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1	Introduction 
NR-U WI aims at specifying how the NR technology can be used on the unlicensed spectrum thus benefiting from unlicensed frequency bands, such as 5GHz and 6GHz. One of the features being discussed for NR-U is so-called wideband operation, for which data be scheduled over the channel bandwidth larger than 20MHz, e.g. 40..80MHz. However, as discussed and preliminary agreed by RAN WG4, wideband operation for NR-U would require introduction of so-called in-carrier guard band because the LBT procedure is still performed for 20MHz sub-bands. 
During the RAN4#92bis meeting, several contributions were made regarding how the in-carrier guard bands can be calculated and how to design the common RB grid spanning multiple LBT sub-bands [1-3]. Some preliminary conclusions are captured are captured in a way-forward document [4]. However, RAN WG4 did not make final conclusions on the exact in-carrier guard band sizes for different SCS and channel bandwidth sizes, neither do we have a complete picture of how the common RB grid might look like. Thus, in this discussion paper we provide our further view on the aforementioned aspects.

2	Wideband operation 
2.1	In-carrier guard band sizes
As mentioned in Introduction, RAN WG4 has been analysing for several meetings which in-carrier guard bands should be used for the wideband operation mode. The problem is that even though a network can configure channel bandwidth larger than 20MHz, the LBT procedure is still performed for so-called LBT sub-bands, size of which is 20MHz. And since the outcome of the LBT procedure is not known in advance, it is impossible to predict channel size over which a transmission will take place. At the same time, minimum guard-band sizes depend on the transmission channel size as further detailed in Table 2.1-1.

Table 2.1-1: Minimum guard band sizes (as defined in TS 38.101-1).
	SCS (kHz)
	5 MHz
	10 MHz
	15 MHz
	20 MHz
	25 MHz
	30 MHz
	40 MHz
	50 MHz
	60 MHz
	80 MHz
	90 MHz
	100 MHz

	15
	242.5
	312.5
	382.5
	452.5
	522.5
	592.5
	552.5
	692.5
	N/A
	N/A
	N/A
	N/A

	30
	505
	665
	645
	805
	785
	945
	905
	1045
	825
	925
	885
	845

	60
	N/A
	1010
	990
	1330
	1310
	1290
	1610
	1570
	1530
	1450
	1410
	1370



As an example, Figure 2.1-1 shows potential outcome of the LBT procedure on the 40MHz channel. If LBT sub-band#1 fails, then only sub-band#0 will transmit, for which it is possible to to use guard bands that correspond to the 20MHz channel transmission. And a similar situation would occur if e.g. sub-band #0 fails and the transmission will take place in sub-band #1. Of course, if both sub-bands #0 and #1 succeed, then in-carrier guard bands are not needed at all, and the network can even schedule data there. Thus, for the 40MHz wideband operation it is safe to use in-carrier guard bands, size of which is determined based on the assumption of the 20MHz channel transmission.
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Figure 2.1-1: Exemplary LBT outcome on 40MHz channel.

Figure 2.1-2 shows several scenarios that might occur on the 60MHz channel bandwidth. In the first sub-figure, LBT sub-band #1 fails, which means that sub-band #0 and sub-band #2 will have 20MHz transmission. Thus, somewhat similar to the situation presented in Figure 2-1, 20MHz channel can be used as a basis for calculating in-carrier guard bands. However, the second sub-figure illustrates a case when two consecutive sub-bands #1 and #2 succeed resulting in the 40MHz channel transmission. Thus, from the viewpoint of the wideband transmission over sub-bands #1 and #2, 40MHz guard bands must be used to protect other services, e.g. WiFi, transmitting in sub-band #0. The same logic can be applied to the case when sub-bands #0 and #1 succeed, but sub-band #2 fails. In other words, since the LBT outcome is never known beforehand and it is not known either in which two consecutive sub-bands LBT process will succeed, the 40MHz channel guard bands should be used to calculate the minimum size for in-carrier guard bands. 
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Figure 2.1-2: Exemplary LBT outcome on 60MHz channel.
Figure 2.1-3 presents possible LBT outcome combinations for the 80MHz channel. In the first sub-figure, only sub-band #0 and #2 succeed, and thus it is possible to assume 20MHz channel guard bands as a basis for calculating in-carrier guard bands. In the second scenario, there are two adjacent sub-bands that pass the LBT procedure resulting in the wideband transmission over 40MHz. And since either sub-bands #0-1 may fail or sub-bands #2-3 may fail, sufficiently large in-carrier guard bands shall be assumed.  In the third sub-figure, three adjacent sub-bands succeed, which means that 60MHz channel in-carrier guard bands should be ideally used. Even though the figure shows that LBT sub-bands #0 fails, there can be another case when sub-bands #0-2 succeed and thus sub-band #3 must be protected from the 60MHz transmission. Thus, for the 80MHz channel, 40MHz in-carrier guar band should be considered between sub-bands #1 and #2, and 60MHz in-carrier guard bands should be assumed between sub-bands #0 and #1, and between #2 and #3.
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Figure 2.1-3: Exemplary LBT outcome on 80MHz channel.

