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Introduction
In RAN4#90 and RAN4#90bis, the discussion around technical aspects and considerations for 7-24 GHz was initiated. In [1], the phase noise trends and performance considering different semi-conductor technologies for an assumed example frequency (22 GHz) was initiated.
[bookmark: _Ref178064866]In this paper, given the RAN4 agreements on new slightly different example frequencies i.e. 10 GHz, 15 GHz and 20 GHz, the phase noise is elaborated further considering the published data for both state-of-the-art PLLs and crystal oscillators. In addition, phase noise models for 7-24 GHz example frequencies are presented in this paper.
The approach used here is somewhat different from that used in [2] for FR2. The models in [2] were based on a research prototype PLL and crystal oscillator specifically designed for operation in FR2. Measurements on the manufactured PLL served as a basis for a phase noise model at around 30GHz while the phase noise models for other frequencies were derived by using empirically derived trends vs. frequency for the oscillator within the PLL. In this paper, however, a set of published PLLs and crystal oscillators, representative for the performance regime of interest, serves as the basis for a model and where the various regions of the phase noise characteristics are considered separately. 
Discussion
As described in [1], low phase noise is instrumental for low EVM enabling higher order modulation support as well as for low impact from receiver 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. 
There are many different high performance PLL architectures, each with several design parameters, that can be used to generate local oscillator signals in 7-24GHz transceivers. A key decision is whether to use an integer-N or a fractional-N PLL. Integer-N PLLs are limited to generate output frequencies that are an integer multiple of the reference frequency. In return for this limitation they can create a clean output signal with low noise and spur levels. However, as the reference frequency is typically in the order tens or hundreds of MHz in a high performance PLL for this frequency range, this will impose a significant in-flexibility. It is therefore important that the phase noise model is allowing implementation of fractional-N PLLs, where the output frequency resolution is effectively de-coupled from the reference frequency, and very fine resolution can be achieved. The fine resolution is achieved by a pseudo-random variation of the integer PLL frequency multiplication factor such that the average frequency multiplication factor can attain non-integer values. The cost for this flexibility is increased phase noise and creation of additional spurs, so-called fractional spurs, especially problematic at near integer frequency ratios.
The scaling of semiconductor technology has resulted in increased speed and reduced power consumption of digital circuits, leading to competitive digital PLL architectures. Also, analog PLLs architectures have seen advancements with technology, however, like sub-sampling PLLs. Today both analog and digital PLLs are viable choices to achieve state-of-the-art performance. Regardless of architecture the PLL phase noise characteristic will have a similar profile, however, facilitating the modelling. At low offset frequencies the phase noise will be dominated by that of the reference, as the PLL will multiply its frequency and track slow phase variations. The phase noise in that region will equal that of the reference plus 20*log() dB, where N is the frequency multiplication factor of the PLL. For a certain PLL output frequency ,  will be inversely proportional to the reference frequency  ().  A high reference frequency is thus beneficial in reducing  and the reference phase noise contribution. At higher offset frequencies the PLL will dominate the phase noise. The region below the PLL bandwidth, which can be chosen differently but is often of the order of 1MHz in high performance PLLs for this frequency range, is called the in-band noise. The in-band noise will be due to noise of different building blocks in the PLL and will typically have a -10dB/decade slope at lower offset frequencies due to flicker noise (1/f noise), and a zero slope at higher offsets due to thermal noise. Above the PLL bandwidth, the out-of-band noise is dominated by oscillator phase noise, typically thermal noise with a slope of -20dB/decade. At very high offset frequencies the PLL phase noise reaches a floor with zero slope, but typically buffers or frequency dividers outside the PLL itself will dominate this floor in a transceiver. Figure 1 shows the PLL phase noise profile and its regions.
