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1. Introduction

NR has completed two releases since Rel-15 and the third release (Rel-17) is to be completed at March 2022. The basic functionalities for URLLC were standardized in NR Rel-15 including features to achieve the target of 1ms Uu latency and 1e-5 reliability. Further PHY/higher layer enhancements targeting 1 ms Uu latency and 1e-6 reliability and features including inter/intra-UE service prioritization/multiplexing were specified or are being specified in NR Rel-16/17. 
However, when it comes to practical network deployment to support URLLC services, more realistic factors need to be considered, such as which TDD UL/DL configuration should be used considering the co-existence with eMBB services, how to improve the system efficiency while guaranteeing the stringent reliability requirement with inter-cell interference, etc. Therefore, these aspects should be considered in NR Rel-18 URLLC. 
In this contribution, we firstly discuss the scenarios and requirements for industrial IoT, and then propose several potential technical directions to be enhanced in NR Rel-18. 
2. Discussion 

2.1 Scenarios and requirements
In Rel-16/17, several use cases are considered for URLLC, including factory automation, transport industry, electrical power distribution and AR/VR, where factory automation (i.e. part of future smart factories) is the use case with very stringent latency and reliability requirement for some scenarios. For smart factories, there is a large market opportunity for wireless technologies such as 5G NR in the area of automatic control. Depending on the service requirements, the applicable scenarios can be mainly classified into three categories as shown in Figure 1: none real-time (NRT), real-time (RT) and isochronous real-time (IRT), as defined in [1]. Specifically, NRT case is mainly used for information technology (IT) area (e.g., data collection) wherein there is no tight latency requirements. RT and IRT cases are used for operation technology (OT) area in the factory floor with strict latency bound and ultra-reliable small packet transmission, including control-to-control/IO and motion control respectively [2]. For IRT applications such as multi-axis motion control, it is common that less than 1 ms E2E latency is required. For RT applications such as production line and robot control, 4 ms is a typical cycle time of modern robot controllers [3], which is also a good trade-off for many force control applications [4]. Hence for the further study of IIoT, 4 ms E2E latency is an important performance indicator for typical RT applications. 
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Figure 1 Scenarios and use cases for industrial IoT
Apart from the low-latency requirements, the RT and IRT applications often have stringent reliability requirements. For example, these applications often require a service availability of 99.9999% to 99.9999999% [2]. For this extremely stringent availability requirement, the E2E transmission reliability must be at least 99.9%~99.999% considering a survival time of one transmission interval. Although this minimum E2E reliability is smaller than the original service availability, a much higher requirement, e.g., 99.999%~99.9999%, is often necessary to guarantee the production quality and hence provide expected commercial values. Besides, for the RT and IRT applications, the packet size is often small for both control commands and state information, e.g., ranging from tens of bytes to hundreds of bytes, while the device density is often very high, e.g., 100 ~ 1000 devices per Km2.
Considering the future smart factories, many kinds of services would be carried by wireless communication. The RT and IRT applications are often for the automatic control services, and another widely-deployed service is machine vision, an UL-dominant service with a large UL traffic but small DL traffic. Also, the eMBB-like DL-dominant services also exist in the smart factories, including the software update for devices and task re-arranging for a group of cooperative devices. That is, several kinds of services with different characteristics would be simultaneously delivered wirelessly in the future smart factories, and hence a design of future factory network should be able to support these mixed services through a unified wireless solution. 

