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Introduction
In RAN1 #87 Meeting [1], it was agreed that:
· RS for Phase tracking is denoted as PT-RS
· FFS: Naming of RS
· PT-RS supports the following for CP-OFDM: 
· Time-domain density of mapped on every other symbol and/or every symbol and/or every 4-th symbol
· FFS: Whether/how to down-select the time-domain density
· Note: Other time-domain densities of PT-RS are not precluded
· At least for UL 
· The presence of PT-RS is UE-specifically configured
· FFS: Whether implicit and/or explicit UE-specific configuration is supported
· PT-RS is confined in the scheduled time/frequency duration for a UE
· FFS: UE-specific and/or non-UE-specific and/or cell-specific for DL
· The following are to be studied for PT-RS:
· Number of PT-RS ports to be supported
· Use of precoding 
· QCL relationship with other RS, e.g., DM-RS 
· Details on frequency domain pattern(s) and/or variable frequency domain densities
· Whether PT-RS is necessary for DFT-s-OFDM waveform
· Sharing of time/frequency resource between PT-RS among UEs and/or among layers of a single UE
· Additional usage for estimating residual frequency offset and/or high-speed channel
· Possible method(s) to improve phase estimation performance from PT-RS
· E.g., using ZP/NZP PT-RS to reduce interference 
· Details of UE-specific configuration, e.g., associated with the scheduled MCS and/or BW, the number of scheduled layers, or use dedicated signaling
· Others are not precluded
· FFS whether new RS is introduced or extended DMRS is used for phase tracking

In this contribution, we extend our previous simulations in [2], to investigate the time-domain density of PT-RS. Specifically, we present simulation results for the spectral efficiency performance, using PT-RS time domain densities of every OFDM symbol, every other OFDM symbol, and every 4th OFDM symbol.

Phase noise impact
This section models the effect of the phase noise at the received signal in a given OFDM symbol. The baseband signal at the receiver, after CP removal, may be written as: 

                 (1)

where  is the transmitted data signal (after the IFFT operation),  is the channel,  represents the circular convolution,  is the transmitter phase noise,  is the receiver phase noise, and  is the white Gaussian noise. At the receiver, after applying the DFT, using matrix notation, the frequency domain received signal can be written as
                                (2)

where  is the data vector at the IDFT input at the transmitter,  is the Fourier matrix,  is the channel matrix,  is a diagonal matrix whose diagonal elements are the I/Q modulated receiver phase noise, and  is a diagonal matrix whose diagonal elements are the transmitter phase noise. Note that, in general, since the phase noise changes the cyclic prefix,  may not be a perfectly circulant matrix, however, we can assume that it is approximately circulant. 
Using the fact that a circulant matrix  can be diagonalized with the Fourier matrix, where c is the first column and r is the first row of C, we can get

                    (3)

In (3),  is a diagonal matrix whose diagonal elements are equal to Fourier transform of the channel vector,  is a circulant matrix whose first column is equal to the Fourier transform of , and  is a circular matrix whose first column is equal to the Fourier transform of . Then, 

                                  (4)

With only transmitter or receiver phase noise, the received signal on subcarrier  can be written as

      (5)

where  denotes modulo-N operation and  is the number of subcarriers. In Eq. (5),  represents the common phase error (CPE) that multiplies all subcarriers, resulting in a rotation of the constellation, and the second part is the intercarrier interference (ICI) created by the phase noise. Note that the CPE,  is the diagonal element of the matrix  (at the transmitter or receiver), and is given as

                                    (6)

The CPE is different for each OFDM symbol and its rate of change depends on the phase noise model. 
For AWGN channel and with receiver phase noise, CPE becomes:

                                   (7)

Phase noise estimation with reference signals
The phase noise can be estimated using reference symbols, and the estimate can be used to perform the phase noise correction. To facilitate the estimation, the reference signals are loaded onto certain subcarriers, and repeated in time domain with a given density (either every OFDM symbol, or every other symbol, or every 4th symbol), as shown in the example of Figure 1.
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[bookmark: _Ref465937478]Figure 1 Examples of PTRS time-domain patterns
The CPE component due to the phase noise for each OFDM symbol is estimated as

                                 (8)

where  is the received signal on subcarrier  after equalization,  is the reference symbol transmitted on subcarrier . After the estimation, the phase is corrected by multiplying the signal on each subcarrier by . In the previous equation, the summation is performed over the subcarriers that are configured with reference symbols. 
When the time-domain density of the PT-RS is set for one every 2 OFDM symbols, or one every 4 OFDM symbols, the CPE component is estimated for the OFDM symbols that carry the PT-RS, and linear interpolation is used to derive the CPE for the OFDM symbols that don’t carry the PT-RS. For the lower time-domain PT-RS densities, we have also simulated a sample-and-hold interpolation method for the CPE, and found that linear interpolation performed better. Therefore, this contribution only shows the linear interpolation results. 
The time domain / frequency domain density of the reference symbols is a design parameter, and its impact on performance will be evaluated via simulations in the following section.
Simulation Results for PT-RS 
The link level performance of system using PT-RS to estimate and compensate the phase noise is evaluated via simulations, for different time-domain densities of the PT-RS (every symbol, every other symbol, every 4th symbol). The detailed simulations assumptions are based on the agreements in [3], and provided for convenience in Table 1 in the Appendix.  
The simulated scenario uses additive white Gaussian noise (AWGN) channels, and models the phase noise at the receiver (UE side) only.
For the figures presented in this section:
· the label “No PN” means no phase noise was applied and no added PNRS (best case), and 
· the label “PN with no correction” means phase noise was modelled, and no added PTRS.

