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Numerology decisions for NR are critical for a successful and efficient support of the wide range of deployment options, and for a flexible frame structure design that can be leveraged seamlessly across all services. Scalable numerology is a new design tool for 5G due to its flexibility and scalability. In the RAN1 84b and 85, scalable numerology (SCS scaled by power of 2, fs = fo * 2m with fo=15kHz) is considered as a working assumption. In RAN1 86, symbol-level alignment within scalable numerology family is agreed as a working assumption:
Working assumption:
· Alignment within a subframe
· Symbol level alignment across different subcarrier spacings with the same CP overhead is assumed within a subframe duration in a NR carrier
· FFS: Unlicensed spectrum case
In RAN1 86, the support for slot and mini-slot is also agreed as a working assumption: 
Working assumption:
The NR frame structure should support both slots and mini-slots
· FFS: Timeline granularity for monitoring control of the mini-slot
· FFS: Terminologies of mini-slot

Specifically, the definition of subframe, slot, mini-slot concepts are agreed as follows:
Agreements:
· Followings are considered as starting points of NR frame structure at least within the CP overhead 
· Subframe
· Already agreed upon
· Assume x=14 in the reference numerology for subframe definition (for normal CP)
· FFS: y=x and/or y=x/2 and/or y is signalled
· Slot
· Slot of duration y OFDM symbols in the numerology used for transmission
· An integer number of slots fit within one subframe duration (at least for subcarrier spacing is larger than or equal the reference numerology)
· The structure allows for ctrl at the beginning only
· The structure allows for ctrl at the end only
· The structure allows for ctrl at the end and at the beginning
· Other structure is not precluded
· One possible scheduling unit
· Mini-slot
· Should at least support transmission shorter than y OFDM symbols in the numerology used for transmission
· May contain ctrl at the beginning and/or ctrl at the end
· The smallest mini-slot is the smallest possible scheduling unit (FFS: smallest number of symbols)
· Note: the names are for the purpose of discussion. Whether some terms can be merged or not is FFS
In RAN1 86bis, a WF [5] on multiplexing eMBB and URLLC in DL was agreed:
Agreements:
· From network perspective, multiplexing of transmissions with different latency and/or reliability requirements for eMBB/URLLC in DL is supported by  
· Using the same sub-carrier spacing with the same CP overhead
· FFS: different CP overhead
· Using different sub-carrier spacing 
· FFS: CP overhead
· NR supports both approaches by specification
· NR should support dynamic resource sharing between different latency and/or reliability requirements for eMBB/URLLC in DL 

In this contribution, we discuss some baseline numerology/frame structure of mini-slot for NR with considerations on the multiplexing with eMBB numerology/frame. In particular some more detailed designs of mini-slot for URLLC are considered.
Mini-slot design requirements
Mini-slot duration 
URLLC requirements has been discussed in RAN plenary in June 2016:
“ The time it takes to successfully deliver an application layer packet/message from the radio protocol layer 2/3 SDU ingress point to the radio protocol layer 2/3 SDU egress point via the radio interface in both uplink and downlink directions, where neither device nor Base Station reception is restricted by DRX.
For URLLC the target for user plane latency should be 0.5ms for UL, and 0.5ms for DL. Furthermore, if possible, the latency should also be low enough to support the use of the next generation access technologies as a wireless transport technology that can be used within the next generation access architecture.
NOTE1: The reliability KPI also provides a latency value with an associated reliability requirement. The value above should be considered an average value and does not have an associated high reliability requirement.”
“Reliability can be evaluated by the success probability of transmitting X bytes [1] within 1 ms, which is the time it takes to deliver a small data packet from the radio protocol layer 2/3 SDU ingress point to the radio protocol layer 2/3 SDU egress point of the radio interface, at a certain channel quality (e.g., coverage-edge).
The target for reliability should be 10^-5 within 1ms.
A general URLLC reliability requirement for one transmission of a packet is 10-5 for X bytes (e.g., 20 bytes) with a user plane latency of 1ms.”
Based on our understanding of the requirement, URLLC mini-slot duration should be much smaller than 0.5ms (e.g., around 60us~250us level) to achieve the average 0.5ms average latency requirement. What is more important is to meet the hard latency bound of 1ms w/ high reliability of BLER = 1e-5. It is noteworthy that URLLC HARQ round-trip-time has to be carefully optimized in conjuction with this mini-slot design.
Observation 1: URLLC mini-slot duration should be much smaller than 0.5ms (e.g., around 60us~250us level) to achieve the average 0.5ms average latency requirement.
URLLC multiplexing with eMBB: mini-slot alignment
Efficient multiplexing of different numerology in the same carrier is very useful for a variety of use cases for which some additional numerology design requirements need to be met. Mini-slot is defined to achieve low latency and better system utilization. Note that due to the working assumption of SCS = 15kHz LTE based scalable numerology. Each slot may not contain integer number of multiple mini-slots of the same duration and the scalability becomes challenging. In such scenarios, we would like to have multiple mini-slots occupying one slot or aggregration of multiple slots and at least mini-slot boundary should be aligned at 1ms subframe boundary to maintain UE/gNB book-keeping complexity.


