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Introduction
In ‎[1], the requirements and design principles for 5G waveform were discussed and in ‎[2], a summary of the main 5G candidate waveforms was provided and the benefits of an OFDM based waveform were highlighted. In this contribution, we describe the frequency-localized OFDM-based waveform, which can be realized by both filtered OFDM (f-OFDM) ‎[4] and windowed OFDM (W-OFDM) [3]. Then, we provide further details on f-OFDM, including a filter design example together with the ISI and delay analysis.
[bookmark: _Ref129681832]Frequency-localized OFDM-based Waveform
Figure 1 shows the block diagram of a frequency-localized OFDM-based waveform. The transmitter operations of such a waveform can be summarized as follows:
· Subband CP-OFDM signal generation: The baseband OFDM signal of each subband with its specific numerology, i.e. subcarrier spacing, CP length, and TTI length, is independently generated.
· Spectrum shaping filter: The baseband OFDM signal of each subband is passed through a “spectrum shaping filter”. The main purpose of this filtering is to avoid interference leakage to the neighboring subbands. The main approaches for the spectrum shaping filter are illustrated in time-domain in Figure 2 and described below:
· Subcarrier filtering: In this approach, the Sinc pulse shape of each individual subcarrier within the subband is filtered to become more localized in frequency. W-OFDM is the main candidate of this approach. In W-OFDM, the subcarrier filtering is done in time domain by modifying the rectangular pulse shape of CP-OFDM to have smoother time transitions at its both ends.
· Subband filtering:  In this approach, the power spectral density (PSD) of the entire subband becomes well-localized without changing the CP-OFDM symbol’s rectangular pulse. To this end, the subband CP-OFDM signal is passed through a well frequency-localized filter, the bandwidth of which is close to the subband’s bandwidth. As a result, only a few subcarriers close to edges of the subband in frequency are affected by the filter, as the filter suppresses their out-of-subband sidelobes. f-OFDM is one of the main candidates of this approach. A key property of this approach is that the filter length can very well exceed the CP length, which, on the one hand, enables it to provide much better frequency localization than the subcarrier based approach, and on the other hand, does not cost any ISI as elaborated on later in the next subsection.
· Mixed subcarrier and subband filtering:  Although the subcarrier-based approach enjoys a lower complexity, it cannot achieve the frequency localization performance of the subband-based, and moreover, it causes ISI issue in multi-path channels with large delay spread, such as TDL-C/CDL-C and ETU channels. A mixture of the two approaches can provide a tradeoff between complexity and frequency localization. In particular, in the mixed approach, the CP-OFDM signal of each subband is first subcarrier-filtered with an excess window length smaller than that of the original subcarrier based approach. Then, the windowed signal is subband filtered with a filter length smaller than that of the original subband based approach.
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Figure 1: Block diagrams of Tx and Rx processing for the frequency-localized OFDM-based waveforms.



Figure 2: Time-domain illustration of filtering for the frequency-localized OFDM-based waveforms.

As further shown in Figure 1, the receiver operations of the waveform can be summarized as follows:
· Subband spectrum shaping filter: In order to filter out the signals of the neighbouring subbands, the received signal in baseband is first passed through the receiver spectrum shaping. Subcarrier-based, subband-based, or a mixed approach can be employed by the receiver, independently of the approach employed by the transmitter. 
· Subband OFDM processing: After the subband spectrum shaping, the resulting signal is passed through the subband regular OFDM processing, as shown in the figure.

Observation 1: The subband spectrum shaping at Tx and Rx can be done independently of each other, each of which can be done using either the subcarrier-based or the subband-based approach, or a mixture of them.
Observation 2: W-OFDM and f-OFDM are identified as the main candidates of the subcarrier-based and subband-based filtering approaches, respectively.
Filter Design for f-OFDM
In order for a filter to be appropriate for f-OFDM, it has to satisfy the following criteria:
(a) The pass-band of the filter should be as flat as possible over the subcarriers contained in the subband. This ensures that the distortion of the filter on the data subcarriers, especially the subband edge subcarriers, is minimal.
(b) The frequency roll-off of filter should start from the edges of the pass-band and also the transition band of the filter should be sharp. This ensures the system bandwidth is utilized as efficient as possible, i.e. with minimal guard band overhead. Also, the neighboring subband signals with different numerologies can be placed next to each other in frequency with minimal number of guard subcarriers.
(c) The filter should have enough stop-band attenuation to ensure that the interference leakage between the neighboring subbands is negligible.

Observation 3: The flatness of pass-band, sharpness of the transition band, and enough attenuation in the stop-band are the main criteria that should be satisfied by the filter for f-OFDM.

Filter Design Based on Windowed Sinc Function
In this section, we provide a filter design example that can achieve a reasonable balance between frequency- and time-localization of the filter. In particular, we use soft truncation of a prototype filter using a time-domain window with smooth transitions as follows:
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Consider a filter with rectangular frequency response as the prototype filter, i.e. sinc impulse response , with bandwidth . This filter is ideal in satisfying the criteria (a) to (c) above. Particularly, it is completely flat in its passband ; it has zero-width transition bands; it provides complete stopband rejection. However, this filter is not practically realizable since it is non-causal. Therefore, the designed low-pass filter is obtained by applying a window  on the impulse response of , i.e.

