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X.	Overview of Multihop Communications
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3GPP has been working on the 5G system with all communication KPIs much higher than 4G LTE, including 10-20Gbps peak data rate, 1Gbps user experience rate, 3-5 times higher in spectrum efficiency, up to 500km/h mobility, 1ms air interface latency, 1 million connections per square km in network density, 100 times in energy efficiency, and 10Tbps per square km in flow density. However, it was not expected that a single system will satisfy all the requirements co-currently. Three primary application scenarios including eMBB, mMTC, and URLLC were identified, e.g., in SMARTER, which presents a triangle of application scenarios emphasizing on different aspects of the requirements. SA1 has also been working on new verticals that requires merged features. For example, eV2X and CAV studied verticals that require combined features of eMBB and URLLC. It is understood that the future smart spaces based on Internet of Everything (IoE) require all types of UEs being interconnected, and more combined features of all communication KPIs will be necessary. 

Requirements of these new verticals drive the introduction of multi-hop communications in 3GPP 5G.  The motivations can be analyzed from three angles. 
First, multi-hop communications improve network capacity especially when wireless sidelinks are required. In network information theory, it had been identified over a decade that single-hop cellular network has a capacity of , where  is the spectrum bandwidth. The same capacity can be increased to , with a multihop network of evenly distributed traffics in terms of source-destination pairs, where N is the number of nodes including UEs. The network capacity can be further increased to  in a multihop network with clustered traffics or with mobility. Multi-hop naturally decreases the interference range of radio communications, so that radio resources such as spectrum can be spatially re-used. Take 10 hops as an example, average number competing neighbors can be reduced by over 100 times; end-to-end throughput can therefore be improved by up to 100 times; end-to-end latency can be reduced by 10 times by taking 10 hops; average link budget can be reduced by 30dB; end-to-end energy consumption can therefore be reduced by 100 times. And actually the theoretical performance metrics can improve with the number of wireless hops.
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Figure X.1 Multihop improved Capacity

Second, multi-hop communications improve the coverage and energy efficiency for UEs. Take the figure below as an illustration. Concrete walls in typical urban areas can introduce link attenuation of over 20-30 dB, which can be much larger than antenna gain that outdoor base stations can provide. It will be either impossible or energy draining to have the UEs D and C to communicate to the gNB directly. Since multihop improves the UE QoS including both rate and latency in such scenarios, it also reduces infrastructure costs by providing less UE energy consumption and sparser deployment in operators’ network infrastructure. 
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Figure X.2 Multihop improved Coverage

Third, multi-hop communications can enable a few vertical applications in the interests of 3GPP, which are outlined in the table below.
	Verticals
	Specialities
	Feature Description

	Remote or emergency Industrial-type Networks
	Lack of network and power cable  infrastructure to provide wireless coverage
	In some special industrial types of environment, such as underground mining, remote unmanned areas, underground pipes, exhibition places, emergency sites including for example under forest fires, earthquake and hurricane etc., there is a significant lack of reliable cable infrastructure in both network and power. Multi-hop wireless is a natural way to improve coverage and energy efficiency so that 5G services can be provided reliably over required period of servicing time. 

	Collaborative Robots
	Dynamic network with strict latency and reliability requirements
	In emerging areas such as smart factory, smart farming, enhanced V2X, robots are deployed to collaboratively complete complex tasks without no or limited human operations. The robots will need to exchange and process information in a highly dynamic networking environments, e.g., with volatile traffics, dynamic UEs with high mobility, and very strict requirements on reliability and latency. Multi-hop wireless can naturally provide reliable communications of robots in close or large proximity, under dynamic networking environments.

	Smart Spaces (e.g., city and community, etc.)
	Merging KPIs of eMBB, mMTC, and URLLC due to IoE interconnections
	Future IoE based smart cities and communities present potential killer applications of 5G systems to municipalities and consumers. Traditionally, IoT devices are often considered small and of very limited computing and communication capabilities. In order to provide enhanced user experience over current eMBB (mobile Internet) and mMTC (IoT) solutions, it is often identified that next generation IoT UEs will have decent processing power, and need to interconnect with eMBB or URLLC/V2X UEs in close or large proximity. These new requirements will merge KPI features of eMBB, mMTC, and URLLC into the future IoE based smart spaces. Multi-hop wireless can naturally provide more capacity to such new requirements.




Table X.1 Multihop enabled Verticals

On RAN perspectives, network based multihop relay is being studied in IAB, and UE based multihop relay can potentially be introduced in NR-sidelink. However KPIs of multihop use cases hasn’t been properly documented to provide guidance or objectives to the RAN studies. The details of these KPIs and new requirements shall be provided in this report. Particularly, with all the potential multihop use cases, scalability will be required where all communication performance metrics such as data rate, latency, and energy consumption shall not be degrading with the number of wireless hops due to dynamic issues such as link blockage and congestions.
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