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1
Introduction
During the RAN1#89 meeting, the following agreements on the design of RS for phase tracking (PT-RS) were achieved [1]:

Agreements:
· The RBs containing PTRS can be derived from the scheduled RBs and the associated frequency density
· For a given RB, if present, one PTRS port should be mapped on one subcarrier carrying one or more DMRS ports of the associated DMRS port group
· FFS: to support different subcarriers by complementary option  
· Support non-overlapping between PTRS and CSI-RS

· FFS whether PTRS or CSI-RS should be punctured or shifted on overlapping part if PTRS and CSI-RS are collided

· Support non-overlapping between PTRS and SRS

· FFS whether PTRS or SRS should be punctured or shifted on overlapping part if PTRS and SRS are collided

· FFS: Support non-overlapping between PTRS and SS block

· FFS whether PTRS or SS block should be punctured or shifted on overlapping part if PTRS and SS block are collided

Agreements:
· For SU-MIMO, support predefined and RRC-configured association between PTRS densities and scheduled MCS/BW

· FFS: RRC configuration can override the predefined association 

· Table 1 in R1-1709521 to represent association between PTRS time density and scheduled MCS
· Table 2 in R1-1709521 to represent association between PTRS frequency density and scheduled BW

· Note: The number of rows in Table 1 and 2 can be reduced if the densities are down-selected

· FFS: UE to suggest MCS/BW thresholds in Table 1 and 2

· FFS: complementary DCI signaling 
· For CP-OFDM and the tables on next page, the time-densities (TD) of PTRS include every 4th symbol, every 2nd symbol, and every symbol, while the frequency-densities (FD) of PTRS include occupying one subcarrier (not necessarily in all REs, depending on the time density) in [every RB], every 2nd RB, every 4th RB, [every 8th RB, and every 16th RB]

· The time density of PTRS is expected to increase with increasing the scheduled MCS (except for those reserved MCSs).

· The frequency density of PTRS is expected to decrease with increasing the scheduled BW (i.e., the number of scheduled RBs)
· FFS: frequency localized mapping
· FFS: The frequency density of PTRS is expected to increase with increasing the scheduled MCS
· For a UE, the configured PTRS ports are FDMed

· FFS: TDM

· Support association between one PTRS port and one DMRS port per DMRS port group

· FFS: Configurable or fixed association

· FFS: Signalling methods, e.g., RRC, MAC-CE, DCI

· FFS: Support association between one or multiple PTRS ports and multiple DMRS ports per DMRS port group

· Study the benefits of configuring the number of PTRS ports for a UE, based on UE capability or UE report on

· Panels/TXRUs sharing a common oscillator or not, and/or

· Maximum number of independent oscillators at this UE, and/or

· Whether phase errors measured on PTRS ports are same or different

Agreements:
· For CP-OFDM,

· For SU-MIMO, dynamic presence of PTRS is determined by allocated MCS, BW, and subcarrier spacing

· FFS: For MU-MIMO case
· For SU-MIMO, time pattern of PTRS is determined by allocated MCS, and subcarrier spacing

· FFS: For MU-MIMO case

In this contribution, we discuss and present our views on the remaining open issues on DL PT-RS design.  
2
On PT-RS density and signaling 
2.1 

PT-RS Frequency Domain Density
Though several PT-RS densities have been proposed, too much densities may introduce unnecessary overhead, and the gain from the optimization is also marginal. Frequency domain density is more related to the allocated bandwidth as already agreed, and one PT-RS subcarrier in every 4th RB should be a default density. However in case of the small allocation size like less than 8 PRB, every 4th RB pattern only provides 1 or 2 PT-RS subcarriers, and performance is degraded. So, in order to support better estimation of phase rotation with small allocation size, to support the patten with higher frequency domain density is required. In addition, if the scheduled MCS is higher than 64QAM (e.g. 256QAM or higher MCS), then higher density can be applied [2].
Proposal 1: For CP-OFDM, NR supports the PT-RS pattern with
· one subcarrier in every 2nd RB if the scheduled bandwidth is equal or smaller than X PRBs.
· one subcarrier in every 4th RB with scheduled bandwidth larger than X PRBs, 

· X is 8 as default, and can be overrided by RRC configuration

	Scheduled BW
	Frequency density 

	0<=NRB <=X
	One subcarrier in every 2 RB

	X < NRB 
	One subcarrier in every 4 RB


Proposal 2: For CP-OFDM, NR supports the PT-RS pattern with

· one subcarrier in every 2nd RB if the scheduled MCS is 256QAM or higher regardless of the scheduled bandwidth.