Based on the presented considerations, Table 2.1-2 below shows estimated in-carrier guard band sizes for different total transmission channel sizes and for different LBT scenarios. While calculating in-carrier guard band sizes we have been using (minimum guard band) sizes as in Table 2.1-1. Furthermore, since the main purpose of the wideband operation is to be able to schedule data within in-carrier guard bands when two adjacent LBT sub-bands succeed, the in-carrier guard band sizes are calculated as number of RBs for the corresponding SCS.

Table 2.1-2: Calculated in-carrier guard band sizes (in RBs for the corresponding SCS).
	SCS
	40MHz
	60 MHz
	80 MHz

	
	20+20 MHz
	20+20+20 MHz
	20+40 MHz
	20+…+20 MHz
	20+60 MHz
	40+40 MHz

	15 kHz
	5,02777778
	
	
	
	
	

	30 kHz
	4,47222222
	4,472222222
	4,75
	4,472222222
	4,52777778
	5,02777778

	60 kHz
	3,69444444
	3,694444444
	4,08333333
	3,694444444
	3,97222222
	4,47222222

	
	
	
	
	
	
	



Based on the number presented in Table 2-1, it is possible to make the following observations:
-	For 15kHz SCS and 40MHz channel, 5 RB can be used as in-carrier guard band size, but it will be slightly below the required minimum guard band sizes. Thus, 6 RBs should be used to be on the safe side.
-	For 30 kHz SCS, 5 RBs can be used in all the cases except 40+40MHz case, for which 6 RBs should be ideally used to meet current requirements.
-	For 60kHz SCS, 4 PRBs can be used in all the cases except 40+40MHz case, for which 5 RBs should be ideally used to meet current requirements.
  
[bookmark: _Toc23346677][bookmark: _Toc23417511][bookmark: _Toc23959461][bookmark: _Toc24036786]Proposal 1:	Ensure that in-carrier guard bands meet the minimum requirements (based on the corresponding transmission channel sizes). 

2.2	Common RB grid with in-carrier guard bands
Referring back to our calculations for the minimum in-carrier guard band sizes, we present here how the overall RB grid might look like when the wideband operation is applied to a particular channel size and to a particular SCS. For that we have been following several major principles. Firstly, the outer-carrier minimum guard band size should comply with legacy requirements, i.e. what Table 2.1-1 has. Second, in-carrier guard band sizes are based on what presented in Table 2.1-2. Third, to achieve the best spectrum utilization the number of RB for wideband operation should be ideally same as for the corresponding channel bandwidth size (refer to Table 2.2-1 below). And finally, it is preferable to align LBT sub-bands centre frequencies to be as close as the corresponding WiFi channel centre frequencies.

Table 2.2-1: Maximum number of RB for a particular bandwidth and SCS (as defined in TS 38.101-1).
	SCS (kHz)
	5 MHz
	10 MHz
	15 MHz
	20 MHz
	25 MHz
	30 MHz
	40 MHz
	50 MHz
	60 MHz
	80 MHz
	90 MHz
	100 MHz

	
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB

	15
	25
	52
	79
	106
	133
	160
	216
	270
	N/A
	N/A
	N/A
	N/A

	30
	11
	24
	38
	51
	65
	78
	106
	133
	162
	217
	245
	273

	60
	N/A
	11
	18
	24
	31
	38
	51
	65
	79
	107
	121
	135


 

