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1. Introduction 
This contribution discusses and makes proposals on the following open issues relating to NB-PUSCH:
· ACK / NACK transmission when piggybacked with data transmitted on NB-PUSCH and when transmitted without associated uplink data.

· Phase rotation rules applied for pi/2 BPSK and pi/4 QPSK.

· Modulation applied to DM-RS sequences.

· Channel coding for NB-PUSCH

· PUSCH data mapping

· DCI allocation of NB-PUSCH resources
2. Discussion
ACK / NACK Transmission
As for LTE operation, when data is sent on PUSCH, a UCI field carrying ACK / NACK information can be multiplexed onto the PUSCH. This is an efficient method of operation, minimising the number of separate UL transmissions required for the UE. Since each separate UL transmission has overhead associated with it, multiplexing of ACK / NACK on PUSCH carrying data is power and capacity efficient. The eNodeB can control whether such piggybacked ACK / NACK transmissions occur: if the eNodeB schedules resource for ACK / NACK and data bearing PUSCH in the same resources, the UE should transmit ACK / NACK multiplexed with PUSCH.

Proposal 1: ACK / NACK can be piggybacked onto PUSCH.
When there is no pending PUSCH, and the above piggybacking mode cannot be applied, there are three potential options for transmitting ACK / NACK:

· Option 1: Use NB-PUSCH (same encoding).

· Option 2: Modify NB-PUSCH (remove CRC, different encoding).

· In this case, the subframe structure (DM-RS locations etc.) and modulation methods (pi/2 BPSK or pi/4 QPSK) of the NB-PUSCH are preserved.

· Option 3: Introduce a new channel (e.g. NB-PUCCH).

· In this case, a subframe structure unique to NB-PUCCH can be applied, e.g. defining new reference signals, new modulation sequences or even just transmitting sequences of modulation symbols without explicit reference symbols

When only a single bit (ACK / NACK) is transmitted, for optimal performance (which in the end relates to energy consumption at the UE and capacity), the two possible signals transmitted (either ACK or NACK) should be maximally separated in the signal space (the distance between the transmitted signals should be as great as possible).
When option 1 is applied, the eNodeB receiver can decode the NB-PUSCH either with (1) the traditional receive transport channel processing chain (performing error correction with the Turbo code and error detection with the CRC), or (2) an implementation dependent scheme, such as correlation of the received signal sequence with either of the two possible transmit signal sequences. The first method would not require a separate ACK / NACK receiver, but would have the poorest performance (the 24-bit CRC of the NB-PUSCH would act as overhead). The second method would have superior performance, but would require a separate receiver at the eNodeB. The “correlation receiver” of method 2 would work best when the signals representing ACK and NACK are maximally separated: this cannot be guaranteed with the transmit encoding of Option 1.

Option 2 and option 3 are similar and are well suited to a “correlation receiver” (see method 2 in the above). Our understanding of the difference between options 2 and 3 lies in the lowest portions of the physical channel processing chain (mapping to resource elements, definition of DMRS etc.). In order to maintain as much commonality between data-bearing NB-PUSCH and ACK / NACK transmission as possible, our preference is to use option 2. This option maintains commonality for many aspects of physical channel processing (between data bearing NB-PUSCH and ACK/NACK bearing NB-PUSCH) and minimizes specification impact. The coding of the ACK / NACK (e.g. symbol sequence) can be UE-specific, if there is a need to distinguish ACK / NACK from multiple UEs. 
Proposal 2: When ACK / NACK alone is transmitted, a modified NB-PUSCH structure is applied where:

