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1. Introduction

The NR spectrum utilization topic was widely discussed during the NR SI stage and the related preliminary conclusions on feasibility of >90% utilization were captured in the SI TR 38.803 [1]. In RAN4 #82bis the topic was discussed in the scope of the WI, however, no conclusions were reached. In this contribution we provide our views on increasing spectrum utilization and provide related simulation results for the UL waveform characteristics for sub-6GHz case.
2. Discussion on NR spectrum utilization
The NR waveforms should strive to achieve spectrum utilization larger than that of LTE with the target to achieve more than 90% spectrum utilization. Either filtering (F-OFDM) or windowing (W-OFDM) spectrum confinement techniques are expected to be used to achieve the purpose. During the prior RAN4 studies it was identified that the decision on the technique downselection should be based on multiple factors and should take into account the following aspects:

· TX unwanted emission levels (SEM, ACLR)
· TX EVM impact including impact of uneven EVM

· ISI robustness
· Complexity of spectrum confinement technique

· RX characteristics including ACS, Narrow band blocking

In Section 3 we provide comparison analysis of different spectrum confinement techniques in application to sub-6GHz UL waveforms. The results show that F-OFDM approach provides relatively limited benefits in terms of spectrum utilization, while has strong impacts on the UE implementation complexity comparing to the W-OFDM. Therefore, W-OFDM is recommended to be used at least for the definition of UL spectrum utilization and TX requirements.
Proposal #1:
UL spectrum utilization and UE TX requirements are defined under assumption of using W-OFDM at the UE side
We would like to note that the discussion on the spectrum utilization should not be limited to the context of simple F-OFDM/W-OFDM downselection and should include other aspects. In particular, we think that RAN4 should address the following questions as a part of this work:
1) Spectrum utilization for DL and UL
Currently in LTE same spectrum utilization is used for DL and UL (i.e. 90%). In NR spectrum utilization values can be potentially defined separately for UL and DL taking into account different transmit signal characteristics and taking into account different BS and UE implementation complexities. The pros/cons of using same/different utilizations should be assessed.
2) Spectrum utilization for different SCS

In case a mix of different SCS values is used in the network, it may be rather difficult to align the spectrum utilization across different BSs/UEs with different SCS transmissions. Hence, the spectrum utilization in DL/UL may vary in certain ranges on a per slot basis. RAN4 should further discuss possible impacts from variable spectrum utilization on the system performance including potentially dynamic interference level on the band edges.

3) Spectrum utilization for UL CP-OFDM and DFT-S-OFDM waveforms
In accordance to the RAN1 agreements CP-OFDM and DFT-S-OFDM waveforms shall be supported for UK. In accordance to our understanding, the DFT-S-OFDM support was introduced in order to optimize the performance for the coverage limited scenarios. So, it is likely that for DFT-S-OFDM UE will be used under assumption maximum transmit power. Meantime, whether max TX power use case is applicable for CP-OFDM remains unclear. One possible consideration is that CP-OFDM operation may be allowed under MPR assumptions. In the latter case higher spectrum utilization can be potentially allowed. 

4) Spectrum utilization vs TX PSD
In general, different approaches to define spectrum utilization can be considered with respect to the TX PSD. For example the spectrum utilization can be defined based on the worst case TX power PSD. Alternatively a variable spectrum utilization depending on the TX power PSD can be considered (e.g. allow UEs operating at small TX power to use more resources). Finally, as discussed in the previous meeting it could be possible to apply MPR for the band edge PRBs to meet the requirements.
Proposal #2:
Further discuss the following aspects of spectrum utilization requirements
· Whether same or different spectrum utilization shall be used for DL and UL

· Whether same or different spectrum utilization shall be defined for different SCS

· Whether same or different spectrum utilization shall be defined for UL CP-OFDM and DFT-S-OFDM waveforms

· Whether spectrum utilization shall depend on the TX PSD and whether any MPR should be assumed for spectrum utilization definition
3. Spectrum confinement techniques analysis for sub-6GHz case
In this section we provide comparison analysis of different spectrum confinement techniques in application to sub-6GHz UL waveform characteristics including:

