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1 Introduction
We have presented a waveform candidate FC-OFDM in [1, 2], which can be seen as a variant of windowed-OFDM solution. Compared with CP-OFDM, its difference is that the cyclic extension, e.g. CP, of FC-OFDM is used for windowing rather than the classical CP to counteract interference due to the multipath channel. Although the well time-frequency localized window allows maintaining a comparable detection quality to CP-OFDM, the performance degradation becomes remarkable for extreme case, e.g. through very long delay spread TDLc1000 channel [Tab. 7.7.3-1, 3] and high data rate (e.g. 64QAM3/4 or beyond). In this contribution, we present an alternative receiver design, which can improve the detection performance for such extreme case.  
2 FC-OFDM receiver design
As indicated in [1], the receiver design of FC-OFDM is not unique. One example of FC-OFDM receiver design is given in [1], in which the Rx windowing process is implemented in the time domain. However, the Rx windowing can be implemented either in time domain or in frequency domain. The time domain implementation leads to lower complexity; while the frequency domain implementation results in enhanced robustness against long channel delay spread, but the price to pay is its higher demodulation complexity. In the following, we analyse these two designs more in detail. 
Receiver design method 1 with Rx widowing implemented in time domain
This receiver design has been presented in [1]. The process contains the following steps (see also Fig.1):

1. Truncate the targeting 
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 samples from the received sequence, where 
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is the size of FFT and 
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 is the symbol extension length, which is equal to twice CP length in our proposal. 

2. Weight the 
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 samples with the Rx window.

3. Apply fold and sum process to get 
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samples, which will be fed to FFT input.
4. Process 
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-point FFT transform.
5. Process 1-tap equalization, e.g. ZF/MMSE. 
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Figure 1: FC-OFDM Rx design method 1 with Rx windowing implemented in time domain
Receiver design method 2 with Rx windowing implemented in frequency domain
Besides the time domain Rx windowing mode, the receiver windowing can also be implemented in frequency domain which allows the channel equalization being conducted in an oversampled dimension, leading to lower inter-carrier-interference |(ICI) due to long delay spread. The detailed receiver process steps are (see also Fig. 2):

1. Truncate the targeting 
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 samples from the received sequence.
2. Process over-dimensioned 
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-point FFT, by zero-padding 
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 zeros.
3. Process 1-tap equalization, e.g. ZF/MMSE.

4. Apply frequency domain filtering with Rx window frequency response.

5. Extract the even-index outputs.
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Figure 2: FC-OFDM Rx design method 2 with Rx windowing implemented in frequency domain
3 Complexity analysis

The processing at an over-sampled basis of the method 2 allows efficiently mitigating the interference due to the multipath propagation channel. However the demodulation complexity is also increased.  In this section, we provide an analysis on the possible complexity increase of the method 1 and the method 2 compared to OFDM.
For the method 1, the additional complexity, compared to OFDM, comes from the time domain windowing and the fold-sum operation. The time domain windowing consumes 
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 real-multiplications due to the fact that the window coefficients are pure real-valued. Then the fold-sum operation consumes 
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 complex-additions (i.e. 
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 real additions).  
For the method 2, the additional complexity partially comes from the over-sampled FFT, which gives complexity increase slightly higher than a factor of 2 (further complexity reduction can be envisioned due to 
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 zeros at the FFT input). Similarly, the equalization process has 2 times more calculations due to the over-sampled basis. The frequency domain filtering process also contributes to the complexity increase. However, there are two factors can be used to reduce the complexity. In the first, the filtering operation does not need to be processed over the whole bandwidth but rather the allocated bandwidth. Moreover, since only the even-index of the filtered output is extracted, the filtering should only be processed over the interested indices. In the second, due to good frequency localization feature, the window frequency response has a few non-null elements, see Fig. 3, where significant window frequency domain energy is focused on around 20 coefficients. 
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Figure 3: FC-OFDM window: upper figure gives window time domain response, assuming 
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 and 
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; Lower figure gives window frequency domain response, which is obtained by 
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-point FFT transform of the time domain window.

4 Simulation results
We simulate the Block Error Rate (BLER) of Case 1a, under TDLc1000 channel model, which is deemed as very long delay spread [Tab. 7.7.3-1, 3].  Two MCS orders are selected: 64QAM ½ and 64QAM 4/5. For FC-OFDM, two alternative receiver designs are evaluated, namely Rx design method 1, referring to time domain windowing implementation; and Rx design method 2, indicating frequency domain windowing implementation.  
The simulation performance is given in Fig. 4. It shows that for 64QAM1/2, the ICI due to the multipath propagation is not remarkable and the Rx design method 1 is sufficient to yield similar performance of OFDM. However, for 64QAM 4/5, the performance degradation of FC-OFDM using Rx design method 1 becomes remarkable. In such extreme case, the Rx design method 2 can significantly ameliorate the BLER performance. 
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Figure 4: BLER evaluation with parameters: 10 MHz bandwidth, 4GHz carrier frequency, FFT size 1024, CP for OFDM 72 samples, FC-OFDM window 
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 (cf. Fig.3), time domain FC-OFDM symbols overlap with 72 samples; CP-OFDM vs. FC-OFDM with Rx design method 1 and 2, MCS=64QAM1/2 and 64QAM4/5, TDLc1000 channel model, ideal channel estimation
Observations:
· FC-OFDM Rx design method 1 can be efficient for most of the cases, e.g. moderate delay spread case.

· FC-OFDM Rx design method 1 may suffer performance degradation for extreme cases, e.g. very long delay spread with high MCS order (beyond 64QAM ½).

· FC-OFDM Rx design method 2 can significantly relieve the performance degradation under above extreme cases, with the price of higher demodulation complexity.
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