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1. Introduction
In RAN1 86, it was agreed to study extended/additional RS for compensation of phase rotation and frequency offset [1] as follow: 
	Agreements:

· 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 discuss the benefit of CPE (Common Phase Error) and frequency offset compensation using additional RS for phase tracking. 

2. Phase Noise

PN (Phase Noise) is defined as the noise arising from the short-term random fluctuation in the phase of a waveform. The PN corrupts received signal in the time domain to rotate its phase randomly, which is shown in Figure 1. Here, it can be seen that the PN changes randomly but it shows correlation between adjacent time samples, which results in CPE (Common Phase Error) and ICI (Inter Carrier Interference) to received signal in the frequency domain. Namely, CPE and ICI indicate correlation and randomness of PN in an OFDM symbol, respectively.
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Figure 1. Phase distortion due to phase noise
Figure 2 shows the effect of CPE and ICI on received constellation points without noise. It can be seen that for square ‘A’, all constellation points are rotated in 3 degree, which results from CPE. In addition, for the circle ‘B’, constellation points are randomly placed in the circle, which results from ICI.
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Figure 2. Constellation of received symbols corrupted by phase noise
In [3], we introduce that potential gain of CPE compensation. In what follows, we define a new tracking reference signal for CPE estimation as PTRS (Phase Tracking Reference Signal), and show evaluation results on PTRS in the evaluation result section.
3. Evaluation Results

In this section, we adopt PN models in [2]. Also, Table 1 shows simulation setup, and all simulation results follow that unless otherwise stated. 
Table 1. Simulation setup

	PN Model
	PN model 2 in [2]
	CFO
	0kHz

	Carrier Frequency
	30 GHz
	# of Traffic RBs
	4/64

	Subcarrier Spacing
	60kHz
	# of System RBs
	100

	Channel
	TDL-B(30ns, 0km/h)
	Modulation
	64QAM

	Channel Estimation
	Ideal
	Code Rate
	5/6

	CPE Estimation
	Real
	
	


· PTRS density in the frequency domain
Figure 3 and Figure 4 show BLER performance according to the number of PTRS (0/1/4/8/16) in an OFDM symbol. In addition, the PTRS is uniformly distributed in given TRBs. Also, for different PTRS numbers to have the same code rate (5/6), information size is regulated as Table 2. 
Table 2 Information bits for different frequency densities
	TRB=4
	# of PTRS in an OFDM symbol
	Information bits
	TRB=64
	# of PTRS in an OFDM symbol
	Information bits

	
	0
	2640
	
	0
	4240

	
	1
	2585
	
	1
	42185

	
	4
	2420
	
	4
	42020

	
	8
	2200
	
	8
	41800

	
	
	
	
	16
	41360
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Figure 3 BLER performance for different PTRS frequency densities and 4TRBs
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Figure 4 BLER performance for different PTRS frequency densities and 64TRBs
In these figures, “PTRS=0” and “Ideal” represent non CPE compensation, and ideal CPE compensation, respectively. These figures shows that BLER performance gap according to PTRS frequency density is much higher as TRB size is larger. Especially, Figure 3 shows non CPE compensation has 1dB BLER performance degradation compared to CPE compensation with PTRS=8, while  Figure 4 displays that the former case has 5.8dB performance degradation than the latter case. 

Meanwhile, we can observe that the BLER performance is improved as the number of PTRS increases, and BLER performance of ideal CPE compensation can be achieved with slightly performance loss when the number of PTRS is equal to or higher than 4. In other words, 4 or 8 PTRS is enough for CPE estimation regardless of TRB size. 
Observation 1: BLER performance gap according to PTRS frequency density is much higher as TRB size is larger.
Observation 2: 4 or 8 PTRS is enough for CPE estimation regardless of the number of TRB.
· PTRS density in the time domain
Figure 5 displays BLER performance according to PTRS interval (1/2) in the time domain. Here, the number of PTRS in an OFDM symbol is equal to 4. Also, for different PTRS intervals to have the same code rate (5/6), information size is regulated as Table 3.
Table 3 Information bits for different time densities
	TRB=4
	PTRS interval
	Information bits
	TRB=64
	PTRS interval
	Information bits

