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1. Introduction
The importance of relevant phase noise models and some new up to date phase noise models for NR in 52.6-71 GHz has been extensively discussed in previous RAN4 meetings. In addition, in the last RAN4 meeting (RAN4#97-E) a structure and some initial technical information was agreed for RAN4 aspects in TR 38.808. 
At least two sets of new phase noise models were presented and discussed. In this paper, a text proposal to TR 38.808, subclause 4.2.3 covering new up-to-date parameterized phase noise model based on recent state-of-the-art PLL publications described in [1] is attached for approval. 
[bookmark: OLE_LINK1]The text proposal covers not only the phase noise model but also more detailed technical information on how the model was derived in described in Annex C and references in clause 2.

2. Discussion
In this contribution a text proposal has been created to capture technical information on phase noise and parametrized up-to-date models relevant for NR support in frequency range 52.6 to 71 GHz. The text proposal cover following technical aspects;
· Sub-clause 4.2.3: Summary of input data and exact description of the parametrized phase noise model.
· Annex C: Detailed technical information on derivation of the proposed model.

3. Conclusion
It is proposed that the attached text proposal is included in TR 38.808.    

4. References
[1]	R4-2014976, “On 52.6 to 71 GHz phase noise characteristics, TP to TR and draft LS to RAN1”, Ericsson
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TEXT PROPOSAL to subclause 4.2.3:

4.2.3	Phase noise characteristics
It was considered which level of detail of the RF architecture is considered. The actual LO-architecture of an antenna array can vary ranging from a single LO driving the whole antenna array up to small sub-arrays each having their own LO. When multiple LOs are considered, the phase noise output of those can have a varying degree of correlation. The LO-structure is an implementation specific aspect and does not need to be considered in the standard. 
4.2.3.1	Phase noise model set 1 
To be able to derive an up-to-date phase noise model for 70 GHz many references published in leading IEEE conferences, journals and other conference papers from 2015 to 2020 have been investigated. Figure 4.2.3.1-1 depicts all the published state-of-the-art phase noise characteristics scaled to 70 GHz where references covered a large variety of frequencies. The scaling is performed by adding a term 20*log(70GHz/f0) dB to the phase published phase noise data, where f0 is the frequency of operation where the phase noise was measured. 
[image: ][image: ]
Figure 4.2.3.1-1: Phase noise characteristics for all references (left) and Phase noise characteristics for all references excluding the low performing outliers (right) used for derivation of phase noise model set 1.
Furthermore, as references cover a large variety of PLL output frequencies, Figure 4.2.3.1-2 represents heat coloring with respect to PLL output frequencies. 
[image: ]
Figure 4.2.3.1-2: Heat coloring with respect to PLL output frequencies

Note that the intention is not only to present the input data to derive a relevant phase noise model but also to later demonstrate relevant published high performing state-of-the-art PLL characteristics in comparison with existing models as well as a new up-to-date model. The phase noise model set 1 is described in sub-clause 4.2.3.2 and approach for derivation of the new proposed phase noise model is described in Annex C. 

4.2.3.2 Parameterized phase noise model set 1 
Using the input data described in sub-clause 4.2.3.1 and the detailed description of approach for derivation of the new proposed phase noise model is described in Annex C, the parametrized phase noise model set 1 using 0 dB design margin for BS and 5 dB design margin for UE is as following:
[image: ]
Figure 4.2.3.2-1: PLL phase noise model for 70GHz with and without 5 dB design margin for UE and BS respectively.

