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1. Introduction

The NR spectrum utilization topic was discussed during the NR SI stage and preliminary conclusions on the feasibility of >90% utilization were captured in the SI TR 38.803 [1]. In RAN4 #83 a number of agreements on spectrum utilization forward compatibility were reached and the next steps on the Rel-15 spectrum utilization definition were identified [2]:
	WF on Rel-15 spectral utilization

· Companies are encouraged to propose the spectral utilization values in terms of number of RBs
· For below 6GHz, channel BW (5, 10, 15, 20, 40, 50, 60, 80, 100MHz) and SCS (15, 30, 60kHz)
· For above 6GHz, channel BW (50, 100, 150, 200, 400MHz) and SCS (60, 120kHz)
· Evaluations must be performed with agreed requirements
· R4-1706073, mmW SEM
· R4-1706063 WF on mmWave ACLR and ACS 
· R4-1706316 WF on sub 6GHz ACLR and ACS
· Also relevant receiver blocking requirements must be considered (impact on both filtering and reciprocal phase noise mixing)
· Companies are encouraged to provide info on spectral efficiency 
· Companies should provide relevant information used in the evaluation including EVM and Sub-6 SEM
· Note: The BWs here are examples; a subset may be selected for the final set of BWs.


In this contribution we provide our views on the methodology to define Rel-15 spectrum utilization and provide related simulation results for feasible UL/DL spectrum utilization from UE TX/RX perspectives for sub 6 GHz scenarios.
2. Methodology and assumptions for spectrum utilization definition
2.1 UE and BS RF requirements
In order to define the spectrum utilization multiple BS and UE requirements should be taken into account including SEM/Mask, ACLR, TX EVM, ACS narrowband blocking as well as BS and UE TX output and max power levels. The current status of RAN4 agreements on the respective UL TX and RX characteristics for Sub-6GHz and mmWave frequency ranges is summarized in Table 1 and Table 2, respectively.
Table 1. UE TX/RX requirements status for Sub-6GHz
	Characteristics
	Agreements
	Comments / Open issues

	TX 
	SEM
	Reuse LTE SEM for ≤ 20 MHz
	FFS for BW > 20 MHz

	
	ACLR
	R4-1706316

30dB for PC 3
	Agreement applicable to PC3 and BW ≤ 20 MHz. FFS for other scenarios

	
	TX EVM
	No agreements
	FFS. Strive to reuse LTE values.

	RX 
	ACS
	R4-1706316
ACS = 33dB for wanted channel bandwidth up to 20MHz
	FFS for BW > 20 MHz

	Power 
	TX max power
	PC3 23dBm

PC2 26 dBm (for 3.5 GHz band)
	


Table 2. UE TX/RX requirements status for mmWave

	Characteristics
	Agreements
	Comments / Open issues

	TX 
	SEM
	Agreed in R4-1706073
	

	
	ACLR
	Agreed in R4-1706063
17dBc for 30GHz frequency range

16dBc for 45GHz frequency range
	Defined under assumption of 23dBm conducted power and 34dBm max EIRP. Absolute limits for ACLR values corresponding to lower output power are FFS.

	
	TX EVM
	No agreements
	FFS

	RX 
	ACS
	R4-1706063
23dBc for 30GHz frequency range

22dBc for 45GHz frequency range
	No agreement on interferer level

	Power 
	TX max power
	FFS
	Values and methodology are FFS.


It may be observed that the majority of the RF requirements related to the spectrum utilization are still under discussion. We believe that parallel efforts on the definition of the spectrum utilization and the associated RF requirements may contradict each other and should be avoided. Hence, we recommend to proceed with a staged approach and complete the SEM/ACLR/ACS requirements and power class definition prior to the definition of the final spectrum utilization values. Meantime, at current stage, RAN4 may focus on the “preliminary” analysis of spectrum utilization for sub 6GHz where we have smaller ambiguity in terms of RF requirements. The remaining values can be finalized once the requirements are introduced.
Proposal #1:
Define final spectrum utilization values once RAN4 work on the SEM/ACLR/ACS/Power class requirements definition is finalized. 