Although factory automation is one of the use cases for Rel-16/17 URLLC/IIoT, it cannot be supported well under some given scenarios as described in following sections, e.g. on unpaired spectrum and/or when there is interference from other cell(s). Therefore, some further enhancements can be further considered in Rel-18, at least for the typical IIoT use case with promising market opportunity, e.g. smart factories. Based on the above discussion for smart factories, the requirements for further URLLC enhancements can be summarized as below: 

· Low latency: typically 4 ms E2E latency for RT case and 1 ms for IRT case

· High reliability: 1e-5 ~ 1e-6

· Small packet: tens of bytes to hundreds of bytes

· Large UE density: 100 ~ 1000 devices/km2

· Mixed-services support: co-existence of URLLC, UL-dominant and DL-dominant services within one factory

In the following, we would discuss possible technology enhancements for these service requirements. It should be noted that although we focus on the RT and IRT applications in smart factories, the technologies discussed below are universally valid and can be applied to improve the transmission quality for any services of similar requirements summarized above.

2.2 Potential technical directions 

2.2.1 Complementary TDD

To meet the stringent latency requirement, one solution is to use self-contained TDD frame structure, e.g., two UL/DL switching points within one slot are needed to meet 4 ms or even 1 ms E2E latency. However, nearly 15% guard period overhead is consumed for a slot format [DDDSUUU DDDSUUU], and it is not appropriate to use one kind of frame structure to support services with different latency requirements. Another drawback of this solution is that the self-contained TDD frame structure is not efficient for scheduling eMBB services considering the DMRS and DCI overhead. 
Another solution to achieve latency reduction is to use FDD frame structure. However, the DL carrier and UL carrier in a FDD mode are often located in two spectrum bands, which might not always be available to a factory operator. Moreover, FDD bands are usually only allocated with small bandwidth, which might not fit the data rate requirements.
Alternatively, the multi-carrier solution such as carrier aggregation (CA) or supplementary UL (SUL) can be adopted for latency reduction as shown in Figure 2, wherein gNB can configure two cells with complementary UL/DL configurations or one TDD carrier plus one SUL carrier. For current CA with complementary UL/DL configurations, HARQ latency is impacted without support of dynamic inter-cell PUCCH feedback and retransmission. Note that although PUCCH carrier switching for HARQ-ACK feedback is agreed to be supported in Rel-17, the E2E latency still reaches about 7.2 ms under the assumptions given in the Appendix if cross-carrier HARQ scheduling (i.e., flexible initial transmission and re-transmission on different serving cells) is not supported. Moreover, without further enhancements, complementary TDD configuration can only be used in inter-band CA case. This is restrictive from deployment scenario perspective, and hence it would be beneficial to extend to other cases as well.   

For the option of TDD plus SUL, DL latency would be impacted due to the absence of DL occasions. For example, the overall latency can be achieved is about 4.2 ms if the DL transmission is delayed by 1 ms under the assumptions given in the Appendix. Furthermore, the assumption given in the appendix is a little bit too ideal, and in practice scheduling delay would exist, i.e. longer processing delay at gNB would be expected. For example, if a short scheduling delay of 7 OFDM symbols is considered, the E2E latency would be further enlarged, and would reach 5.45 ms in the worst case because both the initial transmission and retransmission would be delayed by 1ms as analyzed in Appendix. 
[image: image2.png]~7.2ms





(a) TDD CA with complmentatry UL/DL ratio without cross-carrier HARQ scheduling
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(b) TDD+SUL
Figure 2 Latency analysis for CA and SUL solutions
Therefore, complementary TDD with flexible cross-frequency HARQ and scheduling is beneficial to reduce the alignment delay and the scheduling/HARQ latency, which can help achieve FDD-like latency and also enable efficient support of co-existence of different services. One example can be shown in Figure 3. Cross-frequency here can include inter-band CA, intra-band CA and inter-BWP on the single cell, i.e. complementary TDD configurations can be used on different serving cells from different bands, on different serving cells from the same band and on different BWPs from the same serving cell, respectively.
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Figure 3 Complementary TDD with flexible cross-frequency HARQ scheduling
For the inter-band CA case, it is feasible to configure complementary TDD configurations on different serving cells, and it is easy for implementation considering the RF filtering already exists and hence the self-interference is not a big matter. Considering PUCCH carrier switching for HARQ-feedback will be supported in Rel-17, it is expected that only flexible cross-carrier HARQ scheduling needs to be further studied, e.g. enable flexible initial transmission and re-transmission on different serving cells. 

