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Introduction
[bookmark: _GoBack]This paper discusses different aspects related with the phase noise produced by the oscillators in the radio-frequency equipment. First we focus on the phase noise model used for the simulations, which has a high impact on the simulation results. Next we study which are the different effects of phase noise in an OFDM system. Finally, we present simulation results for different carrier frequencies and Modulation and Coding Schemes (MCS) without phase noise tracking (in order to check in which configurations do we really need phase noise tracking).  
Phase noise model
The phase noise model is a key aspect in the study of the effects of phase noise in OFDM. Different phase noise models have been proposed in the simulation assumptions in [1]. In Figure 1 the Power Spectral Density (PSD) for the proposed models is shown. The measurements presented in [2] suggest that models 1/2/3 are too optimistic regarding the power of the PSD for low frequency offsets, especially model 3. 
A realistic phase noise model for mm-Wave frequencies should present a slope of at least 20 dB/decade for frequency offsets lower than 10 kHz.
Proposal 1 A phase noise model 2-B based on model 2 in [3] but with FOM=-200 dBc/Hz for the Reference oscillator should be considered.
The proposed phase noise model 2-B has a PSD with a slope of 20 dB/decade for frequency offsets lower than 10 kHz, which we think it is a more realistic approach. The PSD for the proposed phase noise model is also plotted in Figure 1. In this paper we are going to present evaluation results for model 2 and model 2-B.
[image: C:\Users\emolvic\Desktop\ERICSSON\Phase_noise_model\PN_model_comp.png]
[bookmark: _Ref465427326]Figure 1. Phase noise Power Spectral Density at 28 GHz for models 1/2/2-B/3.
Impact of phase noise in OFDM
It has been proven in [4] that phase noise produced by oscillators causes two different effects on the demodulated symbols in OFDM. On the one hand, the Common Phase Error (CPE) effect, which produces a rotation on the demodulated symbols. On the other hand, the Inter-Carrier Interference (ICI) effect, which is an interference produced by phase noise (because it worsens the orthogonality between OFDM subcarriers). 
Let us denote  as the modulated symbol in subcarrier ,  as the total number of subcarriers, and  as the phase noise component in sample . The demodulated symbol in subcarrier  with the effects of phase noise is given by
	
	[bookmark: _Ref450065617][bookmark: _Ref450065621](1)


where  and  (the interference term produced by phase noise in subcarrier ). 
A commonly used approximation for studying the effects of phase noise produced by oscillators based on Phase-Locked Loop structures is , because  [5]. Thus, the expression in (1) can be rewritten as 
	
	(2)


in which the rotation produced by the CPE has been expressed as an interference term defined as . Therefore, we can quantify the effects of CPE using as metric the Signal-to-Interference Ratio (SIR).  In [5] a collection of tools to compute the power of CPE and ICI contributions is presented. Using the mentioned tools, we have plotted the SIR produced by CPE and ICI for phase noise model 2 and model 2-B in Figure 2 and Figure 3 respectively.
[image: C:\Users\emolvic\Desktop\ERICSSON\Phase_noise_model\WF\figures\Nokia\10GHz\SIR_CPE_vs_ICIt.png][image: C:\Users\emolvic\Desktop\ERICSSON\Phase_noise_model\WF\figures\Nokia\28GHz\SIR_CPE_vs_ICIt.png]





[bookmark: _Ref465669750]Figure 2. SIR produced by CPE and ICI respectively, for model 2 at 10 GHz.


[bookmark: _Ref465669757]Figure 3. SIR produced by CPE and ICI respectively, for model 2-B at 10 GHz.



Different phase noise models cause significant different evaluation results.
In the graphs we can see how the differences between both phase noise models have a high impact on the CPE contribution (with a SIR 10 dB lower for model 2-B). However, the ICI contribution is almost equal. As different phase noise models will produce different degradations, it is important to understand which components of the PSD of the phase noise have impact on CPE and ICI. 
CPE is related with the low frequency offsets of phase noise while ICI is related with the high frequency offsets.
Concretely, the frequency offsets that are smaller than the subcarrier spacing are the ones with direct effect in the CPE and the ones higher than the subcarrier spacing are the ones with direct effect in the ICI. Hence, phase noise models 1/2/3 produce a CPE degradation that maybe is too optimistic.
ICI degradation decreases if subcarrier spacing is increased but CPE remains constant.
CPE is dominant over ICI for subcarrier spacing greater than 15 kHz.
Phase noise time coherence
In Figure 4 and Figure 5 we have plotted the time domain phase noise during a sub-frame for model 2 and for model 2-B respectively. In the graphs,  is the time in which the OFDM symbol  ends. Also, it has been plotted the phase rotation produced by the CPE effect for each OFDM symbol (in red).  From the graphs it is clear that the time-domain coherence for phase noise is similar for both models. However, the higher values of model 2-B for low frequency offsets produces that the rotation produced by phase noise is larger for model 2-B.
[image: C:\Users\emolvic\Desktop\ERICSSON\Phase_noise_model\28GHz\PN_phase_rotation_subframe.png][image: ]







[bookmark: _Ref465670292]Figure 4. Time domain phase noise for model 2 during a sub-frame at 28 GHz.

