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1 Background
A new work item on additional enhancements for NB-IoT and LTE-MTC was approved in [1]. One of the objectives is to introduce 16-QAM for NB-IoT:
· Specify 16-QAM for unicast in UL and DL, including necessary changes to DL power allocation for NPDSCH and DL TBS. This is to be specified without a new NB-IoT UE category. For DL, increase in maximum TBS of e.g. 2x the Rel-16 maximum, and soft buffer size will be specified by modifying at least existing Category NB2. For UL, the maximum TBS is not increased. [NB-IoT] [RAN1, RAN4]

In this contribution, we provide our initial views on supporting 16-QAM in uplink and downlink of NB-IoT.

2 Downlink aspects
2.1 Target peak rate

The work item description [1] states that the increase in maximum TBS is of e.g. 2x the Rel-16 maximum. Thus, RAN1 needs to discuss what is the new maximum TBS supported by NB-IoT.
The introduction of new modulation schemes in LTE always led to an increase in the maximum supported TBS roughly proportional to the number of bits per modulation symbols. Thus, the general principle was that, with the introduction of a new modulation order, the maximum coding rate is kept approximately constant (small variations were introduce, though). For instance, the increase in maximum TBS between 64-QAM, 256-QAM and 1024-QAM was as follows:
Table 1 Increase in maximum TBS with modulation order in LTE
	Modulation order
	Maximum TBS (100PRBs)
	Relative increment

	64-QAM
	75376
	-

	256QAM
	100752
	1.337 (8/6 = 1.33)

	1024QAM
	125808
	1.249 (10/8 = 1.25)



For NB-IoT, we propose to follow a similar approach and increase the maximum TBS by a factor of 2 for 16-QAM.
Proposal 1: The maximum TBS for DL 16-QAM is 2x the Rel-16 maximum TBS.
2.2 MCS table design

Once the maximum TBS is decided, the remaining details of the MCS/TBS table design include the following steps:
· Decide on the breakpoint spectral efficiency between QPSK and 16-QAM: it is possible that legacy QPSK TBSs with very high coding rate are received with lower BLER by using 16-QAM.

· Decide on the removal of some of legacy TBS entries: Current TBS table is using only 14 out of 16 entries (Table 16.4.1.5.1-1 in TS 36.213). For the introduction of 16-QAM, RAN1 should decide on removing some of the lower TBS entries. The typical approach in LTE was to downsample the entries with lower spectral efficiency.

· Decide on the granularity for the new TBS entries.

In our view, the most critical point in defining the new MCS table is correctly deciding on the breakpoint between QPSK and 16-QAM. We would like to give some references on some previous lessons and experiences made by RAN1 in the past during LTE specifications, and how we should try to avoid them in specifying 16-QAM for NB-IoT.
· When specifying DL 256-QAM in Rel-12, a single overhead value in the downlink was considered. Later, it was discovered that, in scenarios with a lower overhead, the breakpoint between 64-QAM and 256-QAM was suboptimal [2, 3]. A 5-bit MCS table with increased flexibility in TBS scaling was introduced in [4] to solve this issue.

· When defining the MCS table for Rel-16 MBMS, different overheads (corresponding to different RS patterns) were taken into account in the simulation to optimally define the breakpoint between modulation schemes (see [5]). As a result, RAN1 agreed to use different MCS table for different RS patterns [6].
Observation 1: The optimum breakpoint between different modulation schemes depends on the assumed overhead.
For NB-IoT, the overhead can change a lot between different deployment modes. The lowest overhead is for guard-band/standalone, where only NRS is present; the largest overhead is for in-band with 4 CRS ports. When defining the MCS/TBS table, all the possible deployment modes should be evaluated.
Proposal 2: Different deployment modes (from guardband/standalone to in-band with 4 CRS ports) should be evaluated when defining the mechanism for modulation/TBS determination. 
Proposal 3: RAN1 to study the benefits of defining different MCS/TBS tables for downlink 16-QAM in different deployment modes.
In addition to the usual MCS entries, RAN1 should decide whether to introduce one or more “implicit MCS” entries for retransmissions (i.e., an entry that specifies only the modulation order to use, with the TBS being the same as that of the initial transmission).
Proposal 4: RAN1 to discuss whether to introduce one or more “implicit MCS” entries for retransmissions in the MCS table for DL 16-QAM.

2.3 Rules of applicability

Reception of NPDSCH with 16-QAM should be conditioned on first reporting a UE capability indicating its support, and then receiving an RRC configuration indicating that 16-QAM is enabled.
Proposal 5: Introduce a unicast RRC parameter to enable 16-QAM for NPDSCH. Introduce an optional UE capability  indicating support of DL 16-QAM.

