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Introducation
The phase tracking reference signal (PT-RS) has been considered in NR to track and compensate for the phase drift due to phase noise (PN) and frequency offset (FO). In RAN1#88, the following agreements were made for PT-RS [1]:
Agreements:
1. Presence/patterns of PT-RS are configured by a combination of RRC signaling and association with parameter(s) used for other purposes (e.g., MCS) which are (dynamically) indicated by DCI.
0. Whether PT-RS can be present or not depends on RRC configuration. 
0. When configured, the dynamic presence is associated with DCI parameter(s) including at least MCS
0. FFS: Time domain density is associated with dynamic configuration by MCS. 
0. When present, frequency domain density is associated with at least dynamic configuration of the scheduled BW.
3. FFS: Frequency domain density is associated with dynamic configuration by MCS. 
3. FFS: Frequency-domain pattern design supports both frequency-localized and frequency-distributed allocation of PT-RS subcarriers.
0. Other association factors/rules are not precluded.
0. Usage of PT-RS, e.g. CFO/Doppler correction, is not precluded, pattern/signaling for this use case can be different

In this contribution, we discuss the use of PT-RS for CFO/ Doppler shift correction. In particular, we focus on the case of CP-OFDM, while the case of DFT-s-OFDM in uplink was discussed in [2]. We simulate the EVM performance using PT-RS to correct CFO/ Doppler shift, and compare the performance curves with different PT-RS time domain patterns. 

Simulation setup
To study the impact of CFO/ Doppler shift, we assume a scenario of high mobility and a large residue CFO between VCOs in the simulation. For Doppler effect, we assume a user is moving with a speed of 30 km/h and a random direction on the plane. The residual CFO is assumed to be uniformly distributed between [-0.1ppm, 0.1ppm] of the 30 GHz carrier frequency. Besides, we assume the PN only comes from the UE. In the simulation, we have adapted the PN mask model in [3] to a carrier frequency of 30 GHz. 
[bookmark: _GoBack]The CDL-B model from 3GPP TR 38.900 is applied in the simulation. We apply directional beamforming to the angles of the strongest cluster in power. The pre-beamforming RMS delay spread is selected to be 100 ns as in the nominal delay spread case. After applying directional beamforming, the average post-beamforming delay spread is reduced to 7.2 ns, and the EVM due to intersymbol interference is negligible (<60 dB), based on the results in [4]. Therefore, the EVM of symbols in our simulations is mainly caused by thermal noise and phase error due to PN, Doppler effect, and CFO. 
For the numerology and frame structure assumptions, a tone spacing of 120 KHz and a slot length of 14 symbols are considered. Furthermore, we assume a single front-loaded DM-RS symbol in each slot. To focus on the performance evaluation of PT-RS, we assume the channel coefficients (including the phase error at the time spot of channel estimation) are perfectly estimated from the DM-RS symbol.
To estimate the CFO/ Doppler shift, we insert PTRS with different time domain patterns to measure common phase errors (CPEs) in different symbols in the beginning slot. Then based on the CPE observations, the frequency offset is estimated using a linear regression method. The CFO correction is assumed to be applied in the subsequent data slots. The EVM performance is measured at the last symbol of a following data slot, which suffers the worst error due to the residue CFO after correction. Besides, in the data slots, we assume that no PT-RS is transmitted. Therefore, the EVM also take accounts for the phase errors due to PN without the CPE correction.
Table 1 summarizes the simulation assumptions.
	Carrier frequency
	30 GHz

	Power spectrum of phase noise
	Way forward proposal outlined in figure 4 of [3] reduced by 20dB*log10(40Ghz/30Ghz) 

	Residual CFO
	Uniformly distributed in [0.1ppm, 0.1ppm] of carrier frequency

	UE mobility
	30 km/h speed and random moving direction

	Subcarrier Spacing 
	120kHz

	Duration of cyclic prefix 
	0.6µs

	Duration of a slot
	125µs (14 OFDM symbols)

	PTRS frequency domain density
	1 PTRS per 48 tones

	Total bandwidth
	100 MHz

	Channel Model
	CDL-B (see 3GPP TR 38.900 V1.0.0 table 7.7.1)

	Pre-beamforming RMS delay spread
	100 ns (the “nominal” delay case)

	NB antenna array
	64x4

	UE antenna array 
	8x2

	Channel estimation
	Genie channel estimation in the beginning of each slot



Table 1: Simulation assumptions
Numerical results
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Figure 1. EVM performance with different PT-RS patterns for CFO/ Doppler shift correction
In Figure 1, we show the EVM performance as a function of the per-tone SNR. The results show that the EVM without any CFO corrections can be worse than 2 dB  in certain high mobility scenario, which motivates the use of PT-RS for CFO/ Doppler shift correction.
Observation 1: In high mobility/ high frequency offset case, frequency offset can deteriorate EVM performance even with QPSK modulations.
Proposal 1: Use PT-RS to correct frequency offset in the scenarios of high mobility/ large CFO between VCOs.
Additionally, we compare the EVM performance with the different PT-RS time domain densities. In Figure 1, the EVM curve for the case of having PTRS only in the last symbol almost overlaps with that of having PT-RS every 4 symbols. Similarly, there is a negligible gap between the curve of having PT-RS every 2 symbols and every symbol. For all PT-RS densities, the EVM performance gap to the perfect CFO estimation case is within 1 dB, when the SNR is smaller than 15 dB.
Observation 2: For the purpose of CFO/ Doppler shift estimation, a lower time domain density of PT-RS is required, compared with the case of PN correction. For example, in the high MCS case (SNR>25 dB), where a continuous PT-RS pattern is generally needed for PN correction, inserting PTRS every 2 OFDM symbols appears sufficient to correct CFO.
Proposal 2: For the purpose of CFO correction, consider different configurations of PT-RS, e.g., time and frequency domain patterns, apart from those defined for the purpose of PN corrections.

Conclusion
Observation 1: In high mobility/ high frequency offset case, frequency offset can deteriorate EVM performance even with QPSK modulations.
Observation 2: For the purpose of CFO/ Doppler shift estimation, a lower time domain density of PT-RS is required, compared with the case of PN correction. For example, in the high MCS case (SNR>25 dB), where a continuous PT-RS pattern is generally needed for PN correction, inserting PTRS every 2 OFDM symbols appears sufficient to correct CFO.
Proposal 1: Use PT-RS to correct frequency offset in the scenarios of high mobility/ large CFO between VCOs.
Proposal 2: For the purpose of CFO correction, consider different configurations of PT-RS, e.g., time and frequency domain patterns, apart from those defined for the purpose of PN corrections.
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