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[bookmark: _Ref534820708]Introduction
A new Rel.17 study item on supporting NR from 52.6GHz to 71 GHz was approved in RAN#86 and started in RAN1#101-e. One of the objectives of the study item [1] is to:
· Study of required changes to NR using existing DL/UL NR waveform to support operation between 52.6 GHz and 71 GHz
· Study of applicable numerology including subcarrier spacing, channel BW (including maximum BW), and their impact to FR2 physical layer design to support system functionality considering practical RF impairments [RAN1, RAN4].
· Identify potential critical problems to physical signal/channels, if any [RAN1].

As per the conclusions reached by email discussion after RAN1#101-e meeting [2], “performance verification of existing and improved RS, e.g., DMRS & PT-RS” are part of the proposed solutions for supporting system functionality considering practical RF impairments. Moreover, in the past RAN1#102e meeting, it was agreed [3] to 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)

In this contribution, we give our view on some performance aspects of phase noise compensation for running an NR interface in bands above 52.6GHz.

Discussion
In Rel.15 NR, PT-RS was introduced to cope with phase noise effects, and PT-RS pattern design and optimization was performed based on phase noise effects for bands up to 40GHz.
On PT-RS performance for CP-OFDM
For CP-OFDM waveform, the current PT-RS pattern was devised to compensate for common phase error (CPE), which proved to be effective enough for phase noise effects considered in Rel.15, below 52.6GHz, where inter-carrier interference (ICI) due to phase noise can be neglected after CPE compensation. One single PT-RS tone is inserted every 2 or 4 RBs, with the purpose of ensuring CPE compensation. 
The phase noise effects are more pronounced in the higher parts of the mmWave spectrum. In the past meetings, several companies identified that CPE compensation based on the current PT-RS design for CP-OFDM, does not provide sufficient performance for bands above 52.6GHz. Due to increased CPE/ICI in high bands, low modulation orders can only be supported with degraded performance, while high modulation orders would require unreasonably high subcarrier spacing if the current RS design is reused as is. Results in [4], [5], [6], [7], [8], [9], [10] show that the current PT-RS pattern with CPE compensation is not sufficient to compensate phase errors in higher mmWave bands, and that keeping current design without strongly increasing the subcarrier spacing leads to serious performance degradation. In [11] it is proposed to use this same sequence in order to obtain some ICI compensation either through direct de-ICI filtering or through an ICI filter approximation approach. Nevertheless, as we show in our performance analysis in section 2.1.3, this approach is not able of fully compensating the ICI effect.
It is clear that CPE compensation is not sufficient for efficient phase noise compensation in higher mmWave bands, and that a PT-RS pattern allowing for efficient ICI compensation would need to be investigated. 
[bookmark: _Toc53744011]Observation 1: In bands above 52.6GHz, the ICI component of the phase noise becomes predominant on CPE. 

On the need for ICI compensation for CP-OFDM
Assuming an efficient channel equalization, the received symbol Yk at subcarrier k can be modeled as follows:

where X is the emitted signal, Ψ is the phase noise, Z is the AWGN, the three of them being in the frequency domain.  is “modulo N”.
For low values of the carrier frequency Fc, the phase noise is mostly represented by its DC component Ψ0 that impacts all the received symbols Yk with the Common Phase Error (CPE). In this case the summation term in the model could be merged within the AWGN. Distributed PT-RS symbols on some subcarriers as Rel.15 NR PT-RS are then sufficient to estimate Ψ0 and compensate it.
For higher values of Fc, e.g. 60/70GHz in FR2, the components {Ψj}j≠0 become much more significant in such a way that the summation term should be considered as such. Consequently, the CPE compensation is not relevant anymore. Each received symbol Yk experiments an interference from the neighborhood of Xk, representing the Inter-Carrier Interference (ICI). Considering the exponential decrease of the phase noise PSD, this neighborhood should be seen as relatively small in such a way that few subcarriers around k should be taken into account into the convolution. This raises the need for selecting a block-based PT-RS pattern instead of the distributed pattern.
[bookmark: _Toc45911374][bookmark: _Toc45911967][bookmark: _Toc47534892][bookmark: _Toc47534989][bookmark: _Toc53651001][bookmark: _Toc53651144][bookmark: _Toc53654410][bookmark: _Toc53740443][bookmark: _Toc53740453][bookmark: _Toc53743588][bookmark: _Toc53744007][bookmark: _Toc53744016]Proposal 1: Support block-based PT-RS patterns for OFDM waveform.

