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1 Introduction
Discussions on the guard band for NR began in August 2016, triggered by an LS from RAN1
	In RAN1 #86 meeting, the following was agreed:

· At least up to 40 GHz for eMBB and URLLC services, NR supports CP-OFDM based waveform with Y greater than that of LTE (assuming Y=90% for LTE) for DL and UL, possibly with additional low PAPR/CM technique(s) (e.g., DFT-S-OFDM, etc.) 

· Y (%) = transmission bandwidth configuration / channel bandwidth * 100%

· RAN1 specification will support transmission bandwidth configuration corresponding to Y up to approximately100%

· Some evaluations in RAN1 show that Y for a NR carrier can be up to 98% of the evaluated channel bandwidths for both DL and UL without complexity and latency constraints [R1-166093]

· Note: additional pre-processing techniques on top of CP-OFDM are not precluded, e.g., OTFS

· Additional waveforms may be supported by NR for e.g. other services (e.g. mMTC) 

· It is recommended that RAN4 should target to support eNB/UE with Y significantly higher than 90% when defining the RAN4 requirements where the specification of Y should consider complexity and latency constraints 

· In-band frequency multiplexing of different numerologies is supported in NR for both DL and UL, at least from the network perspective 

· It is expected that spectrum confinement on sub-band basis is specified as requirements on 

· Transmitter side in-band emission and EVM requirements  

· Reception performance in presence of other-subband interferer

· The definition of sub-band is FFS 

· From RAN1 perspective, spectral confinement technique(s) (e.g. filtering, windowing, etc.) for a waveform at the transmitter is transparent to the receiver 

· Inform RAN4 the above agreements – LS to be drafted by Frank (Huawei)

· RAN1 plans to perform more evaluations on waveform and will inform RAN4 with future updates, if any




Since then, there has been discussion in RAN4 on filtering and windowing techniques with the latest agreed way forward in [2]. There were also further discussions in RAN4#81 NR adhoc in January 2017, but the WF from this meeting was not agreed[3]

 REF _Ref473280447 \r \h 
[4]. 
At any rate it is observed that the maximum Y varies with numerology, carrier bandwidth and spectrum confinement techniques. In the agreed way [2] forward it is indicated that
· The maximum spectrum utilization based on RAN4 requirements may vary with numerology, carrier bandwidth and different BS/UE capabilities, considering the capabilities of spectrum confinement techniques including both filtering and windowing  , e.g., indicated as a range [YL, YH] for each group of (BW subset @ SCS subset) .  
· How to group (BW subset @ SCS subset)  is FFS. 
· YL and YH are with compliance of related RF requirements, e.g. EVM, ACLR, SEM, selectivity, demodulation etc. 
· EVM evaluation should include high order modulations up to 256QAM.
· FFS for UE capability needed or not
The purpose of this contribution is to examine the impacts if spectral utilisation is defined as a capability (eg signalled for the UE, declared for the gNB). Spectral utilisation discussions apply to both the uplink and downlink. For the downlink, gNB transmitter capability and UE receiver capability need to be considered, and for the uplink UE transmitter capability and gNB receiver capability are relevant. The goal should be to ensure interoperability between device and network having the same or different spectral utilisation capabilities. Other relevant factors in the discussion are that the gNB may support multiple numerologies, and the UE may have bandwidth capabilities supporting a lesser bandwidth than the system BW of the network.

2 Discussion

We begin by discussing some of the high level impacts of operating with spectrum utilization capabilities. To avoid attempting to make use of a tone that either the transmitter of a link does not have the capability to transmit or the receiver of a link does not have the capability to receive, it is necessary to consider
1. Downlink data transmissions are not scheduled on tones which are outside either the transmission capability of the gNB or the receiver capability of the UE or both

2. Downlink control transmissions (received by multiple UE) are not scheduled on tones that are outside either the transmission capability of the gNB or the receiver capability of any UE. In practice we assume this is achieved by ensuring that downlink control signals are not transmitted on tones which may fall within the guard band of a worst case UE (one with the least capability)
3. UEs should not perform CSI measurements on tones which are outside either the transmission capability of the gNB or the receiver capability of the UE or both

4. UEs should not perform RRM measurements on tones which are outside either the transmission capability of the gNB or the receiver capability of the UE or both

5. The gNB should not grant uplink resources outside of the transmission bandwidth of the UE, or the reception bandwidth of the gNB.

