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Introduction
In order to achieve higher spectral utilization, spectral confinement techniques such as time domain windowing or filtering should be applied to the NR waveform. 
In this paper we discuss in details the complexity of the different implementation architectures of the filtering technique and compare with the complexity time domain windowing. 
Discussion of filtering and windowing schemes
The spectral confinement via filtering can be implemented in time domain via convoluting or in frequency domain using FFT overlap and add (or FFT overlap and save). The complexity of both approaches has been discussed in [1]. A reduced complexity implementation via block edge long filtering and in-band windowing or short filtering has been proposed in [2].
In this section, we study the complexity of the filtering and windowing approaches for a 100 MHz system with 30 KHz subcarrier spacing. 
Filtering via time-domain convolution
A 50% filter length will map to 2048 taps in time domain. Each OFDM symbol contains 4096 + 288 time samples assuming roughly 7% CP length. Therefore the number of real multiplications needed per each I/Q will be roughly 9 million (4384*2048) which maps to approximately 500 G multiplications per second.


Figure 1: Time domain convolution
Filtering via FFT overlap and add
The filtering can be performed in the frequency domain using the FFT overlap and add approach. Based on the assumption of 50% filter length, the time samples after adding the CP will be divided into three zero padded segments each of 4096 samples. Each segment will be applied to 4K FFT then frequency samples will be multiplied by the filter response H(K) and then applied to 4K IFFT to get back to time domain. Then the three segments will be overlapped and added to get the (4384+2048-1) time samples.  The filtering scheme is shown in Figure 2.


[bookmark: _Ref478051317][bookmark: _Ref478051311]Figure 2: Frequency domain via FFT overlap and add

This approach will require 3 x ( 4K IFFT + 4K FFT) operations + 3 x ( 4096 complex multiplication) for the filtering operations. Consider the FFT/IFFT complexity of order , the total number of real multiplications is  million.
Block-edge filtering
This scheme has been introduced in [2] to reduce the filter complexity via applying long filtering to only edge RBs (which control the roll-off of the spectrum) while applying windowing or short filtering to mid RBs. The number of RBs per 100 MHz BW are 275 RB for a 99% spectrum utilization. Assigning 4 RBs at each band edge for the long filtering and the rest 267 RBs will be handled via time domain windowing as shown in Figure 3.


Figure 3 Block Edge filtering
The extra complexity in terms of number of real multiplications of this scheme compared to only windowing shown in Figure 4 is broken as follows:
· Two 128 IFFT engines has roughly  real multiplications
· Two 65-taps filtering have 
· The upsampling by 32 can be efficiently implemented by two cascaded stages of upsample by 4 followed by upsample by 8. Each stage can be implemented using poly-phase filter. 
· Consider an image rejection of 80 dB, the first upsample will have 24 taps filter while the 2nd stage will have 32 taps.
· It should be noted that the second stage will have to run at a 8 times higher clock rate compared to the first stage
· Number of real multiplications of first filter =  16,080
· The first 2 for the two edge filters while the second 2 for the I/Q samples
· Number of real multiplications of second filter =  
· The frequency shifter is a complex multiplier per each sample. Number of sample will be 
· Number of real multiplications are 



The table below summarizes the extra complexity of the block-edge filtering and doesn’t take into account the complexity of the windowing.
	2x128 IFF engines
	65 taps Filtering
	Up-sampling by 32
	Freq. shifter
	Total

	
	
	118,992
	
	176,404


* Complex multiplication can be efficiently implemented suing 4 real multiplications and 2 additions/subtractions.
While this method can help to reduce the implementation complexity, the EVM impact has not been evaluated by the proponents. It is expected that the edge RBs will be affected by some EVM degradation at both edges (RBs at both edges of the edge filter will be impacted) since separate filters are applied to each edge. This aspect will be further analysed in Section 3.3. 
Furthermore, it is not clear how this method can be applied to DFTS-OFDM for UL transmissions.
Time domain windowing
Assuming window length of 2% of the symbol length, the number of samples at each side are 82 samples. The total number of multiplications are 164 real multiplication per each OFDM symbol. 



Figure 4: Weighted overlap and Add (WOLA)
It should be noted that the windowing coefficients are fixed so the actual multiplication will be converted into a trivial bit shift and add operation in the actual hardware implementation. Hence, the actual chip area (number of logical gates) will be much smaller than what is implied by the number of multipliers.
The complexity analysis are summarized in Table 1. Although the block edge filtering reduces the complexity of the filtering, its complexity is still more than a 1000 times higher than that of windowing.
Table 1: Complexity comparison between filtering schemes and windowing
	
	
	Extra IFFT/FFT
	Total number of real multiplication per OFD symbol

	Filtering Schemes
	TD convolution
	0
	18 M

	
	FD FFT overlap and add
	3 x 4096 FFT
3x 4096 IFFT
	1.3 M

	
	Block-edge filtering
	2 x 128 IFFT
	176 K

	Windowing
	WOLA
	0
	164



Filter Configurability and trade-off
In the previous section we discussed the complexity analysis of the filtering assuming one subcarrier spacing in the entire channel. For the case of FDM of different numerologies within the same channel bandwidth, it is needed to do filtering per each sub-carrier spacing. Also for each sub-carrier spacing, different filters are needed for different RB allocations. The taps of the different filter configurations will be either generated on the fly which will add extra complexity or will be stored in memory and loaded. This is a large complexity increase that makes the filtering approach extremely expensive in terms of chip area and power consumption [3]. Other issues with regards to the block-edge filtering technique are discussed below.
Band-width and SCS
The block edge filtering approach is not scalable. Different implementations are needed for every combination of system BW and SCS. This will add extra complexity mostly to the UE side (UE has to support multiple channel bandwidths and SCS) and the network side (gNBs will likely support different SCS in the same channel).
Latency
The filtering operation will add extra delay to the waveform generation process. Different subcarrier spacing will map to different latency. This will be something crucial especially for short burst ultra-low latency applications. The extent of the problem would have to be further quantified but it is expected to be non-trivial.
EVM of edge RBs
As stated in Section 2.3, the RBs to which the band-edge filter is applied will suffer EVM degradation. This will limit the modulation order for the edge RBs and hence the potential gain from using these RBs. Tones at both edge of the edge filter will suffer from higher EVM. Figure 4 shows the EVM results for a 20 MHz system with block-edge filtering and 30 KHz SCS. The four edge RBs are applied to long filters (65 taps) while the middle RBs are shaped with 2% WOLA. It is clear that the tones at the boundaries of each filter suffer from higher EVM as compared to mid tones.
[image: ][image: ]
Figure 5 EVM data with block-edge filtered OFDM (Left figure shows per-tone EVM and right figure shows the per-RB EVM)
Conclusion
In this paper we analyzed the complexity of several filtering techniques and how they compare to windowing. Based on our analysis, even with simplification approaches proposed in previous meetings [4], filtering is more than a 1000 times more complex than windowing. Furthermore, it has other drawbacks such as: worse EVM, high latency and lack of scalability to different BWs and sub-carrier spacing’s.
When deriving the spectral utilization and guard band between numerologies, windowing should be the assumed spectrum confinement technique.
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