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1 Introduction
This paper mainly discusses the support of 60 kHz SCS, considering low latency aspects in TDD, performance in various channel conditions, and coexistence of eMBB and URLLC. 60kHz SCS provides much shorter achievable latency than 30kHz in sub-6GHz, as well as better performance in high speed scenario. According to [1], support of sub-carrier spacing is baseband processing capability; therefore, it should be perfectly ok for a UE that can support 60 kHz for mmWave to support it in 1G-6GHz. From this perspective, it makes sense to mandate the support of 60 kHz SCS for 1GHz~6GHz. 
Number of DL/UL switching points in a UL/DL switching periodicity is also discussed. The following agreements were achieved in RAN1:

Agreements:
· Regarding to the periodicity that are included in the higher layer signalling for the semi-static assignment of DL/UL transmission direction for NR, at least the following values are supported:

· [Roughly 0.125 ms, roughly 0.25 ms,] 0.5 ms, 1ms, 2ms, 5 ms, 10ms;

· Each periodicity is supported for particular SCS(s)/slot duration(s)

· FFS: details

It is agreed in RAN1 meetings that FDM and/or TDM of mixed numerologies is supported. The followings are also agreed. 
Agreements:

· The single slot format table supports up to two D/U switching points per slot 
· Zero switching point: 14 DL symbols, or 14 unknown symbols, or 14 UL symbols.

· One D/U switching point of all combinations: Start with zero or more DL symbols, end with zero or more UL symbols, and with unknown symbols in between, where there is at least one unknown symbol and one DL or UL symbol.

· Two D/U switching points within a slot: The first 7 symbols start with zero or more DL symbols, ends with at least one UL symbol at symbol #6 with zero or more unknown symbols in between. The second 7 symbols starts with one or more DL symbols and ends with zero or more UL symbols with zero or more unknown symbols in the middle. 

· Note: This single slot format table will be captured in RAN1 spec. In Rel.15, RAN1will specify up to X<[256] entries, but the RRC signaling need to consider future compatibility with more entries and from RAN1 perspective, a total of [256] entries in the RRC signalling is necessary (with only X entries specified in Rel-15 in RAN1)

Agreements:

· For the UE-specific higher layer signalling on semi-static DL/UL assignment, 

· The signaling includes the indication as per slot basis, the signalling includes:

· Number of DL symbol(s) (y3) in the beginning of slot No.x3

· Values for x3 include {1,…, (Number of slots in a UL-DL resource allocation periodicity)}
· Values for y3 include {0,1,…,13,14}
· Number of UL symbol(s) (y4) in end of slot No.x4

· Values for x4 include {1,…, (Number of slots in a UL-DL resource allocation periodicity)}
· Values for y4 include {0,1,…,13,14}
· The resource(s) in a slot without DL/UL indication are unknown resource(s).

· FFS the UE does not receive and not transmit on ‘Unknown’ resources in UE-specific higher layer signalling if not otherwise indicated.

· FFS At most single DL/UL switching point exists in a UL-DL resource allocation periodicity. 

It is yet FFS “at most single DL/UL switching point exists in a UL-DL resource allocation periodicity”. However, according to the latency analysis, in order to meet the 0.5 ms latency requirement for URLLC, two DL/UL switching points should exist in a UL-DL resource allocation periodicity. 
2 User plane latency analysis considering 60 kHz SCS
In TDD, latency of a one-way transmission consists of the following factors as shown in Figure 1: BS processing, frame alignment, TTI and UE processing. We consider the frame structure in Figure 1 for analysis. The considered 30 kHz bandwidth part can be used to transmit SSB as well, as there are four or more DL symbols configured consecutively.
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Figure 1 One way latency in DL
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Figure 2 Frame structure with two DL/UL switching points within 0.5 ms
It is noted that 0.5 ms user plane latency is required in URLLC, and we provide analysis based on this requirement. BS processing time and UE processing time are heavily implementation dependent. We consider several options for processing time, assuming different capability of hardware equipment.  In Table 1, we compare 60 kHz and 30 kHz numerologies for different possible TTI lengths. Normal CP symbol length assumed for TTI length and delay.
As can be seen from Table 1, 60 kHz numerology makes it easier to satisfy latency for a wide range of hardware capability at the transceiver side, whereas 30 kHz numerology requires comparatively higher processing capability to satisfy 0.5ms latency. 