2.2 TX/RX spectrum shaping
In accordance to the previous RAN4 studies and simulation results in Section 3 both transmit and receive spectrum shaping techniques should be applied to enable higher spectrum utilization. The following spectrum shaping assumptions are recommended for the minimum requirements definition:

· BS/UE TX SEM, ACLR requirements: Define requirements under assumption of using transmit waveforms windowing (W-OFDM/WOLA). 
· BS/UE RX ACS requirements: Define requirements under assumption of using windowing (W-OFDM/WOLA) of the receive signals. 
· Assume raised cosine window with 3% for the investigations and requirements definition.
Note, that we do not suggest to mandate the particular implementations but rather use certain assumptions for alignment among the companies. Meantime, the exact UE implementation may vary as long as the requirements are met.

At the same time, we would also like to note that TX/RX spectrum shaping may have some impact on the ISI robustness and TX/RX EVM performance (in case of using F-OFDM) and, hence, eventual assumptions may have impact on the non-RF requirement including the demodulation performance. Therefore, common waveform TX/RX processing assumptions are recommended to be clearly defined at current stage, so that they can be used for the definition of the BS/UE performance requirements at a later stage.

Proposal #2:
UE TX/RX requirements are defined under assumption of using TX/RX W-OFDM/WOLA.
2.3 UL waveform assumptions
In accordance to the RAN1 agreements CP-OFDM and DFT-S-OFDM waveforms shall be supported in uplink. The DFT-S-OFDM waveform was introduced with the purpose to optimize the performance for the coverage limited scenarios. So, it is likely that DFT-S-OFDM will be used under assumption maximum transmit power for cell-edge UEs. Meantime, whether max TX power will be applicable for CP-OFDM or any MPR would be applied remains unclear. In case lower TX power is used for CP-OFDM, higher spectrum utilization can be potentially achieved. In our view, to simplify UE implementation and meet the accelerated NR timelines, the NR design should strive to achieve aligned spectrum utilization for both waveforms. Meantime, to facilitate the work on the spectrum utilization definition and avoid waiting for the outcome of the MPR discussion, the spectrum utilization can be defined for the case of CP-OFDM waveform without MPR (i.e. the worst case in terms of PA non-linearity).
Proposal #3:
Same spectrum utilization is defined for UL CP-OFDM and DFT-S-OFDM waveforms in Rel-15. 

Spectrum utilization analysis is done for CP-OFDM waveform under no MPR assumptions
2.4 UL TX power assumptions
In general, different approaches to define spectrum utilization can be considered with respect to the transmit signal PSD. For example, spectrum utilization can be defined based on the worst case TX PSD assumption. 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 larger spectrum utilization). The latter case may require additional RAN1/2 efforts since gNB may not have complete information on the UE TX PSD. Hence, it is not desirable to introduce dependency of spectrum utilization on the transmit power level. A single spectrum utilization value can be used for all possible TX power levels and it is recommended to define spectrum utilization based on the max TX power case.
Proposal #4:
Rel-15 UL spectrum utilization is defined under assumption of using max UE TX power
2.5 Spectrum utilization for mixed numerologies

In accordance to the last meeting discussion, mixed numerologies FDM can be used from the network/BS perspective and the spectrum utilization for such use cases needs to be defined [3]. 

As shown by the simulation results in Section 3, achievable spectrum utilization depends on the used subcarrier spacing and in particular SU reduces with the increase of the subcarrier spacing. For example for the case of 20 MHz channel bandwidth 95.4% spectrum utilization can be achieved for 15 kHz SCS, 91.8% for 30 kHz SCS and 86.4% for 60 kHz SCS. Hence, in case a unified spectrum utilization is defined for different SCS values, it should be defined for the higher possible ACS for the given CBW. However, it the latter case the overall spectrum utilization would be limited and likely would not be able to achieve target >90% for certain CBW. 

At the same time, we would like to note that spectrum utilization mainly depends on the parameters of signals on the edge of the spectrum. As shown in Section 3, the out of band emission level on the band edge is the main factor which limits the achievable spectrum utilization, while ACLR or ACS performance have limited impacts. Therefore, spectrum utilization can be defined for each SCS under assumption that a single numerology signal is transmitted and there is no need to define a specific mechanism for the spectrum utilization in case of using mixed numerologies. In particular, it is expected that the spectrum utilization term should be applicable for the signals with a given numerology (e.g. 15 kHz signals can occupy X% of spectrum and 30 kHz signals can be transmitted in Y% of resources, etc.).
Proposal #5:
Define spectrum utilization for a single numerology case. For mixed numerologies case, “single” numerologies spectrum utilization is applied independently for each numerology.
3. Spectrum utilization analysis for Sub-6GHz scenarios
In this section we provide analysis of feasible spectrum utilization in application to sub-6GHz scenarios with PC3. The following results are provided:
· Overall assessment of feasible spectrum utilization from UE perspective (Section 3.1)