Figure 1. mini-slot multiplexing based on scaled LTE numerology
Also, in the same carrier, URLLC mini-slot duration should be defined as integer number of eMBB data symbols to facilitate multiplexing as shown in Figure 1. As in Figure 1 for example, eMBB SCS = 30kHz, 2-symbol mini-slot of 30kHz and 4 symbol mini-slot of 60kHz could be defined, which could be efficiently multiplexed with eMBB data thanks to symbol boundary alignment across scaled numerology.
As a summary, the following is proposed:

Proposal 1: Multiple mini-slots should have boundary alignment at 1 msec subframe level.
Proposal 2: URLLC mini-slot boundary should be aligned with eMBB symbol boundary.

For example, as shown in figure 2 (a), eMBB SCS = 30kHz, slot duration = 14 symbols, mini-slot of 2 symbol, then each slot could contain seven 2-symbol-mini-slot. Alternatively, as shown in figure 2 (b), it could also be one 2-symbol-mini-slot followed by three 4-symbol-mini-slot (however, there is some irregularity of the mini-slot duration in this case). Futhermore, figure 2 (c) shows 7 mini-slots fitting in an aggregation of slots. Note that, this slotted structure ensures that (hence, the proposal is have (a) and (c) with the need for (b) as FFS):
1. URLLC only needs to monitor control at fixed intervals 
2. URLLC scheduling/packing could be done in an efficient manner.
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Figure 2 . slotted structure of mini-slots in slots