Similar to our previous contribution [2], the simulations are run for two different RB allocations (4 RBs = 48 subcarriers and 32 RBs = 384 subcarriers) and two different subcarrier spacing (SCS) (60 kHz and 240 kHz). For each setting (RB allocation and SCS value), PT-RS are first mapped in frequency domain to sub-carriers. The number of sub-carriers configured with PT-RS can be 1, 2, 4, 8, 16 (for 4 RB allocations, as well as for the 32 RB allocation). The time density of the PT-RS is then configured for 1 (every OFDM symbol), ½ (every other OFDM symbol) and ¼ (every 4th OFDM symbol).
Figure 2 to Figure 4 show the spectral efficiency (SE) for a small allocation (4 RB), SCS=60 kHz, with PT-RS time domain densities of 1, ½ and ¼, respectively.
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[bookmark: _Ref471389358]Figure 2 SE for 60 kHz SCS, 4 RB, Time density 1
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Figure 3 SE for 60 kHz SCS, 4 RB, Time density 0.5
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[bookmark: _Ref471389360]Figure 4 SE for 60 kHz SCS, 4 RB, Time density 0.25


From Figure 2 to Figure 4 above, as was observed in [2], it can be seen that for smaller resource assignments, the loss due to the phase noise is not significant. With a small number of PT-RS, the CPE estimation accuracy may not be sufficient, resulting in throughput loss. The CPE estimation accuracy can be improved as the number of the PT-RS in frequency domain is increased. However, reserving more subcarriers for the PT-RS increases the loss in spectral efficiency; even reducing the PT-RS density in time domain (e.g. to ¼) does not significantly improve the performance.
Observation 1:  For smaller resource assignments, the loss due to the phase noise is not significant.

Figure 5 to Figure 7 show the SE for a larger allocation (32 RB), SCS=60 kHz, with PT-RS time domain densities of 1, ½ and ¼, respectively.
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[bookmark: _Ref471389375]Figure 5 SE for 60 kHz SCS, 32 RB, Time density 1
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[bookmark: _Ref471390967]Figure 6 SE for 60 kHz SCS, 32 RB, Time density 0.5
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[bookmark: _Ref471389379]Figure 7 SE for 60 kHz SCS, 32 RB, Time density 0.25


For larger resource allocations, as seen in Figure 5 to Figure 7, increasing the frequency-domain density of the PT-RS improves the CPE estimation accuracy, and improves the spectral efficiency compared to the no correction case (Figure 5). For a fixed PT-RS density in frequency domain, it is interesting to note the SE behaviour as the time-domain density of the PT-RS decreases. For example, for a SE of 4 bits/s/Hz, the SNR performance degrades by about 0.5 dB if the PT-RS time density is ½, as compared to 1, for 8 frequency-domain PT-RS (blue curve in Figure 5 and Figure 6). Even more importantly, the degradation becomes significant (larger than ~1-1.5 dB) for time density of ¼.

Observation 2:  For larger resource assignments, the use of PT-RS with sufficient density in frequency domain, and time domain density of 1 provides more than ~1 dB gain over the case where PT-RS is not used.
Observation 3:  The PT-RS time domain density of ¼ exhibits significant performance loss compared to the time density of 1.

Figure 8 to Figure 10 show the SE for a small allocation (4 RB), and a larger sub-carrier spacing (SCS=240 kHz), with PT-RS time domain densities of 1, ½ and ¼, respectively.
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[bookmark: _Ref471389403]Figure 8 SE for 240 kHz SCS, 4 RB, Time density 1
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Figure 9 SE for 240 kHz SCS, 4 RB, Time density 0.5
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[bookmark: _Ref471389405]Figure 10 SE for 240 kHz SCS, 4 RB, Time density 0.25


From Figure 8 to Figure 10 above it can be seen that for smaller RB allocations and wider sub-carrier spacing, there is very little (if any) performance improvement due to PT-RS in the lower to intermediate SNR range, and in the high SNR range the spectral efficiency is reduced due to excessive PT-RS overhead. This observation is consistent with the previous observation for smaller RB allocations and lower sub-carrier spacing, and consistent with the observation in [4], [5]. These observations are based on the Turbo coding chain used in LTE with code block segmentation, therefore the observation may change if LDPC is used.
Proposal 1: For further evaluation of the PT-RS (e.g. to determine the PT-RS time/frequency density), the agreed upon LDPC coding chain should be used.  

