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1. Introduction

At RAN #71 [1], a new study item named New Radio (NR) Access Technology was approved to develop an NR access technology to meet a broad range of use cases including enhanced mobile broadband (eMBB), massive MTC (mMTC), Ultra-Reliable and Low Latency Communications (URLLC), and additional requirements defined during the RAN requirements study [2]. 
At RAN1#84b [3], waveform evaluation methods/cases/metrics/parameters were agreed. At RAN1#85 [4], it was agreed that the OFDM-based waveforms should be used as performance reference.
In this contribution, we introduce multi-window OFDM for NR waveform.
2. Single-window OFDM
Before we introduce multi-window OFDM, we first revisit well-known single-window OFDM. Figure 1 shows an example of single-window OFDM signal in the time domain. 
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Figure 1. Single-window OFDM with raised cosine window
In general, a windowing function (e.g., raised cosine window) is multiplied to the OFDM symbol in the time domain after attaching cyclic prefix and cyclic postfix. Figure 2 shows a block diagram for the single-window OFDM.
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Figure 2. Block diagram of single-window OFDM
Since windowing operation is to multiply window function with the OFDM symbol in the time domain, it is equivalent with that the convolution operation is conducted to the frequency response of OFDM symbol. The purpose of windowing is to reduce out-of-band emission (OOBE) of the OFDM signal. Since OFDM adopt sinc pulse shape in the frequency domain, its decreasing rate of frequency response is |f|-1. This poor spectrum confinement force OFDM to use quite big guard band around 10% to meet spectrum emission mask. Figure 3 shows an example of spectrum response using single-window OFDM signal. As shown in the figure, OOBE of OFDM signal decreases as the window length increases. However, if we adopt long length of window function, it might degrade system performance, (e.g., BLER), because the window function distort cyclic prefix and this implies that the circular convolution structure can’t be maintained at the receiver if the channel length is greater than the CP-window length. Thus, we can see that the spectrum confinement and multipath robustness have trade-off relation with each other.
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Figure 3. An example of spectrum response of the single-window OFDM 
with raised cosine window function.
3. Multi-window OFDM
In this section, we introduce multi-window OFDM which can efficiently trade-off spectrum confinement and multipath robustness of OFDM signal. 

As mentioned in section 2, windowing operation is equivalent to the convolution operation in the frequency domain. Consequently, every subcarrier is shaped by the windowing function. However, if the main purpose of windowing function is to reduce OOBE, we don’t need to make every subcarrier to have sharp spectrum shape. This is because of that the contribution amount to the OOBE of each subcarrier is not the same. Actually, dominant contributors to OOBE are small number of subcarriers positioned at the boundary region. Thus, if we apply long length window to those subcarriers only, we can make good spectrum confinement of OFDM signal while allowing negligible performance loss.
2.1 Signal Generation

Figure 4 shows an example of multi-window OFDM signal generation. As shown in the figure, we can make multi-window OFDM signal by applying window function separately depending on the subcarriers position. In most cases, the number of subcarrier group which shares the same window function is less than or equal to 3. In addition, if the OOBE requirement is symmetric, i.e., the left and right side requirement on the OOBE is the same, 2 subcarrier groups (i.e., edge group and inner group) are enough to meet the requirement.
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Figure 4. An example of multi-window OFDM

Figure 5 shows an example of spectrum response using multi-window OFDM. As shown in the figure, edge region subcarriers determine decay speed of edge region spectrum response. Thus, by allowing long length window to those subcarriers, we can reduce OOBE efficiently while minimizing performance loss. Figure 6 shows the spectrum comparison of single-window OFDM and multi-window OFDM. For the system performance such as BLER or spectrum efficiency, see our companion contributions [5-7].  As shown in the references, we applied multi-window OFDM to the uplink cases, (i.e., case 1b/3/4) and it had similar performance with filtered-OFDM in the aspects of BLER and spectrum efficiency.
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Figure 5. Spectrum response of multi-window OFDM
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Figure 6. Spectrum comparison of single-window OFDM and multi-window OFDM

2.2 Complexity

Table 1 summarizes computational complexity of filtered-OFDM, multi-window OFDM and single-window OFDM. Since multi-window OFDM requires multiple IFFT operation, increment of computational complexity is inevitable. However, as mentioned earlier, the maximum required IFFT operation is limited to 3 and, in most cases, it is limited to 2 when we consider symmetric OOBE requirement. This implies that the multi-window OFDM still requires much lower complexity compared to filtered-OFDM as shown in Figure 7. Since complexity impact on UE side is quite important factor, multi-window OFDM can be a good candidate for NR waveform, especially for UE side.
Table 1. Complexity of filtered-OFDM, multi-window OFDM, and single-window OFDM
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Figure 7. Complexity comparison of filtered-OFDM and multi-window OFDM
Observation 1: Multi-window OFDM can provide good spectrum confinement of OFDM signal while maintaining low complexity and allowing negligible performance loss.

Proposal 1: Multi-window OFDM can be seen as a generalized version of windowed-OFDM. Study multi-window OFDM as a candidate for NR waveform.
4. Conclusions

Throughout this contribution, we made 1 observation and 1 proposal as follows.

Observation 1: Multi-window OFDM can provide good spectrum confinement of OFDM signal while maintaining low complexity and allowing negligible performance loss.
Proposal 1: Multi-window OFDM can be seen as a generalized version of windowed-OFDM. Study multi-window OFDM as a candidate for NR waveform.
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