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Overview
In millimeter wave systems the power of phase noise is considerably stronger than in sub-6Ghz systems. Phase noise rotates the contents of all subcarriers and additionally causes interference between them. The latter can be mitigated by increasing the tone spacing. 
In this contribution we are looking at tonespacings of 60kHz, 120kHz, 240kHz and 480kHz. For fair comparison, the relative CP overhead is kept the same for all tone spacings.  This means that with increasing tone spacing, the absolute CP duration shrinks and thus intersymbol interference becomes more likely. 
This contribution attempts to select the tone spacing such that the right tradeoff between mitigation of phasenoise and intersymbol interference is made.
Introduction 
The evm of the millimeter wave airlink is impacted by many artifacts such as transmitter and  receiver non-linearities, iq-imbalances, quantization noise, thermal noise, interference, inaccuracy of channel estimation, intersymbol interference and phase noise to name a few. Tone spacing impacts only the effect of the last two artifacts. 
Observation 1: From most artifacts of the millimeter wave link, two are directly affected by tone spacing, if the relative CP overhead is kept constant. These are the phase noise and the intersymbol interference caused by channel delay spread exceeding the CP length. 

The power of the phase noise rises with the carrier frequency. Therefore, in contrast to the sub-6 Ghz domain, phase noise can have a substantial impact on the performance of the millimeter wave airlink. When using the CPE (Common phase error) method, the phase noise related evm falls with increased tone spacing (see for example Figure 3).  On the other hand as outlined above an increased tone spacing has to be paired with a shortened cyclic prefix (CP) to keep the CP overhead fixed. At some point the reduced CP length will become shorter than the delay spread of the channel and will cause intersymbol interference. 
Therefore it is advisable to look at the evm caused by both, phase noise and intersymbol interference, as a function of the tone spacing. In section 3, we will select the tone spacing for which this evm becomes minimum. 

Simulation scenario and parameters
We assume that the most of the phase noise of the link comes from the UE. Our simulation is based on the phase noise model outlined in [2] as a way forward. We have adapted it to a carrier frequency of 30GHz. The delay spread of the channel depends on the channel model and the beamforming at the transmitter and receiver (Sharper beams will cause smaller delay spreads).
Table 1 summarizes the simulation assumptions.
	Bandwidth
	100Mhz

	Power spectrum of phase noise
	Way forward proposal outlined in figure 4 of [2] reduced by 20dB*log10(40Ghz/30Ghz) 

	Subcarrier Spacing 
	60 kHz, 120kHz, 240kHz, 480kHz

	Duration of cyclic prefix 
	1.19µs, 0.6µs, 0.3µs, 0.15µs

	Channel Model
	CDL-B (see 3GPP TR 38.900 V1.0.0 table 7.7.1)

	NB antenna array
	64x4

	UE antenna array 
	4x2



Table 1: Simulation assumptions
The appendix shows post beamforming rms delay spreads for the non-line of sight (NLOS) channel models CDL-A, B, C with various scenarios. As one can readily see, the CDL-B channel assumes the maximum delay spread in all categories and has therefore been chosen for the simulations. As scenarios we have selected the “nominal” and “very long delay” option. As this performance study is geared towards a data transmission scenario, a narrow beam at the NB is assumed, which is assumed to be generated by a 64x4 array.
Figure 1 and Figure 2 illustrate the impact of the intersymbol interference in different delay scenarios on the receiver evm, while phase noise is absent. The study also consideres the influence of digital front end filters at both the receiver and transmitter, which causes small additional delay spread. The results show that the receiver evm due to intersymbol interference increases with tone spacing. For reference, Figure 2 shows the impact of a wider beam as generated by a smaller 8x4 array.
An increase of the tone spacing from 60kHz to 120kHz causes only negligible deterioration of the evm for the narrow beam (64x4), except for the 90% percentile of the “very long delay” scenario, which can be considered borderline. 
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Figure 1: Evm due to intersymbol interference with 64x4 array at NB
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Figure 2: Evm due to intersymbol interference with 8x4 array at NB.
Figure 3 shows the impact of phase noise alone for different tone spacings, in terms of receiver evm. An approximate 3-4dB improvement is observed when doubling the tone spacing in the range from 60 kHz to 480 kHz.
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Figure 3: Evm due to phase noise (without considering intersymbol interference).
Finally, Figure 4 depicts the compounded effect of both, phase noise and intersymbol interference. 
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Figure 4: Evm due to phase noise and intersymbol interference with 64x4 array at NB.