For intra-band CA and inter-BWP on the single cell, since different TDD configurations will be used on different serving cells from the same band or on different BWPs on the same serving cell, in addition to enable flexible HARQ and scheduling between different cells or different BWPs which is similar as that for inter-band CA case, several other aspects needed to be studied first also. Firstly, the feasibility of enabling complementary TDD configurations on different serving cells from the same band or on different BWPs on the same serving cell needs to be studied, e.g. whether/what filtering methods to be used on RF or baseband part, whether/how to achieve Tx-Rx antenna separation, whether/how to achieve self-interference cancellation, whether/how to do the cross-link interference cancellation, etc. Note that from this interference management perspective, the issues here are the same as that for the FDM full duplex (also called subband flexible duplex) as described in [5] and/or xDD as described in [6], since complementary TDD with intra-band CA case and inter-BWP case can be considered as one case for sub-band flexible duplex, i.e. sub-band flexible duplex/xDD with complementary TDD configuration on different bands. Secondly, it might be simpler to only support half-duplex operation at the UE side while supporting simultaneous transmission and reception at gNB side for this case, therefore some collision handling rules for half-duplex UEs might need to be studied/specified also if it is feasible to support different TDD configurations on different serving cells from the same band or on different BWPs on the same serving cell. 
Proposal 1: Study and specify flexible initial transmission and re-transmission on different serving cells from different bands with complementary TDD configurations.  

Proposal 2: Study the feasibility on enabling complementary TDD configurations on different serving cells from the same band or on different BWPs on the same serving cell.
Note that this kind of configuration is not only beneficial to latency reduction for URLLC services but also is a suitable design to support the co-existence of mixed services within an area. Specifically, if URLLC UEs, eMBB UEs and UL-dominant UEs co-exist in a factory and their services are delivered in one wireless network, it is feasible to schedule the URLLC UE on these two complementary carriers to reduce the waiting latency, while the eMBB UEs with large DL traffic and UL-dominant UEs can be scheduled in slot-based manner on carriers with more DL symbols and more UL symbols respectively, to reduce the DCI and RS overhead. 

2.2.2 Accurate interference measurement and report
To achieve ultra-reliability requirement within the strict latency bound, the system efficiency for URLLC is much lower than eMBB due to conservative scheduling to counter interference fluctuation [7]. 
In the current schemes, due to the measurement and reporting delay, the CSI measured on CSI-RSs cannot reflect the real channel and interference states for data transmission. Especially, the interference from neighbour cells may change greatly after some measurement and reporting delay. As a result, to cope with the fluctuation of interference, a conservative resource allocation and MCS selection is often selected for URLLC transmission, leading to very low spectrum efficiency and small URLLC capacity. 
For further CSI enhancements, accurate measurement for the real CSI suffered by data transmission and the related fast reporting capability need to be considered. For example, the interferer cell can predict or pre-schedule its scheduling behaviour and then inform this to the interfered URLLC UEs which measure and report the corresponding CSI to the serving cell. 
Proposal 3: Study further CSI enhancements on accurate measurement and fast reporting of the CSI for URLLC data transmission. 
2.2.3 Enhancement for control channel
For the above introduced RT/IRT cases, always the data packet size is small, e.g., 32 or 48 bytes. In this case, the control channel would become the bottleneck from the overhead perspective. For example, assuming MCS index 15, 7os TTI and 48 bytes for PDSCH and DL DCI with one CCE, nearly 20% DCI overhead is consumed, which would be even larger when MU-MIMO for PDSCH, larger CCE number and additional UL DCI are considered. From another perspective, the reliability would be also impacted since the UE needs to correctly decode the PDCCH first and then the PDSCH. The potential enhancements can be that either to enhance the control channel transmission efficiency, e.g., supporting PDCCH MU transmission with orthogonal DMRS ports to improve the PDCCH transmission efficiency. 
Proposal 4: Study enhancements on improving control channel transmission efficiency. 
2.2.4 Higher layer enhancements for URLLC

