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1. Introduction
During the study on new radio access technology the following agreements and work assumption were achieved
Agreements in RAN1#86bis [1]:

· The same constellation mapping as used in LTE (i.e. QPSK, 16QAM, 64QAM and 256QAM) is introduced, while not precluding other constellation mappings
· Note that there might be possibility to exclude some of above constellation mapping based on the further study
· Enhancement modulation schemes for further study include

· Higher order modulation in conjunction with MIMO

· Constellation mapping among subcarriers

· Other constellations (e.g., non-uniform QAM) 

· Coded modulations

· Spatial modulation

· Mappings of bits to symbol(s)

· Rotated-QAM up to BPSK, QPSK

· [image: image2.png]km



-QAM (0<k<=1)

· FFS k (e.g., k = 0.5 for BPSK, 0.25 for QPSK)

· Constellation Interpolation

· Note: Other modulation schemes or combinations of the above schemes are not precluded

Note: Proponents should describe the details of the receivers

Working assumption in RAN1#87 [1]:

· NR supports 0.5*pi BPSK modulation for DFT-s-OFDM

· While using DFT-s-OFDM, 0.5*pi-BPSK modulation using DFT-S-OFDM with frequency domain spectrum shaping can be further considered at least for eMBB uplink data for up to 40GHz

· FFS

· The details of frequency domain spectrum shaping 

· This does not preclude the case where no spectrum shaping is needed

Agreements in RAN1-AH [2]:
· NR supports 0.5*pi BPSK modulation for DFT-s-OFDM

· Prepare draft LS to RAN4 to inform current RAN1 modulation agreements and WA, and RAN1 following assumptions 

· Frequency band

· Bandwidth allocation

· RAN1 also ask feasibility of it in the draft LS

· Note that additional performance results to address concerns from RAN4 have been submitted in RAN1

Because the SI on NR is being concluded and a new WI on NR will start, a down selection of the studied modulation schemes needs to be done. To give some possible orientation for the WI and possible future SIs, this contribution discusses the different modulation schemes proposed in the last RAN1 meetings, like higher order modulation, non-uniform constellation, shaped and spatial modulation, low PAPR modulation, from a UE implementation complexity perspective.
2. Modulation Schemes
Higher order modulation 256-QAM was already adopted in LTE-A and is included in the SI on NR. A natural extension to be considered is whether or not to adopt an even higher modulation alphabet, i.e. 1024-QAM. We assume here that the analog RF front-end fulfills all the requirements to employ higher order modulation and let us concentrate on the baseband processing.

It is well known that the higher the modulation order, the higher are the hardware requirements in terms of computation resources and memory, especially if combined with MIMO and CA. But also heat dissipation plays a very important role when considering mobile devices, due to the difficult in cooling them. 
For the hardware implementation, a higher dynamic range is necessary to support higher modulation alphabet. A higher dynamic range implies in wider word-lengths in multiple signal processing blocks, for example, the FFTs, equalizers and channel estimators.. With increasing bandwidth and throughput, it becomes challenging to implement from ADCs to channel decoders that can handle so many data in so short time. The consequence is higher integration to squeeze all the blocks in the chip and worst heat dissipation.
Moreover, memory size directly affects the chip size in integrated circuits, so memory has to be carefully considered from the UE perspective. Higher modulation alphabet imply in longer transport blocks and code blocks that need to be buffered and saved, especially due to HARQ. As a consequence more memory is necessary.

High order modulation, like 1024-QAM, have been proposed to increase the spectral efficiency. But the implementation costs of just increasing the constellation size needs to be compared to the cost of implementing other methods that also increase the spectral efficiency and have been also under discussion in NR, like for example, high order MIMO. In the case of mmWave it is not clear if extreme spectral efficiency is necessary due to the available bandwidth and the difficulty infulfilment of EVM requirements for high order modulation. 