· Spectrum utilization and spectrum shaping impact on UE TX out of band emission (Section 3.2)
· Spectrum utilization and spectrum shaping impact on UE RX ACS performance (Section 3.3)
In order to derive the conclusions on the spectrum utilization feasibility we consider the UE is capable to satisfy the requirements in Table 3.
Table 3: Target requirements for spectrum utilization analysis (sub 6 GHz)

	Characteristics
	Target requirement used for spectrum feasibility analysis

	TX 
(PC3 23dBm)
	SEM
	BW ≤ 20 MHz: reuse LTE SEM (agreed)
BW > 20 MHz: follow proposal in R4-1705674 (not agreed)
Criteria: Spectrum utilization is feasible if waveform can satisfy overall SEM and has 2 dB margin for ΔfOOB = 0 MHz. 

	
	ACLR
	BW ≤ 20 MHz: ACLR = 30dB (agreed)
BW > 20 MHz: ACLR = 30dB (not agreed)

The adjacent channel bandwidth the same as the wanted signal

Criteria: Spectrum utilization is feasible if waveform can satisfy ACLR with 1 dB margin.

	
	TX EVM
	LTE EVM requirements

	RX
	ACS
	BW ≤ 20 MHz: ACS = 33dB

BW > 20 MHz: ACS = 33dB (not agreed)

The adjacent channel bandwidth the same as the wanted signal.
Criteria: Spectrum utilization is feasible if waveform can satisfy ACS with 2 dB margin.


In the analysis we consider the following spectrum shaping techniques in application to TX/RX sides:

· No spectrum shaping (conventional CP-OFDM)

· Windowing (W-OFDM/WOLA): Raised cosine window with 3% and 5% roll-off factors;

The results are provided for the case of using UL polynomial PA model operating at 23 dBm TX power [4] for the sub-6GHz scenarios.

3.1 UE spectrum utilization 
In Table 4 we summarize feasible NR spectrum utilization values from the UE perspective taking into account combined SEM, ACLR and ACS performance. The results for 3% W-OFDM are suggested to be used for the spectrum utilization definition. The results for CP-OFDM and 5% W-OFDM are provided for information purposes.
Table 4. NR spectrum utilization (NPRB and X%) for different SCS/BWs (for sub 6GHz and PC3)
	SCS
	Waveform
	Channel bandwidth, MHz

	
	
	5
	10
	15
	20
	40
	50
	60
	80
	100

	15 KHz
	CP-OFDM
	25 (90%)
	50 (90.0%)
	75 (90.0%)
	101 (90.9%)
	209 (94.1%)
	264 (95.0%)
	NA

	
	W-OFDM (3%)
	25 (90%)
	52 (93.6%)
	79 (94.8%)
	106 (95.4%)
	217 (97.7%)
	272 (97.9%)
	

	
	W-OFDM (5%)
	25 (90%)
	52 (93.6%)
	80 (96.0%)
	107 (96.3%)
	218 (98.1%)
	273 (98.3%)
	

	30 KHz
	CP-OFDM
	11 (79.2%)
	23 (82.8%)
	36 (86.4%)
	49 (88.2%)
	101 (90.9%)
	129 (92.9%)
	158 (94.8%)
	212 (95.4%)
	268 (96.5%)

	
	W-OFDM (3%)
	11 (79.2%)
	24 (86.4%)
	38 (91.2%)
	51 (91.8%)
	106 (95.4%)
	134 (96.5%)
	162 (97.2%)
	217 (97.7%)
	273 (98.3%)

	
	W-OFDM (5%)
	12 (86.4%)
	25 (90.0%)
	38 (91.2%)
	52 (93.6%)
	107 (96.3%)
	135 (97.2%)
	163 (97.8%)
	218 (98.1%)
	274 (98.6%)

	60 KHz
	CP-OFDM
	NA
	11 (79.2%)
	17 (81.6%)
	23 (82.8%)
	49 (88.2%)
	63 (90.7%)
	77 (92.4%)
	104 (93.6%)
	132 (95.0%)

	
	W-OFDM (3%)
	
	11 (79.2%)
	18 (86.4%)
	24 (86.4%)
	51 (91.8%)
	65 (93.6%)
	79 (94.8%)
	107 (96.3%)
	135 (97.2%)

