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1. Introduction
According to [1], a study of waveforms that is a part of the approved SID on Next New Radio Access Technology is conducted to decide the basic waveform for NR. Therefore, in this contribution, we present evaluation results of waveform candidates for case 4, targeting multi-user with mixed numerology (synchronous reception) scenario. 

Details of waveform specific simulation parameters 
To evaluate CP-OFDM, W-OFDM, F-OFDM, and FCP-OFDM, we consider the following parameters and assumptions. 
·  Transceiver description for FCP-OFDM
In order to clarify FCP-OFDM proposed in [2], we first describe details of FCP-OFDM.
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Figure 1 Block diagram of FCP-OFDM
FCP-OFDM is one of sub-band wise filtering based waveforms with flexible CP/ZP. The block diagram of transceiver for the generation of FCP-OFDM signal is depicted in figure 1. FCP-OFDM signal at the transmitter side is generated by following precedures: 1) pre-equalization of the filter, 2) IFFT operation, 3) insertion of CP/ZP, and 4) subband filtering. 
Pre-equlization of the filter, the inverse filter frequency response, is used to prevent an increased number of error events due to weaker pass-band edge subcarriers as in [3]. FCP-OFDM utilizes the variable combination of CP and ZP with filtering per each sub-band. 
At receiver side, the matched filter and windowing techniques can be adopted for the enhancement of the performance to both suppress the interfering signals and increase the power of the desired signal. 
· FCP-OFDM
The specific parameters associated with FCP-OFDM are summarized in Table 1.
Table 1 FCP-OFDM parameters
	FCP-OFDM settings
	Value

	Tx filter type
	Dolph-Chebyshev filter

	Tx filter info.
	- Pre-equalization of filter response is considered. 
- Target subband : Filter length: 61, SLA: 40 dB, CP length: 60, ZP length: 12
- Interfering subband : Filter length: 61, SLA: 40 dB, CP length: 30, ZP length: 6

	Rx filter type
	Matched filter

	Rx window type
	Raised cosine window 

	Rx window length
	10

	Rx windowing operation
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· F-OFDM [4]
The specific parameters associated with F-OFDM are summarized in Table 2.
Table 2 F-OFDM parameters
	f-OFDM settings
	Value

	Tx filter type
	Windowed Sinc (Root-Raised Cosine window) 

	Tx filter order
	512 for all subbands

	Tx filter's tone-offset
	Target subband (SC spacing 15 kHz): 2.5 SC spacing
Interfering subband (SC spacing 30 kHz): 1.25 SC spacing

	Rx filter type
	Windowed Sinc (Root-Raised Cosine window) 

	Rx filter order
	512 for all subbands

	Rx filter's tone-offset
	Target subband (SC spacing 15 kHz): 2.5 SC spacing 
Interfering subband (SC spacing 30 kHz): 1.25 SC spacing


· W-OFDM [5]
The specific parameters associated with W-OFDM are summarized in Table 3.
Table 3 W-OFDM parameters
	W-OFDM settings
	Value

	Tx window type
	Raised cosine window

	Tx window edge length
	52 for target subband; 26 for interfering subband

	Tx overlapped window length
	52 for target subband; 26 for interfering subband

	Rx window type
	Raised cosine window 

	Rx window edge length
	10 

	Tx/Rx windowing operation
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Evaluation results
1.1. Simulation parameter settings
For evaluation comparison, Table 4 shows parameters selected in evaluation parameters agreed in RAN1 #85 (refer to Appendix 6.1).
Table 4 Evaluation parameters

	Assumptions
	Value

	Carrier frequency
	4 GHz

	Duplex
	FDD, TDD considered by calculation

	System Bandwidth and FFT size
	10 MHz, 1024 for 15 kHz subcarrier spacing

	Subframe duration
	1 ms

	Subcarrier spacing
	Target UE: 15 kHz, Interferer pair: 30kHz

	Guard time interval
	6.7% overhead

	Data transmission bandwidth
	Target UE: 720 kHz, Interferer pair: 720kHz (per UE)