Figure 2.2-1 presents the exemplary RB grid for 15kHz SCS with the maximum transmission channel size of 40MHz (because 15kHz SCS cannot be used for 60MHz and larger channel sizes). The top-most sub-figure just shows a reference configuration with two independent 20MHz channels. As can be seen from the second sub-figure, there will be two LBT sub-bands each occupying 105 RB with the in-carrier band of 6 RB. So, when both sub-bands pass the LBT process, all the 216 RBs can be utilized, same as for the 40MHz channel. 
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Figure 2.2-1: Exemplary RB grid for 15kHz SCS (40 MHz channel size).
Figure 2.2-2 presents similar RB grids for 30kHz SCS considering 40..80 MHz channel sizes (with the top-most sub-figure presenting a reference configuration with four independent cells). Following principles explained in the beginning of this section, each sub-band can have 50 RBs with 5 RB in-carrier band at least for 40 and 60 MHz channel. As for the 80MHz channel, one option is to have 7 RB in-carrier band in the middle and 5 RB in-carrier bands on the left- and right-hand sides. The main rational for organizing in-carrier guard bands in this way is to ensure symmetrical centre frequencies of the corresponding LBT sub-bands. Depending on which consecutive sub-bands pass the LBT process, data transmission can be scheduled over 50 RBs (e.g. only sub-band #0), 105 RBs (e.g. sub-band #0 and #1), 107 RBs (sub-band #1 and #2), 162 RBs (e.g. sub-band #0, #1, and #2) or all the 217 RBs.
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Figure 2.2-2: Exemplary RB grid for 30kHz SCS (40..80 MHz channel size).

Finally, Figure 2.2-3 presents the exemplary RB grid for 60kHz SCS. As can be seen from the figure, it is possible to organize resources in such a way that regardless of the channel size, each sub-band can have 23 RBs with 5 RBs in-carrier guard band.
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Figure 2.2-3: Exemplary RB grid for 60kHz SCS (40..80 MHz channel size).

As can be seen from Figures 2.2-1 to 2.2-3, it is possible to parametrize wideband operation by assuming certain fixed number of RBs needed for one LBT sub-band for a particular SCS size. As an example, 105 RBs can be assumed for 15kHz SCS, 50 RBs for 30kHz SCS, etc. However, it is not always the case that it is possible to parametrize common wideband operation RB grid in terms of fixed values for the number of RBs needed for in-carrier guard bands. As an example, 6 RB in-carrier guard bands can be assumed for 30kHz 40 and 60MHz channel size, but it is not the case for 80MHz channel operation. So regardless of the final decision regarding how large in-carrier guard bands should be, there should be some way how to capture it in specifications, for which we would prefer some form of a tabular format.
[bookmark: _Toc13823832][bookmark: _Toc23346678][bookmark: _Toc23417512][bookmark: _Toc13821307][bookmark: _Toc13823307][bookmark: _Toc23959462][bookmark: _Toc24036787]Proposal 2a:	Agree RB grids for different SCS and transmission channel sizes. 
[bookmark: _Toc13823833][bookmark: _Toc23346679][bookmark: _Toc23417513][bookmark: _Toc23959463][bookmark: _Toc24036788]Proposal 2b:	Discuss how to capture it in the RAN4 specifications.  

[bookmark: _GoBack]Table 2.2-1 below presents analysis of the LBT sub-band centre frequencies with the common grid and in-carrier guard bands, which take integer number of RBs as presented in figures above. For the sake of simplicity, four consecutive LBT sub-bands are considered with Fn raster of 5179.98, 5200.02, 5220, and 5239.98. Based on the presented numbers it is possible to make the following observations:
-	For 15kHz SCS and 40MHz channel. A relatively small deviation of 30kHz is observed between the ideal Fn raster of the 20MHz channel and the corresponding LBT sub-band on the wideband RB grid. The exact value can be smaller or larger depending on the exact Fn values.
-	For 30kHz SCS 40MHz channel. A relatively small deviation of 60kHz is observed between the ideal Fn raster and the corresponding LBT sub-band on the wideband grid.
-	For 30kHz SCS 60MHZ channel. A larger deviation is observed, which is 60kHz for sub-band #0 and 180kHz sub-band #1. One of the reasons is because Fn raster values are not equally spaced in this case.
-	For 30kHz SCS 80MHz channel. Sub-bands #0 and #3 have relatively small deviation of 60kHz from ideal Fn raster. However, sub-bands #1 and #2 have much larger deviation of 240kHz. The reason is that centre-most in-carrier guard band is 7 RBs. If we allocate 6 RBs for the centre in-carrier guard band and sacrifice a bit spectral efficiency, then sub-bands #1 and #2 will become much closer to ideal Fn raster, but sub-bands #0 and #3 will deviate by more than 180kHz.   
   
Table 2.2-1: Example of the LBT sub-band centre frequencies on the common RB grid.