In the points above, we refer to tones rather than resource blocks, as discussions on the possible use of fractional resource blocks for spectral confinement are ongoing. If integer RB are used, then the description can be read as not transmitting or receiving on RB outside of UE/gNB capabilities. We deliberately avoid discussion of fractional resource blocks in this contribution since we attempt to focus on the basic information which needs to be shared about capabilities rather than discussing the exact granularities by which guard bands can be applied.
Typically UE capabilities if defined are likely to be signaled to the gNB because it is clear from the above description that the gNB needs to be aware of the spectral utilisation capabilities of the UE in regard to both uplink and downlink. It is possible that the gNB capability would be declared rather than need to be explicitly signaled to the UE, because typically the gNB ensures correct operation of the UE by configuration, ie if the gNB does not support a certain feature such as reception above Y= YL then it is aware of its own capability and takes care of this from the UE perspective in downlink and uplink scheduling, ie not scheduling data on a tone it does not transmit or a tone the UE does not receive.

From the description above we can observe that if either the gNB spectral utilisation or the UE spectral utilisation is not hard coded either 

Observation 1 : CSI measurement resources need to be constrained to a region of spectrum appropriate for the UE, and the UE needs to be aware of this constraint. This could either be done by CSI design (based on minimum possible Y for gNB transmitter and UE receiver) or by the configuration of CSI resources. The design would be done by RAN1

Observation 2 : RRM measurement resources need to be constrained to a region of spectrum appropriate for the UE, and the UE needs to be aware of this constraint. This could either be done by RRM design (based on minimum possible Y for gNB transmitter and UE receiver) or by the configuration of CSI resources. The design would be done by RAN1

Similar observations also apply to the downlink data and control transmission, and uplink grants 
Observation 3 : DL data scheduling need to be constrained to a region of spectrum appropriate for each UE, and the UE needs to be aware of this constraint This should be taken care of by the gNB scheduler
Observation 4 : DL data control signals need to be constrained to a region of spectrum appropriate for each connected UE, and the UE needs to be aware of this constraint. This could either be done by control channel design (based on minimum possible Y for gNB transmitter and UE receiver) or by the configuration of control channel resources. The design would be done by RAN1

Observation 5 : UL data and control signals need to be constrained to a region of spectrum appropriate for each connected UE, and the UE needs to be aware of this constraint. This could either be done by CSI design (based on minimum possible Y for gNB transmitter and UE receiver) or by the configuration of CSI resources. The design would be done by RAN1

For all these observations the mechanism would need to be defined by RAN1. In designing the mechanism RAN1 needs to consider if there are spectral utilisation capabilities allowing the use of Y over a range (and with knowledge of the range), or fixed Y (and knowledge of the value) for a given numerology, carrier bandwidth and modulation format. Hence, RAN1 is seeking input from RAN4 to design the appropriate mechanisms.
The situation for NR is somewhat more complicated than LTE based on the additional flexibility that NR is likely to provide. Firstly, as has been discussed in RAN4, different numerologies (with different subcarrier spacings) may be frequency division multiplexed on the same NR carrier. Another complication is that UEs may support a lower BW (or be configured to operate with a lower channel BW) than the NR system. Finally, RAN4 is discussing possible BW adaptation of UEs based on request from RAN1. We discuss the specific impacts to capabilities and UE-gNB interoperability from these aspects

Mixed numerologies
It has already been discussed in RAN4 that when multiple numerologies are FDM multiplexed on an NR carrier, this may lead to asymmetric guard bands – from [2] The guard band for a carrier in case of mixed numerology may be asymmetric and defined with the assumption that only single numerology is applied, and the assumed numerology refers to the numerology applied at band edge. In addition, there may be a need for guard bands between sub-bands where different numerologies are used.
This is illustrated in figure 1. Subband 1 and subband 2 employ different numerologies so the gNB lower and upper guard bands GG1 and GG2 are not necessarily identical (in MHz)
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Figure 1 : Mixed numerologies and possible guard bands from a gnB perspective
There is also discussion of an inter-numerology guard band GG3

For this scenario, it is important to recognise that UEs only operate on one subband and numerology for each connection.
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Figure 2 : Mixed numerologies and possible guard bands from a UE perspective (downlink)
If figures 1 and 2 are applied to the downlink, the gNB transmits and UE1 and 2 are receiving. Our assumption is that the UE channel bandwidth would be configured to sub-band 1 or sub-band 2, since UEs operate with one numerology only.

