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1 Introduction

At the last RAN1 ad-hoc meeting on NB-IoT, the following was agreed regarding Uplink Control Information (UCI) support in NB-IoT systems [1]:
· Periodic CSI and dedicated SR is not supported in Rel-13 NB-IoT

· Transmission of ACK and/or NACK corresponding to NB-PDSCH is supported

· Both 3.75 and 15 kHz subcarrier spacing are supported in transmission of ACK and/or NACK
· FFS for the piggy back of SR
In this contribution, we present our views on the support of UCI transmissions including support of CSI feedback and SR, and DL HARQ-ACK feedback in response to NB-PDSCH transmissions.

2 Support of CSI feedback

As mentioned in the Introduction section, periodic CSI feedback and dedicated SR are not supported in Rel-13 NB-IoT. However, the support of aperiodic CSI feedback is still under consideration. In our view, similar to the decision for UEs in coverage enhancement (CE) Mode B, CSI feedback, including both periodic and aperiodic feedback, need not be supported in Rel-13 NB-IoT. 

Considering the significantly reduced BW in NB-IoT DL, the measurement times for any CSI measurements can be expected to be quite prolonged, thereby increasing UE battery consumption. At the same time, due to the nature of the deployments and radio channels expected (low mobility and limited frequency selectivity within a PRB), the usefulness of CSI reports from NB-IoT UEs for MCS selection may be questionable. 
Relying on coverage condition of a UE (can be estimated at the eNodeB from the UE’s selection of the NB-PRACH resources during initial access), along with eNodeB scheduler outer-loop link adaptation based on ACK/NACK feedback should be sufficient. The typically infrequent nature of traffic with typically small data packets expected for NB-IoT further reduce the usefulness of CSI feedback in consideration of the additional device complexity and increased power consumption. Most often, the transmission of network commands would require paging and subsequent connection establishment that would enable the eNodeB to obtain an estimate of the UE’s radio conditions for MCS selection. Note that for NB-IoT, the MCS granularity can be coarser than in LTE and MCS selection may be typically expected to favor robustness over fine link adaptation.
To summarize, the characteristics of NB-IoT UEs and typical traffic models expected for Rel-13 NB-IoT do not necessitate support of CSI feedback, especially considering that:

· such CSI computations would incur significant UE power consumption due to long measurement durations;
· such CSI computations would result in additional device complexity (e.g., buffering requirements, support of possibly additional channel coding and resource allocation schemes, handling of new measurements, etc.);

· the accuracy of CSI or even RSRP feedback in poor coverage conditions is questionable; 

· for instance, implicit indication via NB-PRACH resource selection may be more reliable and efficient than supporting Layer 1 feedback mechanisms to carry (possibly inaccurate) RSRP values; and 

· support of CSI feedback would require the additional specification efforts at this late stage of the WI.
Proposal 1:

· CSI feedback is not supported in Rel-13 NB-IoT.
3 Support of Scheduling Request functionality
Clearly, the default option is transmission of SR on the NB-PUSCH via Buffer Status Reports. Alternatively, when UL resources are not allocated, via random access procedure. It has been proposed to consider either transmission of SR piggybacked with HARQ-ACK reports or via semi-persistent/periodic configuration of NB-PUSCH resources for BSR transmission [2].

While it the configuration of semi-persistent/periodic NB-PUSCH resources for BSR transmission may be considered further in order to support more diverse UL traffic models like frequent UL transmissions with small data packets, the impact to resource utilization at the system level and blocking of other UEs due to such periodic resource reservation needs to be carefully studied. 
The usefulness and motivation of piggybacking of SR with DL HARQ-ACK feedback is not immediately clear due to the majority of DL transmissions being expected to be either NW commands (with paging being quite common way to reach the UEs that would mostly be in IDLE state) or TCP/IP acknowledgments that are already in response to UL transmissions from the UE. At the same time, it could complicate the support of the HARQ-ACK feedback mechanism.

