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URLLC requirements and evaluation assumptions
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 both now and in the future across all services required to be supported by the new 5G RAT. Numerology design is also crucial to new ultra-reliable low latency communication (URLLC) service.

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 TTI 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.
In this contribution, we presented some study on numerology and frame structure and the associated HARQ turn-around design for URLLC. The key consideration is the URLLC capacity to support required latency and reliability at the system level. In addition, we also discuss two aspects: 1) multiplexing efficiency between URLLC and eMBB 2) URLLC processing complexity.

URLLC numerology design
SCS design
It has been shown that in order to support eMBB and URLLC, they need to be dynamically multiplexed [6]. As shown in Figure 1. Where yellow part of eMBB occupies one long SF, while when short SF URLLC traffic arrives, they need to be frequency division multiplexed (FDM)ed as well as time division multiplexed (TDM)ed in order to meet the latency requirement of URLLC. 


Figure 1: example of eMBB (yellow) and URLLC (blue/red) multiplexing
NR URLLC numerology and frame structure design was discussed in [3]. Due to the introduction of scalable numerology in NR, there are two approaches to achieve short subframe duration:
1) Short subframe with reduced number of symbols with the same numerology
2) Short subframe with reduced number of symbols with scaled numerology

It is observed in [3] that both schemes have its own advantages.
Scaling the number of symbols, and keeping the subcarrier spacing, to achieve short SF is a simple way to achieve subframe multiplexing between eMBB and URLLC. Since keeping the same numerology makes it easier to perform orthogonal multiplexing with other nominal latency (eMBB) users without GB or heavy filterling/pulse shaping processing on both sides.
On the other hand, when further latency reduction outweights the multiplexing simplicity (and robustness against long DS), SCS scaling becomes a useful tool to enable fast pipeline processing of both UL and DL control channels and tightened HARQ RTT timelines. As a result, scaling SCS to get multiple short symbols can be used for further latency reduction for URLLC, as well as reducing latency for eMBB in some scenarios. As observed further in [7], this latency reduction benefit could be realized by scaling SCS of URLLC control channel only (which is more robust to DS due to low spectrum efficiency) without changing the URLLC data channel SCS.
Observation 1: short subframes by reducing the number of symbols while keeping the same SCS facilitates eMBB and URLLC multiplexing without guardband (GB).
Observation 2: short subframes by scaling-up SCS numerology (on both URLLC data and control channels or on URLLC control channels only) further tightens processing timeline and HARQ RTT, which in turn improves URLLC system capacity.
In this study, we assume SCS = 30kHz as eMBB baseline and SCS = 30kHz and 60kHz for URLLC in the performance evaluation as envisioned typical eMBB and URLLC numerology parameters.
CP design
In LTE, extended CP is designed to ensure that even in large suburban and rural cell for long delay spread channels. This, however, comes at the expense of a higher overhead from the CP as a proportion of the total system transmission resources. Due to the excessive CP overhead, ECP does not get much traction and is very rarely deployed especially in a unicast scenario. In [3], it was shown that long DS could be covered by using scaled numerology even over long DS channels traditionally considered requiring an ECP such as MBSFN channel, etc. It is expected that scaled numerology would be able to cover majority of the use cases in NR for eMBB/URLLC and mMTC.
In this section, we first analyse potential limitations of LTE type ECP in URLLC services. First, just like eMBB, URLLC ECP comes at the expense of a higher overhead as opposed to scaled numerology NCP option, which eventually limits URLLC capacity. Second, LTE type of ECP also actually increases latency due to the longer overall symbol duration compared with NCP, which allows less HARQ turn-arounds for a given delay budget. This impact is even more substantial for small latency budget when only two or three turn-arounds can be performed. See Figure 3.a as an illustration.  In this example, within 250us, URLLC with NCP has three transmission opportunities while URLLC with ECP only has two. Third, when it comes to service multiplexing, TDM multiplexing of LTE type ECP of URLLC service and NCP eMBB service becomes very inefficient due to the time domain misalignment between two numerologies. For example, suppose eMBB and URLLC are both based on the same SCS, where URLLC is ECP and eMBB is NCP, one URLLC ECP symbol could overlap with 2 eMBB NCP symbols, which leads to significant efficiency loss.
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Figure 3.a. NCP & ECP impact on URLLC HARQ (SCS = 30kHz, TTI = 2 OFDM symbols,  RTT = 3 TTI )
System level performance simulations are carried out in Section 5 to extensively evaluate different SCS and different CP choices. We summarize observations of ECP design for URLLC below: 
Observation 3: ECP achieves longer CP duration at a cost of higher overhead.
Observation 4: LTE type of ECP increases latency for URLLC UEs due to longer overall symbol duration.
Observation 5: Multiplexing between NCP eMBB and LTE type of ECP URLLC is inefficient.
URLLC frame structure and HARQ design
Frame structure and HARQ process design is an key aspect of URLLC design. URLLC HARQ round-trip-time (RTT) has to be carefully optimized in conjuction with subframe duration shortening (by reducing number of symbols and/or scaling up SCS).
LTE HARQ timeline is NOT optimized for fast HARQ turn-around: 4 subframes to turn-around ACK and another 4 subframes to turn-around HARQ retransmission. With such a HARQ turn-around time, even with reduced subframe duration (e.g., to 2-symbol TTI as in LTE UL), 1ms latency still could not be met with 2 HARQ transmissions ( (16+2)*70us =1.26us). Without backward compatibility burden, HARQ RTT of NR URLLC should be further optimized to achieve much lower latency and also high reliability (high TTI/RTT duty cycle for good link-budget). In this contribution, 2-symbol subframe duration with HARQ RTT = 3TTI is selected as an example as illustrated in Figure 4b. In NR URLLC, to achieve variable service requirements, scalable TTI durations and flexible RTT configurations should be supported.
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Figure 4a. LTE ULL type of HARQ RTT timelines (2-symbol TTI, HARQ RTT = 8TTI).
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Figure 4b. URLLC HARQ RTT timelines proposed in this contribution (2-symbol TTI, HARQ RTT = 3TTI).
Figure 4c further illustrates the benefit of tightened HARQ RTT. For the same SF duration but different HARQ RTT durations (187.5us vs. 500us), the system capacity and the minimally achievable latency for URLLC could be substantially improved with shortened RTT. Short RTT duration supports lower achievable latency because less time is needed to have enough HARQ retransmissions to meet the reliability target and hence packets of short HARQ RTT could tolerate more queueing delay.


