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1	Introduction
RAN1 sent LS informing its NR waveform related agreements and what kind of requirements and NR supports RAN1 expects from RAN4 [3]. In this contribution, we discuss the RAN1 NR waveform agreements and their implications on the RAN4 NR work and related requirements. We also propose initial steps for developing the necessary NR requirements based on the discussions and our further analyses.
2	Discussion
As indicated in the RAN1 LS in [3], RAN1#86 has made the following agreements on NR waveforms: 

· 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

Following the RAN1 agreements RAN4 should focus its first requirement work on CP-OFDM based waveforms although additional waveforms may still be considered e.g. for other services like mMTC or for achieving lower PAPR/CM in UL. RAN1 has already agreed [4] that these potential additional waveforms or low-PAPR/CM techniques are complementary and not intended to replace CP-OFDM waveform.

Proposal 1: RAN4 starts developing its BS and UE requirements based on CP-OFDM waveforms. If needed and agreed by RAN1, RAN4 may extend its requirements to other optional complimentary waveforms or support for low-PAPR/CM techniques (primarily in UL).

The RAN1 NR waveform agreements discusses both ‘traditional’ RAN4 out of band emission requirements and EVM requirements for transmitter but also new transmitter and receiver requirements for in-band operations. In the following sub-sections we discuss separately both out of band and in-band emission requirements related modulation quality requirements like EVM requirements. In the following requirement discussions we take into account RAN1’s agreement that spectral confinement technique(s) (e.g. filtering, windowing, etc.) for a waveform at the transmitter is transparent to the receiver and the corresponding RAN4#80 agreement that 
RAN4 will start studying NR requirements and corresponding test setups based on waveform processing techniques in Tx and Rx being independent as long as the separate Tx and Rx requirements are met as discussed in the contribution [5]. 

2.1	Out of band emission and EVM requirements

The LTE requirement specification TS36.101 (UE) define requirements for Out Of Band (OOB) emissions as well as the far out spurious emission domain as illustrated in figure 1. The Out of band emissions are unwanted emissions immediately outside the assigned channel bandwidth resulting from the modulation process and non-linearity in the transmitter but excluding spurious emissions. The out of band emissions requirements are specified for LTE in terms of a spectrum emission mask and an Adjacent Channel Leakage power Ratio. We see that similar out of band emission requirements would be applicable to NR as well. 
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Figure 1 UE Transmitter RF spectrum [Figure 6.6-1 of TS36.101]
In LTE BS specification TS36.104, the out-of-band emissions requirements for the BS transmitter are specified both in terms of Adjacent Channel Leakage power Ratio (ACLR) and Operating band unwanted emissions. The Operating band unwanted emissions define all unwanted emissions in each supported downlink operating band plus the frequency ranges 10 MHz above and 10 MHz below each band, as shown in Figure 2. Unwanted emissions outside of this frequency range are limited by a spurious emissions requirement, as shown in Figure 3.


Figure 2: Defined frequency range for LTE Operating band unwanted emissions with an example RF carrier and related mask shape (from TR 36.942)




Figure 3: Defined frequency ranges for LTE spurious emissions and operating band unwanted emissions (from TR 36.942).
The LTE specifications TS36.104 (BS) and TS36.101 (UE) also define Error Vector Magnitude (EVM) requirements for the allocated resource blocks (RBs) within a given channel. The Error Vector Magnitude sets requirements for BS and UE transmit modulation quality and it is measured by comparing the phase and magnitude difference between the reference waveform (ideal symbol) and the measured waveform. We see that similar EVM requirements are also applicable to NR as well.

Observation 1: Similar Out of Band Emission and EVM requirements as in LTE seem feasible and good starting point for NR UE and BS requirements as well.

The RAN1 LS recommends that RAN4 should target to support BS and UE transmission bandwidth configuration / channel bandwidth percentage significantly higher than 90% when also considering complexity and latency constraints. When investing how large increase in the channel bandwidth utilization (transmission bandwidth configuration / channel bandwidth) is feasible for a given channel bandwidth, it is important to study both out of band emission and EVM performances and corresponding requirements at the same time and with the same assumptions in order to make sure that both requirements can be simultaneously met. 

