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1. Introduction
In RAN4 NR AH#1 spectral utilization was discussed. Comparisons between baseband windowing and filter techniques were made in [1,3].  There were proposals made in [2] and [6] but no agreements were made.

There were numerous papers discussing technical aspects of filters. The complexity of the filters were analysied in [4] and time domain aspects were discussed in [5]. We found that the analysis made for the filter feasibility over the windowing function did not discuss all cases relevant for UE. In this paper we discuss propose spectral utilizations which enable both implementation as discussed in [2] and discuss why filter implementation is not feasible for UE usage. 
2. Discussion

If companies still have concerns, it should captured in the WF that companies provide different antenna arrays CDFs for further discussion in next meetings and discuss how to set requirements based on data.

NR work extends over many channel BWs and two frequency domains that have different emission requirements. There is not agreement on what channel BW’s and what subcarrier spacings are supported. In [7] we discuss feasible combinations and here we follow the same assumption.

2.1. Emission requirements

Spectral utilization is gated by close in emission requirements which here means Spectral Emission Mask (SEM). For sub-6 we can assume that for channel BW up to 60 MHz we can follow LTE agreements. We have drafted possible SEMs for channel BWs 5, 10, 15,20, 30, 40, 60 80 and 100 MHz channel BW in Tables 1 and 2.

Table 1: General Sub-6 NR spectrum emission mask ≤ 20 MHz
	Spectrum emission limit (dBm)/ Channel bandwidth

	ΔfOOB
(MHz)
	1.4

MHz
	3.0

MHz
	5

MHz
	10

MHz
	15

MHz
	20

MHz
	Measurement bandwidth

	( 0-1
	-10
	-13
	-15 
	-18
	-20
	-21
	30 kHz 

	( 1-2.5
	-10
	-10
	-10
	-10
	-10
	-10 
	1 MHz

	( 2.5-2.8
	-25
	-10
	-10
	-10
	-10
	-10 
	1 MHz

	( 2.8-5
	
	-10
	-10
	-10
	-10
	-10
	1 MHz

	( 5-6
	
	-25
	-13
	-13
	-13
	-13
	1 MHz

	( 6-10
	
	
	-25
	-13
	-13 
	-13 
	1 MHz

	( 10-15
	
	
	
	-25
	-13 
	-13 
	1 MHz

	( 15-20
	
	
	
	
	-25 
	-13 
	1 MHz

	( 20-25
	
	
	
	
	
	-25 
	1 MHz


Table 1: General Sub-6 NR spectrum emission mask > 30 MHz
	ΔfOOB
(MHz)
	 30 MHz
	 40 MHz
	60 MHz
	80 MHz
	100 MHz
	Measurement bandwidth

	( 0-1
	-22.5
	-24
	-24
	-24
	-24
	30 kHz

	( 1-5
	-10
	-10
	-10
	-10
	-10
	1 MHz

	( 5-30
	-13
	-13
	-13
	-13
	-13
	1 MHz

	( 30-35
	-25
	-13
	-13
	-13
	-13
	1 MHz

	( 35-40
	
	-13
	-13
	-13
	-13
	1 MHz

	( 40-45
	
	-25
	-13
	-13
	-13
	1 MHz

	( 45-60
	
	
	-13
	-13
	-13
	1 MHz

	( 60-65
	
	
	-25
	-13
	-13
	1 MHz

	( 65-80
	
	
	
	-13
	-13
	1 MHz

	( 80-85
	
	
	
	-25
	-13
	1 MHz

	( 85-100
	
	
	
	
	-13
	1 MHz

	( 100-105
	
	
	
	
	-25
	1 MHz


For mmWaves the SEM follows ITU LS reply agreement [8] and we write SEM for applicable channel BWs for mmWaves in Table 3. 
Table 3: General mmWave NR spectrum emission mask 
	ΔfOOB
(MHz)
	 100 MHz
	 200 MHz
	400 MHz
	Measurement bandwidth

