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1. Introduction
At the RAN1#84bis meeting [1], the following agreements on NR numerology were achieved:
· RAN1 will continue further study and conclude between following alternatives in the next meeting

· Alt1: The subcarrier spacing for the NR scalable numerology should scale as


fsc = f0 * 2m
where f0 is FFS and m is an integer chosen from a set of possible values
· Alt2: The subcarrier spacing for the NR scalable numerology should scale as


fsc = f0 * M
where f0 is FFS and M is an integer chosen from a set of possible values
· All companies are requested to analyze/evaluate following aspects

· Realistic phase noise

· How each alternative allows mixing different numerologies

· All companies are requested to propose exact values of
· f0, m and M
Additionally, it was agreed that it is necessary to support more than one values of subcarrier-spacing for NR:
· Values of subcarrier-spacing are derived from a particular value of subcarrier-spacing multiplied by N where N is an integer

· Alt.1: Subcarrier-spacing values include 15 kHz subcarrier-spacing (i.e., LTE based numerology)

· Alt.2: Subcarrier-spacing values include 17.5 kHz subcarrier-spacing with uniform symbol duration including CP
· Alt.3: Subcarrier-spacing values include 17.06 kHz subcarrier-spacing with uniform symbol duration including CP length
· Alt.4: Subcarrier-spacing values 21.33 kHz
· Note: other alternatives are not precluded
· FFS: exact value of a particular value and possible values of N
· The values of possible subcarrier-spacing will be further narrowed-down in RAN1#85

In this contribution, we discuss some evaluation results about the f0 candidates of 15KHz and 17.5KHz, and also provide link level evaluation of different CP length options.
2. Evaluation on two subcarrier spacing family
As shown in Table 1, the main differences between 15kHz family and 17.5kHz family subcarrier spacing are the CP length, CP overhead and the number of OFDM symbols in 1ms. Link level performance comparison of these two family are done based on 20MHz bandwidth. To achieve a comparable effective bandwidth, 84 PRBs are used for 17.5KHz, resulting in 42 RBs for 35KHz and 21 RBs for 70KHz. The RS REs overhead per 1ms is supposed to be same for both 17.5KHz and 15KHz family, which means with doubled subcarrier spacing, RS overhead is doubled in frequency domain per RB, and RS overhead is not doubled in time domain even number of symbols doubled since they are deployed in the same scenarios with the same channel characteristics. For example, for 15KHz, CRS is 3 REs per 12 subcarriers by 4 symbols per 14 symbols in 1ms, and with 30KHz, a scalable 28 symbols every 1 ms,  CRS will be  6 REs per 12 subcarriers by 4 symbols per 28 symbols in 1ms as the time and frequency correlations of the channel does not change, 
Table 1 two subcarrier spacing family
	