	Bandwidth of guard tones between neighboring UEs
	60 kHz

	Number of uplink users
	3 (1 target user and 2 interferer uses)

	Power offset of the interferer user
	10 dB

	Antenna configuration
	1T1R

	MCS
	16QAM coding rate=1/2, 64QAM coding rate=1/2, 64QAM coding rate=3/4

	Control Overhead
	Zero 

	Time offset of interfering user
	None

	Channel estimation
	Ideal

	Channel Model
	TDL-C with 300 ns delay spread, 3km/h


RF non-linearity model should be considered in the evaluation as agreed in [6]. Therefore, the PA model and simulation setup are summarized in Table 5.
Table 5 PA model and simulation setup
	Additional assumptions
	Value

	The number of Turbo decoding iteration
	8

	Turbo decoding algorithm
	max-log-MAP algorithm

	Whether assume the CRC bits to be part of the information bits in the code rate calculations or not
	No

	The number of subframes for simulations
	10000

	The output power for the UL polynomial model
	22 dBm

	The common phase compensation for the UL polynomial PA model
	76.3 degree

	The baseline waveform chosen for UL
	CP-OFDM

	Whether Extrinsic information scaling (scale = 0.75) or not (scale = 1) in the max-log-MAP algorithm
	1

	IBO for UL Polynomial model, 4PRB, SC separation 15 kHz
	8 dB


Also, we assume 4 guard tone arrangement as shown in Figure 2. 
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Figure 2 Description for guard band setting in case 4

1.2. Spectral efficiency 
In this section, evaluation results without and with PA model are shown. 
The spectral efficiency (SE) is calculated by

with the following definitions:
· TBS: the number of bits in a transport block
· BLER: block error rate
· T: the time duration of one subframe 
· BW: the actual bandwidth of target subband
In TDD system, to compute the time duration, T, the filter and windowing tails need to be considered. However, when a subframe contains 14 OFDM symbols (=1ms), these overheads can be negligible in terms of SE performance. So, it is assumed that the performance of TDD is identical to that of FDD. However, if a subframe is composed of a few OFDM symbols, the impact of filter and window tails needs to be considered. 
1.2.1. Without PA 
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 Figure 3 Spectral efficiency of different waveform candidates for case 4 without PA
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Figure 4 TDL-C, 16QAM with coding rate=1/2 for case 4
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Figure 5 TDL-C, 64QAM with coding rate=1/2 for case 4
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Figure 6  TDL-C, 64QAM with coding rate=3/4 for case 4
As shown in Figures 3-6, we can see that F-OFDM has the best performance in terms of SE and BLER between considered waveforms due to good frequency localization in the ideal case.

Observation 1: In ideal case, F-OFDM can provide performance gain compared to the other waveforms. 

1.2.2. With PA 
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 Figure 7 Spectral efficiency of different waveform candidates for case 4 with PA
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Figure 8 TDL-C, 16QAM with coding rate=1/2 for case 4
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Figure 9 TDL-C, 64QAM with coding rate=1/2 for case 4
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Figure 10 TDL-C, 64QAM with coding rate=3/4 for case 4
Figures 7-10 presents the performance comparison in terms of SE and BLER with the practical assumption considering realistic PA model. In this simulation setup, performance of 64QAM with code rate ¾ does not have meaningful result due to severe performance degradation. For the cases of 16QAM ½ and 64QAM ½, it can be observed that subband filtered OFDM waveforms such as FCP-OFDM and F-OFDM have better performance than windowed based OFDM waveform. This is due to better robustness against the neighboring subband interferences, which enables a mixed numerology coexistence with less guard band. 
Based on the results, we address the following observations:
Observation 2: In practical case considering realistic PA model, subband-wise filtered OFDM waveforms (including FCP-OFDM) has better performance than windowed OFDM in mixed numerology case.

