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Introduction
In RAN4#81 meeting [1], a WF regarding maximum spectrum utilization was agreed as follows:
	· For some combinations of bandwidth and subcarrier spacing e.g. 10MHz@120kHz  and  5MHz@60kHz, the theoretic maximum spectrum utilization Y will be below 90% when integer number of PRBs are used for the transmission bandwidth configuration as in LTE.  
· How to improve Y  over 90% is FFS.
· The maximum spectrum utilization based on RAN4 requirements may vary with numerology, carrier bandwidth and different BS/UE capabilities, considering the capabilities of spectrum confinement techniques including both filtering and windowing  , e.g., indicated as a range [YL, YH] for each group of (BW subset @ SCS subset) .  
· How to group (BW subset @ SCS subset)  is FFS. 
· YL and YH are with compliance of related RF requirements, e.g. EVM, ACLR, SEM, selectivity, demodulation etc. 
· EVM evaluation should include high order modulations up to 256QAM.
· FFS for UE capability needed or not
· The guard band for a carrier in case of mixed numerology may be asymmetric and defined with the assumption that only single numerology is applied, and the assumed numerology refers to the numerology applied at band edge. 
· The need and size of GB between two numerologies is FFS. The granularity of GB, i.e. 1 PRB or fractional PRB, will be further evaluated. 


In this contribution, we analyze maximum spectral utilization Y(%) with various groups of BW and SCS for NR system including EVM, ACLR, and SEM aspect.
Evaluation Assumptions
Regarding spectrum utilization is less than 90% in some combination of channel bandwidths and SCS, such aspects ere agreed to further analyze:
	· For spectrum utilization in cases where utilization is <90% with integer number of PRBs
· Actual use cases for these combinations of CHBW and SCS
· Number of bits that can be transmitted in 1 TTI with integer and fractional number of PRBs


1. For the validity of these combination of channel bandwidths and SCS i.e. 60kHz and 5MHz
In RAN1, following agreement was made in RAN1 #86.  Following RAN1 agreements, it's a valid scenario to use 60 kHz SCS operating in existing LTE band for URLLC. In LTE, 5MHz/10MHz system bandwidths are common used cases which deployed in many regions. So, at least from specification perspective, we have to make a room letting operator can choose possible options including URLLC deployment with 5MHz/10MHz system bandwidth.
	Agreements:
-          NR design should allow potentially defining multiple CP lengths for a given subcarrier spacing in Phase I or later
  Multiple CP lengths do not mean the normal CP have 2 different CP lengths in the LTE
-          It should be possible to deploy NR with 60 kHz subcarrier spacing in the channel that have the same delay spread that LTE can handle with the normal CP length as one use case
  Other subcarrier spacing solution can be considered with an equal priority in the further study
-          More than one CP length should be studied for a given subcarrier spacing
  The different CP lengths for a given subcarrier spacing can be of substantially different lengths 
  For 60 kHz subcarrier spacing, at least one CP length can be similar to the normal CP length of 15 kHz corresponding to LTE numerology
  Other proposals are not precluded
-          Note: FFS whether all of subcarrier spacings support more than one CP length or not
-          Note: FFS whether supporting more than one CP length for a given subcarrier spacing is mandatory or optional for a given UE


2. Number of REs comparison with Fraction RB usage and integer number RB
As shown in table below, we compared number of REs transmitted in 1 sub-frame (1ms) with integer RB allocation restriction and fraction RB usage for 5MHz and 60kHz SCS.  We can observed that 448REs will be wasted with integer RB allocation, corresponding 10% spectrum loss unnecessary (assuming by implementation, 96% spectrum efficiency can be achieved). 
	5MHz,60kHz 
	Number of REs in 1 sub-frame (56 symbols) 
	Spectrum utilization 

	6RB 
	4032 REs 
	86.4% 

	6RB +1/2 RB
	4368
	93.6%

	6RB+2/3 RB 
	4480 REs 
	96%


Furthermore, in below chapters, we evaluate what’s the achievable spectrum utilization under several combinations of channel bandwidths and SCS with compliance of related RF requirements, e.g. EVM, ACLR, and SEM. Meanwhile, we also evaluate BLER and spectral efficiency performance with and without integer RB allocation restriction for above cases.
PA Model
To evaluate maximum spectral efficiency, we used the agreed PA model in RAN1 evaluation. The AM-AM and AM-PM characteristics of the PA model are as follows.
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Figure 1. PA model for the downlink evaluation 

