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1 Introduction
The modulation is one of key components that determine the performance of the transmission at the physical layer. Moreover, the modulation plays an important role in link adaptation by adjusting the modulation order with code rate according to the received signal quality at a UE. After QPSK, 16 QAM, and 64 QAM were adopted in LTE Rel-8, there were two aspects considered in adding new modulations to LTE. One aspect is the increase of the data rate by increasing the maximum modulation order from 64 QAM to 256 QAM in both DL and UL. Another aspect is the reduction of the peak-to-average power ratio (PAPR) by adopting phase-rotated modulation such as π/2-BPSK and π/4-QPSK in NB-IoT.
In RAN #71 meeting, the study item, ‘New Radio Access Technology’ (NR) was approved [1] aiming to develop a new radio access technology to meet a broad range of use cases including enhanced mobile broadband (eMBB), massive machine-type communications (mMTC), and ultra-reliable and low latency communications (URLLC). In NR, there are various aspects to be considered in specifying modulation schemes besides the two aspects above. For example, the receiver complexity and the interference robustness can further be taken into account in determining modulation schemes for NR. In this contribution, we will discuss what modulation schemes need to be studied in NR on various aspects.

Observation 1: There are various aspects such as usage scenarios, spectral efficiency, PAPR, receiver complexity, interference robustness to be considered for modulation in NR.

2 Modulation for NR
Although the bit-interleaved coded modulation (BICM) with Gray mapping is widely used in practical wireless communication systems including LTE since its introduction of BICM in [2], the BICM with Gray mapping may not be able to deal with various aspects in NR. Therefore, it is needed to consider the coded modulation and the bit-to-symbol mapping as well as modulation itself when designing modulation in NR. In this section, we will discuss the candidate modulation schemes from the aspects of spectral efficiency, PAPR, MIMO, and interference management.

1 
2 
Spectral efficiency
To meet the demands on the rapidly increasing mobile traffic, NR needs to support the transmission of the very high data rate for eMBB. One of straightforward ways to obtain high data rate is to enhance the spectral efficiency by increasing the number of layers and/or the modulation order. Because the transmission of 8 layers with 256 QAM is already supported in LTE, NR may also support at least 8 layers with up to 256 QAM. In the small cell deployment such as indoor, the received channel quality at a UE can be very high so that even higher order modulation, e.g., 1024 QAM can be used. In NR, it is needed to study whether higher modulation orders than 256 QAM are adopted or not considering the deployment scenarios, feasibility such as error vector magnitude (EVM) requirement, and the performance gain.

Proposal 1: NR should study the necessity of higher modulation orders than 256 QAM for eMBB.

PAPR
UE battery life is an important key performance indicator (KPI) for mMTC [3]. There are many factors that have effects on UE power consumption, such as active transmission time, transmit power level, power amplifier (PA) efficiency, sleep mode duration, active reception time, and receiver processing time/complexity [4]. Among them, PA efficiency is an important factor affecting UE power consumption during active transmission in the uplink. Since PA is a nonlinear RF component, the input power backoff in PA is required to keep the linearity of transmit signal under given constraints, e.g., EVM and adjacent channel leakage ratio (ACLR). Thus, it results in a source of inefficiency in transmit power.
Therefore, low PAPR signal design is desirable for reduced power consumption and cost of UE, which is essential for mMTC. Since the PAPR of transmit signal is affected by combination of modulation, constellation of the signal, and waveform (including pulse shaping), PAPR should be considered for design of uplink modulation as well as waveform in NR. Furthermore, since PAPR can be reduced by increasing excess bandwidth, joint optimization of modulation and waveform can further be considered for mMTC and some URLLC scenarios in which low-PAPR is more important than spectral efficiency.

Proposal 2: NR should consider PAPR in uplink modulation design for mMTC and URLLC.

