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1. Introduction
In the RAN 1 #86 meeting some agreements on RS have been achieved as follows [1].
· In addition to the front-loaded RS agreed to study in RAN1#85, same or extended/additional RS is studied in NR of at least the following:
· Estimate/compensate Doppler parameters
Compensate phase rotation and frequency offset Note that RS may or may not be UE-specific
In this contribution we provide some evaluation and discussion on Tracking Reference Signal (TRS) which can be used for phase noise compensation for both OFDM and SC-FDMA waveform. The study covers the TRS design patterns, TRS densities and their impacts on the common phase error (CPE) estimation at the presence of phase noise.
2. Impact of Phase Noise
The phase noise in oscillators can result from frequency synthesizers that consists of a reference clock, VCO, loop filter, PLL and so on. Its impact on the system is discussed in [2]. The phase noise level in high band is higher and the time variation is faster in comparison with low band. The baseband time domain receiving signal can be given as:
												(1)
where  denotes the time domain transmitting sequence;  indicates the time domain channel;  refers to the phase noise; and  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:
												(2)
Hence the phase noise can 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.
3. Phase Noise Tracking for OFDM Waveform
To compensate the phase noise impact, some methods to track and compensate phase noise may be necessary. Due to the fact that phase noise appears as phase rotations of the signal samples in the time domain and the bandwidth of the phase noise process is narrow (that is, phase noise is a time correlated process) [2]. So in OFDM system, tracking reference signal (TRS) can be added in each symbol with low density in frequency domain so that the CPE can be estimated and compensated, especially for high MCS [3]. 
Given the DMRS is transmitted in symbol 2 and the data is transmitted in the following symbols, the channel estimated for subcarrier k in symbol l (l>2) can be obtained as:
																(3)
where  denotes the channel estimated from DMRS located in symbol 2 and  can be obtained by:

(4)
where  denotes the number of TRSs in symbol l;  indicates the subcarrier of TRS j.
Figure 1-4 illustrates some link level simulation results for the phase noise tracking. It can be observed that compared to the case without phase noise compensation (no comp), 1 TRS per symbol case can bring in some performance gain especially in high SINR case. And 4 TRSs per symbol case can bring in around 2 dB performance gain compared to no compensation. 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. 
Hence it can be concluded that the TRS can effectively help to compensate the phase noise, especially in high MCS and high SINR case. While taking the MCS and TRS overhead into consideration, configurable TRS needs to be taken into account with regard to the phase noise compensation.
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Figure 1: link level results for 5/6 64QAM, 60 kHz subcarrier spacing, TDL-B 3km/h case
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Figure 2: link level results for 5/6 64QAM, 120 kHz subcarrier spacing, TDL-B 3km/h case
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Figure 3: link level results for 1/2 64QAM, 60 kHz subcarrier spacing, TDL-B 3km/h case
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Figure 4: link level results for 1/2 64QAM, 120 kHz subcarrier spacing, TDL-B 3km/h case


Observation 1: compared to the case without phase noise compensation, the TRS can help to compensate the phase noise impact and the performance for phase noise compensation could be better if more TRSs are allocated.
Proposal 1: the trade-off between TRS overhead and phase noise impact should be carefully studied to design TRS for OFDM waveform.
4. Phase Noise Tracking for SC-FDMA Waveform
Different from OFDM waveform, for the SC-FDMA waveform, how to map the TRS and data may be one issue. There can be the following two options for the TRS resource mapping.
Option 1: TRS and data are mapped in a TDM manner. The TRS and data can be multiplexed before DFT. 
Option 2: TRS and data are mapped in a FDM manner. Then the TRS and data can be mapped to continuous subcarriers or discontinuous subcarriers.
In [2] the option 1 has been studied, and some performance gain has been observed from Figure A-1 in appendix. In this contribution we will study the option 2. In option 2, the TRS can be transmitted in the symbols where DMRS and data are transmitted. 
Figure 5 illustrates the case when TRS and data are mapped to continuous subcarriers and discontinuous subcarriers. For continuous subcarriers method, TRS is transmitted in the edge (either side or both) of the allocated resource PUSCH. For discontinuous subcarriers method, the TRS can be located in the edge RB(s) and PUSCH can be mapped to the central RBs. which can be similar to simultaneous PUCCH and PUSCH transmission scheme in LTE.