[bookmark: _Ref53758006]PT-RS sequence for CP-OFDM
The phase noise in the time domain applies as a point-wise product with the emitted signal. This is why the model in the frequency domain is a circular convolution. As previously mentioned, this causes ICI. More precisely, when inserting PT-RS symbols in the emitted signal X, we obtain data-to-pilot interference on any received PT-RS symbol in Y which damages the performance.
However, interference can be heavily reduced by selecting a well-suited PT-RS pattern. For a single PT-RS block, similarly to the cyclic prefix insertion in the time domain to obtain a circular channel matrix, using a cyclic PT-RS sequence, as in Figure 1, helps obtain a circular phase noise matrix that only applies on PT-RS symbols without any data-to-pilot interference. This allows estimating the phase noise on an arbitrary bandwidth in the frequency domain. 
PT-RS is processed after DMRS-based channel estimation/user de-multiplexing. From this respect, there is no need for PT-RS to observe any orthogonal sequence length optimization or any particular sequence choice criteria. The optimum length of the CP can thus be chosen the highest as possible in order to allow the best data to pilot isolation. For a block of KP PT-RS symbols the optimum size of the CP is thus floor(KP/2).
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[bookmark: _Ref45049508]Figure 1. Example of a cyclic PT-RS sequence of length KP=9 

[bookmark: _Toc45911375][bookmark: _Toc45911968][bookmark: _Toc47534893][bookmark: _Toc47534990][bookmark: _Toc53651002][bookmark: _Toc53651145][bookmark: _Toc53654411][bookmark: _Toc53740444][bookmark: _Toc53740454][bookmark: _Toc53743589][bookmark: _Toc53744008][bookmark: _Toc53744017]Proposal 2: Support cyclic PT-RS sequence for OFDM waveform.
[bookmark: _Toc53654412][bookmark: _Toc53740445][bookmark: _Toc53740455][bookmark: _Toc53743590][bookmark: _Toc53744009][bookmark: _Toc53744018]Proposal 3: A PT-RS sequence for OFDM waveform composed of KP samples includes a cyclic prefix of floor(KP/2) samples.

Some concerns have been raised in [11] regarding the collision cases between block PT-RS and other reference symbols such as TRS and CSI-RS. As explained above, the PT-RS sequence itself can be chosen in a very flexible manner. Whenever avoiding collision by configuration is not possible, it is possible to reuse the values configured as TRS or CSI-RS for the purpose of phase noise compensation (e.g. build the PT-RS sequence based on the TRS/CSI-RS values) without any performance impact, and remaining cases can be treated by puncturing the PT-RS with minimum performance impact.

[bookmark: _Ref53651211]Performance analysis
Performance comparison between the following scenarios was conducted, and simulation results are presented in the annex:
· CPE-based phase noise compensation with scattered PT-RS from Rel.15 design
· De-ICI filtering based on scattered PT-RS from Rel.15 design with the Wiener filtering method proposed in [11]
· Phase noise compensation including ICI effects based on block PT-RS with cyclic sequence as proposed in the current contribution 
A description of the used receiver and of their respective complexity is given hereinafter.


Analysis of different receiver options
PN compensation filtering
In the following simulations, phase noise compensation based on block PT-RS is done by a simple conventional receiver exploiting the cyclic structure of the PT-RS block. The PT-RS block cyclic structure makes equation (1) a local circular convolution on any PT-RS block. By adjusting the PT-RS block length Kp=2 KΨ-1 it is then possible to work on a circulant square phase noise matrix of size KΨ. Any deconvolution method based on circulant matrix could be used at this level. 
In the presented results, we estimated in a straightforward manner the frequency-domain response {, …,} of the phase noise from the KΨ equations with KΨ variables drawn from equation (1) at PT-RS symbol positions. This is further followed by a deconvolution operation to remove the phase noise from the received signal (1) at data positions. The interest for using several PT-RS blocks is to refine the phase noise estimate through an averaging process over the blocks.
From a complexity point of view, this amounts to  operations per OFDM symbol, where Np is the number of PT-RS blocks of length Kp=2 KΨ-1 inserted in the OFDM symbol and N is the number of allocated subcarriers.
De-ICI Wiener filtering
For the de-ICI filter we used the approach described in [11]. For a given subcarrier index k, the estimate of the symbol  is:

