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1 Introduction
In RAN1 #84BIS, waveform section has agreements as below
· Link level simulation is used for waveform evaluation. 

· Whether and how to do system level simulation for waveform is FFS.

· Four evaluation cases can be used in link level simulation depending on evaluation purposes of each usage scenario, which are 

· Case 1a, 1b: single numerology case

· 1a: Downlink 

· 1b: Uplink, only one UE with narrow bandwidth is located at the edge of wide frequency band. It is assumed that no wide-band filter upon the whole frequency band. 

· Case 2: DL mixed numerology case 

· Case 3: UL single numerology case (asynchronous reception between UEs)

· Case 4: UL mixed numerology case (synchronous reception between UEs)

In this contribution, we evaluate and discuss about case 1a scenario of link level simulation (LLS).
2 Block Diagram

In this section, we describe the transmitter and receiver block diagrams for the evaluated filtered waveform based on orthogonal frequency division multiple (OFDM). Fig. 1 shows the transmitter block diagram referenced in [1]. Modulated symbols are separated into NB sub-bands. In this evaluation, each sub-band has Nc subcarriers which is according to the sub-band position. Each set of Nc subcarriers with zero-padding is processed by IFFT of length N, and then filtered. Finally, all the filtered signals are added, then add the guard interval (GI) if needed. Fig. 2 shows the receiver block diagram. We consider that no additional filtering is applied at the receiver in this contribution. Received signals are processed by a 2N-point FFT. After FFT, the down sampling block extracts all even subcarriers and discards all odd subcarriers. Frequency domain processing block is similar to OFDM processing, where the frequency domain equalization weight includes the transmitter filtering compensation. As these block diagram illustrate, transmitter and receiver complexity of such filtered waveforms is higher than for OFDM because of the increased FFT calculation.
Observation 1
: Transmitter and receiver complexity for filtered waveforms is higher than for OFDM.
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Figure 1. Transmitter block diagram
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Figure 2. Receiver block diagram
3 Simulation
In this section, we present the link level simulation result. Table 1 shows the simulation conditions which align with the simulation assumption agreements [2]. We use the Dolph-Chebyshev Filter of length 73 and assume Nc =12 subcarriers. We assume the GI (cyclic prefix) time interval is 0 us and 4.7 us for the filtered waveform case. If the filter of length 73 is applied in time domain, the symbol length extends by 4.7us. This is why a GI can be absent. In Fig.4, we compare OFDM and filtered waveform with the same symbol length. In addition to it, we also evaluate the 4.7 us GI case for filtered waveform in Fig.5. In this case, filtered waveform symbol length is longer 4.7 us than OFDM.
Figure 3 shows the power spectral density of OFDM and the filtered waveform, averaged over 100 snapshots. The blue line shows the OFDM and red line shows the filtered waveform. The filtered waveform can reduce the Out-of-band (OOB) leakage compared to OFDM. For example, if we aim to suppress the OOB leakage under -20dB, OFDM needs to reserve 16 subcarriers as guard band, on the other hand, the filtered waveform needs to reserve only 6 subcarriers as guard band.
Figure 4 shows the Block Error Rate (BLER) of OFDM and the filtered waveform. The dotted line shows the OFDM whilst the solid line shows the filtered waveform. This plot shows the results for six different modulation and coding rate combination. Except for the 64QAM R=3/4 case, the filtered waveform result is almost the same as OFDM result. On the other hand, 64QAM R=3/4 is worse than OFDM. This result may be due to the sensitivity of 64QAM to inter symbol interference because of the absence of a GI in the filtered waveform case. Another possible reason is that the edge subcarriers of the filtered sub-band have lower power, therefore their low SNR leads to the performance degradation. To confirm the ISI effect, we also evaluate the GI 4.7 us for filtered waveform in Fig.5. Except for the 64QAM R=3/4 case, the filtered waveform result is almost the same as OFDM result. In 64QAM R=3/4, filtered waveform is worse than OFDM. However, BLER degradation is smaller than GI 0 us result because ISI can be reduced by adding the GI.

Figure 6 shows the Peak to Average Power Ratio (PAPR) of OFDM and filtered waveform with 64QAM. The dotted line shows the OFDM and the solid line shows the filtered waveform. Filtered waveform seems to increase the PAPR about 0.3dB compared to OFDM. This is because the applied filter affects the amplitude of the transmit signal.
From the above observations, filtered waveform can reduce the out-of-band leakage compared to OFDM and also can achieve the same BLER performance as OFDM except in higher order modulation and coding rate cases. On the other hand, the filtered waveform has higher transmitter and receiver complexity and PAPR compared to OFDM and BLER is worse than OFDM in higher order modulation and coding rate case. We note that BLER can be improved by adding the GI.
Observation 2
: Filtered waveform reduces the out-of-band leakage compared to the OFDM.
Observation 3
: Filtered waveform result is almost same as OFDM result except in higher order modulation and coding rate.
Observation 4
: For higher order modulation and coding rate, BLER is worse than OFDM.
Observation 5
: For higher order modulation and coding rate, BLER can be improved by adding the GI.
Observation 6
: Filtered waveform increases the PAPR compared to OFDM.
Proposal 1
: We should consider the filtered waveform along with considering the transmitter and receiver complexity, BLER of high order modulation and coding rate environment and PAPR effect.

Table 1 – Link-Level Simulation Conditions
	Assumptions 
	Value 

	Evaluation Case
	Case 1a

	System Bandwidth 
	10 MHz 

	Transmission Bandwidth
	9 MHz (600 subcarriers used)

	TTI Length 
	1 ms

	Subcarrier Spacing 
	15 KHz

	Guard Time Interval
	OFDM: 4.7 us
Filtered waveform: 0 us (Fig.4), 4.7 us (fig.5)

	FFT Size 
	1024

	Antenna Configuration
	1T1R

	MCS
	QPSK: R=1/2, 2/3,  16QAM: R=1/2, 2/3,  64QAM: R=1/2, 3/4

	Channel Coding
	Turbo Coding (R=1/3, Iteration=8)

	Filter Type
	Dolph-Chebyshev Filter

- Filter length : 73
- Side lobe attenuation : 60 dB

	Nc subcarriers per subband
	12 subcarriers

	Control Overhead 
	Zero

	Channel Estimation
	Ideal

	Channel Model
	ETU

	Receiver Type
	MMSE
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Figure 3. Power spectral density (Averaged 100 snapshots)
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Figure 4. BLER (GI is 0 us for filtered waveform)
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Figure 5. BLER (GI is 4.7 us for filtered waveform)
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Figure 6. PAPR (64QAM)

4 Conclusions
In this contribution, we present the link level simulation result of the filtered waveform based on OFDM. The following observations and proposals are made.
Observation 1
: Transmitter and receiver complexity of filtered waveform is higher compared to OFDM.
Observation 2
: Filtered waveform reduces the out-of-band leakage compared to the OFDM.
Observation 3
: Filtered waveform result is almost same as OFDM result except in higher order modulation and coding rate.
Observation 4
: For higher order modulation and coding rate, BLER is worse than OFDM.
Observation 5
: For higher order modulation and coding rate, BLER can be improved by adding the GI.
Observation 6
: Filtered waveform increases the PAPR compared to OFDM.
Proposal 1
: We should consider the filtered waveform along with considering the transmitter and receiver complexity, BLER of high order modulation and coding rate environment and PAPR effect.
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