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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 last August and it has been agreed that the definition of carrier spectrum utilization:

· Y (%) = transmission bandwidth configuration / channel bandwidth * 100%. 
In RAN1 #87 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 [2]. 
In RAN4 #81 meeting in last November, a WF on NR spectrum utilization was approved [3]:
· 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. 

· Aspects to 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
In this contribution we mainly discuss: 
1) Actual use case for the combinations of narrow Channel BW and larger SCS in Section 2.1;
2) Gain with fractional PRB method and granularity for defining guard band size in Section 2.2 and 
3) New equation of spectrum utilization Y considering inter-numerology guard band in Section 2.3.
2. 
Discussion
2.1 Use case for narrow Channel BWs @ larger SCSs 
· Narrow channel BWs in existing bands assigned for legacy RATs
In TR 38.913 [4] for the coexistence requirements it’s stated that the New RAT shall be able to co-exist with LTE/UMTS/GSM/EDGE on adjacent spectrum in the same band in the same geographical area, including collocated deployments of the same or different operators, and the coexistence on adjacent spectrum in the same geographical area should enable a progressive downsize of operators assigned bandwidth used by these legacy RATs. It’s also stated that NR should support efficient mechanisms to share either licensed or unlicensed spectrum with other IMT/Non-IMT systems. Narrow channel BWs such as 1.4/3/5MHz, etc. are used in LTE. In the recent ECO REPORT on “THE LICENSING OF "MOBILE BANDS" IN CEPT” [5], there are many use cases of 5MHz and 10MHz mobile bands in the world and some operators even have the license of the bands in coming 12 to 18 years. A few examples are shown below. The refarming of the existing bands assigned for these legacy RATs will last for long time and available refarmed bands for NR could be very narrow. 
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· Larger SCS in sub 6 GHz bands
The following agreements are made in RAN1 #87 in last November [6]. For multiplexing of eMBB and URLLC deployed below 6GHz, SCS 60 kHz will be used for URLLC and also for eMBB in high speed scenarios. There are also discussions in RAN1 that eMBB could be multiplexed in the same subband for URLLC with 60 kHz SCS. In this case eMBB will also use SCS 60 kHz. 
    RAN1 #87 agreements:

· Possible use cases for the extended CP include

· Multiplexing of eMBB and URLLC deployed below 6 GHz

· SCS for eMBB 15(NCP)/30/60kHz, SCS for URLLC = 60 kHz

· Transmission of URLLC with 60 kHz SCS

· High speed scenarios for 30kHz and 60kHz
Base on the information and discussions above, we have the following proposals:

Proposal 1: In the existing bands assigned to the legacy RATs below 6 GHz, there are use cases e.g. URLLC and URLLC/eMBB multiplexed in the same band for the combinations of narrow channel BW and larger SCS such as 5MHz@60kHz. RAN4 should continue to study the methods to increase spectrum utilization Y over 90% for these combinations such as 5MHz@60kHz. 
Proposal 2: In order to make NR efficiently using refarmed narrow bands from the existing bands assigned to the legacy RATs such as LTE, UMTS, etc. below 6 GHz, for NR RAN4 could consider to support LTE channel BWs 1.4/3/5/10/15/20 MHz for these existing bands assigned to the legacy RATs. 
Of course, there could be wider spectrum available in future below 6 GHz and new channel BWs such as 40MHz and/or even wider channel BWs could be considered to be supported by NR after more studies in RAN4 and RAN1. 
2.2 Gain with fractional PRB and granularity for guard band size
· Gain with fractional PRB at the band edges:
For simplicity, we take the combination of 5MHz@60kHz SCS as an example. 
1) For the channel bandwidth configuration with integer number of PRBs, for 5MHz@60kHz SCS only 6 PRBs fit into the 5 MHz channel bandwidth. This gives a theoretic maximum spectrum utilization of 86.4% which is less than 90% [7]

