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1  Introduction
The focus of this contribution is on the modulation schemes for New Radio Access Technology (NR). We discuss the baseline modulation schemes for NR, and whether a new modulation scheme should be additionally considered. We also discuss possible modulation schemes for different verticals (e.g., eMBB, mMTC, URLLC) which have different requirements: 
· mMTC: massive service connectivity with low energy consumption and low cost
· URLLC: availability and reliability of transmission, i.e., low error probability and low outage rate, high processing speed 
· eMBB: high system capacity, high data rate, and high spectrum efficiency, high processing speed

According to the NR requirement TR 38.913 [1], several channel coding/modulation related KPIs have been proposed including the target peak data rate of 20Gbps for downlink and 10Gbps for uplink, and the target peak spectral efficiency of 30bps/Hz for downlink and 15bps/Hz for uplink. 
· Higher spectral efficiency in low frequency band (e.g., below 6GHz - bandwidth limited scenarios) can be reached by higher order modulation and higher rank (e.g., up to 8 streams), at the expense of higher power.
· High frequency band uses wider bandwidth (potentially power limited) and low-order modulation can be beneficial to increase the radio link budget. Also, because of phase noise floor, higher order modulations than in LTE can be difficult to support.
· There is limitation of allowable spectral efficiency in terms of implementation issues, e.g., EVM, phase noise, etc., corresponding to the underlying frequency bands. Hence, introducing higher order modulations and ranks should be given careful considerations. Higher order modulations imposes higher EVM requirements in order not to limit the data rate/performance.
In addition to these concerns, PAPR/CM/EVM can be also taken into consideration when designing the modulation scheme. Reduction in peak-to-average power ration (PAPR) and Cubic metric (CM) is desirable from UL coverage perspective. PAPR/CM are impacted by combination of modulation, constellation of the signal, and pulse shaping. The PAPR increases with the increased bandwidth efficiency. Similarly, relaxed EVM requirements (i.e., modulation schemes with reduced sensitivity to EVM) are beneficial for low cost/complexity devices and higher order modulations may not be well-suited for mMTC. For scenarios with limited link-budget, low-PAPR/CM modulations, e.g., constant envelope modulations are of interest. Modulation schemes with constant-envelop or very low PAPR allow the use of a nonlinear amplifier for reduced power consumption and cost. This makes constant envelope an attractive feature of uplink modulation.
Particularly, for mMTC and some URLLC scenarios, low-PAPR schemes are preferred for UL, while spectral efficiency and peak data rate may not be of main concerns. 
2 Modulation schemes
2.1  Coded Modulation 
In LTE, the modulation schemes follow Gray-encoded QPSK and QAM, while the channel coding and the modulation are scalably concatenated through Bit-Interleaved Coded Modulation (BICM) employing bit-level interleavers, with the interleaver’s length equal to the codeword. BICM can achieve robust performance under both fading and AWGN channel models. Also, the BICM allows for separate/independent designs for the channel coding and modulation, unlike TCM (Trellis Coded Modulation) deals with the modulation and coding as a single entity with employing a symbol-level interleaver. BICM with Gray-coding designs have been successful in delivering high spectral efficiency in both UTRA and EUTRA. It seems desirable and beneficial to follow similar principles in NR design. 

Proposal 1: Gray-encoded and bit-interleaved coded modulation as in LTE should be baseline in NR. FFS for other coded modulation schemes.
2.2  eMBB application
For eMBB scenarios, traditional QPSK/16-QAM to 256-QAM should be considered as baseline. We note that the flexibility to efficiently operate in both power limited and bandwidth limited scenarios should be considered for these scenarios.

Whether to adopt higher order modulations, e.g., 1024-QAM, should be studied in combination with the maximum number of supported MIMO streams, to satisfy the relevant KPIs such as the target peak data rate. For example, we note that
· 1024QAM can support ~5-8 Gbps data rate in 200-300 MHz bandwidth with rank 4 MIMO, and ~10-15 Gbps data rate in 200-300 MHz bandwidth with rank 8 MIMO.
· [bookmark: _GoBack]256QAM can support ~4-6.5 Gbps data rate in 200-300 MHz bandwidth with rank 4 MIMO, and ~8-13 Gbps data rate in 200-300 MHz bandwidth with rank 8 MIMO.

Proposal 2: For eMBB scenarios, traditional QPSK/16-QAM to 256-QAM should be baseline. Need for higher order modulations, e.g., 1024-QAM, is FFS and should be investigated jointly with the maximum number of supported MIMO streams.
2.3  mMTC application
For mMTC scenarios, small data rates and support of small payload size are required. Hence, lower order modulations, e.g., BPSK/QPSK, seem preferable. 
Also, for UL transmissions, achieving high PA efficiency is desired to enable low-cost implementations and enhanced UL coverage. Then, it seems reasonable to first consider the modulation schemes proposed/adopted for NB-IoT. The corresponding modulation schemes considered for the SC-FDMA uplink (for data/control) include /2-BPSK and /4-QPSK. In these modulations, the constellation of the Cartesian counterpart (i.e., regular BPSK/QPSK) is rotated /2 or /4 radians every symbol, when multiplied by  for /2-BPSK case and  for /4-QPSK, respectively, where  is the symbol index mod 2, starting from 0.