	( 0-5
	-5
	-5
	-5
	1 MHz

	( 5-10
	-13
	-5
	-5
	1 MHz

	( 10-20
	-13
	-13
	-5
	1 MHz

	( 20-100
	-13
	-13
	-13
	1 MHz

	( 100-200
	-13
	-13
	-13
	1 MHz

	( 200-400
	
	-13
	-13
	1 MHz

	( 400-800
	
	
	-13
	1 MHz


2.2. Spectral utilization Y
In RAN4#NR-AN1 in Spokane, WA, we discussed if guardband should be set by fully allocated channel or with one RB. We will discuss two possibilities how to handle this aspect. 

2.2.1. Set Y with fully allocated channel

By applying emission requirements presented in previous section for NR waveforms with PA models, we get feasible spectral utilization with fully allocated channel as shown in Table 4. 
Table 1 Maximum spectral utilization for channel BW and SCS
	
	CH BW [MHz]
	
	
	
	

	SCS [kHz]
	5
	10
	15
	20
	30
	40
	60
	80
	100
	100*
	200*

	
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]

	15
	27
	97.2
	54
	97.2
	82
	98.4
	110
	99.0
	166
	99.6
	221
	99.5
	332
	99.6
	0
	0.0
	0
	0.0
	0
	0
	0
	0

	30
	13
	93.6
	25
	90.0
	41
	98.4
	55
	99.0
	83
	99.6
	110
	99.0
	166
	99.6
	222
	99.9
	277
	99.7
	277
	99.7
	0
	0

	60
	6
	68.4
	13
	93.6
	20
	96.0
	27
	97.2
	41
	98.4
	55
	99.0
	83
	99.6
	110
	99.0
	138
	99.4
	138
	99.4
	277
	99.7

	120
	2
	57.6
	6
	86.4
	10
	96.0
	13
	93.6
	20
	96.0
	27
	97.2
	41
	98.4
	55
	99.0
	69
	99.4
	69
	99.4
	138
	99.4

	240
	11
	57.6
	2
	57.6
	4
	76.8
	6
	86.4
	10
	96.0
	13
	93.6
	20
	96.0
	27
	97.2
	34
	97.9
	34
	97.9
	69
	99.4

	480
	0
	0.0
	12
	57.6
	23
	57.6
	2
	57.6
	4
	76.8
	6
	86.4
	10
	96.0
	13
	93.6
	17
	97.9
	17
	97.9
	34
	97.9


1: 1dB back off; 2: 2 dB back off; 3: 3 dB back off. * mmWave
When channel BW is large and SCS is small, the spectral utilization is zero because of too large FFT requirement as discussed in [7]. If channel is narrow but SCS is large, the utilization is zero because not a single RB fits in to channel with sufficient guardband. 
With these Y values, one RB allocated at the edge of the channel will need following back off.

Table 2 Back off needed in dB for one RB allocated to the edge of the channel for maximum spectral utilization
	
	Channel BW [MHz]

	SCS [kHz]
	5
	10
	15
	20
	30
	40
	60
	80
	100
	100
	200

	15
	8
	6
	9
	11
	16
	14
	13
	20
	18
	9
	11

	30
	5
	8
	10
	12
	15
	11
	14
	18
	14
	10
	11

	60
	2
	5
	6
	8
	9
	12
	14
	9
	9
	6
	7

	120
	0
	2
	7
	4
	7
	5
	4
	5
	6
	7
	4

	240
	3
	0
	0
	2
	7
	5
	4
	5
	6
	2
	4

	480
	NA
	2
	3
	0
	6
	2
	5
	1
	5
	2
	0


The back off is quite large in this case and there is a possibility that some RF impairments will cause issues in the real implementation, therefore we made also a more feasible table by assuming one full RB as guardband in both sides and would like to proose that RAN4 agrees these values as maximum spectral utilizations values.
Proposal:

Table 3 Feasible spectral utilization with channel BW and SCS

	
	CH BW [MHz]