1.3. Discussion on complexity and processing delay
1.3.1. Complexity comparison
In order to calculate Tx and Rx complexity, we consider IFFT block, FFT block, matched filter block, and filtering/windowing block. For the matched filter and filtering operations, both the time domain convolution and frequency domain implementation are considered. Additionally, we apply fast Fourier transform complexity. We follow the complexity calculation method proposed in [7]. The complexity is summarized in Table 6 and 7. 
Table 6 Complexity comparison in Tx
	
	Real Multiplications
	Real Additions

	F-OFDM
	TD conv.
	
	TD conv.
	

	
	FD conv.
(fast conv.)
	
	FD conv.
	

	FCP-OFDM
	TD conv.
	

	TD conv.
	

	
	FD conv.
	
	FD conv.
	



(: IFFT size,: filter length of F-OFDM, filter length of FCP-OFDM, : length of Rx windowing, : CP length, , )
Table 7 Complexity comparison in Rx
	
	Real Multiplications
	Real Additions

	F-OFDM
	TD conv.
	
	TD conv.
	

	
	FD conv.
	
	FD conv.
	

	FCP-OFDM
	TD conv.
	

	TD conv.
	

	
	FD conv.
	
	FD conv.
	



By applying the values considered in the evaluation, we can obtain the complexity of F-OFDM and FCP-OFDM as shown in Table 8. Therefore, we can observe that F-OFDM requires more complexity compared to FCP-OFDM
Table 8 Tx and RX complexity
	
	Tx complexity
	Rx complexity

	F-OFDM
	TD conv.
	2779002
	TD conv.
	2779002

	
	FD conv.
	169960
	FD conv.
	169960

	FCP-OFDM
	TD conv.
	283872
	TD conv.
	290076

	
	FD conv.
	119216
	FD conv.
	125420




1.3.2. Processing delay	
As addressed in [8], time localization property is also one of important factors of waveform as well as spectral containment in frequency domain. A well time-localized waveform is essential for NR to support low latency communication with very short TTIs. Especially, the time localization of waveform is tightly coupled with UL/DL switching in TDD system. For example, in the extreme case when DL/UL switching occurs symbol by symbol, filter length should be carefully designed in order to absorb guard period. Figure 11 presents a conceptual example of DL/UL switching period. When matched filter is applied into Rx, receiver needs to capture energy within filter tail. Thus, after receiving the end of tail of filtered signal, RF could be able to transmit signal. Also, time corresponding to filter tail length is required so that the filtered transmit signal is sent. For the case without considering round trip time, minimum required switching time corresponds to filter length. This required period could impact on the guard time design with supported cell radius, especially when symbol duration is very short. 
[image: ]
Figure 11 An example of Tx/Rx transient period

F-OFDM leads to the long group delay due to the long filter length and thus F-OFDM requires a processing delay of 1 OFDM symbol because the length of F-OFDM filter is set to be a half of OFDM symbol length. On the other hands, since the filter length of FCP-OFDM is shorter than CP length of OFDM symbol, FCP-OFDM has a short filter length in comparison with F-OFDM. Therefore, the delay due to FCP-OFDM is relatively small.

Observation 3: FCP-OFDM has low complexity and processing delay compared to F-OFDM. 
Observation 4: With spectral efficiency gain, suitable complexity and processing delay also need to be considered at the same time. 
Proposal 1: FCP-OFDM can be considered as one of NR waveform candidates.

