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Introduction
It was agreed in RAN1 meeting #86bis [1] that for New Radio (NR), the same constellation mapping as used in LTE is introduced, while not precluding other constellation mappings. It was also agreed to further study several enhancement modulation schemes for NR, which include spatial modulation, constellation mapping among subcarriers, other constellations, etc. It was further agreed in RAN1 NR Ad-Hoc meeting [2] that  BPSK modulation is supported for DFT-s-OFDM in NR. 
[bookmark: _GoBack]The contribution [3] evaluates the performance of dual-carrier modulation and shows its performance gain over QPSK modulation due to frequency diversity. The contribution [4] provides a new constellation and shows its low PAPR performance compared to QAM modulation. Spatial modulation (SM) provides the benefit of lower power consumption, lower complexity and lower cost than multi-RF chain MIMO architectures for NR. The performance advantage of SM is presented in [5]. 
In this contribution, we further evaluate the performance of spatial modulation by taking into account the impact of spatial correlation and imperfect channel estimation. We compare and evaluate the performance of QAM, space shift keying (SSK), and SM schemes with spatial correlation and imperfect channel estimation through link-level simulation.
Discussion  
2.1 Spatial Modulation with Spatial Correlation and Imperfect Channel Estimation
As described in [5], spatial modulation exploits both spatial and signal domains to achieve higher data rates by jointly mapping 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). The 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 multi-RF chain MIMO architectures.
However, because of the single RF-chain configuration used for spatial modulation, the channels from all transmit antennas cannot be estimated simultaneously, which may impact channel estimation. In light of this fact, it’s important to assess the performance of SM in the presence of imperfect CSI. Furthermore, real-world channels exhibit spatial correlation amongst the different antennas, which can also impact the performance of SM. We investigate and compare the performance of QAM, SSK, and SM in the presence of both spatially uncorrelated and correlated channels under both ideal and imperfect channel estimation. 
Channel estimation is most commonly performed using a-priori known training sequences. We assume a least squares (LS) estimator and constant energy orthogonal sequences, which results in a channel estimate as follows [6]:
 , 
where , and  is the average SNR.
Spatial correlation is commonly modelled using the so-called Kronecker model [7], which assumes independent correlation at the transmitter and receiver and is written as:
 , 
where   respectively represent the square root of the spatial correlation matrix at the receiver and transmitter. We adopt a commonly used real valued correlation matrix defined as follows [8]:
 ,
where  is the row index of , is the column index of , and  represents the amount of correlation between the antennas. If the spatial correlation  is 0, then the channel reduces to spatially uncorrelated channel. 

2.2 Performance Comparison of QAM, SSK and Spatial Modulation
In this contribution, we investigate and compare the performance of QAM, SSK, and SM in the presence of both spatially uncorrelated and spatially correlated channels, under both ideal and LS channel estimation. All simulations were performed with LTE based Turbo codes. The detailed simulation assumptions can be found in the Appendix. 
We first compare the performance of conventional -QAM and -SSK, with the modulation order  equal to the number of transmit antennas.
Figure 1 shows the raw BER and BLER performance comparison between 64-QAM and 64-SSK with 4 receiver antennas. 
It can be seen from the figure that with spatially uncorrelated channel (denoted by SC=0), 64-SSK provides better performance than 64-QAM under both ideal and LS channel estimation. With spatially correlated channel by setting  as 0.5, 64-SSK also provides better performance than 64-QAM under both ideal and LS channel estimation. 
Similarly, Figure 2 shows the Raw BER and BLER performance comparison between 16-QAM and 16-SSK with 4 receiver antennas. Similar observations as the case of 64-QAM and 64-SSK are obtained. 
It is also observed from Figure 1 and Figure 2 that the performance degradation of M-SSK from spatially uncorrelated channel to spatially correlated channel is more severe than M-QAM. This is because a single Tx antenna is used for the M-QAM case in our simulations, and the performance degradation for M-QAM only results from the receiver side. 
Observation 1: With both spatially uncorrelated channel and spatially correlated channel, M-SSK provides better performance than M-QAM under both ideal and LS channel estimation.
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[bookmark: _Ref462868454]Figure 1. 64-SSK vs. 64-QAM Raw BER and BLER Performance for RX=4
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[bookmark: _Ref462868464]Figure 2. 16-SSK vs. 16-QAM Raw BER and BLER Performance for RX=4

Figure 3 compares the performance of two SM system configurations at the effective modulation order of 6 bits. One SM system configuration is to use QPSK and 16-SSK modulations, and the other SM system configuration is to use 16-QAM and 4-SSK modulations. It is seen from the figure that with both spatially uncorrelated and spatially correlated channels, SM with QPSK and 16-SSK modulations always outperforms SM with 16-QAM and 4-SSK modulations, under both ideal and LS channel estimations. 

This suggests that the mapping of a block of information bits into two information carrying domains (i.e., spatial domain and signal domain) is one key design aspect of SM, as in [5]. 
 
Observation 2: With both spatially uncorrelated channel and spatially correlated channel, SM with QPSK and 16-SSK modulations provides better performance than SM with 16QAM and 4-SSK modulations, under both ideal and LS channel estimation. 
Observation 3: SM with more bits allocated to the spatial domain provides better performance than SM with more bits allocated to the signal domain. 

Proposal 1: Spatial modulation could be further evaluated for new radio.
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[bookmark: _Ref450897929]Figure 3. 6-bit SM raw BER and BLER Performance for RX=4

Conclusion
In this contribution, we investigated QAM, SSK and spatial modulation schemes, and compared their performance in the presence of both spatially uncorrelated and correlated channels under both ideal and imperfect channel estimation through link-level simulations. Our simulation results show that:
Observation 1: With both spatially uncorrelated channel and spatially correlated channel, M-SSK provides better performance than M-QAM under both ideal and LS channel estimation.
Observation 2: With both spatially uncorrelated channel and spatially correlated channel, SM with QPSK and 16-SSK modulations provides better performance than SM with 16QAM and 4-SSK modulations, under both ideal and LS channel estimation. 
Observation 3: SM with more bits allocated to the spatial domain provides better performance than SM with more bits allocated to the signal domain. 

Hence, we propose the following: 
Proposal: Spatial modulation could be further evaluated for new radio.
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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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