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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 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.

Numerology considerations for beyond 52.6 GHz
In RAN #102-e, the following agreements regarding the numerology were reached [2]:
Agreement:
For NR system operating in 52.6 GHz to 71 GHz, 
•	NR should be designed with maximum FFT size of 4096 and maximum of 275RBs per carrier;
•	Candidate supported maximum carrier bandwidth(s) for a cell is between 400 MHz and 2160 MHz;
•	If subcarrier spacing 240 kHz or below are supported, NR in 52.6 to 71 GHz is expected to use normal CP length only (does not have any implications on whether ECP is supported for the higher subcarrier spacings, if supported). 

Based on this agreement, the possible choices for numerology to be investigated are presented in Table 1. 
Table 1: Summary of possible SCS choices
	FFT Size
	Sampling period
	Maximum SCS, kHz
	Max Channel Bandwidth, MHz
	Max Number of PRBs
	Normal CP [ns]

	4096
	Tc/2
	960
	[2000]
	[165]
	[72]

	4096
	Tc
	480
	[1600]
	[264]
	[145]

	4096
	2*Tc
	240
	[800]
	[264]
	290

	4096
	4*Tc
	120
	400
	264
	570



Observation 1: The minimum sampling frequency for 2000 MHz channel BW and 4096-point FFT size is twice the sampling frequency for a 1600 MHz channel BW and 4096-point FFT.

The basic relationship between the SCS, sampling period and FFT size is given in TS 38.211 (Section 4.1).



where  is the sampling period (chip duration), is the subcarrier spacing and  represents the FFT size. The Tc in Table 1 corresponds to where  Hz and .
As discussed in [3], the addition of new SCS to NR design for the new frequency band (52.6 GHz to 71 GHz) should be based on multiple criteria:
· Mitigate intercarrier interference (ICI) due to phase noise (PN) and frequency errors via larger SCS
· Mitigate inter-symbol interference (ISI) due to channel delay spread via smaller SCS that corresponds to a longer symbol duration and longer CP duration
· Minimum impact (changes) to the existing design
In RAN1 #102-e, for the evaluation of the numerology selection, it was agreed to examine baseline channel model TDL-A with three possible RMS delay spreads {5ns, 10ns and 20ns} [2]:
Agreement: 
Keep modification CDL-B/D model in Table 2 as optional and add 20 ns DS to the baseline TDL-A channel model in addition to 5 ns and 10 ns.
•	FFS in this meeting whether to add 40 ns DS to the baseline TDL-A channel model 

The 20 ns RMS delay spread TDL-A channel model, based on the report [3, Section 7.2.2], is presented in Figure 1.
[image: ]
Figure 1 TDL-A Channel model

Observation 2: The delay values for the channel tap for TDL-A 20 ns are as large as 100ns, which is greater than 72 ns duration of the normal CP for 960 kHz SCS.
The above observation suggests that 960 kHz SCS may not adequately handle ISI of 20ns RMS delay spread. However, lower values of SCS {120kHz, 240kHz and 480 kHz}, which have CP larger than the largest tap delay, can mitigate the ISI.

Phase noise mitigation 
In this section the BLER curves for various SCS in the presence of PN, wideband precoder, channel delay and practical channel estimation (CE) as specified in [5] is presented. 
Optimum tuning of ICI filter cancelation for higher MCS
Common phase error (CPE) as well as the higher frequency phase error components are compensated using a multi-tap ICI filtering technique as described in [6]. We note that CPE compensation is equivalent to tap filter convolution. Figures 2 to 5 show the BLER link level simulation results for ICI PN compensation as a function of number of taps of the ICI filter for TDL-A channel model RMS delay spread of 10 ns, MCS 22 (QAM64).

[image: ]
Figure 2, SCS 120 kHz, BLER for various ICI filter lengths
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Figure 3, SCS 240 kHz, BLER for various ICI filter lengths
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Figure 4, SCS 480 kHz, BLER for various ICI filter lengths
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Figure 5, SCS 960 kHz, BLER for various ICI filter lengths
Table 2, Optimum ICI filter length
	SCS [kHz]
	SNR @ 10% BLER [dB]
	Optimum # of taps

	120
	15.7
	7

	240
	15.1
	5

	480
	15.25
	3 

	960
	15.5
	1  (CPE removal)



Observation 3: With the ICI filter, all analyzed SCS provide similar performance for DS=10ns at the cost of additional signal processing required by the ICI filtering.
Figures 2 to 5 show that the optimal number of taps for the ICI filter differs for each SCS choice, with a smaller  number of taps for higher SCS and larger for lower SCS. The filtering is done in the frequency domain, therefore requires multiplication with each subcarrier.
Observation 4: The filtering operation for ICI cancelation consists of convolution in the frequency domain between the filter and data subcarriers for each symbol. 

