for TDD NB-IoT since it needs an available DL subcarrier to schedule UL transmissions.
3.1.3 TDD NPRACH starting time
Recently the “RRC and LPP parameter list for further NB-IoT enhancements” became approved and was sent through a Liaison Statement to both RAN2 and RAN3.
Among all the parameters related to TDD NB-IoT, it is relevant to highlight that the following two parameters will be re-used from FDD NB-IoT:

-
NPRACH resource periodicity 
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 (nprach-Periodicity), which uses the following set of values {ms40, ms80, ms160, ms240, ms320, ms640, ms1280, ms2560}.
-
NPRACH starting time 
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 (nprach-StartTime), which uses the following set of values {ms8, ms16, ms32, ms64, ms128, ms256, ms512, ms1024}.
The above parameters impact the following text in TS 36.211 [9]:

“NPRACH transmission can start only 
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If the above statement is re-used as it is for TDD NB-IoT, then the NPRACH transmission will start somewhere within a radio frame. For example, if “nprach.StartTime” uses “ms8”, then the NPRACH transmission will start in subframe #8 for those TDD UL/DL configurations having an UL in that subframe (e.g., TDD configuration #1), which will cause issues for the TDD NPRACH Formats that do not fit their contents into 1 UL subframe. Thus, for avoiding issues with the TDD NPRACH formats it is important that the TDD NPRACH transmission starts always in the first available UL subframe of a given radio frame, this can be achieved if 
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 time units are counted with respect to both UL and DL subframes.
Observation 1: If the description of the NPRACH transmission start in FDD NB-IoT is re-used as it is for TDD NB-IoT, then the NPRACH transmission will start somewhere within a radio frame. This will cause issues for the TDD NPRACH Formats that do not fit their contents into 1 UL subframe. Thus, it is important that the TDD NPRACH transmission starts always in the first available UL subframe of a given radio frame.
Proposal 2: For avoiding issues with the TDD NPRACH formats, the 
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time units are counted with respect to both UL and DL subframes so the TDD NPRACH transmission starts always in the first available UL subframe of a given radio frame.
3.1.4 Frequency Hopping Patterns
In RAN1 #92bis the discussions focused on the Frequency Hopping Patterns for G=2, P=4 (Format 0, 1, and 2) and G=3, P=6 (Format 0-a and 1-a). On this topic, the only remaining open issue has to do with the part that in the following statement is surrounded by brackets:
“Tone index of … symbol groups in the preamble repetition unit is chosen by [SFN and cell specific pseudo-random sequence (FFS details)]”

The intention of the FSS above refers to whether on top of the “cell specific pseudo-random sequence,” the “SFN” should be used to randomize further the selection of the “Tone index” used by some of the symbol groups composing a preamble repetition unit. In FDD NB-IoT the frequency hopping pattern is described through a set of equations [9], hence the implementation of the frequency hopping patterns for TDD NB-IoT are expected to follow the same approach. In that case, the FSS under discussion touches upon the following statement that will be used as a baseline for implementing the frequency hopping patterns for TDD NB-IoT:

“where 
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 being the subcarrier selected by the MAC layer from 
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 is given by clause 7.2. The pseudo random sequence generator shall be initialised with 
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The FFS states “SFN and cell specific pseudo-random sequence”, thus in case the “SFN” were incorporated, it would be added as part of the “cinit” because that is the only variable that refers to “a cell specific” aspect that is connected to the “pseudo-random sequence”. On this matter “cinit” has certain restrictions (e.g., the maximum value it can take), thus adding the “SFN” as part of it should be done carefully. Because of that and given RAN1 is facing the end of the WI, at this point it is better to simply re-use the randomization for the “Tone Index” as it is done in FDD NB-IoT.
Proposal 3: For the frequency hopping patterns in TDD NB-IoT, the randomization of the “Tone Index” is performed in the same way as in FDD NB-IoT.
3.2 UL-to-DL misalignment

As described in [10], in LTE uplink there is no DC subcarrier. This results in a half-tone shift (i.e. 7.5 kHz) between DL and UL carrier grids as illustrated in Figure 7. 
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Figure 7: half-tone shift (i.e. 7.5 kHz) between DL and UL carrier grids in LTE.
Here we use an example where the middle LTE PRB contains the DC subcarrier in addition to the 12 usable subcarriers (This corresponds to LTE bandwidth of 3, 5, and 15 MHz). It can be seen that in this case, there is a half-tone shift between the DL and UL PRB centers. The shift of UL PRB center, relative to the DL PRB center is +7.5 kHz for PRBs above the DC subcarrier, and -7.5 kHz for the PRBs lower than the DC subcarrier.
The misalignment above can be corrected without having to introduce any signaling, if a NB-IoT TDD device can determine the DL-to-UL frequency shift from the raster offset information provided in MIB-NB. That is:

