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Introduction
In this paper various aspects of achieving high reliability transmissions with a given latency bound are discussed. We will bring up the most relevant set of technical solutions and discuss their usefulness and specification impact. Finally, we suggest an agenda for the URLLC topics to be considered in NR.
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URLLC use cases [1] cover a wide field of different applications in various sectors, such as advanced energy networks, improved industrial processes and manufacturing, and e-health. Communality in these use cases is that they require in their communication very low end-to-end latency, very high reliability, or both low latency and high reliability at the same time.
High reliability is one of the most important aspects for standardization of URLLC. As can be seen in TR 22.862 not all use cases in this family require down to 1ms latency, but instead what is most important is that the messages are reliably delivered within a given latency bound (see Fig.1). This latency bound could be arbitrarily high. High reliability in this case can be defined as a fraction of lost, erroneous or delayed messages (i.e. exceeding the given latency bound) below a certain value. If, for example, the reliable transmission of messages within a delay bound of 1ms shall be provided at a reliability level of 10-5, then only 10-5 of the transmissions may either fail delivery or lead to latencies exceeding the 1ms bound. In other words, for a URLLC service, the successful in-time transmission of messages needs to be guaranteed towards the service up to the given reliability level for the defined latency bound.
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Figure 1: Reliability in relation to latency where latencies are guaranteed up to the reliability level. The reliability is specified by the failure probability ε of packets which are not successfully delivered to the receiver within the latency bound, as these packets are erroneous, lost or arrive too late.
Low latency is frequently mentioned in relation to URLLC in TR 22.862 and TR 38.913. For instance, TR 38.913 talks about a target average latency for URLLC of 0.5ms for end-to-end one-way transmission in UL and DL. It is important to note though that many URLLC use cases may not require such low latency. In TR 22.862 there are use cases in which end-to-end one-way latency ranges from below 1ms to multiple seconds. In addition, many URLLC services are most interested in the predictable latency bound (i.e. the largest message latency that is expected to be achieved with a high reliability, see Fig. 1). Transmission with lower latency than the bounded latency may not provide any benefits, e.g. when the application is a control application that operates in certain control cycles. Moreover, it is expected that there will be a trade-off between reliability and latency (see Fig. 2), e.g. a system may be able to provide 0.5ms latency with low reliability while much higher reliability is achieved (e.g. through retransmissions or more robust longer transmissions) if the latency is allowed to be longer. The goal for NR should be to reach further in both the low latency and high reliability domains than achievable with current LTE system.
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Figure 2: Example trade-off between reliability and latency.

Proposal 1:	NR design should be scalable to be able to address a range of URLLC services concerning different latency and reliability requirements.
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Reliable data
In LTE and other wireless communication systems, error correcting codes can be used to combat errors caused by wireless communication channel. To achieve ultra-reliable transmission, robust channel coding schemes are desired, e.g., channel codes with strong “waterfall” performances operating at low code rates. As an example, we illustrate with LTE Turbo codes (1TX, 2RX) the use of low code rates to achieve high reliable data transmission over a fading channel. 
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Figure 4 above shows the performance gain of roughly 3dB obtained from lowering the code rate by half. We note that in this case where the operating code rates are lower than the mother code rate 1/3, the gains essentially come from repetition coding. Similar gains from using low code rate are expected to hold for NR channel coding scheme in general. It is important to consider also that the reliability requirements differ for different application so a flexible MCS and TBS configuration is important. The lowest possible code rate should be available for URLLC data in both DL and UL.
Proposal 2	The MCS and TBS design should support operation down to at least BLER of 10-5 for an initial transmission for small TBS values at the operating SINRs considered for URLLC.

Apart from low coding rate, diversity can be exploited to provide high reliability in data transmission. As an example, we consider below the use of multiple receive antennas to provide diversity gain for data.
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[bookmark: _Ref473926227]Figure 5: Link level performance with different receive antenna configurations. 
In Figure 5 we see the diversity gain obtained from utilizing multiple receive antennas with maximum ratio combining (MRC). The RX diversity order is captured in the slope of the BLER plot. It can be seen that the BLER performance improves significantly with steeper slope as a number of antennas increases. The improvement is especially prominent at the very low target BLER of 10-5 where the gain from using 4RX antennas instead of 2 can be up to 7dB. Therefore, more than 2 receive antennas should be considered in the assumptions for URLLC UEs and 2 transmit antennas for UEs operating URLLC services. 

 Proposal 3	The NR specification should support UE capabilities with more than 2 receive atennas and more than 2 transmit antennas.
Reliable control
To obtain a high total reliability for a one-shot transmission, it is essential that the control information can be decoded with sufficient reliability, i.e., at least as reliable as the data. Otherwise, reliability of control information can cause a bottleneck which prevents the overall reliability to reach the target BLER. Also for the many-shot reliability, the individual transmissions’ control should give sufficiently low BLER. 
Similar to data reliability, high control reliability can be supported by using low code rate and multiple transmit and receive antennas. For low code rate, this can be done for example by allowing the use of lightweight DCI with short payload sizes or high aggregation levels (AL). 
Proposal 4	Target to design DCI format(s) with smaller payload for the use of achieving high reliability on the control channel.

