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[bookmark: _Ref129681862][bookmark: _Ref124589705]1	Introduction
In the RAN1 meeting #84bis, several contributions on the topic of modulation design for the NR system were discussed. It was proposed by several companies that in order to meet different requirements for various use cases, more advanced modulation schemes such as multi-dimensional modulation would be desirable for NR if there is clear performance benefits. 
In this contribution, we present spatial modulation as one type of multi-dimensional modulation. We compare and evaluate the performance of QAM, space shift keying (SSK) [1], and spatial modulation (SM) [2] schemes through link-level simulation.
2	Discussion
2.1 	Introduction to Spatial Modulation
QAM modulation is probably the most widely used modulation scheme in wireless communication systems. Current LTE systems support up to QAM256. Higher order modulation can be used in NR to achieve the downlink throughput target; however this can be achieved at the cost of higher SNR. Higher spectral efficiency is mainly achieved by combining modulation with MIMO techniques (e.g. spatial multiplexing). However, this approach also comes at the expense of lower energy efficiency due to the use of multiple Tx RF chains. Besides, in higher frequency bands, the channel rank is typically low, which limits the order of MIMO. 
An aggressive peak data rate and spectral efficiency KPI targets are proposed for NR [3], so it would be desirable to exploit all possible degrees (or dimensions) of freedom to transmit more information bits per channel use. Multi-dimensional modulation is one approach that can be considered for NR. Multi-dimensional modulation schemes can be designed and implemented in various forms. For example, FQAM [4], which is a combination of FSK and QAM, exploits signal domain and frequency domain for bearing information bits. In [5] another flavor of multi-dimensional modulation was introduced which relies on signal spreading across multiple constellations. 
Spatial modulation is an entirely new multi-dimensional modulation concept that exploits both spatial domain and signal domain to achieve high data rates with a very low system complexity. The basic idea of SM is to jointly map a block of information bits to a symbol in the signal-constellation diagram (e.g., QAM) and the spatial positions of the transmit-antenna in the antenna-array (e.g., SSK). Compared with spatial multiplexing where the channel capacity increases linearly with the minimum number of transmit and receive antennas, SM provides a multiplexing gain that increases logarithmically with the number of transmit-antenna without any bandwidth expansion. However, compared to transmit diversity schemes such as STBC, SM provides higher ergodic capacity. Another key advantage of SM is that all these spatial multiplexing gains are achieved using a single Tx RF chain given that only one transmit-antenna is activated for transmission at any time instance. The single RF chain configuration also offers significant advantage in energy efficiency compared to other multi-RF chain MIMO architectures. Receiver complexity is also relatively low when compared to conventional MIMO schemes since complicated interference cancellation algorithms are not required to separate multiple spatial streams. In the following, we briefly describe SSK and SM signal structure. It worth noting that when the information carrying domain is only the transmit-antenna index, SM reduces to SSK modulation.
Space Shift Keying
[bookmark: _GoBack]For a space shift keying modulation format is restricted to having only one non-zero term in the position, based on which transmit antenna is active for a particular channel use. This concept is somewhat similar to SR PUCCH Format 1 in LTE which is based on a simple on-off keying and can be written as:
.
With this observation the system model for an SSK system can be written as:
,
where is the column of the channel matrix.  With this the MLD detector is now written as follows
,
where is the estimated active transmit antenna index and  is the number of transmit antennas used to bear information bits This is called -SSK and its rate is . 

Spatial Modulation 
For spatial modulation a single antenna index is active at any given time as in SSK, but in contrast to SSK a conventional QAM symbol is transmitted from that antennas.  In this case can be written as:
,
where indicates one of  conventional QAM modulation symbols active on the transmit antenna. 
With this observation the system model for an SM system can be written as:
,
where is the column of the channel matrix, and is the QAM symbol. Noteis dropped from since it is accounted for with the  being used. In this case the MLD detector is written as follows:
.
The rate of spatial modulation with -SSK and M-QAM is .
A simplified view of the system models used is shown in Figure 1, and Figure 2 for SSK, and SM, respectively.