	
	W-OFDM (5%)
	
	12 (86.4%)
	18 (86.4%)
	25 (90.0%)
	52 (93.6%)
	66 (95.0%)
	80 (96.0%)
	108 (97.2%)
	135 (97.2%)


The summary of the spectrum utilization values is also illustrated in Figure 1.
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Figure 1. Feasible spectrum utilization for sub-6GHz
3.2 TX out of band emission analysis
In this section with provide analysis of the spectrum utilization and spectrum shaping impact on the UL TX out of band emission and its compliance with the SEM/ACLR requirements. 
SEM analysis

The SEM analysis is conducted under assumption of 1 PRB resource allocation at the band edge. Increase of spectrum utilization results in reduced guard band and may negatively affect the out of band emission characteristics. The selected simulation results of transmit signal PSD are illustrated in Figure 2. It may be observed that conventional CP-OFDM waveform has relatively high out of band emission, which limits possibility of increasing the spectrum utilization. Windowing based TX spectrum shaping provides substantial reduction of the out of band emission level comparing to CP-OFDM and enables improved spectrum utilization. It may also be noted that the worst SEM compliance is observed exactly at the channel bandwidth edge with ΔfOOB = 0 MHz and achievable spectrum utilization effectively depends on the unwanted emission power at this point. In Figure 3 we illustrate the out of band emission level for ΔfOOB = 0 MHz for a range of different spectrum utilization values. 
	20 MHz, 15 kHz SCS, 90% spectrum utilization
	20 MHz, 15 kHz SCS, 95.4% spectrum utilization
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	20 MHz, 30 kHz SCS, 90% spectrum utilization
	20 MHz, 30 kHz SCS, 93.6% spectrum utilization
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	20 MHz, 60 kHz SCS, 86.4% spectrum utilization
	20 MHz, 60 kHz SCS, 90% spectrum utilization
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	Figure 2. TX signal PSD - 1 PRB band edge signal (20 MHz CBW)
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Figure 3. Unwanted emission level @ ΔfOOB = 0 MHz vs Spectrum utilization (20 MHz CBW, 15 kHz SCS)
Observation #1: Out of band emission (SEM)
· UE TX SEM performance is very sensitive to the spectrum utilization level. In case of increasing spectrum utilization the OOB emission at the channel bandwidth edge is degraded and the mask requirements cannot be satisfied.
· TX spectrum shaping based on Windowing allows substantial reduction of the unwanted emission levels and allows achieving higher spectrum utilization than conventional CP-OFDM.
ACLR analysis

The ACLR is measured as the ratio of the mean power on the assigned channel bandwidth to the mean power on an adjacent channel bandwidth. In order to investigate ACLR performance a full bandwidth TX signal resource allocation is used. In Figure 4 we illustrate the full BW transmit signal PSD for the case of 20MHz channel bandwidth and for different SCS. The results are provided for different spectrum shaping methods and indicate that the ACLR level is not sensitive to the spectrum confinement approach. In addition, in Figure 5 we illustrate the measured ACLR for the 20 MHz channel bandwidth for different spectrum utilization values which also show that the level of out of band emission is not very sensitive to the spectrum utilization.
	[image: image9.emf]5 10 15 20 25 30 35

Frequency, MHz

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

P

S

D

,

 

d

B

m

/

3

0

k

H

z

CP-OFDM, SU 95.4%

W-OFDM(3%), SU 95.4%

W-OFDM(5%), SU 95.4%


20 MHz CBW, 15 kHz SCS, 95% SU
	[image: image10.emf]5 10 15 20 25 30 35

Frequency, MHz

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0

P

S

D

,

 

d

B

m

/

3

0

k

H

z

CP-OFDM, SU 93.6%

W-OFDM(3%), SU 93.6%

W-OFDM(5%), SU 93.6%


20 MHz CBW, 30 kHz SCS, 93.6% SU

	Figure 4. TX signal PSD – Full BW signal (20 MHz CBW)
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	Figure 5. ACLR vs Spectrum utilization (20 MHz CBW, 15 kHz SCS) 


