[bookmark: historyclause]3GPP RAN WG4 Meeting #97e		R4-2014895
Electronic meeting, 2nd – 13th November 2020	

Agenda item:	13.3.1
Source:	Apple Inc.
Title:	Non-standard spectrum allocations for NR bands
WI/SI:	FS_NR_eff_BW_util
Release:	Rel-17
Document for:	Discussion

1	Introduction 
During previous RAN TSG and WG4 meetings, several operators expressed an interest in enabling more efficient utilization of "non-standard" channel bandwidths, i.e. the ones which are not present now in TS 38.101 specifications. Referring to the corresponding operator requests, the following channel bandwidths were suggested by operators: 6, 7, 11, 12, 13, 33, 35, 45. After the RAN#88 meeting, a new WI was agreed to add explicitly 35 and 45MHz channel bandwidth into the 3GPP specifications [1]. At the same time, for "non-standard" channel bandwidths, which are not multiple of 5MHz, a new SI was agreed at the RAN#89 meeting aiming to study further which existing solutions can be used and whether new mechanism should be devised [2]. 
Most solutions and methods can be coarsely classified into the ones that require introduction of new channel bandwidths (either to the BS side only, or both to the UE and BS specifications) and the ones that leverage existing mechanism, such as carrier aggregation. Adding new channel bandwidths, at least to the UE side, will require non-trivial efforts increasing further implementation and testing efforts. Thus, in this paper we provide a general overview of ways how to use the spectrum efficiently without specifying new UE channel bandwidths. 

2	Issues with adding "brand new" channel bandwidths 
For NR there have been multiple channel bandwidths specified, which cover almost any need of bandwidths. These are 5, 10, 15, 20, 25, 30, 40, 50, 60, 80 and 100MHz, which are mandatory to support. While 90MHz was optional in Rel-15 and became mandatory in Rel-16, 70MHz was already introduced in the BS specifications and will also be added to the UE specifications in Rel-16. The result is that we have quite a fine granularity of 5MHz steps in range from 5MHz to 30MHz, and 10MHz steps in range from 40 to 100MHz. And with the adoption of new 35 and 45MHz channel bandwidth, we will have 5MHz granularity in range from 5MHz to 50MHz.
However, as already discussed in 3GPP RAN WG4, despite having fine granularity for channel bandwidths, there are requests to support channel bandwidth, such as 7, 11, 12, 13, reflecting actual spectrum allocations that certain operators have. Even though the brute force approach would be to add the corresponding channel bandwidth to the specifications, our concern is that might create a precedent for adding later even more cases as it is quite difficult to predict which spectrum allocations operators might have in the future. In the worst-case scenario will end up with a set of heavily fragmented channel bandwidths at step 1MHz from 5MHz to 100MHz. 
It is worth noting that supporting all the existing channel bandwidths already creates non-trivial implementation challenges at the UE side, so adding even more values will increase complexity in the UE design, development and testing. While it is relatively easy to specify new bandwidths in 3GPP, it has a severe impact on the UE development. These are the issues when specifying more bandwidths in the UE:
-	More bandwidths result in more complex analog and digital baseband filter design in the UE, since usually for each BW a new bandwidth will be designed into the filters;
-	All possible configurations of a UE in the RF and BB need to be tested in the development phase of the chipset and the phone, so all permutations of CBW, SCS, modulations, RB allocations and CA combinations need to be tested during development for functionality and performance. If we double the number of possible bandwidths, the number configurations to be developed and tested is also doubled. For CA/DC combinations it will even go with the number of CBS to the power of the number of carriers. This is independent of what testing is specified in RAN5 specs and may impact time to market;
-	Adding all the new bandwidth configuration permutations will result in a much higher complexity in the UE;
-	RAN5 testing is also becoming more complex due to the higher number of permutations for test, however, in some test cases RAN5 may decide not to test it, but there will also be quite a number of tests where all channel bandwidths will be tested;
-	Even if RAN5 decides not to test each bandwidth, all the bandwidths the UE supports will be tested in regulatory type approval for the TX side.   

