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Introduction
A new study item was proposed in RAN #86 [2] and updated in RAN1 #88e [3] with a goal to:
· Study the required changes to NR using existing DL/UL NR waveform to support operation between 52.6 GHz and 71 GHz
· Study the applicable numerology including subcarrier spacing, channel BW (inc. maximum), 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].

In RAN1 #101-e and #102-e, agreements on evaluation  assumptions and parameters were made to facilitate the study [5][6]. In addition, agreements were made on possible changes to signals and channels arising from possible changes in numerology. In this contribution, we study the phase noise mitigation algorithm and PTRS patterns we use in our companion contribution on physical layer design for NR operation between 52.6 GHz and 71 GHz [7]. 
Effect of Phase Noise on operation between 52.6 GHz and 71 GHz
In RAN1 #102-e, the following agreements were made:

	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)


 
This paper discusses possible PTRS changes and methods to aid ICI compensation at the receiver. 

The SCS selected for operation between 52.6 GHz and 71 GHz can be selected based on Common Phase Error  (CPE) compensation only or on a combination of CPE compensation and Inter-Carrier Interference (ICI) compensation. To realize these gains, we modify the baseline Rel-15 PTRS pattern to a pattern more amenable to ICI cancellation. Our simulation results will demonstrate the a lower SCS can be used for operation between 52.6 GHz and 71 GHz with ICI compensation.

The PN in a system can be separated into two components [4]. The first component is a Common Phase Error (CPE) that is added to every subcarrier and is proportional to its value multiplied by a complex number. The rotation is the average of phase noise over all of samples. This average implies low frequencies of phase noise spectrum up to the inter-carrier spacing and it affects every subcarrier equally. Typically, the CPE is easily corrected with the assistance of the Phase Tracking Reference Symbol (PTRS) in Rel-15/Rel-16 and single tap equalizer. 

The second component is an Inter-Carrier-Interference (ICI) error that is the summation of the information of the other  sub-carriers each multiplied by some complex number and has appearance of Gaussian noise. The spectral components of phase noise that contribute to the magnitude of this error are those from  the SCS up to the total phase noise bandwidth. Typically, the ICI can be corrected by using additional signal processing at the receiver. 

The SCS selected determines the ratio of CPE to ICI. At the SCS increases, a larger portion of the total PN is CPE and a smaller portion is ICI.  This behavior is illustrated in the Figure 1. Ideally, selecting a very large SCS results in a large, correctable CPE. 

[image: ]
[bookmark: _Ref40216935]Figure 1: SCS selection based on CPE compensation only
Alternatively, the effect of phase noise can be cancelled by using a combination of a smaller SCS with CPE compensation and a simple ICI compensation filter to cancel additional phase noise [8][9][10]. This allows the mitigation of the same phase noise effect with a smaller SCS as illustrated in Figure 2.
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[bookmark: _Ref53768835]Figure 2: SCS selection based on CPE and ICI compensation

In [9], it is proposed that the existing PTRS design can be used with a 3-tap ICI compensation filter. However, conceptually, having the PTRS symbols closer together should allow more ICI cancellation due to the spectrum of the PN, which increases as the frequency offset from the subcarrier of interest reduces. To investigate the performance of the ICI filter, we simulate the PDSCH BLER performance with the following PTRS designs:
· Option 1: Rel-15 PTRS pattern with 1 PTRS symbol every 2 RBs (1,2)
· Option 2: An updated Rel-15 PTRS pattern with 1 PTRS symbol every single RB (1,1)
· Option 3: An updated Rel-15 PTRS pattern with 2 PTRS symbol every 4 RBs (2,4)
· Option 4: An updated Rel-15 PTRS pattern with 2 PTRS symbols every 2 RBs (2,2) 
These designs are illustrated in Figure 3. In this study, we do not analyze the block PTRS proposed in [8] and [9][10], although we acknowledge that we may get similar results.
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[bookmark: _Ref53743675]Figure 3: PTRS Designs


Figure 4 shows the PDSCH BLER performance for the following options: 
	
	SCS
	Correction
	PTRS

	Scenario 1
	480
	CPE
	1,2

	Scenario 2
	480
	ICI
	1,2

	Scenario 3
	480
	CPE
	1,1

	Scenario 4
	480
	ICI
	1,1

	Scenario 4
	480
	ICI
	2,2

	Scenario 6
	480
	ICI
	2,4

	Scenario 7
	960
	CPE
	1,2
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[bookmark: _Ref53743873]Figure 4: PDSCH BLER Performance with CPE and ICI compensation
From the results shown, we do not see a gain compared with scenario 1 by using the existing PTRS design with ICI. We are able to achieve equal performance between ICI compensation and scenario 1 (CPE compensation only with Rel-15 PTRS) by increasing the density to 1 PTRS every RB. This is essentially the same PTRS pattern with increased density. However, when we modify the pattern to allow adjacency between the PTRS symbols (Scenarios 5 and 6), we see that ICI compensation has a gain when compared with Scenario 1. Most importantly, we see a gain compared with Scenario 7 (960 kHz with CPE compensation only). 
The gain from Scenarios 5 and  6 are expected as the PN spectrum is shaped such that higher ICI comes from frequencies that have smaller offsets. From this we can conclude that (a) we may need to modify the PTRS and allow ICI compensation to see gains and (b) we can trade-off using ICI compensation with a smaller SCS with CPE compensation with a larger SCS.
Observation 1: Modifying the PTRS pattern to allow adjacent PTRS symbols in frequency with an ICI compensation filter gives better performance at a lower SCS than the existing Rel-15 PTRS pattern with CPE compensation only.  
To show the performance in a full system we plot the PDSCH BLER performance in a TDL-A channel based on the agreed-on assumptions summarized in Section 5. In general, we observe an improvement in performance with ICI compensation for every SCS. As this PTRS pattern is a proof-of-concept, more improvements may be seen at lower SCSs with a better designed PTRS pattern. This design can be done in the work item phase.

Proposal 1: RAN1 should consider the use of a new PTRS and/or Phase Noise ICI compensation to improve performance to limit need for higher SCS


[image: ]
Figure 5: PDCCH BLER for MCS 22 with TDL-A at 10 nsecs DS

Conclusion
Based on the above study, we can make the following observations and conclusions:
Observation 1: Modifying the PTRS pattern to allow adjacent PTRS symbols in frequency with an ICI compensation filter gives better performance at a lower SCS than the existing Rel-15 PTRS pattern with CPE compensation only.  
Proposal 1: RAN1 should consider the use of a new PTRS and/or Phase Noise ICI compensation to improve performance to limit need for higher SCS
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Table 1: LLS Parameters (R1-2005193)
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Selected LLS Parameter Set

Parameter Value
Carrier
Frequency SolGhiz
scs PDSCH/PUSCH: 120, 240, 480, 960 kHz
Bandwidth PDSCH/PUSCH: 400 MHz
Waveform For PDSCH: CP-OFDM

Channel Model

TDL-A (10ns, DS)

Antenna Model

For TDL model: 2x2

Mobility 3 km/hr

Impairments Mandatory: gNB/UE Phase Noise model (3GPP TR 38.803)
ChEst Realistic

PTRS

configuration

Rel-15 CP-OFDM PTRS, New PTRS

McCs

MCS 22 (64QAM),
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