	15kHz family
	17.5kHz family

	Subcarrier spacing (kHz)
	15
	30
	60
	17.5
	35
	70

	CP length (usec)
	(5.2, 4.69)
	(2.6, 2.34)
	(1.3, 1.17)
	5.36
	2.68
	1.34

	CP overhead
	6.67%
	8.57%


Figure 1 presents the evaluation results of 15kHz family and 17.5kHz family subcarrier spacing, and 3km/h UE speed, 2GHz and TDL-C with 1000ns desired DS are assumed. The left part shows 64QAM with a code rate 0.71, and right one gives result of 16QAM with code rate of 0.48. From Figure 1, we can see that under the same bandwidth, 15kHz and 17.5kHz subcarrier spacing offer quite similar link performance, that’s because with less PRB numbers, 17.5KHz only have a slightly more available REs than 15KHz in 1ms, but the precoding granularity is a little coarser. 
So which family subcarrier spacing to choose is based on other design aspects, such as 15KHz family has an advantage of co-existence with LTE system, and 17.5KHz provides a simple way to realized shorten TTI by reducing symbols number with 2-n. How to deployment NR and URLLC service should be considered when making choice. With high carrier frequency, coexistence with LTE is no longer a problem, 17.5KHz can be considered with a scalable and flexible design.
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Figure 1 Throughput comparison of 15kHz family and 17.5kHz family
Proposal 1: 17.5KHz and 15KHz shares similar performance supposing a common bandwidth, and for high carrier frequency where coexistence with LTE is no longer a problem, at least 17.5KHz can be considered with a scalable and flexible design.
3. Evaluation of different numerology design options
For the high frequency transmission, due to the large propagation loss and utilization of beam forming, the CP could be designed even smaller, and a scalable CP design seems efficient. However, for low frequency scenarios, NR shares the same propagation and deployment scenarios with LTE, and comparable performance should be guaranteed. For example, the delay spread can be large in urban cities with low carrier frequency, if numerologies with scaled subcarrier spacing are multiplexed together, whether the scalable CP length is enough shall be studied. Here, we provide evaluations of two numerology design options and give our observation and proposals. 15KHz is taken as example. There following two options of CP consideration for scalable subcarrier spacing [1] are considered:
Option 1: fixed CP overhead for scalable subcarrier spacing
Table1. numerology option 1
	Option 1
	15KHz
	30KHz
	60KHz

	Symbol duration 
	66.67
	33.33
	16.67

	CP length
	4.76
	2.38
	1.19

	Number of OS in 1ms duration
	14
	28
	56

	Overhead of CP 
	7%
	7%
	7%


Option 2: Comparable CP length for scalable subcarrier spacing
Table 2. Numerology option 2
	Option 2
	15KHz
	30KHz
	60KHz