In [3] and [4] a combination of multilevel coding (MLC), natural mapping and a non-linear MIMO Rx is discussed and compared to BICM, Gray mapping and MMSE MIMO Rx. The combination achieves a high level of diversity. The contribution of each of the components to improve the performance is not clear and they still need to be individually evaluated. The Rx complexity, especially of the non-linear MIMO processing and the MLC decoder, have not been quantified. It is clear that a significant increase in complexity occurs that needs to be further studied in connection with the benefits.
Proposal 1: 
· NR should investigate further on introduction of 1024-QAM modulation 
Further study should be done in phase II with extensive performance evaluation in various scenarios and in conjunction with MIMO, coded modulation and bit-to-symbol mapping. Also realistic scenarios including channel estimation should be considered.
Proposal 2:  
· NR should investigate further on introduction of coded modulation schemes and bit-to-symbol mappings for high order modulation (64-QAM, 256-QAM and 1024-QAM), especially in conjunction with MIMO. 
· The performance of each proposed scheme should to be compared in various practical scenarios.
Another way to increase the spectral efficiency is by employing QAM constellation shaping as discussed in [5] and [6].
Non-uniform constellation (NUC) is one of the two shaped modulations (geometrical shaping), where the distribution in the I and Q is very simple and only depends on the SNR value or code rate. The QAM constellations are optimized for each target SNR by maximizing the BICM capacity for uniformly distributed bits. In 1D-NUC the same distribution is applied to I and Q and in 2D-NUC they are different, as a consequence I and Q cannot be independently de-mapped. For this reason 2D-NUC de-mapping has significantly more complexity than 1D-NUC, which has the complexity in the same order as uniform constellations. The performance gain of NUC compared to uniform constellation is only significant for higher order, e.g. 256-QAM or 1024-QAM. Both 1D-NUC and 2D-NUC need constellation alphabets for each SNR value and for that reason, more memory is necessary, which adds to the dye size of the UE.
Furthermore, probabilistically shaped coded modulation (PSCM) is also discussed in [5]. In PSCM instead of changing the position of the constellation points, their probabilities are changed from a uniform to a Gaussian shaped distribution. The parameters of the Gaussian distribution will depend on the target SNR and on the channel statistics. For this reason, extra feedback signaling is necessary in PSCM. The receiver has then also a more complex calculation of the LLRs for the soft decoder. If different SNRs and channel conditions are targeted, look-up tables are necessary for all possible distributions, what consumes extra memory. It may also be challenging to track fast channel statistics changes.
In spatial modulation (SM) blocks of bits are jointly mapped in a constellation alphabet and the spatial position of the transmit antenna. In space shift keying (SSK) a single RF front-end is connected to multiple antennas via a switch. Some bits in the modulated block control the position of the switch. Practical implementation of SM still has a number of problems to be solved. Starting with the RF switch and the speed in which it has to operate for higher transmission rates. Other problems are related to channel estimation, spatial correlation and use of directivity and other MIMO processing techniques, including receiver synchronization and processing.

Proposal 3: 
· NR should investigate further on introduction of non-uniform constellation, PSCM , and spatial modulation
· They should be further studied in connection with higher order modulation schemes 256-QAM and 1024-QAM, and a clear benefit should be demonstrated for a reasonable complexity and memory size. 

Low PAPR modulation schemes are necessary to increase range and NR has adopted DFT-s-OFDM for the UL, including 0.5*pi BPSK modulation. This combination could be also useful for the sidelink of D2D communication and discovery.  A reasonable increase of UE complexity is necessary due to the extra processing blocks, i.e. extra DFT, but this complexity in baseband is compensated by an increased in RF efficiency.
In most numerical evaluations of the different modulation schemes ideal channel knowledge, perfect synchronized systems and interference-free scenarios were assumed. To show a clear benefit of alternative modulation schemes, more realistic scenarios need to be considered. 

Proposal 4: 
· Further study of alternative modulation schemes should contain evaluation considering practical scenarios, that include channel estimation and other inaccuracies.
3. Conclusion
From the discussion above the following proposals can be summarized as follows:
Proposal 1: 

· NR should investigate further on introduction of 1024-QAM modulation 

Proposal 2:  
· NR should investigate further on introduction of coded modulation schemes and bit-to-symbol mappings for high order modulation (64-QAM, 256-QAM and 1024-QAM), especially in conjunction with MIMO. 
· The performance of each proposed scheme should to be compared in various practical scenarios.
Proposal 3: 
· NR should investigate further on introduction of non-uniform constellation, PSCM , and spatial modulation
· They should be further studied in connection with higher order modulation schemes 256-QAM and 1024-QAM, and a clear benefit should be demonstrated for a reasonable complexity and memory size. 

Proposal 4: 
· Further study of alternative modulation schemes should contain evaluation considering practical scenarios, that include channel estimation and other inaccuracies.
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