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1. Background
In [1], the Phase noise performance in terms of FoM (Figure of Merit) considering empirical data and VCO tuning range for various Silicon based technologies was presented. As phase noise degrades over frequency and is essential to consider for reaching certain signal quality (EVM) and selection of proper numerology, it is essential to document the phase noise performance for frequency ranges 7-24 GHz which needs to be considered when specific frequency bands in future WI will be standardized. 
The intention with this paper is to propose text to capture the phase noise performance trends for Silicon based technologies.

2. Proposal
It is proposed that the attached text proposal is included in TR 38.820 [2].
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[bookmark: _Toc2329514]6.2	Selection of example frequencies
Editor’s note: Identify representative example frequencies for study
[bookmark: _Toc2329515]6.3	RF technology considerations in the 7-24 GHz range
[bookmark: _Toc2329516]Editor’s note: This section is intended to capture conclusions on the performance of key technologies in the BS and UE in the range, such as power amplifiers, filters, receivers, phase noise etc
6.3.1 PA trends
6.3.2 Phase Noise trends
Low phase noise is instrumental for low EVM (and high order modulation support) as well as for low impact from blockers due to reciprocal mixing between blocker signal and phase noise. At the same there are limits on attainable levels of phase noise for a given DC power budget and the carrier frequency being considered.
The Phase Locked Loop (PLL) used to generate the LO signal has a voltage (or digitally) controlled oscillator, here referred to VCO. The VCO dominates power consumption and phase noise of the PLL and dimensioning for the remaining parts of the PLL. The VCO performance is commonly captured through a Figure-of-Merit (FoM) allowing for comparison of various VCO implementations although they are operating at different frequencies and different levels of phase noise. The FoM is defined by 

Here  is the phase noise of the VCO in dBc/Hz at a frequency offset  with oscillation frequency  (both in Hz) and power consumption  in mW. Thus, lower FoM is better. One noticeable result of this expression is that both phase noise and power consumption in linear power are proportional to . Thus, to maintain a phase noise level at a certain offset while increasing  by a factor R would require the power to be increased by  (assuming a fixed FoM). Conversely, for a fixed power consumption and FoM the phase noise will increase by , or 6dB per every doubling of . 
It is also worth noting that there are fundamental limits on the attainable FoM and the room for further improvements is limited.
In this sub-clause, the discussion around trends for phase noise based on empirical data as well as the impact of VCO tuning range is further elaborated.
The FoM definition aims to be frequency agnostic but in practice there is an implementation penalty associated with higher frequencies as shown in the figure below, where FoM of recently published VCO designs in silicon-based technologies are compared. If there were to be no implementation penalties the best FoMs would be on par for all frequencies. A rough estimation of the implementation penalty is roughly 5-10dB/decade (~1.5-3dB/octave) depending on whether the trend is derived from only the best data points (at the performance envelope) or the general trend of all data points.
[image: ]
Figure 6.3.2-1	Phase noise FoM
One aspect not accounted for in FoM is the tuning range of the VCO and thus the maximum possible frequency range of the PLL. It is a well-established fact that preserving a tuning range (when defined in % of LO frequency) is increasingly difficult for increasing frequency. Thus, an empirical but widely accepted extension of the original FoM accounts for tuning range  in % as follows:

 calculated for the same data set as above is shown in the plot below and it is clearly seen that accounting for tuning range worsens the penalty further for higher frequencies, with an additional ~7.5dB/decade or 2.3dB/octave. 
[image: ]
Figure 6.3.2-2	Phase noise FoM considering VCO tuning range
Now, as for the actual tuning range of the VCOs the picture is quite scattered as shown below. Rather high tuning range is still possible at higher frequencies, but this comes at the expense of increased DC power and worse phase noise performance, at a given offset, here  =1MHz. The trend shows close to 20dB/decade of degradation as expected from the expression for  (assuming  would have been frequency agnostic). But since a  degradation of some 5-10dB/decade was identified for increasing frequencies this phase noise performance comes at the cost of increased power consumption. Thus, for a given power consumption budget the phase noise at the rightmost side would actually be 10dB worse.
[image: ]
Figure 6.3.2-3 Phase noise FoM considering actual VCO tuning range
In conclusion, phase noise will worsen significantly across the roughly 2 octaves of frequency range considered (7-24 GHz) and it can only partly be addressed by increasing power consumption. Thus, considering the thermal and performance aspects, phase noise is an important parameter to consider when technology feasibility work is conducted for frequency ranges of 7-24 GHz. 
6.4	Key parameters over the 7-24 GHz range
Editor’s note: Conclusions on ranges for some key parameters from a technology capability perspective (Output power, ACLR, noise figure etc.)
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