The point is that as each UE only receives one subband and so the size of GG2 does not affect the operation of UE1 and equally the size of GG1 does not affect the operation of UE2. If GU1 and GU2 are large compared with the size of the gNB inter-numerology minimum guard band (GG3) then the UE limits the number of tones which can be used (in the case of figure 2, UE2).
Observation 6 : For mixed numerology cases, only one of the gNB upper and lower guard band sizes will be relevant for interoperability with a single UE

Observation 7: For mixed numerology cases where the UE guard band is larger than the inter-numerology guard band, the possibility to use tones will be dominated by the UE capability

Primarily the relevant aspects for interoperator coexistence are the end basestation guard bands GG1 and GG2, and the lower guard band of UE1 (GG1) and the upper guard band of UE2. The inter-numerology guard bands are of course relevant and potentially necessary to mitigate inter-numerology interference but they may not always be necessary. For example, if UE1 and UE2 are spatially separated (which would be known by the gNB) then interference between numerologies may be handled by the spatial characteristics of the antenna. Another example is if UE1 is known to be receiving in low SNR conditions (eg from CQI report), in which case by definition other interference rather than signals from the serving basestation are dominant, and inter-numerlogy interference would not degrade its performance by significantly more.
Based on this, it seems that it should always be possible to schedule the UE or provide grants in the boundary between numerologies and it is a gNB choice whether to transmit or provide grants in this region. To make this decision the gNB needs to be aware of any spectral confinement capabilities of the UEs GU1 and GU2, However, these capabilities would need to be known by the UE operation for single numerology operation. Hence we conclude

Observation 8 : The inter-numerology guard band is mostly an issue for gNB scheduler implementation rather than a complication for 3GPP.
UE supported bandwidth considerations

When UE support a maximum channel bandwidth which is less than the gNB channel bandwidth, the scenario is similar to figure 1/figure 2 except that the gNB operates with one numerology, so from gNB perspective no guard band is needed between bandwidth blocks for downlink transmission or uplink reception. Both the DL and UL are from the eNB perspective a contiguous block of spectrum that can be handled with a single FFT/iFFT without loss of orthogonality between sub bands.  Hence we consider in this section the UE capabilities, where different UEs might have different reception or transmission bandwidth capabilities which are narrowband compared to the gNB system bandwidth. 
 There are also more BW capable UEs that may operate with the full system bandwidth, so the division into subband 1 and subband 2 from the gNB perspective is only needed when providing grants to UE1 and UE2 – when scheduling UE3 the full bandwidth can be used (accounting any guard band in basestation and UE3). Similarly, the gNB is assumed to receive the full channel bandwidth with a single FFT, so there is no additional guard band between sub band 1 and sub band 2 due to the gNB receiver, even two (or more) UEs have grants to use subband 1 and subband 2
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Figure 3 : UEs with multiple supported BW
Observation 9 : The capabilities of  UE supporting bandwidths smaller than the gNB system BW can be accounted for in uplink scheduling. From a specification point of view the work does not appear more complicated due to the mixture of UE types.

Naturally requirements and capabilities need to be defined for the different UE supported bandwidths, and any UE spectral utilisation capabilities need to be available to the downlink and uplink scheduler but this is true regardless of the gNB supporting a mixture of UE types dynamically.   
Other considerations

RAN4 is currently discussing UE bandwidth adaptation, where the UE may be switched semi-statically or dynamically between different operating bandwidth. It can be seen that this complicates the scenario in figure 3 somewhat, since one UE may at different times behave like UE1, UE2 and UE3 in the figure. Again, the main impact seems to be to uplink scheduling. Since the decision on BW adaptation for NR is not concluded, we do not provide any detailed analysis of the scenario but it may need to be taken into account.
In addition, it could be possible to operate a mixed numerology gNB with UEs that have lower supported bandwidth than at least one of the numerologies. In other words, figure 2 and figure 3 would be combined, with figure 3 applying for each numerology in figure 2.