In the interest of the limited time for the WI, it is recommended to assume the default options of SR transmission via BSR when NB-PUSCH grants are available, or otherwise, via random access procedure. Support of periodic and semi-persistent NB-PUSCH resources for BSR transmissions may be considered in a future release.

Proposal 2:

· Piggybacking of SR with DL HARQ-ACK feedback is not supported in Rel-13 NB-IoT.
· Indication of scheduling requests is performed either via BSR transmissions when NB-PUSCH grants are available, or otherwise, via random access.

4 DL HARQ-ACK feedback using NB-PUSCH structure
For NB-IoT, due to the bandwidth limitation to 180 kHz, legacy PUCCH design may not be reused and new mechanisms to transmit the HARQ-ACK feedback need to be specified. 
The HARQ-ACK feedback can be reported using the NB-PUSCH itself instead of defining a new NB-PUCCH. Note that in this case, although the HARQ-ACK feedback is transmitted using NB-PUSCH, only the physical structure of NB-PUSCH is used while the procedure to transmit the HARQ-ACK feedback, including determination of the time-frequency resources to transmit the HARQ-ACK feedback, can be different from that for NB-PUSCH transmissions carrying UL data.
Specifically, the following have been proposed as possible agreements and working assumptions during the RAN1 email discussion [3]:
· Transmission channel design of only 1 bit A/N via PUSCH structure with the following changes:

· No CRC 
· Repetition coding is used 
· WA: Only single tone based transmission is supported for ACK/NACK transmission; 
· Resource unit size: Smaller resource unit size (such as 2 msec with 15 kHz or 8 msec with 3.75 kHz) is used

· WA: Same DMRS density to PUSCH with data

· Repetition number for A/N transmission is semi-statically configured.

· Frequency offset for A/N transmission resource is dynamically indicated by DL grant

· FFS whether time resource of A/N transmission is also indicated by DL grant or implicitly determined.

In the following, we discuss the various above aspects and some additional related ones for the overall design of the DL HARQ-ACK feedback mechanism for NB-IoT.

4.1 Modulation, coding, headers and CRC

Considering the transmission of a single bit of information, use of repetition coding is the most reasonable approach, along with transmission without addition of any MAC/RLC headers or CRC. It is further recommended that the lowest modulation orders defined for UL transmissions, e.g., pi/2-BPSK for single tone and QPSK for multi-tone transmissions (if supported for HARQ-ACK feedback), are used to modulate the encoded HARQ-ACK payload. 

Proposal 3:

· The lowest modulation orders defined for UL transmissions, e.g., pi/2-BPSK for single tone and QPSK for multi-tone transmissions, are used to modulate the encoded HARQ-ACK bits.

· The HARQ-ACK bits are encoded via repetition coding and then transmitted using NB-PDSCH without addition of any MAC, RLC headers or CRC.
4.2 Single-tone and multi-tone NB-PUSCH for DL HARQ-ACK feedback

While it has been proposed to consider singe-tone transmission only for HARQ-ACK feedback as a working assumption, the support of HARQ-ACK feedback via multi-tone NB-PUSCH may also be considered if the latter can be supported without significant specification efforts. One of the benefits of support of multi-tone HARQ-ACK feedback is smaller resource duration in time domain for HARQ-ACK feedback, i.e., the minimum transmission time can be limited to 1ms. This can help ensure reduced UE power consumption, better forward compatibility to TDD systems, easier availability of resources (scheduling flexibility) as well as coexistence with other sub-PRB (but multi-tone) transmissions, depending on the exact design of the NB-PUSCH DM-RS for sub-PRB multi-tone NB-PUSCH. 