Parameters in Table 4.2.3.2-1 are applicable:
Table 4.2.3.2-1: Parameters of phase noise model equation with design margin
	Parameter
	Value/expression
	Parameter
	Value

	
PSD0
	
	

	

	fz,1
	1.6e3
	αz,1
	2

	fz,2
	200e3
	αz,2
	1

	fz,3
	
	αz,3
	2

	fp,1
	1
	αp,1
	3

	fp,2
	1e6
	αp,2
	2



Here, fc and DM represent the PLL output frequency (Hz) and design margin (dB), respectively. For BS, DM=0 while for UE, DM=5 dB. 
The new proposed phase noise model matches the published state-of-the-art PLL performance very well where both the new parameterized model as well as an average characteristics of input data is presented in Figure 4.2.3.2-2.
[image: ]
Figure 4.2.3.2-2: Proposed phase noise model for 70GHz with relating to input data
























TEXT PROPOSAL to add new Annex C:
[bookmark: _Toc56754145][bookmark: _Toc57035450][bookmark: _Toc57036066][bookmark: _Toc57038181][bookmark: _Toc57038306][bookmark: _Toc57038850]Annex C: Derivation of phase noise model set 1
[bookmark: _Toc56024732][bookmark: _Toc56025980][bookmark: _Toc56754146][bookmark: _Toc57035451][bookmark: _Toc57036067][bookmark: _Toc57038182][bookmark: _Toc57038307][bookmark: _Toc57038851]C.1	Derivation approach of new up-to-date phase noise model
At low offset frequencies the phase noise will be dominated by that of the reference, as the PLL multiplies its frequency and tracks slow phase variations. The phase noise in that region will equal that of the reference plus 20*log(N) dB, where N is the frequency multiplication factor of the PLL. For a certain RF frequency, N will be inversely proportional to the reference frequency (N=RF/Fref). A high reference frequency is thus beneficial in reducing N 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 is due to noise of different building blocks in the PLL, and typically has a -10dB/decade slope at lower offset frequencies due to flicker 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 C.1-1 shows the PLL phase noise profile and its regions.
Phase Noise (dBc/Hz)
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Figure C.1-1: 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 [6]:
		(Eq. C.1-1)
Where L is the phase noise, Δf the offset frequency, F the noise factor, equal to 1 in an ideal oscillator, k is Boltzmanns constant equal to 1.38065∙10-23 J/K, T is the temperature equal to 293 K in room temperature, PS is the power dissipation in the resonator, f0 the oscillation frequency, and Q is the resonator quality factor. 
Let’s assume that we have an oscillator at 70GHz that consumes 10mW, and that the oscillator has an efficiency of 20%, so that PS is equal to 2mW. Further assume a noise factor equal to 5, and a quality factor of the resonator equal to 10, which is realistic for high performance on-chip LC resonators at this frequency. We can then calculate the phase noise at 10MHz offset using Eq. C.1-1:
		(Eq. C.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, and with a power consumption compatible with the power budget of many published PLLs. 
Assuming a 20dB/decade slope would then give -96dBc/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 -96 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 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 should 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. It should be noted there is a clear trend where the power consumption increases with PLL output frequency as shown in Figure C.1-2.   
[image: ]
Figure C.1-2: Power consumption versus upper operating frequency
[bookmark: _Toc56024733][bookmark: _Toc56025981][bookmark: _Toc56754147][bookmark: _Toc57035452][bookmark: _Toc57036068][bookmark: _Toc57038183][bookmark: _Toc57038308][bookmark: _Toc57038852]C.1.1	PLL Phase noise at different frequency offsets
Based on the input phase noise data from references discussed in previous sections, Figures C.1.1-1 to Figure C.1.1-3 present phase noise at 100kHz, 1MHz and 10MHz offset, respectively, versus output frequency. In the figures are also curves 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. Two signals on the curve can thus achieve the same phase noise performance when used in a transceiver receiving or transmitting a signal at a certain frequency. As can be seen the curves represent the frequency trend in the data-points satisfactory, and from this we draw the conclusion that the phase noise performance is close to frequency independent, which is achieved at the expense of a clear power consumption increase versus frequency. 
 [image: ]
Figure C.1.1-1: Phase noise at 100kHz offset versus upper operating frequency
 [image: ]
Figure C.1.1-2: Phase noise at 1MHz offset versus upper operating frequency
 [image: ]
Figure C.1.1-3: Phase noise at 10MHz offset versus upper operating frequency
C.1.2	State-of-the-art crystal oscillators
The PLLs in this contribution 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 low power crystal oscillators around 40MHz were investigated. Considering limited publications on crystal oscillator circuits compared to PLLs, three references  [24]-[27] from recent years in IEEE Journal of Solid-State Circuits were 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 [7] is included in Table C.1.2-1, summarizing the crystal oscillator performance.
Table C.1.2-1: Crystal Oscillator performance
	
