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1	Introduction
RAN4 agreed the way forward on subcarrier spacing for NR [1]. The following was approved:

· RAN4 study in SI phase and intermediate reply to RAN1 (R4-1700239) will be based on per frequency range.
· A minimum of two ranges are considered as start point
· Below 6GHz
· Above 24 GHz
· More ranges may need to be added depending on the results of the study below
· 15kHz, 30kHz, 60kHz, 120kHz and 240kHz are considered as subcarrier spacings in phase 1 study

Companies are encouraged to provide contributions focus on following topics for RAN4#82.
· Phase noise model
· Feasible subcarrier spacings per frequency band with analyse on 
· Supported channel bandwidth
· Support for URLLC
· Test
· EVM
· Implementation impact due to multiple subcarrier spacing
· Others are not excluded

Phase noise, caused by oscillator implementation, requires specific consideration especially in high carrier frequencies. In this contribution we focus on the realistic oscillator phase noise model that can be utilized for evaluation of NR. 

2	Oscillator Phase Noise model

To reach consensus on sub-carrier spacing considering the phase noise impact, RAN4 should reach consensus on the phase noise model which can be used for different frequency bands in the mm-wave frequency range.

Phase noise (PN), caused by oscillator implementation technology destroys the orthogonality of subcarriers in OFDM. Like illustrated in Figure 1, this causes common phase error (CPE), causing a constant rotation angle of the modulation constellation, and inter-carrier interference (ICI), causing scattering of the constellation points, in OFDM based systems. This further limits the maximum received SNR especially at higher carrier frequencies. The PN impact may be handled by using large subcarrier spacing and PN estimation and compensation at the receiver. Further evaluation of NR numerology and PN compensation methods is required with respect to a proper oscillator model.

Proposal #1: Define an oscillator phase noise model and related parameter configurations for simulation purposes. 
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[bookmark: _Ref447188729]Figure 1. Impact of phase noise to modulation constellation.

The PN impact is dependent on the utilized oscillator performance, modelled by oscillator power spectral density (PSD). Figure of merit (FOM) is a parameter characterizing the component performance and is typically announced by the component manufacturer. Oscillator performance is also dependent on the amount of consumed power. Here, it can be estimated that less than ~50 mW total oscillator power consumption would be feasible at least regarding the user equipment. In other words, oscillator models with good performance but with high power consumption are not found feasible for a user device.

Like illustrated in Figure 2, the total PSD of a phase-locked loop (PLL) oscillator consists of the different sub-components on the oscillator circuit, namely reference clock, PLL loop components and the voltage controlled oscillator (VCO). VCO part can be typically understood to further consist of 1/f2 and 1/f3 sub-components. Typically, the reference clock and PLL components dominate the PSD inside the closed loop bandwidth of the PLL, and the VCO is the main impacting sub-component outside the loop bandwidth. When considering relatively small subcarrier spacing values (smaller than the PLL loop bandwidth), the significance of the terms dominating the PSD inside the loop bandwidth range will increase also in terms of ICI. Thus, neglecting these components from the oscillator modelling may result in too optimistic model especially in case of large loop bandwidths. 

For example, the well-known PN PSD formula utilized in 802.11

																			(1)

may be understood to contain some of the basic PLL oscillator sub-components:
 
· PSD0 may be interpreted to represent the upper floor level (consisting of e.g. PLL floor)
· exponent 2 in the formula represents the slope of VCO 1/f2 sub-component
· fp can be understood to estimate the loop BW
· fz is representing the lower saturation level of VCO 1/f2 sub-component. 

However, in this simple model the impact of reference clock, PLL jitter and VCO 1/f3 sub-components are not included properly.
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[bookmark: _Ref447093765]Figure 2. Basic sub-components of a PLL oscillator PSD.