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Figure 1: PLL phase noise profile and regions
With a bandwidth typically of the order of about 1MHz, at 10MHz offset the oscillator phase noise will dominate in most PLLs. Since the oscillator phase noise is well studied and there are fundamental relations derived this is a good starting point.  At 10MHz offset the oscillator will likely be dominated by thermal noise, modelled in the classic paper by Leeson in 1966 [3]:
[bookmark: _Hlk3990572]				(1)
[bookmark: _Hlk3990642]Where  is the phase noise,  the offset frequency,  the noise factor, equal to 1 in an ideal oscillator,  is Boltzmann’s constant equal to 1.38065∙10-23 J/K,  is the temperature equal to 293 K in room temperature,  is the power dissipation in the resonator, f0 the oscillation frequency, and   is the resonator quality factor. 
Consider the following example: an oscillator at 20GHz consumes 10mW, and the oscillator has an efficiency of 30%, so that  is equal to 3mW. Further assume a noise factor equal to 4, and a quality factor of the resonator equal to 10, which is realistic for high performance on-chip LC resonators at this frequency. The phase noise at 10MHz offset can be calculated using (1):
	(2)
This is a level that should be reachable in a stand-alone high-performance oscillator integrated in a CMOS process suitable for high integration level relevant for AAS type of BS for 7-24 GHz products, and with a power consumption compatible with the power budget of many published PLLs. In a fractional-N PLL there is, however, additional high frequency noise from the delta-sigma modulator, and a more feasible expectation would then be about -125 dBc/Hz at 10MHz offset from a 20GHz carrier. 
Assuming a 20dB/decade slope would then give -105dBc/Hz at 1MHz offset, and if we assume a bandwidth of 1MHz and a flat phase noise below, we get the in-band phase noise level of -105 dBc/Hz. The onset of the flicker noise region is difficult to estimate as it depends on the process and architecture. 
To gain a better understanding of what is achievable, especially in-band, a study of state-of-the-art publications is needed. The phase noise level at offset frequencies corresponding to out-of-band, in-band thermal, and in-band 1/f noise should be investigated for state-of-the-art PLLs with different operating frequencies. The phase noise of state-of-the-art crystal oscillators at relevant reference frequencies used by the PLLs also be investigated. From this it should then be possible to derive a model for the phase noise profile and how this is related to operating frequency corresponding to example frequencies. 
[bookmark: _Hlk4579404]State-of-the-art PLLs
[bookmark: _GoBack]To find state-of-the-art, published papers on fractional-N PLLs published in leading IEEE conferences and journals since 2015 have been investigated. To support high level of integration circuits in CMOS technologies were selected, with a power consumption below 50mW. To establish a level for state-of-the-art phase noise performance, circuits with a focus on phase noise is preferable, and thus papers with a jitter figure of merit equal to -230dB and below was selected. The reference frequency should be less than 500MHz. Since different transceiver frequency plans can be used, not only PLLs in the range of 7-24GHz are part of the investigation, but also up to the 60GHz band and frequencies down to 5GHz. An extended frequency range also helps identifying performance trends with respect to frequency. Publications with less than 10% frequency tuning range were also excluded, to avoid circuits where the tuning range is very small to achieve the best possible phase noise, which would give the wrong picture of achievable phase noise in practice. Fulfilling the above criteria 11 publications were identified [4]-[14]. 
Below is a summary of the performance of the 11 fractional-N PLLs where Figure 2 describes the power consumption over frequency and Figure 3 represents the phase noise at 100 kHz offset over frequency. In addition, Figure 4 and Figure 5 represent the phase noise at 1 MHz and 10 MHz offset respectively.
[image: ]
Figure 2: Power consumption versus upper operating frequency

