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[bookmark: _Ref298777854]Introduction
It has been suggested that numerologies tailored for different application and services and mixing of them on the same carrier to support service mixing is beneficial for system performance. While we are not convinced that mixing of different numerologies is needed to support different service mixes this contribution shows that a slightly modified OFDM-based air interface can support numerology mixing if needed.  
Discussion
In an OFDM system all subcarriers are orthogonal to each other. Subcarrier transfer functions are not “brick wall” pulses but have sinc-like behaviour; orthogonality between subcarriers is achieved via properties of the waveform and not via energy-confinement to a subcarrier bandwidth (sinc-like since in discrete-time signal processing a rectangular pulse is not exactly a sinc-function). In an OFDM system with different numerologies (subcarrier bandwidth and/or cyclic prefix length) multiplexed in frequency-domain, see Figure 1, only subcarriers within a numerology are orthogonal to each other. Subcarriers from one numerology interfere with subcarriers from another numerology since energy leaks outside the subcarrier bandwidth and is picked up by subcarriers of the other numerology. 
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[bookmark: _Ref444254362]Figure 1	Schematic picture of frequency-domain multiplexing of different numerologies
The sinc-like transfer functions roughly decay with “1/f”, and substantial interference occurs between numerologies, see Figure 2. In this figure the Signal to Interference Ratio (SIR) is plotted where interference is inter-numerology interference. Simulation parameters are summarized in Table 1. SIR is averaged across subcarriers within one resource block which is assumed 12 subcarriers. Very few resource blocks reach 35 dB.
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[bookmark: _Ref444254375] Figure 2	SIR in an OFDM system where two numerologies are mixed
To improve performance energy leakage from one numerology into the other numerology must be reduced. In an OFDM system this can be achieved by either applying time-domain filtering per numerology (sub-band) or time-domain windowing. Sub-band filtering reduces the aggregated interference from one numerology to the other without affecting the subcarrier transfer function. Windowing smoothens the edges of the rectangular OFDM pulse-shape and thus modifies each subcarrier’s transfer function to decay faster than “1/f”. While both filtering and windowing enable frequency-domain multiplexing we focus in this contribution on windowing. 
Windowing
Windowing can be applied at TX and/or RX side independent of each other. In this section we describe both schemes. We focus on Zipper approach that was proposed for VDSL some 15 years ago [1].
TX windowing
The main reason for the slow “1/f” decay of OFDM spectrum is signal discontinuities at OFDM symbol boundaries: Since OFDM symbols are independent from each other amplitude and phase at the end of OFDM symbol n-1 are different from amplitude and phase at the beginning of OFDM symbol n leading to a signal discontinuity. This signal discontinuity is largely responsible for the slow spectrum decay in OFDM.
With TX windowing the boundaries of each OFDM symbol are multiplied with a smooth slope in time-domain, increasing smoothly from 0 to 1 (increasing slope) or 1 to 0 (decreasing slope), see Figure 3. The increasing slope is applied at the beginning of the cyclic prefix while the decreasing slope is applied after the end of the core OFDM symbol within an extra added cyclic suffix. 
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[bookmark: _Ref444255557]Figure 3	TX windowing
Figure 3 also shows that the increasing slope of the next OFDM symbol overlaps with the decreasing slope of the previous OFDM symbol. This is possible since the receiver discards the windowed samples (it only keeps the core OFDM symbol) and overlapping reduces overhead. Since the receiver keeps only the samples of the core OFDM symbol TX windowing is transparent to the receiver.  
[bookmark: _Ref436734042]The remaining cyclic prefix length to cover linear dispersions created by multi-path propagation, filtering operations, etc. is reduced by the duration of a single slope (the decreasing slope is done within an extra added cyclic suffix that overlaps with the increasing slope of the next OFDM symbol and cyclic prefix reduction is thus already encountered for) compared to non-windowed OFDM system with the same cyclic prefix overhead.
RX windowing
