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1
Introduction
During the RAN1#88bis meeting, the following agreements on the design of RS for phase tracking (PT-RS) were achieved [1],[2],[3]:

Agreements: 
· For CP-OFDM, the same PTRS to RE mapping and PTRS densities in time and frequency are available for DL and UL 
· Distributed PTRS (non-consecutive subcarriers) in the frequency domain is used as default configuration

· FFS: Support optional frequency-localized pattern with UE-specific explicit signaling.  (e.g. higher MCS case) 
· For single-user case, support orthogonal multiplexing among PTRS ports, if multiple PTRS antenna ports are supported.

· FFS: how to multiplex multiple PTRS ports, e.g. FDM, TDM, CDM

· FFS: Whether to support multiple PTRS ports or not (FFS: Max number of PTRS APs).

· Support orthogonal multiplexing between PTRS and data transmitted or received by a single UE.

· For MU-MIMO, non-orthogonal multiplexing of e.g. PTRS/PTRS and PTRS/data is possible but also orthogonal multiplexing to be considered

· FFS: Support multiplexing through multiple scrambling sequences for PTRS port(s) 

· Support association between PTRS port and DMRS port group
Working assumption: 
· Uplink PTRS for DFT-s-OFDM waveform is supported.

· Presence of PTRS for DFT-s-OFDM is UE-specifically configurable

· FFS: Pattern/density of PTRS for DFT-s-OFDM is UE-specifically configurable or not

In this contribution, we discuss and present our views i) on support for optional frequency-localized PT-RS subcarrier mapping, ii) on PT-RS pattern indication and iii) port multiplexing options for SU-MIMO. 

2
On support for optional frequency-localized PT-RS pattern for CP-OFDM

In RAN1#88bis meeting, support for optional frequency-localized pattern with UE-specifc explicit signalling has been agreed as FFS research topic, To this end, 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 1. Spectral efficiency versus SNR @30 GHz. CDL-C 30ns channel. 60 kHz SCS. Joint (Doppler + residual FO + PN) impairment case. Ideal channel estimation. 
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Figure 2. BLER versus SNR @30 GHz. CDL-C 30ns channel. 60 kHz and 120 kHz SCS. Joint (Doppler + residual FO + PN) impairment case. Ideal channel estimation. 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 3. 
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Figure 3. HST scenario with RRHs. 30 GHz deployment [5].
For the HST scenario shown in Figure 3, 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 4, 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: image7]
Figure 4. 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 increase PLL lock time, which causes poor synchronization performance. And, wider loop bandwidth shorten PLL lock-time, while it increasing ICI. In addition, oscillator power consumption is dominated by the reference input frequency, and UE oscillator cannot be expected to equip such higher 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 500MHz of reference frequency, which means very high power consumption in UE. 
Observation 4: 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 1: 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
3
On indication of PT-RS pattern details

In [5] we made the following remarks on issues which strongly underline the importance of forward compatibility aspect of PT-RS design. 
· In the future, technological advancements, e.g. in component manufacturing area, may enable oscillator circuits with less severe PN characteristics. Consequently, the impact of PN impairments may become less pronounced and change the rules how PT-RS presence in scheduled resource as well as pattern density parameters should be associated e.g. with MCS and allocated BW.

· Although the current PT-RS discussion in 3GPP has focused on the compensation of PN induced CPE, it is possible that in the future, with new NR receiver categories being introduced, even higher order modulations will be considered while aiming to further enhance the spectral efficiency of the system. This puts stringent requirements on the achievable SINR and consequently the role of SINR floor due to PN induced ICI becomes more relevant. PT-RS may be used to estimate and compensate for the ICI provided the PT-RS pattern fulfils certain constraints.

· Furthermore, PT-RS could potentially be utilized also for Doppler estimation and compensation, again assuming the pattern is adapted to support required estimation.
It is evident from above that configuration flexibility and forward compatibility should be included as key criteria for NR PT-RS design. Therefore, it is important to design the NR PT-RS dynamic presence / pattern indication scheme such that it can support different deployment and state-of-the-art implementation approaches during the evolution of the NR system.

To this end, a highly configurable indication yet low signalling overhead solution could be constructed with the following approach:

· As 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. This could be done e.g. by means of down-/up-scale factors. For example, a 3-bit (1 sign-bit + 2 bits) re-adjustment signalling would enable to both reduce and increase default density in time/frequency by four different factors.

