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1. Introduction
In RAN1#102-e meeting [1], the following agreements were made for physical layer design for NR above 52.6 GHz.
	Agreement:
· Instruct rapporteur to create dedicated (sub-)section for set of identified issues for physical layer NR design.
· Endorse following text proposal as introduction to the (sub-)sections for discussing identified issues for physical layer.
· For supporting NR operation in both licensed and unlicensed band in the frequency range from 52.6 GHz to 71 GHz, FR2 numerologies and additional numerologies beyond that supported currently in NR are studied. Existing framework for numerology scaling is considered i.e.  2μ ×15 subcarrier spacing to select the candidates. For SSB transmissions, it is investigated whether or not µ>4 (larger than 240 kHz) is needed and corresponding impacts, if any, on the aspects including at least SSB pattern, multiplexing of other signal/channels, and transmission window, if supported. For data and control channel transmissions, it is investigated if µ>3 (larger than 120 kHz) is needed and corresponding impacts, if any, on aspects including at least processing timelines, PDCCH monitoring capability (BD/CCE), scheduling enhancements, beam-management, and reference signal design. For investigating the need for higher numerologies, some of the key aspects that are studied are the impact due to phase noise, delay spread, TAE, analog beam switching delay, and impact to coverage, spectral efficiency and peak data rates, and relative delay in intra-cell/inter-cell multi-TRP operations.
Agreement:
Consider at least the following aspects of PT-RS design for a given SCS
· Phase noise compensation performance of existing PT-RS design
· Study of need of any modification/changes to existing PT-RS design
· Potential modification to the PT-RS pattern or configuration to aid performance improvement for CP-OFDM and DFT-s-OFDM waveforms (if needed)
· Potential methods to aid ICI compensation at the receiver (if needed)


It is well-known that one of the key challenges to support NR above 52.6 GHz is a phase noise that causes severe inter-carrier interference (ICI) and may prohibit the operation of spectrally efficient higher order modulations without a specific phase tracking and ICI compensation algorithms. Therefore, in this contribution, we investigate several approaches compensating the phase noise impact and provide preliminary evaluation results to compare them.

2. Phase noise compensation 
Figure 1 shows the power spectral density (PSD) of the phase noise corresponding to the model currently accepted as a main model for simulations and analysis [2]. For convenience, NR subcarrier spacing (SCS) values (including those that are not supported in current specification but discussed to be introduced for frequency range from 52.6 GHz to 71 GHz) are shown along the frequency axis. It can be observed that the amount of out-of-subcarrier noise that corresponds to the ICI term is different for different subcarrier spacings, so the higher SCSs are much more robust to the phase noise impact. 
[image: ]
[bookmark: _Ref53610312]Figure 1 3GPP phase noise model
Basic phase noise estimation approach
Phase noise can be divided into the two components – the common phase error (CPE), and the inter-carrier interference (ICI) – see Eq. (1). The first term  is common for all subcarriers on the given OFDM symbol, but largely fluctuating for different symbols. The second term describes influence of the adjacent OFDM subcarriers on the given one due to signal spreading caused by multiplicative phase noise.
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where: 
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While the first term in Eq. (1) may be rather easily mitigated by finding a common phase shift for the OFDM symbol, the compensation of the ICI may require more advanced algorithms and RS structures. 
[bookmark: _GoBack]One of perspective approaches to phase noise compensation lies in the designing of the de-convolutional filter in frequency domain (FD) which will mitigate the PN multiplicative effect. Typical approach is representing the phase noise realization in frequency domain, defined by Eq. (2) as a smaller filter of size n=2u+1, with the rest of the sum counted as some additional ICI noise as shown in Eq. (3). Since phase noise realization in FD has unity amplitude, the convolution of Eq. (3) is reversible and can be done by filtering with the complex conjugate vector J.
	
	

	[bookmark: _Ref53599912](3)


Clustered PT-RS allocation approach
Eq. (3) can be rewritten in a matrix form by using a special row-shifted matrix. 
	
	,
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where k0…kL-1 are PT-RS subcarrier indexes, Yk is the received signal at k-th subcarrier, W is equivalent noise, that includes both AWGN and residual PN ICI components and Xk=HkSk is the ideal transmitted signal passed through channel.
The matrix form (4) has a well-known solutions – the simplest LS (least squares), Eq. (5), which is not using any additional information about the signal and noises, and the MMSE (minimum mean-squared error), which is sub-optimal in the case of a priori knowledge of the signal correlations and noise statistics – Eq. (6).
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The calculation of the phase noise spectral correlation matrix can be done on the base of phase noise PSD, which is specified in the model and can be measured for a given receiver implementation. However, the implementation of the MMSE processing will require higher computational complexity than LS, and in further studies we will focus on the LS solutions solely. 
In the Eq. (4), the matrix X is constructed from the known transmitted PT-RS signals, but due to structure of matrix and the necessity to avoid interference from the adjacent data subcarrier, the matrix X should consist of minimum of 4u+1 PT-RS values (where 2u+1 is the filter size), while only 2u+1 received values are really used for the estimation process. Also, construction of matrix X requires a contiguous allocation, which poses limitations on the PT-RS design. 
Direct de-ICI filter estimation [2]
We can formulate above Eq. (3) and (4) by performing convolution of the received signal Yk in a FD to find original pilot signal Xk, as follows:
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Comparing Eq. (3) and (4) with (7) and (8), respectively, we can find that they have exactly the same structure, but in the latter case, the convolution matrix is constructed from the received signals, while in the former case, it was created from the known transmitted pilots. Therefore, this allows us to use any RS structures, both contiguous and distributed, since the received signal Y can be evaluated both at PT-RS and data subcarriers. It should be noted that both equations (4) and (8) can be solved via LS or MMSE approaches.
Subcarrier nulling 
As pointed out above, the several edge PT-RS REs in the clustered approach can be used only to form the circular matrix X in Eq. (4), but not used in the actual estimation. This leads to the possibility to nullify them, redirecting the power to the rest of PT-RS REs. The same approach can be used for the distributed allocation, which is Rel-15 PT-RS design. Figure 2 depicts examples of PT-RS mapping with null REs, where Figures 2(a) and 2(b) are based on distributed and contiguous allocation methods, respectively.