[bookmark: _Ref444772821]Figure 1. SSK Baseband Transmitter/Receiver



[bookmark: _Ref450765087]Figure 2. SM Baseband Transmitter/Receiver
2.2  Performance Comparison of QAM, SSK and Spatial Modulation
[bookmark: _Ref450071615]In this contribution, we investigate and compare the performance of QAM, SSK and SM. Although the figures above do not explicitly show a channel encoder/decoder, all simulations were performed with LTE based Turbo encoding/decoding. The detailed simulation assumptions can be found in Appendix. We further assume a maximum likelihood detector (MLD) with ideal channel knowledge at the receiver.  
We first compare the performance of conventional M-QAM and -SSK for the same rate, where it is assumes M is equal to . 
Figure 3 and Figure 4 show the Raw BER and BLER performance comparison between M-QAM and M-SSK with 4 receiver antennas, respectively. It can be seen from these figures that BPSK outperforms 2-SSK, QPSK has similar performance as 4-SSK, while for M > 4, M-SSK significantly outperforms M-QAM. This could be due to the fact that with the increase of M, the Euclidean distance of M-QAM becomes smaller, resulting in higher error probability due to lower noise tolerance. 
Observation 1: BPSK outperforms 2-SSK, QPSK has similar performance as 4-SSK. For M>4, M-SSK outperforms M-QAM, and more gain can be achieved by M-SSK than M-QAM with the increase of M.
[image: ]
[bookmark: _Ref450746502]Figure 3. SSK vs. QAM RawBER Performance for RX=4

[bookmark: _Ref450817966][bookmark: _Ref450747794][image: ]
[bookmark: _Ref450898770]Figure 4. SSK vs. QAM BLER Performance for RX=4

Figure 5 shows the Raw BER and BLER performance comparison between 64-SSK and 64-QAM with varying number of Rx antennas. It can be seen that by increasing the number of receive antennas even more gain can be achieved by than 64-QAM. This implies that more receiver diversity gain can be achieved by 64-SSK. This might be expected for any performance comparison between M-SSK and M-QAM. This feature of SSK makes it a good modulation candidate for UL mMTC applications where low cost UEs are equipped with only single Tx RF chain 
Observation 2: For a given M, more gain can be achieved by M-SSK than M-QAM when increasing the number of receiver antennas.

 [image: ] [image: ]
[bookmark: _Ref450839900]Figure 5. 64-SSK vs. 64-QAM RawBER and BLER Performance for Varying Number of Rx Antennas
Figure 6 depicts the performance, in terms of the raw BER and BLER, for different configurations of an SM system with a rate of 6 bits per channel use. Each configuration corresponds to a different allocation of 6 bits to the spatial domain and the signal domain. In general, the figures show significant performance improvement, when more bits are allocated to the spatial domain and less bits are allocated to the signal domain. However, this performance gain is not significant when QPSK/BPSK on signal domain is used. Therefore, the mapping of a block of information bits into two information carrying domains is one key design aspect of SM.   
 Observation 3: The mapping of a block of information bits into spatial and signal domains is one key design aspect of SM.  
Proposal 1: Multi-dimension modulation schemes such as spatial modulation need to be evaluated for NR.
[image: ] [image: ]
[bookmark: _Ref450897929]Figure 6. 6Bit-SSM RawBER and BLER Performance for RX=4
3	Conclusion
In this contribution, we investigated QAM, SSK and spatial modulation schemes, and compared their performance through link-level simulations. We propose the following: 
Proposal 1: Multi-dimension modulation schemes such as spatial modulation need to be evaluated for NR.
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Appendix: Simulation Assumptions
[bookmark: _Ref447041864]Table 1 Simulation assumptions for performance comparisons 
	Parameter
	Value

	Evaluated schemes
	QAM vs. SSK vs. SM

	Channel model
	Rayleigh Frequency-Flat Fading 

	Channel coding
	Turbo code with rate 0.5

	Transport Block size
	584 bits
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QAM vs. SSK Raw BER Performance, Rx Antennas = 4
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QAM vs. SSK BLER Performance, Rx Antennas = 4
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