In Table 2, we show minimum and maximum alignment delay for each candidate TTI and numerology considered. Alignment delay is obtained by averaging the two values.
Table 1:  Average TDD DL user plane latency analysis in us for 60 kHz and 30 kHz numerology
	Step
	60kHz 2OS
	60kHz 4OS
	60kHz 7OS
	30kHz 2OS
	30kHz 4OS

	BS Processing time
	66.66/125
	66.66/125
	66.66/125
	66.66/133.33
	66.66/133.33

	Average Alignment delay
	100
	174.9
	208.3
	183.3
	216.64

	TTI length
	33.33
	66.66
	125
	66.66
	133.32

	UE processing time
	66.66/125
	66.66/125
	66.66/125
	66.66/133.33
	66.66/133.33

	Total 
	266.65/383.33 
	374.88/491.56
	466.62/583.3
	383.28/516.62
	483.28/616.62


Table 2: Minimum and maximum alignment delay according to Figure 2

	Parameter
	60K 2OS
	60k 4OS
	60K 7OS
	30K 2OS
	30K 4OS

	Min Alignment (OS)
	0
	0
	0
	0
	0

	Max Alignment (OS)
	12
	21
	23
	11
	13


Here, we show DL latency analysis. It is expected that for UL, further signalling steps are needed (e.g., transmission of SR, receiving grant), and 30 kHz would result in more latency than 60 kHz. 
Observation 1: On average, 60 kHz numerology may allow for relaxed hardware processing to meet 0.5ms URLLC latency than 30 kHz numerology.
2.1 Latency analysis in TDD considering SS block mapping pattern
In order to support LTE and NR coexistence, or to increase converge, 15 kHz SS block mapping pattern or 30 kHz SS block mapping pattern 1 have to be used in the carrier which is also carrying URLLC services, and two candidates of SS block should be transmitted as well. The continuous 8 symbols carrying SSBs have to be always downlink symbols, besides, the symbol 6 in a slot must be UL and symbol 7 in the slot regardless of SCS must be DL according to achieved agreement in last meeting; it is clear that the slot format with 15 kHz or 30 kHz SCS cannot meet the 0.5 ms URLLC average latency targets, only the slot with 60kHz can meet the 0.5 ms URLLC average latency targets in Figure 3[4] and follow the agreement achieved for SFI(such as the symbol 6 in a slot must be UL and symbol 7 in the slot must be DL ). In Figure 3, some symbols in the slot with 15 kHz or 30 kHz SCS can be intentionally left as ‘unknown’. By doing so, UL URLLC transmission in the nearby PRBs/BWPs can be performed during those ‘unknown’ symbols on the slot with 60 kHz SCS.
Therefore, 60 kHz should be mandatory for URLLC transmission in case of sub 6G.
Observation 2： For the slot carrying SSB with 15 kHz or 30 kHz SS block mapping pattern 1 , the slot with 60 kHz SCS on nearby PRBS/BWPs can satisfy 0.5ms average latency while 30 kHz SCS cannot.
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Figure 3 30 kHz SS block mapping pattern 1 & URLLC transmission with 60 kHz SCS

