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1 Introduction

Regarding reference signal (RS) design for NR, the following was agreed in RAN1#86:
· In addition to the front-loaded RS agreed to study in RAN1#85, same or extended/additional RS is studied in NR of at least the following:
· Estimate/compensate Doppler parameters
· Compensate phase rotation and frequency offset

· Note that RS may or may not be UE-specific
As the problem of phase noise will be more pronounced in high frequency (HF) bands (above 6 GHz), here in this paper, we provide our views on RS design for phase noise compensation (PNC).
2 Necessity for phase noise compensation
The impacts of phase noise on CP-OFDM comprises of two parts: the common phase error (CPE) and the inter-carrier interference (ICI). To evaluate the impacts of phase noise, the BLER with and without PNC in different scenarios are provided. In this section, as a reference for studying the necessity of PNC, ideal CPE correction for each OFDM symbol is included for comparison. The evaluation assumptions are summarized in Table 1 in the Appendix.
2.1 Different MCS level
In Figure 1, the BLER with different MCS are compared, with and without PNC. In the scenario under consideration, for the system to work properly (i.e., achieving a BLER = 0.1) with high-order modulation (i.e., 64QAM 3/4), we can observe that PNC is needed. For the lower order modulation (i.e., 16QAM 2/3), the necessity for PNC becomes less urgent. 
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Figure 1 BLER with different MCS
2.2 Different number of RBs
In Figure 2, the BLER with different number of RBs are compared. One may observe that the performance improvement achievable from PNC is larger with wider band transmission. This is due to the increased frequency diversity and number of code blocks. For narrow-band transmission, the neighbouring RBs are also loaded to emulate the ICI created by phase noise.
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Figure 2 BLER with different number of RBs
Observation 1: Phase noise compensation is needed in certain scenarios, depending on at least the scheduled MCS and number of RBs.

Proposal 1: The reference signal design in NR should facilitate phase noise compensation when it is needed, especially for frequency bands above 6 GHz.
3 Methods to enable phase noise compensation
3.1 Time-domain density

The use of RS for CPE estimation and its required density are studied in this section. In Figure 3, we compare the BLER with per-symbol ideal CPE correction and that where the CPEs of the odd-indexed symbols are linearly inter-/extrapolated from adjacent symbols. With phase noise model #1, interpolated CPE correction can still help, but not much. With phase noise model # 3, interpolated CPE correction leads to large performance degradations from that without compensation. This is because the correlation between CPEs becomes weaker and the interpolated values are no longer accurate estimates. 
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Figure 3 BLER with different time-domain RS density
In general, due to the short coherence time of phase noise and to cover the majority cases, RS would be needed on each OFDM symbol to enable per-symbol CPE correction. An example of such RS mapping is given in Figure 4. Nevertheless, if there are existing RS mapped on some symbols which can help to enable PNC, complementary RS dedicated to PNC may not be needed on these symbols. As discussed in R1-167204, such RS can also be utilized for channel estimation, especially for high Doppler scenario. 
Proposal 2: The reference signal in NR carrying the phase noise compensation functionality should be continuously mapped in the time domain, i.e., on each data symbol.
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Figure 4 Example mapping of RS enabling phase noise compensation
3.2 On-off configuration
As discussed before, RS from phase noise compensation is not always needed. On the other hand, front-loaded RS is always needed for demodulation. Consequently, the configuration of RS for phase noise compensation should be independent of front-loaded RS.

Proposal 3: NR should be able to configure the reference signal carrying phase noise compensation functionality (e.g., to map or not), independent of front-loaded RS.

4 Further considerations 
For a specific case, whether PNC is needed depends on whether the overall throughput can be improved with the RS overhead taken into account. In the following, we provide more considerations on the design of RS for phase noise compensation, including UE-specific or non-UE-specific, port multiplexing, etc. 

4.1 Cell- and UE-specific
The RS carrying phase noise compensation functionality can be UE-specific or non-UE-specific. For non-UE-specific case, such RS is transmitted on a fixed set of common resource elements. UE can track the phase rotation based on this common RS, even outside its scheduled data bandwidth. While being less flexible and less “self-contained”, non-UE-specific RS can potentially help to reduce the overhead.
For UE-specific design, the transmission of such RS can be more flexible. For example, CPE is just a scalar and does not require a large number of pilots. Hence, as the number of scheduled RB increases, keeping the same ratio of RS overhead may not be the right thing to do. Instead, the pattern/density of such RS in frequency domain can potentially be configured according to the number of scheduled RBs. 
Observation 2: Whether the reference signal carrying phase noise compensation functionality is UE-specific or non-UE-specific needs to be studied.
4.2 Port multiplexing
To support multi-user transmission, multiplexing of multiple RS for phase noise compensation are needed, and potential methods are FDM, CDM, and TDM.

For FDM and CDM methods, different RS ports can be mapped on to orthogonal/shared resource elements on each OFDM symbol. With TDM method, presumably CPE is estimated on one symbol and is used for correction on adjacent symbols, the feasibility of which requires further study, as phase noise changes rapidly in the time domain.
Observation 3: The methods of multiplexing multiple reference signals enabling phase noise compensation for multiple users/streams needs to be studied, including at least FDM and CDM methods.
4.3 Potential sharing across streams
If within one beam or with the same precoding, RS port can be shared among streams and only one port is needed for CPE correction, with which the overhead and CPE estimation complexity can be reduced. 

Observation 4: To reduce overhead and complexity, potential sharing of reference signal for phase noise compensation across streams should be studied. 
5 Summary of proposals
Based the discussions above, we have the following observations and proposals:
Observation 1: Phase noise compensation is needed in certain scenarios, depending on at least the scheduled MCS and number of RBs.

Observation 2: Whether the reference signal carrying phase noise compensation functionality is UE-specific or non-UE-specific needs to be studied.
Observation 3: The methods of multiplexing multiple reference signals enabling phase noise compensation for multiple users/streams needs to be studied, including at least FDM and CDM methods.
Observation 4: To reduce overhead and complexity, potential sharing of reference signal for phase noise compensation across streams should be studied.

Proposal 1: The reference signal design in NR should facilitate phase noise compensation when it is needed, especially for frequency bands above 6 GHz.

Proposal 2: The reference signal in NR carrying the phase noise compensation functionality should be continuously mapped in the time domain, i.e., on each data symbol.

Proposal 3: NR should be able to configure the reference signal carrying phase noise compensation functionality (e.g., to map or not), independent of front-loaded RS.
. 
6 Appendix

Table 1 Evaluation assumptions

	Item
	Configuration

	Carrier frequency
	39 GHz

	Channel model
	CDL-A

	Delay spread
	300 ns

	Speed
	3 km/h

	Angular spread of departure
	15 degree

	Angular spread of arrival
	45 degree

	UE antenna model
	(M,N) = (2,2), Mg=Ng=1, P=2

	TRP antenna model
	(M,N) = (8,8), Mg=Ng=1, P=2

	Beamforming weights
	DFT vector

	Data bandwidth
	72 MHz

	Transmission mode
	SISO

	Subframe duration
	0.125 ms

	Subcarrier spacing
	120 kHz

	CP overhead
	6.67%

	Channel estimation
	Ideal

	Phase noise model at receiver
	First three examples in R1-165685

Marked as #1, #2, #3, respectively
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