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Introduction
In millimeter wave systems the power of phase noise is considerably stronger than in sub-6Ghz systems. Therefore, the phase tracking reference signal (PT-RS) has been considered in NR to compensate for the common phase error (CPE) due to phase noise. In RAN1#87, the following agreements were made regarding the PT-RS design [1]:
Agreements:
· 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 discuss design considerations for PT-RS, mainly in the aspects of frequency/ time domain pattern, and port mapping. Towards this end, we simulate the EVM performance of different frequency/ time domain PT-RS patterns. The simulation setup is described in Section 2. Based on the simulation results, discussions on frequency and time PT-RS domain patterns are presented in Section 3 and 4. Our views on the resource mapping in the multi-layer scenario are introduced in Section 5.

Simulation setup
We assume that the most of the phase noise of the link comes from the UE. Our simulation is based on the phase noise model outlined in [2] as a way forward. We have adapted it to a carrier frequency of 28 GHz. The CDL-A model from 3GPP TR 38.900 is applied in the simulation. Further, we assume 20 rays in each cluster with random phases. We apply directional beamforming to the angles of the strongest cluster in power. The pre-beamforming RMS delay spread is selected to be 100 ns as in the nominal delay spread case. After applying directional beamforming, the average post-beamforming delay spread is reduced to 7.3 ns. In our prior contribution [3], we showed that in this case, the EVM due to intersymbol interference is negligible (>60 dB). Therefore, the EVM of symbols in our simulations is mainly caused by thermal noise and residual phase noise after CPE compensation.
We consider the frame structure in Figure 1. The DMRS symbol is transmitted in a front-loaded manner. Therefore, the channel estimation provided by DMRS can also serve as a starting reference point for the phase tracking of the subsequent PT-RS symbols in the slot. To focus on the performance evaluation of PT-RS, we assume perfect channel estimation by DMRS in this contribution. Besides, the considerations of the phase errors caused by carrier frequency offset (CFO) and Doppler shift are deferred to future work. 
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Figure 1. Frame structure for PT-RS simulations. 
Table 1 summarizes the simulation assumptions.
	Waveform
	CP-OFDM

	Bandwidth
	[bookmark: _GoBack]100Mhz

	Power spectrum of phase noise
	Way forward proposal outlined in figure 4 of [2] reduced by 20dB*log10(40Ghz/28Ghz) 

	Subcarrier Spacing 
	120kHz

	Duration of cyclic prefix 
	0.6µs

	Channel Model
	CDL-A (see 3GPP TR 38.900 V1.0.0 table 7.7.1)

	Pre-beamforming RMS delay spread
	100 ns (the “nominal” delay case)

	NB antenna array
	64x4

	UE antenna array 
	8x2

	Channel estimation
	Genie channel estimation from DMRS symbol;
CFO and Doppler effect are ignored



Table 1: Simulation assumptions.

Frequency domain pattern
In Figure 2, we plot the EVM performance of the data signal with 1, 2, and 8 PT-RS tones for the entire 100 MHz bandwidth. In the simulation, we assume the PT-RS is inserted in every symbol after DMRS. The PT-RS tones are randomly selected out of the entire bandwidth. The gain of exploiting frequency diversity, e.g. by spreading the PT-RS tones over the entire bandwidth, can be shown to be negligible in the simulated scenario, as the post-beamforming delay spread is small, and the channel is frequency-flat. 
Figure 2 shows that having more PT-RS tones improves the EVM performance, as it helps reduce the noise impact in the common phase error  estimation. Further, the gain of having more PT-RS tones saturates when having 8 PT-RS tones for the scheduled band in the simulated channel. In case of a frequency-selective channel, the saturation point may happen with a larger number of PT-RS tones. In addition, Figure 2 shows that having 8 PT-RS tones provides almost a 3dB gain in EVM over the case of having a single PT-RS tone.
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Figure 2. EVM performance with different PT-RS tones for the scheduled bandwidth.
Observation 1: For UEs with a large scheduled bandwidth, a lower PT-RS frequency domain density is required than the case of the small bandwidth UEs, as marginal gains in EVM can be achieved from increasing the number of PT-RS tones beyond certain saturation point.
Observation 2: For UEs with a small scheduled bandwidth, e.g. a scheduled bandwidth of a RB, allowing multiple PT-RS tones per RB can be beneficial to improve EVM, and throughput in the high SNR/MCS cases.
Proposal 1: PT-RS frequency domain pattern should at least be dependent on the scheduled bandwidth to reduce overhead and improve data throughput.

