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1. 
Introduction
New waveforms of NR have been extensively studied in RAN1 and a LS on NR waveforms from RAN1 #86 [1] was sent to RAN4 in this August and it has been agreed that the definition of carrier spectrum utilization:

· Y (%) = transmission bandwidth configuration / channel bandwidth * 100%. 

In RAN4 #80bis meeting in this October, a WF on NR spectrum utilization was approved [2]:
· Carrier spectrum utilization, denoted by Y, is assumed to be higher than 90% in RAN4 future study and RAN4 requirements should be defined based on this assumption. 

· Y may depend on specific numerology and carrier bandwidth. It is FFS how the guard band at the edge of a channel should be defined when different numerologies are frequency multiplied

· Y may depend on the BS/UE implementation complexity and declared capability. It is possible to define different value of Y for different BS/UE capabilities with compliance of related RF requirements, e.g. EVM, ACLR, SEM, etc. It is important to verify both the spectrum and EVM results at the same time in order to ensure well performing and robust system 

In RAN1 #86 it has been agreed that subcarrier spacing (SCS) at least from 15 to 480 kHz is supported. In RAN1 #86bis it has been agreed that the number of subcarriers (SCs) per PRB is 12, regardless of the SCS [5]. 
By calculating the theoretic maximum spectrum utilization for different combinations of carrier bandwidth and SCS, we noticed that the carrier spectrum utilization requirement of Y>90% in NR cannot be fulfilled for some combinations of bandwidth and SCS when only integer number of PRBs are considered for the transmission bandwidth configuration.
In [3], fractional PRB as subband guard band size in a certain bandwidth was observed to be beneficial for achieving the high user spectral efficiency. 

In this contribution we discuss: 
a) Theoretic maximum spectrum utilization with integer number of PRBs for transmission bandwidth configuration,

b) Using fractional PRB method to increase the band edge utilization to push carrier spectrum utilization Y over 90% for some more combinations of carrier bandwidth and SCS, 
c) Variation of spectrum utilization Y with different numerology such as mixed SCSs for a certain bandwidth, and how to define spectrum utilization Y requirement for different combinations of carrier bandwidth and numerology such as SCS, and 
d) How the transmission bandwidth configuration should be defined, and using fractional PRB method to increase the intra-band frequency resource utilization by reducing subband guard band size to a few subcarriers level.
2. 
Discussion
The spectrum utilization is defined as the ratio of transmission bandwidth configuration (NRB) and channel bandwidth (BW). The transmission bandwidth is the RF bandwidth of an instantaneous transmission from a UE or BS, measured in resource block units. The transmission bandwidth configuration is the highest transmission bandwidth allowed for uplink or downlink in a given channel bandwidth, measured in resource block units in LTE. The higher NRB / BW is, the higher spectrum utilization is achieved. Figure 1 illustrates the relation between Channel Bandwidth and Transmission Bandwidth Configuration for one LTE carrier. The channel edges are defined as the lowest and highest frequencies of the carrier separated by the channel bandwidth, i.e. at FC +/- BW /2.
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Figure 1  Channel Bandwidth and Transmission Bandwidth Configuration for LTE carrier (From Figure 5.6-1 of TS 36.104)
2.1 Theoretic maximum spectrum utilization with integer number of PRBs for transmission bandwidth configuration
For LTE, the OFDM SCS has been chosen to Δf =15kHz or Δf =7.5kHz. In addition, for the uplink of NB-IOT, apart from Δf =15kHz, the SCS of 3.75kHz is also selected. In NR, according to the conclusion of RAN1#86 meeting, the agreements on subcarrier spacing are [4]:
· NR numerology scalability should allow at least from [3.75 kHz] to 480 kHz subcarrier spacing

· Necessity of support for less than 15 kHz subcarrier spacing  (e.g., 3.75 kHz) should be studied

· Note that scalability does not mean everything should be scalable (e.g., RS density, UE/gNB processing time, signaling overhead)