Figure 11 to Figure 13 show the SE for a larger allocation (32 RB), and a larger sub-carrier spacing (SCS=240 kHz), with PT-RS time domain densities of 1, ½ and ¼, respectively.
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[bookmark: _Ref471389424]Figure 11 SE for 240 kHz SCS, 32 RB, Time density 1
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Figure 12 SE for 240 kHz SCS, 32 RB, Time density 0.5
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[bookmark: _Ref471389428]Figure 13 SE for 240 kHz SCS, 32 RB, Time density 0.25


For larger resource allocations and wider SCS, as seen in Figure 11 to Figure 13, the use of PT-RS provides a significant performance improvement compared to the no PT-RS case. Moreover, the best trade-off for frequency-domain PT-RS mapping appears to be 8 or 16 PT-RS for 32 RBs (resulting in density of 1/48 sub-carriers, in frequency-domain), and the best performance is attained for time-domain density of 1. The time domain density of ¼ does not seem to bring as much improvement as the density of 1; this observation is consistent with the results for larger resource allocation and narrower SCS, and as a result the use of time density of ¼ may not be justified. 
PT-RS simulation results are also presented for the 70 GHz band, using SCS=240 kHz and 32 RB, in Figure 14 to Figure 16 below.
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[bookmark: _Ref471486542]Figure 14 SE for 240 kHz SCS, 32 RB, Time density 1, 70 GHz
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Figure 15 SE for 240 kHz SCS, 32 RB, Time density 0.5, 70 GHz
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[bookmark: _Ref471486544]Figure 16 SE for 240 kHz SCS, 32 RB, Time density 0.25, 70 GHz


The simulation results in Figure 14 to Figure 16 indicate that for the 70 GHz band, the time-domain PT-RS density should be set to 1. Moreover, a time-domain density of ¼ results in severe performance degradation compared to a density of 1, and therefore it should not be used. This observation regarding PT-RS time-domain density of ¼ appears to be consistent across the bands (30 GHz, and 70 GHz), as well as for the various SCS settings used for the 30 GHz simulations.  
Proposal 2: The use of time-domain density of ¼ for the PT-RS (i.e. 1 PT-RS every 4th OFDM symbol) should not be considered.

The simulation results for the 30 GHz vs. the 70 GHZ band (for SCS=240 kHz, 32 RBs, in Figure 11 to Figure 13 versus Figure 14 to Figure 16, respectively), highlight the need to define a more comprehensive set of simulation scenarios to determine the PT-RS frequency domain pattern(s) and/or variable frequency domain densities.
Proposal 3: Simulations for a wider range of frequency bands and configurations are needed to determine the PT-RS frequency domain pattern(s) and/or variable frequency domain densities. 

The simulation results presented in this section show that the use of phase tracking reference signals for phase noise estimation and compensation results in significant performance improvement compared to the case of no impairments correction, for larger resource allocations. Also, based on the simulation results, it appears that the best time-domain density of the PT-RS may be 1 (every OFDM symbol). For the 30 GHz band, it is possible to consider a time-domain density of ½ (every other symbol), but for the 70 GHz band, there is a large degradation compared to time-density of 1. As indicated above, a PT-RS time-domain density of ¼ is not recommended for either the 30 GHz, or the 70 GHz band.
Summary
This contribution presented simulation results to evaluate the impact of different time-domain densities of the PT-RS, on the spectrum efficiency of NR systems operating in the presence of phase noise. 
The following observations and proposals are made.
Observation 1:  For smaller resource assignments, the loss due to the phase noise is not significant..
Observation 2:  For larger resource assignments, the use of PT-RS with sufficient density in frequency domain, and time domain density of 1 provides more than ~1 dB gain over the case where PT-RS is not used.
Observation 3:  The PT-RS time domain density of ¼ exhibits significant performance loss compared to the time density of 1.
Proposal 1: For further evaluation of the PT-RS (e.g. to determine the PT-RS time/frequency density), the agreed upon LDPC coding chain should be used.
Proposal 2: The use of time-domain density of ¼ for the PT-RS (i.e. 1 PT-RS every 4th OFDM symbol) should not be considered.
Proposal 3: Simulations for a wider range of frequency bands and configurations are needed to determine the PT-RS frequency domain pattern(s) and/or variable frequency domain densities. 
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Appendix – Simulation Assumptions

[bookmark: _Ref225007379][bookmark: _Ref225007373]Table 1 Simulation Assumptions
	Parameters
	Value

	Waveform
	OFDM

	Subcarrier spacing
	60 kHz, 240 kHz

	System bandwidth
	80 MHz (for SCS=60 kHz)
320 MHz (for SCS=240 kHz)

	Number of sub-carriers configured with PTRS within the allocation (frequency-domain)
	1, 2, 4, 8, 16

	Time-domain density of PTRS
	every OFDM symbol, 
every other OFDM symbol, 
every 4th OFDM symbol

	Phase noise estimate interpolation method
	linear

	Carrier Frequency 
	30 GHz

	Modulation and coding rate
	64QAM, 5/6

	Number of allocated PRBs
	4 PRBs, 32 PRBs

	Channel model
	AWGN

	Channel coding scheme
	Turbo

	Receiver
	MMSE

	Phase noise model
	PN model 2, from the WF proposed in [6]
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