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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 [10], the following channel bandwidths have been suggested by operators: 3, 7, 11, 13, 12, 33, 35, 95MHz.  After RAN4#92bis meeting, a WF was agreed to enable the usage of unusual or "brand new" channel bandwidths [2], and during RAN4#94e, several more contributions were submitted elaborating further on which methods can be used with their pros and cons [3-7]. 
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 and 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. These 13 channel bandwidth values should be in principle sufficient for all needs. 
However, as already discussed in 3GPP RAN WG4, despite having fine granularity for channel bandwidths, there are requests to support 7, 11, 12, 13, 35, and 95MHz 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 value 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 CBWs 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;
-	Smaller bandwidths than the available spectrum;
-	Larger bandwidth in the UE than the available spectrum restricting RBs.
3.1	Contiguous intra-band carrier aggregation
Contiguous CA can be used to utilize the full spectrum without specifying new channel bandwidths. One example is to use intra-band contiguous CA with 20MHz + 15MHz CBWs to cover the spectrum with 35MHz, as presented in Figure 1 below. 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 Carrier Aggregation just 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 UEs.
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Figure 1: Contiguous CA with and without gap. 

Observation 2a:	Contiguous intra-band CA can be used to support non-standard channel bandwidths. 
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. As an example, 20MHz and 15MHz carriers have 79 and 106 RBs, respectively, resulting in 185 RBs. So, one can argue that if a contiguous 35MHz channel is introduced, then guard bands between 20MHz and 15MHz carriers can be used to allocate more RBs if a new 35MHz channel is defined. It is however worth noting that a new 35MHz channel will also require larger outer guard bands (comparing to 20MHz and 15MHz channels), so at the end only approximately 3 additional RBs can be added. Another problem is that intra-band contiguous carrier aggregation cannot easily address small channels, such as 7 and 13MHz.  
Observation 2b:	Contiguous intra-band CA might result in somewhat worse spectrum efficiency.
Observation 2c:	Contiguous intra-band CA cannot address certain cases, such as 7 and 13MHz.
3.2	Overlapping carriers
For channel bandwidths, such as 7 or 13MHz, where there is no easy combination of existing bandwidths, it should also be possible to shift the carriers further together. As an example, Figure 2 shows a case when two overlapping 5MHz carriers cover 7MHz channel bandwidth. One one UE can use one part of the spectrum, while another UE can use the other part not used by the first UE if they are scheduled in the same TTI. In that case the BS needs to take care that in the overlap region the RBs are only allocated to one particular carrier at a time to avoid scheduling conflicts. However, this overlapping mode may need some more detailed investigations.
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Figure 2: Overlapping carriers (7MHz). 
From the UE perspective, a standard channel bandwidth will be always used, either as an initial or the dedicated bandwidth part. Since this feature intentionally has been specified for the case that the UE does not support the full channel bandwidth of the base station. Therefore, bandwidth part can be used to solve exactly this issue of having a BS using channel bandwidth with the full spectrum of the operator, while the UE supports a large part of this, but not the full bandwidth. This approach may require 3GPP to specify the new bandwidths for the BS, but not the UE. Figure 3 shows an exemplary scenario when the BS uses the full 13MHz channel, but from the UE perspective it can be e.g. 10MHz or 5MHz channel. 
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Figure 3: Overlapping carriers (13MHz).
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 only supports a slightly 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.
Observation 3a:	Using Bandwidth parts enables the usage of the full spectrum also for odd bandwidths with the full capacity. 
Observation 3b:	However, the peak throughput for a single UE will be lower.
Observation 3c:	To use the full spectrum, the BS needs to support the full bandwidth, i.e. new bandwidths need to be specified for the BS, regardless of the UE BW used.

Here are some examples for recently requested bandwidths:
-	7MHz: The BS uses 7MHz and the UE uses a BWP of 5MHz;
-	11/12/13MHz: The BS uses 11/12/13 MHz and the UE uses 10MHz;
-	35MHz: The BS uses 35MHz and the UE uses 30MHz;
-	95MHz: The BS uses 95MHz and the UE uses 90MHz.

