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Introduction
In the RAN1#86b meeting [1], the nested RB grid for FDM has been selected as Working Assumption. This structure gives the possibility to allocate PRBs with different subcarrier-spacings directly adjacent to each other. Different numerologies are non-orthogonal to each other and inter-numerology-interference (INI) occurs between them. There are different ways to handle the performance impact of INI. One way simple method is to schedule the different numerologies such that an integer number of PRBs are left unused between them. However, that method could result in an inefficient resource-utilization, especially when several numerologies are multiplexed or when large PRB sizes are involved. Another option is to utilize a fractional RB and leave some sub-carriers free as a guard band. This was presented in a WF [2] during RAN1#86b and following possible agreements were captured in the Chairman’s notes [1]:

	Possible agreements:
· Study the need for specification support to utilize x < 12 SCs in one PRB, which is enabled by puncturing or rate-matching for 12 - x SCs
· E.g.:
· Guard-band between different numerologies
· Edge of the system bandwidth
· Co-existence with LTE
· Consider following aspects: 
· Impact on spectral efficiency
· Impact on scheduling
· Signaling overhead
· Impact on other channels / signals
· Impact on LTE performance
· Other aspects are not precluded



In this contribution, the utilization of a fractional PRB is discussed for three use cases:
1. Spectrum efficient guard between different numerologies within NR 
2. Guard between NR and LTE to not degrade the performance throughput of LTE below the agreed minimum , 
3. To achieve better spectrum utilization at the band edges. 

Discussion
INI in LTE revisited
In previous LTE/LTE-A versions, is has been discussed if a guard band between PRACH/PUSCH, and also between NB-IoT /LTE is needed due to different SCS that are used.
For PRACH preamble format 0-3, there are 25 PRACH subcarriers with 1.25 kHz as GB on the left and right sides. For the same reason, for preamble format 4, there are 5 PRACH subcarriers with 7.5 kHz as GB on the left and right sides. These guard bands are used to avoid INI between PRACH with 1.25/7.5 kHz and PUSCH with 15 kHz.
[bookmark: OLE_LINK120][bookmark: OLE_LINK121]When NB-IoT was introduced, (single tone with SCS 3.75 kHz, single/multi tone with SCS 15 kHz), some discussions and evaluations on INI with LTE were conducted. In this case, no significant impact of INI on the performance was observed, since the INI could be overcome be scheduling and also because of the very low modulation level that is employed for NB-IoT. For NR, on the other hand, especially for eMBB applications, much more sensitive MCS will be used and the INI problem needs to be studied again.   
Observation 1: For LTE, a guard band is needed due to the different SCS employed for PRACH and PUSCH
Observation 2: For low MCS, such as used in NB-IoT, the performance impact of INI is rather small. However, this conclusion cannot be transferred directly to NR, since more sensitive modulation and coding levels will be employed.  
Mechanisms to handle INI in NR
The different service types in NR, such as eMBB, URLLC, eMTC and eMBMS differ in their applied MCS levels. Especially for eMBB significant higher schemes will be used. Therefore the impact of INI in NR depends on the applied services. A flexible method to maximize the spectrum efficiency and reliability, i.e. a method that adapts to the instantaneous conditions, would be the preferred solutions. In the following, different candidate schemes that could be employed either solely or in combination which each other are discussed: 
· A) Lowering the MCS
· A1) for all RBs
· A2) only for the RBs that are affected by the INI
· A3) only for the REs that are affected by the INI
· B) Introduce a Guard Band
· B1) in integer number of RBs
· B2) with a fractional RBs 
A1) Lowering the MCS for all RBs
When the MCS is reduced for all resources, the RBs that are not affected by the INI will use an unnecessarily low MCS leading to significant decrease of the possible spectral efficiency. This is illustrated in Figure 1 below. In (F1a) two numerologies are allocated adjacently to each other. Due to INI, the MCS must be reduced. Therefore, more PRBs are needed for transmission to achieve the desired throughput (shown in (F1b)). In that example, a third PRB must be used. If no extra PRB is available, then the transmission of the 3rd PRB has to wait until the next symbol, which even increases the latency (shown in (F1c)).   


Figure 1 – Lowering the MCS for all PRBs leading to lower spectral efficiency and possibly increased latency
A2) Lowering the MCS only for the affected PRBs
If the MCS would be reduced only for the PRBs that are affected by INI, the spectral efficiency would not decrease as much as in A1. The drawback of this method is that two different TBs with different MCS need to be processed by the UE during one transmission.  The method A2) is illustrated in the Figure 2 below, only PRB1uses a reduced MCS.


