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Introduction
In RAN1#84bis meeting, the following agreements related to new waveform were made[1][2]:
· Waveform is based on OFDM 
· Multiple numerologies are supported
· Additional functionality on top of OFDM such as DFT-S-OFDM, and/or variants of DFT-S-OFDM, and/or filtering/windowing, and/or OTFS is further considered
· Complementary non-OFDM based waveform is not precluded for some specific usecases (e.g., mMTC use case)
· Link level simulation is used for waveform evaluation. 
· Whether and how to do system level simulation for waveform is FFS.
· Consider the RF nonlinearity in the evaluation cases.
· RAN1 can consider the following models for PA modeling, i.e. Rapp model [6] (AM/AM, AM/PM) and/or Clipping model with different thresholds

In RAN1#85 meeting, the following agreements related to evaluation methods were made [3]-[5] :
· Use an email discussion to collect the calibration results for all agreed simulation cases before RAN1#86 meeting.

Based on the above contents, this contribution discusses how to design new waveforms to meet such a requirement.

New waveform simulator calibration
As mentioned in previous sections, in RAN1#84bis and #85 meetings, agreements related to evaluation methods were made. These agreements include the simulation assumptions for link level simulator calibration as summarized in Table A.1 in appendix. The final agreement on PA model assumptions for calibration purpose, however, was not reached in the RAN1#85 meeting. So, additional e-mail discussions were used for the PA model assumption. This discussion can be found by searching RAN1 ML emails with subject “[85-18]”. The resulting PA model assumption for calibration purpose is summarized in Table A.2 in appendix. 
Based on these agreements, the calibration results including our results were collected in RAN1 ML. As shown in appendix, our results are fairly consistent with other contributor’s results.

Discussion
Coexistence of multiple waveforms/numerologies
From the observation in our previous contributions [7][8], we have to find a method that enables the coexistence of multiple waveforms in the same contiguous block of spectrum. A straightforward way to achieve coexistence is to split one contiguous block of spectrum into multiple sub-bands for multiple waveforms. However if we put two different waveforms in adjacent sub-bands (for example, two OFDM signals with different numerologies or different symbol timings in adjacent sub-bands), mutual interference between the two waveforms occurs. Therefore we have to mitigate the mutual interference, for exampe by using a band pass filter (BPF) per waveform. Fig. 3.1.1-Fig. 3.1.3 shows the concept of sub-band separation by BPFs. At the transmitter, after processing each waveform by its own BPF, the combined waveform is transmitted. At the receiver, after processing receiving signals by a BPF for the desired sub-band, demodulation of the desired sub-band can be carried out.
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Fig. 3.1.1   A transmitter structure for the coexistence of multiple waveforms 
Including with different numerologies
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Fig. 3.1.2   A receiver structure for the coexistence of multiple waveforms 
including different  numerologies
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Fig. 3.1.3   A time-frequency structure for the coexistence of multiple waveforms
 including different  numerologies

We conducted computer simulations to confirm the concept for coexistence of multiple waveforms. Fig. 3.1.4 roughly shows the simulation conditions. The two waveforms with LTE numerology are placed in a contiguous frequency band, where one waveform has 4 RB sub-band (F-OFDM1), and the other has 100 RB sub-band (F-OFDM2) with half-symbol timing shift (non-orthogonal with F-OFDM1). At the boundary of two waveforms, 0, 1 or2 guard tones are used to mitigate the mutual interferences. The other parameters for the simulations are shown in Table 3.1.1
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Fig. 3.1.4   Two different waveforms with guard tones


Table 3.1.1   Simulation conditions
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Fig. 3.1.5 and Fig. 3.1.6 show the simulation results of BLER with  0dB power offset, with and without BPF, respectively. It can be seen that the BPF functions fairly well, particularly once the modulation order is higher (MCS16 or MCS20). Nevertheless, the performance degradation without BPF is less 1dB at a 0.1 BLER working point.
Fig. 3.1.7 and Fig. 3.1.8 show the simulation results of BLER in with 10dB power offset, with and without BPF, respectively. It can be seen that the BPF also functions very well in this case, even the transmission with higher modulation order (MCS16 or MCS20) is involved. Moreover, it is clearly observed that BLER degradation with BPF is less than 1dB at a 0.1 BLER working point. Without BPF, in contrast, the proper transmission no longer can be accomplished, especially with higher modulation order.
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Fig. 3.1.5   Simulation result on power offset 0 dB with BPF
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Fig. 3.1.6   Simulation result on power offset 0 dB without BPF
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Fig. 3.1.7   Simulation result on power offset 10 dB with BPF
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Fig. 3.1.8   Simulation result on power offset 10 dB without BPF

Observation 1: Sub-band separation by using adequate band pass filters works well especially under the condition of power offset between the sub-bands.

Proposal 1: The sub-band separation method for coexistence of multiple waveforms/numerologies using band pass filters should be studied, including the need for guard tones.

