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Introduction
In RAN1#87ah, the following agreement was made regarding a PT-RS:
Agreements:
· Regarding PT-RS for CP-OFDM, the following is supported
· For a given UE, the designated PT-RS is confined in scheduled resource as a baseline
· Whether/how to share DL PT-RS among UEs is FFS
· Presence of PT-RS in scheduled resource is UE-specifically configured/indicated
· Multiple PT-RS densities defined in time/frequency domain are supported
· UE can assume same precoding for a DM-RS port and a PT-RS port
· Among which ports and mapping rules (fixed and/or configurable, etc) are FFS
· Number of PT-RS ports can be fewer than number of DM-RS ports in scheduled resource
· Study the following for PT-RS, taking overhead and forward compatibility into account
· Details on frequency domain patterns/densities
· How to indicate presence/patterns of PT-RS
· E.g., implicitly indicated based on association with numerology/MCS/number of allocated PRBs/UE category
· E.g., explicit indication by L1/L2/L3 signaling
· Port multiplexing methods
· E.g., non-orthogonal multiplexing within PT-RS ports and with data
· Using PT-RS for CFO/Doppler estimation
· QCL relationship between PT-RS and DM-RS
· Joint transmission of CSI-RS and PT-RS for improving CSI acquisition accuracy
· Others are not precluded
· NR considers frequency offset and PN compensation for DFT-s-OFDM
· FFS the exact method (e.g. pre-DFT /post-DFT insertion of PT-RS, blind detection, DM-RS)
· Consider receiver complexity, PAPR, modulation order to be supported, etc 


As was previously shown in [1], the common phase error (CPE) is the main degradation produced by phase noise at mmWave frequencies. The main effect of CPE is an equal phase rotation in all the sub-carriers of one OFDM symbol. The Phase Tracking Reference Signal (PT-RS) is a reference signal for NR that aims to correct the phase rotation produced by CPE.
In this contribution we present simulation results for a single link scenario, related to PTRS density in both time and frequency domain in a basic SISO setup. We start by describing the estimation method used for the evaluation and the phase noise model before we present the simulation results.  
Phase estimation
To maintain comparability between results and facilitate simple implementation we describe and use a basic method for CPE compensation.
Let us denote the channel estimate in the DMRS RE with subcarrier  and symbol 

where  is the true channel frequency response for subcarrier  and symbol ,  is AWGN and  is the phase rotation in symbol  produced by the CPE effect, because of phase noise. By using the MMSE channel estimator we obtain the channel estimate in all the RE of the scheduled bandwidth, denoted by  (for subcarrier  and OFDM symbol ).
The channel estimate in the PTRS RE with subcarrier  and symbol  is given by

where  is the true channel frequency response for subcarrier  and symbol , and  is the phase rotation in symbol  produced by the CPE effect.
The phase estimation for each of the OFDM symbol in which there is PTRS is given by

where  is the number of subcarriers scheduled with PTRS and  is the set of the indices of the subcarriers scheduled with PTRS.
Once the phase estimation has been done, the MMSE channel estimate for subcarrier  and symbol  is rotated by  in order to compensate the CPE effect

In the case in which the PTRS pattern is sparse in time domain, a simple linear interpolation is used to obtain the  for those  in which there is no PTRS.
Phase noise model
The phase noise model used for obtaining the following simulation results is based on the model proposed in [2]. The different parameters used for the simulations are shown in Table 1. The PSD of the mentioned phase noise model is shown in Figure 1.
[image: C:\Users\emolvic\Desktop\ERICSSON\3GPP_contributions\RAN_88_Athens\PTRS\PN_model_2B.png]
[bookmark: _Ref473900900][bookmark: _Ref473900895]Figure 1: PN’s model PSD at carrier frequency 30 GHz.
	
