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1. Introduction
In RAN1#84bis, it was agreed that for NR, multiple OFDM numerologies can be used in the same frequency band [2]. An OFDM numerology may include aspects like:
· Subcarrier spacing
· OFDM symbol duration(s)
· Cyclic prefix (CP) duration(s)
· The number of symbols per subframe
· Combinations of sampling rate and DFT size
Different numerologies are required in NR due the diverse requirements [3]. For example, low-latency applications may require a shorter OFDM symbol duration and/or fewer symbols per subframe than an MTC application. Furthermore, different deployment scenarios may require different numerologies. For example, deployment scenarios with large channel delay spreads require a longer CP duration than scenarios with short delay spreads.

In RAN1#84bis, the numerology agreements focused on the subcarrier spacing fsc. It was agreed that different subcarrier spacings are derived from a base subcarrier spacing f0, by multiplication with a scaling factor. Scaling alternatives were:
· Alt 1: fsc = f0 * 2m, where m is an integer chosen from a set of possible values.
· Alt 2: fsc = f0 * M, where M is a positive integer chosen from a set of possible values.
Note that in Alt 1, f0 does not have to be the smallest subcarrier spacing, since 2m may be smaller than 1, e.g. if m=(-1). For Alt 2, however, f0 is the smallest subcarrier spacing, since the smallest M=1.

Furthermore, different candidate numerologies were agreed:
· Alt 1: LTE-based numerology: One of the scaled numerologies is the LTE numerology, i.e. fsc= 15 kHz, and symbol and CP duration as in LTE.
· Alt 2: Uniform symbol duration: One of the scaled numerologies includes fsc=17.5 kHz.
· Alt 3: Uniform symbol duration: One of the scaled numerologies includes fsc= 17.07 kHz.
· Alt 4: Uniform symbol duration: One of the scaled numerologies includes fsc= 21.33 kHz.
The candidates can be grouped as follows:
· LTE family (LTE-based numerology): Alt 1
· Uniform family (uniform symbol duration with 2n symbols per 1 ms, n integer): Alt 2, Alt 3, Alt 4
2. [bookmark: _Ref450154210]Numerology candidate properties
The choice of numerology is influenced by a number of design criteria that one wants to achieve for the new RAT. Below, a flow chart is shown to illustrate the choice of numerology:

Figure 1 A flow chart describing the choice of difference numerology candidates
· The first question is whether the attractive approach with 2m uniform symbols per 1 ms is selected or if the LTE numerology has to be kept. 
· If 2m uniform symbols per 1 ms is selected, the next choice could be between the two alternatives:
a) For a 20 MHz carrier, keep FFT as in LTE and change LTE sampling frequency fs
b) For a 20 MHz carrier, keep LTE sampling frequency fs and change to mixed-radix DFT (as is used in LTE UL)
Alt 2 is obtained if a) is chosen, whereas Alt 3 and Alt 4 are obtained if b) is chosen.

Keeping the LTE sampling frequency (e.g. for a 20 MHz carrier) could beneficial for multi-RAT implementation, for instance when multiple RATs shall be supported over a common fronthaul. 

An important difference between Alt 1N (LTE with NCP) and Alt 1E (LTE with ECP) on one hand, and Alt 2, 3, 4 (uniform) are the time-domain properties, as illustrated in the figures below.

Figure 2 The time domain structure of an NR subframe for Alt 1N in (a) and Alt 1E in (b), with example numbers of 7 and 6 (TBD) symbols per subframe. In Alt 1N, the first CP is slightly longer than the other CPs. The OFDM symbol duration, the CP duration and NR subframe duration, all scale down with the scaling factor M.

Figure 3 The time domain structure of an NR subframe for Alt 2, 3 and 4, with an example number of 2 (TBD) symbols per subframe. All three candidates share the same OFDM symbol duration TSymb_uniform. The only difference in the time domain structure between Alt 2, 3 and 4 are different distributions between CP (indicated by TCP_X) and useful symbol. The OFDM symbol duration, the CP duration and NR subframe duration, all scale down with the scaling factor M. It is important to note that multiple subframes can be aggregated to larger scheduling frames, for instance in order to reduce control overhead.

