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[bookmark: _Ref298777854]Introduction
In an OFDM system supporting mixed numerologies, different OFDM numerologies are multiplexed in frequency-domain on the same carrier. This benefits simultaneous support of services with vastly different requirements, e.g. ultra-low latency communications (short symbols and thus wide subcarrier spacing) and MBMS services (long symbols to enable long cyclic prefix and thus narrow subcarrier spacing).   
[bookmark: _GoBack]In this contribution we describe some features of mixed numerology and present some simulation results.   
Discussion
Spectrum confinement
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 subcarrier filters of the other numerology. 
[image: ]
[bookmark: _Ref444254362]Figure 1	Schematic picture of frequency-domain multiplexing of different numerologies
To reduce inter-numerology interference the transmit spectrum of each numerology must be better confined, i.e. a better spectrum roll-off is needed. In Figure 2 two subbands with different numerologies are shown. The aggressor numerology (dash-dotted lines) must apply a spectrum emission confinement technique to reduce energy transmitted in the passband of the victim numerology (blue dash-dotted line). However, emission control alone is not sufficient since a victim receiver without steeper roll off (solid red curve) picks up high interference from the passband of the aggressor numerology. Only if the victim receiver (solid blue curve) and the aggressor transmitter (dashed blue curve) have improved filter functions inter-numerology interference is efficiently reduced.
[image: ]
[bookmark: _Ref450653136]Figure 2	Both the transmitter and receiver filtering functionality must be improved to reduce inter-numerology interference efficiently.
Windowing and filtering are well known techniques to improve transmitter and receiver characteristics w.r.t. spectral confinement.
Guard band
Guard tones can be inserted between numerologies to reduce inter-numerology interference and/or relax the degree of required spectrum confinement. Adding guard tones slightly increases overhead; in a 20 MHz system with 1200 subcarriers one guard tone corresponds to less than 0.1 % overhead. Trying to minimize guard tones to an absolute minimum may therefore not be worth the effort (since it increases requirements on spectrum confinement technique both at transmitter and receiver) and also complicates other system design aspects as outlined below: In the example of Figure 3 one narrowband subcarrier is inserted as guard between numerology 1 (green, e.g. 15 kHz) and numerology 2 (blue, 4 times as wide subcarriers, e.g. 60 kHz). A resource block is 12 (narrowband or wideband) subcarriers for both numerologies. If the scheduling is done as indicated for numerology 2 then subcarriers of numerology 2 are not even on the 60 kHz resource grid (the first subcarrier of the blue resource block is on narrow subcarrier 41 which corresponds to wide subcarrier 10.25, so a fractional subcarrier shift). 
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[bookmark: _Ref450660596]Figure 3	One narrowband subcarrier is inserted as guard between numerology 1 and 2. The first subcarrier of numerology 2 is located at  which corresponds to subcarrier 10.25 in 60 kHz subcarrier grid. 
To avoid fractional subcarrier shifts, subcarrier frequencies in each numerology should coincide with the natural grid of the numerology , with  the subcarrier spacing of the numerology. 
However, even with this requirement wide resource blocks (numerology 2) are still not on its natural grid if compared to cell 2, see Figure 4. Such a misaligned resource grid implies that all users of numerology 2 would have to be dynamically informed about this offset (since this offset depends on the scheduling decision). In another cell a different offset may be present, or, as shown in Figure 4, another cell may only operate with numerology 2. Resource blocks in different cells would not be aligned making ICIC, creation of orthogonal reference signals across cells, and interference prediction across cells more difficult.    
[image: ]
[bookmark: _Ref450665454]Figure 4	Four narrowband subcarriers are inserted as guard between numerology 1 and 2. Subcarriers of numerology 2 are now located on its natural resource grid. However, numerology 2 resource blocks are still misaligned across cells. 
Alternatively, the first blue resource block in cell 1 in Figure 4 could be a fractional resource block (corresponding to the bandwidth marked by “Misalignment”). Special definitions of reference signals and rate matching would be required for all possible fractional resource blocks. For the fractional resource block in cell 1 and the overlapping resource block in cell 2 the same disadvantages as mention above are valid.
The cleanest solution is to limit location of resource blocks to its natural resource grid, i.e. in the example of Figure 5 numerology 1 (15 kHz) resource blocks would always start at frequency  and numerology 2 resource blocks (60 kHz) at frequency  (it is assumed that a resource block is 12 subcarriers). This simplifies ICIC, makes interference predication across cells easier, and enables orthogonal reference signals of the same numerology across cells.
For the 15/60 kHz numerology combination the resulting guard band is 8 narrowband (15 kHz) subcarriers. For the 15/30 kHz or 30/60 kHz combination the guard band would be 10 narrowband subcarriers. In a 20 MHz system with around 1200 narrowband subcarriers the loss is less than 1 %.
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[bookmark: _Ref450665841]Figure 5	Eight narrowband subcarriers are inserted as guard between numerology 1 and 2. Subcarriers of numerology 2 are located at its natural resource grid and numerology 2 resource blocks are aligned across cells. 
Simulation results
In this section we present throughput results in a mixed numerology system based on link level simulations.
Simulation assumptions
Table 1 summarizes simulation assumptions.
[bookmark: _Ref450726407]Table 1	Link level simulation assumptions for 15/60 kHz and 15/30 kHz simulation cases
	Parameter
	Value