	SRef
	SPLL
	SVCO_v2
	SVCO_v3

	k
	2
	1
	2
	3

	FOM[dBc/Hz]
	-200
	-240
	-185
	-131

	Power[mW]
	10
	20
	20
	20

	fz[Hz]
	-
	10e3
	28e6
	-


[bookmark: _Ref473900860][bookmark: _Ref473900854]Table 1: Phase noise model parameters.
Evaluation results UE specific PT-RS
In this section we present simulation results for different time and frequency PTRS configurations. The phase estimation presented in section 2 and the phase noise model presented in section 3 have been used for the simulations. For the simulations a single link scenario (with a basic SISO setup) has been chosen. Also, the PT-RS selected is UE specific. In the Appendix the simulation assumptions are shown.
PTRS time density results
In this section we present the results from the simulations and make some observations. We investigate three options for the time density of the PTRS, which are shown in Figure 1. Pattern 1 is the densest pattern using a PTRS for every OFDM symbol and pattern 4 is the most sparse, where we only assigning PTRS to two OFDM symbols. In this section we assume that the PTRS frequency density is 1 PTRS each 2 PRB, i.e., 1 sub-carrier with PTRS each 24 sub-carriers. 
Pattern 1
Pattern 2
Pattern 4

[bookmark: _Ref471203547]Figure 1: The three different PTRS time density patterns under consideration
High order MCS
In the first set of simulation results in Figure 2 we assume 30 GHz carrier frequency and a 60 kHz sub-carrier spacing. In previous contributions [1] we have observed that CPE compensation is needed for higher order modulation. It is also beneficial to limit the number of supported patterns, to avoid complexity and to use the same PTRS patterns for all users to facilitate interference suppression techniques. From this point of view we should assign a PTRS patterns to support a upper modulation at 30 GHz that also gives a good performance for all lower modulations, we here investigate 64-QAM. First observation is that pattern 4 is too sparse and can be removed as a candidate pattern for high order MCS. Pattern 1 and 2 give very similar performance.
[image: Throughput][image: BLER]
[bookmark: _Ref471734894]Figure 2: Simulation results, at 30 GHz using 60 kHz SCS and 64-QAM code rate 5/6 and 32 PRB.
In the set of simulations in Figure 3, we investigate 60 GHz and observe that none of the time PTRS patterns give sufficiently good phase noise suppression. Only pattern 1 show sufficient performance to give clear benefits of 64-QAM modulation. A target BLER of 10% is not meet for any of the patterns at the used code-rate. The high degradation in the performance in this case is produced by the Inter-Carrier Interference (ICI), which is significant for very high frequencies.  As shown in [1], the ICI effect is reduced if the subcarrier spacing is increased. Therefore, in order to improve the robustness of NR to phase noise with 64-QAM (5/6) at 60 GHz the subcarrier spacing should be increased. 
Observation 1	If ICI compensation algorithms are not used, higher subcarrier spacing than 60 kHz should be used for very high carrier frequencies (as 60 GHz) and high order MCS (as 64-QAM with code rate 5/6).
Proposal 1	Support configuring PTRS in every OFDM-symbol.

[image: Throughput][image: BLER]
[bookmark: _Ref471205571]Figure 3: Simulation results, at 60 GHz using 60 kHz SCS and 64-QAM (5/6) and 32 PRB.
Low order MCS
In the case of 30 GHz, 16-QAM and the phase estimation described in Section 2, pattern 1 gives too high overhead, while pattern 2 and 4 are very similar with a slight advantage to pattern 4 (Figure 4) .
[image: Throughput][image: BLER]
[bookmark: _Ref471735050]Figure 4: Simulation results, at 30 GHz using 60 kHz SC and 16-QAM (3/4) and 32 PRB.
In Figure 5, the results for the case with 60 GHz carrier frequency and 16-QAM are shown. In this case, the three patterns offer a very similar performance, with a slightly better result for pattern 4. It is important to notice that for 16-QAM and 60 GHz, a subcarrier spacing of 60 kHz offers a good performance with PTRS. As observe above, 64-QAM modulation could not be supported well in the 60 GHz and 60 kHz case, switching to 16-QAM implies that both pattern 1, 2 and 4 works with a slight advantage to pattern 2.
[image: Throughput][image: BLER]
Figure 5: Simulation results, at 60 GHz using 60 kHz SC and 16-QAM (3/4) and 32 PRB.
Observation 2	High order MCS offer better performance with dense time PTRS patterns, while low order MCS offer better performance with more sparse time PTRS patterns.
Proposal 2	Support configuring PTRS in every 4th OFDM-symbol.