As can be seen in figure 2 it is a clear trend that the power consumption increases with PLL output frequency.  
[image: ]
Figure 3: Phase noise at 100kHz offset versus upper operating frequency
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[bookmark: _Hlk3898261]Figure 4: Phase noise at 1MHz offset versus upper operating frequency
[image: ]
Figure 5: Phase noise at 10MHz offset versus upper operating frequency

In Figures 3 to 5 representing the phase noise at 100kHz, 1MHz and 10MHz offset, respectively, versus output frequency, a curve is also shown with a slope of 20dB per decade, corresponding to equal phase noise performance. 
The phase noise performance is considered equal in a sense that comparing two signals, one at a first frequency f1 with a phase noise L1 dBc/Hz, and one at an N times higher frequency N*f1 and a phase noise L1+20*log(N) dBc/Hz, frequency division by N of the second signal will provide a signal with frequency f1 and phase noise L1 dBc/Hz. As can be seen the curves represent the frequency trend in the data-points satisfactory, and the conclusion that the phase noise performance is close to frequency independent can be drawn, which is achieved at the expense of a clear power consumption increase versus frequency. It should be noted, however, that there is a significant spread in the phase noise data. 
State-of-the-art crystal oscillators
The PLLs above use reference frequencies of 40 MHz and above. Since the problem of reference noise increases at lower reference frequencies, due to an increased effective frequency multiplication factor, to be conservative the investigation was focused on low power crystal oscillators at about 40MHz. There are not as many publications on crystal oscillator circuits as on PLLs, but the three papers  [15]-[17] from recent years in IEEE Journal of Solid-State Circuits can be used to represent state-of-the-art in CMOS low power crystal oscillators at about 40MHz. To span the design space, also the 491.25 MHz crystal oscillator of [3] is included in the table below summarizing the crystal oscillator performance:
	
	[4]
	[15]
	[16]
	[17]