The following table summarizes the numerology candidates.
Table 1 – A parameter summary of the compared candidates for the example 20 MHz component carrier bandwidth. Only the sampling frequency and system DFT size would scale with the component carrier bandwidth if the subcarrier spacing is not changed. The system DFT size does not need to scale with component carrier bandwidth if the subcarrier spacing is scaled. The parameters marked with * are example values. Final values are TBD. The parameters marked with ** are implementation dependent. Typical values are shown. It is important to note that multiple subframes can be aggregated to larger scheduling frames, for instance in order to reduce control overhead.
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	Alt 1N (NCP)
	Alt 1E (ECP)
	Alt 2
	Alt 3
	Alt 4

	Scaling factor (M)
	1
	2
	4
	1
	2
	4
	1
	2
	4
	1
	2
	4
	1
	2
	4

	Subcarrier spacing (kHz)
	15
	30
	60
	15
	30
	60
	17.5
	35
	70
	17.07
	34.13
	68.27
	21.33
	42.67
	85.33

	Component carrier bandwidth (MHz)
	20
	20
	20
	20
	20

	OFDM symbol duration (usec)
	71.9 / 71.4 
	35.9 / 35.7 
	18.0 / 17.8 
	83.3
	41.7
	20.8
	62.5
	31.25
	15.625
	62.5
	31.25
	15.625
	62.5
	31.25
	15.625

	CP duration (usec)
	5.2 / 4.7
	2.6 / 2.3
	1.3 / 1.2
	16.7
	8.3
	4.2
	5.4
	2.7
	1.3
	3.9
	2.0
	1.0
	15.6
	7.8
	3.9

	CP overhead (%)
	7.3 / 6.6
	20
	8.6
	6.3
	25

	No. of symbols / subframe* 
	7
	6
	2
	2
	2

	NR subframe length* (ms)
	0.5
	0.25
	0.125
	0.5
	0.25
	0.125
	0.125
	0. 063
	0.031
	0.125
	0.063
	0.031
	0.125
	0.063
	0.031

	Frame length (ms)
	N/A
	N/A
	N/A
	N/A
	N/A

	Sampling frequency** (MHz)
	30.72
	30.72
	35.84
	30.72
	30.72

	System DFT size**
	2048
	1024
	512
	2048
	1024
	512
	2048
	1024
	512
	1800
	900
	450
	1440
	720
	360



3. Numerology candidate performance
In our companion contribution [8], the link level performance of the different numerology candidates has been compared. Alt 1N and Alt 3 have the same performance in TDL A with 1000 ns DS and 30 kmph, see the left figure in Figure 4.

In the right figure of Figure 4, the low-latency performance in a large delay spread environment is compared. Two methods to create the short subframes of 125 us are compared;
· Method 1: Uses Alt 3 without scaling (M=1) with 2 symbols per subframe. 
· Method 2: Uses Alt 1 with scaling (M=4) with 7 symbols per subframe (NCP) or 6 symbols per subframe (ECP). 
From the simulation result shown in the right-hand figure below it can be seen that Alt3 (with Method 1) outperforms Alt 1 (with Method 2), when supporting a short sub-frame for a large delay spread. 
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[bookmark: _Ref450909628]Figure 4 – The left plot compares Alt 1N (NCP) 15 kHz with Alt 3 17.07 kHz, i.e. without scaling (M=1). The right plot compares performance with 0.125 ms subframes. Method 1 corresponds to Alt 3 with 17.07 kHz and 2 symbols per subframe. Method 2 corresponds to Alt 1 with 60 kHz, for NCP and ECP.

For environments with smaller delay spread, we expect similar performance between Alt 1N and Alt 3.

Observation 1: Alt 1 (NCP) 15 kHz and Alt 3 17.07 kHz have similar performance, also for very long DS. Alt 3 outperforms Alt 1 when achieving low-latency subframes (0.125 ms) at very long DS.
4. [bookmark: _Ref450591606]Numerology candidate baseband complexity
Alt 1 and Alt 2 can use FFTs for the regular LTE bandwidths, e.g. 20 MHz Alt 3 and Alt 4 relies on mixed-radix DFTs in those bandwidths, since the typical LTE sampling frequencies, e.g. 30.72 MHz, are reused. In this section, the baseband complexity of FFT and mixed-radix DFT is compared.

