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1 Introduction

In RAN4 #81, it was agreed that [1]
· Compare filtering and windowing, 

· To decide the guard band at the edge of the channel the analysis should focus on the following aspects:
· Emission levels complying with SEM while achieving highest spectrum utilization
· EVM analysis over the entire channel bandwidth (preferably per RB)
· Impact of uneven EVM
· Impact of spectrum confinement techniques to ISI (i.e. BLER performance in fading channel)
· Complexity of spectrum confinement technique used (complexity of the filter used)
· Impact of PA over emission levels and EVM (Start with the PA models and operating points used in RAN1 evaluation. PA models with memory effects are not ruled out) 
· Impact to ICI is FFS
· Impact to other timing critical procedures
· Coexistence to LTE in applicable bands 
This contribution, earlier submitted to RAN4 [2], investigates the complexity of f-OFDM and W-OFDM, especially f-OFDM. More specific, some low complexity implementation scheme for f-OFDM is presented, together with the performance evaluation results.

2 Discussion

2.1 Block-wise filtering scheme
As we all know, the spectrum roll-off  (i.e. transition band) of a data band is dominated only by the OOB performance of small number of subcarriers located at band edges, and the other subcarriers away from band edge only contribute to the stopband leakage level. This means that only the band edge PRB(s) requires long taps of filter in order to have a steep spectrum roll-off, and the other PRBs away from band edges can use a rather short filter or short window to achieve desirable stopband leakage since the band edge PRB(s) can be treated as its guard band, as illustrated in Figure 1.
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Figure 1: Block-wise filtering scheme

One simple implementation scheme of f-OFDM is to partition a band with the same numerology into three frequency blocks, in which two edge blocks with narrow bandwidth apply f-OFDM at very low sampling rate, and one middle block with wide bandwidth applies windowing with very short window length or filtering with very short taps at the same sampling rate as original signal. With this block-wise filtering scheme, the filtering complexity for the band edge blocks can be significantly reduced due to the low sampling rate, while band middle block has low complexity due to the short windowing/filtering application. Figure 2 shows the diagram of the block-wise filtering scheme as an example. 
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Figure 2 Block-wise filtering scheme
If band-middle block use W-OFDM and band edge blocks use f-OFDM, the benefits of both f-OFDM and W-OFDM can be reaped with an affordable complexity increasing.
· Band edge block
· The whole band has very steep spectrum roll-off due to the f-OFDM application on band edge blocks
· Each band edge block requires one small FFT operation, low sampling-rate f-OFDM filter, up-sampling filter, and frequency shift, which has much lower complexity than the wideband filtering implementation
· The filter used in f-OFDM  can be fixed,  independent of the signal bandwidth
· Band middle block
· Since band edge blocks can be viewed as “guard-band” for band middle block, short window can be used for the desirable out-of-band leakage, with negligible complexity.
· The ISI effect is negligible because the window is rather short, even in large delay spread channels.
The data bandwidth partition and the filter/window coefficients at transmitter are transparent to the receiver. Based on the above implementation scheme, the following observations can be made,

With this block-wise filtering scheme, the filter design applied on band edge PRB(s) can be fixed since it only depends on the band edge bandwidth which can be constant (e.g. 0.72MHz) regardless of the dynamically allocated data bandwidth. On the other hand, the benefits of both f-OFDM and W-OFDM can be reaped. In addition, the block-wise filtering operation at transmitter is transparent to the receiver.
Observations 1: The block-wise filtering scheme can reap the benefits of both W-OFDM and f-OFDM, and the filter design in this scheme can be fixed independent of signal bandwidth.
2.2 Complexity analysis 
2.2.1 Transmitter side
As discussed in 2.1, the extra complexity for the block-wise filtering scheme mainly comes from two band edge blocks. The main complexity are contributed by small IFFT,  Tx shaping filter, anti-image filter for up-sampling and frequency shift. Taking 100 PRBs data bandwidth with 15 kHz numerology as an example,  the band partition are 4 PRBs for both band edge blocks and 92 PRBs for band middle block. The small FFT size is 128 point, and the filter taps and sampling rate of f-OFDM for band edge blocks can be 65 and 1.92 Msps, respectively. Then 16 times up-sampling is applied for sampling rate transformation from 1.92 Msps to 30.72 Msps. 
· Tx shaping filter: The purpose of this filter is for spectrum shaping. It is a general FIR filter. As is well known, FIR implementation complexity can be reduced by its coefficient symmetry as Figure 3, in which the number of multiplications is reduced to half of the original multiplication. 
· Anti-image filter for up-sampling: The most commonly used anti-image filters for up-sampling include CIC (Cascaded Integrator-Comb) filter and HB (Half-Band) filter, which has rather low implementation complexity. Taking CIC filter as an example, no multiplication is required due to its special architecture. However, a compensation FIR has to follow the CIC filter for frequency response correction. For the compensation FIR, 20 taps is enough in order to have desirable image rejection
· Frequency shift: Frequency shift operation is used to shift each band edge block data to its appropriate frequency location in the 100 PRBs band bandwidth, for data aggregation with other two blocks.
The detailed analysis of computation complexity for the above operation is summarized in Table 1.
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Figure 3 Simplified FIR filtering implementation (Assuming 33 filter taps)
Table 1 Computation complexity for each band edge block
	Filter
	     Number of taps
	   Effective    
   taps number
	                 Number of real multiplication per second