	Symbol duration 
	66.67
	33.33
	16.67

	CP length
	4.76
	5.12
	4.17

	Number of OS in 1ms duration
	14
	26
	48

	Overhead of CP
	7%
	13.4%
	20%


In the following subsection, link level performance of different options is given.
3.1. Evaluation of option 1
Impacts of delay spreads on scalable CP length are evaluated, with carrier frequency of 2GHz and 3km/h mobile speed. Different modulation order (such as 64QAM and 16QAM and QPSK) are evaluated. As seen in figure 2, TDL-C with 1000ns desired DS is supposed. The results show that the higher the modulation order is, the more sensitive to CP length shortening. Modulation order 64QAM is sensitive to the ISI due to shorten CP value for 30KHz and 60KHz subcarrier spacing, but for QPSK, the performance loss seems negligible. For 16QAM, 60KHz with fixed CP overhead bring around 10% throughput loss at medium SNR.
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Figure 2 Throughput comparison with different modulation order
Figure 3 further compares performance of 64QAM with a DS 300ns for scalable subcarrier spacing. Unlike severe throughput loss in DS 1000ns, ISI seems acceptable for DS spread of 300ns. Even for 64QAM with a CP length 1.17us, the throughput loss is less than 8% compared to 4.7us of 15KHz.
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Figure 3 Throughput comparison for different delay spreads
Observation 1: fixed CP overhead option does not always work well for all scenarios. For large delay spread, higher modulation order suffers from significant performance loss due to shorter CP length introduced in large subcarrier spacing.
3.2. Evaluation of option 2
To keep a comparable CP length, available data REs in each OFDM symbols is reduced with increased subcarrier spacing. The throughput loss is always present no matter ISI exist or not. Throughput comparison of option 1 and 2 under different delay spreads are shown in figure 4. For DS 1000ns, option 2 outperforms option 1 for 30KHz and 60KHz subcarrier spacing due to its better ability to overcome large ISI, except for high SNR, 30KHz, where the achievable throughput of option 1 is higher than option 2. And for DS 300ns, option 1 performs better.
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Figure 4 Throughput comparison of option 1 and 2 under different delay spreads
Figure 5 shows comparison results of option1 and 2 with 60KHz subcarrier spacing, where low modulation order of 16QAM and QPSK are used. Option 1 has better performance in low order modulation scenarios, because throughput loss caused by CP overhead in option 2 is obvious than the sensitive to ISI in low order modulation scenarios.
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Figure 5 Throughput comparison of option 1 and 2 for 16QAM and QPSK
Observation 2: comparable CP value option outperforms fixed CP overhead option in large delay spread scenarios with high modulation order such as 64 QAM used. But it suffers from large CP overhead in small delay spread and low modulation order.
From the simulation results, we can see that keep a scalable CP length does not always work well for all scenarios, but it is possible to deploy NR in all kinds of scenarios with large, medium or small delay spreads, and we should make sure that the frame structure design is able to handle various scenarios. In other words, with a deployment scenario where one of the numerologies suffered from severe performance loss, it may be not suitable to still mixed them together. For example, as shown in figure 2, 60KHz subcarrier spacing with a fixed CP overhead but short CP interval suffers from ISI for 1000ns DS, and 64QAM provides even much poor throughput than 16QAM, the peak data rate is very limited for 60KHz numerology. Restriction of whether to multiplex them and which can be multiplexed together may be needed depending on scenarios.
Fox example, in large delay low mobility scenarios, the eNB can decide not to multiplex 60KHz with scalable CP with 15KHz and 30KHz subcarrier spacing due to its very low efficiency. But in small delay low mobility cases, flexible multiplexing of all 15,30 and 60KHz can be configured.
Proposal 1: It may be inefficient to multiplex all the numerologies together in some scenarios, restriction of whether to multiplex them and which can be multiplexed together may be needed depending on scenarios.
On the other hand, throughput performance of comparable CP length option seems acceptable in figure 4 for 1000ns delay spread. In other words, if strong demand of multiplexing different subcarrier spacing choices is justified, additional solutions beyond scalable CP design are not precluded to deal with large delay spread scenarios. For example, it may be possible to mixed 15KHz, 30KHz with scalable CP length, but 60KHz with a comparable CP length as 30KHz, however simulation results of this case is not provided here, and further study can be done. And some smart mechanisms for eNB can be considered to make flexible and adaptive multiplexing of different numerologies.
As to option 2, there are 14,26 and 48 OFDM symbols in every 1ms for 15KHz,30KHz and 60KHz subcarrier spacing, respectively. The number of OFDM symbols in 1ms is not a simple double, so correlated designs such as reference signals, TBS determination, and etc. cannot just copy the basic design, and additional specification work is needed.
Proposal 2: Additional solutions beyond scalable CP design can be considered to deal with large delay spread scenarios if multiplexing of different subcarrier spacing numerologies are needed.
4. Conclusions
In this contribution, evaluations of different CP design for scalable subcarrier spacing are made, the following observations and proposal are made:
Observation 1: fixed CP overhead option does not always work well for all scenarios. For large delay spread, higher modulation order suffers from significant performance loss due to shorter CP length introduced in large subcarrier spacing.
Observation 2: comparable CP value option outperforms fixed CP overhead option in large delay spread scenarios with high modulation order such as 64 QAM used. But it suffers from large CP overhead in small delay spread and low modulation order.
Proposal 1: It may be inefficient to multiplex all the numerologies together in some scenarios, restriction of whether to multiplex them and which can be multiplexed together may be needed depending on scenarios.
Proposal 2: Additional solutions beyond scalable CP design can be considered to deal with large delay spread scenarios if multiplexing of different subcarrier spacing numerologies is needed. And some smart mechanisms for eNB can be considered to make flexible and adaptive multiplexing of different numerologies.
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Appendix

Table 3. Link level simulation parameters
	
	LTE NCP f0
	f0[image: image13.png]


2
	f0[image: image15.png]


4

	Carrier frequency
	2GHz
	2GHz
	2GHz

	Tones spacing (kHz)
	15
	30
	60

	CP ([image: image17.png]


)
	(5.2, 4.69)
	(2.6, 2.34)
	(1.3, 1.17)

	Effective subcarriers
	1200
	600
	300

	Active BW (kHz)
	18000
	18000
	18000

	Symbol Length (us)
	66.7+CP
	33.3+CP
	16.7+CP

	# of symbols in 1 msec
	14
	28
	56

	coding
	3GPP Turbo (one codeword)

	Modulation 
	64QAM 0.71; 16QAM 0.48, QPSK 0.5

	Subframe duration
	1 msec

	Transmission Mode
	TM9,layer1, 4T2R
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