 REF _Ref468965281 \r \h 
 \* MERGEFORMAT [8]. At each band edge, there are 5 sub-carriers (SCs) left unused. 
2) With the fractional PRB method at the band edges, 6PRB + several SCs could be used as the channel bandwidth configuration. The PSD simulation results for 5MHz@60kHz SCS in Figure 1 shows that 6PRB + 4 SCs could be used as the channel bandwidth configuration, and the spectrum utilization Y 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 TS 36.104 which is also recommended in waveform evaluation in RAN1.
Observation 1: With the fractional PRB method at the band edges a spectrum utilization gain of more than 5% could be achieved than only integer number of PRBs used for channel bandwidth configuration for the combination of 5MHz@60kHz SCS. 
Observation 2: No matter integer number of PRBs or fractional PRB (at band edges) is used for channel bandwidth configuration, the guard band size at both band edges is fractional PRB (less than 12 SCs) for 5MHz@60kHz SCS. 
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Figure 1 PSD simulation results for 5MHz@60kHz
Proposal 3: Fractional PRB method could be considered as one of the methods for channel bandwidth configuration at the band edges to improve spectrum utilization Y over 90% for the combinations of narrow channel bandwidths and larger SCSs such as 5MHz@60kHz SCS.

· Guard band between two different numerologies and granularity for defining subband guard band size
In NR different numerologies such as different SCSs could be multiplexed in the same bandwidth and inter-numerology-interference (INI) due to the in-band emission could occur between the two neighboring subbands. From RAN4 specification perspective it’s better to keep this inter-numerology-interference low so that the highest supported modulation order in NR could be used within the PRB at the subband edges when the radio condition is good for using the highest modulation order. Otherwise if a lower order modulation has to be used due to in-band emission interference and when the PRB at a subband edge are scheduled together with other PRBs for data transmission to a UE, the modulation order in all allocated PRBs has to be lowered together and this will have big negative impact to the system throughput [8]. 
There are different ways to handle the performance impact of inter-numerology-interference. One simple way is to schedule the different numerologies such that an integer number of PRBs are left unused between them as subband guard band as Figure 2 shows below. It could result in low spectrum utilization especially when several numerologies are multiplexed and large PRB sizes (i.e. large SCSs) are used. In Figure 2, 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 frequency resource waste. 
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 Figure 2 Subband guard band with granularity of PRB
Another way to handle INI is to use some subcarriers 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 so that the rest of subcarriers in the PRB could be used for data transmission. This is illustrated in Figure 3 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 3  Subband guard band with granularity of sub-carrier
Observation 3: If the subband guard band size could be reduced to what’s really needed e.g. some subcarriers, this could help to increase intra-band frequency resource utilization especially when several different numerologies such as different SCSs are multiplexed and large PRB sizes (i.e. large SCSs such as 240 kHz) are used.
According to the scenarios and assumptions in the agreed Way forward on in-band requirements for NR in last RAN4 meeting [9], we have studied the guard band sizes between two subbands with different SCSs using link level simulations in case 2 of the RAN1 simulation assumptions in Section A.1.1 of TR 38.802 [10]. Here are the simulation assumptions for the desired signal, the interfering signal and guard band sizes. Detailed simulation assumptions are summarized in the Annex. 
· 720 kHz allocation for desired signal and 1400 kHz for interfering signal, which are time and frequency synchronized and transmitted with the same power