Where  are the received symbols after the equalizer and  is the Wiener filter of length 2u+1computed as:

Where  is a matrix of NPTRS rows and (2u+1) columns that contains some well selected received symbols of  and  is the vector of the NPTRS emitted PT-RS symbols.
The filter coefficients are computed only once because it is the same filter for all the subcarriers (because the phase noise is the same all along the band).
From a complexity point of view, this amounts to  operations per OFDM symbol, where L=2u+1 is the number of taps in the filter, NPTRS is the number of PT-RS REs in an OFDM symbol and N is the number of allocated subcarriers.
In the following results, we optimized performance-wise the length of the de-ICI filter and the presented results correspond to the best-performing version with u=5 (L=11). This filter is shown in the annex to have a somewhat higher complexity than the PN compensation filter used to for block PT-RS estimations.

Analysis of simulation results
Simulation results consist in Frame Error Rates (FER) and Spectral Efficiencies (SE) for various PT-RS patterns. On the figures, the following convention is used:
· Magenta curves represent the performance of CPE compensation (based on scattered PT-RS pattern) with same or more important density than the Rel.15 existing PT-RS pattern.
· Green curves represent the performance of de-ICI Wiener filtering (labelled WF on the figures) based on scattered PT-RS pattern with same or more important density than the Rel.15 existing PT-RS pattern; different filter length were tested and we picked to represent the best performing one, which consists of 11 taps.
· Blue curves represent the performance of block-based PT-RS pattern with different pattern densities. Each curve is labelled with the block pattern density represented as NpxKp where Np is the number of PT-RS blocks and Kp is the number of PT-RS symbols in each block.
In the SE figures, the colored disks indicate the SE value such as that the corresponding FER is 0.1.
At carrier frequencies of around 60GHz and with rather low MCS (16QAM), the de-ICI Wiener filtering with scattered PT-RS sequence offers better FER performance than the CPE compensation with the same PT-RS pattern. Accordingly, the de-ICI Wiener filtering offers a greater throughput, especially for SCS=120kHz. Nevertheless, block-based PT-RS with cyclic sequence is able of matching the performance of the de-ICI Wiener filtering with Rel.15 pattern with a significantly lower overhead. First of all, from Figure 2 it can be observed that Wiener filtering with one PT-RS every RB offers very similar FER performance as PN compensation with 16 blocks of 13 subcarriers. Given the allocated band of 330RBs, distributed PT-RS counts 330 symbols whereas block-based PT-RS counts 208 symbols. Consequently, as displayed in Figure 3, the SE curves for block-based PT-RS allows for higher values because the overhead is lower.
[bookmark: _Toc53744012]Observation 2: Around Fc=60GHz, SCS=120kHz and with 16QAM 2/3, block-based PT-RS with cyclic sequence is able of matching the FER performance of the Rel.15 pattern with de-ICI Wiener filtering with a significantly lower overhead (up to 3 times less in some of the simulated scenarios).
[bookmark: _Toc53744013]Observation 3: For Fc=60GHz and SCS=120kHz, the PN compensation with block-based PT-RS and cyclic sequence significantly outperforms in spectral efficiency both CPE compensation and de-ICI Wiener filtering with distributed PT-RS, even when the density of the scattered pattern is increased above the Rel.15 defined density. 
At 60GHz, even when increasing the SCS to 240kHz to alleviate the phase noise effect as in Figure 4 and Figure 5, the Rel.15 pattern is still outperformed by the block-based pattern; further doubling the Rel.15 scattered pattern density manages to obtain slightly lower but overall similar performance as the block-based pattern.
When increasing the carrier frequency to 70GHz, the phase noise impact is even stronger. According to Figure 6, the FER performance gains of PN compensation with block-based PTRS appear more clearly in this case. Indeed, CPE compensation does not reach FER=0.1 even with one PTRS symbol every RB. On the contrary, the de-ICI Wiener filtering and the PN compensation both reach FER=0.1 whatever the PT-RS pattern. However, the PN compensation with 16 PT-RS blocks shows a SNR gain of around 0.7dB. Therefore, the SE in Figure 7 is significantly higher.
[bookmark: _Toc47535500][bookmark: _Toc53744014]Observation 4: For Fc=70GHz and SCS=120kHz, the CPE compensation with distributed PT-RS does not reach FER=0.1 whereas the PN compensation with block-based PT-RS and cyclic sequence reaches significantly outperforms de-ICI Wiener filtering.
Enlarging the SCS reduces the phase noise effect. This is the reason why in Figure 8 where the SCS is 240kHz, the behavior difference is slightly less obvious even though PN compensation with block-based PT-RS still outperforms CPE compensation and the Wiener filtering. We observe from 0.8dB to more than 1dB gain depending on the number of PT-RS blocks. The SE curves in Figure 9 show that PN compensation with block-based PTRS also offers higher SE values.
[bookmark: _Toc47535501][bookmark: _Toc53744015]Observation 5: For Fc=70GHz and SCS=240kHz, the PN compensation with block-based PT-RS and cyclic sequence significantly outperforms both the de-ICI Wiener filtering and the CPE compensation.
These results show that CPE compensation and the de-ICI Wiener filtering are insufficient at carrier frequencies 60GHz and above for reasonable subcarrier spacings, regardless of the PT-RS scattered pattern density. PN compensation with block-based PT-RS is clearly outperforming CPE compensation and the de-ICI Wiener filtering for OFDM waveform. Further pattern optimization of block-based PT-RS pattern (block length, number of blocks) can be performed to increase the performance gap with CPE compensation.