FDMed URLLC Multiplexing with eMBB
FDM-ing URLLC and eMBB would lead to low system efficiency as we showed in a previous contribution [4], and therefore it should not be preferred over the multiplexing option described in previous Section. Dynamic scheduling based eMBB and URLLC multiplexing could be performed at slot/mini-slot level. However, it is very hard to multiplex 7-symbol slot of 60kHz with eMBB with its nominal SCS (e.g., 30 KHz or 15kHz) and at the same time, 14-symbol slot is not short enough to meet URLLC requirement. It can be seen in the following, even 7-symbol slot incurs substantial loss compared with 2/4-symbol mini-slot of 60kHz SCS.
Slot-based mini-slot issues and evaluation
In our view, we do not propose a slot-based mini-slot structure that has seven symbols with NCP for several reasons. 
· Firstly, introducing much longer RTT in URLLC HARQ, slot-based mini-slot sizably reduces the URLLC capacity since the number of retransmission become far less for a given latency requirement.  This is verified by extensive system-level and link-level simulations below. 
· Secondly, given the slot-based mini-slot structure, it will be difficult to multiplex different numerologies such that the mini-slot boundary aligns with the slot symbol boundary if a mini-slot is 7 symbols. See figure 3 as an example. In other words, this symbol-level misalignment is detrimental to the multiplexing efficiency.
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Figure 3 . issues of slotted-based mini-slot multiplexing with eMBB
Observation 2: Slot-based mini-slot has numerology scaling issues, leading to multiplexing inefficiency with eMBB.
System-level performance evaluation  
In what follows, we provide a set of system-level performance evaluation on the aforementioned mini-slot design choices. The simulation is performed on the FDD downlink in the urban macro scenario. There is one URLLC serving cell with 20 eMBB neighboring cells in a wrapped-around model. Control channel (PDCCH, PUCCH) overhead is not modelled in this set of sim yet. The eNB periodically sends CSIRS for channel estimation and the UEs report CSI periodically (every 5ms) to the eNB for the MIMO operation. The scheduling policy for URLLC is delay-based and focuses on providing equal grade of service to the UEs. The serving cell is subject to full-buffer inter-cell interference from all neighboring eMBB cells. Other simulation assumptions are given in Appendix.
In Figure 4, we observe that using mini-slot with two or four symbols have provides uniformly better performance than that with seven symbols. This advantage becomes more appreciative as delay budget gets smaller. For instance, the capacity at 1000us delay budget is 15.5Mbps for systems under 7-symbol mini-slot while it is 21Mbps under 2-symbol mini-slot (a 35.5% gain).  In simulations, it is also observed that URLLC capacity is largely determined by the worst case geometry UE, mostly likely a cell edge UE, which requires multiple retransmissions to achieve a target reliability. At this point, two or four symbol mini-slot allows much faster HARQ turn-around within a small delay bound, breaking the throughput bottleneck from a cell edge UE. 
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Figure 4 . URLLC capacity evaluation
Observation 3: 2-symbol and 4-symbol mini-slots with 60kHz SCS and NCP have substantial performance gain compared with 7-symbol mini-slot with 60kHz SCS and NCP.
Next, we consider the mini-slot performance subject to delay spread. We are interested in comparing two schemes that have similar DS robustness: 2-symbol mini-slot with 30kHz SCS and NCP, and 6-symbol mini-slot with 60kHz SCS and ECP. In Figure 5, it is observed that using ECP results in sizable capacity loss. In the regime of loose latency ( > 1ms), a capacity loss ~9.5% is observable due to the overall ECP overhead. In the regime of tight latency, we lose much more. It shows that, at delay budget 1ms, using 2-symbol mini-slot NCP at 30kHz SCS leads to 63% capacity gain w.r.t 6-symbol mini-slot ECP at 60kHz SCS. 
One explanation of the significant URLLC capacity loss using ECP is as the following: longer DS does not cause much performance impact on UEs of moderate to low geometry [3][4], which dominate the resource utilization in URLLC. As a result, ECP only increases overhead and latency without improving link-level performance much and hence leads to a pure performance loss at the system level overall.
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Figure 5 . URLLC capacity evaluation
Putting together Figure 4 and Figure 5, another interesting observation is that as the delay bound relaxes, scaled numerology curves between SCS = 30kHz and SCS = 60kHz converge as expected, while the capacity gap between NCP and ECP remains due to the overhead of ECP. 
Based on the simulation results, we conclude the following:
Observation 4:  With similar delay spread robustness, 2-symbol mini-slot with 30kHz and NCP has substantial performance gain compared with 6-symbol mini-slot with 60kHz and ECP.
Note that the above simulation results also shows the significant impact of HARQ RTT. Thus, 

Proposal 3: HARQ RTT should be carefully optimized to achieve high reliability with low latency for NR URLLC in addition to latency reduction based on numerology scaling and subframe shortening.
Note that, all the results are without considering L2/L3 latency in packet assembly, etc. on both Tx/Rx sides. if those are considered, the capacity of having 7-symbol (mini-)slot will be even more severely compromised.
Mini-slot reference signal design 
We now describe the reference signal design that we are using for our simulation studies. To perform a fair comparison across different numerology options, we make sure that the pilots in the frequency domain have the same density.  Figure 3 shows the reference signals that were used in this study. Note that as the TTI grows, the overhead of RS is lower. We use cyclic shift based RS and a 3-PRB bundling for an MMSE-based channel estimation.