From the above agreements, we can see that various SCSs would very likely to be applied in different channel bandwidth in NR. The channel edge utilization will be dependent on channel bandwidth and SCSs. Table 1 shows the theoretic maximum spectrum utilization (MSU) for different combinations of channel bandwidth and SCS. For a 10MHz bandwidth, if 15kHz SCS is applied and 54 PRBs could be used, thus a theoretic maximum spectrum utilization of 97.2% could be reached. However, if 60kHz SCS is applied, then a theoretic maximum spectrum utilization will not be better than 93.6%. For 5 MHz BW and 60kHz SCS, only 6 PRBs fit into the 5 MHz band. This gives a theoretic maximum spectrum utilization of 86.4% which is less than 90%.
Table 1 Theoretic Maximum Spectrum Utilization for different combinations of bandwidth and SCS
	          SCS

Bandwidth
	3.75kHz
	7.5kHz
	15kHz
	30kHz
	60kHz
	120kHz
	240kHz
	480kHz

	5MHz
	NRB
	111
	55
	27
	13
	6
	3
	1
	-

	
	MSU
	99.9%
	99%
	97.2%
	93.6%
	86.4%
	86.4%
	57.6%
	-

	10MHz
	NRB
	222
	111
	55
	27
	13
	6
	3
	1

	
	MSU
	99.9%
	99.9%
	99%
	97.2%
	93.6%
	86.4%
	86.4%
	57.6%

	15MHz
	NRB
	333
	166
	83
	41
	20
	10
	5
	2

	
	MSU
	99.9%
	99.6%
	99.6%
	98.4%
	96%
	96%
	96%
	76.8%

	20MHz
	NRB
	444
	222
	111
	55
	27
	13
	6
	3

	
	MSU
	99.9%
	99.9%
	99.9%
	99%
	97.2%
	93.6%
	86.4%
	86.4%

	40MHz
	NRB
	888
	444
	222
	111
	55
	27
	13
	6

	
	MSU
	99.9%
	99.9%
	99.9%
	99.9%
	99%
	97.2%
	93.6
	86.4%

	80MHz
	NRB
	1777
	888
	444
	222
	111
	55
	27
	13

	
	MSU
	99.96%
	99.9%
	99.9%
	99.9%
	99.9%
	99%
	97.2%
	93.6%

	100MHz
	NRB
	2222
	1111
	555
	277
	138
	69
	34
	17

	
	MSU
	99.99%
	99.99%
	99.9%
	99.72%
	99.36%
	99.36%
	97.92%
	97.92%

	200MHz
	NRB
	4444
	2222
	1111
	555
	277
	138
	69
	34

	
	MSU
	99.99%
	99.99%
	99.99%
	99.9%
	99.72%
	99.36%
	99.36%
	97.92%


From Table 1, we can see that different combinations of channel bandwidth and SCS will lead to different theoretic maximum spectrum utilization from 57.6% to 99.99%. Some theoretic MSU values with smaller bandwidth and larger SCS would be less than 90% which does not meet RAN4’s agreement Y > 90% on NR spectrum utilization. 
Observation 1: The carrier spectrum utilization requirement of Y>90% in NR cannot be fulfilled for some combinations of bandwidth and SCS when only integer number of RBs are considered for the transmission bandwidth configuration. Smaller SCSs have smaller RB granularity than bigger SCSs therefore smaller SCSs achieve higher theoretic maximum spectrum utilization.
2.2  Increasing band edge utilization with fractional PRB
Fractional PRB could be a potential solution to increase band edge spectrum utilization. For a 5 MHz BW and 60kHz SCS, there are some subcarriers unused at the band edges. With fractional PRB method, some of these subcarriers could be used for transmission bandwidth configuration as well to increase the spectrum utilization. The PSD simulation results for 5MHz bandwidth with 60kHz SCS and 10MHz bandwidth with 120kHz SCS are shown in Figure 2 and Figure 3 respectively. The results show that more than 6.25 RBs could be used for the two combinations of 5MHz bandwidth with 60kHz SCS and 10MHz bandwidth with 120kHz SCS, and the spectrum utilization is pushed above 90%. In the simulations, W-OFDM signal with 52Ts windowing is transmitted and the mask is according to the Table 6.6.3.2.2-1 in 36.104 which is also recommended in waveform evaluation in RAN1.
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Figure 2 PSD simulation results for 5MHz bandwidth with 60kHz SCS
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Figure 3 PSD simulation results for 10MHz bandwidth with 120kHz SCS
Observation 2: Fractional PRB could be a potential solution to increase band edge spectrum utilization to push carrier spectrum utilization Y over 90% for some more combinations of carrier bandwidth and SCS.