· Desired measured signal: 15 kHz SCS with 4 PRB allocation.
· Interfering signal: 60 kHz SCS with 2 PRB allocation.
· Guard band sizes: 30, 90 and 180 kHz.
Figure 4 and Figure 5 show BLER performance for 64 QAM and 256 QAM according to different guard band sizes, i.e. 2 15kHz-subcarriers (30 kHz), 6 15kHz-subcarriers (90 kHz) and 12 15kHz-subcarriers (180 kHz). From these results it could be seen that even with spectral confined waveforms the performance is rather poor with small guard band such as 2 15kHz-subcarriers. As shown in the figures, BLER performance of 6 15kHz-subcarriers guard band has similar performance with that of 12 15kHz-subcarriers guard band. From the BLER performance results, it could be seen that a few 15kHz-subcarriers are enough to mitigate interference caused by adjacent subbands with different numerologies. If 1 RB guard band is used between two numerologies, frequency resource utilization will decrease when the number of interfering subbands increases and SCS increases.
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Figure 4  DL 64-QAM@R=3/4 link level simulation results with desired signal and interfering signal in case 2. Solid line has 2 15kHz-subcarriers guard band (30 kHz), dashed line has 6 15kHz-subcarriers guard band (90 kHz) and dot-dashed line has 12 15kHz-subcarriers guard band (180 kHz).
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Figure 5  DL 256-QAM@R=3/4 link level simulation results with desired signal and interfering signal in case 2. Solid line has 2 15kHz-subcarriers guard band (30 kHz), dashed line has 6 15kHz-subcarriers guard band (90 kHz) and dot-dashed line has 12 15kHz-subcarriers guard band (180 kHz).
Observation 4: Several 15kHz-subcarriers guard band are needed to mitigate interference from adjacent interfering sub-bands.
Observation 5: RB is not suitable as a basic unit to define guard band size since RB frequency sizes are different for different SCSs.
Proposal 4: In NR at basestation TX side it’s proposed to have guard band between two different numerologies to support high order modulations such as 256 QAM for DL when the radio condition is good for using the high order modulations. 
Proposal 5: In NR it’s proposed to use 15 kHz as the granularity to define guard band size between subbands with different numerologies, and the guard band size could be defined as 15 kHz * n (n is positive integer).
Fractional RB guard band provides better frequency resource utilization than 1 RB guard band since the rest of the RB could be used for data transmission. Actually RAN4 is familiar with using fractional RB instead of 1 RB in NB-IoT with 200 kHz channel bandwidth. The NB-IoT downlink is based on OFDMA and uses the same 15 kHz SCS as LTE, and it uses subcarriers as transmission bandwidth for a UE instead of 1 RB. Figure 6 (Figure 5.6-4 in [11]) shows the definition of channel bandwidth and transmission bandwidth configuration in NB-IoT standalone operation. 
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Figure 6 Definition of Channel Bandwidth and Transmission Bandwidth configuration in NB-IoT standalone operation
Observation 6: NB-IoT uses 1 subcarrier instead of 1 RB as the minimum scheduling resource. The same principle could be used in NR. 

Proposal 6: Using the same principle as NB-IoT with subcarrier granularity resource allocation, in NR it’s proposed that several subcarriers next to the guard band at band edges could be studied further for data transmission to increase spectrum utilization.

Proposal 7: Using the same principle as NB-IoT with subcarrier granularity resource allocation, in NR it’s proposed that the rest of subcarriers in the RB where part of the RB is used as subband guard band between two different numerologies could be studied further for data transmission to increase spectrum utilization.
2.3  New equation of Y considering subband guard band
The current equation of carrier spectrum utilization ‘Y (%) = transmission bandwidth configuration / channel bandwidth * 100%’ is quite general and not apparent for multi-subbands case. There could be multiple subbands in a channel bandwidth and possible subband guard band in a subband. To make the spectrum utilization Y calculation more clearly, we have the following proposal: 
Proposal 8: RAN4 could consider to use this equation later on to calculate the spectrum utilization Y:
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3. Conclusions
Based on the discussion in this contribution, we have the following Observations and Proposals:
Observation 1: With the fractional PRB method at the band edges a spectrum utilization gain of more than 5% could be achieved than only integer number of PRBs used for channel bandwidth configuration for the combination of 5MHz@60kHz SCS. 