The phase rotation enables smoother transitions between constellation points, helping to decrease the PAPR/CM. By avoiding abrupt changes in the phase that causes zero-crossings, these modulation schemes can offer lower PAPR/CM compared to regular BPSK/QPSK, thereby reducing the need for a PA back-off and helping achieve better coverage. It is worth mentioning that the underlying PA model has also an overall impact on the actual output power that, in turn, determines the coverage (the metric of interest in link-budget limited scenarios in mMTC). 
 
For single tone transmission, /2-BPSK and /4-QPSK were adopted for NB-IoT UL, to minimize the PA back-off for extended and extreme coverage enhancements. Single-tone /2-BPSK has very small CM and EVM and /4-QPSK has higher but still limited EVM and CM. They both have very small PAPR. /4-QPSK offers higher data-rates and better spectrum efficiency than /2-BPSK, while it may set more stringent requirements for the PA [5].

For multi-tone transmission, the PAPR with SC-FDMA, for example using BPSK/QPSK, is higher than single-tone transmission. However, although the PAPR is non-negligible, the back-off required for multi-subcarrier transmission can be limited for these schemes. In fact, the cubic metric increase which indicates the required PA back-off for transmissions with as many as 32 or 72 subcarriers, is limited [2], [6]. This allows multi-subcarrier transmission for most UE locations, reducing the transmission time and thus the power consumption [2]. The impact from phase rotation to use /2-BPSK and /4-QPSK schemes may not be as straightforward for multi-tone transmission, and the gains may not be as clear as for single-tone case.

Generally, raising the number of transmitted tones may result in an increase in the PAPR. One can reasonably view the single-tone transmission as a coverage/PAPR-focused scenario, whereas multi-tone transmission may be viewed as being spectral efficiency-focused. Thus, for multi-tone transmission, spectral efficiency is more important than PAPR/CM reduction. In other words, UEs in extreme coverage can use single-tone transmission, while those in better coverage can use more spectrally efficient (multi-tone) schemes. Further reduction of PAPR/CM for multi-tone with phase rotated BPSK/QPSK may also be possible with application of windowing/overlap techniques [3,6]. Overlap and windowing across time-domain samples can help reduce CM further by smoothening out the transitions between the constellation points.

The effect of transmit filtering and pulse shaping causing non-zero dB PAPR for the single-tone /2-BPSK and/4-QPSK transmission should be also considered. In LTE, no explicit pulse shaping is considered, because for UL SC-FDMA generation in frequency domain assumption, the Sinc pulse shaping is implicitly realized. However, for time-domain signal generation, the CM can be reduced further with appropriate pulse shaping. However, there is a trade-off involved, as application of pulse shaping would lead to excess BW, thereby, resulting in increase in the code-rate (assuming the same MCS is used). This would negate some of the benefit of higher Tx power output.
Further, 0 dB CM is technically not possible to achieve due to the oversampling of the waveform to transform into “analog” signal. It is worth mentioning that for NB-IoT applications, filtering has been used for spectral shaping to meet the GSM spectral mask for stand-alone deployments which are based on 17-tap FIR filters [2,5].

Higher order modulations may not be required for mMTC applications, as spectral efficiency and high data rates are not the primary design targets. Further, higher order modulations demand tighter EVM requirements leading to increased cost at the UE transceiver. In other words, modulation schemes with reduced sensitivity to EVM are beneficial for low cost/complexity devices and higher order modulations may not be well-suited for mMTC.

Other schemes, e.g., constant envelope modulations/waveform, like MSK/GMSK, can also be studied for mMTC applications. In the following subsection we discuss different characteristic aspects of these options.
2.3.1 Constant envelope modulations 
While single-carrier waveforms provide time domain symbol sequencing, and they typically have lower PAPR leading to high PA efficiency and extended battery life, more complex equalization may be needed to achieve high spectral efficiency in the presence of multipath. Among single-carrier waveforms, one can name SC-FDMA used in LTE uplink. 
The constant envelope waveforms, like GMSK which is used in GSM technology and MSK used in IEEE 802.15.4 technology, form another variant of potential modulation/waveform schemes.
The main characteristics of the constant envelope modulation can be summarized as follows:
· The prospect to realize maximum efficiency of power amplifiers. They allow PA to run almost at saturation point.
· Higher transmit efficiency: the optimum power consumption of the power supply, and hence, the maximum battery lifetime. Therefore it is appropriate to mobile terminals.
· Potentially small out-of-band power; that implies dense channel spacing and increased multi-user capability, e.g., good side lobe suppression for GMSK, compared to MSK. 
· However, for GMSK this comes the expense that Gaussian filter increases the modulation memory in the system and causes inter-symbol interference (ISI), making it more difficult to discriminate between different transmitted data values and requiring more complex channel equalization algorithms such as an adaptive equalizer at the receiver. However, since it mainly aims for UL scenarios, the additional complexity at the NR Node B may not be a serious issue.
· Constant transmit carrier power: the PAPR of this signal is unity. That may explain the study dedicated to this kind of signals over the last few decades and to the present day. Unfortunately, there is a price to be paid for such performance. 
· Performance in terms of BER can potentially be worse compared to e.g. QAM schemes, and since typically higher order modulation cannot be applied to meet the constant envelope, the bandwidth efficiency is limited. This means that low PAPR/CM is not the only determinant criterion in system design. Constant envelope signals do not always succeed in a system design trade-off.
· Requires more processing to generate and transmit the symbols than other conventional modulation schemes, e.g. QPSK.