Such scenarios are doubtless more complicated from a scheduling perspective, and the options for spectral utilisation capabilities need to be considered jointly with the other flexibilities introduced in NR such as numerology combinations, number of UE categories and UE BW adaptation, at least as applied to the uplink.
The gNB needs to have good information about the UE capabilities, its own capabilities and the possibility to configure suitably the DL data scheduling, control channel transmissions, CSI and RRM resources and uplink grants, so that there are sufficient options to allow different types of gNB and UE implementations without overly complicating NR scheduler design from the interaction between these features. From a standards perspective, there are two main issues to consider related to capabilities
1. Ensuring that the gNB is aware of the spectral utilisation capabilities (if applicable) of different devices as well as its own capability so that appropriate scheduling decisions can be made

2. Ensuring that there are no essential transmissions on either the uplink or downlink (such as synchronisation signals) which cannot be avoided and which occupy tones which need to be reserved for guard purposes considering the capabilities of gNB and UE which are currently active.

In summary, capabilities for NR spectral utilisation for both gNB and UE appear feasible based on this analysis, however a better understanding of the overall flexibility introduced in NR from other bandwidth related features needs to be reached to make a final conclusion on the details.

Observation 10: Capabilities for NR spectral utilisation for both gNB and UE appear feasible based on this analysis, however a better understanding of the overall flexibility introduced in NR from other bandwidth related features needs to be reached to make a final conclusion on the details.
3 Conclusions
In this contribution, we discuss capability aspects of spectrum utilisation under the assumption that either UE and/or gNB guard band is a capability (signalled in the case of the UE, declared in the case of the gNB). We observe

Observation 1 : CSI measurement resources need to be constrained to a region of spectrum appropriate for the UE, and the UE needs to be aware of this constraint. This could either be done by CSI design (based on minimum possible Y for gNB transmitter and UE receiver) or by the configuration of CSI resources. The design would be done by RAN1

Observation 2 : RRM measurement resources need to be constrained to a region of spectrum appropriate for the UE, and the UE needs to be aware of this constraint. This could either be done by RRM design (based on minimum possible Y for gNB transmitter and UE receiver) or by the configuration of CSI resources. The design would be done by RAN1

Observation 3 : DL data scheduling need to be constrained to a region of spectrum appropriate for each UE, and the UE needs to be aware of this constraint This should be taken care of by the gNB scheduler

Observation 4 : DL data control signals need to be constrained to a region of spectrum appropriate for each connected UE, and the UE needs to be aware of this constraint. This could either be done by control channel design (based on minimum possible Y for gNB transmitter and UE receiver) or by the configuration of control channel resources. The design would be done by RAN1

Observation 5 : UL data and control signals need to be constrained to a region of spectrum appropriate for each connected UE, and the UE needs to be aware of this constraint. This could either be done by CSI design (based on minimum possible Y for gNB transmitter and UE receiver) or by the configuration of CSI resources. The design would be done by RAN1

Observation 6 : For mixed numerology cases, only one of the gNB upper and lower guard band sizes will be relevant for interoperability with a single UE

Observation 7: For mixed numerology cases where the UE guard band is larger than the inter-numerology guard band, the possibility to use tones will be dominated by the UE capability

Observation 8 : The inter-numerology guard band is mostly an issue for gNB scheduler implementation rather than a complication for 3GPP.
Observation 9 : The capabilities of  UE supporting bandwidths smaller than the gNB system BW can be accounted for in uplink scheduling. From a specification point of view the work does not appear more complicated due to the mixture of UE types.

Observation 10: Capabilities for NR spectral utilisation for both gNB and UE appear feasible based on this analysis, however a better understanding of the overall flexibility introduced in NR from other bandwidth related features needs to be reached to make a final conclusion on the details.
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