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1 Introduction

The topic of spectral utilization was discussed during the NR WI and it was concluded that the spectrum utilization level should be greater than 90%, as defined today for LTE. In addition, the possibility of creating a set of spectrum utilization capabilities for the BS and UE, or alternatively setting a minimum requirement but not restricting the ability of the standard to apply higher spectrum utilization in the future was considered.
This contribution summarizes the considerations thus far on spectrum utilization.
2 Discussion
In principle, the spectrum utilization discussion is about stating the number of PRBs within a bandwidth allocation that may be utilized for NR transmissions. It is not expected that the spectrum mask, selectivity or blocking requirements will change as a result of spectrum utilization, but rather that the requirements will be met whilst the BS or UE transmits/receivers a larger number of PRBs.

For LTE, the spectrum utilization is 90%. Thus, for example in a 20MHz allocation, around 100 of the 111 possible PRBs are utilized. For NR, it has been agreed that the utilization will be greater than 90%.

In order to evaluate the potential benefits and costs of increasing spectral utilization, a number of factors need to be considered. This section captures the considerations thus far.

Techniques for achieving spectral localization

A basic OFDM waveform is not spectrally confined. Furthermore, the spectral decay outside of the wanted bandwidth is reduced if the subcarrier spacing is increased.
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Figure 1: Different spectral roll off depending on numerology
To achieve good spectrum utilization, a spectral localization technique is needed. Filtering, optimized filtering and windowing have been considered during the Study Item. Implementation of filtering may be problematic under some circumstances, in particular for devices and thus the spectrum utilization agreement needs to allow for both types of implementation. [1] suggests that with windowing, significantly higher spectrum utilization than 90% can be achieved.
Spectrum efficiency
Increasing spectrum utilization is not an end goal; it is a means to improve spectral efficiency. Thus evaluations should focus on the increases in spectral efficiency that can be achieved. Since spectrum efficiency is not in all cases limited by bandwidth, and also some spectrum confinement techniques can increase self-interference, the relationship between spectral utilization and spectrum efficiency is not linear.
In our view, at link level spectrum efficiency should be evaluated with link adaptation active. The reason for this is that if different spectral confinement schemes lead to different levels of self-interference, the optimal MCS may differ. Comparison between different schemes should be made with the optimal MCS in each case.

Evaluations have been performed assuming a 20MHz bandwidth with a single transmitter in [2], which show that the gain in spectrum efficiency from an increased spectrum utilization varies depending on the link conditions (SINR). For the 15khz numerology, using around 107-109 PRBs in 20MHz optimizes spectrum efficiency. For the 60khz numerology and a single transmitter, the spectrum efficiency gains from using 26 PRBs appear similar to or slightly better than those from 27 PRB utilization [3].
Impact on EVM

If filtering is used as a spectral confinement technique, then EVM may be increased due to fast ripple in the filter passband. The spectrum efficiency evaluations described above take into account this EVM increase. When setting the EVM requirement, attention may be needed to accounting for the impact of the spectral utilization on EVM. Windowing, or filtering with around 107-109 PRBs/26 PRBs both do not give risk to a significant increase in average EVM but do increase the EVM in the edge PRBs.
Complexity and latency impacts

Basic filtering can incur large complexity and potentially significant latency impacts. Several techniques can be used for reducing the complexity of filtering [4]. The latency of filtering can potentially be reduced using tail cutting (although this comes at the cost of increased complexity); the usefulness of tail cutting and it’s impact on performance will depend on the duration of time over which continuous transmissions are made.
Windowing has an inherently lower complexity than filtering and the complexity is not increased when greater spectral confinement is applied.

In considering complexity, attention should be paid to the fact that when combined with transmit and receive beamforming, the amount of filtering or windowing is multiplied by the number of transmitter/receiver chains and carriers.
ISI robustness

Filtering and in particular windowing extend the symbol duration. If the symbol extension reaches beyond the CP length and into the following symbol, ISI occurs. Even if the symbol extension is not longer than the CP, delay spread in the channel can still lead to symbols overlapping and ISI. With filtering, the amount of energy spilled into other symbols is not likely to be large and thus causing ISI is not a significant concern. Windowing with long windows on the other hand can lead to significant ISI. Since longer windows are needed for higher spectral confinement, the impact of any ISI on spectral efficiency in channels with delay spread needs to be carefully investigated for windowing.
Compatibility to LTE
It is to be expected that NR will be deployed in existing LTE bands in many circumstances and thus NR systems will need to coexist with legacy LTE systems.
LTE assumes 90% spectrum utilization and thus filtering/windowing designed in LTE devices may assume such utilization when meeting selectivity requirements. Placing an NR carrier with increased utilization next to an LTE carrier may cause LTE receivers to experience increased ACS and blocking interference.
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Figure 2: Potential impact of NR utilization on RX of legacy LTE carriers
Forward compatibility

During the SI discussion, it was speculated that although it may not be feasible to meet requirements based on a very high spectral utilization for initial NR deployments, in the future an increased spectral utilization may become feasible and thus the specification should not preclude increased utilization in the future.
Enabling higher spectral utilization could come from defining a configurable set of spectrum utilization capabilities [5], or from setting a minimum requirement, but enabling both basestations and UEs to make use of higher spectrum utilization and exceed the requirements [6].

