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1. Introduction
In RAN1 86bis, it was agreed to study RS patterns and other properties related to estimation of phase rotation due to phase noise and/or frequency offset as follows: 
	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

· On-off configuration
Agreements:
· At least the following RSs are supported for NR downlink

· CSI-RS: Reference signal with main functionalities of CSI acquisition, beam management

· FFS: RRM measurement 

· DM-RS: Reference signal with main functionalities of data and control demodulation

· FFS: channel state information estimation and interference estimation

· FFS: beam management

· Reference signal for phase tracking

· FFS: Whether DM-RS extension can be applied or not

· FFS whether new RS or RS for other functionalities can be used

· Reference signal for time/freq. tracking

· FFS whether new RS or RS for other functionalities can be used

· Reference signal for Radio link monitoring

· FFS whether new RS or RS for other functionalities can be used

· RS for RRM measurement

· FFS whether new RS or RS for other functionalities can be used

· At least the following RSs are supported for NR uplink

· SRS: Reference signal with main functionalities of CSI acquisition, beam management

· FFS: RRM measurement

· DM-RS: Reference signal with main functionalities of data and control demodulation

· FFS: beam management

· Reference signal for phase tracking

· FFS: Whether DM-RS extension can be applied or not

· FFS whether new RS or RS for other functionalities can be used

· FFS: Reference signal for RRM measurement

· FFS whether new RS or RS for other functionalities can be used


In this contribution, we discuss RS patterns and other properties through evaluation results on estimation and compensation of phase rotation due to phase noise and/or frequency offset. 
2. Evaluation Results

In this section, Table 1 shows simulation setup, and all simulation results follow that unless otherwise stated. Also, the PTRS is uniformly distributed in given PRBs. In addition, for different PTRS numbers to have the same code rate, information size is regulated. Furthermore, CFO (Carrier Frequency Offset) is randomly selected from [-3kHz, 3kHz] for each subframe.
Table 1. Simulation setup

	PN Model
	PN model 2 in [4]
	CFO
	[-3kHz, 3kHz]

	Carrier Frequency
	30 GHz
	# of Physical RBs
	4/32

	Subcarrier Spacing
	60kHz
	# of System RBs
	100

	Channel
	CDL-C(30ns, 3km/h)
	Modulation &  Code Rate
	QPSK(1/2), 16QAM(3/4), 64QAM(5/6)

	Channel Estimation
	Ideal
	CPE Estimation
	Real


In what follows, we adopt the following PTRS patterns illustrated in Figure 1. Here, patterns #1, #2 and #3 have time period of 1, 2, and 4, respectively. Also, # of PTRS in the frequency domain is equal to 4, unless otherwise stated. 
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Figure 1 PTRS patterns
· Evaluation results on frequency offset or phase noise
In this subsection, impacts of frequency offset or phase noise on BLER performance are separately shown, and its properties is addressed.

Figure 2 shows impact of frequency offset on BLER performance in the absence of phase noise. It should be noted that ‘SNR’ in the figure includes analog beamforming gain in what follows. It can be seen from this figure that non CFO compensation provides BLER=0.7 for even low MCS as QPSK (1/2), while CFO compensation achieves BLER=0.1 at SNR=8dB.   
Observation 1: CFO results in significant BLER performance loss for even low MCS as QPSK (1/2).
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Figure 2 CFO impact on BLER performance
On the other hand, Figure 3 displays impact of phase noise on BLER performance in the absence of CFO. Here, we can see that for 64QAM (5/6), CPE compensation produces better BLER performance of 1.7dB at BLER=0.1 than non CPE compensation, while for 16QAM (3/4), both CPE and non-CPE compensations have the same BLER performance. As a result, we can see that phase noise affects BLER performance only for high MCS.
Observation 2: Phase noise impact on BLER performance is observed for high MCS as 64QAM (5/6), while it is negligible for MCS less than or equal to 16QAM (3/4).
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Figure 3 Phase Noise Impact on BLER performance
· Evaluation results on different PTRS patterns
In this subsection, we show impacts of frequency offset and phase noise on spectral efficiency and BLER performance for different PTRS patterns illustrated in Figure 1.    
We can see from Figure 4 and Figure 5 that for QPSK (1/2) and 16QAM (3/4), pattern #3 achieves the highest spectral efficiency regardless of PRB sizes. This is due to the fact that for MCS less than or equal to 16QAM (3/4), phase noise impact on performance is negligible, while throughput loss due to RS overhead is dominant.