While GMSK waveform can be used in single-carrier transmissions, there has been also studies on using FDM with GMSK for NB-IoT UL applications [7,8] as well. However, this would have required additional handling for ISI. Further, for single-tone transmission, the difference would not be very large between FDM with GMSK vs. SC-FDMA with CP and Sinc pulse shaping which is ultimately adopted for NB-IoT UL. On the other hand, as mentioned earlier, for multi-tone transmissions, spectral efficiency is as important as or more than PAPR/CM reduction.
Another drawback of the proposed scheme was that FDM with GMSK has higher overhead from guard bands (~20% compared to SC-FDMA with CP of ~7%), the reason coming due to FDM as the guard band accounts for 20% of the overhead. At the same time, one should note that FDM based approach has the benefit that it can be more robust to time synchronization and timing advance may not be needed unlike SC-FDMA. 

Furthermore, some research have been reported aiming to integrate GMSK modulation into SC-FDMA waveform generation as well (see [9]). According to the results presented therein, one can see that the SC-FDMA waveform using GMSK modulation, with pre-modulation frequency-domain Gaussian filtering (to ensure that out-of-band radiation is small), has better PAPR characteristics than the SC-FDMA using BPSK, /2-BPSK, QPSK, /4-QPSK, 16-QAM, and 64-QAM modulations, with frequency-domain root raised cosine (RRC) filtering. However, this comes at the expense of additional transmitter processing/complexity to generate GMSK modulated waveform, which results in higher power and cost at the mobile terminal which is not desirable especially for mMTC scenarios. 
Moreover, the GMSK signal generation requires an additional transformation to time domain and going back to frequency domain as it is more convenient to implement the MSK modulator in time domain. Although the additional complexity also affects the receiver side, but as mentioned earlier, this would not be of significant concern at the NR Node B.

On the other hand, as also mentioned earlier, the non-negligible PAPR for other simpler modulations, e.g., /2-BPSK and /4-QPSK, does not directly translate to high PA inefficiency, as the CM can be limited with a proper waveform design. Hence, the simpler modulations, e.g., /2-BPSK and /4-QPSK or their Cartesian counterparts, may be supported with appropriate consideration on the waveform and the number of subcarriers used depending on the target coverage vs. spectral efficiency trade-off, as adopted for NB-IoT. These modulations can also be easily implemented and integrated to SC-FDMA waveform generation without processing overhead. SC-FDMA with CP insertion and Sinc pulse shaping (or RRC for which, the PAPR may increase with the reduced excess bandwidth), can be considered for mMTC applications together with /2-BPSK and /4-QPSK modulations. 


Proposal 3: For mMTC scenarios, lower order modulation schemes like BPSK or QPSK and their phase rotated versions should be considered as a starting point for UL transmissions. 
2.4  URLLC application
URLLC scenarios include the applications which may support relatively small data rate and small payload sizes. Lower order modulations, e.g., BPSK/QPSK, can be beneficial for high reliability and robustness to noise. On the other hand, use cases with high data rates and large packet transmissions may be considered as part of URLLC as well, e.g., remote surgery, etc. For these cases, spectral efficiency and latency may be of high significance. For such cases, robustness may be achieved with more advanced transmitter and receiver processing, and thus, higher order modulation schemes may still be useful for some applications. 
In summary, depending on the exact use cases, transmission conditions (mobility, Doppler, etc.), the desired latency and reliability, the channel estimation capability, etc., performance might benefit from different modulation schemes. 

Proposal 4: For URLLC scenarios, RAN1 to further discuss the target use cases and technical requirements to determine the appropriate set of modulation schemes. 
3  Conclusion
[bookmark: OLE_LINK22][bookmark: OLE_LINK23]In this contribution, we suggest that
· Proposal 1: Gray-encoded and bit-interleaved coded modulation as in LTE should be baseline in NR. FFS for other coded modulation schemes. 
· Proposal 2: For eMBB scenarios, traditional QPSK/16-QAM to 256-QAM should be baseline. Need for higher order modulations, e.g., 1024-QAM, is FFS and should be investigated jointly with the maximum number of supported MIMO streams.
· Proposal 3: For mMTC scenarios, lower order modulation schemes like BPSK or QPSK and their phase rotated versions should be considered as a starting point for UL transmissions.
· Proposal 4: For URLLC scenarios, RAN1 to further discuss the target use cases and technical requirements to determine the appropriate set of modulation schemes. 
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