· For LTE carrier bandwidth of 10 or 20 MHz, the raster offset is -2.5 kHz if the NB-IoT anchor is above the DC subcarrier, and 2.5 kHz if the NB-IoT anchor is below the DC subcarrier. 
· For LTE carrier bandwidth of 3, 5, and 15 MHz, the raster offset is 7.5 kHz if the NB-IoT anchor is above the DC subcarrier, and -7.5 kHz if the NB-IoT anchor is below the DC subcarrier. 
Based on the above knowledge, if the device from MIB-NB learns that the raster offset is 2.5 kHz or -7.5 kHz, it can infer that the NB-IoT PRB is below the DC subcarrier. And in this case it should shift the UL PRB center down by 7.5 kHz, relative to the DL PRB center. Or if the device from MIB-NB learns that the raster offset is -2.5 kHz or 7.5 kHz, it can infer that the NB-IoT PRB is above the DC subcarrier. And in this case it should shift the UL PRB center up by 7.5 kHz relative to the DL PRB center. The above is applicable for in-band, and guard-band modes, while for stand-alone a 0 KHz offset can be specified.

Moreover, it is possible to migrate an LTE band to NR, while keeping NB-IoT inside an NR carrier. However, one difference between NR and LTE is that NR does not have the DC subcarrier. This means that the half-tone shift between DL and UL in the LTE case does not occur in the NR case. Thus, no there is not misalignment to be compensated.

Proposal 4: The half-tone shift (i.e. 7.5 kHz) between DL and UL carrier grids in LTE can be corrected as follows without having to introduce additional signalling:

· When device derives from MIB-NB that the raster offset is 2.5 kHz or -7.5 kHz, it can infer that the NB-IoT PRB is below the DC subcarrier. In this case it should shift the UL PRB center down by 7.5 kHz, relative to the DL PRB center. 
· When device derives from MIB-NB that the raster offset is -2.5 kHz or 7.5 kHz, it can infer that the NB-IoT PRB is above the DC subcarrier. In this case it should shift the UL PRB center up by 7.5 kHz, relative to the DL PRB center. 
· The above is applicable for in-band, and guard-band modes, while for stand-alone a 0 Hz DL-UL offset can be specified.
· When a NB-IoT carrier is deployed inside an NR carrier 1 bit signalling is used to indicate it, which implies that in that case a 0 Hz DL-UL offset is applied (recall that NR does not have the DC subcarrier, so there is not offset that needs to be compensated).

4 Conclusions 

Based on the agreements in RAN1 #90bis, #91 and more recently in RAN1 #92, 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: The TDD NPRACH Formats 0, 2, and 0-a are used on the TDD UL/DL configuration #3.
Note: The TDD configurations #6 was not included above since it is still under a working assumption and might not be supported, especially if cross-carrier scheduling is not supported for TDD NB-IoT since it needs an available DL subcarrier to schedule UL transmissions.
Observation 1: If the description of the NPRACH transmission start in FDD NB-IoT is re-used as it is for TDD NB-IoT, then the NPRACH transmission will start somewhere within a radio frame. This will cause issues for the TDD NPRACH Formats that do not fit their contents into 1 UL subframe. Thus, it is important that the TDD NPRACH transmission starts always in the first available UL subframe of a given radio frame.

Proposal 2: For avoiding issues with the TDD NPRACH formats, the 
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time units are counted with respect to both UL and DL subframes so the TDD NPRACH transmission starts always in the first available UL subframe of a given radio frame.
Proposal 3: For the frequency hopping patterns in TDD NB-IoT, the randomization of the “Tone Index” is performed in the same way as in FDD NB-IoT.
· For UL-to-DL misalignment:

Proposal 4: The half-tone shift (i.e. 7.5 kHz) between DL and UL carrier grids in LTE can be corrected as follows without having to introduce additional signalling:

· When device derives from MIB-NB that the raster offset is 2.5 kHz or -7.5 kHz, it can infer that the NB-IoT PRB is below the DC subcarrier. In this case it should shift the UL PRB center down by 7.5 kHz, relative to the DL PRB center. 
· When device derives from MIB-NB that the raster offset is -2.5 kHz or 7.5 kHz, it can infer that the NB-IoT PRB is above the DC subcarrier. In this case it should shift the UL PRB center up by 7.5 kHz, relative to the DL PRB center. 
· The above is applicable for in-band, and guard-band modes, while for stand-alone a 0 Hz DL-UL offset can be specified.
· When a NB-IoT carrier is deployed inside an NR carrier 1 bit signalling is used to indicate it, which implies that in that case a 0 Hz DL-UL offset is applied (recall that NR does not have the DC subcarrier, so there is not offset that needs to be compensated).
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