Details of PA parameters are summarized in Table 1. Throughout all the evaluations in this contribution, we used 46dBm as an operating output power.
Table 1. Modified Rapp Model Parameters for below 6GHz DL PA
	Parameter for Rapp model < 6GHz DL
	

	Target output power [dBm]
	46

	Saturation output power [dBm]
	57.6

	Smoothness factor p
	3

	Smoothness factor q
	5

	Fitting parameter A
	-0.14

	Fitting parameter B
	1.2



Evaluation Cases: BW, SCS, and CP length
In this contribution, we evaluate various kinds of numerologies to analyse maximum spectral utilization Y(%) as summarized in Table 2.
Table 2. Numerologies used in evaluations
	         BW
SCS
	5MHz
	10MHz
	20MHz
	40MHz

	15kHz
	CP length = 4.6875us (Normal CP, 144 samples in case of 2048point IFFT)

	30kHz
	CP length = 2.34375us (Normal CP, 144 samples in case of 2048point IFFT)

	60kHz
	CP length = 4.1667us (Extended CP, 512 samples in case of 2048point IFFT)



Spectrum Shaping Filters for Evaluation
For downlink, we used FIR EquiRipple filters as a spectrum shaping method. Table 3 summarizes IFFT size and number of filter taps used in the evaluations.
Table 3. IFFT size and number of filter taps used in evaluations
	              BW

SCS
	5MHz
	10MHz
	20MHz
	40MHz

	
	IFFT / #of taps
	IFFT / #of taps
	IFFT / #of taps
	IFFT / #of taps

	15kHz
	512 / 256
	1024 / 512
	2048 / 1024
	4096 / 1024

	30kHz
	256 / 128
	512 / 256
	1024 / 512
	2048 / 1024

	60kHz
	128 / 32 (6RB)
	256 / 128
	512 / 256
	1024 / 512

	
	128 / 64 (6.5RB)
	
	
	

	
	128 / 128 (6+2/3RB)
	
	
	


Evaluation Results
Maximum Spectral Utilization Y(%)
To evaluate maximum spectral utilization, we adopt LTE spectrum emission mask (SEM) which was defined in TS 36.104 v14.0.0 (Table 6.6.3.2.2-1) and this SEM also used in RAN1 waveform evaluations. Table 4 summarizes maximum spectral utilization Y(%) while satisfying SEM. Figure 2 shows power spectral density (PSD) corresponding to various combinations of BW and SCS.
Table 4. Maximum Spectral Utilization Y(%)
	System BW
SCS
	5MHz
	10MHz
	20MHz
	40MHz

	15kHz
	97.2% 
(27RB=4.86MHz)
	97.2%
 (54RB=9.72MHz)
	97.2% (108RB=18.44MHz)
	97.2% (216RB=36.88MHz)

	30kHz
	93.6% 
(13RB=4.68MHz)
	97.2% 
(27RB=9.72MHz)
	97.2% (  54RB=18.44MHz)
	97.2% (108RB=36.88MHz)

	60kHz
	86.4% 
(6RB=4.32MHz)
	93.6% 
(13RB=9.36MHz)
	97.2% (  27RB=18.44MHz)
	97.2% (  54RB=36.88MHz)

	
	93.6% 
(6.5RB=4.68MHz)
	
	
	

	
	96.0% 
(6+2/3RB=4.80MHz)
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Figure 2. PSD results for combinations of BW and SCS
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Figure 3. PSD evaluation results for 60kHz SCS and 5MHz system BW with integer and fractional PRB

[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Observation 1: For maximum spectral utilization Y(%), it is observed that 93.6%~97.2% is feasible when we consider candidate combinations of system BW and SCSs.
Adjacent Channel Leakage Ratio (ACLR)
Table 5 shows evaluation results of ACLR. As you can see in the table, ACLR is high enough regardless of system BW and SCSs when we compare with LTE BS ACLR requirement, i.e. 45 dB.
Table 5. ACLR evaluation results
	           System BW
SCS
	5MHz
	10MHz
	20MHz
	40MHz

	15kHz
	53.6 dB
	53.9 dB
	53.8 dB
	53.6 dB

	30kHz
	54.7 dB
	53.4 dB
	53.7 dB
	53.8 dB

	60kHz
	54.9 dB (6RB)
	53.8 dB
	52.5 dB
	53.7dB

	
	54.3 dB (6.5RB)
	
	
	

	
	54.2 dB (6+2/3RB)
	
	
	



Observation 2: For ACLR, it is observed that 52~54dB ACLR is feasible when we consider candidate combinations of system BW and SCSs.