2.2 A/N timing for PDSCH in TDD
In RAN1 #85, it was agreed that timing between DL data reception and corresponding acknowledgement is indicated by a field in the DCI from a set of values, with the set of values configured by higher layer. In RAN1 #90, it was agreed to remove the support for 7-symbol slots while allowing to have more than one DL/UL switching points within a 14-symbol slot by using non-slot-based scheduling.
For URLLC, non-slot scheduling can be used to reduce latency. Then the URLLC data transmission can start and end in any position of a slot, as well as the A/N feedback corresponding to the data. The timing between data and its A/N feedback can hardly be fixed. Secondly, the PUCCH length in NR has more than one choice. As Figure 4 shows, A/N timing can be different with different PDSCH position and different PUCCH length. 
UE capability is another aspect that should be considered. As (b2) case in Figure 4, when 2 symbols PUCCH is used, UE can only feedback in the second slot because it can hardly finish data decoding within only one symbol duration. In this case, the exact value for A/N timing will be large (8 in this example).
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Figure 4 A/N feedback timing in different scenarios
Finally, for TDD, as the ratio between DL and UL resource varies dynamically, A/N feedback problem becomes more complicated. The A/N timing value can hardly be set when the scheduling DCI is sent, which may restrict the DL/UL resource scheduling in the following slot.
Based on the above discussion, the range of the A/N timing values will be very large to cover all the possibilities. If the DCI is used to indicate the A/N timing, excessive payload size is needed. And it may restrict the DL/UL resource scheduling in the following slot. On the other hand, a limited size of timing field in DCI will be ambiguous. Further predefined timing rules can resolve the ambiguity issues and excessive payload size issues. 
For URLLC, PDCCH reliability can be achieved by decreasing DCI size. The A/N timing field used in DCI can be considered to be removed in the compact URLLC DCI. Fixed timing or timing configured by higher layer seems a straightforward way to replace timing indication in DCI. The predefined timing rules can potentially work along fine with timing configured by higher layer.
Observation 3：The URLLC data transmission can start and end in any position of a slot, and the ratio between DL and UL resource varies dynamically in TDD. This makes fixed or deterministic timing field hard to work without ambiguity or without excessive payload size.
Observation 4：Further predefined timing rules is needed to help the A/N timing field work without ambiguity or excessive payload size.
Some predefined rules can be used in TDD mode for A/N timing. URLLC UE can get the knowledge of exact position of DL and UL symbols by decoding SFI. Then according to the predefined rules, and either indication in the DCI or some higher layer signaling, as well as its feedback capability, URLLC UE can use the earliest available UL PUCCH resource to feedback A/N.
Proposal 1: For non-slot based URLLC, NR considers predefined rules for A/N timing, where UE feedback capability is taken into account.
3 Performance considering 60 kHz SCS
3.1 URLLC performance
In [2] and [3], it was discussed why 60 kHz 7-symbol mini-slot is preferred to meet latency and reliability requirement for URLLC transmission. We propose that for data transmission, 60 kHz SCS should be chosen as default for URLLC transmission. 

We further provide link level simulation results comparing the performance of 60 kHz and 30 kHz with the same number of symbols in Figure 5 and 6. For evaluation purpose, we assume 2-symbol and 7-symbol TTI for both 60 kHz and 30 kHz. The key simulation assumptions are listed in Table 4. From the results, it can be observed that in order to reach 10-5 BLER, the required SNR for 60 kHz is lower than that for 30 kHz for both 2-symbol and 7-symbol. For both cases, the URLLC packet size is 32 bytes with 1/3 code rate. The reason that 60 kHz outperforms 30 kHz significantly is that more transmission opportunities in 1 ms are available for a packet transmitted in case of 60 kHz. For 60 kHz 2-symbol and 7-symbol, the maximum number of HARQ transmissions of a packet is 6 and 2, while for 30 kHz 2-symbol and 7-symbol, the maximum number of HARQ transmission is 3 and 1. Considering the fact that the URLLC KPI would also need to be met at cell edge where low SNR can be observed, it is preferable to configure 60 kHz SCS for URLLC UE so that adequate transmission opportunities can be realized to meet URLLC KPI.
Observation 5: Higher SNR is required for 30 kHz 2-symbol and 7-symbol to meet URLLC KPI when compared with 60 kHz 2-symbol and 7-symbol which can be critical for operation of cell-edge URLLC UE.
Proposal 2: 60 kHz SCS should be adopted as the default SCS for URLLC transmission.
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Figure 5
Performance comparison between 30 kHz 2-symbol and 60 kHz 2-symbol
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Figure 6
Performance comparison between 30 kHz 7-symbol and 60 kHz 7-symbol
Table 4
Link level simulation assumptions
	Bandwidth
	20MHz