Figure 2 – Lowering the MCS on for the PRB(s) that are affected by INI. Different TBs dur to different NCS need to be handled by the UE
A3) Lowering the MCS only for the affected REs
If the MCS would be reduced only for the affected REs, the spectral efficiency decrease due to INI would be lowered even further, but also the standardization impact would increase. This is illustrated in Figure 3 below, where only one part of PRB1 uses a reduced MCS.


Figure 3 – Only lowering the MCS for effected REs
B1) Guard band in integer number of PRBs
Instead of reducing the MCS, a guard band can be configured between the two numerologies. A simple way is to leave an integer number of PRBs unused between two numerologies. This can be realized by the scheduler. However, a drawback of this concept is a potential resource waste, especially when high SCSs are employed and/or several numerologies are multiplexed. This illustrated in Figure 4 below, where 15 kHz, 30 kHz and 60 kHz are multiplexed.  Two guard bands, one 15 kHz PRB and one 30 kHz PRB are used to mitigate the INI.
Since the Guard only can be selected in integer PRBs more guard than what really is needed could be allocated, leading a resource waste.     
[image: ]
Figure 4 – Guard Band in integer number of PRBs
Figure4. B1 approach
B1) Guard band in number of sub-carriers
The available frequency resources will better utilized if the guard band can be defined with a higher granularity in SC level. This is illustrated in Figure 5 below, where only the really required sub-carriers are left unused.  
[image: ]
Figure 5 – Guard Band in sub-carriers (fractional PRB)
The GB can be configured dynamically, semi-statically or by scheduling. The scheduling approach is suitable when the GB consists of an integer number of RBs. The configuration approach, on the other hand is suitable for GB having the size of a fractional RB. A combination of the two approaches is a good choice when the required GB consists of both integer and fractional RBs. Generally speaking, if the numerologies are multiplexed in a static or semi-static fashion, then the configuration of the GB should also be semi-static. If the numerologies are multiplexed dynamically, then also a dynamic configuration of the GB is more suitable.
Puncturing resources to introduce a GB gives an impact on the channel and/or the signal. In LTE, the RS sequence generation is based on the number of RBs and a fractional RB cannot appear. However, the introduction of a GB with fractional RB destroys the integrity of an RB used for data transmission. To keep the simplicity and commonality of the RS design, the RS sequence generation and allocation should remain unchanged whether the GB exists or not.  
For the frequency range used for DL control, the numerology and GB should be configured semi-statically or/and by scheduling due to the blind detection of DL control at the receiver. For the frequency range used for DL data transmission, the numerology and GB can be configured semi-statically or dynamically or/and by scheduling. If the control and data share the same numerology and GB, then the configuration should be performed semi-statically or/and by scheduling. In this case, two layers of control may be considered. This approach could reduce the latency which is useful for services with a low latency requirement but it can also configure the guard band. For example, the first level control could use the default numerology regardless if a GB is configured. The second level of control and data share the same numerology and GB, and the corresponding configuration can be indicated by the first level control. 
In the table below, the different options to handle the INI are compared with respect to load/latency, impact on required signalling and impact on the control channel.
	Option
	Sub- option
	Impact on load/latency
	Impact on signaling overhead
	Impact on control channel

	A:lower the MCS
	A1:lower the MCS for all RBs
	If TB size remains unchanged, serious impact on scheduling due to the need for more RBs to get same throughput.
If number of RBs size remains unchanged, impact on latency due to very small TB size transmission.
	No additional signalling, this method is an implementation issue.
	This option does not significantly improve INI of the control channel because the original modulation of control channel already is very low.

	
	A2:lower the MCS only for the RBs that are affected by INI
	Compared to A1, it is moderate.
	Additional 5 bits for signaling needed in the same DCI, this means two TBs are transmitted in one transmission, too much change to the current system.
	This option does not significantly improve INI of the control channel because the original modulation of control channel already is very low.

	
	A3:lower the modulation mode only for the REs that are affected by INI
	Compared to A1, it is moderate.
	Additional bits signaling to notify size of REs affected, and additional bits for signaling needed to notify the modulation mode.
	This option does not significantly improve INI of the control channel because the original modulation of control channel already is very low.

	B:guard band
	B1:integer number of RBs
	Compared to A1, it is moderate.
	No additional signaling, this is implementation issue.
	This is an implementation issue.

	
	B2:fractional RB (subcarrier)
	Compared to A1, it is moderate.
	Additional bits for signaling needed to notify the size of the affected REs.
	The same processing may be applied with data RE.