Effect of increasing the Sub-carrier spacing
In  Figure 6 we show the spectral efficiency obtained in the simulations with ideal CPE correction for four different subcarrier spacing (60, 120, 240, and 480 kHz). It can be seen that increasing the subcarrier spacing from 60 to 120 kHz does not produce a big improvement on the performance. However, if the subcarrier spacing is increased to 480 kHz the performance with and without PN is very similar (because at 480 kHz the degradation produced by ICI is small). This results are aligned with the theoretical results presented in [1], which showed that only a 1 dB gain in the SIR is obtained by increasing the subcarrier spacing from 60 kHz to 120 kHz, but a 6 dB gain is obtained from increasing the subcarrier spacing from 60 kHz to 480 kHz.
Observation 3	In the presence of PN and with CPE correction, small performance gain is obtained by increasing the subcarrier spacing from 60  to 120 kHz. However, a significant gain is achieved if it is increased to 480 kHz.


[image: C:\Users\emolvic\Desktop\ERICSSON\3GPP_contributions\RAN_88_Athens\PTRS\Spectral_Efficiency_60.png][image: C:\Users\emolvic\Desktop\ERICSSON\3GPP_contributions\RAN_88_Athens\PTRS\Spectral_Efficiency_120.png]
Sub-carrier Spacing 120 kHz.
Sub-carrier Spacing 60 kHz.


[image: C:\Users\emolvic\Desktop\ERICSSON\3GPP_contributions\RAN_88_Athens\PTRS\Spectral_Efficiency_240.png][image: C:\Users\emolvic\Desktop\ERICSSON\3GPP_contributions\RAN_88_Athens\PTRS\Spectral_Efficiency_480.png]
Sub-carrier Spacing 480 kHz.
Sub-carrier Spacing 240 kHz.


Figure 6 Simulation results, at 60 GHz using 64-QAM (5/6), 32 PRB, time pattern 1, freq. density 1 PT-RS every 4th PRB, genie phase estimation and four different numerologies.