	Subcarrier space
	30 kHz，60 kHz

	URLLC TTI
	2 symbol, 7symbol

	Rank
	1

	Tx/Rx
	2X2

	Channel Model
	TDL-C 300ns

	Max HARQ
	30 kHz: 3(2os) and 1(7os)
60 kHz: 6(2os) and 2(7os)

	URLLC data rate
	1 packet/TTI

	URLLC data size
	QPSK 32byte 1/3 code rate

	AMC
	OFF


3.2 eMBB performance
For a given carrier frequency and speed, large Doppler spread will break the orthogonality between the subcarriers. Configuring a larger enough subcarrier spacing for a UE can combat the ICI introduced by large Doppler spread. High speed scenario is supported in NR in which consistent user experience is required with very high mobility. For the channels over long delay spread, they are experiencing much more frequency selectivity, which will introduce the ISI. Long CP length can deal with the ISI. In sub 6 GHz, 15 kHz, 30 kHz and 60 kHz can be used. Considering the large Doppler spread, performance between 30 kHz and 60 kHz is discussed in this section.
High speed with different MCS and different channel delay spreads in C-band are evaluated with 30 kHz and 60 kHz subcarrier spacing, detailed link level simulation assumption can be found in Appendix A, Simulation results are illustrated in Figure 7. 
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(a) TDL-A DS = 100 ns
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(b) TDL-A DS = 300 ns
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(c) TDL-A DS = 1000 ns
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(d) DS = 10 ns with high speed
Figure 7 eMBB performance with 30 kHz and 60 kHz
In low to medium speed and short channel delay spread, 30 kHz NCP and 60 kHz NCP have the similar performance, for the long delay spread; 30 kHz NCP has the best performance, as the 30 kHz has the longest CP length to combat ISI and lowest CP overhead. 

In the high speed, it can be seen that the higher Doppler spread; the channel is more sensitive to the Doppler spread. For the short delay spread, 60 kHz NCP has similar performance with 30 kHz in low MCS and 60 kHz has obvious better performance than 30 kHz NCP in high MCS. For the long delay spread, 60 kHz ECP has the best performance, as bigger subcarrier spacing and longer CP length of the 60 kHz ECP can both combat the ICI and ISI.
For the high speed and long delay spread scenarios, if the M-MIMO is applied for BS and UE, the beam-forming can be used for the filtering of channel paths. For example, the antenna configuration for BS and UE is 64*4, the channel delay spread is 1000 ns, with beam-forming, the performance of 30 kHz NCP, 60 kHz NCP, and 60 kHz ECP is illustrated in Figure 8. It can be seen that with beam-forming, even in high speed and over long delay spread channel, 60 kHz NCP has the better performance than 30 kHz.
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Figure 8 High speed performance and long delay spread with beamforming
Considering the simulation results and analysis above, the summary conclusion can be seen in the Table 5.

Table 5 Conclusion for 30 kHz vs 60 kHz: which one has the better performance
	Delay spread
	Low/medium speed
	High speed