· TX EVM characteristics
· Impact on ISI sensitivity
· SEM
· ACLR
· Complexity

In the analysis we consider the following spectrum confinement techniques in application to TX side only under assumption of conventional RX side processing:
· Windowing (W-OFDM): Raised cosine window with 2% and 5% roll-off factors;

· Filtering (F-OFDM): Windowed sinc filter with 2.5 tone offset and 25% and 50% symbol duration length.
The results are provided for the case of using UL polynomial PA model operating at 23 dBm TX power [2] for the sub-6GHz scenarios.
3.1 TX EVM

In Figure 1 we illustrate the per subcarrier TX EVM for the CP-OFDM waveforms for scenarios with 20 MHz bandwidth, 15 kHz and 30 kHz subcarrier spacing and 64QAM modulation under assumption of using W-OFDM and F-OFDM spectrum confinement.
	20 MHz, 15 kHz, 64QAM
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	20 MHz, 30 kHz, 64QAM
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	Figure 1. TX EVM analysis.


Observation #1: TX EVM impacts
· W-OFDM does not have impact on the TX EVM characteristics 
· F-OFDM results in increased TX EVM on the band edge subcarriers (~6 subcarrier from each band edge are affected). For 25% filter length the TX EVM may reach up to 22% TX EVM on the band edge subcarrier. Using 50% symbol filter length reduces the TX EVM at the cost of increased implementation complexity. 
Uneven TX EVM distribution on the band edges may result in the reduced SNR level. The high-level impact can be estimated using the max capacity approach. The maximum capacity can be evaluated under assumption that the per-subcarrier SNR is limited by the TX EVM only: SNR(i) = PSIGNAL/PEVM(i), where i is the subcarrier index. Then the capacity on the subcarrier can be estimated as C(i) = log2(1+SNR(i)) and average capacity across the BW can be derived as C = <log2(1+SNR(i))>. In Table 1 we compare the W-OFDM and F-OFDM capacity for the case of 20 MHz BW under assumption of using same spectrum utilization. 
Table 1. Uneven TX EVM impact on link capacity
	Upper bound capacity loss
	20 MHz + 15 kHz
	20 MHz + 30 kHz
	20 MHz + 60 kHz

	(1 - CF-OFDM/CW-OFDM) x 100%
	0.85%
	1.55%
	2.7%


Observations #2: Uneven TX EVM impact
· F-OFDM results in increased TX EVM which results in capacity loss (e.g. 0.8% to 2.7% for 20MHz BW) which may reduce the benefits from increased spectrum utilization
3.2 ISI robustness
In case of using W-OFDM the TX signal CP is effectively reduced and hence the signals become more sensitive to the ISI effects especially under high delay spread scenarios. In Figure 2 we provide the link-level results to assess possible impacts on demodulation performance under various scenarios. The following simulation assumptions are used for the analysis:
· BW: 10 MHz

· SCS: 15, 30, 60 kHz

· Channel model: TDL-C (UMa TR 38.900 Table 7.7.3-2)
· Normal-delay profile: 380 ns
· Long-delay profile: 1156 ns 
· Antenna configuration: 1x1.
· MCS: 64QAM, CR 0.5 and 0.7
	TDL-C, 380 ns, 64QAM, CR 0.5
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SCS 15 kHz.
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SCS 30 kHz.
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SCS 60 kHz.

	TDL-C, 1156 ns, 64QAM, CR 0.5
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SCS 15 kHz.
	[image: image9.emf]4 6 8 10 12 14 16 18 20 22 24 26

SNR, dB

10

-2

10

-1

10

0

B

L

E

R

CP-OFDM

W-OFDM(2%)

W-OFDM(5%)

F-OFDM


SCS 30 kHz.
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SCS 60 kHz.

	TDL-C, 380 ns, 64QAM, CR 0.7
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SCS 15 kHz.
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SCS 30 kHz.
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SCS 60 kHz.

	TDL-C, 1156 ns, 64QAM, CR 0.7
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SCS 15 kHz.
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SCS 30 kHz.
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SCS 60 kHz.

	Figure 2. ISI analysis.