· there is no CRC
· a simple coding is applied for ACK and NACK

· DM-RS and modulation are the same as for data-bearing NB-PUSCH

Transmission of a single ACK / NACK bit will require less resource than transmission of a data-bearing NB-PUSCH. It should hence be considered whether a single-tone transmission of an ACK / NACK bit can be accomplished using a shorter TTI (e.g. 2 subframe) than the minimum TTI for NB-PUSCH (8 subframes).  
The scheduling of the resources for ACK / NACK can either be explicit (e.g. through DCI) or implicit (e.g. as a function of the CCE and subframe used for the NB-PDCCH that allocates NB-PDSCH). Explicit allocation of the ACK / NACK resources increases scheduling flexibility and will probably minimize specification impact and discussion time. Explicit indication of ACK / NACK resource would require approximately 8 DCI bits (4 bits to indicate the subcarrier for ACK / NACK and 4 bits to indicate the subframe). The exact number of bits required and whether these would be applied to a DL grant or an UL grant are FFS, although transmission on DL grant may be preferred from the perspective of DCI size [4].
Proposal 3: The resources to be used for ACK / NACK signaling are explicitly indicated to the UE via DCI.
Phase Rotation

In the RAN1 NB-IoT Adhoc in Budapest, the following agreement was reached [1]:

When single-tone is allocated, Pi/4-QPSK and Pi/2-BPSK are supported

· FFS: How rotation is realized

· FFS: Phase rotation for RS(s)
The realization of the phase rotation needs to account for the following issues:

· Initial phase rotation.

· Phase rotation across subframe boundaries for repeated transmissions.

· Phase rotation during interrupted transmissions.

For the reference signals, as long as the phase rotation that is applied by the UE is known to the eNodeB, the UE should be able to apply any (known) phase rotation to the reference symbols. When the reference symbols are phase-rotated, there is no need to define the initial phase of a NB-PUSCH transmission relative to a fixed phase of the reference symbols.
The simplest method of defining the phase rotation rule is to choose a fixed initial phase for the NB-PUSCH transmission and to then rotate the phase of each subsequent symbol (by pi/2 or pi/4, depending on whether pi/2-BPSK or pi/4 QPSK is applied).

Proposal 4: The initial phase of a UE’s NB-PUSCH transmission is fixed at zero.  
Proposal 5: UL DM-RS are phase-rotated.  

When a UE’s NB-PUSCH transmission extends across multiple LTE subframes, it is preferable for the phase rotation rule to be maintained. If this rule were not to be maintained, there would be increased phase discontinuity at subframe boundaries which could distort received signals at the subframe boundaries, depending on UE PA implementation. While this distortion affects only a small number of symbols, it can be easily avoided by maintaining the phase rotation across subframe boundaries.

An eNodeB implementation may implement symbol combining in order to simplify repetition decoding of the NB-PUSCH in extreme coverage situations. If the phase rotation rule is maintained across subframe boundaries, the phase rotation applied to symbol ‘k’ in subframe ‘n+1’ will be different to the phase rotation applied to that symbol in subframe ‘n’. This however does not preclude symbol combining since a simple rotation of FFT output symbols can be applied before symbol combining.

The UE NB-PUSCH transmission can be interrupted due to invalid uplink subframes or other transmissions, such as SRS. In this case, a rule needs to be defined for the phase rotation to be applied after the interrupted transmission. Options include:
· Option 1: The phase rotation is reset to the initial phase rotation after the interruption.

· Option 2: The phase rotation “timer” is stopped during the interruption and re-started after the interruption (i.e. phase rotation is not applied to punctured symbols).

· Option 3: The phase rotation “timer” runs during the interruption (i.e. phase rotation is applied to punctured symbols).

All of these options are workable. We have a slight preference for option 3 since it has fewer specification impacts and simplifies UE operation in cases where the UE itself is required to transmit another channel or signal (such as SRS) during the interruption. 

Based on the considerations above, it is proposed that the phase rotation that is applied to UE UL transmissions is a simple function of the symbol number from the start of the UE’s UL transmission.

Proposal 6: The phase rotation applied to the ith symbol transmitted by the UE since the start of an allocated UL transmission is 
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DM-RS Modulation

For single tone transmissions, both pi/4 QPSK and pi/2 BPSK will be supported. With these modulations, phase rotation is applied. According to the discussion above, phase rotation should be applied to both DM-RS and data-bearing symbols. 

