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1 Introduction

During the RAN4 ad-hoc the topic of in-band requirements when operating with dual numerology was discussed at some length. The complexity of the discussion meant that a simple conclusion could not be reached. This document attempts to describe the issues that need to be decided and also some potential solutions to the issues. The document focusses on downlink for the purpose of temporarily simplifying the discussion
2 Some scenarios for multi-numerology transmission
In order to understand better the need for flexibility in the approach to dealing with multi-numerology transmission, some potential instantaneous scenarios are described in this section, along with potential means for the gNB to optimize transmission in the scenarios.
Scenario 1: High SINR, both numerologies in the same direction with respect to the gNB
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Figure 1: Numerologies transmitted to receivers in the same direction and close to the gNB.
In this scenario, both links are susceptible to degradation due to self interference. There are 3 potential ways for the gNB to handle transmit distortion:

· Transmit a small or no guard band between the numerologies. Apply sharp filtering to reduce interference between numerologies. This sharp filtering will reduce inter-numerology interference, but increase EVM

· Transmit a small or no guard band between the numerologies. Do not apply sharp filtering between the numerologies. This approach will lead to more inter-numerology interference than the first approach but less filter induced EVM

· Transmit with a larger guard band than envisaged in the first two steps. This will reduce PRB utilization but will avoid inter-numerology interference and filter induced EVM. A higher MCS may be selected to compensate for the reduced PRB utilization.

Which of these approaches is optimal had not been extensively investigated and may well depend on link conditions, scheduling strategies etc. Furthermore, the requirements on UE selectivity and UE performance will impact which strategy is optimal. If little or no guard band is selected by the gNB and the UE selectivity is such that the interference into the UE receiver is greater than the EVM from the gNB transmitter, then either of the first two transmit strategies may yield the same effect and it may be that the third strategy (larger guard band) is the optimal.
Scenario 2: High  or low SINR, receivers of different numerologies are in different directions
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Figure 2: Receivers of different numerologies in different directions from the gNB
In this scenario, if there is beamforming at the gNB then interference between numerologies on the transmit side and selectivity on the UE side is mitigated by spatial discrimination. It is preferable not to use sharp filtering at the transmit side, since this will just induce EVM in the filtered signal with little benefit since the interference between numerologies is anyhow mitigated spatially.

In case the gNB does not perform beamforming, the same considerations as in the first scenario are applicable for the high SINR case and in scenario 4 for the low SINR case.

Scenario 3: Low SINR on numerology 1, high SINR on numerology 2, receivers of both numerologies in the same direction
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Figure 3: One receiver far from the gNB, one close; both in the same direction
In this situation, self-interference on numerology 1 due to the low SINR whilst self-interference on numerology 2 will reduce throughput. Thus it is preferable to not apply sharp filtering on numerology 2 in order to avoid inducing EVM, but to apply a sharp filtering on numerology 1. Two potential strategies for the gNB to approach scheduling are:
· Use a narrow guard band, sharp filtering of numerology 1 but not sharp filtering of numerology 2

· Use a slightly larger guard band without the need for filtering on numerology 1

In this circumstance, when considering gNB interference only, the first strategy with a small guard band is likely to be the most optimal. However the usefulness of the first strategy will also depend on the selectivity performance of the UE; if UE selectivity is such that a low guard band would cause significant interference in the UE receiver then the second strategy may be more appropriate.

Scenario 4: Low SINR for both numerologies
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Figure 4: Both receivers far from the gNB
If the link SINR is low for both numerologies then self-interference is less likely to impact link throughput. The gNB may try to keep any guard band as low as possible (potentially no guard band). Sharp filtering and tight UE selectivity may not be important.