The operation that has most impact on the baseband implementation complexity is the complex multiplication (CM). Therefore, the number of required complex multiplications is compared for the different FFT/DFT sizes.  This gives a good indication for the relative DFT complexity for the candidate numerologies. In [7], it is shown that the a DFT that an upper bound for the required complex multiplications of an N-point DFT is described by:  


where Ni is a multiplier of N and (Ni) denotes the required CMs for an Ni-point DFT. We are using an implementation for the DFT of the prime-factor resulting in 0 CMs for a 2-point DFT, and 4 CMs for a 3-point and 5-point DFT, i.e. (2)=0, (3)= (5)=4.

The required CMs for the different candidate numerologies are then calculated to:
[image: ]

Thus, the 1800-point DFT requires just 28% more CMs than the 2048 points FFT. In R1-162159, it was stated that a 2048-point FFT consumes about 5% of the total baseband power. Thus, an increase of 28% of this 5% seems tolerable.

Scalability:
Narrower DFTs with the same SCS can be created easily. The 1800-point DFT, for instance, is built up from multiples of 2,3, and 5. Thus a 900, a 450 or 225 points DFT covering ½ (e.g. 10 MHz), ¼ (e.g. 5 MHz) or 1/8 (e.g. 2.5 MHz) of the original band (e.g. 20 MHz) can easily be realized. Also other bandwidth decimation factors by 1/3 or 1/5 can be utilized.
Observation 2: Mixed-radix DFT complexity is not more than 28% higher than FFT. Mixed-radix DFT provides additional flexibility. 
5. Numerology candidate forward compatibility
The SID lists inherent forward compatibility as an explicit main requirement for NR [1]. Even though it is difficult to assess forward compatibility, it is essential that forward compatibility is evaluated for all numerology candidates. 

There are many aspects of numerology and frame structure that are related to forward compatibility. These are discussed in some more detail in the companion contribution [5]. Here, we list a few aspects that differ between the numerology candidates.

First, we consider the time domain structure of the numerology candidates, without scaling:
· Alt 1N: 7 symbols per 0.5 ms, of non-uniform duration, the first symbol is slightly longer than the other symbols.
· Alt 1E: 6 symbols per 0.5 ms, of uniform duration
· Alt 2-4: 8 symbols per 0.5 ms, of uniform duration
As evident by the LTE study on latency reduction techniques, latency reduction by reducing the number of symbols per subframe may be required in the future. Fewer symbols per subframe may not be exclusive for future very-low latency applications, but could also be combined with future applications with long symbols (scaling below 1) and moderate latency requirements. Hence, it is essential that the NR numerology supports efficient multiplexing of subframes with few, e.g. 2, symbols per subframe.
Alt 2-4 offer a smooth way to reduce the number of symbols per subframe by factors of 2, while maintaining efficient multiplexing of different subframe durations and scaling factors.  

The non-uniform symbols in 1N may introduce various problems in the future. For instance, consider the multiplexing of a 4-symbol subframe with scaling M=2 with a 2-symbol subframe with scaling M=1. Assuming that both subframes have the 1st symbol slightly longer, the 2-symbol subframe with M=1 is slightly longer (14.323 us) than the 4-symbol subframe with M=2 (14.297 us). Furthermore, it is desirable to have an integer number of NR subframes per 1 ms, for instance due to tight inter-working with LTE. However, this is not the case with 3 or 4 symbol subframes in Alt 1N.

Observation 3: Alt 2-4 have better forward compatibility for a smooth evolution to fewer symbols per subframe.

Secondly, the possible future smooth introduction of new CP durations is considered. A new CP duration may target new deployment scenarios, new applications or something unforeseen. A new CP duration may primarily target a scaled numerology, so that the effective CP is scaled up or down with M. For instance, very high scalings, e.g. M=8, 16, 32, may require significantly larger (unscaled) CP duration, in order to provide a sufficiently long downscaled CP duration. In another example, in future applications with low scalings, e.g. M=1/8, it may be beneficial to introduce a shorter (unscaled) CP duration, in order to provide a suitably long upscaled CP duration, with reduced CP overhead. In order to be able to smoothly introduce tailored CP durations in the future without changing the unscaled OFDM symbol duration a mixed-radix DFT (e.g. 2a3b5c) approach should be used.

