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1 Introduction
The discussion on feasible sub-carrier spacing has been ongoing in RAN4 during the SI phase. For sub-6 GHz bands, the conclusion on sub-carrier spacing was 15 kHz, 30 kHz and 60 kHz while for mm-wave frequencies, due to impact of phase noise as it degraded with frequency, an empirically validated parameterized model covering the proxy frequencies of 30 GHz, 45 GHz and 70 GHz was presented.

In this paper, we present link simulation results using the parameterized phase noise model for different delay spread and modulation.

2 Discussion
In the NR WID approved in RAN # 75, the objectives cover frequency bands up to as following (extract from NR WID):

The work item should specify the NR functionalities for enhanced mobile broadband (eMBB) and ultra-reliable low-latency-communication (URLLC) as defined in [TR38.913]. The NR under this work item should consider frequency ranges up to 52.6 GHz.

The frequency ranges in the WID corresponds to proxy frequencies of 30 GHz and 45 GHz and thus the link simulation results in this paper based on corresponding phase noise models as presented in [1] and shown in Figure 1.
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Figure 1
Phase noise model

The simulations assumptions are summarized in table 1.
Table 1
Simulation assumptions
	Speed
	3 km/h

	Tx antenna
	traditional_channel_model_antenna_1_ports

	Rx antenna
	traditional_channel_model_antenna_2_ports

	Number or layers
	1

	DMRS pattern
	Two different patterns as in Figure 2

	PTRS pattern time density
	Every OFDM symbol

	PTRS pattern freq. density
	1 sc each 2 PRB

	Phase noise model
	As proposed in R4-1701165 applied on both BS and UE. To capture the worst case, the phase noise in both receive antenna ports was fully correlated

	Channel estimation
	Practical LMMSE

	OFDM symbols per frame
	14

	Scheduled BW
	32 PRB

	Channel Model
	TDL-B for delay spread of 100 ns, TDL-C for delay spread of 200 ns and 300 ns


The analysis in this paper cover 60 kHz, 120 kHz and 240 kHz sub-carrier spacing and two possible DMRS patterns as in Figure 2.
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Figure 2
DMRS and PTRS pattern
3 Simulation results

The simulation results in this chapter cover modulation and coding rates of  QPSK(1/2), 16QAM (3/4) and 64QAM (5/6) where the solid lines represent the ideal case with no phase noise and dashed line is with phase noise and CPE compensation. For 30 GHz case, the simulation results with phase noise without CPE compensation was also considered to investigate the need and performance of CPE compensation in mm-wave frequency ranges.
3.1 For 30 GHz with 100ns, 200ns and 300 ns delay spread
60 kHz sub-carrier spacing, DMRS pattern 1
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120 kHz sub-carrier spacing, DMRS pattern 1
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240 kHz sub-carrier spacing, DMRS pattern 1 
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The simulation results indicate that the optimum performance for higher order modulation (64QAM) in this analysis is achieved when sub-carrier spacing of 60 kHz is used in particular for channels with delay spread of 200 ns and 300 ns. For higher sub-carrier spacing, i.e. 240 kHz, the degradation seems to be quite substantial. 
Observation 1:

60 kHz sub carrier spacing seems to results in optimum performance.
I addition, regardless of modulation, the CPE compensation improves the performance significantly and is essential when mm-wave frequency bands are concerned.
Observation 2:

CPE compensation is improving the performance significantly and is necessary.
Similar results are obtained for DMRS pattern 2 with denser DMRS for sub-carrier spacing of 120 kHz and 240 kHz are presented in Annex A. The analysis with denser DMRS pattern for 120 kHz and 240 kHz SC-spacing was to increase the energy in the reference signals and improve the performance.
3.2 For 45 GHz with 100ns, 200ns delay spread 
60 kHz sub-carrier spacing, DMRS pattern 1

[image: image6]
120 kHz sub-carrier spacing, DMRS pattern 1 
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240 kHz sub-carrier spacing, DMRS pattern 1 
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The simulation results for 45 GHz indicate that given the phase noise model and channel with delay spread up to 200 ns, the optimum performance is achieved when sub-carrier spacing of 60 kHz is used.

Considering the analysis and link simulations presented in this paper, the 60 kHz sub-carrier spacing would result in best performance and thus should be considered for frequency bands within 24-45 GHz.
Proposal 1:

The supported sub-carrier spacing for mm-wave frequency range up to 52 GHz should be set to 60 kHz, 120 kHz and 240 kHz at this stage.

Further studies might result in a down selection of sub-carrier spacing for mm-wave frequency ranges.
4 Conclusion
In this paper, the link level simulation results for proxy frequencies of 30 GHz and 45 GHz, taking to account the parameterized empirically validated phase noise model was presented. The results indicate that the best performance is obtained at sub-carrier spacing of 60 kHz for both proxy frequencies. In addition, the CPE compensation is improving the performance quite significantly and is a necessity for mm-wave frequency bands and thus the following observations:
Observation 1:

60 kHz sub carrier spacing seems to results in optimum performance.
Observation 2:

CPE compensation is improving the performance significantly and is necessary.
In the context of feasibility of sub-carrier spacing for mm-wave frequency bands, the 60 kHz sub-carrier spacing should be included as an option. We thus would propose the following:
Proposal 1:

The supported sub-carrier spacing for mm-wave frequency range up to 52 GHz should be set to 60 kHz, 120 kHz and 240 kHz at this stage.
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ANNEX A: Simulation results for DMRS pattern 2

30 GHz and 120 kHz subcarrier spacing
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30 GHz and 240 kHz subcarrier spacing
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