Observation 2: No matter integer number of PRBs or fractional PRB (at band edges) is used for channel bandwidth configuration, the guard band size at both band edges is fractional PRB (less than 12 SCs) for 5MHz@60kHz SCS. 
Observation 3: If the subband guard band size could be reduced to what’s really needed e.g. some subcarriers, this could help to increase intra-band frequency resource utilization especially when several different numerologies such as different SCSs are multiplexed and large PRB sizes (i.e. large SCSs such as 240 kHz) are used.
Observation 4: Several 15kHz-subcarriers guard band are needed to mitigate interference from adjacent interfering sub-bands.
Observation 5: RB is not suitable as a basic unit to define guard band size since RB frequency sizes are different for different SCSs.
Observation 6: NB-IoT uses 1 subcarrier instead of 1 RB as the minimum scheduling resource. The same principle could be used in NR. 
Proposal 1: In the existing bands assigned to the legacy RATs below 6 GHz, there are use cases e.g. URLLC and URLLC/eMBB multiplexed in the same band for the combinations of narrow channel BW and larger SCS such as 5MHz@60kHz. RAN4 should continue to study the methods to increase spectrum utilization Y over 90% for these combinations such as 5MHz@60kHz. 
Proposal 2: In order to make NR efficiently using refarmed narrow bands from the existing bands assigned to the legacy RATs such as LTE, UMTS, etc. below 6 GHz, for NR RAN4 could consider to support LTE channel BWs 1.4/3/5/10/15/20 MHz for these existing bands assigned to the legacy RATs. 
Proposal 3: Fractional PRB method could be considered as one of the methods for channel bandwidth configuration at the band edges to improve spectrum utilization Y over 90% for the combinations of narrow channel bandwidths and larger SCSs such as 5MHz@60kHz SCS.

Proposal 4: In NR at basestation TX side it’s proposed to have guard band between two different numerologies to support high order modulations such as 256 QAM for DL when the radio condition is good for using the high order modulations. 
Proposal 5: In NR it’s proposed to use 15 kHz as the granularity to define guard band size between subbands with different numerologies, and the guard band size could be defined as 15 kHz * n (n is positive integer).
Proposal 6: Using the same principle as NB-IoT with subcarrier granularity resource allocation, in NR it’s proposed that several subcarriers next to the guard band at band edges could be studied further for data transmission to increase spectrum utilization.

Proposal 7: Using the same principle as NB-IoT with subcarrier granularity resource allocation, in NR it’s proposed that the rest of subcarriers in the RB where part of the RB is used as subband guard band between two different numerologies could be studied further for data transmission to increase spectrum utilization.
Proposal 8: RAN4 could consider to use this equation later on to calculate the spectrum utilization Y:
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Annex:  Simulation assumptions
	Assumptions 
	Value 

	Carrier frequency 
	4GHz 

	Duplex 
	FDD /TDD 

	Subframe duration 
	1 ms as baseline, other duration is FFS (short duration could be considered) 

	Subcarrier spacing 
	Target UE: 15KHz; Interferer pair: 60KHz

	Guard time interval 
	6.7% overhead as baseline, other interval is FFS (depend on numerology progress ) 

	System bandwidth & FFT size 
	10 MHz, 1024 for 15KHz subcarrier spacing 

	UE bandwidth (data transmission bandwidth plus guard tone  bandwidth of the desired UE) 
	         Target UE:          - 720KHz (48 Subcarrier allocated) 

                          Interferer users:  - 1440KHz (per UE) 

	Bandwidth of guard tones between neighboring UEs 
	{30, 90, 180}KHz 

	Number of uplink users 
	2 (1 target user and 1 interferer users) 

	Power offset of the interferer user 
	0 dB※ 

	Antenna configuration 
	1T1R

	MIMO mode 
	SISO 

	MCS 
	Fixed.: 64QAM: 3/4, 256QAM: 3/4

	Control  overhead 
	Zero 

	Time offset of interfering user 
	0 

	Channel estimation * 
	Ideal 

	Channel model  ** 
	TDL-C for DS {1000 }ns, 3km/h

	Others
	The window process of CP-OFDM with WOLA in transmitter: window length at Tx is 36Ts. 

FB-OFDM: T1 = 18Ts, T2 = 90Ts, A = 10.
F-OFDM: TO=4
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