Proposal 1: A mixed-radix DFT approach should be adopted, so that a smooth introduction of future features and services that may require new unscaled CP durations is ensured, without changing the unscaled symbol durations or the frame structure.
6. Numerology candidate co-existence with LTE/NB-IoT 
All numerology candidates offer co-existence with LTE and NB-IoT. The required guard-bands in various combinations depend on various factors such as the selected waveform for NR. This is discussed in more detail in our companion contribution [6].

In some special configurations and depending on the selection of waveform for NR, Alt 1 may offer advantages in terms of co-existence with LTE. These configurations are based on that the NR transmissions next to LTE use the same numerology, symbols and frame structure as LTE. This imposes restrictions on the NR operation which may deteriorate performance, in particular for applications such as URLLC that rely on scaled numerologies. 

It is also important to note that no form of backwards compatibility to LTE is required in [1].
Observation 4: All numerology candidates offer co-existence with LTE and NB-IoT.
7. Comparison summary
Based on the discussions above an in the companion contributions, we prefer a numerology based on 2n symbols per 1 ms, for instance due to multiplexing efficiency, support of subframes few symbols and forward compatibility.

Proposal 2: A numerology with 2m symbols (m is an integer) per subframe is adopted in NR.

Furthermore, we see implementation benefits in keeping the LTE sampling rate for LTE bandwidths. The slightly increased complexity of mixed-radix DFT also comes with the benefit of increased flexibility and forward compatibility. Hence, we prefer Alt 3.

Proposal 3: NR adopts numerologies based on Alt 3.
8. Conclusions
· Observation 1: Alt 1 (NCP) 15 kHz and Alt 3 17.07 kHz have similar performance, also for very long DS. Alt 3 outperforms Alt 1 when achieving low-latency subframes (0.125 ms) at very long DS.
· Observation 2: Mixed-radix DFT complexity is not more than 28% higher than FFT. Mixed-radix DFT provides additional flexibility.
· Observation 3: Alt 2-4 have better forward compatibility for a smooth evolution to fewer symbols per subframe.
· Proposal 1: A mixed-radix DFT approach should be adopted, so that a smooth introduction of future features and services that may require new unscaled CP durations is ensured, without changing the unscaled symbol durations or the frame structure.
· Observation 4: All numerology candidates offer co-existence with LTE and NB-IoT.
· Proposal 2: A numerology with 2m symbols (m is an integer) per subframe is adopted in NR.
· Proposal 3: NR adopts numerologies based on Alt 3.
9. References
[1] [bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: _Ref450850314]3GPP RP-160671, Study on NR New Radio Access Technology, 3GPP RAN#71
[2] [bookmark: _Ref449620942][bookmark: _Ref450748211]3GPP Chairman’s notes RAN1#84bis, 2016-04
[3] [bookmark: _Ref449622718]3GPP TR38.913, Study on Scenarios and Requirements for Next Generation Access Technologies, V0.3.0, 2016-03
[4] [bookmark: _Ref449623523]3GPP R1-164274, Frame structure for NR, ZTE, May 2016
[5] [bookmark: _Ref450688877]3GPP R1-164261, Forward compatibility of numerology and frame structure design, ZTE, May 2016
[6] [bookmark: _Ref450858278]3GPP R1-164273, Frequency multiplexing of different numerologies, ZTE, May 2016
[7] [bookmark: _Ref450911398]A.V. Oppenheim and R.W. Schafer, Discrete-time signal processing, Prentice-Hall, 1989
[8] [bookmark: _Ref450902074]3GPP R1-164272, Performance evaluation of numerology candidates, ZTE, May 2016



	
image3.wmf
(

)

(

)

(

)

÷

÷

ø

ö

ç

ç

è

æ

-

+

=

å

=

n

n

m

m

1

2

1

i

i

i

N

N

N

N


oleObject1.bin

image4.emf
2 3 5

2048 11 0 0 10240

1800 3 2 2 13080

1440 5 2 1 10032

Multipliers

DFT size Upper bound for CMs


image1.emf

image2.emf

