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1 Introduction
WOLA and FC-OFDM are proposed as suitable NR waveform candidates in [1] and [2], respectively. In this report, we analyse the commonality and the differences of the window processing between these two solutions. 

2 Similarity
Both WOLA and FC-OFDM can be seen as the variants of windowed-OFDM. Compared to CP-OFDM, an additional windowing process is added in time domain.  More specifically, both candidates are following the steps below
1. IFFT to get time domain OFDM symbol

2. Cyclic extension

3. Windowing operation
4. Overlap-and-add with consecutive time domain symbols

IFFT 

This step is same as OFDM symbol generation: the data symbols are modulated in frequency domain by mapping them to the IFFT inputs, and then the OFDM symbol is generated in time domain through IFFT transform. 

Cyclic extension

This process is similar to adding cyclic prefix (CP). However, for WOLA the cyclic post-fix (CPoF) is added, additionally to the CP, which is necessary to guarantee the specification transparent property. However the CPoF is not mandatory for windowed-OFDM in general. For FC-OFDM, the extension can be CP only, or CP + CPoF, or CPoF only [2]. The extended symbol length is equal to the overall window length.

Windowing operation

The extended OFDM symbol is then weighted by the window coefficients, through element-by-element multiplication. The window is usually composed of three parts: ramp up part, constant part and ramp down part (e.g. Fig. 1). In practice, the windowing operation is only needed for the ramp up/down parts, resulting in reduced complexity. 
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Figure 1: A window is composed of ramp up/down and constant parts.
Overlap-and-add operation
Once the windowing operation is completed, the consecutive windowed OFDM symbols are overlapped in time domain as shown in the figure below. In principle, the overlapping is not mandatory. However it brings two advantages: 1) it can make the signal envelop flatter, leading to a lower PAPR. 2) it can reduce  the spectral efficiency loss due to symbol cyclic extension. 
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Figure 2: Overlap-and-add operation
Observation 1:  FC-OFDM and WOLA have very similar Tx windowing process. Thus, they share the following common features

· Very low complexity—the complexity increase compared to CP-OFDM is almost negligible.

· Window design is not dependant of allocated bandwidth.

· Fully compatible with OFDM-based techniques, e.g. MIMO, reference signal, etc.
3 Difference
The major difference between WOLA and FC-OFDM is the window design—more specifically—the degree of freedom for the ramp up/down parts.
Transmitter windowing
The window design for WOLA has the following constraint. In practice, the overall length of the ramp up/down part is shorter than the symbol extension length (see Fig. 3). This constraint is due to two things: in the first, the remaining un-weighted CP part can be used to cope with the multipath propagation. In the second, the OFDM symbol part is not weighted by the Tx window, i.e. the constant part of the window is longer than the FFT size, providing the possibility of having specification transparent feature, i.e. the receiver does not need to do a matched window. 
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Figure 3: WOLA Tx windowing
On the other hand, the window design for FC-OFDM is slightly different from that of WOLA. It does not force the ramp up and ramp down parts to be shorter than the cyclic extension parts, meaning that the constant part is shorter than the FFT size. Therefore, the window can have better frequency localization. However, it cannot have specification transparent property. Thus, the receiver must apply the matched window to maintain a good orthogonality.
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Figure 4: FC-OFDM windowing
Window coefficients

The window shape proposed in FC-OFDM has an analytical expression. Assuming the symbol extension length 
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 and FFT size
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, the window can be generated by
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where 
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 are non-negative real numbers that could be optimized. We select (
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) = (5, 2), which gives a good compromise between frequency localization and robustness to multipath fading.
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Figure 5: Example of FC-OFDM window shape for 
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For WOLA, it is suggested to use the raised cosine window [1], although different windows can also be used.
Receiver windowing
The receiver window is used to reduce the co-channel interference, which may be caused by mixed numerologies or non-synchronizations.  Thus the capacity of interference mitigation is directly related to the Rx window ramp down/up length. 

For WOLA, the receiver window is applied in the way depicted in Fig. 6. 
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Figure 6: WOLA receiver windowing, the receiver window should be applied over the samples that are not weighted by the Tx window.
It shows that the receiver window should be applied over the samples that have not been windowed at the transmitter side. Otherwise, it causes orthogonality degradation. In this regard, the receiver window is not fixed, which depends on the remaining CP buffer samples. Therefore it seems that the receiver still needs to know the remaining un-weighted CP buffer before applying an appropriate Rx window, which is still somehow related to the Tx windowing process. 
For FC-OFDM, the Rx window is identical to the Tx window (see Fig. 7).
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Figure 7: FC-OFDM receiver windowing employs a matched window to Tx side.
Observation 2: the window design of WOLA has restricted degree of freedom in order to keep specification transparent feature. The Rx window does not need to match to the Tx window. The window design of FC-OFDM has more degree of freedom to enhance the co-channel interference mitigation capacity, while the Rx window needs to match to the Tx window.
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