	Numerologies
	1).15 kHz (victim) and 60 kHz (aggressor)
2).15 kHz (victim) and 30 kHz (aggressor)

	Aggressor allocation
	Wideband 
1).21 PRB – 252 60kHz subcarriers
2).36 PRB – 432 30kHz subcarriers

	Victim allocation
	Wideband (54 PRB – 648 15kHz subcarriers) and narrowband (6 PRB – 72 15kHz subcarriers)

	PSD allocation between numerologies
	Equal

	Spectral confinement method
	TX and RX windowing [1][2] with linear window slope of length 24 (15 kHz) and 12 (30, 60 kHz) samples. 

	Guard band
	1).8 narrowband subcarriers
2).10 narrowband subcarriers

	FFT size
	15 kHz: 4096
30 kHz; 2048
60 kHz: 1024

	Cyclic prefix length
	15 kHz: 1320 + 6288 samples
30 kHz: 1160 + 6144 samples 
60 kHz: 180 + 672 samples 

	Resource block size
	12 subcarriers

	TTI length
	15 kHz: 1 ms
30 kHz: 1 ms
60 kHz: 1 ms

	Channel estimation
	ideal

	Link adaption
	Based on ideal ACK/NACK

	Modulations scheme
	QPSK, 16QAM, 64QAM

	Channel codec
	LTE Turbo code

	Reference signal overhead
	LTE-DL DMRS

	Control channel overhead
	not included

	Channel model
	TDL-A with 10ns and 1000ns RMS delay spread


Simulation results
Victim: 15 kHz, aggressor 60 kHz
Figure 6 to Figure 9 below compare link level simulation results in terms of throughput vs. SNR of a mixed numerology system using windowed-OFDM with OFDM simulated without aggressor/interferer. As expected, with a wideband victim allocation, the performance loss due to the aggressor is negligible. With 1000 ns delay spread (which is much longer than what is typically experienced in practical scenarios), there is a small loss in the high SNR region due to a slightly shorter cyclic prefix if windowing is used. 
For narrowband victim allocation – 6 PRB – a small performance loss is observed for high SNR above 15 dB. 
Based on these results we can conclude that windowing works well with mixed numerologies, also with only 8 narrowband subcarriers as guard band.
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[bookmark: _Ref450920091]Figure 6	Wideband victim allocation (54 PRB) on fading channel TDL-A RMS-DS 10ns
[image: ]
Figure 7	Wideband victim allocation (54 PRB) on fading channel TDL-A RMS-DS 1000ns
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Figure 8	Narrowband victim allocation (6 PRB) on fading channel TDL-A RMS-DS 10ns
[image: ]
[bookmark: _Ref450920099]Figure 9	Narrowband victim allocation (6 PRB) on fading channel TDL-A RMS-DS 1000ns

Victim: 15 kHz, aggressor 30 kHz
Figure 10 to Figure 13 below compare link level simulation results in terms of throughput vs. SNR of a mixed numerology system using windowed-OFDM with OFDM simulated without aggressor/interferer for the case victim 15 kHz/aggressor 30 kHz with 10 narrowband subcarriers as guard band. One can see that there is no performance loss below SNR 15 dB and very little loss above SNR 15 dB, in terms of throughput.
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[bookmark: _Ref451873418]Figure 10 Narrowband victim allocation (6 PRB) on fading channel TDL-A RMS-DS 10ns
[image: ]
Figure 11 Narrowband victim allocation (6 PRB) on fading channel TDL-A RMS-DS 1000ns
[image: ]
Figure 12 Wideband victim allocation (54 PRB) on fading channel TDL-A RMS-DS 10ns
[image: ]
[bookmark: _Ref451873424]Figure 13 Wideband victim allocation (54 PRB) on fading channel TDL-A RMS-DS 1000ns
Complexity
Windowing has extremely low complexity. Only the windowed samples must be scaled and overlap-and-add over the windowed periods must be performed. For a window length of 12 samples TX windowing requires 24 multiplications and RX windowing requires 24 multiplications and 12 additions. For the 24 sample long window complexity doubles. In any case, the complexity is virtual zero compared to the several thousand operations required per FFT. No latency – neither at the transmitter nor at the receiver – is introduced. 
Conclusion
In this contribution mixed numerology in an OFDM system is discussed. It illustrated that both a transmitter and receiver side spectral confinement operation (e.g. windowing, filtering) is required to reduce inter-numerology interference. 
We show furthermore that windowing is an efficient and simple tool to control inter-numerology interference.
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