A standard OFDM receiver “cuts out” the desired OFDM symbol period by applying a rectangular window in time-domain to the received signal and subsequently applies an FFT (the rectangular window is part of the FFT operation). Application of a rectangular window in time-domain corresponds to convolution in frequency-domain with a sinc-like function. The sinc-like function leads to high interference pick-up from adjacent non-orthogonal signals such as OFDM signals with other numerologies. To reduce interference pick-up the rectangular window must be replaced by a smooth window function. To this end a smooth increasing window slope is applied at the boundary between cyclic prefix and core OFDM symbol (half within cyclic prefix and half within core OFDM symbol); a  decreasing smooth window slope is applied at the boundary between core OFDM symbol and added cyclic suffix, see Figure 4. 
This operation corresponds in frequency-domain to a convolution with the Fourier transform of the RX window (cyan-coloured window function in Figure 4a which spectrum decays faster than that of a rectangular pulse and thus leads to reduced interference pick-up. As a side effect the windowing operation destroys orthogonality among subcarriers within one numerology since windowing is partly done within the core OFDM symbol. If the applied window slopes fulfil the Nyquist criteria (i.e. they are centre asymmetric) the signal part cut away by the decreasing windowing slope (indicated by the upper-right orange triangle in Figure 4b is the same as the remaining signal part after application of the increasing window slope within the cyclic prefix (indicated by the lower-left orange triangle in Figure 4b since the cyclic prefix is a copy of the last part of OFDM symbol. If the windowed cyclic prefix part (lower-left orange triangular in Figure 4b is added to the last part of the core OFDM symbol the core OFDM symbol is restored at its second boundary. The core OFDM symbol can also be restored at the first symbol boundary by applying the same trick, i.e. adding windowed cyclic suffix (lower-right red triangle in Figure 4b to the beginning of the core OFDM symbol. Now the complete OFDM is restored and subcarriers are orthogonal again. The FFT is applied to the restored core OFDM symbol as indicated in Figure 4b. Interference pick-up remains reduced as long as the interference does not have a periodicity equal to the OFDM symbol duration.
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[bookmark: _Ref444255823]Figure 4	Schematic illustration of RX windowing. a) Smooth window slopes are applied at the boundaries between cyclic prefix/core OFDM symbol and core OFDM symbol/cyclic suffix. b) If the RX window slopes fulfil the Nyqist criteria the core OFDM symbol can be restored by adding the windowed cyclic extensions to the core OFDM symbol. 
Combined TX and RX windowing
TX and RX windowing are independent of each other. The remaining cyclic prefix length to cover linear dispersions created by multi-path propagation, filtering operations, etc. is reduced by the duration of a single TX and RX window slope compared to non-windowed OFDM system with the same cyclic prefix overhead.
Complexity
Windowing has extremely low complexity. Only the windowed samples must be scaled and overlap-and-add over the windowed periods must be performed.
Simulation Results
Figure 5 compares SIR in an OFDM system without windowing (same as in Figure 2) and with TX and RX windowing. The simulation parameters for both setups are provided in Table 1. It can be observed that windowing substantially increases the achievable SIR. SIR is averaged across subcarriers within one resource block which is assumed 12 subcarriers. All resource blocks except 3 wideband and 2 narrowband experience an SIR of 30 dB and above with combined TX/RX windowing of length 12.
 
[bookmark: _Ref444256902]Table 1	Simulation parameters
	Parameter
	Numerology 1
	Numerology 2

	Numerology
	
	

	FFT size
	2048
	1024

	Sum of all cyclic extensions
	144 samples
	72 samples

	Length of cyclic suffix
	Number of samples of TX window slope plus half the samples of RX window slope

	Length of overlap between symbols
	Number of samples of TX window slope

	TX and RX window slope length
	0 (no windowing), 12, 24
	0 (no windowing), 6, 12 

	TX and RX window function
	and  for increasing and decreasing window slope, respectively.   is the window slope length. 

	Resource allocation
	
	 ( narrowband subcarrier)
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[bookmark: _Ref444256878]Figure 5	a) Comparison of SIR without windowing and with TX/RX windowing. b) Zoomed into the centre resource blocks.
Observation: Combined TX and RX windowing reduces inter-numerology interference and increases SIR.
Conclusion
In this contribution we show that windowing is an efficient and simple tool to control inter-numerology interference in a system where multiple OFDM numerologies are multiplex in frequency-domain.
Observation: Combined TX and RX windowing reduces inter-numerology interference and increases SIR.
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