On PT-RS performance for DFTsOFDM
The Rel.15 pattern for PT-RS compensation for DFTsOFDM is rather flexible and already accounts for within-symbol phase-noise tracking. From this perspective, whenever the performance of current patterns is not enough at high carrier frequencies, increasing the pattern density would be an efficient measure, without the need of a paradigm change. Such density increase is straightforward with minimum spec impact.
[bookmark: _Toc47534894][bookmark: _Toc47534991][bookmark: _Toc53651003][bookmark: _Toc53651146][bookmark: _Toc53654413][bookmark: _Toc53740446][bookmark: _Toc53740456][bookmark: _Toc53743591][bookmark: _Toc53744010][bookmark: _Toc53744019]Proposal 4: Support density extension of current Rel.15 PT-RS for DFTsOFDM waveform.

Conclusions
For OFDM waveform, CPE compensation and the de-ICI Wiener filtering are insufficient at carrier frequencies 60GHz and above for reasonable subcarrier spacings, regardless of the PT-RS scattered pattern density. PN compensation with block-based PT-RS is clearly outperforming CPE compensation and the de-ICI Wiener filtering for OFDM waveform. Further pattern optimization of block-based PT-RS pattern (block length, number of blocks) can be performed to increase the performance gap with CPE compensation.
The Rel.15 pattern for PT-RS compensation for DFTsOFDM already accounts for within-symbol phase-noise tracking, simple density increase of the existing pattern is able of coping with more severe PN effects.
Based on simulation results, we drew the following observations:
Observation 1: In bands above 52.6GHz, the ICI component of the phase noise becomes predominant on CPE.
Observation 2: Around Fc=60GHz, SCS=120kHz and with 16QAM 2/3, block-based PT-RS with cyclic sequence is able of matching the FER performance of the Rel.15 pattern with de-ICI Wiener filtering with a significantly lower overhead (up to 3 times less in some of the simulated scenarios).
Observation 3: For Fc=60GHz and SCS=120kHz, the PN compensation with block-based PT-RS and cyclic sequence significantly outperforms in spectral efficiency both CPE compensation and de-ICI Wiener filtering with distributed PT-RS, even when the density of the scattered pattern is increased above the Rel.15 defined density.
Observation 4: For Fc=70GHz and SCS=120kHz, the CPE compensation with distributed PT-RS does not reach FER=0.1 whereas the PN compensation with block-based PT-RS and cyclic sequence reaches significantly outperforms de-ICI Wiener filtering.
Observation 5: For Fc=70GHz and SCS=240kHz, the PN compensation with block-based PT-RS and cyclic sequence significantly outperforms both the de-ICI Wiener filtering and the CPE compensation.