	TX filter of f-OFDM
	65
	33
	33*1.92Msps*2 § = 126.72M/s

	CIC filter
	-
	-
	-

	Compensation FIR
	20
	10
	10*1.92Msps*2 § = 38.4M/s

	Mixer (freq. shift)
	-
	-
	30.72Msps*3 † = 92.16M/s


§ Here 2 means both I and Q data.
† Conceptually 1 complex multiplication needs 4 real multiplications and 2 real additions. But by some implementation optimization, the required multiplication and addition number can be reduced to 3 and 5 respectively.
For per OFDM symbol, the number of real multiplication required by two band edge blocks is
 2* (126.72+38.4+92.16) M/s * 1/14 ms = 36754
If band middle block uses short window, its complexity is negligible. The total complexity at transmitter just comes from the two band edge blocks. 

Actually, the above complexity for the above f-OFDM scheme is even far lower than current LTE Tx shaping filtering operation, in which an around 80 taps shaping filter is used at Tx side in order to fulfill the spectrum mask and ACLR requirement with 10% guard band. The required number of real multiplication per OFDM for LTE Tx shaping filtering is,
41*30.72Msps *2 *1/14 = 179931
With 2 extra small FFT (e.g. 128-point) at rather low sampling rate (e.g. 1.92Msps) and around 1/5 number of real multiplication over LTE shaping filterering, the block-wise f-OFDM scheme can achieve much better spectrum confinement than LTE. Considering the fact that Tx shaping filtering has been widely used in current LTE BS and UE, the complexity of f-OFDM is definitely affordable to NR BS and UE. Table 2 summarizes this complexity comparison.
Table 2 Tx complexity scheme comparison
	
	Extra FFT/IFFT operation
	Extra real multiplication
	comments

	Tx f-OFDM
	2 * 128-point IFFT
	36754
	Half OFDM symbol filter at 1.92 Msps is assumed

	Tx shaping filter for LTE
	0
	179931
	81 taps filter is assumed to achieve 90% spectrum utilization


2.2.2 Receiver side
The complexity of block-wise filtering at Rx side is similar as that at Tx side, as shown in Figure 2.
From a carrier perspective, Rx spectrally confined filtering has to be used in order to fulfill receiver ACS (adjacent channel selectivity) requirements for both BS and UE, which cannot be achieved by windowing because windowing only mitigates the interference level entering target bandwidth, rather than suppress the interfering power as requested by ACS. Considering the fact that Rx spectrally confined filtering has been used in current LTE BS ad UE, the complexity of block-wise filter scheme for f-OFDM is also manageable for receiver.
Based on above complexity analysis, we have the following observation:

Observation 2: The complexity of block-wise filtering scheme is comparable to the existing LTE Tx shaping filter and also the Rx filter.
2.3 Performance evaluation
In this section, the link level performance of block-wise filtering in terms of PSD and BLER is presented to show that the low complexity implementation optimization will not cause link performance degradation.
In the evaluation, three schemes are compared with the parameters listed in Table 3.
Table 3 Waveform parameters for evaluation
	Scheme
	Waveform parameters

	Scheme 1: wideband filtering 
	· Tx filtering taps: 513 @ 15.36 Msps

· Rx: the same as Tx

	Scheme 2:Block-wise filtering
(band-edge filtering and band-middle filtering)
	· Tx: 

Band-edge blocks filtering: 65 taps @1.92 Mbps

Band-middle bock filtering: 31 taps @ 15.36 Mbps

· Rx: the same as Tx

	Scheme 3: Block-wise filtering
(band-edge filtering and band-middle windowing)
	· Tx: 

Band-edge blocks filtering: 65 taps @1.92 Mbps

Band-middle windowing: 26 samples window slope length @15.36 Mbps

· Rx: the same as Tx


For block-wise f-OFDM, the band partition is 4 PRBs for both band edges, and 46 PRBs for band middle.
As expected, with low complexity filtering scheme (scheme 2 and 3), 54 PRB data transmission bandwidth can be achieved for a 10 MHz carrier without violating the ACLR and SEM requirements (Figure 4). And the BLER performance can also be the same as wideband filtering (Figure 5).
The following observation can be made,

Observation 3: The link performance degradation in terms of OOBE and BLER for the block-wise filtering scheme is negligible.
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Figure 4 PSD for various implementation schemes
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Figure 5 BLER for various implementation schemes
3 Conclusions
In this contribution, we have presented a block-wise filtering scheme as an example of low complexity f-OFDM implementation, and its detailed analysis on the complexity and evaluation on the link level performance are also provided.  This implementation scheme can have the same link performance as original scheme of wideband filtering, but with comparable complexity to current LTE spectrally confined filtering. The complexity can be affordable for both NR BS and UE.  It is also worth noting that the above block-wise filtering is just an implementation example and any other f-OFDM scheme with affordable complexity can also be considered for implementation.
Based on the above analysis and evaluation, we have the following observations:
Observations 1: The block-wise filtering scheme can reap the benefits of both W-OFDM and f-OFDM, and the filter design in this scheme can be fixed independent of signal bandwidth.

Observation 2: The complexity of block-wise filtering scheme is comparable to the existing LTE Tx shaping filter and also the Rx filter.
Observation 3: The link performance degradation in terms of OOBE and BLER for the block-wise filtering scheme is negligible.
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