For instance, due to the small payload that needs to be carried, only 3-subcarrier multi-tone NB-PUSCH may be used to carry HARQ-ACK feedback with the transmission limited to 1ms subframe. 
In consideration of the small payload to transmit, for single-tone option, the NB-PUSCH minimum schedulable resource unit duration of 8ms and 32ms for 15 kHz and 3.75 kHz subcarrier spacing can be reduced to 2ms and 8ms respectively when carrying 1-bit A/N feedback.
Proposal 4:

· For Rel-13 NB-IoT, consider possible support of HARQ-ACK feedback using multi-tone NB-PUSCH and a minimum resource unit in time domain of 1ms towards enabling reduced UE power consumption, better forward compatibility to TDD systems, and scheduling flexibility. 

· Multi-tone HARQ-ACK feedback may be limited to only 3-subcarrier NB-PUSCH structure.
· For the single-tone option, the minimum resource unit in time domain for DL HARQ-ACK feedback is 2ms for 15 kHz subcarrier spacing and 8ms for 3.75 kHz subcarrier spacing.
4.3 Number of Repetitions

As proposed by most companies during the RAN1 email discussion, following Rel-13 eMTC specifications, the number of repetitions used to transmit the DL HARQ-ACK feedback can be semi-statically configured via UE-specific higher layer signaling. 

While further enhancements are possible, for instance, via dynamic indication using the DCI carrying the DL assignment that points to an index of the set of repetition numbers configured by higher layers, the benefits from such fine adaptation ability may not be worth the additional DCI overhead. This is true especially considering that resource allocation for HARQ-ACK feedback may be expected to favor robustness than efficiency with fine link adaptation.

Proposal 5:

· The number of repetitions used to transmit the DL HARQ-ACK feedback is semi-statically configured using UE-specific higher layer signaling.
4.4 DM-RS density for NB-PUSCH carrying DL HARQ-ACK

It has been proposed as a working assumption to consider the same DM-RS density for NB-PUSCH carrying 1-bit A/N as that for NB-PUSCH carrying UL SCH.

For single-tone case, the minimum length of the DM-RS sequence (mapped to DM-RS RE locations in different symbols) should be 4 due to the reduction in the minimum schedulable resource size in time-domain from 8ms to 2ms (15 kHz) and 32ms to 8ms (3.75 kHz), respectively. Note that DM-RS filtering across NB-slots or subframes can be used to improve channel estimation when the NB-PUSCH is transmitted with repetitions. 

Additionally, due to the use of repetition coding and application of pi/2-BPSK modulation, non-coherent detection instead of coherent demodulation and decoding can be used at the eNodeB receiver, thereby lowering the dependence on accurate channel estimation for successful reception of the A/N feedback, especially in low SNR conditions. Further, note that application of any bit-level scrambling can also be accounted for at the eNodeB due to knowledge of the C-RNTI of the transmitting UE. 
Thus, unless significant benefits are identified, for both single-tone and multi-tone options, DM-RS density and locations same as NB-PUSCH carrying UL SCH should be considered as baseline. 

Proposal 6:

· DM-RS density and locations same as NB-PUSCH carrying UL SCH are considered as baseline.
· For single-tone case, the minimum length of the DM-RS sequence (mapped to DM-RS RE locations in different symbols) is 4 due to the reduction in the minimum schedulable resource size for NB-PUSCH carrying 1 bit A/N feedback.
4.5 Determination of Frequency domain resources for DL HARQ-ACK feedback