Table 1 – Overview about different methods to deal with INI


Evaluating INI
As part of this study, the PSD and BLER/SE have been evaluated for different constellations of sub-carrier spacings and MCS levels. The simulation assumptions and results are summarized in the Appendix.
Following observation is made:
Observation 3: The impact of INI
· For low MCS, the impact of INI is small
· For high MCS, a guard band with a few tones can increase the spectral efficiency significantly
· The SE does not only depend on the guard band and chosen modulation level but is also influenced by the SNR 
Proposal for INI handling
Evaluating the discussions form section 2.2 and the simulation results from section 2.3, following proposal is made:
Proposal 1: A flexible guard band from 0 to multiple PRBs with sub-PRB granularity shall be supported
Proposal 2: GB configuration mechanisms should be considered, a )semi-static; b) dynamic; c )scheduling; or some combination of above approaches.
Co-existence with LTE
In TR 38.913 it has been stated "The New RAT shall be able to co-exist with LTE on adjacent spectrum in the same band in the same geographical area, including collocated deployments of the same or different operators; where the ability to coexist is based upon an agreed maximum degradation of throughput that is found acceptable on LTE."
Also, it has already been agreed that NR with SCS = 60 kHz can be employed in the same band as LTE.

	Agreements:
•      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




Therefore, it is possible that LTE and NR with 60 kHz will be deployed on adjacent spectrum. 

It has been seen by simulations that 60 kHz SCS can have significant performance impact on 15 kHz SCS. Thus, the performance degradation on LTE can be quite significant, especially when it is using high MCS. A guard band through scheduling LTE resources (leaving LTE PRBs unused) could degrade the throughput below the acceptable limit or may not even possible (at least for the case different operators). Therefore, the guard band would be needed to be implemented on the NR side. Here, we have a PRB with 720 kHz width. This could be quite a resource waste and a fractional PRB would help to overcome this problem. That is illustrated in Figure 6 below. In the upper drawing, an integer PRB must be used as a guard, which results in a significant resource waste. In the bottom drawing, only a few sub-carriers are used as guard and the frequency resources are utilized more efficiently.
 
[image: ]
Figure 6 – Fractional PRB increases the resource utilization for LTE co-existence
Observation 4: When NR is allacted on adjacent spectrum with LTE, the guard would be needed to be implemented on the NR side. An integer number of PRBs as guard will result in a resource waste.
Band edge considerations
Following agreements have been done in RAN1 and RAN4 that have impact on the edge utilization.
· In RAN1#86 it has been agreed that SCS at least from 15 to 480 kHz is supported,
· In RAN1 #86b it has been agreed that the number of SCs per PRB is 12, regardless of the SCS.
· In RAN4 #80b it has been agreed that the spectrum utilization of Y>90% shall be supported for NR
The table below shows the maximum possible utilization for different combinations of bandwidth and SCS when integer number of PRBs are used. The red numbers indicate utilizations under the required 90%.



Table 2 – Frequency utilization for combinations of different bandwidth and SCS
Observation 5: The spectrum utilization requirements of Y>90% cannot be fulfilled for many combinations of bandwidth and SCS when only integer number of RBs are considered
Proposal 3: In order to achieve a frequency utilization of Y>90%, it shall be possible to support the utilization of a fractional RB at the band edges.
Conclusion
The following observations and proposal have been made:
Observation 1: For LTE, a guard band is needed due to the different SCS employed for PRACH and PUSCH
Observation 2: For low MCS, such as used in NB-IoT, the performance impact of INI is rather small. However, this conclusion cannot be transferred directly to NR, since more sensitive modulation and coding levels will be employed.  
Observation 3: The impact of INI
· For low MCS, the impact of INI is small
· For high MCS, a guard band with a few tones can increase the spectral efficiency significantly
· The SE does not only depend on the guard band and chosen modulation level but is also influenced by the SNR 
Observation 4: When NR is allocated on adjacent spectrum with LTE, the guard would be needed to be implemented on the NR side. An integer number of PRBs as guard will result in a resource waste.
Observation 5: The spectrum utilization requirements of Y>90% cannot be fulfilled for many combinations of bandwidth and SCS when only integer number of RBs are considered
Proposal 1: A flexible guard band from 0 to multiple PRBs with sub-PRB granularity shall be supported
Proposal 2: GB configuration mechanisms should be considered, a )semi-static; b) dynamic; c )scheduling; or some combination of above approaches.
Proposal 3: In order to achieve a frequency utilization of Y>90%, it shall be possible to support the utilization of a fractional RB at the band edges.
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Appendix
Evaluations have been carried out to study the impact the impact of INI. Two metrics are considered:
· PSD when multiplexing different numerologies
· BLER/SE when multiplexing different numerologies
PSD Evaluation
As shown in the Figure 6 (left-hand), when the SCS in both sub-bands is 3.75 kHz, then no interference is seen. However, in the right-hand side, where SCS 15 kHz and SCS = 3.75 kHz are multiplexed, the right edge of the 3.75 kHz sub-carrier is interfered by leakage from the 15 kHz sub-band.
	[image: ]
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Figure 7 – Left: QPSK, 3.75 kHz vs 3.75 kHz – no interference; Right: QPSK, 3.75 kHz vs 15 kHz, the impact of ISI is seen
As shown in Figure 7 and Figure 8 below, when the SCS of two sub-bands becomes larger, more subcarriers of the relatively smaller SCS are interfered. From the PSD evaluation it can be concluded that the INI issue cannot be ignored and must be investigated further. 
	[image: ]
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Figure 8 – Left: QPSK, 15 kHz vs 60 kHz, Right: QPSK, 15 kHz vs 480 kHz
	[image: ]