2.2 

PT-RS Time Domain Density

NR slot is composed of upto 14 symbols, and usually at least 2 symbols should be used for PDCCH and DMRS symbols. Therefore, the maximum number of available symbols for data is 12. In addition, if the slot includes both DL and UL part, at least 2 more symbols should be used for GP and UL control channel like NR-PUCCH or SRS. Moreover, even with DL-only slot, possible transmission of CSI-RS can reduce the number of available symbols for PT-RS. In that sense, 10 symbols or less are mainly possible to be used for PT-RS transmission. Then, PT-RS in every 4th symbol is not so promising configuration to be supported. For simplicity, time-domain patterns with PT-RS mapped on every OFDM symbol or every 2nd OFDM symbol are enough to be supported for every case. The density should be configurable for each UE with higher-layer signaling. 

 Proposal 3: For CP-OFDM, NR supports UE-specifically configurable PT-RS time-domain pattern with

· one RE in every OFDM symbol 

· one RE in every 2nd OFDM symbol 
· No PT-RS
· MCS1 and MCS2 are configured by RRC configuration based on the deployment and UE capability.

	Scheduled MCS
	Frequency density 

	0<=MCS < MCS1
	No PT-RS

	MCS1<=MCS <MCS2
	One RE in every 2nd OFDM symbols

	MCS2<=MCS
	One RE in every OFDM symbol


2.3 

PT-RS Configuration and Signaling

As agreed in RAN1 #89, a baseline operation, the dynamic presence of PT-RS, when enabled by RRC configuration, in downlink/uplink transmission is implicitly determined at receiver based on user/group-specific QCL assumption of DM-RS port with PDSCH/PUSCH, carrier frequency, sub-carrier-spacing (SCS) and scheduled PRB as well as MCS configuration. By leveraging of this information, UE/eNB can derive antenna port specific PT-RS pattern association rules without additional signalling information. 

Such baseline operation can be complemented on-need-basis, by optional complementing UE-specific explicit signalling information which is used to provide additional information related to PT-RS antenna port resource mapping obtained via implicit signalling. This additional signalling may comprise e.g.:
· explicit signalling for re-adjustment of PT-RS pattern time and/or frequency domain density parameters w.r.t. those given by the implicit indication. For example, one bit re-adjustment signalling would enable to increase the density in time/frequency.
· explicit signalling to indicate usage of localized PT-RS SC allocation instead of the default frequency-distributed one. 

· explicit signalling of a re-adjustment value to be used for offsetting the default minimum threshold values of scheduled BW and/or scheduled MCS that are used to implicitly determine if PT-RS is present or not.
· explicit signalling of a re-adjustment value to be used for offsetting scheduled BW and/or scheduled MCS parameters that are used for deriving PT-RS pattern parameters following the implicit association rules.
As an exemplary case, let us assume that 2 bits in DCI are available for such complementing UE-specific dynamic signalling. In this case, the bits could be applied to introduce delta w.r.t. the RRC configured pre-defined rules as follows:
Table 1. Example of complementary signaling in DCI
	00
	Use default pattern

	01
	PT-RS mapped in frequency-localized mode

	10
	MCS threshold index increased by [1 or 2] 

	11
	BW threshold X increased by 2 RBs


Based on the above discussion we make the following observations and proposals:
Observation 1: Optional complementing UE-specific explicit signalling, which can be activated on-need-basis, can be used to enhance the configuration flexibility as well as to provide support for forward compatibility by providing additional information, enabling deviation from the pre-defined implicit association rules for PT-RS dynamic presence/patterns with signalled delta in controlled manner.
Proposal 4: NR supports complementing UE-specific dynamic signaling (e.g. DCI) for
· Re-adjustment of PT-RS pattern time and/or frequency domain density parameters 
· Indication of localized frequency domain pattern

· Re-adjustment of RRC-configured minimum threshold values of scheduled BW and/or scheduled MCS to determine PT-RS existence
· FFS: Forword compatible options 
3
On PT-RS Multiplexing 
PT-RS multiplexing with other RSs

Based on the agreement in RAN1 #89, PT-RS should not be overlapped with CSI-RS, SRS and SS block. In this case, since PT-RS is more of a complementary RS, and especially in higher frequency, frequency multiplexing of data and such RS is not the dominant usage. For these reasons, if such overlapping happens, puncturing of PT-RS is preferred. 