Impact of increased delay spread
Figure 6 shows BLER curves for DS 20 ns for MCS16. When using an optimal ICI filter to cancel the PN impact, the best performances are obtained for SCS 240 kHz. BLER results for channel model TDL-A with DS 40ns are presented in Figure 7. For larger DS we observe that the lower SCS, which has the benefit of larger CP, gives about 1 dB improvement of 120kHz SCS with respect to 240 kHz SCS.
[image: ]
Figure 6, DS 20ns, QAM 16, with ICI cancellation 

[image: ]
Figure 7 BLER degradation due to ISI created by larger DS 40ns
Observation 5: Lower SCS {120 kHz, 240 kHz} offer better performance at higher DS. The BLER for SCS 960kHz, MCS16, and Normal CP is not acceptable for 40ns DS.

BLER results for TDL-A larger delay spread and higher MCS 
This section presents LLS results for 20ns and 40 ns delay spreads and MCS 22.

[image: ]
Figure 8, BLER for TDL-A with DS 20ns 

[image: ]
Figure 9, BLER for TDL-A with DS 40 ns

Observation 6: For 20ns DS, MCS 22, NCP, the BLER for 960 kHz SCS is not acceptable, while {120kHz, 240kHz and 480 kHz} SCS offer similar and acceptable performance.
Figure 8, and Figure 9 contain in addition to NCP results, the results for SCS 960 kHz and ECP. The ECP corresponds to 12 symbol slots rather than 14 symbol slots as is the case for NCP. The reduction in the number of symbols in a slot corresponds to 14% loss of spectrum efficiency.
Observation 7: The extended CP improves BLER performances, for 480 kHz and 960 kHz SCS for larger DS, MCS 22 [Figures 8-10] with a reduction in spectrum efficiency of 14% (from 14 symbols to 12 symbols slots).

BLER results for CDL channel model
The simulations using the CDL-B and CDL-D channel models show results that are consistent with the previous observations.

[image: ]
Figure 10, BLER for CDL-B channel model, DS 50s, MCS 22

[image: ]
Figure 11, BLER for CDL-D channel model, DS 30 ns, MCS 22
[bookmark: _GoBack]Observation 8: CDL channel models simulations show for larger DS and higher MCS SCS 120kHz, 240kHz and 480 kHz offer similar good performances.
We should note that the antenna gains are not considered in the CDL simulations. Adding realistic antenna beams into the simulations may potentially impact the results. The channel delay spread is a function of beam alignment (antenna boresight) between transmitter and receiver, with a smaller delay spread for a better alignment [9]. For fixed beam alignment between transmit and receive nodes the delay spread is a function of antenna beamwidth with a narrow beam antenna corresponding to a shorter DS [8]. 
Another factor that may be considered for the SCS selection is the impact of mobility (Doppler spread).  It is well known that Doppler spread generates ICI [10, 11], which can be mitigated by selecting larger SCS. In addition, a larger SCS corresponds to shorter symbols (slots) which allows a better estimation of the channel time variations.
Numerology selection
Based on the previous observation we conclude that the lower SCS (120 kHz, 240 MHz), already supported by the specifications, are suitable for operations in 60GHz frequency bands. Larger SCSs (480kHz, 960kHz) mitigate well the PN impact at higher MCS, but require ECP for dealing with larger DS. The addition of new SCSs will require substantial changes (additions) to the existing specifications.  We also note that using the already supported maximum sampling rate avoids increased hardware complexity and reduces the hardware changes for the existing design. Unless there are significant motivations and benefits, it would be preferable to keep the same Tc.
The maximum supported channel bandwidth for the existing Tc is about 2GHz, however only 1.6GHz are usable (3300 subcarriers) as shown in Table 1.The Table 3 summarizes our observations.
Table 3 
	
