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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _Ref129681832]In RAN#87 meeting, the “Study on supporting NR from 52.6GHz to 71 GHz” was approved. The objectives of the new study item are presented in [1]. The first objective in [1] is:
“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].”
In this document, we investigate different design options corresponding to the first objective of the study and we propose some ways to move forward.

Phase noise and numerology considerations for beyond 52.6 GHz
The evaluation assumptions and simulation parameters for link level and system level simulations for supporting NR from 52.6 GHz to 71 GHz SI were agreed in the RAN1 #101-e meeting. The agreed proposals are summarized in Tables 2, 3, 4, 5, 7, 8, 9, 10, 11, 12 of R1-2005185.
The agreement identifies the numerology parameters to be decided based on LLS and SLS performance evaluations. The principal elements of numerology design to be decided are subcarrier spacing (SCS), and channel bandwidth.
The choice of SCS is driven by the tradeoff between the magnitude of intercarrier interference (ICI), the inter-symbol interference (ISI) and a reasonable cyclic prefix (CP) overhead. R1-2005185 identifies four candidates SCS values for PDSCH/PUSCH {120,240,480,960} kHz and the PN model given in [2] (6.1.11 Example 2: mmWave SSB phase noise model).
The distortion due to PN can in general be divided into two components [5]: common phase error (CPE) and ICI. While CPE refers to the constant phase rotation experienced by all the subcarriers within one OFDM symbol interval, ICI corresponds to neighboring subcarriers interfering with each other and is different for different sub-carriers. If using Phase Tracking RS (PTRS) could effectively compensate the CPE, the ICI can be reduced by increasing SCS.
Figure 1 shows the impact of PN on BLER with CPE perfect compensation and realistic channel estimation. The link level simulations shown are for MCS 16 (16 QAM), a 400 MHz channel bandwidth, TDL-A 5ns DS as in R1-2005185 and defined in [4] Section 7.7.2.  We note that at low MCS (16 QAM), SCS (240 kHz), SCS (480 kHz) and SCS (960 kHz) have similar performance while SCS (120 kHz) already experiences performance loss.
[image: ]

Figure 1, BLER for SCS {120 kHz, 240 kHz, 480 kHz and 960 kHz}, MCS 16 (16 QAM)