MIMO
To improve the spectral efficiency, one can increase the number of layers that are transmitted simultaneously. When the number of layers is large (e.g. up to 8 in LTE), it is not easy to use the non-linear receiver such as maximum-likelihood (ML) or sphere decoding at a UE due to the high complexity. On the other hand, if we use the linear receivers such as zero-forcing (ZF) or minimum mean-square error (MMSE), then the performance is not good enough to fully exploit the transmission of high spectral efficiency. Furthermore, if the high order modulation such as 256 QAM or 1024 QAM is combined with the transmission of a large number of layers such as 8 layers, then it becomes more important to have affordable receiver complexity with high performance.
We introduce a MIMO transmission scheme that enables low complexity decoding at the receiver and provide high performance in [6]. In the MIMO transmission scheme, there are two different things from the conventional scheme in LTE. The multilevel coding (MLC), which is well known in the literature [5], is used as coded modulation scheme instead of BICM. The natural labeling, which simply allocates bits to a symbol in ascending order [5], is also used as bit-to-symbol mapping method instead of Gray labeling. By combining these two components at the transmitter, the decoder at each receive antenna can directly decode integer-linear combinations of transmitted encoded code blocks (i.e., coded streams for code blocks) instead of decoupling them after applying the integer-forcing equalizer that effectively creates an integer-valued channel matrix as shown in Figure 1.








Figure 1: Receiver block diagram of the integer-forcing linear receiver, where is the data stream of transmit antenna,  is the channel matrix,  is an estimate of the i-th integer combination of encoded code blocks, and  is an estimate of the i-th data stream.

In our companion contribution [6], it was shown the transmission scheme described above can provide high performance compared to MMSE and MMSE-SIC for TDL-A channels in 4x4 with 64 QAM and 256 QAM, while the receiver has still low complexity.

Proposal 3: NR should study coded modulation schemes and modulation mappings for MIMO transmission with low receiver complexity and high performance.  

Interference management
As small cells are more densely deployed in future NR systems, co-channel interferences from neighbouring cells will become more severe. In order to mitigate the intercell co-channel interference, it is expected that sequence-level interference management schemes beyond symbol-level interference-aware techniques are necessary to meet the requirement of the cell edge performance for NR, which is three times higher spectral efficiency than IMT-Advanced [3]. When employed the sequence-level interference-aware techniques, it is easier to mitigate co-channel interference, if a coded modulation scheme in a staggered manner, such as sliding-window coded modulation (SWCM), is utilized instead of BICM in LTE [7].
Assume that a SWCM encoder has a structure with each message transmitted over two levels and two subblocks, as illustrated in Figure 2. Each level corresponds to a sequence with PAM/QAM symbols. Known blocks are utilized in the beginning and at the end of the SWCM transmission in order to facilitate co-channel interference management. In order to utilize known blocks consecutively as each receiver recovers its desired and interfering messages one by one by sliding the window, one message is transmitted over two subblocks in a staggered manner. Thus, a SWCM signal in a given subblock is transmitted by superimposing the second half of the codeword carrying the previous message on the first half of the codeword carrying the current message in the symbol-level. For example, a 16-QAM SWCM signal is transmitted by superimposing the 4-QAM signal in level 1 on the 4-QAM signal in level 2 in the symbol-level with power allocation parameter subject to the constraint on the transmitted power.
[image: ]
Figure 2: SWCM encoder structure with each message transmitted over two levels and two subblocks, where m(i) is the i-th message.

Utilizing the coding structure across SWCM levels in a staggered manner enables higher spectral efficiency than BICM in interference-limited environments, because the known block helps a neighbouring receiver decode for its interfering signal, which, in turn, helps the desired receiver decode for the same (its desired) signal. It has been shown in information theory that the SWCM scheme achieves the ML decoding performance at low complexity in interference channels. It is expected that coded modulation schemes in a staggered manner like SWCM employed for sequence-level interference management can make a significant contribution to improve the cell edge performance for NR.

Proposal 4: NR should study coded modulation schemes in a staggered manner for interference management.

3 Conclusions
This contribution discussed the modulation schemes for NR from various aspects such as spectral efficiency, PAPR, MIMO, and interference management. Based on the discussion, our observation and proposals are as follows:

Observation 1: There are various aspects such as usage scenarios, spectral efficiency, PAPR, receiver complexity, interference robustness to be considered for modulation in NR.
Proposal 1: NR should study the necessity of higher modulation orders than 256 QAM for eMBB.
Proposal 2: NR should consider PAPR in uplink modulation design for mMTC and URLLC.
Proposal 3: NR should study coded modulation schemes and modulation mappings for MIMO transmission with low receiver complexity and high performance.
Proposal 4: NR should study coded modulation schemes in a staggered manner for interference management.
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