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1	Introduction 
There was an incoming LS [1] from RAN1 asking for feedback from RAN4 on the available model developed during the Rel-15 modelling to NR for the frequency range from 52.6 to 71 GHz. This document provides a brief summary of the most known models currently used for the phase noise and power amplifier modelling in mmWave and shares our view on the applicability of the phase noise and amplifier models in TR 38.803 for this frequency range.
2	Discussion 
2.1	Phase noise considerations
Phase noise (PN) arises from the instability of the oscillators, which is up-converted/down-converted to the carrier frequency. In time domain the impact on the OFDM symbol is equivalent to random phase fluctuation, whereas in frequency domain the impact is represented as a circular convolution of the OFDM signal spectrum and the phase noise spectrum realization. For OFDM modulation, the phase noise causes a Common Phase Error (CPE) shift for all subcarriers in the signal spectrum and to the orthogonality loss over subcarriers due to the Inter Carrier Interference (ICI) effect leading to performance degradation. 
In transceivers the LOs are usually made with PLLs, which is a closed-loop system composed of a phase frequency detector (PFD) comparing the phase and the frequency of the output, generated by a voltage-controlled oscillator (VCO), to the phase and the frequency of a reference oscillator. All components in a PLL basically contribute to the overall system phase noise but the reference oscillator and the VCO are the most dominant sources of PLL phase noise. 
An ideal tone would have no noise or additional spurious frequency but in practice phase noise appears as skirt around a carrier Single sideband phase noise, which is the relative noise power to the carrier in a 1 Hz bandwidth specified at a frequency offset from the carrier. The resulting PN spectrum is composed by regions (1/f3 drop, 1/f2 drop and the flat noise) as in the Figure below.
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PN grows dramatically as carrier frequency increases, since the phase noise in an oscillator is proportional to the square of the output frequency, becoming a critical impairment to consider in mmWave systems. The transfer characteristics of these phase-noise sources to output phase noise can be represented by the phase noise model, the next subsection provides briefly the most well-known phase noise models used in mmWave.
Phase Noise Models
In this subsection some of the most well-known phase noise models are briefly explained, such as the Lesson model, and the IEEE model (zero-pole model) as well as the multi-pole model.

-	Leeson Model: This model considers the oscillator as a linear time invariant (LTI) process, describing the PSD by the equation below, where F is a curve-fitting parameter, k is the Boltzmann constant, T is the temperature in Kelvin, fm is the offset frequency at which the power is to be estimated, Psig is the oscillator output power, Q is the quality factor of the oscillator, fcor is the corner frequency of the device, and f0 is the output frequency of the oscillator.


This input phase noise spectrum is expected to have two regions. One region is due to the additive white noise, FkT/Ps at frequencies around the oscillator frequency. The second region is due to fc/fm introduced by parameter variation at low frequencies, this refers to white noise and flicker noise which has a power spectral density inversely proportional to frequency. This model is useful to consider a simplified linear model but the main weakness is that predicts unbounded noise.

-	IEEE Model (zero-pole model): A popular model for the phase noise for 60 GHz used in IEEE 802.15, which is also known as the IEEE model. This equation models the second-order closed-loop frequency response of an oscillator’s phase-locked loop, where f is the frequency, fp is the pole frequency, fz is the zero frequency, and PSD(0) is the maximum value of the power density.

The 802.15 standard specifies the pole frequency as 1 MHz and the zero frequency as 100 MHz and PSD(0) equal to – 90 dBc/Hz. The quality of the oscillator is mainly characterized by PSD(0) that typically ranges from -90 to -70 for mmWave frequencies. The higher the quality oscillator, the smaller amount of phase noise, which translates into higher cost. 