[bookmark: _GoBack][image: ]
Figure 2 BLER for SCS {120 kHz, 240 kHz, 480 kHz and 960 kHz}, MCS 22 (64 QAM)
Figure 2 shows the simulation results for 400 MHz TDL-A 5ns DS channel model for MCS 22 (64 QAM) with realistic channel estimation and perfect CPE compensation. Simulations show better results (about 1.25 dB) for SCS 960 kHz than SCS 480 kHz at MCS 22. Both SCS (120 kHz) and SCS (240 kHz) have significant performance loss with higher order modulation.
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Figure 3 BLER for SCS {120 kHz, 240 kHz, 480 kHz and 960 kHz}, MCS 16 (16 QAM)
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Figure 4 BLER for SCS {120 kHz, 240 kHz, 480 kHz and 960 kHz}, MCS 22 (64 QAM)
Figure 3 and Figure 4 show the simulation results for TDL-A 10 ns DS channel model with realistic CE and perfect CPE compensation.  With larger DS, now at low MCS (16 QAM), SCS (240 kHz) and SCS (480 kHz) performs well and SCS (480 kHz) is slightly better. SCS (960 kHz) suffers significant loss due to larger DS. At high MCS (64 QAM), it clearly shows that SCS (480 kHz) perform much better than others.
The increase in SCS may lead to some other consequences. A large SCS corresponds to a short symbol duration. For CP-OFDM waveform to maintain a low overhead, the normal CP value must be kept short, usually 7% or less of the symbol duration. CP protects against ISI from the delay spread of the wireless channels. It is recommended that the CP length exceeds the largest delay spread of the channel in order to protect against ISI. Therefore, a compromise between ISI and ICI is necessary when select the SCS value as a function of the channel delay spread of the deployment scenarios. In [3] Table 4.2-1 defines supported numerologies.  
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And the OFDM symbol duration and cyclic prefix:
[image: ]
Note that normal CP overhead is 144/2048 =7%.  For the SCS of 480 kHz and 960 kHz suggested in R1-2005185, the corresponding normal CP for 7% overhead will be 150ns and respectively 70ns. The channel models recommended in R1-2005185 are TDL-A (5ns, 10ns, DS) and CDL-B (20ns, 50ns DS), and CDL-D (20ns, 30ns DS) as defined in [4] Section 7.7.1. 
For channels with very small delay spread, as in the case of indoor scenarios, larger SCS (480 or 960 kHz) performs well even with 64 QAM due to its capability to mitigate ICI introduced by PN. For scenarios with larger delay spread, as in the case of outdoor deployments or for multi-TRP transmission [6], large SCS (for example 960 kHz) suffers from ISI and performs poorly with 64 QAM, as shown in the simulation results.
Note that, the performance of lower MCS of 16 QAM does not significantly differ for these SCS candidates.
Observation 1. SCS 480 and 960 kHz may be used to address the PN impact on ICI at higher MCS. 
Observation 2. SCS 960 kHz is not recommended for outdoor scenarios with higher delay spread.
When investigate the impact of SCS for numerology design we need to consider the transition time for TDD operation (Table 4.3.2-3 of [3]). Assuming the same value of 13792 samples for FR2 is used, the time correspond to 7µs. For 240 kHz SCS, 2 symbols would be needed for transition, 4 symbols are needed for 480 kHz SCS, and 7 symbols are needed for 960 kHz SCS. This additional overhead should be accounted.
Observation 3. A larger fraction of a slot is used for switching between Tx and Rx with higher numerology.
A summary of comparison of SCS candidates is provided in Table 1 which shows that 480 kHz SCS is the best tradeoff across scenarios and considered aspects. In order to have a single solution for indoor and outdoor scenarios, which cannot be addressed with 960 kHz SCS, we recommend SCS 480 kHz as the maximum SCS.

Table 1. Summary of comparison of SCS candidates
	
SCS
	16 QAM
	64 QAM
	Maximum Bandwidth 
	Comments

	
	Small DS
	Large DS
	Small DS
	Large DS
	
	

	120 kHz
	Medium
	Medium
	Bad
	Bad
	400 MHz
	

	240 kHz
	Good
	Good
	Bad
	Bad
	800 MHz
	

	480 kHz
	Best
	Best
	Good
	Best
	1600 MHz
	

	960 kHz
	Good
	Medium
	Best
	Bad
	3200 MHz
	Reduce Tc




Proposal 1.  For beyond 52 GHz consider one additional SCS of 480 kHz.

Channel Bandwidth Selection
[bookmark: _Ref46300388]The relationship between chip rate (sampling rate), SCS and FFT is straightforward. In clause 4.1 of TS38.211, the sampling rate is given by
	
	
	[bookmark: _Ref46310908][bookmark: _Ref46310913](1)