Observation 3: Fractional PRB make it possible to use several subcarriers as whole or part of guard band at the band edges. 
Proposal 1: In 5G NR, some combinations of channel bandwidth and SCS have lower spectrum utilization than 90%, it shall be possible to support the utilization of a fractional PRB at the band edges to improve it. Further investigation on fractional PRB method as a potential solution is proposed to increase spectrum utilization.
Proposal 2: A LS to RAN1 for further study on fractional PRB method to enhance NR carrier spectrum utilization is proposed.
2.3 Variation of spectrum utilization Y for a certain bandwidth
For a certain bandwidth, different numerology such as different SCSs could be used at the two band edges, which may require different guard band sizes for different SCSs. This will make the spectrum utilization Y varying with different combinations of the applied numerology such as SCS. 
In a real NR system, different implementations could also have impact on the actual spectrum utilization for a certain bandwidth. To reduce the complexity of NR system implementation, it’s good to give the real NR system some implementation margin for the spectrum utilization requirement.  
Observation 4: For a certain bandwidth, the spectrum utilization Y could be different with different combinations of the applied numerology such as SCS, and with different implementations of a real NR system. 
Proposal 3: For a certain bandwidth the spectrum utilization Y should be defined as a range instead of a particular value. Some groups of specific numerologies corresponding to a range of spectrum utilization could be considered:
· <BWsubset-1, SCSsubset-1>  (  [YL1, YH1],      YH1 > YL1 > 90%

· <BWsubset-2, SCSsubset-2>  (  [YL2, YH2],      YH2 > YL2 > 90%
Considering the NR frequency bands, in addition to the frequency bands above 6GHz, there are also interests in the industry to use the NR system in the conventional LTE frequency bands or other new bands below 6GHz [6]. Therefore the NR frequency bands should include the bands below 6GHz being used in legacy LTE system. It’s better to consider inheriting the different channel bandwidth and SCSs used in legacy LTE system into the NR system.

Proposal 4: The different channel bandwidth and SCSs used in legacy LTE system should be considered to be inherited into the NR system.
2.4 Definition of transmission bandwidth configuration
In NR for a certain bandwidth, different numerology such as different SCSs could be multiplexed in the same bandwidth and inter-numerology-interference could occur between two neighboring subbands. There are different ways to handle the performance impact of inter-numerology-interference (INI). One simple way is to schedule the different numerology such that an integer number of PRBs are left unused between them as subband guard band as Figure 4 shows below. It could result in low spectrum utilization especially when several numerology are multiplexed and large PRB sizes (i.e. large SCS) are used. In Figure 4, SCSs 15 kHz, 30 kHz and 60 kHz are multiplexed, and two subband guard bands, one 15 kHz PRB and one 30 kHz PRB are used. Since only integer number of PRB are selected as the subband guard band, thus resulting in resource waste. 
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 Figure 4 Subband guard band in integer number of PRBs
Another way to handle INI is to use fractional PRB method and only leave some subcarries unused in a PRB as a subband guard band. The frequency resources will be better utilized if the guard band can be defined with a finer granularity in subcarrier level. This is illustrated in Figure 5 below, where only the actually required subcarriers are left unused as subband guard band. More discussions on INI and fractional PRB please see [7].
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Figure 5  Subband guard band in sub-carriers (fractional PRB)

