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Introduction
In RAN #71 meeting, a new SI for new radio access technology was approved [1]. The first objective of this SI is stated as follows,
1. Target a single technical framework addressing all usage scenarios, requirements and deployment scenarios defined in TR38.913 including
· Enhanced mobile broadband
· Massive machine-type-communications
· Ultra-reliable and low latency communications 
A new waveform is one of the fundamental physical layer aspects to be specified in the early stages of the expected WI Phase 1. One big requirement on the design is to enable “efficient multiplexing of traffic for different services and use cases on the same contiguous block of spectrum”. 
In RAN1#82bis meeting, the following agreements related to new waveform were made:
· 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)
Based on the above contents, this contribution discusses how to design new waveforms to meet such requirement.
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Discussion
Significance of new waveforms
Recently, several kinds of new waveforms for 5G wireless communication systems are widely studied. Fig 2.1.1 briefly shows the required characteristics of any new waveforms. What we want to achieve by introducing the new waveforms are high spectrum efficiency,  low latency and lowcomplexity of the terminals for 5G wireless communication systems. These features are closely related to the weak points of the OFDM waveform. In this section we describe briefly about the characteristics of the OFDM waveform and the significance of introducing the new waveforms.
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Fig. 2.1.1   The characteristics of the new waveforms

The wireless communication systems based on OFDM are widely used in several systems, for example LTE or Wifi, because it can be attain good spectrum efficiency with low complexity. The main reason of the low complexity is that FFT/IFFT can be used for demodulation/modulation of the OFDM symbols. And the spectrum efficiency is thanks to the dense and orthogonal subcarriers. In the OFDM systems, the orthogonality of subcarriers in highly dispersive propagation environment can be kept by introducing a CP (Cyclic Prefix).
However these characteristics of the OFDM systems can be weak points. The OFDM subcarrier waveform in frequency domain is a sinc function because the symbols on each OFDM subcarrier have rectangle envelopes in time domain. Since the sinc function has widely spread form, OFDM systems need relatively wide guard band to avoid out-of-band emission, resulting in a decrease of its spectrum efficiency. And OFDM needs a CP longer than the delay spread of the propagation channel, which is determined by the environment, so the OFDM symbol length should be enough long compared with the worst case delay spread (which might be  more than ten times the typical case)  thus impacting the spectrum efficiency.  Such considerations prevent the use of short OFDM symbol for a low latency system. Moreover, when the OFDM system is used for uplink, it needs to keep timing synchronization between the terminals to keep the orthogonality of the OFDM subcarriers. This increases the complexity of the mobile terminals. The new waveforms aim to overcome these weak points of OFDM.

Comparison of new waveform candidates

We briefly compare OFDM and the new waveform candidates  as follows,

· FBMC (Filter Bank Multi-Carrier) : a multicarrier waveform which improve the spectrum  efficiency by introducing OQAM(Offset QAM)
· GFDM (Generalized Frequency Division Multiplexing) : a single carrier based waveform with CP and filtering
· UFMC (Universal Filtered Multi-Carrier) : OFDM type waveform without CP and with RB filtering
· OFDM (Orthogonal Frequency Division Multiplexing)
· SC-OFDM (Single Carrier OFDM)

Fig. 2.2.1 shows the comparison of OFDM, FBMC[3][4], GFDM[5][6] and UFMC[7][8]. From this figure, we can see that each new waveform candidate have different characteristics. For example, FBMC is good for ACLR, symbol rate and latency, on the other hand, GFDM is good for PAPR and complexity. It means that the best suitable waveform is determined by the service or the application, for example, FBMC is the best for URLLC or GFDM is the best for low power consumption mMTC because of its PAPR performance. Moreover, the characteristics of each waveform depend on its numerology. Therefore, it is difficult to select the best waveform with fixed numerology because one big requirement on SI is to enable "efficient multiplexing of traffic for different services and use cases on the same contiguous block of spectrum".
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Fig. 2.2.1  Comparison of the Waveform candidates


Observation 1: Different waveforms and/or different numerologies are likely to be required for different use cases within the same frequency band

