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Introduction 
In RAN4#79, a discussion on modulation spectrum for different numerologies as well as the guards was initiated.
In this paper, a further analysis of filtering aspect which considers the corresponding delay impact is presented. As new usage scenarios with ultra-low latency are expected to be developed with NR as well as high degree of beam-forming capabilities, latency impact as described in this paper would need to be carefully studied and considered in conjunction with decisions in relation to waveform design and guard levels etc.
Discussion
In [1], a discussion on modulation spectrum and guards was initiated. Apart from usual multi-carrier operation, studying the potential for efficient of multiplexing different usage scenarios with potentially different carrier spacing within one contiguous NR block is one of the objectives of NR SI. Figure 1 illustrates that that there are guard bands both at the block edge and potentially also between numerologies. Since the numerologies differ, it is not intuitive that the block edge guards 1 and 2 should necessarily be the same size. As numerologies with different subcarrier spacing will not be orthogonal to one another and there will be a need for guard bands and/or possibly filtering between numerologies. Note that for simplicity, the figure represents equal power spectral density (psd) between the numerologies but in reality, there is likely will be a psd difference. For simplicity, in this paper we only consider single numerology case.
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Figure 1	Multiple numerologies in a contiguous NR block
In figure 2, the modulation spectrum for numerologies based on example sub-carrier spacing of 15 kHz and 60 kHz respectively which possibly may be used in existing bands as well as new bands below 6 GHz. 
                      [image: cid:image001.png@01D1D5FF.D833DF70]
Figure 2 Modulation spectra for 15 kHz and 60 kHz sub-carrier spacing
Figure 2 indicates the different extents of decay of modulation spectrum in the frequency domain which affect the need for filtering and sizes of guard bands. 
For a single numerology case, an analysis of example FIR filter is performed for NR. The carrier co-existence scenarios are not yet settled for NR and will depend on factors such as the selected numerologies, the size of the guard band and potential PSD offset between adjacent carriers. When considering these factors and the modulation spectra delay characteristics as indicated in figure 2, filtering requirements ranging from 30dB to 60dB might be envisaged. In this paper, the purpose of the analysis is to examine the impact of the steepness roll off in the frequency domain (which relates to the guard period) on implicit filter latency.
The analysis is performed by using the filter-toolbox in Matlab which is a powerful tool to design discrete filters of various types, e.g. FIR filters and IIR filters. A vast number of parameters may be adjusted as to give the filter designer enough freedom to adjust the filter to the desired performances. Note that parameters which usually describe a digital filter such as sampling frequency, filter limits and attenuation requirements together with ripple constraints may be readily set. Variations of combinations of parameters may be made, for example the number of taps in an FIR filter may be interchanged for maximum attenuation where the filter length may be given by the tool.
This toolbox may readily be used also to shed light on some basic behavioral properties of filters given some constraint. One such constraint may be the attenuation together with passband bandwidth and roll-off factor. The roll-off-factor, or relative guard-band between passband and stop band may readily be studied by this tool. 
The intention is to obtain as a rough estimate on how long filter (in number of taps) would be needed for an x % guard band for various attenuation levels and sampling speeds in relation to the signal bandwidth. As an example, an Equi-ripple FIR filter may be analyzed as how many taps are needed to obtain a certain attenuation and guard band for a certain bandwidth and sampling frequency. In figure 3, it is shown how the tool interface may look with the following parameters:

Guard band = 10% of BW
BW = 2*10 = 20 MHz   
Fpass = 10*(1-GB/100)
Fstop = 10
Attenuation (Astop) = 40 dB
Passband ripple (Apass) = 0.2 dB  (pp)
Sampling frequency = 30.72 MHz

                     [image: ]
Figure 3	Matlab FDA tool screenshot
The example filter designs for bandwidth of 5 MHz, 10 MHz and 20 MHz were studied. Since needed filter attenuation depends on the sub-carrier spacing as well as size of guard as the spectrum modulation decays differently in frequency domain, the filters were assumed to provide on 30 dB, 40 dB, 50 dB and 60 dB of attenuation.
The results on needed number of FIR filter taps and the corresponding delay for different level of attenuation and guard is presented in figure 4, 5 and 6.
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Figure 4	Number of taps and the corresponding delay for 5 MHz BW
	1/5	
[image: ][image: ]

Figure 5	Number of taps and the corresponding delay for 10 MHz BW
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Figure 6	Number of taps and the corresponding delay for 20 MHz BW
In this paper, sampling frequency of 30.72 MHz was used for all bandwidths. It can be argued that filtering a narrow-band signal with the same guard-band (in %), will require the same filter time delay. This in turn says that if the sampling speed is limited to just a little more than the bandwidth of the signal, then the number of filter taps can be kept at a minimum. For example, a 5 MHz signal with a 10% guard band may require 60 taps at a sampling speed of 7.68 MHz.  A 20 MHz carrier would require a sampling speed of 30.72 MHz to fit within the Nyquist window. But it would require the same number of filter taps, namely 60. However, in order to digitally sum these two carriers due to e.g. support for CA or multi-carrier, we need to have the same sampling speed and consequently the need to increase the lower sampling speed for the 5-MHz signal up to 30.72     MHz. This might lead one falsely to think that with the same number of filter taps, and the sampling speed being 4x higher, the total delay time will get 4x less. This is not a correct assumption since in the process of up-sampling the 5-MHz signal, we need to perform interpolation and in that process we would also need a filtering process. In the end we will get totally 4x as many filter taps for the narrow-band signal and in the end a 4x longer delay for the 5 MHz signal than for the 20 MHz signal.
The results presented in this paper consider filtering in time domain. The time domain filtering process is a convolution of time domain samples with a set of coefficients. 
This process can be done in frequency domain by transforming data using an FFT, do filtering by multiplying with the filter frequency response and go back to time domain using an IFFT. For continuous filtering, the signal has to be processed in blocks, whose minimum size has to be qual to the filter delay length. To avoid the errors resulting from the block processing there are two major alternatives: “Overlap and Add” or “Overlap and Save” methods. Both methods give identical results and except for any numerical precision differences they also give identical filter performance as time domain filtering beside added processing delay. Both methods are based on dividing the input signal into overlapping FFT blocks that are longer than the minimum block size (i.e. longer than the filter delay). The differences are how the blocks are handled to avoid errors from the block segmentation. Thus, the delay for frequency domain filtering is slightly higher than the time domain filtering.
The results indicate that for an extremely low level of guard, excessive number of filters taps and consequently potentially significant delays might be expected. As new delay critical usage scenarios and also advanced beam forming with very large arrays is an important part of NR, the delay aspect as well as excessive filtering applied on each transceiver in a large array multiplied by number of carriers should be considered before any decision on waveform or guard levels are made.

Conclusion
In this paper the discussion on modulation spectrum and guards were further elaborated. An analysis based on example filters for NR considering the modulation spectrum for different numerologies and its decay, filter attenuations and guards was presented. 
The results indicate that for extremely low level of guard, potentially an excessive number of filters taps and consequently quite potentially significant delays might be expected. As new delay critical usage scenarios and also advanced beam forming with very large arrays is an important part of NR, the aspects discussed in this paper as well in relation to applied filtering should be considered before any decision on waveform or guard levels are made.
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