[image: ]
Figure 4c. System capacity under different HARQ RTT timelines and OTA latency requirements.
(20MHz BW, UEs at -3dB geometry with bursty traffic, 99.99% reliability).
URLLC HARQ RTT shown in Figure 4b could be further improved by adjusting Ack channel timing advance (TA) to allow sufficient processing time from both Tx and Rx sides as shown in Figure 4d.
[image: ]
Figure 4d. Further optimized URLLC HARQ RTT timelines (2-symbol TTI, RTT = 2TTI).
Further optimizations are possible to further tighten the timeline as discussed in [7] by adopting a scaled numerology for URLLC control channel to achieve better pipeline processing of control and data channels. This timeline optimization scheme based on scaled numerology applies to both URLLC and eMBB single-interlace self-contained subframe HARQ turn-around.
Proposal 1: 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.
[bookmark: _Ref458771451]Performance evaluation
In what follows, we provide a set of system-level performance evaluation on different URLLC numerology design choices. Specifically, we simulated rural and urban macro deployments with different SCS (30kHz, 60kHz) and with ECP (24-symbol per ms for 30kHz)/NCP (28-symbol per ms for 30kHz).  The URLLC system capacity is used as a metric of interest. Other simulation assumptions are given in Appendix.
In all scenarios, using ECP results in sizable capacity loss. In the regime of loose latency ( > 1ms), a capacity loss ~17% is observable due to the overall ECP overhead. In the regime of tight latency, we lose much more. Figure 5.b shows using NCP leads to 7x capacity w.r.t ECP at 60kHz and delay budget 250us. This is because current LTE type of ECP not only causes capacity reduction due to excessive overhead but also causes extra latency due to extended symbol duration.
In addition, we observe that using shorter symbol (by doubling tone spacing) provides uniformly better performance. This advantage becomes more appreciative as delay budget gets smaller. For instance, as shown in Figure 5.a and Figure 5.b, the capacity at 250us delay budget is zero for systems under 30kHz SCS while it is nontrivially positive under 60kHz SCS. 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. Note that the simulation curves shown Figure 5.c are simulated at BLER = 1e-5, and Figures 5a. and 5b. are evaluated at BLER = 1e-4 due to the interest of simulation time. The trend of curves in Figures 5a and 5b is not expected to change with a lower BLER target. 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][7], 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.a. Urban Macro: Capacity at reliability = 1e-4
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Figure 5.b.  Rural: Capacity at reliability = 1e-4
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Figure 5.c. Rural: Capacity at reliability = 1e-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. It also suggest when the latency is not too tight and/or when the system loading is not very high, using the same SCS as eMBB for URLLC and a longer URLLC subframe may be good enough and at the same time the multiplexing of URLLC and eMBB becomes more easier. Further comparison of different SCS and subframe/HARQ structure of URLLC with consideration of overhead, etc. is FFS.
Based on the simulation results, we conclude the following:
Observation 6: ECP causes substantial performance degradation compared with NCP based on URLLC SCS.
Further numerology and frame structure/HARQ process enhancements
In NR RAT, we should consider more flexibility in numerology and frame/HARQ selection and adaptation. 