Observations #3: ISI robustness impacts
· SCS robustness to ISI
· 60 kHz SCS cannot ensure reliable performance for the high MCS transmissions under high delay spread environments for all confinement techniques

· 30kHz SCS provides good performance for TDL-C w/ 380 ns delay spread but cannot ensure reliable operation for 1156 ns delay spread scenarios

· 15kHz SCS provides the best robustness towards high delay spread channel propagation conditions

· Spectrum confinement techniques impact should be assessed for 15 kHz SCS

· Spectrum confinement techniques (for 15 kHz SCS)
· F-OFDM does not have impact on ISI robustness and has same performance as CP-OFDM 

· W-OFDM with 2% roll-off factor is almost same as F-OFDM performance

· W-OFDM with 5% roll-off factor leads to ~1dB SNR loss @ 10% BLER for TDL-C w/ 1156 ns delay spread. The performance for other scenarios is on par with other schemes

3.3 SEM

In this section with provide analysis of the UL TX waveform out of band emission levels compliance with the LTE SEM requirements and estimate the maximum number of PRBs which can be used at the TX side. As a criteria to derive the number of PRBs we consider that the transmit signal OOB emission should satisfy the LTE SEM requirement with at least 1 dB margin. For the analysis we consider 23 dBm maximum transmit power and evaluate different resource allocations including:
· 1 PRB on the spectrum edge

· 5 PRBs on the spectrum edge

· Full BW transmission
The following results are provided:

· Table 2: Achievable NR spectrum utilization for different BWs and SCS combination for CP-OFDM, W-OFDM (2%) and F-OFDM. The results are derived based on the worst case performance between 1, 5 and full BW resource allocations.
· Table 3: Achievable NR spectrum utilization for 20 MHz and different SCS depending on the UL resource allocation.
· Figure 3: Illustration of the TX PSD for 20 MHz, 15 kHz SCS and 90% SU case for 1, 5 and full BW resource allocations.
Table 2. NR spectrum utilization for different BWs
	SCS
	Waveform
	Channel bandwidth

	
	
	5 MHz
	10 MHz
	15 MHz
	20 MHz

	15 KHz
	CP-OFDM
	25 (90%)
	50 (90%)
	76 (91.2%)
	102 (91.8%)

	
	W-OFDM (2%)
	25 (90%)
	51 (91.8%)
	78 (93.6%)
	106 (95.4%)

	
	W-OFDM (5%)
	25 (90%)
	53 (95.4%)
	80 (96%)
	107 (96.3%)

	
	F-OFDM (25%)
	26 (93.6%)
	53 (95.4%)
	80 (96%)
	107 (96.3%)

	30 kHz
	CP-OFDM
	11 (79.2%)
	24 (86.4%)
	36 (86.4%)
	50 (90%)

	
	W-OFDM (2%)
	11 (79.2%)
	24 (86.4%)
	38 (91.2%)
	51 (91.8%)

	
	W-OFDM (5%)
	12 (86.4%)
	25 (90%)
	39 (93.6%)
	53 (95.4%)

	
	F-OFDM (25%)
	13 (93.6%)
	26 (93.6%)
	40 (96%)
	54 (97.2%)

	60 kHz
	CP-OFDM
	5 (72%)
	11 (79.2%)
	17 (81.6%)
	24 (86.4%)

	
	W-OFDM (2%)
	5 (72%)
	11 (79.2%)
	18 (86.4%)
	24 (86.4%)

	
	W-OFDM (5%)
	5 (72%)
	12 (86.4%)
	18 (86.4%)
	25 (90%)

	
	F-OFDM (25%)
	6 (86.4%)
	13 (93.6%)
	19 (91.2%)
	26 (93.6%)


Table 3. NR spectrum utilization for 20 MHz BW vs UL resource allocation
	SCS
	Waveform
	Number of allocated RBs

	
	
	1 PRB
	5 PRBs
	100 PRBs

	15 KHz
	CP-OFDM
	102 (91.8%)
	103 (92.7%)
	110 (99.0%)

	
	W-OFDM (2%)
	106 (95.4%)
	106 (95.4%)
	110 (99.0%)

	
	W-OFDM (5%)
	108 (97.2%)
	107 (96.3%)
	110 (99.0%)

	
	F-OFDM (25%)
	109 (98.1%)
	107 (96.3%)
	110 (99.0%)

	30 kHz
	CP-OFDM
	50 (90%)
	50 (90%)
	55 (99.0%)

	
	W-OFDM (2%)
	51 (91.8%)
	52 (93.6%)
	55 (99.0%)

