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Introduction
In RAN #71, a new study item New Radio (NR) Access Technology was approved. In RAN1 #84b, 85 and 86 several OFDM-based waveform candidates have been evaluated and agreed to have cyclic prefix OFDM (CP-OFDM) as the baseline waveform for NR for both downlink and uplink. However, when multiple numerologies are supported in the same OFDM bandwidth, the performance of CP-OFDM is impacted due to the leakages of one numerology sub carriers to the other numerology. The emission requirements within the OFDM carrier are yet to be defined. For this reason, RAN4 is currently investigating the in band emission requirements when multiple numerologies are supported.
In this contribution, we present our views on in band emission requirements with multiple numerologies.  From simulation results we observed that with network assistance we can avoid strict in band requirements in the uplink transmission. Similarly for downlink, the network can relax in band emission requirements based on the scheduling decisions.  
[bookmark: _Ref378529477]Simulation Assumptions
We present out simulation results with single and mixed numerology. For simplicity, we consider one numerology with 15 KHz subcarrier spacing and the other numerology with 30 KHz spacing. Figure 1 depicts the block diagram of the CP-OFDM transmitter in the mixed numerology case. The upper branch uses numerology with 15 KHz spacing, while the lower branch uses subcarrier spacing of 30 KHz. The lower branch generates two OFDM symbols during the time the upper branch generates one OFDM symbol. Let K1 to Km are the sub carrier indices for 15 KHz spacing and P1 to Pn are the subcarrier indices for 30 KHz spacing. Since the orthogonality is lost due to mixed numerology it was recommend to have some guard tones between these numerologies.  Let G be the number of guard tones between these two numerologies, then 
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Figure 1  Block diagram of CP-OFDM with mixed numerology

Figure 2 shows the block diagram for Filtered OFDM with mixed numerology. Similar to CP-OFDM, the lower branch generates two OFDM symbols during one OFDM symbol interval for the upper branch. However, each branch uses transmission filter to minimize the emissions.   In our simulations, we use a filter length of 512 with root-raised cosine impulse response.  Similar to CP-OFDM, guard tones are added for avoiding the inter carrier interference between the two numerologies.
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Figure 2 Block diagram of Filtered-OFDM with mixed numerology


Figure 3 shows the block diagram for Windowed OFDM with mixed numerology. Similar to CP-OFDM and Filtered OFDM, the lower branch generates two OFDM symbols during one OFDM symbol generation for the upper branch. However, to minimize the emissions time domain windowing technique is used rather than filtering. In our simulations, we use a raised cosine window of length 52 is used for the upper branch and window length of 26 is used for the lower branch. 
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Figure 3 Block diagram of Windowed-OFDM with mixed numerology

We describe our evaluations with link adaptation, where the UE recommends the channel quality indicator through feedback channel. Feedback delay of 4 msec is assumed in our evaluations. Detailed link level simulation assumptions are shown in Table 1.  

Table 1 Detailed link level simulation assumptions 
	Assumptions 
	Value 

	Carrier frequency
	4GHz 

	Duplex 
	FDD

	System Bandwidth 
	10 MHz 

	TTI length 
	1 ms

	Subcarrier spacing 
	Mixed numerology case: one is 15KHz, and the other subcarrier spacing of 30 KHz 

	Guard time interval
	4.7us (interval of LTE normal CP) as baseline

	FFT size 
	1024 for 15KHz subcarrier spacing and 512 for 30 KHz spacing

	Data transmission bandwidth 
	48 subcarriers for 15 KHZ spacing 

	Guard tone number
	0,3, 12, 24

	Antenna  configuration
	1T1R 

	MCS 
	For link adaptation: QPSK, 16-QAM and 64-QAM are considered with variable code rate

	Control Overhead 
	Zero

	Channel estimation 
	Ideal


	Channel Model
	TDL-A with 30 ns




 Simulation Results and Discussion
Figure 4 shows the spectral efficiency comparison of CP-OFDM, F-OFDM and W-OFDM with 3 guard tones.  Also plotted is the performance without any interference. It can be observed that the performance of CP-OFDM is impacted due to the interference from the 30 KHz numerology. However with F-OFDM, we can improve the performance as filtering reduces the leakages.
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Figure 4 Spectral efficiency with 3 guard tones  