Considering these scenarios, clearly the size of the guard that may be needed can depend on the instantaneous conditions for the scheduled numerologies. Thus in the specification the guard should not be fixed; it should be a gNB scheduler decision. Furthermore, there may be different approaches to the tradeoff between filtering and EVM in the gNB; in fact ideally the gNB may dynamically change the filtering approach depending on the scheduling situation to be optimal (although not all architectures may support this). Also the UE requirements on selectivity may impact the optimal approach to gNB scheduling.
3 Potential approaches to gNB transmitter requirements
This section outlines some potential means of setting EVM and possible in band emissions requirements in a manner that does not constrain implementations.
Approach 1: Set a single requirement that is based on assuming a larger guard between the numerologies
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Figure 5: Requirement set assuming larger guard
With this approach, a minimum requirement on EVM is set, with the requirement stated assuming that the gNB assumes a relatively large guard band between the numerologies. It is important to note that this approach is not proposing to fix the guard band in the specifications such that the gNB cannot select lower guard band sizes; it is merely a reference point for the purpose of the requirement. The size of the guard assumed by the requirement should be such that any approach to guard band size and any approach to filtering (and the associated inter-numerology interference or EVM induced from the filter). If the eNB selects to use a smaller guard band than envisaged by the requirement, then the resulting EVM and interference between numerologies will not be guaranteed by node B or UE requirements. However in situations of low SINR or spatially differentiated users this might be acceptable.
Approach 2: Set 2 requirements; one assuming a large guard and another with a narrow guard. Different EVM for the requirements. Do not take into account beamforming and spatial differentiation between numerologies.
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Figure 6: Two requirements; one assuming larger guard, the other assuming narrower guard with larger EVM allowed on numerology 2
With this approach, two requirements would be defined; one assuming a larger guard band and the other assuming a smaller guard band. As in the previous approach, the goal would not be to restrict the gNB implementation with respect to guard band allocation, but rather to set some minimum requirements.
Since different approaches could be conceivable in respect to managing interference between numerologies, further study would be needed as to how to specify the EVM/in-band emissions for the requirement with the small guard band. In particular for in-band emissions, setting a requirement could potentially lead to a situation in which a gNB is forced to implement a sharp filtering, whilst an alternative filtering strategy as outlined in proposal 1 could be perfectly suitable. 
Moreover, discussion may be needed as to whether the requirement with the narrow guard band would be a mandatory requirement or not, since some implementations may not use a narrow guard band together with strict EVM or in -band emissions due to the reasons outlined in section 2. 

Approach 3: Set 2 requirements, one assuming a large guard band and one assuming a narrow guard band. Assume a spatial separation between the receivers of the two numerologies.
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Figure 7: Requirements set assuming receivers of numerologies are spatially separated
With this approach, a gNB that performs beamforming can use spatial filtering to separate interference from the numerologies. The approach obviously requires OTA testing. For a gNB that does not perform beamforming, similar considerations as for approach 2 as to whether the requirement that assumes a narrow guard should be mandatory or not.
From the UE perspective, the receive selectivity requirement is not able to know whether the gNB does beamforming or not. For mm wave, beamforming is obvious, but for below 6GHz it is less so. So consideration would be needed as to whether the UE requirement would need to assume worst case or not.

Approach 4: Set requirement assuming a narrow or no guard and not assuming spatial differentiation
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Figure 9: Requirement set assuming small or no guard and receivers in the same direction
For this approach to enable different approaches to filtering/gNB guard selection the EVM and (if applicable) in band emissions requirements would need to be set assuming a low amount of filtering/windowing and some interference between numerologies. The requirement would then represent a minimum requirement that might be exceeded by means of using a larger guard or more filtering. A problem would be that it would be difficult to know whether to use filtering at the BS or UE without knowledge of what the other side of the link would be doing.
Approach 4: No BS requirement. One or more UE selectivity requirements (potentially to allow for different implementations).

This option would leave full implementation flexibility for the BS. However to make use of this flexibility the BS would need to know something about the UE selectivity characteristics.

Apart from these approaches, other approaches may be possible; these approaches are illustrated for the purpose of discussion. The motivations behind each possible approach are as follows:
· Approach 1 enables the BS vendor to choose the optimal approach between reducing EVM, reducing interference and reducing the guard band. If he chooses to reduce the guard band, then clearly performance is above the minimum but not guaranteed by either the transmit or receive requirements.

· Approach 2, if the second requirement is optional, gives a similar flexibility to option 1, but can provide a minimum performance for each kind of implementation. A problem is that the transmitter and receiver implementations may not match, in which end to end performance is not guaranteed.
· Approach 3 enables BS that perform beamforming to use spatial differentiation to achieve the requirement. However it does not provide a minimum performance when transmitting to 2 numerologies in the same direction.

· Approach 4 provides full flexibility to the BS, however does not impose any kind of minimum performance on the BS (apart from the minimum performance imposed by the single numerology EVM). Again the receiver performance may not match with the transmitter approach.

A further aspect that needs to be considered is whether, if numerologies are rapidly varied due to scheduling, the filtering approaches function correctly due to the need to change filters and filter buffers.
4 Conclusion

The purpose of this document is to outline reasons why the approach to deciding on the amount of guard tones, and the filtering/windowing approach needs to leave implementation freedom at the BS. For different scenarios, different strategies may be appropriate and setting requirements in a clumsy manner may restrict the ability to adopt some of the strategies.
For the UE selectivity requirement, some freedom may also be needed to allow for different UE approaches.

In order to progress with the discussion some questions to consider are:

· Is it preferable to have one minimum requirement that may be exceeded (but possibly lead to unpredictable UE response) ?
· Is it acceptable to have multiple requirements, some of which may be optional ?
· For the UE, should there be several requirements and a signaling of which requirement the UE complies to ?
· Should the potential for spatial differentiation between numerologies be taken into account ?
A further aspect that needs to be considered is whether, if numerologies are rapidly varied due to scheduling, the filtering approaches function correctly due to the need to change filters and filter buffers.
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