Observation 1:	Adding new channel bandwidths, which have not been specified yet, will result in significantly higher complexity of use cases and significantly higher development and test effort for the UE. 
3	Efficient usage of existing channel bandwidths 
There have been several proposals showing how operators can use their spectrum leveraging existing and already specified channel bandwidths without specifying new ones. These solutions can be classified as follows:
-	Contiguous intra-band carrier aggregation;
-	Overlapping carriers;
-	Next smaller channel bandwidth / next larger channel bandwidth. 

3.1	Contiguous intra-band carrier aggregation
Contiguous CA can be used to utilize the full spectrum without specifying new channel bandwidths. As an example, if an operator has channel bandwidth of 55MHz, it is possible to use intra-band contiguous CA with 40MHz + 15MHz to cover the whole spectrum. It should be noted that it is up to the network deployment whether to have or not a gap between the aggregated carriers.  Contiguous intra-band CA has a specification for a nominal channel spacing, but the channel spacing can be adjusted according to the needs in a raster that is a multiple of the SCS and the channel raster. In other words, there is no need to have a gap since the channels can be shifted closer than the nominal channel spacing until there is no gap left. Contiguous intra-band CA is already specified in 38.101, so there is no need to add new features in the spec to utilize this way to use the full spectrum. Furthermore, it is a common feature supported in most commercial UEs and the basic channel bandwidths are mandatory from Rel-15.
Observation 2a:	Contiguous intra-band CA can be used to support non-standard channel bandwidths which are not multiples of 5MHz. 
A minor downside of this approach is that the total number of RBs will be slightly less comparing to the case when a completely new channel bandwidth is defined. On the other hand, a larger channel usually requires larger guard bands, so the resulting spectral utilisation will be marginally better. The biggest downside of intra-carrier CA is that it cannot easily address relatively small channel bandwidth, such as 7 and 13MHz.  
Observation 2b:	Contiguous intra-band CA cannot address efficiently small channel bandwidths, which are not multiple of 5MHz, such as 7 and 13MHz.

3.2	Using the next smaller and next larger bandwidth 
Using next smaller bandwidth is effectively an existing solution, according to which an operator configures channel bandwidth (both BS and the UE) with the next smaller bandwidth than the available spectrum. This may be acceptable, if the spectrum is only slightly larger than the next smaller bandwidth, for example if the spectrum is 11MHz and 10 MHz is used. At the same time, if an operator has 7MHz, then using 5MHz channel bandwidth will result in worse spectral utilisation.
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Figure 3.2-1: Using the next smaller channel bandwidth (example 7MHz).
Observation 3a:	Using the next smaller channel bandwidth can be acceptable when the difference between the bandwidth of the operator’s spectrum and the next lower channel bandwidth is not large. 

Using the next larger channel bandwidth can be also regarded as the existing solution. The premise idea is that the system is configured with the larger channel bandwidth, but the actual number of scheduled RBs is restricted so that it matches actual spectrum allocation ensuring sufficiently large guard bands. Using the next larger channel bandwidth is preferable when the operator’s spectrum size is close to it, for example when the operator has 13 MHz and the next larger channel is 15MHz. If the operator’s spectrum is close to the next smaller channel, then using the next smaller CBW is preferrable.
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Figure 3.2-2: Using the next larger channel bandwidth (example for 7MHz).

