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Introduction
The draft skeleton of technical report of NR studies on RF and coexistence aspects has been approved in RAN4#79 in [1]. 
In this contribution, we propose texts related to LO generation and phase noise aspects of mmwave technologies for TR 38.803.
Text proposal
The following text proposal is related to Section 6.1. 
<<<<< START of TEXT PROPSOAL >>>>>
[bookmark: _Toc452032728][bookmark: _Toc452032723]6.1	Common issues for UE and BS
Editor’s note: Common RF issues for both UE and BS RF requirement feasibility are captured
6.1.X	LO generation and phase noise aspects for mm-wave technologies
All modern communication systems apply a Local Oscillator (LO) to shift carrier frequency up- or down-wards in their transceivers. A critical LO feature is the so-called Phase Noise (PN) of the signal generated by the LO. In plain words phase noise is a measure of how stable the signal is in the frequency domain. Its value in dBc/Hz at a given offset frequency f describes how likely the signal frequency deviates by f from the desired frequency, f0.
LO phase noise may significantly impact system performance; this is illustrated, though somewhat exaggerated, by Figure 6.1.X-1 in which the constellation diagram for a 16-QAM signal is compared for cases with and without phase noise. For a given level of symbol error rate, phase noise limits the highest modulation scheme that may be utilized. In other words, different modulation schemes pose different requirements on the LO phase noise level.
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Figure 6.1.X-1: Constellation diagram of a 16-QAM signal without (left) and with (right) phase noise.
6.1.X.1 Phase noise characteristics of free-running oscillators and PLLs
The most common circuit solution for frequency generation is to use a Voltage Controlled Oscillator (VCO). The phase noise of a typical VCO can be described by, for example, the Leeson equation shown below, or various other types of Figure of Merit equations. Figure 6.1.X-2 shows the model and the typical behavior of a free-running VCO in different regions of operation, where f0 is the oscillation frequency, f is the offset frequency, Ps is the signal strength, Q is the loaded quality factor of the resonator, F is an empirical fitting parameter but has physical meaning of noise figure, and f1/f3 is the 1/f-noise corner frequency of the active device in use. 
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Figure 6.1.X-2	Phase noise characteristic for a typical free-running VCO according to Leeson: without 1/f noise (left) and with 1/f noise (right)

Based on the Leeson equation, some conclusions may be drawn: 
1. PN increases by 6 dB every time when f0 doubles
2. PN is inversely proportional to signal strength, Ps
3. PN is inversely proportional to the square of the loaded quality factor of the resonator, Q
4. 1/f noise up-conversion gives rise to close-to-carrier PN increase (small offset) 
Therefore, there are several design parameters that may be used as tradeoffs in VCO development.    
Commonly, the VCO performance is well captured through a Figure-of-Merit (FoM) defined by the equation below, taking into account power consumption and allowing for a comparison of different VCO implementations (in terms of semiconductor technology, circuitry topology, etc.):  

Here  is the phase noise of the VCO in dBc/Hz at a frequency offset f with oscillation frequency  (both in Hz) and power consumption  in W. One noticeable result of this expression is that both phase noise and power consumption in linear power are proportional to f02. 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 R2 (assuming a fixed FoM). Conversely, for a fixed power consumption and FoM the phase noise will increase by R2, or 6dB per every doubling of f0. 

A common way to suppress the phase noise is to apply a Phase Locked Loop (PLL), as shown in Figure 6.1.X-3. The basic building block is a VCO which is locked to a highly stability reference (normally a low frequency XO).
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Figure 6.1.X-3	block diagram of a Phase Locked Loop (PLL) 

The total phase noise of the PLL output is composed of contributions from the VCO outside the loop bandwidth and the reference oscillator inside the loop. A significant noise contribution is also added by the phase detector and the divider. Figure 5 shows the typical behavior of the PLL phase noise in different offset frequency regions. The figure illustrates the measured phase noise from a ~28 GHz LO (by applying a PLL at a lower frequency and then multiplied to ~28 GHz). Obviously, there are four different offset ranges that show distinctive characteristic: 
1. f1, for small offsets, <100kHz:  ~ -30dB/decade roll-off, contributed by 1/f noise up-conversion
2. f2, for offsets within the PLL bandwidth: relatively flat,  composed of several contributions
3. f3, for offsets larger than PLL bandwidth: -20dB/decade roll-off, dominant by VCO phase noise
4. f4, for even large offset, >10 MHz: flat, due to finite noise floor
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Figure 6.1.X-4	Example of measured phase noise behavior for a phase locked VCO multiplied 
to ~28 GHz
6.1.X.2 Challenges with mm-Wave frequency generation
As phase noise increases by 6dB per doubling of the frequency, it would never be expected that a mm-wave LO exhibits comparable PN performance compared to a lower frequency LO. Moving up oscillation frequency from 3 GHz to 30 GHz, for instance, will fundamentally result in PN degradation of 20 dB for a given offset frequency. This will certainly limit the highest usable order of the PN-sensitive modulation schemes at mm-wave, and thus poses a limitation on achievable spectrum efficiency for mm-wave communication systems.
Additionally, a PN increase at mm-wave is also caused by the degradation in quality factor Q and the signal power Ps. Leeson’s equation tells us that in order to achieve low phase noise Q and Ps need to be maximized while minimizing the noise figure of the active device. Unfortunately, all these three factors contribute in an unfavorable manner when oscillation frequency increases. In monolithic VCO implementation, the Q-value of the on-chip resonator decreases rapidly as frequency increases due mainly to (i) the increase of parasitic losses such as metal loss and/or substrate loss and (ii) the decrease of varactor Q. Meanwhile, the signal strength of the oscillator becomes increasingly limited when going to higher frequencies. This is because higher frequency operation requires more advanced semiconductor devices whose breakdown decreases as its feature size shrinks. For this reason, a typical way of generating mm-wave signals ranging from 6 to 100 GHz is to have the fundamental VCO frequency at some 5 to 15 GHz and use frequency multipliers to reach the wanted final frequency. 
Except for the challenges discussed so far, up-conversion of the 1/f noise creates an added slope close to carrier. The 1/f noise is heavily technology dependent where planar devices such as FET, PHEMT and CMOS are showing a higher noise than vertical bipolar devices like Si bipolar, SiGe HBT and GaAs HBTs. Figure 6.1.X-5 summarizes phase noise performance vs oscillation frequency for different semiconductor technologies.
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Figure 6.1.X-5	Phase noise performance for different technologies

Technologies used are ranging from CMOS and BiCMOS to III-V materials where InGaP HBT is popular due to reasonable low 1/f noise and high breakdown but occasionally also PHEMT devices are used even if suffering from severe 1/f noise. Some development has been made using GaN FET structures in order to benefit from the very high breakdown voltage but 1/f is even higher than in GaAs FET devices and therefore seems to offset the gain of the breakdown voltage. 

<<<<< END of TEXT PROPSOAL >>>>>

Conclusion
We propose to adopt the above mentioned text proposal for TR 38.803.
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