Figure 6 Reference Signals for URLLC
Link-Level Study: Latency-Reliability Trade-off 
 In this link level study, we try to answer the following question considering a fixed MCS and a coding rate of 1st transmission of 1/3:
· What the suitable mini-slot length is, in order to achieve the 10-5 CBER reliability requirement

Figure 7 shows an example of the URLLC transmission procedure. If the mini-slot length is large, then it will be hard to achieve the latency requirement, given that the number of HARQ (re)transmissions will be limited. On the other hand, if the mini-slot length is too small, then HARQ RTT to mini-slot ratio may increase.

	K: information bit length
	256

	Modulation and coding rate
(1st transmission)
	QPSK, 16QAM, 64QAM
1/3



In our link-level simulation, across different mini-slot lengths, we assume that the frequency allocation for a CB is consecutive in frequency, and is hopped across the whole bandwidth across HARQ transmissions. Due to this frequency-hopping assumption, the results will generally favor the long mini-slot length option, since without frequency-hopping longer mini-slot length implies smaller order of frequency diversity. 


[bookmark: _Ref463026072][bookmark: _Ref463026068]                                                    Figure 7.  URLLC transmissions procedure.
The latency of URLLC transmission is directly a function of the number of HARQ (re)transmissions and the mini-slot duration. Under a certain mini-slot length, the relationship between latency and the number of (re)transmissions is captured in the equation below
latency = [(RTT duration/mini-slot duration)*(number of retransmisions)-1]*(mini-slot length)
Similar to the system-level simulation assumptions, in our link-level simulation, we consider RTT duration/mini-slot duration = 2 for 7-symbol mini-slot and  RTT duration/mini-slot duration = 3 for 2/4-symbol mini-slot. HARQ processes with 4 retransmissions is assumed. In Figure 8-10, we show the 10-5 CBER achieving SNR as a function of transmission latency under different modulation orders with LDPC code. Three mini-slot option are considered: 7-symbol, 4-symbol, and 2-symbol, which, under the 60KHz SCS assumption, translate into 0.125ms, 0.071ms, 0.035ms mini-slot duration. 
[bookmark: _Ref463028613][image: C:\Users\amanolak\Documents\5G documents\Contributions\87\URLLC\Latency_SNR_tradeoff_64.jpg]
Figure 8. 10-5 CBER achieving Es/N0 as a function of latency with LDPC for 64 QAM
[image: C:\Users\amanolak\Documents\5G documents\Contributions\87\URLLC\Latency_SNR_tradeoff_16.jpg]
Figure 9. 10-5 CBER achieving Es/N0 as a function of latency with LDPC for 16 QAM
[image: C:\Users\amanolak\Documents\5G documents\Contributions\87\URLLC\Latency_SNR_tradeoff_4.jpg]
Figure 10. 10-5 CBER achieving Es/N0 as a function of latency with LDPC for 4 QAM
Observation 5:  For all MCSs a mini-slot with 2 or 4 symbols can perform significantly better than a 7-symbol mini-slot.
Conclusion
[bookmark: _Ref442441852][bookmark: _Ref441562466]Observation 1: URLLC mini-slot duration should be much smaller than 0.5ms (e.g., around 60us~250us level) to achieve the average 0.5ms average latency requirement.

Observation 2: Slot-based mini-slot has numerology scaling issues, leading to multiplexing inefficiency with eMBB.

Observation 3: 2-symbol and 4-symbol mini-slots with 60kHz SCS and NCP have substantial performance gain compared with 7-symbol mini-slot with 60kHz SCS and NCP.

Observation 4:  With similar delay spread robustness, 2-symbol mini-slot with 30kHz and NCP has substantial performance gain compared with 6-symbol mini-slot with 60kHz and ECP.