Despite the simplicity of this approach, the following issues have to be checked further:
a)	Guard bands and number of schedulable RBs. One of the first questions that an operator and the network scheduler will need to answer is how many RBs we can schedule. As an example, if an operator has 13MHz and the system is configured with 15MHz@15kHz SCS, then we cannot use all 79 RBs. The number of "available" RBs can be calculated based on certain assumptions, but 3GPP has to agree on them to ensure homogenous behaviour irrespective of the operator and the network vendor. One of the biggest challenges here is which guard bands we can/shall assume. Using next lower channel guard bands is not acceptable as it will most likely result in violated requirements. It is possible to define new guard bands for a specific spectrum allocation, but the resulting amount of work can be fairly large if it has to be done for every potential allocation. Thus, one of the easiest ways would be to assume guard bands of next larger channel.  Table 3.2-1 below presents exemplary number of RBs for several non-standard channel bandwidths based on the corresponding next larger channel. As can be seen from the table, this approach works for 15kHz SCS resulting in a relatively good channel utilisation, especially for larger channel bandwidths.
Table 3.2-1: Exemplary number of RBs based on the next larger channel guard bands (15kHz SCS).
	Channel (MHz)
	Next larger channel (MHz)
	Next larger channel guard band (kHz)
	Next larger channel Nrb
	Channel Nrb
	Channel guard bands (kHz)
	Utilisation (%)

	6
	10
	312,5
	52
	29
	382,5
	87

	7
	10
	312,5
	52
	35
	342,5
	90

	11
	15
	382,5
	79
	56
	452,5
	91,6

	12
	15
	382,5
	79
	62
	412,5
	93

	12,5
	15
	382,5
	79
	65
	392,5
	93,6

	13
	15
	382,5
	79
	67
	462,5
	92,8



	Table 3.2-2 below presents similar calculations for 30kHz SCS, from which one can see that combination of 30kHz SCS and the next larger channel is not generally a good approach for small channel bandwidths. The main reason is that 30kHz SCS much larger guard bands, which immediately impacts number of available RBs.
Table 3.2-2: Exemplary number of RBs based on the next larger channel guard bands (30kHz SCS).
	Channel (MHz)
	Next larger channel (MHz)
	Next larger channel guard band (kHz)
	Next larger channel Nrb
	Channel Nrb
	Channel guard bands (kHz)
	Utilisation (%)