· IEEE model with multiple-pole/zero-model (TR 38.803): This model is an extension of the IEEE model that includes additional poles and zeros to the equation. The additional poles and zeros describe other phase noise sources on top of the PLL and the oscillator. The drawback of this model is that it can be very specific to the oscillator implementation. More details are provided in the following subsection.
Phase noise model from TR 38.803 [2]
In TR 38.803 two phase noise models have been described, the first model called “Example 1: 45 GHz and 70 GHz SSB phase noise models” and the second model called “Example 2: mmWave SSB phase noise model”. 
Example 1 takes into account the SSB phase noise model for 30 GHz, 45 GHz and 70 GHz. The model used for the phase noise is the multi-pole/zero model, which is extended from a single pole/zero model by adding more pole/zero frequency terms as follows:

PSD0 is the power spectral density for zero frequency (f=0) in dBc/Hz, fz,n’s are zero frequencies, and fp,n’s are pole frequencies. The parameters applied in the equation for the models at 30, 45 and 70 GHz are summarized in the following Table:
	30 GHz
	45 GHz
	70 GHz

	PSD0
	1585 (32 dB)
	PSD0
	3675 (35.65 dB)
	PSD0
	8894 (39.49 dB)

	n,m
	fz,n
	αz,n
	fp,m
	αp,m
	n,m
	fz,n
	αz,n
	fp,m
	αp,m
	n,m
	fz,n
	αz,n
	fp,m
	αp,m

	1
	3e3
	2.37
	1
	3.3
	1
	3e3
	2.37
	1
	3.3
	1
	3e3
	2.37
	1
	3.3

	2
	550e3
	2.7
	1.6e6
	3.3
	2
	451e3
	2.7
	1.55e6
	3.3
	2
	396e3
	2.7
	1.55e6
	3.3

	3
	280e6
	2.53
	30e6
	1
	3
	458e6
	2.53
	30e6
	1
	3
	754e6
	2.53
	30e6
	1


For the 45 and 70 GHz was assumed in this model that the reference frequency will not increase and thus the PLL loop bandwidth will not change either, such that the reference and PLL phase noise contributions to a first order approximation was scaled as 20log(fc/fxo). It is worth mentioning that the phase noise is mainly dependent on reference when offset frequency is lower than the loop bandwidth. However, for a loop bandwidth larger than the offset frequency, the noise contribution of VCO becomes dominant in the total phase noise. The loop bandwidth has a significant impact on the VCO noise.
In this model the VCO phase noise was scaled as 20log(fc) – assuming that the VCO Figure-of-Merit (FoM) is frequency agnostic. The FoM degrades for increasing frequencies, the FoM envelope has a 9dB per decade slope and it was used to derive parameters for phase noise models at 45 GHz and 70GHz. In the case of 45 GHz a 3.7 dB phase noise degradation and for 70 GHz a 7.5 dB degradation.
The total phase-noise spectrum of a PLL has two major sources, the reference oscillator and VCO. The reference oscillator is the dominant noise source at low-frequency offsets and the VCO phase noise as the frequency offset increases. The correct model selection from the source of noise is very critical for the phase noise modeling.

Example 2 models the phase noise for a carrier frequency of 30 GHz for the UE and BS, this model characterises the PSD with the IEEE zero-pole model. The given parameters for the phase noise model will have to be adjusted when considering the frequency increase; for instance, the loop BW for the UE is set to 187 kHz which is low compared to common loop BW used in mmWave systems. The low loop BW in this example suggest that the aim is to have a noise cancellation to zero offset in the baseband. In general, the loop filter bandwidth should be 1/10 of the PFD frequency. A narrower loop bandwidth lead to reduced levels of reference phase noise but with longer lock times, which means that increasing the loop bandwidth will reduce the lock time, but the filter bandwidth should not be more than 1/5 of the PFD frequency to avoid increasing the risk of instability.
In summary, there is a trade-off between the reference clock and VCO phase noise, which depends on the loop BW. A wide loop BW will attenuate the VCO phase noise, whereas a narrow loop BW will attenuate the reference clock noise. Example 1 can model more accurate the phase noise for a 60 GHz compared to Example 2, and the loop BW in Example 2 is too narrow when considering a mmWave system.