Figure 9 – 64 QAM, 15 kHz vs 480 kHz
BLER/SE Evaluation
It is assumed that 2 UEs are multiplexed. The SCS of UE 1 is 15 kHz and the SCS of UE 2 is 60 kHz. In order to evaluate the INI, the BLER/SE for UE1 and UE2 are simulated.
Below, the simulation parameters are summarized
	　m=2 or 3;
M=2.^m=4 or 8;
	option1(15kHz only)
	option2(M*15kHz only)
	option3(both 15kHz and M*15kHz)

	Coding, modulation, etc
	LTE PDSCH 

	Sampling rate (MHz)
	7.68/15.36

	System DFT size
	512/1024

	CP duration (us)
	5.208,4.688
	5.208/M,4.688/M
	-

	Symbols per 1 ms
	14
	14*M
	14*M

	Waveform
	CP-OFDM 

	Tx/Rx antennas 
	1 Tx / 2 Rx antennas

	Channel estimation 
	Genie-based

	# of used PRBs in frequency 
	8

	PRB pair
	12 subcarriers x 14 symbols 
	12 subcarriers x 14 x M symbols 
	-

	Control channel REs per TTI 
	0

	RS per TTI 
	

	Carrier Frequency (GHz)
	4GHz

	Channel model 
	TDL A with DS = {30},Speed: 30 km/h 

	Link adaptation 
	Fixed resource allocaiton with fix MCS . OLLA enabled

	Performance metric 
	Spectral efficiency = Throughput/BWu , where BWu is the bandwidth for data transmission



For very low SCS with QPSK and CR=1/3 in Figure 9. t is seen that UE1 has an insignificant performance loss for lower SNR. A guard band in this region is not necessary. For higher SNR, not having a guard band results in larger SE and would be preferred. On UE2, no performance loss is observed. 
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	[image: ]


Figure 10 – Left-hand UE1 QPSK, Right-hand: UE QPSK
When 16QAM is adopted as shown in the Figure 10 below, UE1 has a significant performance loss, especially for lower SNR. The performance loss is visible both for not having a GB or having a GB. A slightly better performance with 3 SCs guard can be observed. With the increase of SNR, the number of subcarriers as GB might be reduced. UE2 only shows a little performance loss.
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Figure 11 – Left-hand: UE1, 16 QAM, Right-hand: UE2, 16 QAM
When 64QAM is adopted as illustrated in the Figure11 below, UE1 shows a high performance loss, especially for low SNR. For 64 QAM the improvement in spectral efficiency due to using a GB with 3 sub-carriers becomes significant. Also UE2 starts to show a performance loss
	[image: ]
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Figure 12 – Left-hand: UE1, 64QAM, Right-hand: UE2, 64 QAM
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15 180 27 97,20% 55 99,00% 111 99,90%

30 360 13 93,60% 27 97,20% 55 99,00%

60 720 6 86,40% 13 93,60% 27 97,20%

120 1440 3 86,40% 6 86,40% 13 93,60%

240 2880 1 57,60% 3 86,40% 6 86,40%

480 5760 0 0,00% 1 57,60% 3 86,40%
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				SCS [kHz]				Long Symbol		Short 		Slot duration

				3.75

				7.5

				15		1		71.875		71.3541666667		500

				30		2		36.1979166667		35.6770833333		250.2604166667		249.7395833333		500

				60		4		18.359375		17.8385416667		125.390625		124.8697916667		500

				120		8		9.4401041667		8.9192708333		62.9557291667		62.4348958333		500

				240		16		4.98046875		4.4596354167		31.73828125		31.2174479167		500

				480		32		2.7506510417		2.2298177083		16.1295572917		15.6087239583		500

																		0.0666666667

																		2048								0.0666666667

				SCS [kHz]		Long symb [us]		Short symb [us]		Long slot [us] (1 long/6 short symbs)		Short slot [us] (7 short symbs)

