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6.1.10	30 GHz phase noise model 
The phase noise model presented in this paper is based on measurements of a research prototype receiver designed in a 28nm FD-SOI CMOS process. The PLL within this receiver has been designed for distributed LO generation [2]  and since the number of PLLs will be large (~number of sub-arrays) power consumption is of utmost importance. In fact, the power consumption of this PLL is around 20mW (the XO with buffers adds another 2.5mW) therefore making it suitable also for UE performance considerations. A high frequency XO is used to reduce the impact from the phase noise upconversion but also allows a larger PLL bandwidth, which in turn reduce the VCO phase noise contribution. The PLL operates at a frequency of 2/3 the carrier frequency (29.55 GHz for this particular measurement) as it is used in a sliding IF receiver architecture (two-step down-conversion) as outlined in Fig. 6.1.10-1. The sliding IF technique  is a  well-known receiver architecture. However, the models presented here are by no means to be viewed as limited by this receiver architecture.


Figure 6.1.10-1. Simplified receiver architecture view and phase noise measurement setup.
The phase noise measurements have been performed through the receiver by applying a receiver input CW at 770MHz offset from the carrier frequency of 29.55 GHz and measuring the phase noise of the CW at the baseband output of the receiver. Thus, the phase noise measured will not be that of the PLL output itself but the effective phase noise in downconverting from 29.55 GHz to baseband. 
The phase noise model used here is a generalization of the multi-pole/zero model extended to fractional orders and is given by:


The measured phase noise and corresponding fractional order model is shown in Fig. 6.1.10-2 with the associated model parameters as listed in Table 1. The offset range of the measurement is 100 Hz to 400MHz. At 400 MHz the phase noise floor has not yet been reached. Therefore the model parameters have been set conservatively such that the noise floor levels out at approximately -140dBc/Hz.
[image: ]
Figure 6.1.10-2.  Measured phase noise and corresponding model for 29.55 GHz. 

Table 6.1.10-1	Parameters for PLL phase noise model operating at 29.55 GHz valid from 100 Hz and upwards.
	
	1585 (32 dB)

	
	
	
	
	

	1
	3e3
	2.37
	1
	3.3

	2
	550e3
	2.7
	1.6e6
	3.3

	3
	280e6
	2.53
	30e6
	1



6.1.10.1	45 GHz and 70 GHz phase noise models
The 29.55 GHz model described above is used to derive models for 45 GHz and 70 GHz based on scaling with respect to frequency as discussed below. We may assume that the reference frequency will not increase and thus the PLL loop bandwidth will not change either. Therefore the reference and PLL phase noise contributions to a first order approximation will scale as . Similarily, the VCO phase noise scales as  but only if we assume that the attainable VCO Figure-of-Merit (FoM) is frequency agnostic. The FoM does however degrade somewhat for increasing frequencies as shown in Fig. 6.1.10.1-1, which shows FoM v.s oscillation frequency  for a number of published VCOs. The FoM envelope indicated by the dashed line (showing the trend of the best VCOs) has a 9dB per decade slope and will be used below to derive parameters for phase noise models at 45 GHz and 70GHz. 
[image: ]
Figure 6.1.10.1-1  FoM for various published VCOs vs. frequency implemented in CMOS and SiGe technologies.

The step from 29.55 GHz to {45,70} GHz corresponds to {0.18,0.38} decades and the corresponding phase noise degradations are listed in Table 6.1.10.1-1. The  degradation is an overall degradation for the phase noise characteristics except for the high frequency noise floor region that is assumed to be constant. The FoM degradation, however, only affects the VCO contribution (the -20dB/decade slope starting at an offset of a few MHz). 


Table 6.1.10.1-1	Phase noise degradation vs. frequency.
	
	 degradation
	FoM degradation

	29.55 GHz
	0 dB
	0 dB

	45 GHz
	3.7 dB
	1.7 dB

	70 GHz
	7.5 dB
	3.4 dB




In the following the degradations listed in Table 6.1.10.1-1 have been applied to the original 29.55 GHz model in Fig 6.1.10-2. An accurate application of the FoM degradation would require the VCO phase noise contribution to be separated from other contributions followed by a redesign of the PLL characteristics. Here, a pragmatic approach is used where the parameters have been altered as follows;  First,  is increased by the degradation according to Table 6.1.10.1-2. Secondly, parameters  are altered to obtain specified VCO FoM degradation at 30MHz offset while maintaining a constant phase noise of -140dBc/Hz at large offset and at the hump around  1.55MHz offset. The resulting models are shown in Fig 6.1.10.1-2. with parameters listed in Table 3 and 4 for 45 GHz and 70 GHz, respectively.
[image: ]
Figure 6.1.10.1-2.  Phase noise models.
Parameters for 45 GHz and 70 GHz PLL phase noise model are presented in Table 6.1.10.1-3 and Table 6.1.10.1-4 respectively.

Table 6.1.10.1-3	Parameters for 45 GHz PLL phase noise model valid from 100 Hz and upwards.
	
	3675 (35.65dB)

	
	
	
	
	

	1
	3e3
	2.37
	1
	3.3

	2
	451e3
	2.7
	1.54e6
	3.3

	3
	458e6
	2.53
	30e6
	1




Table 	6.1.10.1-4	Parameters for 70 GHz PLL phase noise model valid from 100 Hz and upwards.
	
	8894 (39.49dB)

	
	
	
	
	

	1
	3e3
	2.37
	1
	3.3

	2
	396e3
	2.7
	1.55e6
	3.3

	3
	754e6
	2.53
	30e6
	1
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