	
	W-OFDM (5%)
	53 (95.4%)
	53 (95.4%)
	55 (99.0%)

	
	F-OFDM (25%)
	54 (97.2%)
	54 (97.2%)
	55 (99.0%)

	60 kHz
	CP-OFDM
	24 (86.4%)
	25 (90%)
	27 (97.2%)

	
	W-OFDM (2%)
	24 (86.4%)
	25 (90%)
	27 (97.2%)

	
	W-OFDM (5%)
	25 (90%)
	26 (93.6%)
	27 (97.2%)

	
	F-OFDM (25%)
	26 (93.6%)
	27 (97.2%)
	27 (97.2%)
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	Figure 3. PSD for 20 MHz, 15 kHz SCS, 90% SU.


Observations #4: Achievable spectrum utilization
· F-OFDM provide increased spectrum utilization comparing to CP-OFDM and W-OFDM. The gain in spectrum utilization comparing to the W-OFDM with 5% roll-off factor is relatively small and the gain reduces with the increase of BW or for smaller SCS values. 
· W-OFDM spectrum utilization can be adjusted via proper selection of the roll-off factor b/w 2% and 5%.
· Spectrum utilization can be increased in case of overall reduction of the TX PSD at the UE side. For the Full BW transmissions at max power even CP-OFDM can satisfy the SEM requirements for very high spectrum utilizations.
3.4 ACLR
In this section we provide analysis of increased spectrum utilization on the ACLR performance. In Table 4 we provide the ACLR results under the following assumptions 
· Full BW resource allocation
· Assigned channel and adjacent channel have spectrum utilization in accordance to Table 2. 
In Figure 4 we also illustrate PSD for full band allocation to show that for considered scenarios ACLR is relatively aligned for different spectrum confinement technique.
Table 4. ACLR results

	SCS
	Waveform
	ACLR, dB

	
	
	5 MHz
	10 MHz
	15 MHz
	20 MHz

	15 KHz
	CP-OFDM
	30.3
	31.0
	31.1
	31.2

	
	W-OFDM (2%)
	31.7
	31.6
	31.4
	31.2

	
	W-OFDM (5%)
	31.7
	31.2
	31.1
	31.2

	
	F-OFDM (25%)
	31.4
	31.3
	31.2
	31.2

	30 kHz
	CP-OFDM
	30.7
	30.7
	31.3
	31.0

	
	W-OFDM (2%)
	33.1
	32.2
	31.6
	31.6

	
	W-OFDM (5%)
	32.1
	31.7
	31.3
	31.2

	
	F-OFDM (25%)
	31.4
	31.4
	31.1
	31.1

	60 kHz
	CP-OFDM
	30.0
	30.6
	31.1
	30.8

	
	W-OFDM (2%)
	33.6
	33.1
	32.1
	32.2

	
	W-OFDM (5%)
	34.2
	32.1
	32.1
	31.7

	
	F-OFDM (25%)
	32.2
	31.4
	31.7
	31.4
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20 MHz, 15 kHz
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	Figure 4. PSD for full band allocation.


Observations #5: ACLR impacts
· Under assumption of full BW resource allocation the ACLR performance is almost aligned for all spectrum confinement techniques and comply with the LTE requirements (30 dB ACLR).

3.5 Complexity
The complexity of different confinement techniques were discussed multiple times in both RAN1 and RAN4. A detailed comparison is provided in [3]. We agree with the related technical observations and agree that filtering approach may lead to substantially increased implementation complexity at the UE baseband.
4. Conclusions

In this contribution we provided our views on the NR spectrum utilization aspects and also provide simulation results with comparison of different spectrum confinement techniques in application to UL waveforms for sub 6GHz case. In summary, we make the following proposals:

Proposal #1:
UL spectrum utilization and UE TX requirements are defined under assumption of using W-OFDM at the UE side
Proposal #2:
Further discuss the following aspects of spectrum utilization requirements
· Whether same or different spectrum utilization shall be used for DL and UL

· Whether same or different spectrum utilization shall be defined for different SCS

· Whether same or different spectrum utilization shall be defined for UL CP-OFDM and DFT-S-OFDM waveforms

· Whether spectrum utilization shall depend on the TX PSD and whether any MPR should be assumed for spectrum utilization definition
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