Observation 5: Fractional PRB could also be a potential solution to reduce subband guard band size to increase intra-band frequency resource utilization especially when several numerology such as different SCSs are multiplexed and large PRB sizes (i.e. large SCS) are used.
How will this increase of intra-band frequency resource utilization affect the calculation of the whole spectrum utilization? This will depend on how the NR transmission bandwidth configuration will be defined, i.e. depend on if the subband guard bands are included in the transmission bandwidth configuration or not. If the subband guard bands are not included in the transmission bandwidth configuration, then the actual band spectrum utilization Y of a certain bandwidth will vary when different numerology are multiplexed in the bandwidth. Then spectrum utilization Y should be defined as a range as we mentioned in proposal 3.
Proposal 5: The definition of NR transmission bandwidth configuration should be clarified, i.e. if the subband guard bands are included in the transmission bandwidth configuration or not.   
3. Conclusions
In this contribution we discuss the spectrum utilization Y of some combinations of channel bandwidth and SCS are less than 90% with PRB granularity for transmission bandwidth configuration, which does not meet RAN4’s NR spectrum utilization agreement Y > 90%. It has been discussed to use fractional PRB method to increase the band edge utilization to push carrier spectrum utilization Y over 90% for more combinations of carrier bandwidth and SCS, and also use fractional PRB method to increase frequency resource utilization by reducing subband guard band size to a few subcarriers level. The variation of Y for a certain bandwidth, and definition of transmission bandwidth configuration have also been discussed in this contribution. Following observations and proposals are made based on the discussions:
Observation 1: The carrier spectrum utilization requirement of Y>90% in NR cannot be fulfilled for some combinations of bandwidth and SCS when only integer number of RBs are considered for the transmission bandwidth configuration. Smaller SCSs have smaller RB granularity than bigger SCSs therefore smaller SCSs achieve higher theoretic maximum spectrum utilization.
Observation 2: Fractional PRB could be a potential solution to increase band edge spectrum utilization to push carrier spectrum utilization Y over 90% for some more combinations of carrier bandwidth and SCS.
Observation 3: Fractional PRB make it possible to use several subcarriers as whole or part of guard band at the band edges. 
Observation 4: For a certain bandwidth, the spectrum utilization Y could be different with different combinations of the applied numerology such as SCS, and with different implementations of a real NR system. 
Observation 5: Fractional PRB could also be a potential solution to reduce subband guard band size to increase intra-band spectrum utilization especially when several numerologies are multiplexed and large PRB sizes (i.e. large SCS) are used.
Proposal 1: In 5G NR, some combinations of channel bandwidth and SCS have lower spectrum utilization than 90%, it shall be possible to support the utilization of a fractional PRB at the band edges to improve it. Further investigation on fractional PRB method as a potential solution is proposed to increase spectrum utilization.
Proposal 2: A LS to RAN1 for further study on fractional PRB method to enhance NR carrier spectrum utilization is proposed.
Proposal 3: For a certain bandwidth the spectrum utilization Y should be defined as a range instead of a particular value. Some groups of specific numerologies corresponding to a range of spectrum utilization could be considered:
· <BWsubset-1, SCSsubset-1>  (  [YL1, YH1],      YH1 > YL1 > 90%

· <BWsubset-2, SCSsubset-2>  (  [YL2, YH2],      YH2 > YL2 > 90%
Proposal 4: The different channel bandwidth and SCSs used in legacy LTE system should be considered to be inherited into the NR system. 
Proposal 5: The definition of NR transmission bandwidth configuration should be clarified, i.e. if the subband guard bands are included in the transmission bandwidth configuration or not.
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