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1. Introduction
At the last RAN4 meeting (RAN4#94-e) the technical background related to phase noise characteristics relevant for the frequency range 7 to 24 GHz was discussed. A contribution [1] with a complete technical background for phase noise characteristics to be added to TR 38.820 was presented. As an adding to the current information in TR 38.820, subclause 5.5.3, relevant information about phase noise for a complete system is proposed. The current information captured in TR 38.820 captures just data for phase-looked-loop (PLL) circuits, without consideration of impact of the reference signal phase noise characteristics.   
In this contribution we present an overview on where we are in the discussion together with information to be added to conclude the discussion. At the end of this contribution a text proposal to TR 38.820 subclause 5.5.3 and Annex B is attached for approval.
This is a revised version of R4-2003756 based on feedback in R4-2005117.

2. Discussion
Based on feedback in R4-2005117 a revised version was created. The changes in this revision compare to previous revision are summarized as;
1. Annex B is removed, and relevant text is moved to new subclauses (5.5.3.1, 5.5.3.2 and 5.5.3.3) in subclause 5.5.3.
2. Information about architectures and correlation is located in subclause 5.5.4.
3. Figure 5.5.3-1 is updated with respect to noise under 1kHz.
4. The text is now condensed based on input from feedback. E.g. description of phase noise profile and parameterized phase noise profile is now removed. 
5. Based on feedback the reference to TR 38.803, subclause 6.1.9.6 is replaced with technical background information related to LO generation and distribution. The information is placed in subclause 5.5.3.1.
6. Information kept is capturing published information relevant for phase noise profiles relevant for the frequency range 7 to 24 GHz.
7. Table 5.5.3.2-1 is now updated for all example frequencies.
The updated text proposal is attached at the end of this contribution. 

3. Conclusion
In this contribution remaining open issues regarding phase noise characteristics for the frequency range 7 GHz to 24 GHz briefly summarized. 
Current information in TR 38.820, subclause 5.5.3 captures only published information regarding PLL circuit. However, for a complete system other component will influence the phase noise, such as the reference source contribution to the phase noise profile. 
At the end of this contribution a text proposal to TR 38.820, subclause 5.5.3 and Annex B is attached for approval. The text proposal adds missing information relevant for phase noise characteristics.   
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[bookmark: _Toc5938254][bookmark: _Toc34679355]5.5.3	Phase noise
5.5.3.1		General 		
[bookmark: _Hlk22160849]Sufficiently low phase noise at the measurement interface is required to avoid excessive EVM. Based on the available data [35 – 40], a descriptive BS phase noise profile is shown in figure 5.5.3.1-1. It shows performance of the current PLLs (i.e. as of 2019) for base stations operating in 7 – 24 GHz range based on current (i.e. as of 2019) component data. In the figure each colour matches to a single component. 
It should be noted that throughout this section phase noise is referred to the observed level at a measurement interface. Noise levels internal to PLL and clock distribution network may differ from this and implementation freedom is not limited as described in clause 5.5.3.2.. To account for different reference source performances a range was set from 100 Hz to 1 kHz where reference source can be dominant phase noise source, as described in clause 5.5.3.3.
For specific use cases where high data rates are targeted, the performance can be better as shown by the examples of component data. On the other hand, in cases where device size, power consumption and low cost are the highest priorities, the phase noise performance may be worse.
[image: ][image: ]
Figure 5.5.3.1-1: A representative phase noise profile for 7 – 24 GHz base stations
In figure 5.5.3.1-1 the phase noise profile is shown at 20 GHz example frequency. To adjust the model to a different frequency, the levels need to be scaled according to Leeson’s equation, i.e. halving the frequency reduces the noise power to one quarter of the original. When the profile is given at center frequency f0 and a given noise power P0, the correct noise power P at frequency f equals:

 P = P0 * 20 * log10(f/f0)
In this example, where P and P0 describe the full single side-band noise profile for which the unit is dBc/Hz.

[bookmark: _Toc494384474]5.5.3.2	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 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.
5.5.3.3	Performance of reference source
To highlight the problem of reference noise increase at lower reference frequencies due to an increased effective frequency multiplication factor, the investigation was focused on low power crystal oscillators at about 40 MHz. At the time of creation of this technical report, there were not as many publications on crystal oscillator circuits as on PLLs, but the few papers 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 40 MHz. 
To span the design space, also the 491.25 MHz crystal oscillator is included in the table 5.5.3.3-1 summarizing the crystal oscillator performance.
Table 5.5.3.3-1: CMOS low power crystal oscillator performance examples [62, 63, 64]
	
	Frequency of exemplary reference sources (MHz)

	
	[bookmark: _GoBack]39.25
	48
	39.25
	491.25

	Core power (uW)
	181
	1500
	19
	840

	Process (nm)
	180
	28
	65
	28

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

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

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

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

	10GHz PN @ 1kHz (dBc/Hz)
	-99
	-68
	-91
	-81

	10GHz PN @ 10 kHz (dBc/Hz)
	-113
	-102
	-105
	-104

	10GHz PN @100 kHz (dBc/Hz)
	-124
	-110
	-105
	-114

	10GHz PN @ 1MHz (dBc/Hz)
	-127
	-112
	-105
	-122

	15GHz PN @ 1kHz (dBc/Hz)
	-95
	-64
	-87
	-77

	15GHz PN @ 10 kHz (dBc/Hz)
	-109
	-98
	-101
	-100

	15GHz PN @100 kHz (dBc/Hz)
	-120
	-106
	-101
	-110

	15GHz PN @ 1MHz (dBc/Hz)
	-123
	-108
	-101
	-118

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

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

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

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

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



To translate the phase noise into equivalent phase noise at a PLL output, an amount equal to  dB should be added. 
Given the above we assume that the crystal oscillator can be made non-dominant above 1 kHz offset frequency, and that the PLL output phase noise will have a slope of -30 dB/decade below that frequency. This is achievable with reference frequencies ranging from 40 MHz to 491 MHz, and power consumptions below 1 mW, using CMOS technologies as different as 28 nm and 180 nm. 
5.5.3.4	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 22 nm technology were used. The input signal was 1 V peak differential at 20 GHz, and different width of devices were investigated, corresponding to different amounts of power consumption. The phase noise is shown in figure 5.5.3.4-1, where the lowest noise floor of close to -170 dBc/Hz was achieved with a 13.4 mW power consumption, the second-best curve was for 7.5 mW, the next was 4.2 mW, then 2.4 mW, and finally 1.3 mW. As can be seen -165 dBc/Hz can be reached at about 5 mW buffer power consumption. Taking attenuation in the LO distribution network into account, it is reasonable to add some margin to this level. 
[image: ]
Figure 5.5.3.4-1: Phase noise of simulated differential LO buffers in 22 nm technology, ranging from 1.3 mW to 13.4 mW power consumption




TEXT PROPOSAL for subclause 5.5.4:

5.5.4	Correlation of noise and emissions
With a centralized architecture, i.e. same input distributed to one or multiple transmit antenna connectors or antenna elements, the transmitted noise and emissions will be essentially the same, i.e. fully correlated. The primary downside of this solution is that the performance requirements will be high. When the composite output, the signal transmitted into air is formed by more distributed architecture, i.e. multiple PLLs, multiple PAs and possible non-identical input signal due to beamforming, each individual component of the composite output will be partially uncorrelated. This is beneficial from an EVM and emission requirements perspective as the noise and emissions performance is improved up to 10log(M) where M is the number of non-correlated signals. 
This may be used to lower the EVM and emissions performance on the transmitters when they are specified per antenna connector. 
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