	DS 10 ns
	Same
	60 kHz NCP

	DS 100 ns
	Same 
	60 kHz NCP

	DS 300 ns
	Similar 
	60 kHz NCP

	DS 1000 ns
	30 kHz NCP and 60 kHz ECP
	60 kHz with ECP

	DS 1000 ns and beamforming
	Same 
	60 kHz NCP


Proposal 3: All UEs need to support 60 kHz SCS for eMBB high speed scenarios.
Proposal 4: All UEs should support 60 kHz ECP for long delay spread scenarios.
4 URLLC and eMBB multiplexing in 60 kHz 
In previous sections, benefits of 60 kHz numerology for URLLC as well as eMBB transmission are shown. Some eMBB UEs may be configured with CORESET in 60 kHz BW part eMBB traffic can be scheduled in 60 kHz BW part with the same scheduling interval as URLLC traffic. Due to the burst and sporadic nature of URLLC traffic, resources in 60 kHz BW part can be unused that can be efficiently utilized by scheduling eMBB transmissions in those available resources. This can significantly enhance resource utilization in the network. Moreover, scheduling with shorter scheduling interval can provide larger UPT gain for eMBB traffic as well. 
In Figure 9, we assume that URLLC traffic are scheduled in 60 kHz BW part with scheduling interval of 0.125 ms, i.e., 7 OS, which is also used for scheduling eMBB packets in the 60 kHz BW part. URLLC traffic can also be scheduled in 30 kHz BW part, however, transmission will be much more constrained when SSB is present and traffic blocking may occur.  
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Figure 9 eMBB UEs can be opportunistically scheduled in 60 kHz BW part when there is no URLLC service (FDD)
Similarly, in a TDD framework shown in Figure 11, eMBB traffic can be scheduled in 60 kHz BW part with the same scheduling interval/TTI as URLLC, e.g., 4 OS. As the number of DL symbols is limited within 0.5 ms, resources can be quite constrained when SSB is present in 30 kHz BW part. And previous discussions on latency showed that 30 kHz frame structure may not satisfy 0.5 ms user plane latency. Hence for both TDD and FDD frame structure, configuring UEs for transmission over 60 kHz BW part is beneficial. 
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Figure 11 eMBB UEs can be opportunistically scheduled in 60 kHz BW part when there is no URLLC service (TDD)
As a result, it is beneficial for gNB scheduling and system performance for eMBB to be able to be scheduled in a 60 kHz URLLC slice at times when URLLC is not present. The gNB scheduling and system performance are improved if any UE (including ones that do not themselves support URLLC) can be scheduled in the 60 kHz slice. All UEs should have 60 kHz mandatory capability from the beginning.
Observation 6: Dynamic scheduling based resource sharing between URLLC and eMBB in 60 kHz BW part can enhance resource utilization efficiency. 

5 Conclusion
In this contribution, we provide our views on mixed numerology coexistence in a carrier. We have the following observations and proposals.
Observation 1: On average, 60 kHz numerology may allow for relaxed hardware processing to meet 0.5ms URLLC latency than 30 kHz numerology.
Observation 2： For the slot carrying SSB with 15 kHz or 30 kHz SS block mapping pattern 1 , the slot with 60 kHz SCS on nearby PRBS/BWPs can satisfy 0.5ms average latency while 30 kHz SCS cannot.
Observation 3：The URLLC data transmission can start and end in any position of a slot, and the ratio between DL and UL resource varies dynamically in TDD. This makes fixed or deterministic timing field hard to work without ambiguity or without excessive payload size.
Observation 4：Further predefined timing rules is needed to help the A/N timing field work without ambiguity or excessive payload size.
Observation 5: Higher SNR is required for 30 kHz 2-symbol and 7-symbol to meet URLLC KPI when compared with 60 kHz 2-symbol and 7-symbol which can be critical for operation of cell-edge URLLC UE.
Observation 6: Dynamic scheduling based resource sharing between URLLC and eMBB in 60 kHz BW part can enhance resource utilization efficiency. 
Proposal 1: For non-slot based URLLC, NR considers predefined rules for A/N timing, where UE feedback capability is taken into account.
Proposal 2: 60 kHz SCS should be adopted as the default SCS for URLLC transmission.
Proposal 3: All UEs need to support 60 kHz SCS for eMBB high speed scenarios.

Proposal 4: All UEs should support 60 kHz ECP for long delay spread scenarios.
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Appendix A

Table 6 Simulation assumption eMBB performance
	Parameters
	Value

	Carrier frequency
	3.5GHz

	System bandwidth
	20MHz

	UE bandwidth
	2880kHz

	Control overhead
	0%

	Coding
	3GPP Turbo LTE

	Tx mode
	1T1R

	MCS
	64QAM: 0.75 for 60 kHz ECP

64QAM: 0.64 for 30 kHz and 60 kHz NCP
64QAM: 0.66, 0.8 for 30 kHz and 60 kHz NCP
16QAM: 0.5 for 30 kHz and 60 kHz NCP

	channel model
	TDL in TR 38.900

	UE speed
	3/120/500km/h

	Channel estimation
	Ideal
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