	120 kHz
	240 kHz
	480 kHz
	960 kHz
	Notes

	Phase noise
	Ok
	Ok
	Ok
	Ok
	Smaller SCS needs higher rank ICI suppression filter

	Delay spread
	Ok
	Ok
	Ok with ECP
	Ok with ECP
	ECP reduces the spectrum efficiency by 14%

	Supporting 64 QAM
	Ok
	Ok
	Ok
	Ok
	With ECP and ICI filter

	Mobility support
	Low
	Low
	Medium
	High
	

	Max BW support
	400 MHz
	800 MHz
	1600 MHz
	3200 MHz
	3200 MHz BW needs to reduce sample time to Tc/2

	Standard impacts
	Small
	Small
	Substantial
	Substantial
	



Proposal 1: The decision of adding an additional SCS numerology to NR for 60 GHz band should be based on a careful compromise between receiver complexity necessary to keep the existing SCS (240kHz) and the amount of necessary changes to the existing design for the addition a new numerology (480kHz or 960 kHz) including a possible loss in spectrum efficiency.

Channel Bandwidth Selection
Selecting a maximum carrier bandwidth should consider other design parameters such as the maximum FFT size, numerology as well as the complexity of design, power consumption, amount of changes to the existing design and the coexistence in the unlicensed spectrum with other RAT.802.11ad /ay devices in the 60 GHz band use a channel bandwidth of 2.16GHz, with a chip rate of 1760 MHz, which means that the actual occupied bandwidth is 1760 MHz out of 2160 MHz (81% utilization) with a guard band 200 MHz.
[image: ]
Figure 12, Example of power mask for 60GHz 802.11 [7]
For a 400MHz carrier bandwidth, assuming a 90% occupancy the effective used channel bandwidth is 360MHz.   
[image: ]
Figure 13, 2.16 GHz 802.11ad Channelization vs. a possible 400MHz NR channelization
From Figure 13 is easy to note the advantages of having a narrower channel bandwidth such as possibility to operate with larger BW via CA, operating in the guard band of the larger bandwidth channel and an improved frequency reuse.
Proposal 2:  For the maximum carrier bandwidth choice for the operation between 52.6 GHz and 71 GHz NR should support the largest bandwidth for the FFT size and sampling rate with minimum impact to existing design, as suggested in Table 1.  

Conclusions
The present paper investigates the optimal choice among various SCS and carrier bandwidth values based on LLS results with the parameters and scenarios agreed in R1-2005185.
Observation 1: The minimum sampling frequency for 2000 MHz channel BW and 4096-point FFT size is twice the sampling frequency for a 1600 MHz channel BW and 4096-point FFT.
Observation 2: The delay values for the channel tap for TDL-A 20 ns are as large as 100ns, which is greater than 72 ns duration of the normal CP for 960 kHz SCS.
Observation 3: With the ICI filter, all analyzed SCS provide similar performance for DS=10ns at the cost of additional signal processing required by the ICI filtering.
Observation 4: The filtering operation for ICI cancelation consists of convolution in the frequency domain between the filter and data subcarriers for each symbol. 
Observation 5: Lower SCS {120 kHz, 240 kHz} offer better performance at higher DS. The BLER for SCS 960kHz, MCS16, and Normal CP is not acceptable for 40ns DS.
Observation 6: For 20ns DS, MCS 22, NCP, the BLER for 960 kHz SCS is not acceptable, while {120kHz, 240kHz and 480 kHz} SCS offer similar and acceptable performance.
Observation 7: The extended CP improves BLER performances, for 480 kHz and 960 kHz SCS for larger DS, MCS 22 [Figures 8-10] with a reduction in spectrum efficiency of 14% (from 14 symbols to 12 symbols slots).
Observation 8: CDL channel models simulations show for larger DS and higher MCS SCS 120kHz, 240kHz and 480 kHz offer similar good performances.
 
Proposal 1: The decision of adding an additional SCS numerology to NR for 60 GHz band should be based on a careful compromise between receiver complexity necessary to keep the existing SCS (240kHz) and the amount of necessary changes to the existing design for the addition a new numerology (480kHz or 960 kHz) including a possible loss in spectrum efficiency.
Proposal 2:  For the maximum carrier bandwidth choice for the operation between 52.6 GHz and 71 GHz NR should support the largest bandwidth for the FFT size and sampling rate with minimum impact to existing design, as suggested in Table 1.  
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