	6
	10
	665
	24
	12
	825
	72

	7
	10
	665
	24
	15
	785
	77,1

	11
	15
	645
	38
	26
	805
	85,1

	12
	15
	645
	38
	29
	765
	87

	12,5
	15
	645
	38
	31
	655
	89,3

	13
	15
	645
	38
	32
	725
	88,6




b)	ACS. Theoretically speaking, RX blocking and ACS may be an issue for each "non-standard" channel bandwidth. Although one can assume that there is no issue for a case of a small difference between the actual spectrum size and the next larger channel, it requires further consideration when e.g. the actual spectrum size is 11MHz and the system is configured with 15MHz. If a UE RF is configured with the 15MHz channel and the operators wants to use 13MHz, there will be almost no impact to the UE reception, since in that case most of a potential interferer falls into the guard band. Furthermore, for frequencies within the passband of the channel filter, the UE will not be blocked by an adjacent interferer since the UE has also some in-band filtering due to the FFT. Even if there is an interferer in the adjacent channel, a usual UE receiver will by design not be completely blocked but continue to work, although the ACS performance may be slightly degraded compared to a UE designed for the operator’s spectrum. 
c)	Emission requirements. One of the questions is whether we need to define a new spectral emission mask when the configured channel is effectively larger than the actual allocation. Our premise view is that we can leverage the existing mask, otherwise this would basically be the same as specifying a new channel bandwidth. In principle, if the network schedules the corresponding number of RBs, then the resulting mask will scale to the used bandwidth, as when scaling down the number of RBs, also the width of the transmitted spectrum is reduced by the same factor.  Nevertheless, it is worth emphasising that it becomes quite crucial to define/specify how many RBs the network can use and the size of guard bands so that the resulting mask does not exceed anticipated emissions.
Observation 3b:	Using the next larger channel bandwidth can be acceptable when the difference between the bandwidth of the operator’s spectrum and the next larger channel bandwidth is not large. 
Observation 3c:	If the next larger channel is relatively large, then the overall utilisation becomes lower, which is especially the case for 30kHz SCS.. 
Observation 3d:	Using the next larger channel bandwidth might require some amount of 3GPP efforts to define number of schedulable RBs and to check ACS and the emission requirements. 
3.3	Overlapping carriers
As already mentioned earlier, there is no easy carrier combination of existing channel bandwidths to utilise fully bandwidths such as 7 or 13MHz.  One way to utilise the whole spectrum is to combine next lower channel bandwidth with overlapping carriers. As an example, Figure 3.3-1 shows a case when two overlapping 5MHz carriers cover 7MHz channel bandwidth. There are two UEs configured with 5MHz carriers, where one UE can use one part of the spectrum, while another UE can use another part. In fact, both UEs can use overlapping part of the spectrum provided that the BS takes care that the overlapping region is allocated to one particular carrier at a time. 
[image: ]
Figure 3.3-1: Using overlapping carriers (example for 7MHz). 
It is worth noting that overall capacity of the cell will be according to the available spectrum because the BS can use the full bandwidth. However, since one UE will only support a smaller bandwidth within the BS spectrum, the maximum throughput for a single UE will be less than the theoretically possible within the spectrum in case there is only a single UE in the cell. Nevertheless, since there will usually be multiple UEs in the cell, we do not consider it as a big practical problem. And even though the individual maximum UE throughput will be smaller than theoretically possible in the operator’s spectrum, this solution will result in a slightly better spectral utilisation than next larger bandwidth because of the smaller guard bands that each individual carrier will use. 
It should be also noted that from the UE perspective, a standard channel bandwidth will be always used, either as an initial or the dedicated bandwidth part. However, this approach may require 3GPP to specify the new bandwidths for the BS side as the latter needs to manage the whole frequency range. 
Observation 4a:	Overlapping carriers can utilise full spectrum of "non-standard" channels. 
Observation 4b:	To use the full spectrum, the BS needs to support the full bandwidth, while from the UE perspective existing standard channels can be used.
One of the challenges associated with configuring overlapping carriers for the same spectrum is that both carriers should have aligned grid so that the BS can perform same FFT and schedule resources in the overlapping region. While aligning RB grids is not an issue for bands above 3GHz that have the SCS based raster, it becomes more challenging for the sub-3GHz band that have 100kHz raster. As a result, carriers can be configured on raster points that correspond to the least common multiple of the channel raster and the RB size. As an example, the least common multiple will be 900kHz in case of the 15kHz SCS, which corresponds to 5RBs. It effectively means that overlapping carriers will not be able to address efficiently any irregular spectrum size and in some case maybe will not be applicable at all. Figure 3.3-2 presents an example for the 6MHz channel comprising two 5MHz channels. As can be seen from the figure, centre frequency distance between carriers is 900kHz, which is a multiple of 100kHz channel raster and 180kHz RB size. From an individual UE perspective, it is just a normal 5MHz carrier comprising 25RBs. From the BS perspective, it is a 6MHz channel with 30RBs and 300kHz guard bands. It is worth noting that two overlapping 5MHz channel result in having schedulable 30RB, which provides slightly better spectral utilisation than using next larger channel as shown in Table 3.2-1.  
[image: ]
Figure 3.3-2: Detailed overview of overlapping carriers (example for 6MHz).

[image: ]
Figure 3.3-3: Detailed overview of overlapping carriers (example for 7MHz).