	Frequency (MHz)
	491.25
	39.25
	48
	39.25

	Core power (uW)
	840
	181
	1500
	19

	Process (nm)
	28
	180
	28
	65

	PN @ 1kHz (dBc/Hz)
	-107
	-147
	-114
	-139

	PN @ 10 kHz (dBc/Hz)
	-130
	-161
	-148
	-153

	PN @100 kHz (dBc/Hz)
	-140
	-172
	-156
	-153

	PN @ 1MHz (dBc/Hz)
	-148
	-175
	-158
	-153

	20GHz PN @ 1kHz (dBc/Hz)
	-75
	-93
	-62
	-85

	20GHz PN @ 10 kHz (dBc/Hz)
	-98
	-107
	-96
	-99

	20GHz PN @100 kHz (dBc/Hz)
	-108
	-118
	-104
	-99

	20GHz PN @ 1MHz (dBc/Hz)
	-116
	-121
	-106
	-99

	FoM (dBc/Hz)
	-227
	-246
	-220
	-248


 
To translate the phase noise into equivalent phase noise at a PLL output, an amount equal to  dB should be added. For a 20 GHz PLL with a 39.25 MHz reference, the amount to add is thus 54 dB, and with 48 MHz reference it is 52 dB, and with 491MHz it is 32 dB. This has been done in the fields starting with 20GHz in the table, where the phase noise of the different crystal oscillators can be compared directly in terms of their impact on a 20 GHz PLL output signal. 
At 1MHz offset the line in figure 4 indicates that the phase noise of state-of-the-art PLLs is -102dBc/Hz. This is close to the bandwidth of the PLL and it can thus be assumed that the reference noise is transferred to the PLL output without significant filter attenuation. The 20GHz PN @ 1MHz of the crystal oscillator should thus be well below -102 dBc/Hz not to affect the PLL performance, which is met by [4] and [15], while [16] is on the margin, and [17] is exceeding this limit. 
At 100kHz offset figure 3 indicates -95dBc/Hz for a 20GHz PLL, and all the crystal oscillators in the table meet that, although [16] is on the margin. Below 100kHz offset we assume that the PLL noise increases by 10dB per decade due to in-band 1/f noise. At 10kHz offset a 20GHz PLL will then have -85dBc/Hz phase noise, and all crystal oscillators are far below that. Assuming the crystal oscillators to have a -30dB per decade slope at low offset frequencies due to 1/f noise, the frequency where the PLL and the crystal oscillator will have equal noise contribution can be calculated to be 1kHz for [4], 0.13 kHz [15], 4.5 kHz [16], and 0.32 kHz [17]. 
Given the above we assume that the crystal oscillator can be made non-dominant above 1kHz offset frequency, and that the PLL output phase noise will have a slope of -30dB/decade below that frequency. This is achievable with reference frequencies ranging from 40MHz to 491MHz, and power consumptions below 1mW, using CMOS technologies as different as 28nm and 180nm. 
Noise floor
When it comes to the noise floor it is difficult to find published works that include measurements in this region. Circuit simulations have therefore been performed to find realistic levels of the noise floor. The noise floor is typically set not by the oscillator of the PLL, but by buffers and LO distribution. For this reason, the phase noise of a chain of inverters acting as buffers was simulated. Three equal sized cascaded inverters were used for each of the two differential signal halves, where minimum length devices in a 22nm technology were used. The input signal was 1V peak differential at 20GHz, and different width of devices were investigated, corresponding to different amounts of power consumption. The phase noise is shown in figure 6, where the lowest noise floor of close to -170dBc/Hz was achieved with a 13.4mW power consumption, the second-best curve was for 7.5mW, the next was 4.2mW, then 2.4mW, and finally 1.3mW. As can be seen -165dBc/Hz can be reached at about 5mW buffer power consumption. Taking attenuation in the LO distribution network into account, it is reasonable to add 10dB to this level, making the low power achievable noise floor -155dBc/Hz for a 20GHz carrier. 
[image: ]
Figure 6: Phase noise of simulated differential LO buffers in 22nm technology, ranging from 1.3mW to 13.4mW power consumption.

Proposed phase noise characteristics
The proposal is to use the trend curves in figure 3 to 5 as a starting point, defining state-of-the-art performance. The levels for these curves at 20GHz example frequency are -95dBc/Hz, -102dBc/Hz, and -120dBc/Hz, at 100kHz, 1MHz, and 10MHz, respectively. 
As can be seen, there are PLLs at different frequencies with this performance, and using both 28nm and 65nm technology, and different reference frequencies from 40 to 491MHz, making it suitable as basis for the analysis.
Thus, using the above, a phase noise profile valid at other offset frequencies can be constructed. We then also include crystal oscillator phase noise and the noise floor. Below 1kHz offset the crystal oscillator phase noise is dominant, with a slope of -30dB/decade, and above 560MHz the noise is at the -155dBc/Hz floor. 
[image: ]
[bookmark: _Hlk3905345]Figure 7: State-of-the-art phase noise vs. offset from a 20GHz example frequency

Figure 7 shows the phase noise versus offset from a 20GHz carrier. When operating at other example frequencies an offset of 20*log(f/20GHz) is to be added. For instance, operating at 10GHz 6dB should be subtracted from the above curve, i.e. the entire curve is shifted down by 6dB at all frequency offsets. 
In addition, considering PVT (semi-conductor Process, Voltage and Temperature) variations, we propose to add a 10dB margin to this state-of-the-art published performance. The resulting model for different example frequencies is shown in Figure 8.
[image: ]
[bookmark: _Hlk5195395]Figure 8: PLL phase noise characteristics for 10GHz, 15GHz, 20GHz and 30GHz (bottom to top)
In coming meeting, based on the analysis and investigation in this paper, phase noise models for 7-24 GHz example frequencies will be presented.
In addition, the analysis in this paper should be considered when in future WI, specific bands are specified within 7-24 GHz ranges where selection of numerology as well as signal quality requirements and the need for PT-RS and CPE compensation is concerned.
Summary 
In this paper, an in-depth analysis of phase noise characteristics for 7-24 GHz example frequencies was presented. The analysis in this paper was based on data published covering PLLs as well as crystal oscillators and the presented characteristics consider the influence from both.
In addition, the analysis in this paper should be considered when in future WI, specific bands are specified within 7-24 GHz ranges where selection of numerology as well as signal quality requirements and the need for PT-RS and CPE compensation is concerned.
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