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Introduction 
In [1], a discussion on mm-wave frequency generation and phase noise was initiated. For mm-waves, the choice of numerology and sub-carrier spacing is quite dependent on the achievable phase noise and thus more elaborated discussion on phase noise is necessary before final decision on mm-wave numerologies is taken.
The sub-carrier spacing also affects the decay in modulation spectrum which affects the needed attenuation and guard. This implies complex dependencies (e.g. guard bands being related indirectly to phase noise) and thus the need to consider the achievable phase noise at this stage.
In this paper, we elaborate on phase noise for some example mm-wave frequencies and also initiate a discussion on performance considering different architecture for frequency/clock generation and distribution.
Similar to presented results for NF and ACLR, phase noise would also be different for different example frequency ranges under investigation. 

Discussion
Phase noise is quite an important parameter in relation to mm-wave technologies affecting the choice of sub-carrier spacing and achievable signal quality. As the sub-carrier spacing for mm-wave frequencies is not settled, it is important to consider achievable values for the mm-wave frequency ranges due to phase noise frequency dependencies.
In [1], the mechanism behind frequency generation for mm-waves technologies were discussed in detail. Considering the VCO and PLL (to suppress the phase noise) performance and limitations for mm-wave frequencies for different technologies were thoroughly elaborated. A summary of limitations are given below:
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) 
In addition to figure of merit, phase noise performance vs oscillation frequency for different semiconductor technologies were described in [1] which is also reflected in figure 1.
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Figure 1	Phase noise performance for different technologies 
In this paper, the measured phase noise perfomance of a 28 GHz implementation designed for research purposes is further described.
LO generation and distribution
Array antenna transceivers may be based on different strategies in implementation of local oscillator (LO) signal generation and distribution. Put simply, there are two options:
1. Centralized LO generation with a single PLL for all transceivers
2. Distributed LO generation with one PLL per transceiver.
These are two extreme cases and one could of course envision a combination of the two such that the transceivers are grouped together and where the transceivers within each group shares a common LO generation, i.e. semi-distributed LO generation.  
This aspect has not been very much addressed before, rather a single centralized LO generation has been assumed and this leads to low phase noise performance in turn increasing EVM and pushing required sub-carrier spacing upwards.  The LO generation strategy thus needs more attentation.
The phase noise performance might affect the receiver requirement in a different manner compared to the transmitter, which also needs to be considered.
Centralized LO generation
With a centralized PLL the phase noise as seen by respective transceiver will be essentially the same, i.e. fully correlated. The primary downside of this solution is that the performance requirements on the PLL will be high and that the distribution of the LO signal over the array of transceivers will be very power consuming as the LO signal integrity must be maintained over long distances of distribution on chip. The latter aspect may partly be alleviated somewhat by distributing a sub-harmonic  (1/N) of the target LO frequency and use transceiver-localized frequency multipliers (xN) to generate the target LO frequency. This solution however suffers from sub-harmonic responses as the frequency multiplier output will not only output the desired frequency but will also contain some residuals of its input and harmonics thereof. This in turn will impact spurious emission and spurious response behavior.
Distributed LO generation
With distributed LO generation the phase noise as seen by respective transceiver will be partially uncorrelated. This is beneficial from an EVM perspective as the phase noise induced EVM is improved by 10log(M) where M is the number of transceivers (and associated PLLs). This may be used to lower the phase noise requirements on the PLLs. Instead of distributing the LO signal only the low-frequency reference to respective PLL needs to be distributed. The downside is primarily increased circuit complexity while the power consumption can be kept low by low phase noise requirements and no need for high frequency LO distribution.
Semi-distributed LO generation
With a semi-distributed LO generation the phase noise as seen by respective transceiver will be partially uncorrelated between groups of transceivers and fully correlated within the group. Thus, there is still a benefit from an EVM perspective but the phase noise induced EVM is now only improved by 10log(P) where P is the number of transceiver groups. Within each group the LO signal still needs to be distributed to respective transceiver but the distances and associated power become significantly smaller compared to the centralized LO generation while the phase noise requirements on the PLLs will be moderate. 
Phase noise performance measurements
Below we present preliminary measurement results from a research prototype PLL designed and manufactured in 28nm FD-SOI CMOS technology. This particular design assumes a fully distributed LO generation where each transceiver adopts a sliding IF approach, in which the PLL generates a frequency 2/3 of the carrier frequency. For example, in the receiver a first down-conversion from RF to IF is performed with this frequency and in a subsequent down-conversion step a frequency-divided version of the PLL output  (1/3 of the carrier frequency)  is used to obtain the baseband output. The measurements are based on a target RF frequency of 27GHz and thus the PLL output frequency will be 18GHz. 
The PLL uses a rather high reference frequency of 491MHz generated by a crystal oscillator (also measured) with a 491MHz crystal (i.e. fundamental resonance frequency). A high reference frequency allows more flexibility in the PLL design and foremost the PLL bandwidth can be increased such that the integrated phase noise originating from the VCO can be reduced at the expense of increased contributions from other parts of the PLL as well as from the reference. The higher reference frequency also alleviates the the phase noise requirements on the reference as the 20log(fLO/fref) phase noise amplification will be lower.
Figure 1 shows the measured phase noise from the PLL output after frequency division by 2, i.e. at 1/3x27GHz=9GHz. This is a preliminary measurement in a regular lab environment (not in a shielded room) using a spectrum analyzer with a phase noise measurement option (this setup has limited dynamic range compared to regular phase noise measurement equipment and this at least in part explains why the phase noise levels out at higher offsets).). 
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Figure 1 Phase noise from 18GHz PLL measured after divider at 9GHz.
Figure 2 shows phase noise measurements back-annotated to simulation results where the total simulated phase noise and some individual contributions are shown. The simulated VCO phase noise contribution has been rescaled to match the actual phase noise response from the measured VCO.  Individual contributions shown are from VCO, loop filter (Rlf), charge pump (Chp), and reference (Ref).
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Figure 2 Measured phase noise back-annonated to simulation domain to show relation to various phase noise contributors.
Figure 3 shows a preliminary measurement of reference oscillator phase noise with simulated phase noise superimposed. The measured phase noise contains multiple spurios tones not originating from the research protype chip but are attributed to interfering lab equipment as the measurement was not performed in a shielded room.  
[image: image001]
Figure 3 Measured and simulated phase noise of 491MHz crystal oscillator. 

