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Introduction

The 5G Study Item regarding the “Study on New Radio Access Technology” was approved at the 3GPP TSG RAN#71 meeting. It has the objective to be able to operate from sub 1 GHz to 100 GHz in a large variety of deployment scenarios in a single technical framework [1]. Phase Noise becomes a major impairment at carrier frequency above 6 GHz. 
 
The following agreements were made in RAN WG1 meeting #86bis on the Way Forward on RS for Phase Tracking for CP-OFDM [3]. 

Agreements:
· For CP-OFDM waveform, for the RS enabling phase tracking, the following should be studied:
· Time domain pattern
· Alt-1: Continuous mapping, i.e., on every OFDM symbol
· Alt-2: Non-continuous mapping, e.g., every other OFDM symbol
· Switching between Alt-1 and Alt-2 can also be considered
· Frequency domain pattern
· Alt-A: Shared and across full carrier bandwidth with fixed density/spacing
· Alt-B: Within each UE’s scheduled bandwidth and with configurable density/spacing
· Other patterns are not precluded
· Other properties
· UE-specific and/or non-UE-specific
· Port multiplexing such as FDM/TDM/CDM
· Potential sharing across users/streams

Also previously various models for Phase Noise PSD have been presented and studied at RAN1 meeting #85 [2]. 

Agreements:
· Companies should use following PN model principles for evaluation of NR for above 6GHz
· Phase noise model for UE should be considered for the evaluation by default.
· Implementation cost, complexity and power consumption at the UE should be taken into account.
· The PN modelling in TRP is FFS.
· Realistic PN model should consider total oscillator PSD including the impact of reference clock, loop filter noise and VCO sub-components. (e.g. PLL-based model, multi-pole/zero model)
· Each company should provide the model and the parameters used for the evaluation.
· The oscillator PSD level increases by 20dB per decade of increase of the carrier frequency as a baseline to scale PSD level
· A different parameter set of phase noise model can be defined for specific target frequency.
· Companies are encouraged to provide link level evaluation result with the phase noise model. Following phase noise models are provided as examples which are captured in R1-165685 (in page 5 – 8) 
· UE model in R1-164041
· Proposed WF in R1-165005 
· Model A in R1-163984
· mmMAGIC high and low model
· Other phase noise model is not precluded.
· Companies should provide which phase noise model is applied for the evaluation. 




Phase Noise Impact 

It is well known that the impact of the Phase Noise on an OFDM transmission is twofold:

1) Common Phase Error (CPE) and 
2) Inter Carrier Interference (ICI). 

The CPE is a common phase rotation across all the subcarriers, and manifests as a common rotation of the constellation. The phase noise at each subcarrier frequency also introduces interference to the neighboring subcarriers and this spectral leakage destroys the orthogonality of the OFDM waveform. This is manifested as a ‘fuzziness’ in each constellation point, and can be measured by the degradation of the EVM (Error Vector Magnitude) of the link.

Phase noise typically increases with the carrier frequency. The operating assumption is an increase in the PSD of 20 dB increase per decade of frequency. In the figure below we show the impact of a typical phase noise profile on the received constellation. In our previous contribution [4] we provided experimentally measured phase noise data for two different device categories, namely UE-grade and instrumentation-grade devices. Further, we derived parameter sets for a subset of the PN models described above in order to get best fit with the experimental data, and compared the parametrized PN models with the PN measurements. 
The UE-grade device PSD and the parameter fit for model #3 proposed in the WF in RAN1#85 [2] is reproduced below from [4].
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[bookmark: _Ref458418992]Fig. 1: Comparison of measured and modelled PN for UE-grade device


Pilot aided CPE Compensation Schemes
The CPE can be estimated in a straightforward manner with Least Squares estimator shown below.
[image: ]
Here Rk is the received subcarrier values, Xk is the transmitted pilot symbol that is known at the receiver, Hk is the channel estimate, and Sp is the subset of the subcarriers occupied by the pilot. 
Phase Noise Reference Signal 
The CPE per OFDM symbol is the DC component of the DFT of the baseband Phase Noise samples over that symbol duration. As it is constant for all subcarriers and easy to estimate as per Section 3, CPE compensation can be performed with the introduction of Phase Noise Reference Signals (PNRS). 

It has been shown in previous contributions that the presence of the PNRS alleviates the CPE component at the expense of additional pilot overhead. The ICI is not corrected using the CPE compensation, but additional ICI estimation and correction schemes have been extensively studied in the literature. It is our view that most ICI correction methods have a prohibitive implementation complexity.  ICI mitigation should be studied by the correct choice of a) subcarrier spacing and b) modulation order for the impacted UE. 

In the rest of this section we will focus on CPE compensation and examine the design choices from WF in RAN1 #86b regarding the Phase Noise Reference Signal structure. The phase noise samples are generated as per the model for the real world UE grade device presented in Section 2. This will provide a realistic idea of the impact of the PNRS density in time and frequency on the link performance. 