Coexistence of multiple waveforms
From the observation in previous section, we think that a method is required to enable the coexistence of multiple waveforms in the same contiguous block of spectrum. A straightforward way to achieve coexistence is split the one contiguous block of spectrum into multiple sub-bands for multiple waveforms. However if we put two different waveform, for example, two OFDM signals with different numerologies in adjacent sub-band, this causes mutual interference between two waveforms. Therefore we can to mitigate the mutual interference by separating each sub-band by using its own band pass filter (BPF). From Fig. 2.3.1 to Fig. 2.3.3 show the concept of sub-band separation by using 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 BPF for the desired sub-band, demodulation for desired sub-band can be carried out.
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Fig. 2.3.1   The transmitter structure for the coexistence of multiple waveforms 
including different kind of numerology
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Fig. 2.3.2   The receiver structure for the coexistence of multiple waveforms 
including different kind of numerology
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Fig. 2.3.3   The time-frequency structure for the coexistence of multiple waveforms
 including different kind of numerology

We conducted computer simulations to confirm the concept for coexistence of multiple waveforms. Fig. 2.3.4 roughly shows the simulation conditions. The two waveforms with LTE numerology are placed in a contiguous frequency band. One waveform has 4 RB sub-band (F-OFDM1), and the other has 100 RB sub-band (F-OFDM2) with half-symbol timing shift to be non-orthogonal with F-OFDM1. At the boundary of two waveforms, 0-2 guard tones are placed to mitigate the mutual interferences. The other parameters for the simulations are shown in Table 1.
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Fig. 2.3.4   Two different waveforms with guard tones


Table 1   Simulation conditions
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Fig. 2.3.5 shows the simulation results of BLER for the F-OFDM1 sub-band with 0 dB power offset for F-OFDM2 including the BLER results without interference. Fig. 2.3.6 also shows the simulation results without BPF for sub-band separation for comparison. As shown in fig. 2.3.6, we can see that there are non-negligible performance degradation which can't be recovered by the guard tone without BPF, on the other hand, as shown in fig 2.3.5, there is almost no performance degradation of BLER if we used the BPF which reduce the interference from the adjacent non-orthogonal waveform. It means that the separation of each sub-band by using BPF works well in fig. 2.3.5. 
Fig. 2.3.7 shows the simulation results of BLER for the F-OFDM1 sub-band with 10 dB power offset forF-OFDM2. Fig. 2.3.8 also shows the simulation results without BPF for sub-band separation for comparison. Although we can see from these figures that a large amount of interferences are reduced by the BPF, there is still non-negligible performance degradation with no guard tone as shown in fig. 2.3.7, especially in high the MCS region, we can also see that the performance loss can be recovered by adding one or two guard tones.
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Fig. 2.3.5   Simulation result on power offset 0 dB with BPF
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Fig. 2.3.6   Simulation result on power offset 0 dB without BPF
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Fig. 2.3.7   Simulation result on power offset 10 dB with BPF
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Fig. 2.3.8   Simulation result on power offset 10 dB without BPF

Observation 2: Sub-band separation by using adequate band pass filters (BPFs) works well.

Proposal 1: The sub-band separation method for coexistence of multiple waveforms using band pass filters should be studied.

Finally, Fig. 2.3.9 shows examples for time response of BPFs for sub-band separation. The blue line and the green line show time responses of BPF with band width 1 RB(180 kHz) and 10 RB(1.8 MHz) respectively. As shown in this figure, 1 RB BPF have relatively long time response over LTE CP length (4.76 us). It may cause inter-symbol interference, otherwise, long guard period is needed to avoid the interference. Therefore, BPF having short time response like 10 RB BPF in the figure is beneficial for new waveforms using BPF for sub-band separation to reduce inter-symbol interference or keep spectrum efficiency.

Observation 3: BPFs having less than 1 RB band width have relatively long time response over LTE CP length.
Proposal 2: BPFs having more than 1 RB band width should be considered.
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Fig. 2.3.9   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:  Different waveforms and/or different numerologies are likely to be required for different use cases within the same frequency band

Observation 2: Sub-band separation by using adequate band pass filters (BPFs) works well.

Proposal 1: The sub-band separation method for coexistence of multiple waveforms using band pass filters should be studied.

Observation 3: BPFs having less than 1 RB band width have relatively long time response over LTE CP length.

Proposal 2: BPFs having more than 1 RB band width should be considered.
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Parameters Value

RB number

4 RB

（

Observation Block

）

, 100 RB

Timing Shift 0.5 OFDM symbol

Guard Tone 0, 1, 2

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)

Power Offset  (for 100 

RB)

0dB, 10dB

Propagation 

Environment

EVA

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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