Observation2: Increasing the tonespacing from 60kHz to 120kHz causes a noticeable improvement in many cases and in the worst category the performance remains the same. 
Observation3: Increasing the tone spacing to 240kHz is only advantageous for the “normal delay” category and a further increase to 480kHz reduce performance for all categories. 

Conclusion
[bookmark: _Ref442441852][bookmark: _Ref441562466]Observation 1: From most artifacts of the millimeter wave link, two are directly affected by tone spacing, if the CP overhead is kept constant. These are the phase noise and intersymbol interference caused by channel delay spread exceeding the CP length. 

Observation 2: Increasing the tonespacing from 60kHz to 120kHz causes a noticeable improvement in many cases and in the worst catgory the performance remains the same.

Observation3: Increasing the tone spacing to 240kHz is only advantageous for the “normal delay” category and a further increase to 480kHz reduce performance for all categories. 
Proposal 1: Prioritize a tone spacing of 120 kHz for millimeter wave airlinks.
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Appendix
[bookmark: _GoBack]Tables 2 and 3 show the RMS delay spread results of NLOS channels for different array sizes at NB, using the CDL-A, B, C models in 3GPP TR 38.900. In the simulations, we assume 20 rays in each cluster with random phases. We apply directional beamforming to the angles of the strongest cluster in power. The pre-beamforming RMS delays for different scenarios are taken from Table 7.7.3-1 in 3GPP TR 38.900. The results in Table 2 and Table 3 indicate that the RMS delay spread can be significantly reduced in millimeter wave systems using directional beamforming. 

	Scenario
	Pre-beamforming
RMS delay (ns)
	Post-beamforming RMS delay (ns)

	
	
	CDL-A model
	CDL-B model
	CDL-C model

	
	
	median
	90% tail
	median
	90% tail
	median
	90% tail

	Very short delay
	10
	0.7
	1.0
	0.7
	1.0
	0.2
	0.5

	Short delay
	30
	2.2
	2.9
	2.2
	2.9
	0.6
	1.5

	Nominal delay
	100
	7.3
	9.7
	7.2
	9.7
	1.9
	5.0

	Long delay
	300
	21.9
	29.1
	21.6
	29.1
	5.6
	14.7

	Very long delay
	1000
	72.9
	97.0
	72.1
	97.1
	18.7
	48.9


Table 2: RMS delay spread for NLOS CDL channel models using 64x4 array at NB.

	Scenario
	Pre-beamforming
RMS delay (ns)
	Post beamforming RMS delay (ns)

	
	
	CDL-A model
	CDL-B model
	CDL-C model

	
	
	median
	90% tail
	median
	90% tail
	median
	90% tail

	Very short delay
	10
	0.7
	1.0
	0.8
	3.5
	0.7
	2.3

	Short delay
	30
	2.2
	3.0
	2.4
	10.5
	2.2
	7.0

	Nominal delay
	100
	7.4
	9.9
	8.1
	35.1
	7.4
	23.4

	Long delay
	300
	22.2
	29.7
	24.3
	105.4
	22.3
	70.1

	Very long delay
	1000
	74.0
	99.1
	81.1
	351.4
	74.3
	233.7


Table 3: RMS delay spread for NLOS CDL channel models using 8x4 array at NB.
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