[bookmark: _Ref465670300]Figure 5. Time domain phase noise for model 2-B during a sub-frame at 28 GHz.

The coherence time of phase noise is short compared with the duration of one OFDM symbol. 
The rotation produced by CPE does not change significantly between consecutive OFDM symbols.
Therefore, it is interesting to study if the performance is degraded by using interpolation methods to estimate the CPE rotation (respect to the case in which we use a TP-RS in each OFDM symbol).
Evaluations with phase noise 
In this section we present the evaluation results using the simulation assumptions in Appendix 8.1.1.  From Figure 6 to Figure 11 we have plotted the simulation results for QPSK (1/2), 16-QAM (3/4), and 64-QAM (5/6) without phase noise degradation and with phase noise using model 2 and model 2-B for different carrier frequencies. In the graphs we can observe that phase noise is not a significant degradation for all carrier frequencies and MCS. Therefore, the use of PT-RS should be restricted to the configurations in which phase noise produces a significant degradation in the performance. It is also important to have in mind that PT-RS will increase the overhead in the transmission (decreasing the throughput). So for certain level of degradation produced by phase noise we will not obtain gain on the throughput by using PT-RS. From the simulation results we observe:
For QPSK (1/2) phase noise is not a significant degradation even for very high frequencies. 
For 16-QAM (3/4) phase noise is a significant degradation only for frequencies above 40 GHz and SNR higher than 10 dB. 
For 64-QAM (5/6) phase noise is a significant degradation only for frequencies above 20 GHz and SNR higher than 10 dB. 
TP-RS should be scheduled only for those MCS, carrier frequencies, and SNR in which phase noise is a significant degradation.
[image: ][image: ][bookmark: _Ref465776431]Figure 6. Simulation results for a carrier frequency of 10 GHz.



[image: ][image: ]Figure 7. Simulation results for a carrier frequency of 20 GHz.

Figure 8. Simulation results for a carrier frequency of 30 GHz.


[image: ][image: ]Figure 9. Simulation results for a carrier frequency of 40 GHz.

Figure 10. Simulation results for a carrier frequency of 50 GHz.

[bookmark: _Ref465776438]Figure 11. Simulation results for a carrier frequency of 60 GHz.

Conclusion
This contribution discuss Ericssons view on the effects of phase noise in the performance of the system. We made the following observations:
Observation 1	A realistic phase noise model for mm-Wave frequencies should present a slope of at least 20 dB/decade for frequency offsets lower than 10 kHz.
Observation 2	Different phase noise models cause significant different evaluation results.
Observation 3	CPE is related with the low frequency offsets of phase noise while ICI is related with the high frequency offsets.
Observation 4	ICI degradation decreases if subcarrier spacing is increased but CPE remains constant.
Observation 5	CPE is dominant over ICI for subcarrier spacing greater than 15 kHz.
Observation 6	The coherence time of phase noise is short compared with the duration of one OFDM symbol. 
Observation 7	The rotation produced by CPE does not change significantly between consecutive OFDM symbols.
Observation 8	For QPSK (1/2) phase noise is not a significant degradation even for very high frequencies. 
Observation 9	For 16-QAM (3/4) phase noise is a significant degradation only for frequencies above 40 GHz and SNR higher than 10 dB. 
Observation 10	For 64-QAM (5/6) phase noise is a significant degradation only for frequencies above 20 GHz and SNR higher than 10 dB. 
Based on the the previous discussion, Ericsson propose the following:
1. A phase noise model 2-B based on model 2 in [3] but with FOM=-200 dBc/Hz for the Reference oscillator should be considered.
1. TP-RS should be scheduled only for those MCS, carrier frequencies, and SNR in which phase noise is a significant degradation.
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Simulation assumptions
	Parameter
	Value

	Channel Model
	TDL-A

	Numerology
	60 kHz

	Transmission Slot Length
	7 symbols

	UE speed
	3km/h

	Delay spread
	30 ns

	Allocated bandwidth
	32 PRBs

	Modulation order
	QPSK (1/2), 16-QAM (3/4), 64-QAM (5/6)

	Link Adaptation
	Disabled

	Transmission Scheme
	Single antenna transmission scheme (1 port)

	Channel estimator
	Real channel estimation using front loaded RS pattern
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