Observations #2: ACLR
· ACLR performance is not very sensitive to the spectrum utilization level and degrades by ~ 1dB for the case of increasing spectrum utilization from 90% to 98%.
· Windowing based TX spectrum shaping allows ~0.5 dB ACLR improvement.
3.3 RX ACS analysis
ACS is defined as a measure of a receiver's ability to receive a wanted signal at its assigned channel frequency in the presence of an adjacent channel signal at a given frequency offset. The ACS performance may be potentially sensitive to the spectrum utilization and should be analysed.
In Figure 6 we illustrate the RX signal EVM observed in the wanted signal BW at the receiver side under assumption of full BW adjacent channel transmission. The simulation results are provided for the case of 20MHz CBW and 15 kHz SCS for both wanted and interferer signals. In the simulations we compare the EVM performance under assumption of using conventional RX CP-OFDM processing and using RX signal windowing. It may be observed that the EVM level can be substantially reduced under assumption of using receive side signal windowing.
In Figure 7 we illustrate the ACS performance for the different spectrum utilization values for the scenario with 20 MHz BW and 15 kHz SCS for both wanted and interference signals. The results show that the ACS performance is not very sensitive to the spectrum utilization and that ACS is not a bottleneck in terms of achievable spectrum utilization.
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	Figure 6. RX signal EVM due to adjacent channel interferer
(20 MHz Wanted and Interferer CBW, 15 kHz SCS)
	Figure 7. ACS vs Spectrum utilization (20 MHz CBW, 15 kHz SCS) 


Observations #3: ACS

· ACS performance is not very sensitive to the spectrum utilization level and degrades by ~ 2dB for the case of increasing spectrum utilization from 90% to 98%. 
· RX windowing is beneficial to improve ACS performance and allows ~ 6dB improvement.
4. Spectrum utilization analysis for mmWave scenarios
In this section we provide analysis of feasible spectrum utilization in application to mmWave scenarios. In order to derive the conclusions on the spectrum utilization feasibility we consider the UE is capable to satisfy the agreed OOBE requirements (SEM and ACLR). The results are provided under assumption of 23dBm UE maximum TRP. In Table 5 we summarize initial assessment results for feasible NR spectrum utilization from the UE perspective taking into account combined SEM and ACLR performance. The results for 3% W-OFDM are suggested to be used for the spectrum utilization definition. The results for CP-OFDM and 5% W-OFDM are provided for information purposes.
Table 5. NR spectrum utilization (NPRB and X%) for different SCS/BWs (for mmWave)

	SCS
	Waveform
	Channel bandwidth, MHz

	
	
	50
	100
	150
	200
	400

	60 KHz
	CP-OFDM
	65 (93.6%)
	134 (96.5%)
	203 (97.4%)
	273 (98.3%)
	NA

	
	W-OFDM (3%)
	66 (95.0%)
	135 (97.2%)
	205 (98.4%)
	274 (98.6%)
	

	
	W-OFDM (5%)
	67 (96.5%)
	136 (97.9%)
	205 (98.4%)
	275 (99.0%)
	

	120 KHz
	CP-OFDM
	31 (89.3%)
	66 (95.0%)
	101 (97.0%)
	136 (97.9%)
	274 (98.6%)

	
	W-OFDM (3%)
	32 (92.2%)
	67 (96.5%)
	101 (97.0%)
	136 (97.9%)
	275 (99.0%)


	
	W-OFDM (5%)
	32 (92.2%)
	67 (96.5%)
	102 (97.9%)
	137 (98.6%)
	275 (99.0%)


Observations #4: SU for mmWave

· SU larger than 90% can be achieved for all considered mmWave scenarios.

5. Conclusions
In this contribution we provided our views on the methodology to define Rel-15 spectrum utilization and provide related simulation results for feasible UL/DL spectrum utilization from UE TX/RX perspectives for sub 6 GHz scenarios. In summary, we make the following proposals:

Proposal #1:
Define final spectrum utilization values once RAN4 work on the SEM/ACLR/ACS/Power class requirements definition is finalized. 

Proposal #2:
UE TX/RX requirements are defined under assumption of using TX/RX W-OFDM/WOLA.
Proposal #3:
Same spectrum utilization is defined for UL CP-OFDM and DFT-S-OFDM waveforms in Rel-15. 


Spectrum utilization analysis is done for CP-OFDM waveform under no MPR assumptions
Proposal #4:
Rel-15 UL spectrum utilization is defined under assumption of using max UE TX power
Proposal #5:
Define spectrum utilization for a single numerology case. For mixed numerologies case, “single” numerologies spectrum utilization is applied independently for each numerology.
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