Selective PDCP duplication/higher-layer redundancy
PDCP duplication and higher-layer redundant PDU sessions are effective ways to improve the transmission reliability and to guarantee the extremely low latency of stringent URLLC services. However, as has been discussed in NR Rel-16 and Rel-17, network-controlled PDCP duplication is resource inefficient, and MAC CE-based activation/deactivation is not timely and the granularity is only per DRB, which may take as long as 5 ms and is not appropriate for some stringent use cases. And redundant PDU sessions is pre-configured by constantly transmitting replicate packets with lack of dynamic control. In order to overcome the drawbacks, selective duplication is a promising mechanism to deal with IIoT services with extreme stringent QoS requirements, and to achieve a better trade-off between resource utilization and communication service availability guaranteeing.
Enhanced header/data compression
In order to support more IIoT users per unit area, data compression is worth considering for Uu transmission. In NR Rel-16 IIoT, Ethernet header compression (EHC) is designed completely in 3GPP for standard IEEE 802.1 traffic and cannot be applied to diverse Ethernet protocols, e.g. EtherCAT, 802.1 variants for practical implementation, which still has room for compressing more fields in the corresponding headers. Moreover, RoHC and EHC are targeted for specific protocol headers only. In IIoT scenarios, the packets, i.e. the headers as well as the payloads, from the same source are highly co-related. The header compression solutions cannot cope with the compression potential of data payload. While reusing UDC is inefficient due to nature of “zero loss tolerance”. Therefore, how to enhance UDC operation to be applicable to URLLC should be considered as one potential direction in addition to EHC.
E2E latency reduction during mobility
As identified in the subsection 2.1 of scenarios and requirements, motion control use cases, e.g. mobile panel/robot have the requirements of mobility and E2E latency of typical 4 ms. In NR, dual active protocol stack (DAPS) has been designed to achieve 0 ms RRC connection interruption for mobility since Rel-16. However, (early) data forwarding between the source and target gNB would cause additional delay of around 10 ms before the single N3 tunnel path switch. Therefore, the existing single N3 tunnel needs to be revisited targeted to reduction of E2E latency of the packet during mobility. In Rel-16, dual N3 tunnel approach during mobility was shortly discussed in RAN2 but excluded due to time limit. We hence propose to re-consider it in the scope of Rel-18 for enhanced mobility support of URLLC/IIoT services.

Proposal 5: Consider the following higher layer enhancements for URLLC: 

· Selective duplication and selective higher-layer redundancy operations. 

· Enhanced Ethernet header and data compression.

· Mobility enhancement to minimize E2E latency of data packet. 
3. Conclusions
In this contribution, we first introduce the scenarios and requirements for industrial IoT, and then propose several technical directions to be enhanced in NR Rel-18 with the listed proposals below:
Proposal 1: Study and specify flexible initial transmission and re-transmission on different serving cells from different bands with complementary TDD configurations.  

Proposal 2: Study the feasibility on enabling complementary TDD configurations on different serving cells from the same band or on different BWPs on the same serving cell.
Proposal 3: Study further CSI enhancements on accurate measurement and fast reporting of the CSI for URLLC data transmission. 

Proposal 4: Study enhancements on improving control channel transmission efficiency. 
Proposal 5: Consider the following higher layer enhancements for URLLC: 

· Selective PDCP duplication and higher-layer redundancy operations. 

· Enhanced Ethernet header and data compression.