Proposal 5: PT-RS should be punctured if its position is collided with other RSs such as CSI-RS, SRS and SS block.    

It has been agreed that orthogonal multiplexing among multiple PT-RS ports as well between PT-RS port(s) and data will be supported for CP-OFDM in SU-MIMO case. Moreover, it has also been agreed to support association between a PT-RS port and a group of DM-RS ports sharing a common oscillator source. Therefore, for SU-MIMO the number of PT-RS ports to be multiplexed will depend on the transmission rank and the number of different associated DM-RS port groups. 

As one boundary case, all the DM-RS ports share the same oscillator and it is sufficient associate a single PT-RS port to all the DM-RS ports. In this case, it is sufficient to take care of orthogonal multiplexing between PT-RS carrying SCs of a single DM-RS port associated with PT-TS and the data transmitted simultaneously on other DM-RS ports. The other boundary case is the one in which none of the DM-RS ports share a common oscillator. In this case, the number of PT-RS ports to be multiplexed would be set by the transmission rank, with a maximum value of 8 in NR. A straightforward approach would be to FDM the PT-RS SCs of different PT-RS ports. Such PT-RS resource mapping is illustrated in Figure 1, assuming 8 orthogonal DM-RS ports (based on FDM4 + CS2) with front-loaded pattern and 4 PT-RS ports associated to them. Frequency density of one PT-RS SC per every N=4 PRBs per port is moreover assumed for this exemplary case. The PT-RS SCs of different ports are mapped to neighboring SCs. Alternatively, the SCs of different PT-RS ports can be e.g. evenly distributed across the subband of N PRBs.

Observation 2: In order to simplify the determination of PT-RS subcarrier positions, fixed anchor SC positions can be considered. 

The anchor SC scheme could be e.g. as follows:

· Assume the SC mapping for the 1st PT-RS port starts from the allocated PRB with lowest index and the anchor SC index corresponds to that of the k-th pilot SC of the DM-RS port with lowest port index within the subgroup associated with the given PT-RS port. The SCs for rest of PT-RS ports could be mapped to neighboring SCs with PT-RS port index dependent offset w.r.t. to the anchor SC.

· If case multiple DM-RS ports are multiplexed on same SCs e.g. when applying CS, and different PT-RS ports would be associated to them, one may apply an additional PRB offset (by 12 SCs) for the other PT-RS port. 

Proposal 6: For simplified determination of PT-RS subcarrier positions, support fixed anchor SC scheme.
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Figure 1. Example of multiplexing four PT-RS ports using FDM.
In case, the UE’s operation point would be such that PT-RS time-domain pattern with reduced resolution in time could be considered sufficient for good quality PN estimation (this might be feasible for a subset of NR numerology and carrier frequency combinations only), TDM could be utilized to reduce the number of FDMed PT-RS ports by interlacing the PT-RS pilots of different ports partly in time. Such situation is illustrated in Figure 2 assuming time density of 1/2 for all the PT-RS ports.

The knowledge on possibility for lower PT-RS density in time can be used to tricker determination of PT-RS SCs mapping based on alternative rule which is based on interlacing subset of PT-RS ports in time, relying still on the anchor SC scheme presented above. On the other hand, e.g. high-Doppler scenarios where additional DM-RS symbols in time are required, may impose a challenge to obtain uniform-in-time pattern for all the TDM multiplexed PT-RS ports. Based on the above observations we propose as follows
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Figure 2. Example of multiplexing four PT-RS ports using FDM and TDM.
Proposal 7: In case multiple PT-RS densities in time are to be supported, TDM between different PT-RS port can be used to reduce number of FDM PT-RS SCs.
4
On support for optional frequency-localized PT-RS pattern for CP-OFDM

Frequency-localized pattern is necessary to compensate ICI, and ICI compensation provide robustness to the system under very higher speed and higher MCS transmission. Though RAN WG1 agreed to study the necessity of the localized pattern, there have not been discussed very well, and still remained as FFS. In this section, we investigate the PT-RS usage for mitigation of inter-carrier interference (ICI) due to high Doppler. The simulation assumptions are shown in Table A1 in Appendix.