	[7]
	[24]
	[25]
	[27]

	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

	70GHz PN @ 1kHz (dBc/Hz)
	-64
	-82
	-51
	-74

	70GHz PN @ 10 kHz (dBc/Hz)
	-87
	-96
	-85
	-88

	70GHz PN @100 kHz (dBc/Hz)
	-97
	-107
	-93
	-88

	70GHz PN @ 1MHz (dBc/Hz)
	-105
	-110
	-95
	-88

	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 was added. For instance, for a 70 GHz PLL with a 39.25 MHz reference, the amount to add is thus 65 dB, and with 48 MHz reference it is 63 dB, and with 491MHz it is 43 dB. This has been done in the fields starting with 70GHz in the table, where the phase noise of the different crystal oscillators can be compared directly in terms of their impact on a 70 GHz PLL output signal. 
Based on the above, it can be assumed that the crystal oscillator can be made non-dominant above a few kHz 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 technologies. Thus, considering the foreseen numerologies for 52.6-71 GHz with sub-carrier spacings larger than for FR2, the impact of crystal oscillators is likely to be limited.
C.1.3	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 an LO distribution circuitry operating at 48GHz transporting the LO signal 2mm was simulated. The circuit featured 4 differential tuned buffer stages. The simulated phase noise is given in Figure C.1.3-1. At 100MHz offset the thermal noise floor is at -158dBc/Hz. 
[image: ]
Figure C.1.3-1: Phase noise of simulated differential LO buffers for a 48GHz signal
Distributing a signal at higher frequency, maintaining the same load impedance of the buffer stages, and using the same inductor quality factor (and hence relative bandwidth), would require the load capacitance to be scaled inversely with frequency. The number of buffer stages per distance would then be proportional to the LO frequency, and since each buffer would operate with the same load impedance, the power in each buffer would be the same, and the power consumption per distance would also be proportional to the LO frequency. The phase noise would also increase with LO frequency, due to the increasing number of cascaded buffers. The resulting scaling would then be that both phase noise and power would increase by 10dB per decade, as LO frequency is increased, unless an architecture with shorter LO distribution is used. Since the frequency ratio of 10 times between 100GHz and 10GHz equals the Q, the buffer load impedance would get the same magnitude, and the same buffer bias and sizing could be used without the inductors. If inductors were used, however, the power consumption could be reduced. At frequencies in between, different architectures are possible, tuned, non-tuned, and partially tuned. The exact phase noise floor achievable at different frequencies is dependent on architecture and technology. A conservative estimate is to put a flat line between the non-tuned 10GHz buffer and the fully tuned 100GHz resulting in noise floor of -155dBc/Hz.
C.1.4	Proposed phase noise model
Using the trend curves in Figure C.1.1-1 to C.1.1-3 as a starting point, defining state-of-the-art performance, the levels for these curves at 70GHz are -88dBc/Hz, -91dBc/Hz, and -111dBc/Hz, at 100kHz, 1MHz, and 10MHz, respectively. 
From this we create a phase noise profile valid at other offset frequencies. We then also include crystal oscillator phase noise and the noise floor. Below 1.6kHz offset the crystal oscillator phase noise is dominant, with a slope of -30dB/decade, and above 1.6GHz the noise is at the -155dBc/Hz floor. 