Summary
In this contribution, we provided and discussed the simulation results to evaluate both the subband-wise filtering and windowing based waveforms focusing on case 4. Based on the evaluation results, the following observations are given: 
Observation 1: In ideal case, F-OFDM can provide performance gain compared to the other waveforms. 
Observation 2: In practical case considering realistic PA model, subband-wise filtered OFDM waveforms (including FCP-OFDM) has better performance than windowed OFDM in mixed numerology case. 
Observation 3: FCP-OFDM has low complexity and processing delay compared to F-OFDM. 
Observation 4: With spectral efficiency gain, suitable complexity and processing delay also need to be considered at the same time. 
Proposal 1: FCP-OFDM can be considered as one of NR waveform candidates.
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3. Appendix 
3.1. Summary of evaluation parameters for case 4 agreed in RAN1 #85
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3.2. PSD w/ and w/o PA model for case 1b
For comparison in terms of PSD, PSDs of waveforms considered for evaluation are presented in the followings.
[image: ]
Figure 12 Spectrum of different waveform candidates for 4 PRB allocation size without PA
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 Figure 13  Spectrum of different waveform candidates for 4 PRB allocation size with PA
3.2.1. CP-OFDM, 4PRBs
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3.2.2. FCP-OFDM, 4PRBs
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3.2.3. W-OFDM, 4PRBs
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3.2.4. F-OFDM, 4PRBs
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Table 1 Parameters for case 3 and case 4

4GHz

Duplex

FDD /TDD

Subframe duration

1 ms as baseline, other duration is FFS (short duration could be considered)

Subcarrier spacing

Case 3:15KHz as baseline,
Case 4: Target UE: 15KHz; Interferer pair: {30KHz*, 30KHz*}, {7.5KHz, 7.5KHz} other value for interferers is
not precluded.

Guard time interval

6.7% overhead as baseline, other interval is FFS (depend on numerology progress )

System bandwidth & FFT size

10 MHz, 1024 for 15KHz subcarrier spacing

UE  bandwidth  (data

the desired UE)

transmission | Case3:
bandwidth plus guard tone bandwidth of | Cased:

0 KHz (48 Subcarriers per user allocated for both target UE and interferer UES)

Configl*:  Target UE:
Interferer users:

Config2:  Target UE
Interferer users:

- 720KHz (48 Subcarrier allocated)
0KHz (per UE)

- 2880KHz (192 subcarrier allocated)
2880KHz (per UE)

Bandwidth of guard tones
neighboring UEs

between | {0, 15,30,45,60%, 90, 120, 180}KHz

Number of uplink_users

3 (1 target user and 2 interferer users)

Power offset of the interferer user

0dB, 5dB, 10dB*,20dB

Antenna configuration

ITIR*, other configuration that captures MIMO aspect is TBD

MIMO mode If companies bring results for MIMO; it is recommended to use at least one constant modulus precoding scheme.
Companies need to provide their CSI and precoding assumptions for MIMO evaluations. MIMO correlation
matrices should be low correlation (i.e. uncorrelated) for RAN1#86 in case of MIMO simulations.

MCS Fixed. 16QAM: 1/2 or 2/3; 64QAM: 1/2* or 3/4; other is not precluded

Control_overhead Zero

Time offset ofinterfering user Case 3: fixed offset {0, 128, 512} samples (for 15 KHz subcarrier spacing with 1024 FFT size)

Case 4:0

Channel estimation *

Ideal *, realistic

Channel model **

TDL model

— Al values of DS {10, 30, 100, 300, 1000} ns are evaluated with the selected TDL-DS combinations, i.¢.
TDL-A for DS {10,30}ns, TDL-B for DS {100 }ns, TDL-C for DS {300%,1000}ns. Companies are allowed
to choose additional combination(s) of other DS values and TDL-A and/or TDL-C in TR38.900.

ETU/EVA/EPA are optional.

Mobility: 3km/h* or 30 km/h or 120 knvh, higher speed is not precluded.

NOTE: * For realistic channel estimation, the current LTE DL/UL DMRS is recommended, and the applied DMRS pattern as well as CE implementation

have to be described. Pilot overheads should be considered into the calculation of user spectrum efficiency.
** Power-delay profiles of TDL-{A,B,C} are scenario agnostic.
* Al marked values are recommended for calibration purpose.
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