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1. Introduction
In the RAN 1 #85 meeting some agreements on uplink RS has been achieved as follows [1].
· UL RS design considering the below functions
· Sounding
· Demodulation
· Phase noise compensation
In this contribution we provide some evaluation and discussion on Tracking Reference Signal (TRS) which can be used for phase noise compensation. The study covers the impact of TRS on OFDM and single carrier waveforms at the presence of phase noise.
2. Phase Noise Impact
The phase noise in oscillators can result from frequency synthesizers that consists of a reference clock, VCO, loop filter, PLL and so on. The phase noise level in high band may get higher than that in low band. [2] The baseband time domain receiving signal can be given as:

where  denotes the time domain transmitting sequence;  indicates the time domain channel;  refers to the phase noise;  is the additive noise. Denoting the frequency domain symbol of the transmitting signal, channel, phase noise and additive noise in subcarrier k as , ,  and , the frequency domain receiving signal can be given as:

Hence the phase noise could have two main impacts: one is that each subcarrier can be affected by a Common Phase Error (CPE) , which appears as the multiplication of the complex channel gain equally across all subcarriers; the other is the Inter-Carrier Interference (ICI) , which results in loss of orthogonality between subcarriers assuming OFDM waveform. Figure 1 illustrates one example of phase noise in one subframe where the subcarrier spacing . It can be observed that the phase noise is a time-variant noise. Hence different CPE may be observed in different symbol. Figure 2 illustrates one example of frequency domain phase noise, it can be observed that the CPE  could take most of the power of the phase noise as the loop bandwidth of PLL is smaller for lower bands.
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Figure 1: one example for time domain phase noise
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Figure 2: one example for frequency domain phase noise

As there can be some phase rotation and ICI caused by phase noise, some performance impact may be observed due to phase noise. Figure 4 shows some link level simulation results for PDSCH with 5/6 64QAM in TDL-B 0km/h channel. The resource mapping scheme is assumed as Figure 3, where the PDSCH can be mapped to the REs starting from symbol 3 and symbol 2 is occupied by the DMRS associated with PDSCH. Then the channel estimated from the DMRS can be used to decode the PDSCH. To observe the phase noise impact, perfect channel estimation for DMRS is assumed. The detailed assumptions are shown in the appendix. It can be observed that the phase noise could have some impact on the decoding SINR of the transport block. There can be up to 1.8 dB SINR loss with phase noise compared to the case without phase noise at 10% BLER working point. 


Figure 3: Resource mapping assumption for LLS
 [image: ]
Figure 4: LLS results for 5/6 64QAM

Observation: Phase noise is a time-variant noise and each subcarriers can be affected by a Common Phase Error (CPE) as well as ICI, where CPE could take most of the power of phase noise in the frequency domain.
3. Phase Noise Compensation for OFDM waveform
To compensate the CPE, one way is to utilize the Tracking Reference Signal (TRS) for OFDM symbols. As the CPE is the same for each subcarrier, the frequency domain density of TRS can be smaller than DMRS. Ideally for the allocated bandwidth of one UE, TRS taking one RE per symbol can be enough. However this may not work well if some additive noise and interference is presented or the ICI is too large, as there may be some channel estimation performance loss from the TRS.
Apart from the phase noise, the Doppler frequency offset and nonlinear power amplifier (PA) may have some impact on the channel estimation performance, which may cause channel phase rotation and amplitude change. Meanwhile the CFO could bring in some phase error too. Therefore when considering the phase noise compensation based on TRS, the Doppler frequency offset as well as CFO should be taken into account altogether.
Figure 5, 6, 7 and 8 illustrates some link level evaluation results for 4 PRBs 5/6 64QAM and 1/2 64QAM case, where the TRSs are located in the central subcarriers of the 4 PRBs. The coding rate is kept to be the same for all the cases. Figure A-1 and A-2 in the appendix illustrates the assumed resource mapping pattern. More simulation assumptions are shown in appendix. The DMRS antenna port and the TRS antenna port are assumed to be QCLed. Then the channel estimated for subcarrier k in symbol l (l>3) can be obtained as:

where  denotes the channel estimated from DMRS located in symbol 2 and  can be obtained by:

where  denotes the number of TRSs in symbol l;  indicates the subcarrier of TRS j.
It can be observed that compared to the case without phase noise compensation (no comp), 4 TRSs per symbol case can bring in around 2 dB performance gain compared to no compensation,  and 1 TRS per symbol case can bring in some performance gain in high SINR case, which is about 1 dB. Therefore the TRS can help to compensate the phase noise impact, and more TRSs can bring in more performance gain when the coding rate of data channel does not change. Thus the trade-off between phase noise compensation performance and TRS overhead needs to be carefully considered. 
4. Phase Noise Compensation for SC-FDMA waveform
As seen in the phase noise models proposed in [2]-[6], the power spectral density (PSD) of the phase noise typically has three distinct regions: The first one, at lower frequencies (from DC to 100 kHz-1 MHz), has a high level and can either be constant or decrease with an increase in frequency.  The second region, going from about 100 kHz-1 MHz to 10–100 MHz, decreases roughly with the square of the frequency.  The third region, with  frequencies higher than 10–100 MHz, is approximately constant and has a power level that is about 50 to 70 dB below the lowest point of the first region.  
As a result of the SC-FDMA waveform, the use of methods to time track and compensate phase noise may be applied. Due to the fact that phase noise appears as phase rotations of the signal samples in the time domain and because the bandwidth of the phase noise process is narrow (that is, phase noise is a time correlated process), time-domain reference signals may provide some benefit to SC-FDMA waveform when tracking and compensating phase noise. Figure 11 illustrates one time domain TRS structure for SC-FDMA waveform. The TRS may help to compensate the phase noise impact for data after MIMO equalization.  
[image: ]
Figure 5: Time-domain TRS (red) for SC waveforms (pure SC or SC-FDMA)
[bookmark: _GoBack]As a result of above discussion, we propose the following:
Proposal: Time-domain TRS can be taken into account to compensate the phase noise impact for SC-FDMA and OFDM waveform.
5. Conclusions
In this contribution we have provided our views on phase noise compensation. From the discussion, we have achieved the following proposals.
Observation: Phase noise is a time-variant noise and each subcarriers can be affected by a Common Phase Error (CPE) as well as ICI, where CPE could take most of the power of phase noise in frequency domain.
Proposal: Time-domain TRS can be taken into account to compensate the phase noise impact for SC-FDMA and OFDM waveforms.
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Appendix – Simulation Assumptions
[bookmark: _Ref225007379][bookmark: _Ref225007373]Table 1 Simulation Assumptions 
	Parameters
	Value

	System bandwidth
	80MHz, 160MHz (100RBs)

	Subcarrier spacing
	60kHz, 120kHz

	Subframe duration
	0.25ms, 0.125ms

	UE velocity
	3 km/h

	Carrier Frequency 
	30GHz

	Modulation and coding rate
	5/6 64QAM, 1/2 64QAM, 1/3 QPSK

	Channel estimation scheme for DMRS
	Ideal

	Channel estimation scheme for TRS
	Matched filter

	Number of allocated PRBs
	4 PRBs

	MIMO Scheme
	1x1

	Channel model
	30 GH band: TDL-B 30ns delay spread

	Channel coding scheme
	Turbo

	TRS density
	30 GHz band: 1 TRS/symbol, 4 TRS/symbol

	Receiver
	MMSE

	Phase noise model
	R1-163984 Parameter Set-A






Figure A-1: assumed resource mapping structure for 1 TRS/symbol case for low band


Figure A-2: assumed resource mapping structure for 4 TRS/symbol case for low band
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