				15		71.88		71.35		500.00		500.00										SCS [kHz]

				30		36.20		35.68		250.26		249.74										3.75		7.5		15		30		60		120		240		480

				60		18.36		17.84		125.39		124.87								OFDM [us]		266.68		133.34		66.67		33.34		16.67		8.33		4.17		2.08

				120		9.44		8.92		62.96		62.43								CP [us]		18.75		9.38		4.69		2.34		1.17		0.59		0.29		0.15

				240		4.98		4.46		31.74		31.22								Overhead		0.07		0.07		0.07		0.07		0.07		0.07		0.07		0.07

				480		2.75		2.23		16.13		15.61





																						Scaled NCP		Semi-extended CPs								Scaled ECP

																				symbs/ ms		56		54		52		50		49		48

																				SCS [kHz]		60		60		60		60		60		60

						25600		5120		102.4		5100		20						OFDM length [us]		16.67		16.67		16.67		16.67		16.67		16.67

						25088		5632		114.9387755102		5586		46						CP length [us]		1.17		1.85		2.56		3.33		3.74		4.17

																				OFDM+CP		17.84		18.52		19.23		20.00		20.41		20.83

										1024		20.48								Overhead		6.57%		10.00%		13.33%		16.67%		18.33%		20.00%



																				symbs / ms		56		54		52		50		49		48

																				2 NCP @ 10 kHz [us]		142.71		142.71		142.71		142.71		142.71		142.71

																				# 60 kHz syms that fit into 2 NCP @15kHz		8.00		7.71		7.42		7.14		6.99		6.85





																						983040																sample rate  [kHz]		# symbs / ms		Samples per symb		useful samples per ms		Samples left for CP		CP samples per symb		lowest nr samples per symbol		Residual samples		CP type

												5760																										30720		50		512		25600		5120		102.40		102		20		Semi.Extended				symb0		symb1		symb2		symb3		symb4		Symb5		symb6

												0.972																										30720		49		512		25088		5632		114.94		114		46		Semi.Extended		15		71.875		71.3541666667		71.3541666667		71.3541666667		71.3541666667		71.3541666667		71.3541666667

																																						122880		50		2048		102400		20480		409.6		409		30		Semi.Extended		30		36.1979166667		35.6770833333		35.6770833333		35.6770833333		35.6770833333		35.6770833333		35.6770833333

																																						122880		49		2048		100352		22528		459.7551020408		459		37		Semi.Extended		60		18.359375		17.8385416667		17.8385416667		17.8385416667		17.8385416667		17.8385416667		17.8385416667

																																						30720		48		512		24576		6144		128		128		0		ECP

																																						122880		48		2048		98304		24576		512		512		0		ECP		0.0000325521		2208		2192

																																																										564		548

																																						0		50		2048		102400		-102400		-2048		409		-122850		Semi.Extended

																																						30720		14		2048		28672		2048		146.2857142857		144		32

																																						122880		56		2048		114688		8192		146.2857142857



																																						sample rate  [kHz]		# symbs / ms		Samples per symb		useful samples per ms		Samples left for CP		CP samples per symb		lowest nr samples per symbol		Residual samples		CP type		slot structure for different SCS when fs = 30.720, Ts = 1/30720 ms																																								50

																																						30720		48		512		24576		6144		128.00		128		0		ECP				s0				s1				s2				s3				s4				s5				s6

																																						30720		49		512		25088		5632		114.94		114		46		Semi.Extended		scs		CP		OFDM		CP		OFDM		CP		OFDM		CP		OFDM		CP		OFDM		CP		OFDM		CP		OFDM

																																						30720		50		512		25600		5120		102.4		102		20		Semi.Extended		15		160		2048		144		2048		144		2048		144		2048		144		2048		144		2048		144		2048

																																						122880		48		2048		98304		24576		512		512		0		ECP		30		88		1024		72		1024		72		1024		72		1024		72		1024		72		1024		72		1024

																																						122880		49		2048		100352		22528		459.7551020408		459		37		Semi.Extended		60		52		512		36		512		36		512		36		512		36		512		36		512		36		512

																																						122880		50		2048		102400		20480		409.6		409		30		Semi.Extended		slot structure for different SCS when fs = 4*30.720, Ts = 1/(4*30720) ms

																																																								scs

																																																								60		208		2048		144		2048		144		2048		144		2048		144		2048		144		2048		144		2048

																																										s0
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