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Introduction
In RAN1 #86b Meeting [1], it was agreed that
· At least the following RSs are supported for NR downlink
· CSI-RS: Reference signal with main functionalities of CSI acquisition, beam management
· FFS: RRM measurement 
· DM-RS: Reference signal with main functionalities of data and control demodulation
· FFS: channel state information estimation and interference estimation
· FFS: beam management
· Reference signal for phase tracking
· FFS: Whether DM-RS extension can be applied or not
· FFS whether new RS or RS for other functionalities can be used
· Reference signal for time/freq. tracking
· FFS whether new RS or RS for other functionalities can be used
· Reference signal for Radio link monitoring
· FFS whether new RS or RS for other functionalities can be used
· RS for RRM measurement
· FFS whether new RS or RS for other functionalities can be used
· At least the following RSs are supported for NR uplink
· SRS: Reference signal with main functionalities of CSI acquisition, beam management
· FFS: RRM measurement
· DM-RS: Reference signal with main functionalities of data and control demodulation
· FFS: beam management
· Reference signal for phase tracking
· FFS: Whether DM-RS extension can be applied or not
· FFS whether new RS or RS for other functionalities can be used
· FFS: Reference signal for RRM measurement
· FFS whether new RS or RS for other functionalities can be used

At higher carrier frequencies, phase noise becomes significant and could result in an unacceptable performance degradation. One method to reduce this impact is to estimate the phase noise using phase noise reference symbols (PNRS) and correct it at the receiver. 
In this contribution, we present simulation results to evaluate the spectral efficiency performance with PNRS.




Phase noise impact
This section models the effect of the phase noise at the received signal in a given OFDM symbol. The baseband signal at the receiver, after CP removal, may be written as 

                 (1)

where  is the transmitted data signal (after the IFFT operation),  is the channel,  represents the circular convolution,  is the transmitter phase noise,  is the receiver phase noise, and  is the white Gaussian noise. At the receiver, after applying the DFT, using matrix notation, the frequency domain received signal can be written as
                                (2)

where  is the data vector at the IDFT input at the transmitter,  is the Fourier matrix,  is the channel matrix,  is a diagonal matrix whose diagonal elements are the I/Q modulated receiver phase noise, and  is a diagonal matrix whose diagonal elements are the transmitter phase noise. Note that, in general, since the phase noise changes the cyclic prefix,  may not be a perfectly circulant matrix, however, we can assume that it is approximately circulant. 
Using the fact that a circulant matrix  can be diagonalized with the Fourier matrix, where c is the first column and r is the first row of C, we can get

                    (3)

In (3),  is a diagonal matrix whose diagonal elements are equal to Fourier transform of the channel vector,  is a circulant matrix whose first column is equal to the Fourier transform of , and  is a circular matrix whose first column is equal to the Fourier transform of . Then, 

                                  (4)

With only transmitter or receiver phase noise, the received signal on subcarrier  can be written as

      (5)

where  denotes modulo-N operation and  is the number of subcarriers. In Eq. (5),  represents the common phase error (CPE) that multiplies all subcarriers, resulting in a rotation of the constellation, and the second part is the intercarrier interference (ICI) created by the phase noise. Note that the CPE,  is the diagonal element of the matrix  (at the transmitter or receiver), and is given as

                                   (6)

The CPE is different for each OFDM symbol and its rate of change depends on the phase noise model. 
For AWGN channel and with both transmitter and receiver phase noise, CPE becomes:

                                   (7)

Phase noise estimation with reference signals
The phase noise can be estimated using reference symbols, and the estimate can be used to perform the phase noise correction. To facilitate the estimation, the reference signals are loaded onto certain subcarriers, and repeated for every OFDM symbol, as shown in the example of Figure 1.
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[bookmark: _Ref465937478]Figure 1 Sample insertion of PNRS
The CPE component due to the phase noise for each OFDM symbol is estimated as

                                 (8)

where  is the received signal on subcarrier  after equalization,  is the reference symbol transmitted on subcarrier . After the estimation, the phase is corrected by multiplying the signal on each subcarrier by . In the previous equation, the summation is performed over the subcarriers that are configured with reference symbols. The number of reference symbols is a design parameter, and its impact on performance will be evaluated via simulations in the following section.