	SCS [kHz]
	5
	10
	15
	20
	30
	40
	60
	80
	100
	1001
	2001

	
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y
	NRB
	Y

	15
	25
	90.0
	53
	95.4
	81
	97.2
	109
	98.1
	164
	98.4
	220
	99.0
	331
	99.3
	0
	0.0
	0
	0.0
	0
	0.0
	0
	0.0

	30
	11
	79.2
	25
	90.0
	39
	93.6
	53
	95.4
	81
	97.2
	109
	98.1
	164
	98.4
	220
	99.0
	275
	99.0
	275
	99.0
	0
	0.0

	60
	4
	57.6
	11
	79.2
	18
	86.4
	25
	90.0
	39
	93.6
	53
	95.4
	81
	97.2
	109
	98.1
	136
	97.9
	136
	97.9
	275
	99.0

	120
	1
	28.8
	4
	57.6
	8
	76.8
	11
	79.2
	18
	86.4
	25
	90.0
	39
	93.6
	53
	95.4
	67
	96.5
	67
	96.5
	136
	97.9

	240
	0
	0.0
	1
	28.8
	3
	57.6
	4
	57.6
	8
	76.8
	11
	79.2
	18
	86.4
	25
	90.0
	32
	92.2
	32
	92.2
	67
	96.5

	480
	0
	0.0
	0
	0.0
	0
	0.0
	1
	28.8
	3
	57.6
	4
	57.6
	8
	76.8
	11
	79.2
	15
	86.4
	15
	86.4
	32
	92.2


  1: MmWave SEM
In this case, backoff for one RB is smaller.
Table 4 Back off needed for one RB allocated to the edge of the channel for feasible spectral utilization
	
	Channel BW [MHz]

	SCS [kHz]
	5
	10
	15
	20
	30
	40
	60
	80
	100
	100*
	200*

	15
	0 dB
	3 dB
	5 dB
	8 dB
	7 dB
	10 dB
	9 dB
	9 dB
	9 dB
	5 dB
	7 dB

	30
	0 dB
	0 dB
	2 dB
	3 dB
	5 dB
	8 dB
	5 dB
	6 dB
	5 dB
	2 dB
	2 dB

	60
	0 dB
	0 dB
	0 dB
	0 dB
	1 dB
	3 dB
	3 dB
	5 dB
	2 dB
	0 dB
	0 dB

	120
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB
	1 dB
	0 dB
	 

	240
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB
	 

	480
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB
	0 dB
	 


*: Millimiterwave SEM
MPR can be further reduced if spectral utilization is even less. We plot PSD of one RB for 30 MHz channel with two spectral utilizations, 98.4 % (one used in feasible proposal) and furthered reduced 97.2 %.  
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Figure 1 PSD of one allocated RB at the edge of the 30 MHz channel with Y of 97.2 % (left) and Y of 98.4 % (right)
2.3. Filter feasibility for UE
The frequency domain filter proposed in [2] and discussed further in [4] and [5] has some limitations. In this sub-section we discuss time domain aspects and applicability for different RB allocations.

2.3.1. Time domain

The analysis in [5] discusses time domain truncation of the first and last symbol. However, with NR UE may need to send one symbol with different allocation which would mean that lead and tail truncation would need to happen between all symbols. In this case the EVM and spectra regrowth impact are significant. Also in the Huawei analysis, 5% WOLA was applied but according to our analysis 2% WOLA should be enough. In Figure 2 we show the PSD of truncated filter and non-truncated filter and EVM of same cases in Table 4.
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Figure 2 PSD of truncated filter (green) and non truncated filter (red) 

Table 5 EVM of truncated filter and non truncated filter

	 
	Full Tail
	5% Tail

	Average EVM
	-25.6 dB
	-21.3 dB


As it can be seen, truncating filter tail creates significant signal degradation in PSD and EVM.
2.3.2. Filter width in frequency domain