[bookmark: _Hlk47605601]where  is the maximum FFT size, and  Hz is the largest SCS. Note that with the current sampling rate, the largest SCS supported by NR is 480 kHz and it corresponds to µ=5. The 240 kHz SCS corresponds to µ=4. If the chip rate (1/Tc=1,966,080,000) were retained but a larger SCS (>480 kHz) were used, the maximum FFT size would have to be reduced for a fixed channel bandwidth. On the other hand, if the maximum FFT size are maintained while increasing the SCS, the supportable channel bandwidth increases.
Typically, the maximum allowable FFT size is decided first, then number of RBs is selected to cover the target channel bandwidth according to the target SCS. The Tc is just a function of FFT size and number and SCS.  When enhancing NR for beyond 52.6 GHz in order to reduce the hardware changes for the existing design from lower frequencies, it is preferred by keeping the same sampling rate to avoid increased hardware and by not increasing the maximum FFT size, while increasing the SCS if necessary.
We note that the maximum number of RBs supported by the existing NR design is 275, which corresponds to a maximum subcarriers number of 3300.  In general, we target larger than 90% spectrum usage efficiency after excluding the necessary guard bands.
R1-2005185 recommends considering two values for channel bandwidth 400 MHz and respectively 2000 MHz. The corresponding number of RBs supported in a specific bandwidth can be obtained by extrapolating Table 5.3.3-3 in TS38.104 using a curve fitting formula 39.2B-120 and are given in the following table. Note that if we maintain the FFT size while increasing the maximum SCS, the Tc needs to be decreased (higher sampling frequency). Unless there is significant motivations and benefits, it would be preferable to keep the same Tc while decreasing the FFT and thus not increasing the complexity if higher SCS is selected. We note that maximum supported channel bandwidth for the existing Tc is about 2GHz, however only 1.6GHz usable (3300 subcarriers). It is clear that supporting channel bandwidth of 2000 MHz demands reducing Tc which is not justified for the significant amount of additional complexity and specification work.

Table 2 Summary of various SCS choices
	[bookmark: _Hlk47552147]FFT Size
	Sampling period
	Maximum
SCS, kHz
	Bandwidth, MHz
	Number of RBs
	Channel 
usage efficiency [%]
	FFT usage efficiency
[%]

	8192
	Tc/2
	960
	3200
	250
	90.00
	36.62

	4096
	Tc/2
	960
	3200
	250
	90.00
	73.24

	4096
	Tc/2
	960
	2000
	156
	89.85
	45.70

	4096
	Tc
	480
	400
	64
	92.16
	18.75

	4096
	Tc
	480
	1000
	160
	92.16
	46.87

	4096
	Tc
	480
	1600
	264
	95.04
	77.34

	2048
	2Tc
	480
	400
	64
	92.16
	37.50

	2048
	2Tc
	480
	1000
	156
	89.85
	91.40

	1024
	4Tc
	480
	400
	64
	92.16
	75.00



[bookmark: _Hlk47360911]Observation 4. Increasing the maximum sampling rate or the maximum FFT size will add hardware complexity. 
In order to minimize the impact on the existing NR design we propose to retain the FFT size and the sampling frequency as they are defined in [3]. 
Proposal 2. For beyond 52.6 GHz OFDM waveform maintain the maximum FFT size of 4096, and the maximum sampling rate 1/Tc=1,966,080,000.
Proposal 3.  For beyond 52.6 GHz consider 400 MHz channel bandwidth that matches LBT bandwidth for channel access.
We note that larger bandwidth communication can be achieved with multi-channel LBT access and then CA for transmissions during COT.
Observation 4.  Larger channels can be achieved via CA.

Conclusions
The present paper investigates the optimal choice among various SCS values based on LLS results with the parameters and scenarios agreed in R1-2005185.
Observation 1. SCS 480 and 960 kHz may be used to address the PN impact on ICI at higher MCS. 
Observation 2. SCS 960 kHz is not recommended for outdoor scenarios with higher delay spread.
Observation 3. A larger fraction of a slot is used for switching between Tx and Rx with higher numerology.
Proposal 1.  For beyond 52 GHz consider one additional SCS of 480 kHz.
Observation 4. Increasing the maximum sampling rate or the maximum FFT size will add hardware complexity. 
Proposal 2. For beyond 52.6 GHz OFDM waveform maintain the maximum FFT size of 4096, and the maximum sampling rate 1/Tc=1,966,080,000.
Proposal 3.  For beyond 52.6 GHz consider 400 MHz channel bandwidth that matches LBT bandwidth for channel access.
Observation 4.  Larger channels can be achieved via CA.
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Table  4.2 - 1: Supported transmission numerologies.  
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