Time domain pattern
In Figure. 3, we compare the average EVM performance for different time domain densities. Only a single PT-RS tone is assumed for the scheduled bandwidth. For the case of no PT-RS tones, we plot the EVM for the 14th symbol in the slot, which is expected to have the worst performance due to the lack of phase tracking. For the discontinuous time domain PTRS pattern, i.e., when PT-RS symbols are inserted every other symbol or every 4 symbols, the CPE estimations for the symbols without PT-RS are linearly interpolated from the CPEs of neighbouring PT-RS (DMRS) symbols. Only the EVMs for the symbols using the interpolated CPEs are plotted. For the case of PT-RS in every symbol, the instantaneous CPE estimation is applied to compensate for the phase error of the corresponding symbol.
In the low SNR regime, e.g. when SNR is lower than 15 dB, compensating the CPE estimated from PT-RS reduces the EVM, as the CPE estimation is heavily contaminated by thermal noise. Interestingly, Figure 3 also shows that when the SNR is smaller than 20 dB, the EVM for inserting PTRS in every other symbol is better than that of using the instantaneous CPE estimation in every symbol. The interpolated CPE estimations outperform the instantaneous CPE estimations, as the noise impact in the phase estimation is averaged out, by linearly combining two CPE observations. In addition, in the high SNR regime, when the SNR for CPE estimation is also sufficiently high, the continuous PT-RS pattern provides the best EVM performance by enabling instantaneous phase tracking.
Observation 3: In low SNR scenarios, no CPE compensation from PT-RS is needed, as long as the CFO and Doppler spread are mitigated by other means.
Observation 4: In medium SNR scenarios, discontinuous time domain patterns can achieve a better EVM than using the instantaneous CPE estimations from the continuous time domain pattern, which leads to an even larger gain in throughput due to the less overhead,
Proposal 2: Study the optimal time domain density to optimize throughput, from no PT-RS to PT-RS in every symbol, as a function of SNR/ MCS.
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Figure 3. EVM performance of different time domain density.

Port mapping
The DMRS symbols are precoded in the case of multi-layer transmission. If PT-RS is precoded the same way as the DM-RS of the corresponding port, then the precoder information is not required to compute the CPE estimate. 
For a particular port, the DMRS symbols need not be present in all the tones. For example, in Figure 4, we show a “comb” structure design for a 2 port scenario. In this case, one straightforward solution is to insert PT-RS in the tones that are front-loaded with the DMRS of the corresponding port, as shown in Figure 4, such that the channel estimation from the DMRS can be directly applied as a starting point of the PT-RS phase tracking.
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Figure 4. Frame structure for PT-RS and DMRS resource mapping in a 2 port case.

Proposal 3: As a baseline approach, PT-RS is precoded the same as the corresponding DM-RS; PT-RS tones are front-loaded by the DM-RS of the same port, such that the CPE estimation is not affected by the errors from interpolating DMRS channel estimates. Other resource and port mapping designs are not excluded and for further study.
PT-RS need not be present in all the layers/ ports. For one thing, based on the discussion in Section 4, no PT-RS is required in the layers with low SNR/ MCSs. For another, if certain ports share common source of phase noise (as well as carrier frequency offset and Doppler shift if PT-RS is also used for frequency tracking), to reduce overhead, PT-RS can be sent only in a subset of these ports.
Observation 5: The required number of PT-RS ports can be smaller than the number of data ports, if phase noise is the same for all layers.
Proposal 4: Port mapping for PT-RS should be configurable to reduce overhead.

Conclusion
Observation 1: For UEs with a large scheduled bandwidth, a lower PT-RS frequency domain density is required than the case of the small bandwidth UEs, as marginal gains in EVM can be achieved from increasing the number of PT-RS tones beyond certain saturation point.
Observation 2: For UEs with a small scheduled bandwidth, e.g. a scheduled bandwidth of a RB, allowing multiple PT-RS tones per RB can be beneficial to improve EVM, and throughput in the high SNR/MCS cases.
Observation 3: In low SNR scenarios, no CPE compensation from PT-RS is needed, as long as the CFO and Doppler spread are mitigated by other means.
Observation 4: In medium SNR scenarios, discontinuous time domain patterns can achieve a better EVM than using the instantaneous CPE estimations from the continuous time domain pattern, which leads to an even larger gain in throughput due to the less overhead,
Observation 5: The required number of PT-RS ports can be smaller than the number of data ports, if phase noise is the same for all layers.
Proposal 1: PT-RS frequency domain pattern should be at least dependent on the scheduled bandwidth to reduce overhead and improve data throughput.
Proposal 2: Study the optimal time domain density to optimize throughput, from no PT-RS to PT-RS in every symbol, as a function of SNR/ MCS.
Proposal 3: As a baseline approach, PT-RS is precoded the same as the corresponding DM-RS; PT-RS tones are front-loaded by the DM-RS of the same port, such that the CPE estimation is not affected by the errors from interpolating DMRS channel estimates. Other resource and port mapping designs are not excluded and for further study.
Proposal 4: Port mapping for PT-RS should be configurable to reduce overhead.
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