The frequency domain resource information includes at least the location of the subcarriers for NB-PUSCH carrying DL HARQ-ACK feedback. It was agreed that both subcarrier spacing values are to be supported for HARQ-ACK transmissions. For single-tone option, higher layer signaling may be used to configure a UE to either use 15 kHz or 3.75 kHz subcarrier spacing for NB-PUSCH. 
If multi-tone NB-PUSCH is supported for DL HARQ-ACK feedback, then the number of subcarriers can be fixed (cf. Proposal 4 above), and further use of single- or multi-tone NB-PUSCH can be configured via higher layer signaling. Alternatively, this could be specified according to the last successful NB-PRACH repetition level used by the UE.
For single-tone transmissions, a subset of subcarriers can be configured by higher layers or even specified, and the DCI carrying the DL assignment can indicate “offset” or the particular subcarrier to use for DL HARQ-ACK feedback. As one example, the higher layer-configured set of candidate subcarriers can consist of four values and a 2-bit field in the DCI can indicate one of these four possible subcarriers to use from within the configured set.
However, given that collisions between multiple HARQ-ACK feedback reports from different UEs may not be significant due to no FDM for NB-PDSCH, the signaling overhead can be further reduced by avoiding any higher layer configuration. Accordingly, a 1-bit field in the DCI can be used to signal one of two subcarriers at the edges of the NB-IoT UL PRB without any need for additional higher layer configuration. Note that defining the candidate subcarriers for transmission of single-tone NB-PUSCH with HARQ-ACK feedback is recommended in order to minimize impact to regular UL SCH scheduling with sub-PRB NB-PUSCH.
In case it is desired to realize an efficient time-domain packing of the DL HARQ-ACK feedback instances at the cost of a potential increase in the HARQ-ACK feedback delay, additional offsets from the edge of the NB-IoT PRB may be defined as function of the C-RNTI to define additional frequency domain resources to map different UEs, i.e., offset from NB-IoT PRB edge = mod (C-RNTI, numTonesDL-HARQ), where numTonesDL-HARQ corresponds to the number of tones reserved for DL HARQ-ACK feedback on either edge of the NB-IoT PRB, e.g., numTonesDL-HARQ = 3. Thus, with this offset known, the field in the DCI can indicate using 1 bit which edge of the PRB to use for DL HARQ-ACK transmission, or using one additional bit (i.e., total of 2 bits) to indicate an additional offset (+/- 1 subcarrier) with respect to the offset from the NB-IoT PRB edge as derived using the C-RNTI value.  
For multi-tone transmissions, similarly, assuming 3-subcarrier NB-PUSCH is used, the set of 3-subcarrier out of 4 options can be indicated by the following combination:

· the first or second 3-subcarrier set from the PRB edge is obtained as mod (C-RNTI, 2), and 
· a 1-bit field in the DCI carrying the DL assignment indicates which edge of the NB-IoT PRB to use.
Proposal 7:

· For frequency domain resource allocation for single-tone NB-PUSCH:

· The candidate subcarriers are defined at the two edges of the NB-IoT PRB.

· For a particular UE, the default subcarrier from the edge of the NB-IoT PRB is derived using the C-RNTI and the DCI carrying the DL assignment, which signals (using 1 bit) the particular edge of the NB-IoT PRB to use.
· FFS: Further indication via the DCI to indicate an additional offset (+/- one subcarrier) with respect to the default subcarrier to use for DL HARQ-ACK feedback.
4.6 Determination of Time resources for DL HARQ-ACK feedback
The time domain resource information includes at least the starting subframe to be used to transmit the HARQ-ACK report. This may be indicated via the DCI by a field that provides the time-gap with respect to the last subframe of the NB-PDSCH transmission, i.e., the DCI provides the value of ‘k’ if the HARQ-ACK report is to be transmitted at the first available UL subframe after n+k subframes where ‘n’ is the subframe corresponding to the last repetition of the NB-PDSCH as indicated by the NB-PDCCH. The range of the values of ‘k’ can be limited within a set of values (e.g., Kmin ≤ k ≤ Kmax) where Kmax can either be specified or configured via higher layers, while Kmin = 13 based on agreements at the RAN1 #84 meeting [4]. 
Alternatively, if it is desired to realize an efficient time-domain packing of the DL HARQ-ACK feedback instances at the cost of a potential increase in the HARQ-ACK feedback delay, certain set of UL subframes or NB-slots can be configured to carry HARQ-ACK reports via higher layers using a periodicity and offset in a cell-specific manner, and the DCI can point to a specific index of the HARQ-ACK reporting subframe, that is at least 12ms after the last subframe of the corresponding NB-PDSCH, wherein the first subframe of the HARQ-ACK report transmission can be transmitted by the UE.

