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Introduction
As agreed in RAN1#86, CP-OFDM based waveforms was agreed at least up to 40GHz for eMBB and URLLC services , and spectral confinement technique(s) (e.g. filtering, windowing, etc.) for a waveform at the transmitter is transparent to the receiver. Detailed LS [1] was sent to RAN4 in RAN4#80bis meeting:
· 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 
· [bookmark: OLE_LINK8][bookmark: OLE_LINK9]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
In RAN4#80bis meeting, a WF was agreed for NR spectral utilization in [2]: 
· Carrier spectrum utilization, denoted by Y, is assumed to be higher than 90% in RAN4 future study and RAN4 requirements should be defined based on this assumption. 
· Y may depend on specific numerology and carrier bandwidth. It is FFS how the guard band at the edge of a channel should be defined when different numerologies are frequency multiplied
· Y may depend on the BS/UE implementation complexity and declared capability. It is possible to define different value of Y for different BS/UE capabilities with compliance of related RF requirements, e.g. EVM, ACLR, SEM, etc. It is important to verify both the spectrum and EVM results at the same time in order to ensure well performing and robust system
In this contribution, we analyze spectral utilization for NR system with initial evaluation results considering spectral mask, ACLR and BLER performance. Several spectral confinement techniques have been considered in this contribution including filtering only, windowing only and hybrid of filtering and windowing.
Discussion
Downlink with single numerology
For downlink, we evaluate three kinds of waveforms using different spectral shaping technologies including filtering only, windowing and hybrid of filtering and windowing as given in table 1. The same numerology as LTE was used here i.e. 15 kHz SCS, 6.7% CP overhead. Full allocations under 10MHz, 64QAM modulation was used for evaluation, detailed simulation parameters were given in the annex.  A Modified Rapp PA Model was used here as agreed in RAN1. 
Table 1. DL Waveforms for evaluation 
	Filter and/or Window
	Filter/Window length

	1. Filter only
	512 tap FIR EquiRipple filter

	2. Multi-window
	Edge 6 tones (for each edge): 128 length RC window 
Inner 36 tones: 52 length RC window

	3. Single-window
	52 length window



Spectrum
Figure 1 shows PSD performance of filtered-OFDM, filter + window OFDM, windowed-OFDM. For the ACLR performance, as shown in the figure, all waveforms have almost the same ACLR performance, i.e., about 49dB ACLR, due to the nonlinear distortion from the PA model. This can be explained from the fact that the IM3 distortion of the PA model mainly depends on the signal power fed into the PA model and the signal power of the waveforms have the same value, i.e., 46 dBm. 
[bookmark: OLE_LINK6][image: ]
Figure 1. Spectrum for DL 
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Observation 1: For the DL evaluation case, filtered-OFDM, filter + window OFDM, and windowed-OFDM have similar ACLR, i.e., about 49dB ACLR performance.

BLER
Figure 2 shows the BLER performance of the candidate waveforms. As shown in the figure, filtered-OFDM, filter + window OFDM, and windowed-OFDM have almost same BLER performance up to 1% block error rate.
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Figure 1 BLER performance for DL evaluation case
Observation 2: For the DL evaluation case, filtered-OFDM, filter + window OFDM, and windowed-OFDM have almost the same BLER performance up to 1% block error rate.
Guard band
To obtain actual bandwidth of each waveform, we used LTE spectrum emission mask. The reference point of spectrum mask at the end of system bandwidth is given by -14dBm/30kHz. From the PSD figure 1, we can see that the CP-OFDM without shaping cannot satisfy the spectrum emission mask. For the candidate waveforms, we can verify that the actual occupied bandwidth of each waveform are given by 10MHz-2*450kHz, 10MHz-2*370kHz, and 10MHz-2*285kHz, respectively. 
Observation 3: For the DL evaluation case, filtered-OFDM, filter + window OFDM and windowed-OFDM can achieve about 98.9 / 97.2 / 95.4% spectrum utilization in DL.
Uplink with single numerology
Similar as downlink, three kinds of waveforms using different spectral shaping technologies were evaluated for uplink as given in table 1. The same numerology as LTE was used here i.e. 15 kHz SCS, 6.7% CP overhead. 4 RB allocations under 10MHz, 64QAM modulation was used for evaluation, detailed simulation parameters were given in the annex.  For PA modelling, a Polynomial model with recommended parameter in RAN4 LS [3] was used here. 
Table 2. UL Waveforms for evaluation 
	Filter and/or Window
	Filter/Window length

	1. Filter only
	512 tap FIR EquiRipple filter

	2. Multi-window
	Edge 6 tones (for each edge): 128 length RC window 
Inner 36 tones: 52 length RC window

	3. Single-window
	52 length window



Spectrum
Figure 3 shows PSD performance of filtered-OFDM, multi-window OFDM, single-window OFDM. For the ACLR performance, as shown in the figure, all waveforms have almost the same ACLR performance, i.e., about 32.5dB 32.7dB 33.2 ACLR performance for filtered-OFDM, Multi-window OFDM, Single-window OFDM, respectively. This can be explained from the fact that the IM3 distortion of the PA model mainly depends on the signal power fed into the PA model and the signal power of the waveforms have the same value, i.e., 22 dBm.
[image: ]
Figure 3. Spectrum for UL
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]Observation 4: For the uplink evaluation case, filtered-OFDM, multi-window OFDM, and single-window OFDM have similar ACLR, i.e., about 33dB ACLR performance.
BLER
Figure 4 shows the BLER performance of the candidate waveforms. As shown in the figure, filtered-OFDM, multi-window OFDM, and single-window OFDM have almost the same BLER performance up to 1% block error rate.
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Figure 4 BLER performance for UL evaluation case
Observation 5: For the UL evaluation case, filtered-OFDM, multi-window OFDM, and single-window OFDM have almost the same BLER performance up to 1% block error rate.