Figure 5 and 6 shows the performance with guard tones equal to 12 and 24 respectively. In this case, the performance of all the 3 schemes are similar as there is no interference. Hence the existing CP-OFDM can be used in mixed numerology scenario with sufficient spacing between the numerologies. 
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Figure 5 Spectral efficiency with 12 guard tones
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Figure 6 Spectral efficiency with 24 guard tones

In band requirements: 
Table 2 shows the %  EVM with CP-OFDM as a function of number of guard tones (G) for QPSK, 16-QAM and 64-QAM.  It can be observed that the EVM depends on the number of guard tones. As we increase the number of guard tones, the %of EVM improves as the leakage due to the other numerology reduces. Note that in out simulations we have not assumed any non-linearities in the transmission chain.    

Table 2 EVM  in % as a function of guard tones for CP-OFDM
	Modulation
	                                  EVM in %

	
	G = 0
	G =3
	G=12
	G=24

	QPSK
	12.95
	6.11
	3.89
	2.86

	16-QAM
	13.15
	6.26
	3.79
	2.69

	64-QAM
	12.87
	5.91
	3.92
	2.91













Table 3 shows the % of EVM with Filtering. It can be observed that  the % of EVM is almost constant as filtering reduces the leakages.

Table 3 EVM  in % as a function of guard tones for F-OFDM
	Modulation
	                                  EVM in %

	
	G = 0 
	G =3
	G=12
	G=24

	QPSK
	2.74
	2.71
	2.71
	2.71

	16-QAM
	2.69
	2.67
	2.67
	2.67

	64-QAM
	2.69
	2.68
	2.68
	2.68












Figure 7 shows the EVM in % as a function of guard tones for CP-OFDM and F-OFDM. It can be observed that the EVM requirements for CP-OFDM and F-OFDM are almost same as the guard tones increases.
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Figure 7  EVM in % as a function of guard tones


Network Assistance in Waveform Selection for Uplink
From simulation results presented in section 3, we observed that for uplink transmission, say if the two numerologies are scheduled in different parts of the in band OFDM spectrum, then the %EVM is same irrespective of Filtering (F-OFDM), windowing (W-OFDM) or no filtering (CP-OFDM).  This motivates us to relax the in band emission requirements when multiple numerologies are supported in the OFDM carrier. For downlink transmission, the network knows the scheduling decision and can apply or does not apply Filtering/windowing based on the guard band between the numerologies.   However, without network assistance the UE does not know that multiple numerologies are deployed and it need to use limit leakages to the adjacent sub carriers. Hence irrespective of the network assistance the UE needs to apply tight EVM requirements even if there is no leakage. In our view we can relax the EVM requirements with network assistance. 

Based on these observation, we propose that the network should indicate whether the UE has to use the tight EVM requirements (new requirements) or can use the legacy EVM requirements.  Since the indication might change in each scheduling interval, the network can use 1 bit as part of scheduling grant (control channel) to indicate the waveform selection to the UE. If semi static allocation of spectrum, the network can indicate as part of higher layer (RRC) signalling to assist the UE in determining whether to use new EVM requirement or  use legacy EVM requirement.

Proposal 1: RAN4 should specify in band EVM requirement only when the UE gets an indication that it needs to apply tight (or new) EVM requirements else it can use legacy EVM requirement  
Proposal 2: Ran4 should send an LS to RAN1 asking about the signaling mechanism for network assistance.

[bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]Conclusions
In this contribution we analysed the in band EVM requirements and the role of network when multiple numerologies are deployed within one OFDM carrier. Our proposals are as follows
Proposal 1: RAN4 should specify in band EVM requirement only when the UE gets an indication that it needs to apply tight (or new) EVM requirements else it can use legacy EVM requirement  
Proposal 2: Ran4 should send an LS to RAN1 asking about the signaling mechanism for network assistance.
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