Simulation results with phase noise reference symbols
The impact of using phase noise reference signals to estimate and correct the phase noise, is evaluated via link level simulations. The detailed simulations assumptions are provided in Table 1 in the Appendix. The two cases simulated under additive white Gaussian noise (AWGN) channels are:
· Phase noise at the receiver (UE side) only; 
· Phase noise both at the transmitter (BS side) and the receiver (UE side). 
Both the OFDM and DFT-s-OFDM waveforms are used in the simulations.
For the figures presented in this section:
· the label “No PN” means no phase noise was applied and no added PNRS (best case), and 
· the label “PN with no correction” means phase noise was modelled, and no added PNRS.
Phase noise at the receiver side only
The spectral efficiency for various PNRS densities is plotted in Figure 2 to Figure 5, for two different RB allocations (4 RBs = 48 subcarriers and 32 RBs = 384 subcarriers) and two different subcarrier spacing (SCS) (60 kHz and 240 kHz). For each RB allocation, the total number of reference symbols can be 1, 2, 4, 8, 16, resulting in different PNRS densities.
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[bookmark: _Ref465903113]Figure 2 Spectral efficiency for 60 kHz SCS,  4 RB (OFDM)
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[bookmark: _Ref465929173]Figure 3 Spectral efficiency for 60 kHz SCS,  32 RB (OFDM)
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[bookmark: _Ref465938716]Figure 4 Spectral efficiency for 240 kHz SCS,  4 RB (OFDM)
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[bookmark: _Ref465903121]Figure 5 Spectral efficiency for 240 kHz SCS,  32 RB (OFDM)


From Figure 2 and Figure 4 above, it can be seen that for smaller resource assignments, the loss due to the phase noise is not significant and phase noise reference symbols may not be needed. With a small number of PNRS, the CPE estimation accuracy may not be sufficient, resulting in throughput loss. The CPE estimation accuracy can be improved as the number of the PNRS is increased. However, reserving more subcarriers for the PNRS increases the loss in spectral efficiency, and thus it may not be justified. As an example, 8 PNRS in 4 RB allocation causes about 17% spectral efficiency loss. 
Observation 1:  For smaller resource assignments, the loss due to the receive-only phase noise is not significant and phase noise reference symbols may not be needed. .
For larger resource assignments, as shown in Figure 3 and Figure 5, the number of PNRS can be increased without much spectral efficiency loss, and resulting in a more accurate estimation of the phase. Therefore, the spectral efficiency can be improved compared to the case without any PNRS. For example, from Figure 5 using 240 kHz subcarrier spacing (SCS), the use of 8 PNRS, with an overhead of about 2%, can provide more than ~1 dB gain at 19 dB SNR compared to the case where PNRS is not used.
Observation 2:  For larger resource assignments, the use of PNRS with proper selection of density, can provide more than ~1 dB gain compared to the case where PNRS is not used, for the case of receive-only PN. 

Phase noise at the transmitter and receiver sides
Figure 6 to Figure 9 illustrate the spectral efficiency results when both the transmitter (base station) and the receiver (UE) are impacted by phase noise. 
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[bookmark: _Ref465904394]Figure 6 Spectral efficiency for 60 kHz SCS,  4 RB (OFDM)
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[bookmark: _Ref466040517]Figure 7 Spectral efficiency for 60 kHz SCS,  32 RB (OFDM)
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[bookmark: _Ref465940278]Figure 8 Spectral efficiency for 240 kHz SCS,  4 RB (OFDM)
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[bookmark: _Ref465904403]Figure 9 Spectral efficiency for 240 kHz SCS, 32 RB (OFDM)


From Figure 6 to Figure 9 above, it can be seen that the combined Tx and Rx phase noise has a significant impact on the spectral efficiency, when no PN compensation is used. The impact is more severe for larger resource assignments. Therefore, the use of PNRS based PN estimation and PN compensation brings significant gains. 
Observation 3:  The combined Tx and Rx phase noise has a significant impact on the spectral efficiency, when no PN compensation is used. The use of PNRS based PN estimation and PN compensation brings significant gains. 
The optimal density of the PNRS depends on the size of the resource assigment. For example, in the 4 RB SCS=240 kHz case illustrated in Figure 8, using 2 PNRS (i.e. PNRS density of 1/24) provides a good tradeoff between the PN estimation accuracy and the PNRS overhead.  In the 32 RB, SCS=240 kHz case illustrated in Figure 9, using 8 PNRS (resulting in PNRS density of 1/48) seems to be the best trade-off.
Observation 4:  The optimal density of PNRS depends on the size of the resource assignment.

The performance of the PNRS is also evaluated for the DFT-s-OFDM waveform. For the DFT-s-OFDM waveform, the PNRS is inserted in time domain, at the input of the DFT-s block. Figure 10 provides the spectral efficiency for 240 kHz subcarrier spacing and 32 RB allocation. 
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[bookmark: _Ref465905271]Figure 10 Spectral efficiency for 240 kHz SCS, 32 RB (DFT-s-OFDM)
Figure 10 shows that the impact of the phase noise on DFT-s-OFDM is comparable to the impact on OFDM. In addition, the gain observed due to the PNRS is similar to the gain observed for OFDM. The simulation results for other cases show that the same conclusions can be drawn for OFDM and DFT-s-OFDM.