Figure 5: TRS pattern for continuous (left) and discontinuous (right) subcarriers
Figure 6 illustrates the PAPR CCDF for the FDM manner in continuous and discontinuous subcarriers, which is collected from different resource allocation cases and the TRS is assumed to take 12 subcarriers in one symbol and be generated based on Zadoff-Chu (ZC) sequence.  Detailed simulation assumptions can be found in the Appendix. It can be observed that the PAPR could increase around 0.3dB in the FDM manner compared to the case without TRS, and the PAPR of continuous subcarriers method is slightly lower than discontinuous subcarriers method.
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Figure 6: PAPR CCDF curves of different TRS patterns
Figure 7 illustrate some simulation results for the FDM based TRS and data. For above TRS patterns, the symbol level channel estimation can be employed. The gap between performance with phase noise (PN) and without PN is up to 6dB. With the help of TRS compensation, the performance is significantly improved. As the SNR increases, this improvement is further increased and up to 3dB performance gain can be observed. Further the ideal CPE compensation can bring in up to 4.5 dB performance gain compared to the case without phase noise compensation. Hence if some advanced channel estimation scheme can be designed using TRS, which can  reduce the ICI and make the TRS performance more close to ideal CPE compensation, the decoding performance can get improved. 
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Figure 7:  The comparison of BLER in different TRS strategies
Observation 2: the PAPR for FDM based TRS can be about 0.3dB higher than without TRS, and the PAPR for continuous resource mapping scheme can be a little smaller than that for discontinuous resource mapping scheme.
Observation 3: the FDM based TRS can help to compensate the common phase error and 3dB performance gain can be observed compared to the case without phase noise compensation.
Proposal 2: Apart from TDM based TRS, RAN1 should also take FDM based TRS into account, including continuous and discontinuous resource mapping between TRS and data, if the SC-FDMA waveform is used.
5. Conclusion
In this contribution, we provide some discussion on the phase noise tracking for SC-FDMA waveform, and the following observations and proposals have been achieved.
Observation 1: compared to the case without phase noise compensation, the TRS can help to compensate the phase noise impact and the performance for phase noise compensation could be better if more TRSs are allocated.
Observation 2: the PAPR for FDM based TRS can be about 0.3dB higher than without TRS, and the PAPR for continuous resource mapping scheme can be a little smaller than that for discontinuous resource mapping scheme.
Observation 3: the FDM based TRS can help to compensate the common phase error and 3dB performance gain can be observed compared to the case without phase noise compensation.
Proposal 1: the trade-off between TRS overhead and phase noise impact should be carefully studied to design TRS for OFDM waveform.
Proposal 2: Apart from TDM based TRS, RAN1 should also take FDM based TRS into account, including continuous and discontinuous resource mapping between TRS and data, if the SC-FDMA waveform is used.
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Appendix - Simulation Assumptions
Table A-1: Simulation Assumptions
	Parameter
	Value

	Central frequency
	70 GHz

	Bandwidth
	80 MHz

	Subcarrier Spacing
	60 kHz

	Channel model
	AWGN

	Channel coding scheme
	Turbo

	Channel estimation scheme for TRS
	Matched filter

	Channel estimation scheme for data
	perfect

	MCS
	5/6   64QAM

	Allocated RBs per UE
	4

	Channel estimation
	Symbol level

	MIMO configuration
	1×1

	Phase noise model
	70GHz model in [4]
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Figure A-1: BLER for SC systems when phase noise is compensated either by estimating its mean or by using TRS allocated throughout the symbol (”MMSE”).  Results were obtained by using phase noise model proposed in R1-163984 (Set A) for high band frequencies. Carrier frequency is 60 GHz and FFT size 2048 while 1200 tones allocated. The subcarrier spacing is 480 kHz.
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