Observation 5:  For all MCSs a mini-slot with 2 or 4 symbols can perform significantly better than a 7-symbol mini-slot

Proposal 1: Multiple mini-slots should have boundary alignment at 1 msec subframe level.

Proposal 2: URLLC mini-slot boundary should be aligned with eMBB symbol boundary.

Proposal 3: HARQ RTT should be carefully optimized to achieve high reliability with low latency for NR URLLC in addition to latency reduction based on numerology scaling and subframe shortening
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Appendix 
System level study: simulation assumptions


Table I: System-Level Simulation Assumptions

Link Level study: Simulation assumptions
	Parameter
	Value

	Sampling Frequency
	FFTLength * Tone spacing

	FFT length
	2048

	System Tones
	2048

	Numerology
	60 KHz NCP

	Fading Channel
	TDL-C with 300 nsec RMS delay spread

	Doppler Profile
	Jakes model with 55 Hz Doppler spread

	Number of BTS antennas
	2

	Number of UE antennas
	2

	Number of Layers
	1

	Number of Codewords
	One codeword

	Antenna correlation
	low

	Overhead
	No pilot/control overhead

	Coding
	LDPC (flooding,50 iterations, sum-product)
Polar (16-bit CRC, List size 32)

	Interleaving  within a CB
	random permutation

	HARQ
	RV: 0,1,2,3

	Channel Estimation
	Genie Channel & Genie noise

	Demapper
	MMSE


[bookmark: _Ref463024558]Table 2 Link-level Simulation parameters
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Parameters Urban Macro

Layout

Single layer

 - Macro layer: Hex. Grid, 21 cells wrap 

around

Inter-BS distance  1732m 

Carrier frequency  2GHz

System bandwidth 5, 10, 20MHz (FDD DL) below 6GHz

Channel model 3D UMa

Tx power 

BS: 49 dBm PA scaled with simulation BW

UE: 23dBm

antenna configuration 2 Tx / 2 Rx  (X-pol)

BS antenna height  35 m

BS antenna element gain + 

connector loss

8 dBi

BS receiver noise figure 5 dB

UE receiver noise figure 9 dB

Traffic model

Possion arrival of 32-byte packets (FTP 

model 3) for URLLC, Full buffer for eMBB

UE distribution 23 URLLC UEs in the center cell. One eMBB 

UE in each of the 20 wrapped-around 

neighboring cells. Uniformly random drop in 

a cell with 50% indoor/ 50% outdoor

Tone spacing 60KHz

CyclicPrefix duration NCP

TTI/RTT duration TTI=2 symbols, RTT=3 TTIs

Reliability target Tx missed deadline + Rx HARQ failure < 1e-5

Hard latency bound 500us, 750us, 1ms

MIMO 2x2 SU-MIMO
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Evaluation assumption

		Parameters		Urban Macro

		Layout		Single layer
 - Macro layer: Hex. Grid, 21 cells wrap around

		Inter-BS distance 		1732m 

		Carrier frequency 		2GHz

		System bandwidth		5, 10, 20MHz (FDD DL) below 6GHz

		Channel model		3D UMa

		Tx power 		BS: 49 dBm PA scaled with simulation BW
UE: 23dBm

		antenna configuration		2 Tx / 2 Rx  (X-pol)

		BS antenna height 		35 m

		BS antenna element gain + connector loss		8 dBi

		BS receiver noise figure		5 dB

		UE receiver noise figure		9 dB

		Traffic model		Possion arrival of 32-byte packets (FTP model 3) for URLLC, Full buffer for eMBB

		UE distribution		23 URLLC UEs in the center cell. One eMBB UE in each of the 20 wrapped-around neighboring cells. Uniformly random drop in a cell with 50% indoor/ 50% outdoor

		Tone spacing		60KHz

		CyclicPrefix duration		NCP

		TTI/RTT duration		TTI=2 symbols, RTT=3 TTIs

		Reliability target		Tx missed deadline + Rx HARQ failure < 1e-5

		Hard latency bound		500us, 750us, 1ms

		MIMO		2x2 SU-MIMO