[image: ]
Figure C.1.4-1: State-of-the-art phase noise vs. offset from a 70GHz carrier

Figure C.1.4-1 shows the phase noise versus offset from a 70GHz carrier. When operating at another frequency fc an offset of 20*log(fc/70GHz) dB is to be added.
Published measurements are often performed under favorable conditions, i.e. the measurements are often taken in room temperature, the supply voltage, bias current settings etc. may be fine-tuned, only a few samples are measured (not covering the expected variation in integrated circuit manufacturing), some realistic conditions may not be investigated, etc. To obtain phase noise requirements that can be applied to PLLs in practical applications, we therefore propose to add a ~5 dB-design margin to the state-of-the-art phase noise profile also presented in C.1.4-2. Note that the phase noise profile with no design margin represents the BS while the profile with 5 dB design margin represent the UE. 
[image: ]
Figure C.1.4-2: PLL phase noise model for 70GHz with and without 5 dB design margins for UE and BS respectively.
Using this model the phase noise requirements are in a sense PLL frequency independent, so that it will not matter if a sliding IF using a PLL with 2/3 of the carrier signal frequency is used, or a homodyne with the PLL at the carrier, or a homodyne using a PLL at 2 times the carrier frequency. With this phase noise model the PLL requirements will be equivalent from a system performance point of view. It should of course be understood that it will be more challenging to realize a higher frequency PLL, and for the same performance it will consume more power. 
An essential benefit of this model is that different parts of the 7 to 100GHz frequency ranges can be addressed by a single PLL or a set of PLLs with different frequency divider arrangements, and the PLL phase noise requirements will with this model be the same for all the different operating modes, drastically simplifying analysis for a large frequency range covering 7-24 GHz as well as higher frequencies than 71 GHz in the future.  
To better adapt the model to calculations, an equation was fitted to the above curves. Like in [28] an equation of the form below was used, using poles and zeros;
		(Eq. C.1.4-1)
Where S is the single sideband phase noise power spectral density, fo the offset frequency, fz,1 .. fz,N the zeros, fp,1 .. fp,M the poles, αz,1 .. αz,N the order of the zeros, and αp,1 .. αp,M the orders of the poles. To fit Eq. C.1.4-1 to the curves in Figure C.1.4-1 the following parameters were used:
Table C.1.4-1: Parameters of phase noise model equation with design margin
	Parameter
	Value/expression
	Parameter
	Value

	
PSD0
	
	

	

	fz,1
	1.6e3
	αz,1
	2

	fz,2
	200e3
	αz,2
	1

	fz,3
	
	αz,3
	2

	fp,1
	1
	αp,1
	3

	fp,2
	1e6
	αp,2
	2



Here, fc and DM represent the PLL output frequency (Hz) and design margin (dB), respectively. 
Note that for simplicity the orders of all poles and zeros are integers in this model. This is possible in an expression for power spectral density. In an expression for voltage spectral density on the other hand, fractional orders would have been needed to represent the slopes in regions where 1/f noise dominates.
As can be seen the parameters PSD0 and fz,3 depend on the carrier frequency, whereas the other parameters are carrier frequency independent. At fc =70GHz and DM=5dB, PSD0 will be equal to 1230, or 31 dB. To compare the result of equation (3) to figure 11, S must be converted to a logarithmic scale:
 dBc/Hz					(Eq C.1.4-2)
The comparison can be seen in Figure C-9, and as can be seen there is a good fit, and Eq. C.1.4-2 with the parameters in Table C.1.4-1 can be used to represent the phase noise.
[image: ]
Figure C.1.4-3: PLL phase noise model for 70GHz with and without 5 dB design margin for UE and BS respectively, with asymptotic curves of Figure C.1.4-2 in grey for comparison.
Since the proposed model is based on state-of-the-art high performance PLL design with low power consumptions, the proposed model can be used both for BS without design margin and UE with 5 dB design margin.
C.1.5	Comparison of recent published data, proposed new phase noise model and existing models
The new proposed phase noise model matches the published state-of-the-art PLL performance very well where both the new parameterized model as well as an average characteristics of input data is presented in Figure C.1.5-1.
[image: ]
Figure C.1.5-1: Proposed phase noise model for 70GHz with relating to input data
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