The PT-RS usability for Doppler compensation is analyzed in a joint impairment case where residual frequency offset (FO) and phase noise (PN) are considered as additional impairment sources. For phase noise, the power spectrum density model of the WF proposal outlined in Figure 4 in [4] with reduction by 20dB*log10(40GHz/30GHz) is used. For residual CFO, a uniform distribution with range of [-0.1ppm, 0.1ppm ] of carrier frequency is assumed.

Two different PT-RS patterns are considered in the evaluation, one with frequency-distributed and another one with frequency-localized PT-RS subcarrier mapping. Both have time-domain density of one, i.e., PT-RS is mapped to every PDSCH-carrying OFDM symbol. 12 or 24 PT-RS subcarriers are utilized for both patterns. With 10 and 20 PRB scheduled allocation, this corresponds to 10% and 5% PT-RS overhead, respectively. The frequency-localized PT-RS pattern is utilized for estimating also the ICI component due to high Doppler in addition to CPE component due to PN and residual CFO.
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(a) 64-QAM, R=5/6, 250 km/h                   (b) 256-QAM, R=3/4, 250 km/h
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(c) 64-QAM, R=5/6, 500 km/h                    (d)  256-QAM, R=3/4, 500 km/h.

Figure 3. Spectral efficiency versus SNR (Doppler + residual FO + PN) @ CDL-C 30ns
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Figure 4. BLER versus SNR (Doppler + residual FO + PN) 256-QAM, R=3/4, 500 km/h.

A high-speed train (HST) scenario with remote radio heads (RRHs) along the rail track and an onboard relay on top of the train carriage is defined as a possible use case and deployment scenario for NR in 3GPP [5]. Such deployment scenario is illustrated in Figure 5. 
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Figure 5. HST scenario with RRHs. 30 GHz deployment [5].
For the HST scenario shown in Figure 6, the received subcarrier SINR at different train positions along the rail track (between RRH1 and RRH2) are presented for different > 6 GHz NR numerology options in Figure 6, assuming fixed CP overhead (i.e., with absolute CP duration decreasing linearly with increasing SCS) and fixed transmission bandwidth independent of SCS. The interfering power is taken as interference when it does not fit inside the CP window.


[image: image9]
Figure 6. Received subcarrier SINR distribution with different SCSs and CP lengths.
The results indicate 3 dB loss in received subcarrier SINR when SCS gets doubled due to increased contribution from interference component that does not fit into CP window. Extended CP would result in increasing overhead and consequent spectral efficiency loss. Based on these received SINR results, the usage of long symbol duration, i.e., 60 kHz SCS appears preferable.

The above results indicate that by means of advanced ICI compensation algorithms the Doppler induced ICI can be effectively estimated and compensated at receiver with good performance even in case of 60 kHz SCS. The advanced ICI algorithms utilizing the frequency-localized resource allocation of PT-RS SCs can therefore enable valuable degrees of freedom in the NR numerology design to support diverse set of use cases and deployment scenarios.

Even with the other scenario without higher speed operation, according to UE’s oscillator performance, additional gain can be optained. There is a trade-off between CPE and ICI values based on the loop-bandwidth of the oscillator. Though narrower loop-bandwidth can reduce the ICI impact, it increases PLL lock time, which causes poor synchronization performance. And, wider loop bandwidth shortens PLL lock-time, while it increases ICI. In addition, oscillator power consumption is dominated by the reference input frequency, and UE oscillator cannot be expected to equipped with such high clock source. In [6], it is proposed that ICI compensation is not required based on unrealistic PN model for NR UE. The model assumed about 500 MHz of reference frequency, which means very high power consumption in UE. 

Observation 3: Higher ICI scenario should be expected for realistic design of NR UE achieving both lower power consumption and fast PLL lock time. 

In the light of the above observations, we make the following proposal.