The amount of phase rotation that is applied is dependent on the basic modulation (BPSK or QPSK). If the DM-RS and data-bearing symbols can have different modulations applied to them, then a phase rotation rule would need to be specified that accounts for the different modulations, increasing specification complexity. Hence it is preferred that the DM-RS and data-bearing symbols have the same modulation applied to them. In other words:
· When pi/2 BPSK is applied to PUSCH, a pi/2 BPSK modulated DM-RS sequence is used

· When pi/4 QPSK is applied to PUSCH, a pi/4 QPSK modulated DM-RS sequence is used
Channel Coding
The LTE PUSCH uses Turbo coding. For large transport blocks (greater than approximately 130 bits [2]), Turbo coding gives a larger coding gain than tail biting convolutional codes, whereas TBCC is superior for smaller transport block sizes. For the traffic models used in TR45.820, power consumption and battery lifetime would hence be improved if Turbo codes were used. For the uplink, the UE complexity of Turbo encoding is not significant and the eNodeB has the computational resources to perform Turbo decoding. 

Use of TTI bundling and RV cycling is beneficial for large transport blocks. RVs for Turbo coding have already been defined for LTE, but have not yet been defined for TBCC. If Turbo codes are supported for PUSCH in NB-IoT, RVs should also be supported.
In future releases, further power saving methods may be considered for NB-IoT UEs, including relaying via D2D to other NB-IoT UEs, in order to reduce power consumption or improve coverage. If there is a D2D link specified in future releases, an NB-IoT UE may be required to decode UL transmissions. In this case, it would be beneficial to support TBCC in the UL, in order to reduce UE complexity.

Based on considerations of D2D features that may be included in future releases, our preference would be to support TBCC from Release-13 in the NB-IoT uplink. However, supporting Turbo codes in Release-13 and supporting TBCC as an additional coding and modulation scheme in a future release would also be acceptable. 
PUSCH data mapping
The resource mapping of data to NB-PUSCH needs to be defined in NB-IoT. The resource mapping rules for LTE PUSCH seem to be equally applicable. Hence to maintain commonality between the NB-IoT and the main LTE specifications and to simplify standardisation, it is proposed to apply the LTE resource mapping rule: data is mapped first in time and then in frequency. 

Proposal 7: NB-PUSCH data is mapped first in time and then in frequency.

In NB-IoT, one transport block can be mapped over multiple resource units (i.e. multiple subframes). In this case, data can be mapped within a resource unit first and then across resource units. When the transport block is repeated and each repetition is transmitted across multiple resource units, symbol combining at the eNodeB is enabled by first repeating a resource unit and by then repeating subsequent resource units (this is a similar mode of operation to that proposed for the DL in [3]). Early termination of eNodeB decoding can be enabled by, within a repetition cycle, limiting the number of repetitions of each resource unit before the next resource unit is repeated: in the manner shown in Figure 1 (the figure shows repetition of two consecutive resource units, but larger numbers of consecutive repetitions could be considered to allow for greater amount of symbol combining). A similar mode of operation is proposed for NB-PDSCH in [3].
Proposal 8: When NB-PUSCH is mapped across multiple resource units, it is mapped within a resource unit first and then across resource units.

Proposal 9: When repetition is applied, within a repetition cycle, each resource unit is repeated a number of times before the next resource unit is repeated.