The detailed simulation assumptions are given in the Appendix. The figures below plot the degradation in EVM due to the PNRS based CPE compensation scheme. The baseline EVM used is the EVM due to the leftover ICI after perfect CPE compensation (where the CPE is the DC value of the DFT of the Phase Noise process instantiation). As the CPE estimation accuracy depends on the density of PNRS, the EVM after PNRS based CPE compensation is worse than the baseline EVM.
Time Domain Pattern
The PNRS can be either continuous or non-continuous in time:
· Alt-1: Continuous mapping, i.e., on every OFDM symbol
· Alt-2: Non-continuous mapping, e.g., every other OFDM symbol
The non-continuous PNRS can be every other symbol, or lesser in time granularity. 
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Figure 1: Continuous Mapping of PNRS 						Figure 2: Non-Continuous mapping of PNRS

We consider the Alt-1 and Alt-2 as presented above. In Alt-1 the PNRS is mapped to every OFDM symbol within the PDSCH part of the subframe, for a constant PNRS density in frequency. In Alt-2 the PNRS is mapped in a non-continuous manner, where we consider the case of mapping to every second, third and fourth OFDM symbol within the PDSCH part of the subframe. For Alt-2, sample and hold interpolation is implemented. Figure 3 and Figure 4 show how the performance degrades depending on the choice of the PNRS time-density pattern with 16-QAM modulation and a subcarrier spacing of either 60 kHz or 120 kHz. 
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[bookmark: _Ref466031010]Figure 3: EVM degradation vs Time Pattern of PNRS for subcarrier spacing of 60 kHz
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[bookmark: _Ref466031020]Figure 4: EVM degradation vs Time Pattern of PNRS for subcarrier spacing of 120 kHz
  
Observation 1: Performance of CPE compensation is sensitive to the time-domain density of PNRS with sample-and-hold interpolation techniques.

Observation 2: Performance of CPE compensation becomes less sensitive to time-domain density of PNRS as the subcarrier spacing increases, with sample-and-hold interpolation techniques.

Proposal 1: Study the impact of different interpolation techniques on performance of CPE compensation for non-continuous mapping of PNRS in time domain.


Frequency Domain Pattern
The PNRS can be 
· Alt-A: Shared and across full carrier bandwidth with fixed density/spacing
· Alt-B: Within each UE’s scheduled bandwidth and with configurable density/spacing
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Figure 5:  240 SC PNRS spacing								Figure 6: 120 SC PNRS spacing

In order to get a better understanding which of the options Alt-A or Alt-B, respectively, are preferable, the impact on the performance of the CPE mitigation technique has been studied for PNRS spacing of 12, 36, 60, 120, 180 and 240 subcarriers, respectively, considering PNRS in every OFDM symbol of the PDSCH part of a subframe. Figure 7 shows the degradation of the EVM compared to ideal CPE compensation with perfect channel estimation at the receiver.
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[bookmark: _Ref466018834]Figure 7: EVM degradation vs Frequency Pattern of PNRS

Observation 3: The performance degradation depends on the frequency density of the PNRS but does not depend on the SNR.

Observation 4: The performance degrades only very slightly for a PNRS frequency density of up to 60 subcarriers.

[bookmark: _GoBack]Proposal 2:  It can be preferable to have the PNRS frequency density configurable depending on the size of the scheduled grant. Study further the performance degradation for grants consisting of X PRBs and having e.g. only one single PNRS in frequency where the value of X is FFS. 

Conclusion
In this contribution, we make the following observations and proposals.
Observation 1: Performance of CPE compensation is sensitive to the time-domain density of PNRS with sample-and-hold interpolation techniques.

Observation 2: Performance of CPE compensation becomes less sensitive to time-domain density of PNRS as the subcarrier spacing increases, with sample-and-hold interpolation techniques.

Observation 3: The performance degradation depends on the frequency density of the PNRS but does not depend on the SNR.

Observation 4: The performance degrades only very slightly for a PNRS frequency density of up to 60 subcarriers.

Proposal 1: Study the impact of different interpolation techniques on performance of CPE compensation for non-continuous mapping of PNRS in time domain.

Proposal 2:  It can be preferable to have the PNRS frequency density configurable depending on the scheduled grant. Study further the performance degradation for grants consisting of X PRBs and having e.g. only one single PNRS in frequency where the value of X is FFS. 
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Appendix 
Simulation Assumptions:

	Carrier Frequency
	30 GHz

	Bandwidth
	80 MHz
	160 MHz

	Sampling Rate
	122.88 MSps
	245.76 MSps

	Cyclic Prefix
	Normal

	FFT Size
	2048

	# Occupied Subcarriers
	1200

	Channel Estimation
	Perfect

	Symbols per Subframe
	14 (3 PDCCH, rest are PDSCH)
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