After the 16-QAM is enabled, the UE will operate in “16-QAM mode” (i.e., will interpret the scheduling information accordingly). The applicability of 16-QAM should be restricted to C-RNTI NPDSCH –it should not be applicable for RA-RNTI PDSCH. For the case of C-RNTI NPDSCH from CSS, RAN1 can decide after more details are known.
Proposal 6: DL 16-QAM is only applicable for NPDSCH scheduled from a DCI with CRC scrambled by C-RNTI.
· At least C-RNTI from USS is supported, FFS if 16-QAM is applied to C-RNTI from CSS.
When introducing 64-QAM for eMTC, its applicability was restricted to single repetition. Also, although eMTC supports 16-QAM with repetitions since Rel-13, it was later acknowledged that, in many cases, 16-QAM with repetitions is suboptimal [7]. This led to the introduction of “modulation order override” in Rel-14.
Although we acknowledge that the repetition scheme is different in eMTC and NB-IoT (e.g. NB-IoT does not use multiple redundancy versions in the downlink), the higher SNR required for 16-QAM limit the use cases for repetitions for both eMTC and NB-IoT. RAN1 should consider imposing a similar limitation on no repetition, i.e., R=1, to 16-QAM in NPDSCH, unless benefits are found based on evaluation results.
Proposal 7: RAN1 to consider limiting the applicability of 16-QAM NPDSCH for R=1.

2.4 Soft buffer size and LBRM

The main objective of introducing LBRM in LTE was to avoid dimensioning the UE soft buffer size for the worst case of largest TBS and worst case of retransmissions (4 RVs). NB-IoT does not support redundancy versions for downlink and, therefore, the soft buffer size is given by the maximum number of REs (times the bits per RE) in the allocated resource units. Therefore, we propose to follow the same mechanism as in Rel-16, and do not introduce LBRM for NB-IoT – this effectively results in doubling the soft buffer size with respect to QPSK.
Proposal 8: Do not introduce LBRM for 16-QAM. The soft buffer size is doubled with respect to QPSK.

2.5 Downlink power allocation

In NB-IoT, the relative power assumed by the UE between NRS and NPDSCH is predefined in the specification to be 0 or 3dB depending on the number of NRS ports. Although the specification has this fixed assumption, the eNB can change the power allocation of NPDSCH (including changing the power level across multiple symbols) without the UE being aware of it, since for QPSK reception it is not critical to know the power level. 
Observation 2: In NB-IoT, the power level change of NPDSCH relative to NRS does not have impact on legacy NPDSCH with QPSK. This does not hold anymore with 16-QAM NPDSCH.

With the introduction of 16-QAM, however, the UE needs to have a correct assumption on the relative power between pilots and data. The mechanism for defining relative power between pilots and data need to account for the following:
· For in-band deployments, the relative power between NRS and CRS may change across cells.
· The relative power between NRS and NPDSCH (in symbols with NRS) may change across cells.
· The power across symbols per physical antenna should be constant.
In LTE, the mechanism for defining the power level for PDSCH has considered the impact of a single type of reference signal, i.e., CRS. LTE defined power parameters  for PDSCH in the two types of symbols (symbols without CRS and symbols with CRS), respectively In NB-IoT, we need to define three different power parameters for NPDSCH in the three types of symbols, that we denote as follows:
· : Applicable to NPDSCH in symbols with NRS.
· : Applicable to NPDSCH in symbols with CRS (required for in-band NB-IoT only).
· : Applicable to NPDSCH in symbols without NRS and CRS.
Figure 1 shows a pictorial representation of the three different power levels and the associated OFDM symbols for in-band NB-IoT.
[image: ]
Figure 1 Power levels for three types of NPDSCH symbols for in-band NB-IoT

Proposal 9: Define three different levels  of EPRE of NPDSCH with respect to EPRE of NRS:
· : Applicable to NPDSCH in symbols with NRS.
· : Applicable to NPDSCH in symbols with CRS (required for in-band NB-IoT only).
· : Applicable to NPDSCH in symbols without NRS and CRS.


