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1 Introduction
1.1 Background and Motivation
IMT for 2020 and beyond [1] is envisaged to expand and support diverse families of usage scenarios and applications that will continue beyond the current IMT, which include:

-
eMBB (enhanced Mobile Broadband)

-
mMTC (massive Machine Type Communications) 

-
URLLC (Ultra-Reliable and Low Latency Communications)

5G air interface is targeted to have higher transmission rates, faster access, larger user density, and better user experience for enhanced eMBB services even within a mixed traffic type, and at the same time to connect new vertical industries and new devices, creating new application scenarios such as mMTC and URLLC services, either supporting massive number of low cost devices or enabling mission critical transmissions with ultra high reliability and ultra low latency requirement. 
In 3GPP RAN#71 meeting, a new study item Study on New Radio Access Technology was approved [2], one of its objectives is to gain a common understanding on the following areas:
-
Fundamental physical layer signal structure for new RAT

· Waveform based on OFDM, with potential support of non-orthogonal waveform and multiple access

· FFS: other waveforms if they demonstrate justifiable gain

· Basic frame structure(s)

· Channel coding scheme(s)

One of the key components to realize the 5G requirements is to use non-orthogonal multiple access. One important enabler of non-orthogonal multiple access is signal spreading. In particular, spreading facilitates massive connectivity by providing additional degree of freedom, i.e. code domain, in user separation and more tolerance toward signal collisions [3].
In traditional CDMA systems, spreading is performed by simply multiplying the QAM symbol by a spreading sequence. This can be seen as simple repetition of QAM symbols which suffers the spectral efficiency, especially if the constellation size is large.

Multi-dimensional modulation is introduced in this contribution to provide an efficient way of signal spreading, which is useful for non-orthogonal multiple access scenarios. 
1.2 Introduction to Multi-Dimensional Modulation
Multidimensional modulation is simply the mapping of the input coded bits to the points in the multiple complex (containing both I and Q) dimensions [4]. This is a well-studied topic in the literature and there are several schemes proposed for designing good multi-dimensional constellations [5]-[7]. 

An example of a two-dimensional 16-point modulation is shown in Figure 1, wherein the complex valued point of a constellation point in the subspace is defined as projection point. Taking the constellation point 0000 as an example, the set of these four input bits are mapped to two different projection points over two time/frequency resource elements (REs). 
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Figure 1. Example of two-dimensional 16-point constellation
2 Benefits for Non-Orthogonal Multiple Access
Signal spreading would be a key enabler of non-orthogonal multiple access to address the key issues of 5G networks. In the following, some benefits of multi-dimensional modulation for signal spreading compared to linear spreading used in traditional CDMA systems are given. 

2.1 Better performance compared to linear spreading

As agreed in SID [2], designs for 5G RAN transmission should strive for enough flexibility to support current envisaged and future requirements for the different use cases. It is desired to have a flexible multi-user system that achieves a good portion of the capacity in all overloaded and underloaded cases. The problem with linear spreading is that it cannot make it, with a fact that linear spreading can be seen as simple repetition of QAM symbols which is not efficient especially if the constellation size is large.  Figure 2 shows the link-level performance comparison between the two-dimensional 16-point modulation shown in Figure 1 compared to the linear spreading of 16QAM over two dimensions. The simulation assumptions are given in Table 1 in the appendix.
As can be seen, multi-dimensional modulation provides significant gain over linear spreading.
Observation 1: Multi-dimensional modulation provides significant spectral efficiency improvement compared to linear spreading, especially when higher-order modulation is used. 
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Figure 2. Link-level performance comparison between two-dimensional 16-point and linear spreading of 16QAM.
2.2 Lower detection complexity by allowing lower number of projection points
To achieve good performance for the multi-user spread system, especially when it is overloaded, ML or near-ML decoding is needed. There are methods such as message passing algorithm (MPA) that can achieve almost the ML performance. However, their complexity can still be very high when the number of projections of the spread symbols is large. 
Multi-dimensional design for the spread constellation point makes it possible to have lower of projection points per complex dimension. An example is shown in Figure 3 where some constellation points collide over one RE but still separable over the other RE, making the total number of projection points equal to 9 instead of 16. This can significantly reduce the complexity of ML decoding when the number of multiplexed users is large, satisfying the massive connectivity requirement for mMTC applications. 
Observation 2: Multi-dimensional modulation provides lower detection complexity by allowing lower number of projection points compared to linear spreading.
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Figure 3. Example of two-dimensional 16-point constellation with lower number of projection points
3 Conclusions
In this contribution, we introduced multi-dimensional modulation, an efficient way of signal spreading, when adopted to support non-orthogonal multiple access and observed the following advantages:
Observation 1: Multi-dimensional modulation provides significant spectral efficiency improvement compared to linear spreading, especially when higher-order modulation is used.
Observation 2: Multi-dimensional modulation provides lower detection complexity by allowing lower number of projection points compared to linear spreading.
Based on the above observations, the following proposal is drawn:

Proposal: Further consider multi-dimensional modulation for non-orthogonal multiple access scenarios in 5G.
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Appendix
Table 1. Simulation Assumptions for Figure 2.

	Parameter
	Value

	Evaluated schemes
	Two-dimensional 16-point shown in Figure 1 vs. linear spreading of 16QAM over two symbols

	Channel model
	SISO AWGN

	Channel coding
	Turbo code with rate 0.5

	Number of data tones
	1920 (equivalent to 12 LTE RBs, no PDCCH overhead, including CRS overhead)

	Transport Block size
	1920 (Spectral Efficiency = 1)