	
	Channel / LBT sub-band

	
	#0
	#1
	#2
	#3

	15 kHz SCS

	20 MHz
	5179.98
	5200.02
	
	

	40 MHz
	5190
	
	

	
	5180.01
	5199.99
	
	

	30 kHz SCS

	20 MHz
	5179.98
	5200.02
	5220
	5239.98

	40 MHz
	5190
	
	

	
	5179.92
	5200.08
	
	

	60 MHz
	5200.02
	

	
	5179.86
	5200.02
	5220.18
	

	80 MHz
	5209.98

	
	5179.92
	5199.72
	5220.24
	5240.04




2.3	Mixed operation mode w/o wideband operation
Referring back to exemplary common RB grids, it is not entirely clear how cells configured for the wideband operation, e.g. 40-80MHz, would co-exist with 20MHz cells configured in the same frequency range. Referring to Figure 2.2-1 as an example, some UEs can be configured with a single 20MHz Scell in sub-band #0 or #1, while some UEs can be configured with 40MHz Scell spanning both sub-bands. And a decision to configure 20MHz or 40MHz Scell can depend on several factors, including UE capabilities. Then, then problem is that 20MHz cell will have a certain centre frequency, Nref value of which will be one of the predefined values captured in [5]. At the same time, 40MHz cell centre frequency will also have to take one of the predefined values as captured in [5]. However, due to in-carrier guard band sizes RB grids of the 40MHz cell will not be aligned with the 20MHz cell RB grid if they span the same frequency range. In other words, due to fixed and predefined Nref point values from the last meeting WF, cells, which have different channel sizes but overlap in the same frequency range, will not have the same RB grid. As the outcome, it will not be possible to multiplex data from different UEs in the same time/frequency resources if the UEs have different cell channel bandwidth sizes. 
[bookmark: _Toc24036789]Proposal 3:	A case with mixed wideband and non-wideband operation should be analysed to see whether it is possible to align RB grids between cells configured with different channel size.
2.4	Other considerations
Referring to the common RB grid considerations presented in sub-section 2.2, it is worth noting that wideband operation brings considerable performance benefits only if several consecutive 20MHz sub-bands pass the LBT procedure, because only then the network can schedule data leveraging RBs reserved for in-carrier guard bands. If, referring to Figure 2.2-2 as an example, the LBT outcome is "1010", then the overall spectrum efficiency will be worse when compared to four independent SCells configured for the UE. Since it is impossible to predict LBT outcome, which in turn depends on the actual load of the unlicensed spectrum, it is generally not possible to conclude that wideband operation will be always better or worse when compared to a configuration with individual cells. The final configuration will be up to the operator and network side preferences and can also depend on the actual load conditions observed by the network. 
Observation 1a:	Wideband operation brings performance benefits only when consecutive sub-bands pass LBT, probability for which will not be high in loaded environments. 
Observation 1b:	Band combinations defined for NR-U should be flexible enough to allow for both 20MHz and larger bandwidth configurations.
Yet another aspect to consider is that first slot transmission will always have in-carrier guard bands because the wideband operation is possible only when it is known that a channel is indeed free. It means that in the best outcome it is only the second slot, in which wideband operation could be applied. Thus, wideband operation can provide better spectrum performance only for relatively large bursts of data that will require more than one slot. However, it is important to emphasize that neither RF nor RRM have studied carefully how much time a UE would need to switch to the wideband reception/transmission mode. 
Observation 2a:	First transmission will anyway take place with in-carrier guard bands, and the wideband operation can be used when the network knows that LBT has succeeded. 
Observation 2b:	Switching to the wideband mode will require some switching time and might even cause interruption time, which has not been sufficiently studied by RAN WG4. 
3	Conclusions
In this discussion paper we have presented our further considerations for the NR-U wideband operation and, more precisely, in-carrier guard band sizes. Since the actual transmission channel size depends on how many consecutive LBT sub-bands will succeed, the worst case scenario should be assumed to ensure that NR-U wideband transmission meet existing requirements. In this paper we propose in-carrier guard band sizes for different SCS and channel bandwidth values, based on which we also exemplify how the common RB grid might look like.
Proposal 1:	Ensure that in-carrier guard bands meet the minimum requirements (based on the corresponding transmission channel sizes).
Proposal 2a:	Agree RB grids for different SCS and transmission channel sizes.
Proposal 2b:	Discuss how to capture it in the RAN4 specifications.
Proposal 3:	A case with mixed wideband and non-wideband operation should be analysed to see whether it is possible to align RB grids between cells configured with different channel size.
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