The feasibility of these options is not yet clear. Both of these techniques require careful thought and investigation; in particular with regard to how devices with different utilization capabilities could co-exist, and also whether increasing the spectral utilization in one network could cause receiver interference to receivers in a neighbor network. 
The usefulness of such techniques will also depend to some extent on the conclusions on achievable spectrum utilizations and what the contents of a set of capabilities might be.

Reciprocal phase noise mixing

For the basestation, it is necessary to meet the narrowband blocking requirement in the uplink. As discussed in [7], it is the narrowband blocking requirement, rather than the ACS requirement that drives the dimensioning of the basestation receiver. Apart from the need for filtering of the narrowband blocker, reciprocal mixing of phase noise has the potential to cause additional receiver degradation if the spectrum utilization is high. [8, 9] analyses the potential impact of phase noise mixing in more detail.
Carriers with multiple numerology

In a separate agenda item, requirements for simultaneous transmission of multiple numerologies is under discussion. It is observed in [10] that for enabling dynamic scheduling of numerologies, spectral confinement between numerologies will need to be achieved by means of windowing. There will still be a need for a block filter for achieving spectral isolation of the carrier to other carriers. What the utilization should be in case of transmission of multiple numerologies on the same carrier, and the possibilities for implementing block filtering whist dynamically scheduling different numerologies needs further consideration.
Inter-operator scenarios

Optimising the spectrum utilization specifically for each numerology and bandwidth could potentially lead to a variety of different guard scenarios between operators. As illustrated in the figure below, the receiver from an operator 1 is not aware of the bandwidth or numerology being applied by operator 2. The extra dimension of numerology as well as bandwidth means that the blocking requirements that are applied will need to be selected carefully to correspond to the worst case scenario.
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Figure 3: Operator 1 receiver does not know operator 2 bandwidth and instantaneous numerology; blocking requirements must be designed for the worst case
Implementation Margins

When considering the amount of achieved spectral confinement, one issue that has not been considered as yet is the amount of implementation margin to allow in the requirement. It is undesirable to adjust the emissions masks, but margin could be allowed for when considering the number of utilized PRBs.
3 Achievable spectrum utilization levels
Based on the results from [2, 3], and considering the need to support both windowing and filtering, in 20MHz around 107 to 109 PRB for 15kHz spacing and 26 PRB for 60khz spacing seem achievable spectrum utilization levels, that both maximize spectrum efficiency and enable good implementations, for 20MHz. In our view, spectrum utilization should be decided separately for each potential bandwidth. Table 1 presents a preliminary view on utilization levels that will optimize spectral efficiency and enable different filter/window implementations for a range of potential bandwidths for the downlink. Further discussion and conclusion is needed on the issues listed above to refine the table and come to a final decision. In some cases, further increasing spectrum utilization could risk to actually decrease spectrum efficiency; in others implementation flexibility would be compromised.
Table 1: Preliminary view on achievable spectrum utilization
	Carrier/block BW 
MHz
	Subcarrier spacing kHz
	No of active PRB’s (guard band ratio)

	
	
	

	5
	15
	26 (6.4%)

	10
	15
	52 (6.4%)

	
	30
	26 (6.4%)

	20
	15
	108 (2.8%)

	
	30
	52 (6.4%)

	
	60
	26 (6.4%)

	40
	15
	219 (1.45%)

	
	30
	108 (2.8%)

	
	60
	52 (6.4%)

	50
	15
	274 (1.36%)

	
	30
	136 (2.08%)

	
	60
	66 (4.96%)

	100
	30
	274 (1.36%)

	
	60
	135 (2.8%)


These utilization levels are proposed considering NR only. The impact of such transmit utilization levels on neighbor LTE networks should be carefully checked to make a final conclusion.

For the uplink, before setting utilization levels the phase noise impacts as well as any need for additional filtering should be further clarified in order to decide on spectrum utilization levels.
4 Conclusion

This contribution has summarized different aspects of performance that are under discussion and should be resolved to set a spectrum utilization. For the downlink, based on NR it is possible to identify some utilization levels that will optimize spectral efficiency. However the impact of these utilization levels for multiple transmitter BS and to LTE needs further checking.

For the uplink, further checking of the ability to meet the narrowband blocking requirement should be considered in order to decide on the utilization level.
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