Error Vector Magnitude (EVM)
Table 6 shows EVM evaluation results. Compared with LTE EVM requirements in Table 7, it is verified that EVM values of all combinations satisfy the requirements up to 256QAM. Figure 3 shows examples of constellation point for EVM evaluation (60kHz SCS, 5MHz system BW).
Table 6. EVM evaluation results
	            System BW
SCS
	5MHz
	10MHz
	20MHz
	40MHz

	
	16QAM
	64QAM
	256QAM
	16QAM
	64QAM
	256QAM
	16QAM
	64QAM
	256QAM
	16QAM
	64QAM
	256QAM

	15kHz
	1.8%
	1.7%
	1.6%
	1.0%
	1.1%
	1.1%
	0.8%
	0.8%
	0.9%
	0.7%
	0.7%
	0.7%

	30kHz
	1.9%
	2.0%
	2.1%
	1.6%
	1.7%
	1.7%
	1.1%
	1.1%
	1.1%
	0.8%
	0.8%
	0.8%

	60kHz
	2.9%
	2.7%
	2.8%
	2.0%
	1.9%
	1.9%
	2.5%
	2.6%
	2.6%
	1.1%
	1.0%
	1.0%

	
	3.1%
	3.1%
	3.0%
	
	
	
	
	
	
	
	
	

	
	3.3%
	3.4%
	3.4%
	
	
	
	
	
	
	
	
	


 
Table 7. LTE EVM requirements
	
	EVM (%)
	EVM (dB)

	16QAM
	12.5
	-18.1

	64QAM
	8
	-21.9

	256QAM
	3.5
	-29.1
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Figure 4. Examples of constellation point for EVM evaluation (60kHz SCS, 6.5RB, 5MHz system BW)
Observation 3: For EVM, it is observed that EVM values of all combinations satisfy the requirements up to 256QAM.
BLER and Spectral Efficiency
BLER
Figure 5 shows BLER performance of  60kHz SCS with integer and fractional PRB. As shown in the figure, 6RB, 6.5RB, 6+2/3RB have almost same BLER performance up to 1% block error rate. 
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Figure 5. BLER performance for 60kHz SCS and 5MHz system BW with integer and fractional PRB
Spectral Efficiency
Spectrum efficiency is defined as follows: 
Spectrum Efficiency:= TBS*(1-BLER)/(T*BW)
As it is depicted in figure 6, fraction PRB has better spectral efficiency compared to integer PRB. For example, 6.5 PRB has about 8% gains in terms of spectral efficiency compared to 6 PRB case.
[image: ]
Figure 6. SE performance for 60kHz SCS and 5MHz system BW with integer and fractional PRB
Observation 4: For spectral efficiency, it is observed that fraction PRB has better spectral efficiency compared to integer PRB. For example, 60kHz 6.5PRB has about 8% gains in terms of spectral efficiency compared to 6 PRB case.

Conclusion
Observation 1: For maximum spectral utilization Y(%), it is observed that 93.6%~97.2% is feasible when we consider candidate combinations of system BW and SCSs.
Observation 2: For ACLR, it is observed that 52~54dB ACLR is feasible when we consider candidate combinations of system BW and SCSs.
Observation 3: For EVM, it is observed that EVM values of all combinations satisfy the requirements up to 256QAM.
Observation 4: For spectral efficiency, it is observed that fraction PRB has better spectral efficiency compared to integer PRB. For example, 60kHz 6.5PRB has about 8% gains in terms of spectral efficiency compared to 6 PRB case.
Reference
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Annex 
Simulation parameters for DL evaluation
	Assumptions 
	Value 

	Carrier frequency
	4GHz 

	Duplex 
	FDD/TDD

	System Bandwidth 
	5 MHz 

	TTI length 
	1 ms

	Subcarrier spacing 
	60KHz, 

	Guard time interval
	20% overheads

	FFT size 
	128 for 60KHz

	Data transmission bandwidth 
	4.32/4.68/4.8 MHz (= 6/6.5/6.67RB)

	Antenna  configuration
	1T1R   

	MCS 
	16/64/256 QAM: 1/2 

	Control Overhead 
	Zero

	Channel estimation 
	Ideal

	Channel Model
	TDL-C for DS 300ns, Mobility: 3km/h 

	PA output power
	46 dBm

	Output Power Back-off (OBO) from PA saturation power
	11.6 dB
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