Consideration of filter length for waveform separation
      In previous RAN1 meetings, some filtered OFDM type waveforms were proposed including waveforms adopting relatively narrow band filter, like 1 RB filter in UFDM. In what follows, we discuss the influence of narrow band filtering, from the theoretical and implementation perspectives.
In theory, narrow band filtering requires a long time filter response, which causes unwanted inter-symbol interference if the filter response time is longer than the CP length. In a practical implementation, in order to shorten the GP (guard period) for TDD as well as reduce the complexity of filtering process, the filter length must also be limited. This could introduce additional inter-sub-band interference. As a consequence, to mitigate both interferences, wide band filtering should be considered. Fig. 3.2.1 illustrates an example of time response of BPFs, where the blue line and the green line show time responses of BPF with bandwidth 1RB (180kHz) and 10RBs (1.8MHz), respectively. It is clearly observed that the 1RB BPF have relatively long time response, beyond the LTE CP length (4.76us).
      In order to intuitively understand the influence of narrow band filtering, we conducted computer simulation under the conditions summarised in Fig. 3.2.2. The simulation results for 1 RB filter and 10 RB filter are shown in Fig. 3.2.3. From this figure, we can see that there is almost no performance degradation for both filtering cases with the long (1024 tap) filter at BLER=0.1. However, with the short filter (128 tap)  the 1 RB filtering case shows relatively large performance degradation compared with 10 RB filtering case. Additionally, for further different cases we investigated the performance degradation at BLER=0.1 shown in Fig. 3.2.4, where the narrow band filtering causes relatively large performance degradation especially for shortened filter case. Of course, an excessively wide sub-band configuration can be inefficient if only a few users exist for the sub-band numerology. So, there is some trade-off between the BLER performance and the spectrum efficiency especially for shortened filter case. Therefore an adequate minimum sub-band width should be studied for filtered OFDM type waveforms considering the trade-off between BLER performance and spectrum efficiency especially for shortened filter case.

Observation 2: Narrow band filtering causes relatively large performance degradation especially for shortened filter case.
Proposal 2: An adequate minimum sub-band width should be determined for filtered OFDM type waveforms considering the trade-off between BLER performance and spectrum efficiency especially for shortened filter case.
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Fig. 3.2.1   Simulation result on power offset 10 dB with BPF
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Fig. 3.2.2   Simulation conditions to confirm influence of shortened filter
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Fig. 3.2.3   Simulation result on power offset 10 dB with BPF
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Fig. 3.2.4   Simulation result on power offset 10 dB with BPF

Conclusions
This contribution discussed new waveforms for New RAT. The observations and proposals based on above discussion are summarized as follows,

Observation 1: Sub-band separation by using adequate band pass filters works well especially under the condition of power offset between the sub-bands.
Proposal 1: The sub-band separation method for coexistence of multiple waveforms/numerologies using band pass filters should be studied, including the need for guard tones

Observation 2: Narrow band filtering causes relatively large performance degradation especially for shortened filter case.
Proposal 2: An adequate minimum sub-band width should be determined for filtered OFDM type waveforms considering the trade-off between BLER performance and spectrum efficiency especially for shortened filter case.
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Appendix
Calibration results for our new waveform simulator
Based on RAN1#85 and email discussion agreements, we conducted link level simulations for the calibration purpose. Fig. A.1 to A.3 show the results of our link level simulation for BLER performance in case 1a with PA, power spectrum density in case 1a with PA and BLER performance in case 2 with PA, respectively. In the figures, we also plotted the results provided by the other contributors for comparison purpose, showing that our results are fairly consistent with others.


Table A.1   Simulation assumptions for link level simulator calibration in case 1a, 1b, 2
[image: ]



Table A.2   PA model assumption for calibration purpose
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Fig. A.1  BLER performance in case 1a with PA
[image: ]
Fig. A.2  Power Spectrum Density results in case 1a with PA

[image: ]
Fig. A.3  BLER performance in case 2 with PA
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Parameters Value

PA Model Rapp model with Tp=46dBm, Sp=57.6dBm, p=3,

q=5, A=-0.14, B=1.2

RB number

4 RB

（

Observation Block

）

, 100 RB

Timing Shift 0.5 OFDM symbol

Guard Tone 0, 1, 2 sub-carriers

MCS 9 (QPSK,   Turbo code  TBS=616, R=0.535),

16 (16QAM, Turbo code  TBS=1224, R=0.531),

20 (64QAM, Turbo code  TBS=1544, R=0.477)

F-OFDM2 Power Offset  

(F-OFDM2 / F-OFDM1)

0dB, 10dB

Channel Model TDL-C  DS=300ns 3km/h

Antenna configuration SISO

BPF type Hann windowed sinc filters

4 RB :  720 kHz sinc with 1024 chip window

100 RB : 18MHz  sinc with 1024 chip window

Filter Length 1024
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Assumptions  Value 

Carrier frequency

4GHz 

Duplex 

FDD/TDD

System Bandwidth 

10 MHz 

TTI length 

1 ms

Subcarrier spacing 

Single numerology case: 15KHz as baseline, 

Mixed numerology case: target UE is 15KHz, and interferer is 30 KHz

Guard time interval

6.7% overheads

FFT size 

1024 for 15KHz

Data transmission bandwidth 

case 1a: 9 MHz; case 1b: 720KHz, 

UE bandwidth (data transmission

bandwidth plus guard tone  bandwidth of 

the desired UE)

case 2: 720KHz per UE

Bandwidth of guard tones between 

neighboring UEs

case 2: 60 KHz

Antenna  configuration

1T1R

MCS 

64QAM: 1/2

Control Overhead 

Zero

Channel estimation 

Ideal

Channel Model

TDL-C for DS 300ns, Mobility: 3km/h
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Assumptions Value

PA Model Rapp model

Target output power [dBm] 46

Saturaon output power [dBm] 57.6

Smoothness factor p 3

Smoothness factor q 5

Fi ng parameter A  -0.14

Fing parameter B 1.2
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