Figure 2 Distributed and clustered allocations with nulling

3. Preliminary evaluation results
The following PTRS allocation methods are performed for performance comparison:
Baseline Rel-15 distributed PTRS with L=1 and K = 2, 4
Clustered allocations with several groups of contiguous PTRSs
Nulled allocations with a single center active pilot and N=1,2,3 nulled subcarriers at each side
To keep the comparison fair, the amount of resource elements allocated for PTRS (including nulled REs) was the same for every compared scheme, so the amount of active + nulled subcarriers for the case of nulling was equal to the number of PTRS REs in the baseline Rel-15 case. Thus, the number of active PTRS REs is decreased for the case of nulling. The power is also equalized, by boosting the center active pilots. Figure 3 and Figure 4 illustrate the data allocation (PDSCH) structure for the baseline Rel-15 and proposed distributed allocation with side subcarrier nulling


[bookmark: _Ref53157922]Figure 3 Baseline Rel. 15 PTRS allocations example


[bookmark: _Ref53157924]Figure 4: Distributed PTRS allocation with nulling example
The performance of the considered PTRS structures was investigated for the SCS 120/240/480/960 kHz into 400 MHz band. For K = 2, the amount of available REs for PTRS allocations was 128 – 64 – 32 – 16 REs correspondingly. 
An OFDM signal with a TX-side phase noise was propagated through a frequency selective channel described by TDL-A model [4], with normalized delay spread of 10ns and Jakes Doppler spectrum corresponding to 3 km/h. 1x2 SIMO system was modeled, with the MRC processing and practical DMRS based channel estimation scheme at the receiver.
Before the applications of the phase noise ICI compensation algorithms, a simple CPE compensation were performed. The BER curves corresponding to the cases of CPE compensation and to the case when no compensation is performed are also plotted on the resulting graphs for reference.
Figure 5 - Figure 8 show the performance comparison of the different PTRS allocations with the application of the LS algorithm for estimation of the de-ICI filter of different length.
For the clustered allocations, the PN realization estimation algorithm was used, with the “channel” matrix constructed from the known pilots as in Eq. (4), while for the Rel-15 distributed and nulling allocations, the direct ICI filter estimation was used, with the “channel matrix” formed from the received subcarriers as in Eq. (8).
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[bookmark: _Ref53698757]Figure 5 PTRS allocations comparison for SCS 120 kHz, K=2
	[image: ]
Figure 6 PTRS allocations comparison for SCS 240 kHz, K=2
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Figure 7 PTRS allocations comparison for SCS 480 kHz, K=2
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[bookmark: _Ref53698761]Figure 8 PTRS allocations comparison for SCS 960 kHz, K=2


It can be seen that the performance of clustered PTRS allocation is typically worse than that of Rel-15 PT-RS allocation. At the same time, distributed allocation with nulling shows superior or the same performance comparing to Rel-15 LS algorithms (for the same de-ICI filter length). It should be noted, that for higher SCSs, the increase of the filter length may actually decreases the overall system performance. 

Observation #1: Performance improvement that can be acquired from ICI compensation schemes is negligible for higher SCS.
Observation #2: The performance of clustered PTRS allocation is worse than that of Rel-15 PT-RS based ICI compensation scheme.

Figure 9 and Figure 10 show the performance comparison of the different PTRS allocations with parameter K =2 and 4. It can be observed that nulling allocation outperforms especially in the case of lower PTRS density – with parameter K = 4.
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[bookmark: _Ref53699933]Figure 9 Rel.15 vs Nulling for K = 2, 5 tap filter, 64 QAM
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[bookmark: _Ref53736925]Figure 10 Rel.15 vs Nulling for K = 4, 3-tap filter, 64 QAM

Observation #3: The performance of subcarrier nulling allocation is similar or superior (up to 2 dB gain especially in the scenarios with low PTRS overhead, K=4) to that of Rel-15 PT-RS based ICI compensation scheme.

4. Conclusions
In this contribution, we have compared performance of practical LS algorithm for the PN compensation, operating on different PTRS allocations structures and the following observations can be drawn. 

Observation #1: Performance improvement that can be acquired from ICI compensation schemes is negligible for higher SCS.
Observation #2: The performance of clustered PTRS allocation is worse than that of Rel-15 PT-RS based ICI compensation scheme.
Observation #3: The performance of subcarrier nulling allocation is similar or superior (up to 2 dB gain especially in the scenarios with low PTRS overhead, K=4) to that of Rel-15 PT-RS based ICI compensation scheme.
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