In figures 4 and 5 we have presented our initial simulation spectrum and EVM simulation results for different spectral confinement methods like filtering and windowing on top of CP-OFDM waveform. In these initial simulations we have studied 10 MHz channel bandwidth and 15 kHz subcarrier spacing with the LTE BS and UE emission masks as an example. Also the agreed DL and UL PA models are used in the simulations.
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[bookmark: _Ref462650504]Figure 4: Spectrum and EVM results for DL 54 PRB allocation with 15 kHz SC spacing and Rapp PA model
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[bookmark: _Ref462650508]Figure 5: Spectrum and EVM for UL 54 PRB allocation, 15 kHz SC spacing, Polynomial PA model

Our initial simulation results show that both in DL and UL at least in case of 15 kHz subcarrier spacing the current LTE spectrum emission masks could potentially be met with larger amount resource blocks or subcarriers than currently used in LTE DL and UL. Though, before deciding the actual number of subcarriers per a given channel bandwidth, it is important to verify both the DL and UL spectrum and EVM performances more in detail for different numerologies like different subcarrier spacings and modulations supported by NR. The performance differences between different spectral confinement methods do not seem that significant in the simulations. This supports the typical RAN4 approach where there is no need to mandate a certain implementation but rather leave implementation freedom and ensure good and robust performance through minimum requirements. 

Observation 2: Different filtering and windowing schemes can be used to meet out of band emission requirements for NR

When carefully looking at zoomed spectrum plots in Figure 4 and Figure 5, we can see small differences between different spectral confinement methods but differences are also noticeable in the corresponding EVM (MSE) plots. An important observation is that for some waveforms the used spectral containment method results significantly higher EVM at the edge subcarriers, implying that  some care needs to be given when defining the requirements. Hence, this confirms our initial assumption that it is critical to verify both the spectrum and EVM results at the same time in order to ensure well performing and robust system.

Proposal 2: Simulate and measure both out of band emissions and EVM with the same set of filter or windowing parameters when analysing how much better BS and UE transmission bandwidth configuration / channel bandwidth percentage can be compared to LTE

2.2	In-band emission and EVM requirements
 
The LTE UE specifications in TS36.101 define in-band emission requirements for LTE UL in Section 6.5.2.3 as follows “The in-band emission is defined as the average across 12 sub-carrier and as a function of the RB offset from the edge of the allocated UL transmission bandwidth. The in-band emission is measured as the ratio of the UE output power in a non–allocated RB to the UE output power in an allocated RB…” 

Currently no in-band emission requirements are defined for BS in LTE DL but for NR DL also DL in-band emission requirements are needed for supporting mixed numerologies within the same channel bandwidth using both frequency and time multiplexing. DL transmission happens from the same BS, unlike in UL where different UEs may be using different services and numerologies. Thus, the definition of in-band requirements for DL and UL may be different. In this section we start by looking at in-band emission requirements for UL first.

In Figure 7 we show our initial UL spectrum and EVM simulation results for 1 PRB (out of 54 PRB allocation) with 10 MHz BW and 15 kHz subcarrier spacing. Also in these simulations different filtering and windowing schemes provide similar results. Only CP-OFDM without any additional filtering or windowing on top of channel filtering may not be sufficient for enabling full frequency domain service multiplexing with different numerologies. The results of Figure 7 also shows that checking EVM performance together with spectrum plots is equally important for in-band emission performance as for out of band emission performance. Again there are differences in observed MSE performance over the allocation, showing significantly worse EVM performance at edge subcarriers for certain methods. 

Observation 3: Different filtering and windowing schemes can be used to obtain in-band spectral confinement.
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[bookmark: _Ref462653875]Figure 7 : Spectrum and EVM for UL 1 PRB allocation out of 54 PRBs, 15 kHz SC spacing, Polynomial PA model
The current LTE definition of UL in-band emission, where the emissions from the allocated (transmitted) RBs to non-allocated (not transmitted RBs) would seem like good starting point for NR UL in-band emissions. This would ensure that UE’s partial BW transmissions would not interfere above acceptable limits on the neighbouring subcarriers. In LTE neighbouring UEs always use the same numerologies and UL timing advance also ensure that different UL transmissions are relatively well synchronized at the base station receiver. In NR different UEs may use different numerologies on the same channel bandwidth and at the same time, thus it is also important understand how close in frequency domain UEs with different numerologies can operate and still obtaining acceptable performance. This is likely to mean that in addition of in-band emission requirements for UE’s transmissions also base station receiver performance need to be verified in the presence of UEs with different numerologies on the same channel bandwidth at the same time. This could be done e.g. by some kind of BS Rx in-band selectivity requirements to measure the BS receiver’s ability to receive a wanted signal with certain numerology on given subcarriers when other interfering UE transmission with different numerology is transmitting signal within a certain guard bandwidth from the measured victim signal. While defining the requirements the trade-off between the guard band reduction and emission performance need to be considered carefully.

Proposal 3:  For enabling frequency multiplexing in addition to time multiplexing of UE with different numerologies and services on the same channel bandwidth at least the following UE and BS UL requirements should be studied and evaluated in RAN4:
a. UE Tx’s in-band emission requirements: The definition of LTE UL in-band emission requirements could be starting point but the requirement limits should be investigated further as NR can be number of different numerologies (like subcarrier spacings) in use at the same time
b. BS Rx in-band selectivity requirements to ensure that BS Rx is able to receive wanted signal with one numerology with partial BW transmission in the presence of in-band interfering signal with another numerology a certain guard band away from the measured signal.
c. Trade-off between the guard band reduction and emission performance need to be considered carefully.