We also need to consider the possibility to get a CRC check, and therefore a falsely detected PDCCH, from random noise detection. A false detection may lead to corrupted data or missed real PDCCH. For each UE the probability for this is proportional to 2-L for a CRC of length L, and also to the number of blind decodes in the control channel. With the current LTE CRC length of 16b the probability for a false detection may exceed 10-5 taking all blind decodes into account, and an increase should therefore be considered for a URLLC DCI.
Proposal 5	Consider a sufficiently long CRC for URLLC DCI.

Particular for scenarios where relaxed latency available or for optimising the resource usage HARQ feedback can be used in UL. An erroneous feedback can lead to data loss. Therefore, it is important to design the HARQ feedback formats in UL considering higher reliability use cases. To increase the reliability one possibility is to rely on duplication of HARQ feedback in time. 
Proposal 6		Consider reliable feedback through repetitions, if needed.
With mini-slot and fast timing, an interesting solution can be to rely on HARQ operation instead of automatic retransmissions. This would ensure a higher resource efficiency, while also obtaining a high final reliability. To ensure the packet delivery, multiple retransmissions may be required, and also more robust retransmissions. It should be noticed that the reliability of this solution is strongly connected to the UL control robustness. Fast HARQ solutions with increased feedback robustness should therefore be considered for URLLC. This would require in most practical deployment further FDD spectrum so that the latency does not become an issue.
Proposal 7	Fast HARQ functionality with robust feedback should be considered for URLLC.
Control reliability-blocking probability trade-off
Given limited transmission time-frequency resources, there exists a tradeoff between control reliability and UE blocking probability. For example, high reliable transmission usually requires large amount of resources, leading to a smaller number of UEs that can be served within PDCCH. For a given SNR distribution, each reliability target will correspond to a particular aggregation level (AL) distribution. With a strict target BLER, there will exist a fraction of users who need very high AL such as AL16 and 32 to be able to reach the target. A high enough AL should be supported to allow for ultra-high reliable communication. When designing the PDCCH in general it would be good also to consider blocking problems related to higher aggregation levels.

Proposal 9		The blocking rate of PDCCH need to be considered in the design.
CSI reporting for high reliability transmission
In LTE system, channel quality reporting is performed at the UE based on the DL transmission. The UE measures the received signal quality and report an index corresponding to the highest MCS order satisfying a reliability target of 10%. This target is defined mainly for mobile broadband (MBB) transmission. 
With high reliability requirements for URLLC, a mechanism for reporting channel quality needs to be improved. For example, a robust CQI reporting for URLLC can be done based on multiple BLER levels. That is, the gNB can configure levels of BLER for a particular use case. A table corresponding to CQI can then be constructed using the average performance reference (e.g., a BLER performance) and the CQI value can consist of both MCS index and BLER values. The UE reports back the highest index satisfying the target BLER level which ensures that the reliability target is satisfied. The proposed method is flexible and can facilitate high reliable transmission for different use cases.
Proposal 9	Robust CSI reporting for URLLC based on multiple BLER levels should be supported.
Automatic repetitions
As a main solution for the many-shot option to reach high reliability, automatic repetitions provides a simple way of obtaining a lower code rate. The BLER target for each individual transmission does then not need to be extreme, but remain at the 10-2 to 10-3 level. Compared to a one-shot transmission, the overhead is higher due to CRC and headers, and the coding gain can be somewhat reduced. However, it’s worth noting that for a code rate below the mother code rate the resulting code is repetition, and therefore largely equivalent.
If automatic repetitions are introduced for DL a high reliability can be obtained in a short time. 
[bookmark: _GoBack]Proposal 10	In DL, K repetitions including initial transmission (with the same or different RV and FFS with different MCS) (K>=1) for the same transport block are supported. 
Conclusion
Based on the discussion in section 2 we propose the following:
· NR design should be scalable to be able to address a range of URLLC services concerning different latency and reliability requirements.
· The MCS and TBS design should support to at least BLER of 10^-5 for an initial transmission for small TBS values
· The NR specification should support UE capabilities with more than 2 receive atennas and more than 2 transmit antennas
· Target to design DCI format(s) with smaller payload for the use of achieving high reliability on the control channel 
· Consider a sufficently long CRC for URLLC DCI
· Consider reliable feedback through repetitions, if needed
· Fast HARQ functionality with robust feedback should be considered for URLLC 
· Robust CSI reporting for URLLC based on multiple BLER levels should be supported
· In DL, K repetitions including initial transmission (with the same or different RV and FFS with different MCS) (K>=1) for the same transport block are supported.
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