Guard band
To obtain actual bandwidth of each waveform, we used LTE spectrum emission mask. The reference point of spectrum mask at the end of system bandwidth is given by -18dBm/30kHz. From the PSD figure 8, we can verify that the actual guard band required  for each waveform are given by 2*56kHz, 2*86kHz, and 2*146kHz, respectively. 
Observation 6: For the UL evaluation case, filtered-OFDM, multi-window OFDM, and single-window OFDM can achieve about 98.8/ 98.1/ 96.8% spectrum utilization in UL.
UE Complexity
To calculate UE complexity at Tx side, we only consider IFFT block and filtering/windowing block. For the filtering operation, there are two well-known method. One is the time domain convolution and the other one is the frequency domain implementation named fast convolution method which is much faster than normal convolution operation. We consider fast convolution method for the filtered-OFDM in this evaluations. In addition, though M'=M+Lcp+Lf - 1 is not the number of power of two, we apply fast Fourier transform complexity in the evaluation for the filtered-OFDM. Table 3 shows complexity of filtered OFDM and Multi/Single-window OFDM. Detail parameters of these waveforms are shown in the Table 2.
Table 3. Complexity of filtered-OFDM, multi-window OFDM, single-window OFDM
[image: ]
· Filtered-OFDM: Real Multiplications (44344) + Real Additions (146091) = 190435
· Multi-window OFDM: Real Multiplications (15064) + Real Additions (55664) = 70728
· Single-window OFDM: Real Multiplications (7380) + Real Additions (27756) = 35136
Observation 7: For UL evaluation case, filtered-OFDM requires 2.7 times more computational complexity compared to multi-window OFDM and 5.4 times more complexity over the single window OFDM.
Conclusion
In this contribution, we analyze spectral utilization for NR system with initial evaluation results considering spectral mask, ACLR and BLER performance. Several spectral confinement techniques have been considered in this contribution including filtering only, windowing only and hybrid of filtering and windowing.
Based on evaluation results, we observed that: For the evaluation cases in DL and UL, pending on BS/UE implementation on spectral confinement techniques, 95% ~98% spectrum utilization can be achieved.  
Considering  BS/UE implementation flexibility on spectral confinement techniques and the flexible sub-carrier spacing in RAN1 i.e. upper to 480 kHz, we propose to take Y as a range of 90% ~98% as starting point for  further study of spectrum utilization in RAN4, and we also recommend taking above range as response to WP5D parameter of signal bandwidth.
Reference
[1] R4-167128, “LS on NR waveform”, RAN1 LS
[2] R4-168814, “WF on NR spectrum utilization”, Huawei, HiSilicon, [Nokia], [Ericsson]
[3] R4-164542, “Response LS on realistic power amplifier model for NR waveform evaluation”, Nokia
[4] R1-166746, Discussion on multi-window OFDM for NR waveform, Samsung, RAN1#86, August, 2016
Annex 
Simulation parameters for DL evaluation
	Assumptions 
	Value 

	Carrier frequency
	4GHz 

	Duplex 
	FDD/TDD

	System Bandwidth 
	10 MHz 

	TTI length 
	1 ms

	Subcarrier spacing 
	15KHz, 

	Guard time interval
	6.7% overheads

	FFT size 
	1024 for 15KHz

	Data transmission bandwidth 
	9 MHz, 

	Antenna  configuration
	1T1R   

	MCS 
	64QAM: 1/2 (TBS: 25200bits)

	Control Overhead 
	Zero

	Channel estimation 
	Ideal

	Channel Model
	TDL-C for DS 300ns, Mobility: 3km/h 

	PA output power
	46 dBm

	Output Power Back-off (OBO) from PA saturation power
	11.6 dB


Simulation parameters for UL evaluation
	Assumptions 
	Value 

	Carrier frequency
	4GHz 

	Duplex 
	FDD/TDD

	System Bandwidth 
	10 MHz 

	TTI length 
	1 ms

	Subcarrier spacing 
	15KHz, 

	Guard time interval
	6.7% overheads

	FFT size 
	1024 for 15KHz

	[bookmark: _Hlk465948778]Data transmission bandwidth 
	720 kHz, 

	Antenna  configuration
	1T1R   

	MCS 
	64QAM: 1/2 (TBS: 2016 bits)

	Control Overhead 
	Zero

	Channel estimation 
	Ideal

	Channel Model
	TDL-C for DS 300ns, Mobility: 3km/h 

	PA output power
	22 dBm
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