PTRS frequency density
In this section we switch to investigating the needed frequency density for PT-RS if we have the highest density in time-domain. I.e., is there a need for additional processing gain in the CPE estimation. Additional processing gain can also be achieved through more advanced receiver design, including multi-antenna processing for multi-layer transmissions. Hence the conclusions in this section will favour quite high density. In practice if pattern 1 is standardized, some scenarios can utilize the relatively high time density in relation to the phase-noise process to improve processing gain. This is not done here to simplify the analysis.
High order MCS
In the case of 64-QAM and 30 GHz (Figure 7) a higher frequency density seems to pay off at reasonable SNR.
[image: Throughput][image: BLER]
[bookmark: _Ref471735175]Figure 7: Simulation results, at 30 GHz using 60 kHz SC, 64-QAM (5/6), 32 PRB and time. density pattern 1.
In the case of 64-QAM and 60 GHz (Figure 8) the higher density is even more beneficial.
[image: Throughput][image: BLER]
[bookmark: _Ref471735195]Figure 8: Simulation results, at 60 GHz using 60 kHz SC and 64-QAM (5/6), 32 PRB and time. density pattern 1.
Low order MCS
The same observation follows for 16-QAM (Figure 9 and Figure 10), were at high SNR a slight advantage of lower overhead can be seen.
[image: Throughput][image: BLER]
Figure 9: Simulation results, at 30 GHz using 60 kHz SC and 16-QAM (3/4), 32 PRB and time. density pattern 1.
[image: Throughput][image: BLER]
Figure 10: Simulation results, at 60 GHz using 60 kHz SC and 16-QAM (3/4), 32 PRB and time. density pattern 1.
Observation 4	At low SNR, the denser frequency patterns offer better performance, while at high SNR the sparser patterns offer better performance.
Observation 5	Additional processing gain is benificial for the PTRS and every second PRB PTRS can be needed unless additional processing gain is achived through other means.
Proposal 3	Support configurable PTRS frequency density, were one supported configuration should be to include PTRS in every second PRB. The density should be configurated according to the SNR and the MCS.
PT-RS with small scheduled bandwidth
In Figure 11 we show the simulation results for a scenario with one user with 2 PRB bandwidth. Two different frequency densities for PTRS are used: 1 subcarrier with PTRS each 2 PRB and 1 subcarrier with PTRS each PRB. It shown that even with a small user allocation, a UE-specific PTRS would offer a good performance.
Observation 6	Even for very small user allocation, UE-specific offers a good performance.
Proposal 4	For DL and UL scenarios, PTRS should be UE-specific in all cases.
[image: C:\Users\emolvic\Desktop\ERICSSON\3GPP_contributions\RAN_88_Athens\PTRS\FREQ_DENSITY\2_RB_240643\Throughput _64QAM.png] [image: C:\Users\emolvic\Desktop\ERICSSON\3GPP_contributions\RAN_88_Athens\PTRS\FREQ_DENSITY\2_RB_240643\BLER _64QAM.png]


Figure 11: Simulation results, at 30 GHz using 60 kHz SC, 64-QAM (5/6), 2 PRB allocation and time. density pattern 1.
Conclusion
In the previous subsections, we have looked at the link performance, at different carrier frequencies and subcarrier spacing, for different time and frequency density of the PTRS signal. From the SISO simulation presented above, the following observations are made:
Observation 1	If ICI compensation algorithms are not used, higher subcarrier spacing than 60 kHz should be used for very high carrier frequencies (as 60 GHz) and high order MCS (as 64-QAM with code rate 5/6).
Observation 2	High order MCS offer better performance with dense time PTRS patterns, while low order MCS offer better performance with more sparce time PTRS patterns.
Observation 3	In the presence of PN and with CPE correction, small performance gain is obtained by increasing the subcarrier spacing from 60  to 120 kHz. However, a significant gain is achieved if it is increased to 480 kHz.
Observation 4	At low SNR, the denser frequency patterns offer better performance, while at high SNR the sparser patterns offer better performance.
Observation 5	Additional processing gain is benificial for the PTRS and every second PRB PTRS can be needed unless additional processing gain is achived through other means.
Observation 6	Even for very small user allocation, UE-specific offers a good performance.

Based on the SISO simulation results we further propose the following:
Proposal 1	Support configuing PTRS in every OFDM-symbol.
Proposal 2	Support configuring PTRS in every 4th OFDM-symbol.
Proposal 3	Support configurable PTRS frequency density, were one supported configuration should be to include PTRS in every second PRB. The density should be configurated according to the SNR and the MCS.
Proposal 4	For DL and UL scenarios, PTRS should be UE-specific in all cases.
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0. Simulation assumptions
	Parameter
	Value

	Channel Model
	TDL-A

	Numerology
	60 kHz

	Transmission Slot Length
	14 symbols

	UE speed
	3km/h

	Delay spread
	30 ns

	MCS
	QPSK (1/2), 16-QAM (3/4), 64-QAM (5/6)

	Link Adaptation
	Disabled

	Transmission Scheme
	Single antenna transmission scheme (1 port)

	Channel estimator
	Real channel estimation using front loaded RS pattern (LMMSE estimator).
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