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Introduction
MMW systems have RF components that have significantly different properties due to their high operating frequencies. In the evaluation of waveforms, the impairments due to RF components have to be carefully modelled to capture their effect on overall performance. Two key MMW RF distortions arise from Phase noise and PA non-linearity. In this submission, we propose simple and effective models to characterize the system performance under these impairments and also study receiver algorithms to mitigate their effect.
Power Amplifier Nonlinearity
[bookmark: _Ref378529477]In order to have an accurate evaluation of the proposed mmwave waveform designs, a proper modeling of the PA impairments is necessary. However, a simple memoryless PA model appears sufficient for the preliminary evaluations, and the modeling of the memory terms can be considered for future studies. The nonlinearity effects of the memoryless PA that result in in-band distortion and out-of-band emission of a signal, are generally categorized as follows:
(a) Amplitude distortion (AM/AM)
(b) Phase distortion (AM/PM)

An accurate and yet simple characterization of both AM/AM and AM/PM conversions are especially important for mmwave systems, because the mmwave power amplifier designs, and hence their nonlinear behavior, can be dramatically different from the sub-6 GHz PAs, and generally vary for different bands. Also, the phase distortion of the symbols of higher order constellations may not be negligible. 
A general PA model is shown in Figure 2.1, where  and  are respectively the input and output signal of the PA,  and  are the amplitude and phase of the input signal envelope respectively, and  and  are the amplitude (AM/AM) and phase (AM/PM) distortion functions.



Figure 2.1. PA model

,  

Various models for both AM/AM and AM/PM distortions have been proposed in literature, among which Rapp’s SSPA model [1] proved to provide a simple AM/AM model suitable for mmwave PAs. This is shown below, where  is the gain in the linear region,  is the saturation power level and  determines the smoothness of the transfer function:

[image: ]
Figure 2.2. Rapp’s AM/AM distortion model ()

Although the original Rapp’s model assumes negligible phase distortion, a modified model has been suggested (in [2] and the references therein) to also include the AM/PM distortion. The following is a simplified 3-parameter version of this model:

The values of the PA model parameters should be evaluated based on physical mmwave PA measurements. We also note that different parameters may be adopted for different bands.
Proposal 1: A reasonable PA impairment model for both amplitude (AM/AM) and phase (AM/PM) distortions should be considered when evaluating the mmwave waveform candidates. For example, a modified Rapp’s SSPA model specified above can be used.
Proposal 2: Different sets of parameters may be considered for different bands. Determining the PA model parameters is FFS.
Phase Noise Modeling
Phase noise in oscillators is the random variation of phase of the oscillator with reference to a perfect oscillator. These variations cause arbitrary rotations to the transmitted constellations and can limit the performance of the system. At higher frequencies, the effect of the phase noise is larger and can significantly affect the shape/characteristics of the waveform. To characterize the effect of the phase noise as well as evaluate the behavior of phase noise mitigation algorithms, we need a good model of the phase noise process in the system. 

Typical carrier outputs are not generated from a free running oscillator but by a combination of a lower frequency but higher fidelity oscillator (reference oscillator), a phase locked loop and a higher frequency (but poorer) oscillator which is frequency divided and compared with the first oscillator (the VCO is disciplined by the XO). The diagram below (Figure 3-1) shows the blocks of the PLL operation as well as the phase noise sources.


[bookmark: _Ref362520219][bookmark: _Toc362827251][bookmark: _Toc363134701][bookmark: _Toc363205944][bookmark: _Toc363220949]Figure 3‑1 Simplified block diagram of a PLL Oscillator
While the above diagram explains the behavior/modules in the generation of a phase reference in typical systems, it does not lend itself to easy generation of the sample phase noise process. The phase noise process can be represented in the diagram below (Figure 3-2), which avoids the close loops and combines several system blocks together. The two diagrams are mathematically equivalent to each other. 


[bookmark: _Ref362520243][bookmark: _Toc362827252][bookmark: _Toc363134702][bookmark: _Toc363205945][bookmark: _Toc363220950]Figure 3‑2 Modeling of various noise processes onto the output of the PLL signal

Thus, the effective phase noise can be considered to be generated from the product of two components (ignoring the phase comparator noise):
(i) Component that arises from the XO (the lower frequency, higher fidelity operator)
(ii) The VCO component disciplined by the PLL

Steps for generation of the phase noise process:
1. The power spectral density of the noise process that generates WT(t) is specified (i.e. XO behaviour)
2. The power spectral density of the noise process that generates WS(t) is specified (disciplined VCO behaviour)
3. The product phase noise is generated to model total effect

Further, in the case where there are multiple TXRUs in a device, it is possible that they share the same XO but may have different VCO/PLLs. Such scenarios are quite likely in MMW architectures. In such cases, it is important to carefully model the cross correlation between phase noise processes of the different streams. 

The above approach lends to a simple extension in the case where there is a common XO but parallel VCOs for different TXRUs. 
Proposal 3: Use steps 1-3 of the above section to generate a phase noise process
Proposal 4: To model scenarios where XO is common between TXRUs, but the PLL/VCOs are individual, the phase noise process is generated by a common WT(t) and individual WSi(t) per VCO and phase noise processes per chain are generated as WT(t)* WSi(t)
Conclusions
Proposal 1: A reasonable PA impairment model for both amplitude (AM/AM) and phase (AM/PM) distortions should be assumed when evaluating the mmwave waveform candidates. For example, a modified Rapp’s SSPA model can be used.
Proposal 2: Different sets of PA model parameters may be considered for different bands.
Proposal 3: Use steps 1-3 of the above section to generate a phase noise process
Proposal 4: To model scenarios where XO is common between TXRUs, but the PLL/VCOs are individual, the phase noise process is generated by a common WT(t) and individual WSi(t) per VCO and phase noise processes per chain are generated as WT(t)* WSi(t). The power spectral density of the output of each block is FFS.
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