· Mobility enhancement to minimize E2E latency of data packet. 
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5. Appendix

In this appendix, the E2E latency of different schemes is analyzed. We focus on a typical RT use case with transmit interval of 4 ms, i.e., a packet arriving for a UE every 4 ms. Meanwhile, the dual-wireless deployment is assumed, in which controller (or named as PLC) communicate with a device (or named as I/O) through a 5G BS, and both the communication links between PLC-BS and BS-I/O are assumed to be wireless. Moreover, the following assumptions are used for latency analysis: 

· The scheduling unit is 7 os, both PDSCH, PUSCH and PUCCH are of 7os

· Processing delay at UE: the UE processing capability #2 is assumed

·   The processing latency from receiving PDSCH to feeding back HARQ-ACK is N1 = 4.5 = 5 os 
·   The processing latency from receiving UL grant to transmitting PUSCH is N2 = 5.5 = 6 os

·   The processing latency for initial transmission and final decoding is 3 os, nearly a half of N1/ N2
· Processing delay at gNB: it is assumed to be the same as that in the UE, i.e., 
·    The processing delay for receiving PUSCH is N1 = 5 os
·    The processing delay from receiving HARQ-ACK to transmitting DL retransmission PDSCH N2 = 6 os
·   The exchanging latency between the BS and the core network is 1ms

Note that all these assumptions assumed above are similar to the analysis for performance evaluation in R16 and also the newest evaluation for 5G-ACIA (see [8] and reference paper therein). And in the analysis for the E2E latency below, the latency for the worst UE is considered.
E2E Latency for complementary CA without cross-carrier HARQ scheduling
Then for the complementary CA case, where a carrier of 8:2 frame structure and another carrier of 2:8 frame structure are deployed. From Figure A. 1 below, it is found that if cross-carrier retransmission is not supported, waiting an available DL resource in the same carrier as initial transmission would incur an extra delay of 4 ms (shown as the delay from dotted red rectangular to the red rectangular). To sum up, the total latency is about 7.2 ms. 
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Figure A. 1 Illustration of the processing latency for complementary CA without cross-carrier HARQ scheduling
E2E Latency for SUL 
Similarly, for the SUL configuration as shown in Figure A. 2, the DL transmission may be delayed at most by 1ms (shown as the delay from the dotted rectangular on the first UL sub-slot to the red rectangular on the first DL sub-slot). Hence the total E2E latency would reach 4.2 ms as shown in Figure A. 3. Note that a scheduling delay actually exists at BS, and the value would be much large since the scheduling algorithm at the 5G BS is very complicated. If a short scheduling delay of 7os is assumed for retransmission, the total E2E latency can be enlarged to 5.45 ms to the most. (Actually, the current scheduling delay may be much larger than this, and exist for both initial transmission and retransmission. However, the data arrival is deterministic and hence a pre-scheduling can be adopted for the initial transmission to remove such scheduling delay from the available latency budget.) 

This large E2E latency value occurs for some data transmission whose initial DL transmission and retransmission are both delayed. As shown in Figure A. 2, the data arrival interval is 4ms (about 16 TTIs) but only 12 TTIs can be arranged with data arrival, otherwise the data transmission of the next pattern would overlap with the delayed data transmission of the previous pattern. Then for the data marked in green, it would be delayed on TTI #11 and hence its retransmission would be delayed as shown in Figure A. 3. To sum up, the total latency reaches 5.45 ms because both initial transmission and retransmission are delayed.
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Figure A. 2 Mis-matching of data arriving pattern and DL-UL switch pattern, and the delay for initial transmission
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Figure A. 3 Illustration of the processing latency for SUL without cross-carrier HARQ scheduling considering a scheduling delay of 7os in BS
E2E Latency for complementary CA with cross-carrier HARQ scheduling
Finally, for complementary TDD with cross-carrier HARQ and scheduling, there is no waiting delay and the total E2E latency is about 3.45 ms even when the scheduling delay of 7 os is considered, as shown in Figure A. 4 below.
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Figure A. 4 Illustration of the processing latency for complementary CA with cross-carrier HARQ scheduling
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