Phase noise impact for different modulation types
This section presents simulation results to evaluate the impact of phase noise, and of the PN compensation based on PNRS, on the performance of different modulation types. For these simulations, PN was modelled for both the transmitter, and the receiver. Figure 11 shows the spectral efficiency for 16 QAM, coding rate ¾, in the presence of both Tx and Rx PN. 
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[bookmark: _Ref466040319]Figure 11 Spectral efficiency for 60 kHz SCS, 32 RB, 16QAM (OFDM)
From Figure 11 above, it can be seen that for lower order modulation, the phase noise has a smaller impact on the performance as compared to the 64 QAM case (Figure 7), as the “PN with no correction” shows little degradation compared to the “no PN” case. Moreover, the performance for the case of 1 PNRS is very poor: this is due to the inaccurate CPE estimation at low SNR. As the number of PNRS increases, the CPE estimation improves (as more terms are averaged in Eq. (8)), and thus the performance improves; however, even when a larger numbers of PNRS is used (e.g. 8 or 16 PNRS in Figure 11 above), the performance improvement over the “PN with no correction” is negligible.
Figure 12 and Figure 13 show the spectral efficiency for 256 QAM, coding rate ¾, in the presence of both Tx and Rx PN, for subcarrier spacing of 60 and 240 kHz, respectively.
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[bookmark: _Ref466041668]Figure 12 Spectral efficiency for 60 kHz SCS, 32 RB, 256QAM (OFDM)
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[bookmark: _Ref466041671]Figure 13 Spectral efficiency for 240 kHz SCS, 32 RB, 256QAM (OFDM)



From Figure 12 and Figure 13 above, it can be seen that PN significantly degrades the performance when higher order modulation is used. Moreover, for a subcarrier spacing of 60 kHz, the improvement due to PNRS is limited. The results in Figure 13 show that simply changing the SCS to 240 kHz does not solve the PN problem. However, when SCS is set to 240 kHz, PN compensation based on PNRS becomes more efficient: for example, the results for 8 PNRS appear to be a good performance-overhead tradeoff. 
Observation 5: The use of PNRS may not be needed for lower order modulations.
Observation 6: To mitigate the PN for higher order modulations, a combination of wider SCS and PNRS is needed.
Observation 7: The optimal PNRS density to mitigate the phase noise may be a function of the modulation order. 
The simulation results presented in this section show that the use of phase noise reference signals for phase noise estimation and compensation results in significant performance improvement compared to the case of no impariments correction.  
Proposal 1: RAN1 should consider PNRS for phase noise compensation, for both OFDM and DFT-s-OFDM.
Proposal 2: The presence and/or density of PNRS is a function of modulation type.
Proposal 3: For evaluating the PNRS, the impact of both Tx and Rx phase noise should be included in the simulations.

Summary
In this contribution, we presented simulation results to evaluate the spectral efficiency performance of OFDM and DFT-s-OFDM with PNRS based estimation and PN correction.
The following observations and proposals are made.
Observation 1:  For smaller resource assignments, the loss due to the receive-only phase noise is not significant and phase noise reference symbols may not be needed. .
Observation 2:  For larger resource assignments, the use of PNRS with proper selection of density, can provide more than ~1 dB gain compared to the case where PNRS is not used, for the case of receive-only PN. 
Observation 3:  The combined Tx and Rx phase noise has a significant impact on the spectral efficiency, when no PN compensation is used. The use of PNRS based PN estimation and PN compensation brings significant gains. 
Observation 4:  The optimal density of PNRS depends on the size of the resource assignment.
Observation 5: The use of PNRS may not be needed for lower order modulations.
Observation 6: To mitigate the PN for higher order modulations, a combination of wider SCS and PNRS is needed.
Observation 7: The optimal PNRS density to mitigate the phase noise may be a function of the modulation order. 
Proposal 1: RAN1 should consider PNRS for phase noise compensation, for both OFDM and DFT-s-OFDM.
Proposal 2: The presence and/or density of PNRS is a function of modulation type.
Proposal 3: For evaluating the PNRS, the impact of both Tx and Rx phase noise should be included in the simulations.
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Appendix – Simulation Assumptions
[bookmark: _Ref225007379][bookmark: _Ref225007373]Table 1 Simulation Assumptions
	Parameters
	Value

	System bandwidth
	80 MHz (for SCS=60 kHz)
320 MHz (for SCS=240 kHz)

	Subcarrier spacing
	60 kHz, 240 kHz

	Number of PNRS
	1, 2, 4, 8, 16

	UE velocity
	3 km/h

	Carrier Frequency 
	30 GHz

	Modulation and coding rate
	64QAM, 5/6
16QAM, 3/4
256QAM, 3/4

	Number of allocated PRBs
	4 PRBs, 32 PRBs

	Channel model
	AWGN

	Channel coding scheme
	Turbo

	Receiver
	MMSE

	Phase noise model
	PN model 2, from the WF proposed in [2]
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