2.2	Power amplifier considerations
Modelling power amplifiers is an important topic as it allows the effective evaluation of various waveforms in a cost and time efficient manner. Many different approaches have been developed over the last decades all with their advantages and disadvantages. In principal power amplifier models can be divided into two major categories, large-signal non-linear memory models and memory-less non-linear models.
Non-linear memory models
The class of large-signal non-linear models is typically used in power amplifier design. Those models feature high accuracy as they properly represent the power amplifier behavior over the full amplification range from small signal region into deep saturation. Typically, memory effects like trapping, heating and junction effects are covered. Covering these properties allows for precise simulation of wideband signals with high PAPR. Some models even offer access to intrinsic voltage and current flows enabling proper waveform engineering. Models of these category are done in different ways and are shortly described in the following.
One approach is to model them on a physical basis. This type is based on the fundamental physics of the amplifier. The physical parameters are exactly reflected with its geometric shape and material parameters. Voltage and currents are reproduced as well as electric and magnetic fields. Such models provide high accuracy but are computational heavy. Hence, this type is not the first choice and typically not used for signal simulations. Physical models are applicable for the design and validation of power amplifiers.
Computational more efficient but still accurate approach are behavioral models. Physical properties of the power amplifier are represented by equivalent electrical circuits, look-up tables and non-linear functions. For example, drain, gate and feedback capacities are typically modeled as functions to capture their non-linear behavior. Non ideal behavior of the drain current is commonly considered as well. This approach provides high level of accuracy as the majority of amplifier distortions are covered. Even with the reduced complexity, compared to physical models, signal simulations with larger time durations are competitional expensive. The typical usage type is harmonic balance simulations with single-tone or two-tone setup. 
A third group to be mentioned are polynomial models. Those models come in different flavors. From full blown Volterra series to compact memory polynomials. They are useful to reproduce the behavior of the non-linear power amplifier with memory effects. Due to the polynomial property they are computationally fast. Detailed analysis for memory polynomial models can be found in [2] Annex A.
Memory-less non-linear models
The memory-less non-linear model category has a long history in standardization and is widely used in 3GPP for signal simulations (for more information please see [2] Annex A). In the following two typical models are described, the Rapp and the polynomial AM-AM/AM-PM model.

The general Rapp model uses a simple and effective formulation to represent the behavior of a power amplifier. It consists of two functions. One function for the AM-AM relation and one function for the AM-PM characteristic. The functions are given by:





with x being the envelope of the complex signal.
This model was recommended by RAN4 in [3]. The parameter set provided in the LS is considered to be valid for the frequencies of 30 GHz and 70 GHz. The parameters are recapped in the following table:

	G
	Vsat
	p
	A
	B
	q

	16
	1.9
	1.1
	-345
	0.17
	4



Despite it is provided mainly for 30 GHz and 70 GHz, the characteristic of the given model is also generally applicable above 6 GHz.

In the same LS RAN4 further proposed an AM-AM/AM-PM model. This type consists of a polynomial formula. 



The formula is calculated with two different parameter sets for p, one for amplitude and one for phase relation. The parameter set is proposed for sub-6 GHz simulations. The model is given by the following vectors:

	
	p0
	p1
	p2
	p3
	p4
	p5
	p6
	p7
	p8
	p9

	pam
	7.9726e-12
	1.2771e-9
	8.2526e-8
	2.6615e-6
	3.9727e-5
	2.7715e-5
	-7.1100e-3
	-7.9183e-2
	8.2921e-1
	27.3535

	ppm
	9.8591e-11
	1.3544e-8
	7.2970e-7
	1.8757e-5
	1.9730e-4
	-7.5352e-4
	-3.6477e-2
	-2.7752e-1
	-1.6672e-2
	79.1553



Conclusion
In the LS [1] from RAN1 to RAN4 guidance is request for proper amplifier modeling. RAN1 discusses a new study item [4] which targets the frequency regime between 52.6 GHz and 71 GHz. Numerology scaling, channelization and bandwidth are currently discussed. From the perspective of power amplifier, the main question is whether the provided Rapp model for frequencies above 6 GHz is still considered to be valid. RAN4 should evaluate and decide whether an update of the model parameters is required or whether the model represents typical FR2 power amplifier behavior in the given frequency region. Additionally, RAN1 asks for a correct way to handle Tx impairments. RAN4 should decide on practical values for I/Q imbalance, frequency offset, EVM budget etc.    

Proposal 1: Discuss the validity of the Rapp model parameters and consider re-evaluation if required. Also, practical values for Tx impairments should be provided to RAN1.

3	Conclusions
This contribution provided a brief summary on PN and PA modelling aspects and recapped the models proposed to RAN1. The following proposal is made:
Proposal 1: Discuss the validity of the Rapp model parameters and consider re-evaluation if required. Also, practical values for Tx impairments should be provided.
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