One problem with filter solution is the narrow RB EVM as discussed in [2]. Same conclusion was made in  [3] but proposed mitigation technique was network scheduling of narrow RBs. We think the analysis for “edge PRB” in the Huawei paper is not correct. The EVM analysis was made for fully allocated channel by looking EVM for each RB separately. This then assumes a wide filter in frequency domain. If UE would send one RB with wide filter, the PSD would look like the one in Figure 3. The emission towards the channel would be completely unfiltered and are much worse than with WOLA. If the RB would be located to the center of channel the situation would be even worse.
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Figure 3 Emissions from wide and narrow filters (left) and inband emissions (right)
Correct way to implement filter is to change the filter width for each allocation separately. In Figure 4 we show  conceptually how the filter should be implemented in respect to RB allocation. It should be noted that for non-contiguous allocation more than one filters are needed filters are needed and that UE must be able to change filter configurations for each allocation within the CP duration. This is not very feasible implementation for UE.
[image: image4.emf](b) (a) (c)


Figure 4 Conceptual filter configurations for fully allocated (a), narrow allocation (b) and non-contiguous allocation (c)

If narrow filter is applied, the EVM for narrow RB allocation would be much worse than the wide allocation. This problem cannot be avoided with scheduling.  In Table 5 we show the EVM comparison between plain CP-OFDM (baseline), WOLA, narrow filter (blue in Figure 3)  and wide filter (green in Figure 3). 
Table 6 EVM of OFDM, WOLA, Narrow filter and Wide filter

	 
	WOLA
	CP-OFDM
	F-OFDM
	F-OFDM

	
	
	
	 (Narrow Filter)
	 (Wide Filter)

	EVM (dB)
	-28.32
	-28.31
	-19.5 dB
	-23.35


It can be seen that using narrow filter is not feasible due its large EVM contribution. 
2.3.3. Complexity analysis

We have provided in [9] analysis for complexity differences between filter and windowing. The resulted analysis shows that for filter (without truncation) 2000 time more multiplications are needed.
3. Conclusion
We discussed filtering and windowing and proposed maximum spectral utilization for different channel BWs and subcarrier spacing’s. 
Proposal:

Feasible spectral utilization with channel BW and SCS

	
	CH BW [MHz]

	SCS [kHz]
	5
	10
	15
	20
	30
	40
	60
	80
	100
	1001
	2001

	
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y [%]
	NRB
	Y
	NRB
	Y

	15
	25
	90.0
	53
	95.4
	81
	97.2
	109
	98.1
	164
	98.4
	220
	99.0
	331
	99.3
	0
	0.0
	0
	0.0
	0
	0.0
	0
	0.0

	30
	11
	79.2
	25
	90.0
	39
	93.6
	53
	95.4
	81
	97.2
	109
	98.1
	164
	98.4
	220
	99.0
	275
	99.0
	275
	99.0
	0
	0.0

	60
	4
	57.6
	11
	79.2
	18
	86.4
	25
	90.0
	39
	93.6
	53
	95.4
	81
	97.2
	109
	98.1
	136
	97.9
	136
	97.9
	275
	99.0

	120
	1
	28.8
	4
	57.6
	8
	76.8
	11
	79.2
	18
	86.4
	25
	90.0
	39
	93.6
	53
	95.4
	67
	96.5
	67
	96.5
	136
	97.9

	240
	0
	0.0
	1
	28.8
	3
	57.6
	4
	57.6
	8
	76.8
	11
	79.2
	18
	86.4
	25
	90.0
	32
	92.2
	32
	92.2
	67
	96.5

	480
	0
	0.0
	0
	0.0
	0
	0.0
	1
	28.8
	3
	57.6
	4
	57.6
	8
	76.8
	11
	79.2
	15
	86.4
	15
	86.4
	32
	92.2


  1: MmWave SEM
We also analyzed filtering for different UE use cases and concluded that it is not feasible for UE to implement such a filter due to complexity and flexibility reasons. 
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