Considering the discussion above, we would propose the following:
Proposal 1: 
The achievable phase noise performance for different mm-wave frequency ranges should be studied in RAN4.  
Proposal 2:
The phase noise affects the choice of sub-carrier spacing which in its turn (due to different decay in modulation spectrum influence the the needed attenuation) the guard levels. This complex dependency should be carefully considered before the sub-carrier spacing is settled.
Proposal 3:
Different topologies for LO distribution e.g. centralized, distributed and semi-distributed should be considered.	
Proposal 4:
RAN4 should take the lead considering the settlement of sub-carrier spacing as many parameters that would affect the sub-carrier spacing is within the expertise of RAN4.



Conclusion
In this paper, the discussion on phase noise for mm-wave frequencies was further elaborated. Different topologies for LO distribution were discussed and example measurement result were presented.
Complex relation between phase noise, sub-carrier spacing and filtering/guard were further discussed. Based upon the discussion in this paper, the following is proposed:
Proposal 1: 
The achievable phase noise for different mm-wave frequency ranges should be studied in RAN4.  
Proposal 2:
The phase noise affects the choice of sub-carrier spacing which in its turn (due to different decay in modulation spectrum influence the the needed attenuation) the guard levels. This complex dependency should be carefully considered before the sub-carrier spacing is settled.
Proposal 3:
[bookmark: _GoBack]Different topologies for LO distribution e.g. centralized, distributed and semi-distributed should be considered.	
Proposal 4:
RAN4 should take the lead considering the settlement of sub-carrier spacing as many parameters that would affect the sub-carrier spacing is within the expertise of RAN4.
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