The window has smooth transitions to zero on its both ends so that it avoids abrupt jumps at the beginning and end of the truncated filter, and hence, avoids the frequency spillover in the truncated filter. One example for the window is the Raised-Cosine window with duration .
Choosing the Filter Parameters
In the following, we provide guidelines to choose the parameters of the above filter, i.e.  and , appropriately for a given subband bandwidth :
· Choosing the filter length  for a desired performance: The filtering complexity is mainly determined by the number of filter taps. On the other hand, to achieve an acceptable filtering performance, such as flatness of the passband and sharpness of the transition band, one has to keep  above a certain limit. If the ultimate filtering performance is desired, e.g. no guard subcarrier between neighboring subbands, filter lengths up to  can be used.
· Choosing the sinc bandwidth  for a desired passband flatness: The time-windowing of the sinc filter causes some ripples at frequencies close to the transition bands resulting filter, due to the so-called Gibbs effect. Fortunately, frequency width of these non-flat areas is in the order only a few subcarriers, and thus, by choosing the sinc filter’s bandwidth  to be larger than the subband bandwidth  by a small excess bandwidth , called tone offset, on each side, i.e. , one can ensure that the resulting filter has a flat passband over the entire subband and frequency roll-offs of the filter start at the edges of the pass-band, as illustrated in Figure 3. One should note that  is a filter design parameter and does not impose any guard subcarriers between the neighbouring subbands. 



[bookmark: _Ref450838342]Figure 3: Illustration of tone offset in filter design.
Filter Implementation
Both time-domain and frequency domain implementation of filtering are possible. The complexity of frequency-domain implementation is lower than time-domain and is insensitive to the number of filter taps.
ISI Considerations
The excess time-spread of each symbol of the subband filtered CP-OFDM signal is much smaller than the CP length for the following reasons: 
· Since both Tx and Rx filter’s bandwidths are significantly larger than the subcarrier spacing, the time-span of the main energy of the end-to-end filter in time-domain is significantly smaller than the OFDM symbol length and is in fact much smaller than the CP length.
· A well-designed filter has an almost-flat frequency response over the entire subband’s bandwidth (including the edge subcarriers) at both Tx and Rx. Therefore, majority of subcarriers within the subband will not get impacted by the Tx and Rx filterings and thus will not experience any time-spread due to the filtering. It is the side lobe suppression of a only few edge subcarriers that will cause a minor time-spread, which is much smaller than the CP length.
Therefore, the effective CP length to combat the multi-path channel’s delay spread is reduced negligibly due to the end-to-end subband filtering. 
Extensive simulation results for f-OFDM in different scenarios and channel conditions are provided in ‎[5]. Here, in order to get an insight on how negligible the ISI is, we consider an example corresponding to the extreme case of filtering an OFDM signal without CP. Figure 4 shows the signal-to-interference ratio (SIR) vs. subcarrier index for this signal after passing through RX filter. The signal occupies 110 RBs and filter length is 512. It can be seen that even in the zero-CP case, the majority of subcarriers are ISI-free. It should be noted that always there is CP in the system, and thus, the actual SIR values are much larger than those in Figure 4.
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[bookmark: _Ref450823107]Figure 4: SIR of subcarriers in f-OFDM without CP.
Signal Burst Tail Reduction in f-OFDM
First of all, it should be noted that individual f-OFDM symbols within a burst of symbols do not have any tails, since the filtered symbol tails get into each other without causing any overhead. Also, one can easily verify that the pre-tail and post-tail of a burst of f-OFDM symbols with the filter proposed in section ‎3.1.1 is upper bounded by half of the filter length, i.e. . On the other hand, in FDD mode, the signal burst tails do not cause any overhead, since the tails of consecutive TTIs can get into each other. In TDD mode, the signal tails appear only at the beginning and end of each DL (or UP) transmission burst, where a DL/UP switching is done. To treat this case, it should be noted that the original f-OFDM signal burst tails are very well localized in time, and thus, a hard truncation with an appropriate length can be done to reduce the tail overhead at both ends. As shown in Figure 5, while providing a reasonable OOBE. Simulations show that with filter length of , where  is OFDM symbol duration, a truncation length equal to half an LTE normal CP length, i.e.

on each end, is satisfactory. Figure 6 compares the time-domain tails of the burst-truncated f-OFDM and W-OFDM and Figure 7 compares their PSD. The simulation parameters are listed in Table 1.

[bookmark: _Ref450831946]Figure 5: Signal burst truncation for f-OFDM in TDD.