3 Uplink aspects
3.1 Design principles and differences with downlink

The concepts discussed in Section 2 are in general also applicable to uplink 16-QAM, with the following differences:
· As clarified in WID, the maximum TBS for UL is not increased.
· In uplink, the overhead is constant (there is no difference in different deployment modes). Therefore, the same modulation/TBS determination can be applied to NPUSCH in different deployment modes.
· The ‘implicit MCS’ for NPUSCH retransmissions can be considered in the MCS table for UL 16-QAM.
· Uplink repetitions use RV cycling. But similar as downlink, the use of 16-QAM with repetitions is very likely to be less useful and suboptimal than that of no repetition (R=1).
· There is no need to discuss LBRM or downlink power allocation impact for uplink.
· In uplink, there are more specific uplink use cases in which 16-QAM may be applicable (e.g. EDT / PUR). RAN1 should discuss whether to specify 16-QAM for these cases.
· 16-QAM will require a higher SNR than QPSK. Thus, the uplink power control equation should be modified to achieve this higher SNR level (note that NB-IoT does not support close loop power control).
· Uplink resource allocation is more cumbersome than downlink resource allocation, since the UE can transmit NPUSCH with 1, 3, 6 and 12 subcarriers. At least NPUSCH with full-PRB allocation should be supported, and RAN1 should discuss whether to apply 16-QAM also to NPUSCH with sub-PRB allocation.
In line with the points above, we make the following proposals:
Proposal 10: Introduce a unicast RRC parameter to enable 16-QAM for NPUSCH. Introduce an optional UE capability  indicating support of UL 16-QAM.

Proposal 11: RAN1 to discuss whether to introduce one or more “implicit MCS” for retransmissions in the MCS table for UL 16-QAM.

Proposal 12: Introduce a unicast RRC parameter to enable 16-QAM for NPUSCH. Introduce an optional UE capability indicating support of UL 16-QAM.

Proposal 13: RAN1 to consider adding an additional power control parameter to allow for increased power with 16-QAM (e.g. similar to )

Proposal 14: UL 16-QAM is applicable for NPUSCH scheduled from a DCI with CRC scrambled by C-RNTI.
· At least C-RNTI from USS is supported, FFS if 16-QAM is applied to C-RNTI from CSS.
· FFS: Applicability of 16-QAM for PUR or EDT.

Proposal 15: UL 16-QAM is applicable at least to NPUSCH with full-PRB allocations. FFS NPUSCH with sub-PRB allocations.


4 Conclusion
In this contribution we presented our initial views on supporting 16-QAM for NB-IoT. 

For DL 16-QAM, we made the following observations and proposals:
Proposal 1: The maximum TBS for DL 16-QAM is 2x the Rel-16 maximum TBS.
Observation 1: The optimum breakpoint between different modulation schemes depends on the assumed overhead.
Proposal 2: Different deployment modes (from guardband/standalone to in-band with 4 CRS ports) should be evaluated when defining the mechanism for modulation/TBS determination. 
Proposal 3: RAN1 to study the benefits of defining different MCS/TBS tables for downlink 16-QAM in different deployment modes.
Proposal 4: RAN1 to discuss whether to introduce one or more “implicit MCS” entries for retransmissions in the MCS table for DL 16-QAM.
Proposal 5: Introduce a unicast RRC parameter to enable 16-QAM for NPDSCH. Introduce an optional UE capability  indicating support of DL 16-QAM.
Proposal 6: DL 16-QAM is only applicable for NPDSCH scheduled from a DCI with CRC scrambled by C-RNTI.
· At least C-RNTI from USS is supported, FFS if 16-QAM is applied to C-RNTI from CSS.
Proposal 7: RAN1 to consider limiting the applicability of 16-QAM NPDSCH for R=1.
Proposal 8: Do not introduce LBRM for 16-QAM. The soft buffer size is doubled with respect to QPSK.
Observation 2: In NB-IoT, the power level change of NPDSCH relative to NRS does not have impact on legacy NPDSCH with QPSK. This does not hold anymore with 16-QAM NPDSCH.
Proposal 9: Define three different levels  of EPRE of NPDSCH with respect to EPRE of NRS:
· : Applicable to NPDSCH in symbols with NRS.
· : Applicable to NPDSCH in symbols with CRS (required for in-band NB-IoT only).
· : Applicable to NPDSCH in symbols without NRS and CRS.


For DL 16-QAM, we made the following observations and proposals:
Proposal 10: Introduce a unicast RRC parameter to enable 16-QAM for NPUSCH. Introduce an optional UE capability  indicating support of UL 16-QAM.
Proposal 11: RAN1 to discuss whether to introduce one or more “implicit MCS” for retransmissions in the MCS table for UL 16-QAM.
Proposal 12: Introduce a unicast RRC parameter to enable 16-QAM for NPUSCH. Introduce an optional UE capability indicating support of UL 16-QAM.
Proposal 13: RAN1 to consider adding an additional power control parameter to allow for increased power with 16-QAM (e.g. similar to )
Proposal 14: UL 16-QAM is applicable for NPUSCH scheduled from a DCI with CRC scrambled by C-RNTI.
· At least C-RNTI from USS is supported, FFS if 16-QAM is applied to C-RNTI from CSS.
· FFS: Applicability of 16-QAM for PUR or EDT.
Proposal 15: UL 16-QAM is applicable at least to NPUSCH with full-PRB allocations. FFS NPUSCH with sub-PRB allocations.
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