Observation 3: For MCS less than or equal to 16QAM (3/4), pattern #3 achieves the highest spectral efficiency regardless of PRB sizes.
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Figure 4 Spectral efficiency
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Figure 5 Spectral efficiency
It can be seen from Figure 6 that for 4PRBs, pattern #3 shows the highest spectral efficiency regardless of MCS levels. This is because for 4PRBs, only single codeblock is defined in a codeword, and spreads out in the subframe, which relieves phase noise impact.
Observation 4: For 4PRBs, pattern #3 achieves the highest spectral efficiency regardless of MCS levels.
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Figure 6 Spectral efficiency
Meanwhile, each UE should transmit its own PTRS, so that RS overhead increases with # of UEs in the case of UL MU-MIMO transmission. On the other hand, observations 3 and 4 indicate that Pattern #3 provides the highest throughput in the case of MCS less than or equal to 16QAM (3/4) or 4PRBs. Accordingly, RS with time sparse pattern can be considered as a baseline, while minimizing throughput loss.
Proposal 1: Considering RS overhead in the case of UL MU-MIMO, for at least UL case, RS with time sparse pattern (e.g. pattern #3) should be considered as a baseline.
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Figure 7 Spectral efficiency
From Figure 7, we can see that pattern #1 and #2 achieve the highest spectral efficiency in the case of 64QAM (5/6) and 32 PRBs. This is because for 32PRB, several codeblocks are defined in a codeword, and each codeblock spreads out in one or two OFDM symbol(s). If inaccurate CPE estimation incurs higher residual CPE to a specific OFDM symbol, its codeblock shows higher failure probability than other codeblocks. In other words, spectral efficiency is more sensitive to phase noise in the case of high MCS and large PRB size. As a result, pattern #1 or #2 is necessary as well as pattern #3 for support of high MCS and large PRB size.

Proposal 2: For at least UL case, hybrid use of both time sparse and dense patterns should be considered to maximize spectral efficiency for all MCS and PRB sizes.
Meanwhile, for DL transmission, repetitive signal (e.g. PSS, SSS) or channel (e.g. PBCH) may be designed so that CFO can be estimated in advance of data reception. In this case, only one time dense pattern such as pattern #1 or pattern #2 can be taken into account for high MCS and large PRB size, which can be verified from Figure 3. 
Observations 5: If CFO is estimated in advance of data reception, only one time dense pattern such as pattern #1 or pattern #2 can be taken into account for high MCS and large PRB size.
3. Conclusion
In this contribution, we discussed spectral efficiency for different PTRS patterns in the presence of frequency offset and phase noise. From the discussion, we observed as follows:
Observation 1: CFO results in significant BLER performance loss for even low MCS as QPSK (1/2).
Observation 2: Phase noise impact on BLER performance is observed for high MCS as 64QAM (5/6), while it is negligible for MCS less than or equal to 16QAM (3/4).
Observation 3: For MCS less than or equal to 16QAM (3/4), pattern #3 achieves the highest spectral efficiency regardless of PRB sizes.
Observation 4: For 4PRBs, pattern #3 achieves the highest spectral efficiency regardless of MCS levels.
Observations 5: If CFO is estimated in advance of data reception, only one time dense pattern such as pattern #1 or pattern #2 can be taken into account for high MCS and large PRB size.
Based on the observations, we propose as follows:

Proposal 1: Considering RS overhead in the case of UL MU-MIMO, for at least UL case, RS with time sparse pattern (e.g. pattern 3) should be considered as a baseline.
Proposal 2: For at least UL case, hybrid use of both time sparse and dense patterns should be considered to maximize spectral efficiency for all MCS and/or PRB sizes.
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