	
	1
	2420
	
	1
	42020

	
	2
	2540
	
	2
	42140
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Figure 5 BLER performance for different time densities and 4/64TRBs
Similar to evaluation results in Figure 3 and Figure 4, it can also be seen that BLER performance gap according to PTRS time density is much higher as TRB size is larger. Especially, for PTRS interval 2 in 64 TRBs, significant performance degradation is observed. In contrast, for 4 TRBs, PTRS interval 2 shows 0.6dB performance degradation compared to interval 1 at BLER = 0.1.
Observation 3: BLER performance gap according to PTRS time density is much higher as TRB size is larger.
· Throughput for different PTRS frequency/time densities
Figure 6, Figure 8 and Figure 9 show the spectral efficiency for different # of RBs and PTRS density in time/frequency domain. Here, we adopt code rate =5/6 and information size in Table 2 and Table 3. 
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Figure 6 Spectral Efficiency for different PTRS frequency densities and 4TRBs
In Figure 6, we observe for TRB=4 that non CPE compensation has better spectral efficiency than CPE compensation with any PTRS number. This is due to the fact that for TRB=4, only single codeblock is defined in a codeword, and it spreads out in the subframe, which relieves phase noise impact. For this reason, Figure 3 shows that BLER performance is not severely degraded even for non CPE compensation. In addition, its information size is larger than the cases of CPE compensation, because PTRS is not defined in the data region. As a result, we can see that for TRB=4, throughput loss due to PTRS is larger than performance gain coming from CPE compensation. 
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Figure 7 BLER performance (CFO: 0kHz and 1.4kHz)
Nevertheless, PTRS would be needed for even small TRB, since CFO (Carrier Frequency Offset) due to local oscillator and Doppler should be taken into account with phase noise. Actually, Figure 7 shows that non CPE compensation produces BLER=1, while CPE compensation with CFO=1.4kHz shows 0.6dB performance degradation compared to that with CFO=0kHz. Note that evaluation assumption in [4] indicates that CFO at UE is uniformly distributed in [-0.1, 0.1] ppm, and for 30GHz, its maximum CFO is equal to 3kHz. Accordingly, PTRS should be necessary for 4 TRB, and therefore, the trade-off between performance gain coming from CPE compensation and PTRS overhead should be considered. 
Observation 4: For 4 TRBs, non CPE compensation has better spectral efficiency than CPE compensation.
Proposal 1: The trade-off between performance gain from CPE compensation and PTRS overhead should be considered.
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Figure 8 Spectral Efficiency for different PTRS frequency densities and 64TRBs
In contrast, in Figure 8, we can see for TRB=64 that CPE compensation achieves much higher spectral efficiency than non CPE compensation. This is because for TRB=64, several codeblocks are defined in a codeword, and each codeblock spreads out in one or two OFDM symbol(s). If there is higher phase noise in a specific OFDM symbol, the codeblock located in the OFDM symbol has higher failure probability. Actually, it can also be checked from Figure 4 and Figure 5 that for TRB=64, non CPE compensation or PTRS interval=2 shows significantly degraded BLER performance. On the other hand, observation 2 indicates that RS overhead becomes small as TRB size increases. Accordingly, for large TRB size, CPE should be compensated.
Observation 5: For 64 TRBs, CPE compensation except for PTRS=1 has better spectral efficiency than non CPE compensation.
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Figure 9 Spectral Efficiency for different PTRS time densities and 4/64TRBs
Similarly, Figure 9 also shows that for TRB=4, PTRS time interval 2 achieves higher spectral efficiency than interval 1, while for TRB=64, interval 1 has better spectral efficiency interval 2. 
Observation 6: For 4 TRBs, PTRS time interval 2 achieves higher spectral efficiency than time interval 1. In contrast, for 64 TRBs, PTRS time interval 1 achieves higher spectral efficiency than time interval 2.
Proposal 2: PTRS time interval should be designed flexibly according to TRB size.
· Frequency and Time first mapping rule
Figure 10 shows BLER performance for both frequency first mapping and time first mapping. Here, we adopt AWGN channel, 4 PTRS and MCS #26. 
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Figure 10 Frequency/Time first mapping
In this figure, it can be seen that time first mapping shows better BLER performance compared to frequency first mapping even for CPE compensation. This improvement comes from that ICI and residual CPE impacts are relieved by spreading codeblock out in the time domain. Along with observation 4, this evaluation results clearly show that codeblock spreading in the time domain is effective way to reduce phase noise impact.

Observation 7: Codeblock spreading in the time domain reduces phase noise impact even for CPE compensation.
Proposal 3: Codeblock spreading in the time domain would be considered.
4. Conclusion
In this contribution, we discussed gain of CPE compensation on BLER performance for different PTRS time/frequency densities for NR study. From the discussion, we observed as follows:
Observation 1: BLER performance gap according to PTRS frequency density is much higher as TRB size is larger.
Observation 2: 4 or 8 PTRS is enough for CPE estimation regardless of # of TRB.
Observation 3: BLER performance gap according to PTRS time density is much higher as TRB size is larger.
Observation 4: For 4 TRBs, non CPE compensation has better spectral efficiency than CPE compensation. 
Observation 5: For 64 TRBs, CPE compensation except for 1 PTRS has better spectral efficiency than non CPE compensation. 
Observation 6: For 4 TRBs, PTRS time interval 2 achieves higher spectral efficiency than time interval 1. In contrast, for 64 TRBs, PTRS time interval 1 achieves higher spectral efficiency than time interval 2.
Observation 7: Codeblock spreading in the time domain reduces phase noise impact even for CPE compensation.
Based on the observations, we propose as follows:

Proposal 1: The trade-off between performance gain from CPE compensation and PTRS overhead should be considered.
Proposal 2: PTRS time interval should be designed flexibly according to TRB size.
Proposal 3: Codeblock spreading in the time domain would be considered.
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