A PSD which is narrower in frequency will produce phase noise which is more correlated in time than a PSD which is wider in frequency. The correlation properties of the utilized oscillator model are important because a fully correlated phase noise, regardless of how strong, will mean that the phase can be completely tracked from symbol block to symbol block. Uncorrelated phase noise means that the phase is impossible to track in such a manner. However, if the phase noise has low magnitude it will not affect the performance that severely. To enable evaluation of this effect, oscillator model parameterizations with different loop BWs values could be defined.
Proposal #2: Model total oscillator PSD by using a PLL-based model including the impact of reference clock, loop filter noise and VCO sub-components.
Proposal #3: Include the impact of feasible component FOM, power consumption and loop bandwidth to the oscillator PSD model and/or to its parameterization(s). 
fc is output carrier frequency of the oscillator circuit. A typically used estimation is that a decade of increase in carrier frequency increases the corresponding PSD with 20 dBc/Hz. It may be possible that also some other dependencies between the performance and carrier frequency exist. These impacts are ignored here for simplicity and is left for further analysis.
Proposal #4: Define the dependency of the oscillator PSD level w.r.t carrier frequency of the oscillator output. By default, 20dBc/Hz increase of PSD per decade of increase in carrier frequency is proposed.

Let SRef(f), SPLL(f) and SVCO(f) be the phase noise spectrum components of the reference clock, loop and VCO sub-components.

· SVCO(f) consists further of 1/f2 and 1/f3 components: SVCO(f) = SVCO_v2(f) + SVCO_v3(f) 

The total oscillator PSD STot(f) can be constructed by summing these sub-components together with including the transfer function of the utilized loop filter [2]. Typically, 3rd or 4th order filters are used as a loop filter. A quick and simplified estimation of the closed loop performance of the PLL can be obtained by assuming that the loop bandwidth equals approximately to the frequency where the reference clock + PLL and the free running VCO phase noise are equal and by utilizing a simple step function to model the loop filter:

														(2)

The listed sub-components can be modelled separately utilizing the following common formula:

 															(3)
where 
																	(4)
Here, FOM is defined as the phase noise spectrum value normalized to 1 Hz carrier frequency, to 1 Hz frequency offset from the carrier and to 1 mW transmission power. For simplicity, the FOM definition here does not include normalization w.r.t phase detector frequency. FOM, the corner frequency fz defining the saturation level at high frequencies (in case no saturation is modelled, fz can be se to infinity), power consumption P of the sub-component and parameter k defining the slope of the sub-component PSD are defined separately for the different sub-components. The values for k are listed in Table 1. 
[bookmark: _Ref447097395]Table 1: Value of k for different sub-components.
	Sub-component
	SRef
	SPLL
	SVCO_v2
	SVCO_v3

	k
	2
	1
	2
	3



Construction of the total PSD is illustrated in Figure 3. Here, an example of a possible oscillator model output with 30 GHz carrier frequency is shown. 
· The loop BW is set as 100 kHz
· FOMs of reference clock, PLL, VCO v2 and VCO v3 are set to -220 dBc/Hz, -240 dBc/Hz, -185 dBc/Hz and -130 dBc/Hz respectively
· Corner frequencies fz of reference clock, PLL, VCO v2 and VCO v3 are set to “Inf” (no saturation), 10 kHz, 28 MHz and “Inf” (no saturation) respectively
· ~10 mW power consumption is assumed for reference clock and ~20 mW power consumption is assumed for PLL and VCO components, leading to ~50 mW total power consumption. 
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[bookmark: _Ref447106020]Figure 3. Generation and sub-components of the total oscillator PSD curve.

3				Conclusions
In this contribution we have discussed modelling of oscillator performance for evaluation purposes of NR. As a conclusion, we make the following proposals:

Proposal #1: Define an oscillator phase noise model and related parameter configurations for simulation purposes. 
Proposal #2: Model total oscillator PSD by using a PLL-based model including the impact of reference clock, loop filter noise and VCO sub-components.
Proposal #3: Include the impact of feasible component FOM, power consumption and loop bandwidth to the oscillator PSD model and/or to its parameterization(s). 
Proposal #4: Define the dependency of the oscillator PSD level w.r.t carrier frequency of the oscillator output. By default, 20dBc/Hz increase of PSD per decade of increase in carrier frequency is proposed.
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