Table 3.3-1 below summarises potential number of schedulable RBs for a scenario when next smaller overlapping channels are used. To calculate them, we assume that individual carrier distance must a multiple of 900kHz and that the resulting guard bands must meet at least next smaller channel requirements. So, "Channel Nrb", "Channel guard bands", and "Utilisation" represent the BS view, while from the UE perspective all the parameters are the same as for the next smaller channel. While comparing Table 3.2-1 and Table 3.3-1, one can notice that overlapping carriers provide somewhat better overall spectral utilisation from the BS perspective for certain channel bandwidth, such as 6 and 11MHz. At the same time, using next larger channel will always provide better performance from an individual UE perspective. And as already mentioned earlier, one of the challenges for the overlapping carriers is that 3GPP will have to define a new channel bandwidth for BS and check whether guard bands are sufficiently large. Referring to 11MHz channel in Table 3.3-1, it is not intuitively clear whether 362.5kHz guard band will be sufficient (accounting for the fact that 10MHz channel guard band is 312.5kHz). 
Table 3.3-1: Exemplary number of RBs based on the next smaller overlapping channel (15kHz SCS).
	Channel (MHz)
	Next smaller channel (MHz)
	Next smaller channel guard band (kHz)
	Next smaller channel Nrb
	Channel Nrb
	Channel guard bands (kHz)
	Utilisation (%)

	6
	5
	242,5
	25
	30
	292,5
	90

	7
	5
	242,5
	25
	35
	342,5
	90

	11
	10
	312,5
	52
	57
	362,5
	93,3

	12
	10
	312,5
	52
	62
	412,5
	93

	12,5
	10
	312,5
	52
	62
	662,5
	89,3

	13
	10
	312,5
	52
	67
	462,5
	92,8




3.4	Summary of the options
Table 1 shows the summary of the options that we presented in the previous sub-sections. As can be seen from the table, there are several solutions that do not require any functional standardization changes at all or might require just further studies in RAN WG4. 
Table 3.4-1: Summary of the solutions.
	Option
	New channel bandwidth for BS
	New channel bandwidth for UE
	Specification impact for 38.101
	Full usage of spectrum at BS
	Full usage of spectrum at UE

	Carrier Aggregation
	No
	No
	No
	Yes/No
	Yes/No

	Next smaller bandwidth
	No
	No
	No
	No
	No

	Next larger bandwidth
	No
	No
	To be checked within this SI 
	Yes
	Yes

	Overlapping carriers
	Yes
	No
	No
	Yes/No
	No






4	Conclusions
In this discussion paper we have presented our further considerations on how non-standard spectrum allocations can be used by operators to utilise existing spectrum in the most efficient way. Based on our considerations, there are several ways how it can be achieved without adding explicitly new channel bandwidths, at least at the UE side; whether they will have to be added at the base station side need further investigations. 
Observation 1:	Adding new channel bandwidths, which have not been specified yet, will result in significantly higher complexity of use cases and significantly higher development and test effort for the UE. 
Observation 2a:	Contiguous intra-band CA can be used to support non-standard channel bandwidths which are not multiples of 5MHz. 
Observation 2b:	Contiguous intra-band CA cannot address efficiently small channel bandwidths, which are not multiple of 5MHz, such as 7 and 13MHz.
Observation 3a:	Using the next smaller channel bandwidth can be acceptable when the difference between the bandwidth of the operator’s spectrum and the next lower channel bandwidth is not large.
Observation 3b:	Using the next larger channel bandwidth can be acceptable when the difference between the bandwidth of the operator’s spectrum and the next larger channel bandwidth is not large. 
[bookmark: _GoBack]Observation 3c:	If the next larger channel is relatively large, then the overall utilisation becomes lower, which is especially the case for 30kHz SCS.
Observation 3d:	Using the next larger channel bandwidth might require some amount of 3GPP efforts to define number of schedulable RBs and to check ACS and the emission requirements. 
Observation 4a:	Overlapping carriers can utilise full spectrum of "non-standard" channels. 
Observation 4b:	To use the full spectrum, the BS needs to support the full bandwidth, while from the UE perspective existing standard channels can be used.


Proposal:	Capture in the SI TR further technical details on how solutions –  next smaller and next larger channel, overlapping carriers –  can be used to support irregular channel bandwidth. 
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