Proposal 8: NR supports optional frequency-localized PT-RS pattern design for mitigating ICI to support high-performance scenarios (e.g. HST) and the scenario of low performance UE with higher phase noise.
5
Conclusions

The observations and proposals made in this paper are summarized as follows: 

 Proposal 1: For CP-OFDM, NR support the PT-RS pattern with

· on subcarrier in every 2nd RB if the scheduled bandwidth is equal or smaller than X PRBs.

· one subcarrier in every 4th RB with scheduled bandwidth larger than X PRBs, 

· X is 8 as default, and can be overrided by RRC configuration

	Scheduled BW
	Frequency density 

	0<=NRB <=X
	One subcarrier in every 2 RB

	X < NRB 
	One subcarrier in every 4 RB


Proposal 2: For CP-OFDM, NR support the PT-RS pattern with

· on subcarrier in every 2nd RB if the scheduled MCS is 256QAM or higher regardless of the scheduled bandwidth.

Proposal 3: For CP-OFDM, NR support UE-specifically configurable PT-RS time-domain pattern with

· one RE in every OFDM symbols 

· one RE in every 2nd OFDM symbols 
· No PT-RS

· MCS1 and MCS2 are configured by RRC configuration based on the deployment and UE capability.

	Scheduled MCS
	Frequency density 

	0<=MCS < MCS1
	No PT-RS

	MCS1<=MCS <MCS2
	One RE in every 2nd OFDM symbols

	MCS2<=MCS
	One RE in every OFDM symbol


Observation 1: Optional complementing UE-specific explicit signalling, which can be activated on-need-basis, can be used to enhance the configuration flexibility as well as to provide support for forward compatibility by providing additional information, enabling deviation from the pre-defined implicit association rules for PT-RS dynamic presence/patterns with signalled delta in controlled manner.
Proposal 4: NR supports optional complementing UE-specific explicit signaling for
· Re-adjustment of PT-RS pattern time and/or frequency domain density parameters 
· Indication of localized frequency domain pattern

· Re-adjustment of RRC-configured minimum threshold values of scheduled BW and/or scheduled MCS to determine PT-RS existence
· FFS: Forword compatible options 

Proposal 5: PT-RS should be punctured if its position is collided with other RSs such as CSI-RS, SRS and SS block.   
Observation 2: In order to simplify the determination of PT-RS subcarrier positions, fixed anchor SC positions can be considered. 

Proposal 6: For simplified determination of PT-RS subcarrier positions, support fixed anchor SC scheme.
Proposal 7: In case multiple PT-RS densities in time are to be supported, TDM between different PT-RS port can be used to reduce number of FDM PT-RS SCs.
Observation 3: Higher ICI scenario should be expected for realistic design of NR UE achieving both lower power consumption and fast PLL lock time. 

Proposal 8: NR should support optional frequency-localized PT-RS pattern design for mitigating ICI to support high-performance scenarios (e.g. HST) and the scenario of low performance UE with higher phase noise
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Appendix

Table A1. Simulation assumptions.
	Carrier frequency 
	30 GHz

	Subcarrier spacing (SCS)
	60 kHz, 120 kHz

	System bandwidth
	80 MHz

	FFT size 
	2048 / 1024 for 60 / 120 kHz SCS, respectively

	Slot structure
	7 / 14 symbols for 60 / 120 kHz SCS, respectively

	UE scheduled bandwidth
	10, 20 PRBs

	Channel model
	CDL-C (see 3GPP TR 38.900 V14.1.0 table 7.7.1-3) with delay scaling value of 30ns with combination of ASA and ASD scaling values in sec. 7.7.5.1 in 38.900, for above 6 GHz cases.

	gNB antenna array
	{M,N,P} = {4,8,2}, with directional antenna element (HPBW=65°, directivity 8 dB)

	UE antenna array
	{M,N,P} = {2,4,2}, with directional antenna element (HPBW=90°, directivity 5 dB)

	Duration of cyclic prefix
	1.2 us / 0.6 us for 60 / 120 kHz SCS, respectively

	UE mobility
	250km, 500 km/h

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

	Power spectrum of phase noise
	PN model in [4]. WF proposal outlined in Figure 4 of [4] reduced by 20dB*log10(40GHz/30GHz)

	Modulation and coding scheme
	R=5/6 64-QAM, R=3/4 256-QAM

	Channel coding scheme
	Turbo

	Receiver 
	MMSE

	Channel estimation
	Genie estimation 
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