We arrived at the following conclusions and proposals:
Proposal 1: Support block-based PT-RS patterns for OFDM waveform.
Proposal 2: Support cyclic PT-RS sequence for OFDM waveform.
Proposal 3: A PT-RS sequence for OFDM waveform composed of KP samples includes a cyclic prefix of floor(KP/2) samples.
Proposal 4: Support density extension of current Rel.15 PT-RS for DFTsOFDM waveform.



Annex A – Simulation results 
Simulations are performed considering the following parameters aligned with the decisions from RAN1#101-e on simulation assumptions for NR above 52.6GHz:

	Carrier frequency 
	60GHz; 70GHz

	BW
	500MHz

	SCS/Allocation
	120kHz/330RBs; 240kHz/165RBs 

	CP
	Normal

	Channel/DS
	TDL-A/5ns

	DMRS configuration
	Front-loaded NR-like configuration type 1, PUSCH mapping type A (slot size 12)

	Speed
	3kmph

	FEC
	NR LDPC with 50 decoding iterations

	MCS
	16QAM 2/3

	CFO
	0.1ppm at Tx and -0.1ppm at Rx

	HPA
	Polynomial, IBO=-8dB

	MIMO 
	2x2

	PN models
	Tx: TR 38.803 Example 2 Model 2 (BS)
Rx: TR 38.803 Example 2 Model 1 (UE)

	Channel estimation
	Realistic (MMSE)

	Frame structure
	14 OFDM symbols, 2-symbols PUCCH (front loaded)

	PT-RS
	For CPE compensation (magenta curves), and de-ICI Wiener filtering (green curves) allocate one PT-RS symbol every one/two RBs 
For the phase noise compensation with block-based PT-RS, allocate NP blocks of KP PT-RS symbols with: NP = 4,8,16 and KP = 13,25,57 (blue curves)
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[bookmark: _Ref1137648]Figure 2 Various PT-RS patterns, Fc=60GHz, SCS=120kHz: FER
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[bookmark: _Ref4787949]Figure 3 Various PT-RS patterns, Fc=60GHz, SCS=120kHz: SE
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[bookmark: _Ref4787974]Figure 4 Various PT-RS patterns, Fc=60GHz, SCS=240kHz: FER
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[bookmark: _Ref4787977]Figure 5 Various PT-RS patterns, Fc=60GHz, SCS=240kHz: SE
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[bookmark: _Ref4788005]Figure 6 Various PT-RS patterns, Fc=70GHz, SCS=120kHz: FER
	[image: ]
[bookmark: _Ref4788008]Figure 7 Various PT-RS patterns, Fc=70GHz, SCS=120kHz: SE
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[bookmark: _Ref45608460]Figure 8 Various PT-RS patterns, Fc=70GHz, SCS=240kHz: FER
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[bookmark: _Ref4788014]Figure 9 Various PT-RS patterns, Fc=70GHz, SCS=240kHz: SE





Annex B – Complexity evaluations

Table 1 Number of operations per OFDM symbol with the PN filter for the simulated scenarios; 
	(number of subcarriers)
	
	
	

	1980 (165RBs)
	13, 7
	4
	47235

	__
	__
	8
	47400

	__
	__
	16
	47730

	3960 (330RBs)
	__
	4
	102539

	__
	__
	8
	102704

	__
	__
	16
	103034



Table 2 Number of operations per OFDM symbol with the de-ICI filter for the simulated scenarios; .
	(number of subcarriers)
	L
	
	

	1980 (165RBs)
	11
	165 (every RB)
	86339

	__
	__
	82 (every two RBs)
	64427

	3960 (330RBs)
	11
	330 (every RB)
	171479

	__
	__
	165 (every two RBs)
	127919
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