3.3	Using the next smaller bandwidth 
This is somewhat similar to using bandwidth parts, however, in this case the BS also does not support the full spectrum and the BS and the UE only support the next smaller bandwidth. The UE and BS use a smaller channel 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. If the difference is larger, this may not be acceptable to the operator. 
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Figure 4: Using the next smaller channel bandwidth to enable usage of non-standard bandwidths (example 11MHz).
Observation 4a:	Using the next smaller channel bandwidth for the BS and the UE can be acceptable when the difference between the bandwidth of the operator’s spectrum and the next lower channel bandwidth is not large. 
Observtion 4b:	In case of a larger difference bandwidth parts or carrier aggregation may be advantageous.
3.4	Using the next larger bandwidth 
Using a larger bandwidth in the UE than the available spectrum can be useful, if the larger bandwidth is only a little bit larger than the spectrum. In this case the BS needs to support exactly the spectrum available, while the UE is configured to use a larger bandwidth and the BS restricts the RBs for the UE in DL and UL, so that the UE still has some guard bands to the edge of the available spectrum. In this case the hypothetical spectral emissions mask for the smaller bandwidth of the spectrum needs to be fulfilled by the in-band emissions specification of the unused RBs. A calculation shows that the in-band emissions spec is tighter than the hypothetical emissions mask. Also, RX blocking and ACS would need to be checked, although a first check shows that there is no issue for small differences. However, this needs to be checked for each "brand new" bandwidth that is needed in detail. This only works for a small difference between the UE and the BS channel bandwidth. For larger bandwidth differences bandwidth parts should be used. In a similar way the BS could use the larger channel bandwidth and restrict the use of RBs to the available spectrum, in this case there is also no need to specify a new bandwidth for the BS.
There were proposals to specify and test a new emissions mask with the new RB allocation. This makes this possible solution useless, as this would basically be the same as specifying a new channel bandwidth. However, it seems specifying a new SEM for reduced RB allocations is not needed, since all the bandwidths scale with the number of active RBs. For example, cutting away the edge RBs also reduces the bandwidth of the IMD3 generated by the PA in the same way. So, the real shape of the spectrum just scales with the number of used RBs.
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Figure 5: Using the next larger channel bandwidth to enable usage of non-standard bandwidths (example for 13MHz).

Observation 5a:	Using the next larger bandwidth for the UE can be acceptable when the difference between the bandwidth of the operator’s spectrum and the next larger channel bandwidth is not large. 
Observation 5b:	It will need some study of the emissions requirements, but no new emissions mask is needed, since the with of the signal scales with the number of RBs. 
Observation 5c:	This approach can be always combined with another solution, sch as carrier aggregation or bandwidth parts. 
3.5	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, such as next larger channel bandwidth. 
Table 1: Summary of the options
	Option
	New CBW for BS
	New CBW for UE
	Compatible with legacy UEs
	Specification work for 38.101
	Full usage of spectrum

	Carrier Aggregation
	No
	No
	Yes
	No
	Yes

	Overlapping carriers
	Yes/No
	No
	Yes
	No
	Yes

	Next smaller bandwidth
	No
	No
	Yes
	No
	No

	Next larger bandwidth
	Yes/No
	No
	Yes
	Potentially
	Yes



There have been several proposals to initiate a new SI/WI [8-9] to address the problem with non-standard channel bandwidths. Our view is that a new SI item can be initiated first to provide a clear overview of possible solutions, and whether any changes are needed at all. And referring back to the considerations in our discussion paper, the main focus should be on solutions that do not require adding new channel bandwidths at the UE side thus preserving backward compatibility with devices that might enter market in the near future.
Proposal:	RAN4 is tasked to focus on solutions that do not require introduction of new channel bandwidths at the UE side. 
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 bandwidth, at least at the UE side; whether they will have to be added at the base station side need further investigations. 
Proposal:	RAN4 is tasked to focus on solutions that do not require introduction of new channel bandwidths at the UE side. 
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