Proposal 4: UE Tx EVM requirements should be defined for the same transmission as UE Tx’s in-band emission requirements in order to ensure that sufficient spectral confinement is not obtained at the cost of transmitted signal quality i.e. EVM.
In NR the synchronous case, where UL timing advance is used, could be considered as default case. Asynchronous case may need to be supported or at least investigated as well.

Proposal 5: Start the studies on UE Tx in-band emission and corresponding BS Rx requirements assuming the synchronous UL transmission i.e. when UL timing advance is used.  Studies on asynchronous case could follow at later stage.

In case of DL frequency domain service multiplexing and support of different numerologies on neighbouring frequency sub-blocks within the same channel bandwidth it is also important to define DL in-band emission requirements for the NR BS. However, this case is expected to be slightly simpler than UL case as all the transmission is coming from the same BS. Thus, somewhat different TX in-band emission requirements could be used for BS Tx. It might even be sufficient to define a set of different BS EVM requirements in the presence of different numerologies on neighbouring frequency sub-blocks. Similar to UL we need to investigate UE Rx in-band selectivity requirements in order to ensure UE receiver’s ability to work well in the presence of interfering signal with different numerology on the same channel BW but a certain (specified) guard bandwidth away from the UE’s own signal. While defining the requirements the trade-off between the guard band reduction and emission performance need to be considered carefully.

Proposal 6: For DL in-band spectral confinement study the following requirements:
a. Study how BS Tx in-band requirements could be defined for NR. BS Tx EVM requirements in the presence of different numerologies could be one approach to investigate for the DL in-band emission requirement studies
b. Study UE Rx in-band selectivity requirements in the presence of interfering signal with different numerology on the same channel bandwith but a certain guard bandwidth away from UE’s own signal
c. Trade-off between the guard band reduction and emission performance need to be considered carefully.

3	Conclusions
In this contribution we study both BS and UE Tx and Rx requirements for ensuring sufficiently good DL and UL out of band and in-band performance. We also show our initial spectrum and EVM simulation results to study both out of band and in-band performance for NR. Based on the discussions and our results we make the following observations and proposals for further RAN4 work on this area:

Proposal 1: RAN4 starts developing its BS and UE requirements based on CP-OFDM waveforms. If needed and agreed by RAN1, RAN4 may extend its requirements to other additional complimentary waveforms or support for low-PAPR/CM techniques (primarily in UL).

Observation 1: Similar Out of Band Emission and EVM requirements as in LTE seem feasible and good starting point for NR UE and BS requirements as well.

Observation 2: Different filtering and windowing schemes can be used to meet out of band emission requirements for NR

Proposal 2: Simulate and measure both out of band emissions and EVM with the same set of filter or windowing parameters when analysing how much better BS and UE transmission bandwidth configuration / channel bandwidth percentage can be compared to LTE

Observation 3: Different filtering and windowing schemes can be used to obtain in-band spectral confinement.

Proposal 3:  For enabling frequency multiplexing in addition to time multiplexing of UE with different numerologies and services on the same channel bandwidth at least the following UE and BS UL requirements should be studied and evaluated in RAN4:
a. UE Tx’s in-band emission requirements: The definition of LTE UL in-band emission requirements could be starting point but the requirement limits should be investigated further as NR can be number of different numerologies (like subcarrier spacings) in use at the same time
b. BS Rx in-band selectivity requirements to ensure that BS Rx is able to receive wanted signal with one numerology with partial BW transmission in the presence of in-band interfering signal with another numerology a certain guard band away from the measured signal.
c. Trade-off between the guard band reduction and emission performance need to be considered carefully.


Proposal 4: UE Tx EVM requirements should be defined for the same transmission as UE Tx’s in-band emission requirements in order to ensure that sufficient spectral confinement is not obtained at the cost of transmitted signal quality i.e. EVM.
Proposal 5: Start the studies on UE Tx in-band emission and corresponding BS Rx requirements assuming the synchronous UL transmission i.e. when UL timing advance is used.  Studies on asynchronous case could follow at later stage.

Proposal 6: For DL in-band spectral confinement study the following requirements:
a. Study how BS Tx in-band requirements could be defined for NR. BS Tx EVM requirements in the presence of different numerologies could be one approach to investigate for the DL in-band emission requirement studies
b. Study UE Rx in-band selectivity requirements in the presence of interfering signal with different numerology on the same channel bandwith but a certain guard bandwidth away from UE’s own signal
c. Trade-off between the guard band reduction and emission performance need to be considered carefully.
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