[image: image2]
Figure 1 – Repetition of resource units when transport blocks are mapped to multiple resource units
DCI allocation

Single tone transmission can be transmitted at 3.75 kHz or 15 kHz subcarrier bandwidth.  It would be beneficial in terms of scheduling to be able to switch dynamically between 3.75 kHz and 15 kHz for capacity and coverage purposes.  Hence whether 3.75 kHz or 15 kHz subcarrier bandwidth is used should be indicated in the DCI (e.g. 1 bit indicator).  It would also be preferable that the same DCI size and format is used for both 3.75 kHz and 15 kHz subcarrier bandwidth to avoid increasing blind decoding requirements at the UE.  The resource allocation field can be interpreted according to which subcarrier bandwidth is used.  For example if 3.75 kHz subcarrier bandwidth is indicated then there are 48 possible (single) subcarrier allocations whilst if 15 kHz subcarrier bandwidth is indicated then multi-subcarrier allocations can be allocated.

Proposal 10: The DCI indicates whether 3.75 kHz or 15 kHz subcarrier bandwidth is used.  

Proposal 11: The same DCI format/size is used for both 3.75 kHz and 15 kHz subcarrier bandwidths.
In RAN1 Ad-Hoc on NB-IoT, we agreed the following on resource unit:

· One resource unit schedulable in PUSCH transmission for the data consists of fixed [X] msec at least for FDD

· X(115kHz) is 8 for 15 kHz case with single tone transmission
· X(13.75kHz) is 32 for 3.75 kHz case with single tone transmission
· In case of multiple tones is allocated for one UE, X{m} is smaller than X(115kHz)
· In case of 12 tones is allocated for one UE, X{12} is 1

· UL multi-tone transmission for the data with 12 tones is supported

· UL multi-tone transmission for the data also supports followings of numbers of multiple 

· {3} with 4 msec resource unit size

· {6} with 2 msec resource unit size

Table 1 summarises the TBS assuming QPSK (IMCS=10) from 36.213.  It should be appreciated that one resource unit of PUSCH has approximately one PRB worth of REs and from Table 1, this is sufficient to support a small TBS of at most 144 bits.  In 45.820, the assumed payload size (for Mobile Autonomous Reporting (MAR) UL periodic reports) is 200 bytes (1600 bits), which would suggest that multiple resource units are required for PUSCH. That is the TTI would be variable.  The TTI (or the number of resource units) used by a TBS can be indicated in the DCI.
Proposal 12: Multiple TTI or resource units are supported in NB-PUSCH for a given number of subcarriers allocation.  The TTI length or the number of resource units used is indicated in the DCI.

Table 1: TBS supported at ITBS=10 for different number of PRBs

	NPRB
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	TBS (bits)
	144
	328
	504
	680
	872
	1032
	1224
	1384
	1544
	1736


3. Conclusion

In this contribution we some open issues on NB-PUSCH were discussed and the following proposals were made:
Proposal 1: ACK / NACK can be piggybacked onto PUSCH.

Proposal 2: When ACK / NACK alone is transmitted, a modified NB-PUSCH structure is applied where:

· there is no CRC

· a simple coding is applied for ACK and NACK

· DM-RS and modulation are the same as for data-bearing NB-PUSCH

Proposal 3: The resources to be used for ACK / NACK signaling are explicitly indicated to the UE via DCI.
Proposal 4: The initial phase of a UE’s NB-PUSCH transmission is fixed at zero.  
Proposal 5: UL DM-RS are phase-rotated.  

Proposal 6: The phase rotation applied to the ith symbol transmitted by the UE since the start of an allocated UL transmission is 
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Proposal 7: NB-PUSCH data is mapped first in time and then in frequency.

Proposal 8: When NB-PUSCH is mapped across multiple resource units, it is mapped within a resource unit first and then across resource units.

Proposal 9: When repetition is applied, within a repetition cycle, each resource unit is repeated a number of times before the next resource unit is repeated.

Proposal 10: The DCI indicates whether 3.75 kHz or 15 kHz subcarrier bandwidth is used.  

Proposal 11: The same DCI format/size is used for both 3.75 kHz and 15 kHz subcarrier bandwidths.
Proposal 12: Multiple TTI or resource units are supported in NB-PUSCH for a given number of subcarriers allocation.  The TTI length or the number of resource units used is indicated in the DCI.
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