· explicit signalling to indicate usage of localized PT-RS SC allocation instead of the default frequency-distributed one. Also here, one or few bits could be used to indicate the number of additional PT-RS SCs mapped around, e.g., the 1st SC of the PT-RS port specific pattern implicitly indicated as well as potential frequency offset in RBs. 

· 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.
Based on the above discussion we make the following observations and proposals:
Observation 5: NR PT-RS design needs to provide a well balanced trade-off between signalling overhead and configuration flexibility as well as support for forward compatibility.

Observation 6: Implicit indication of PT-RS presence/pattern enables a baseline operation where signalling overhead is low independent of the number of UEs scheduled with PT-RS.

Observation 7: 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 2: NR PT-RS design should assume pre-defined (MCS, BW) -to- PT-RS dynamic presence/pattern association rules and implicit indication as the default mode of operation to obtain low signalling overhead for baseline operation.

Proposal 3: In order to improve the configuration flexibilility in comparison to that of the solely implicit operation as well as to enable forward compatibility, the NR PT-RS indication supports additionally optional complementing UE-specific explicit signalling. 
4
On PT-RS port multiplexing for single-user MIMO
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 5, 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 8: In order to simplify the determination of PT-RS subcarrier positions, fixed anchor SC positions can be considered. 
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Figure 5. Example of multiplexing four PT-RS ports using FDM.
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 4: For simplified determination of PT-RS subcarrier positions, support fixed anchor SC scheme.
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 6 assuming time density of 1/2 for all the PT-RS ports.
Observation 9: 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.
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Figure 6. Example of multiplexing four PT-RS ports using FDM and TDM.
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
Proposal 5: For SU-MIMO, support FDM based orthogonal PT-RS port multiplexing for CP-OFDM as baseline.
The different PT-RS ports or a subset of them could also be CDM multiplexed over a set of consecutive SCs. Such PT-RS port mapping scheme is shown in Figure 7 assuming CDM based on length-2 OCC in frequency. CDM in frequency could potentially offer enhanced noise averaging provided the channel can be considered approximately flat over the SCs spanned by the CDM code. Whether this averaging gain provides meaningful enhancement over FDM option for the range of MCSs requiring PT-RS needs to be further studied. 
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Figure 7. Example of multiplexing four PT-RS ports using FDM and CDM based on OCC-2 in frequency.
Observation 10: CDM in frequency could be utilized to multiplex multiple PT-RS ports over a number of consecutive SCs.
Proposal 6: Study further potential performance gain from CDM compared to FDM.
Overall, the PT-RS port multiplexing design should be such that the resulting PT-RS resource mapping does not impact the pattern design of other RSs, e.g., DM-RS, to unnecessarily complicate the corresponding practical estimator implementations.
5
Conclusions

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

Observation 1: High Doppler spread of the channel may create significant ICI component that will cause error floors especially for high-end MCS due to degradation in effective SINRs if not mitigated.

Observation 2: Flexible PT-RS SC mapping enables different impairment estimation and compensation algorithms in NR receivers.

Observation 3: Frequency-localized PT-RS SC mapping provides clear performance gain over the frequency-distributed mapping in high-Doppler case with 60 kHz SCS.
Observation 4: Higher ICI scenario should be expected for realistic design of NR UE achieving both lower power consumption and fast PLL lock time. 
Proposal 1: 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

Observation 5: NR PT-RS design needs to provide a well balanced trade-off between signalling overhead and configuration flexibility as well as support for forward compatibility.

Observation 6: Implicit indication of PT-RS presence/pattern enables a baseline operation where signalling overhead is low independent of the number of UEs scheduled with PT-RS.

Observation 7: 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 2: NR PT-RS design should assume pre-defined (MCS, BW) -to- PT-RS dynamic presence/pattern association rules and implicit indication as the default mode of operation to obtain low signalling overhead for baseline operation.

Proposal 3: In order to improve the configuration flexibilility in comparison to that of the solely implicit operation as well as to enable forward compatibility, the NR PT-RS indication supports additionally optional complementing UE-specific explicit signalling. 
Observation 8: In order to simplify the determination of PT-RS subcarrier positions, fixed anchor SC positions can be considered.
Proposal 4: For simplified determination of PT-RS subcarrier positions, support fixed anchor SC scheme.

Observation 9: 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.

Proposal 5: For SU-MIMO, support FDM based orthogonal PT-RS port multiplexing for CP-OFDM as baseline.

Observation 10: CDM in frequency could be utilized to multiplex multiple PT-RS ports over a number of consecutive SCs.

Proposal 6: Study further potential performance gain from CDM compared to FDM.
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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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