Proposal 8:

· For time domain resource allocation for single-tone NB-PUSCH:

· The DCI indicates the time gap from the end of the corresponding NB-PDSCH transmission, k, wherein Kmin ≤ k ≤ Kmax, Kmin = 13 and Kmax is either fixed or configured via higher layers.

· Alternatively, certain set of UL subframes or NB-slots is configured to carry HARQ-ACK reports via higher layers using a periodicity and offset in a cell-specific manner and the DCI indicates the starting subframe for HARQ-ACK feedback transmission from the set of higher layer-configured candidate subframes or NB-slots. 

5 Conclusion

In this contribution, we presented our views on the support of UCI transmissions including support of CSI feedback, support of scheduling request, and details of DL HARQ-ACK feedback transmission. The following are our proposals based on the presented discussion:
Proposal 1:

· CSI feedback is not supported in Rel-13 NB-IoT.

Proposal 2:

· Piggybacking of SR with DL HARQ-ACK feedback is not supported in Rel-13 NB-IoT.
· Indication of scheduling requests is performed either via BSR transmissions when NB-PUSCH grants are available, or otherwise, via random access.

Proposal 3:

· The lowest modulation orders defined for UL transmissions, e.g., pi/2-BPSK for single tone and QPSK for multi-tone transmissions, are used to modulate the encoded HARQ-ACK bits.

· The HARQ-ACK bits are encoded via repetition coding and then transmitted using NB-PDSCH without addition of any MAC, RLC headers or CRC.
Proposal 4:

· For Rel-13 NB-IoT, consider possible support of HARQ-ACK feedback using multi-tone NB-PUSCH and a minimum resource unit in time domain of 1ms towards enabling reduced UE power consumption, better forward compatibility to TDD systems, and scheduling flexibility. 

· Multi-tone HARQ-ACK feedback may be limited to only 3-subcarrier NB-PUSCH structure.

· For the single-tone option, the minimum resource unit in time domain for DL HARQ-ACK feedback is 2ms for 15 kHz subcarrier spacing and 8ms for 3.75 kHz subcarrier spacing.
Proposal 5:

· The number of repetitions used to transmit the DL HARQ-ACK feedback is semi-statically configured using UE-specific higher layer signaling.
Proposal 6:

· DM-RS density and locations same as NB-PUSCH carrying UL SCH are considered as baseline.
· For single-tone case, the minimum length of the DM-RS sequence (mapped to DM-RS RE locations in different symbols) is 4 due to the reduction in the minimum schedulable resource size for NB-PUSCH carrying 1 bit A/N feedback.
Proposal 7:

· For frequency domain resource allocation for single-tone NB-PUSCH:

· The candidate subcarriers are defined at the two edges of the NB-IoT PRB.

· For a particular UE, the default subcarrier from the edge of the NB-IoT PRB is derived using the C-RNTI and the DCI carrying the DL assignment, which signals (using 1 bit) the particular edge of the NB-IoT PRB to use.

· FFS: Further indication via the DCI to indicate an additional offset (+/- one subcarrier) with respect to the default subcarrier to use for DL HARQ-ACK feedback.
Proposal 8:

· For time domain resource allocation for single-tone NB-PUSCH:

· The DCI indicates the time gap from the end of the corresponding NB-PDSCH transmission, k, wherein Kmin ≤ k ≤ Kmax, Kmin = 13 and Kmax is either fixed or configured via higher layers.

· Alternatively, certain set of UL subframes or NB-slots is configured to carry HARQ-ACK reports via higher layers using a periodicity and offset in a cell-specific manner and the DCI indicates the starting subframe for HARQ-ACK feedback transmission from the set of higher layer-configured candidate subframes or NB-slots. 
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