Here we summarize the time-domain overhead of f-OFDM for two different duplexing modes:
· FDD: In this mode, since there is no DL/UL switching, the tails of consecutive TTIs can get into each other without any issue. Therefore, there is no time-domain overhead due to the tails in FDD.
· TDD: In this mode, since the tails are very short after TTI-truncation, they can be completely absorbed into the DL/UL switching guard period (GP), since the aggregate tail length is limited to CP which is much smaller than GP. Therefore, there is no time-domain overhead due to the tails in TDD.
Delay Analysis
There are two types of delay at the receiver side:
1. Signal processing delay: It depends on the RX processing power to process different blocks of the RX signal processing chain, e.g. channel estimation/equalization, MIMO processing, FEC decoding, etc. It should be noted that, compared to CP-OFDM, the only extra signal processing operation which is done in f-OFDM receiver is the RX subband spectrum shaping filtering. The delay due to spectrum shaping filtering is implementation-specific and depends of the RX processing power. The rest of RX processing operations in f-ODM, e.g. FFT block size, channel estimation/equalization, etc. are exactly the same as in CP-OFDM.
2. Waveform delay: It is purely due to the waveform structure (and also the TTI length) and is independent of the RX processing power.
Here, we are interested only in the waveform delay. Moreover, we choose CP-OFDM as the baseline and provide the extra delay brought to the system due to the spectrum shaping filter. 
f-OFDM waveform delay analysis: In order for the receiver to be able to do RX filtering of one symbol, it uses a portion of the received signal that contains the CP-OFDM symbol it-self plus a portion of length  of signal before the symbol plus a portion of length  of signal after the symbol, where =. Therefore, the extra delay in f-OFDM compared with CP-OFDM is equal to  . 
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[bookmark: _Ref450760084]Figure 6: Time-domain tails of the burst-truncated f-OFDM compared with W-OFDM.
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[bookmark: _Ref450760458]Figure 7: PSD of the burst-truncated f-OFDM compared with W-OFDM for burst length = 7 symbols.

[bookmark: _Ref450761265]Table 1: Simulation parameters
	Common Parameters:

	Number of RBs: 20 
	Subcarrier spacing: 15 kHz
	FFT size: 1024
	CP size: 72
	burst length: 7 symbols

	Burst-truncated f-OFDM Parameters:

	Filter length: 512
	Tone-offset: 3 subcarriers
	Each side truncation length: 36 

	W-OFDM Parameters

	Window function: Raised-cosine
	Window length: 36



Observation 4: In f-OFDM, the effective CP length to combat the multi-path channel’s delay spread is reduced negligibly due to the end-to-end subband filtering.
Observation 5: Using signal burst truncation, time-domain tails of f-OFDM signal are limited to CP/2 on each side, while maintaining a reasonable OOBE.
Observation 6: Using signal burst truncation, the additional waveform delay of f-OFDM compared to CP-OFDM is limited to CP.
Observation 7: In FDD, f-OFDM has no time-overhead on top of CP-OFDM, since the tails of consecutive TTIs can get into each other.
Observation 8: In TDD, using signal burst truncation, f-OFDM has no time-overhead on top of CP-OFDM, since the aggregate tail length of each DL or UL signal burst is limited to CP which is much smaller than DL/UL switching time (GP), and thus, can be completely absorbed into GP.

Conclusion
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]In this contribution, we provided the Tx and Rx bock diagram of the frequency-localized OFDM based waveform, which can be realized using W-OFDM, f-OFDM, or a mixture of them. We have the following observations in this regard:           
Observation 1: The subband spectrum shaping at Tx and Rx can be done independently of each other, each of which can be done using either the subcarrier-based or the subband-based approach, or a mixture of them.
Observation 2: W-OFDM and f-OFDM are identified as the main candidates of the subcarrier-based and subband-based filtering approaches, respectively.

Then, focusing on f-OFDM, we provided details of a specific filter design approach together with its design parameter selection and delay analysis, for which we have the following observations:
Observation 3: The flatness of pass-band, sharpness of the transition band, and enough attenuation in the stop-band are the main criteria that should be satisfied by the filter for f-OFDM.
Observation 4: In f-OFDM, the effective CP length to combat the multi-path channel’s delay spread is reduced negligibly due to the end-to-end subband filtering.
Observation 5: Using signal burst truncation, time-domain tails of f-OFDM signal are limited to CP/2 on each side, while maintaining a reasonable OOBE.
Observation 6: Using signal burst truncation, the additional waveform delay of f-OFDM compared to CP-OFDM is limited to CP.
Observation 7: In FDD, f-OFDM has no time-overhead on top of CP-OFDM, since the tails of consecutive TTIs can get into each other.
Observation 8: In TDD, using signal burst truncation, f-OFDM has no time-overhead on top of CP-OFDM, since the aggregate tail length of each DL or UL signal burst is limited to CP which is much smaller than DL/UL switching time (GP), and thus, can be completely absorbed into GP.

Based on the above observations, we have the following:
Proposal 1: Frequency-localized OFDM-based waveform should be considered for NR subband shaping.
Proposal 2: As the main candidate for sub-band shaping approaches, f-OFDM should be considered for further evaluation.
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