Firstly, the use of different numerologies on different channels could be considered to further improve URLLC performance. For instance, it should be allowed to use different scaled numerologies for URLLC control and data channels. That way, URLLC data channel could enjoy a longer CP while the short symbol control channel (which is much less sensitive to shorter CP [7]) ensures low latency HARQ turn-around. In other words, the key benefit of fast HARQ turn-around by using scaled SCS for URLLC could be achieved by scaling SCS on URLLC control/ack channel only. Overall scalable numerology multiplexing is also important to efficient numerology multiplexing between URLLC and eMBB. In many cases, HARQ RTT timeline optimization is more important than latency reduction at the numerology/subframe duration level.

Furthermore, the numerology/subframe/HARQ timeline could be adapted to achieve better capacity, complexity and multiplexing efficiency tradeoffs. As shown in simulation results above, it is quite beneficial in capacity to use scaled-up SCS (e.g., 60kHz) for URLLC when the latency is tight and high capacity is required for URLLC service. On the other hand, 60kHz SCS of the number of symbols requires monitoring URLLC at a higher rate. Additionally, the combination/multiplexing of different SCSs for URLLC and eMBB UEs should be considered for such numerology/frame structure adaptation.

Finally, the trigging conditions for numerology adaptation should be investigated. As motivated by simulations results, a scaled-up SCS should be used when system traffic loads get relatively high in order to serve more URLLC UEs while the same SCS as eMBB could be used to make multiplexing simplier. In addition, the periodicity/time-scale of this adaptation should be studied. In other words, it is an expected tradeoff between the performance gains and processing complexity due to adaptation.

[bookmark: _Ref378529477]Conclusions
Observation 1: short subframes by reducing the number of symbols while keeping the same SCS facilitates eMBB and URLLC multiplexing without guardband (GB).
Observation 2: short subframes by scaling-up SCS numerology (on both URLLC data and control channels or on URLLC control channels only) further tightens processing timeline and HARQ RTT, which in turn improves URLLC system capacity.
Observation 3: ECP achieves longer CP duration at a cost of higher overhead.
Observation 4: LTE type of ECP increases latency for URLLC UEs due to longer overall symbol duration.
Observation 5: Multiplexing between NCP eMBB and LTE type of ECP URLLC is inefficient.
Observation 6: ECP causes substantial performance degradation compared with NCP based on URLLC SLS.
Proposal 1: 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 (simulation assumptions)
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Parameters Urban Macro Rural
vout Single layer Single layer

- - Macro layer: Hex. Grid_| - Macro layer: Hex. Grid
Inter-BS distance 200m 1732m
Carrier frequency 2GHz 2GHz
Simulation bandwidth | 40MHz (FDD, UL+DL) below 6GHz
Channel model 3D UMa 3D UMa

BS: 44 dBm PAscaled | BS: 49 dBm PA scaled with

- with simulation BW simulation BW

B UE: 23dBm UE: 23dBm
‘antenna configuration 2Tx/ 2 Rx (X-pol)
BS antenna height 25m 35m
BS antenna element gain + |
connector loss
BS receiver noise figure |5 dB
UE receiver noise figure |9 dB

Traffic model

URLLC: FTP model 3, packet size 32 bytes, Poisson arrival;

eMBB: full buffer

UE distribution

23 URLLC UEs in the
center cell; One eMBB UE
per neighboring cell; 20
neighboring cells
wrapped-around;
Uniformly random drop
in a cell with 80%
indoor/ 20% outdoor;
speed < 3m/hr

22 URLLC UEs in the center cell.
One eMBB UE per neighboring
cell; 20 neighboring cells
wrapped-around; Uniformly
random drop in a cell with 509
indoor/ 50% outdoor;speed <
3m/hr
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