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Introduction
While we believe that unlicensed spectrum cannot support all kinds of services, use cases and deployments, we consider it vital to ensure that a new and future proof radio interface aims to utilize unlicensed spectrum as efficiently as possible.
In this paper we reflect on the introduction of LAA in LTE and show examples why it is advisable to consider the particular demands for operation in unlicensed spectrum already in the initial design of a new radio interface.  
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Spectrum Situation
To a certain degree the continuously increasing demand for higher network capacity can be addressed by denser deployments and multi-antenna systems. But beyond that, additional spectrum is necessary to satisfy the capacity and throughput needed for data hungry applications. 
As of today, operators use primarily licensed spectrum for their wide area networks. The license costs are significant but on the other hand, the licensed spectrum permits high transmission power, accurate cell planning and full frequency re-use without the need to apply schemes like Listen-Before-Talk. This ensures good coverage even in areas of sparse deployments. The exclusive use of the spectrum minimizes the risk of delay spikes and maximizes the capacity. 
In particular Wi-Fi, but nowadays also LTE License Assisted Access (LAA), uses unlicensed spectrum. Without license fees, such technologies permit access to wide frequency bands. But of course, there is no such thing as a free lunch: A device (base station or terminal) must ensure fair access to the spectrum. In 2.4 and 5 GHz ISM bands this is typically achieved by so-called “listen before talk” (LBT). Energy detection just before a planned transmission burst may reveal that the spectrum is already used by another device. Various back-off schemes are supposed to keep access delay short while making the spectrum sharing fair. Nevertheless, delay spikes and inefficient spectrum utilization can be observed when load increases and when too many systems (access points) operate in the same coverage area on the same carrier frequency. LBT schemes are known to work quite well at relatively low transmit power levels. Correspondingly, the maximum allowed transmit power in 2.4 and 5 GHz spectrum is restricted and also the power spectrum density that a device may use is limited. 
Due to these characteristics unlicensed spectrum is a viable alternative for indoor deployments provided that there are no too stringent requirements on latency variations and that the cell density on a carrier is not too high. However, for wide area deployments, when high system capacity and cell density is needed as well as with stringent latency requirements, licensed spectrum is required. The combination of licensed and unlicensed spectrum (so-called license assisted access) can benefit from the additional capacity enabled by unlicensed spectrum while using the licensed spectrum to offer predictable latency for services that need it. 
[bookmark: _Toc444271171][bookmark: _Toc444271722][bookmark: _Toc444272790][bookmark: _Toc444505015][bookmark: _Toc444505255][bookmark: _Toc444514693][bookmark: _Toc444782927][bookmark: _Toc446083722][bookmark: _Toc446083752][bookmark: _Toc446083761][bookmark: _Toc446083859][bookmark: _Toc447288554]Unlicensed spectrum cannot substitute licensed spectrum for all use cases, services and deployments due to e.g. reduced reliability, less predictable latency and lower transmit power (resulting in lower coverage).
Nevertheless, unlicensed spectrum is suitable for several use cases and deployments and it may enable new use cases for which licensed spectrum is not applicable or not available. For “factory automation” and “enterprise deployment” the need for licensed spectrum may often be considered as show-stopper. On the other hand, support of unlicensed or share-licensed spectrum will be a “door-opener” for such industry applications – even if in many cases the final choice could be for licensed spectrum (e.g. hosted by an operator) anyway due to the above-mentioned benefits. 
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Beyond the 5 GHz band the next band available for mobile communication is currently at about 60 GHz. Also that band is classified as “unlicensed”. Bands in between 5 and 60 GHz are subject to ongoing regulatory discussions. Figure 1 depicts the spectrum situation for 5 and 60 GHz in more detail. 
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A prerequisite for utilizing the unlicensed spectrum is that the radio interface fulfils the applicable requirements, covering for example…
limits on the TX power and power spectrum density as well as power control mechanisms,
requirements on minimum and/or maximum carrier bandwidth,
dynamic frequency selection (DFS),
fair coexistence (typically achieved by carrier sensing (LBT).
In the scope of the 3GPP Study on Licensed-Assisted Access the regulatory requirements for the 5 GHz band have been evaluated and collected in [1]. When introducing LAA in Rel-13 and 14, corresponding functionality had to be added to an existing and well-established LTE design. 
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Lesson learned in LTE
LTE was primarily designed as wide area system for licensed spectrum. It was made for mobile broadband services and hence high spectral efficiency, high per-user data rates, low latency, good coverage (including robust control channels) and high mobility were important design criteria. It is usually not possible to maximize all of these dimensions and to a certain extent the desire for “low latency” was traded against “coverage” and “efficiency”. For example, a longer TTI allows for longer time-domain interleaving which results in better capacity. Also, in LTE the reference signals for channel estimation are spread across the subframe which is advantageous for channel estimation at high UE mobility. However, it also requires most UEs to postpone the decoding until the end of the subframe which results in delayed HARQ feedback. LTE’s uplink transmission is fully scheduled which gives great throughput and performance advantage at medium or high system load compared to a de-centralized access scheme. Yet, at low system load the additional request/grant delay has a noticeable impact on the latency and hence on the throughput of interactive protocols such as TCP. 
While the chosen trade-off between latency, capacity, mobility and throughput was appropriate for wide area mobile broadband in licensed spectrum, some design choices turned out to be suboptimal when porting LTE to unlicensed spectrum (LAA). For example, the long decoding delay (n => n+4) prevents sending the HARQ feedback in the same TxOP and hence, the UE may have to perform LBT just for sending that feedback. In Wi-Fi on the other hand the feedback for a transmission is sent almost directly after the transmission. For operation in unlicensed spectrum a significant reduction of the turn-around time to a few µs is hence essential. In order to transmit UL data the UE has to send a scheduling request upon which the eNB may send an UL grant based on which the UE performs the actual PUSCH transmission. All three transmissions are subject to LBT and hence the initial channel access delay will be longer than for LTE in licensed spectrum. If the link is idle intermediately, other systems are likely to occupy it for their data transmissions. And this increases the probability that the UE fails LBT prior to the PUSCH transmission. If that happens, the UE missed the transmission opportunity and may have to start the request procedure all over. Significantly reduced processing times in the eNB and the UE could alleviate the problem. As discussed above, such a reduction may however demand substantial changes to the L1 design. In addition, a possibility to transmit in uplink without sending a scheduling request could be beneficial – at least when the channel is idle. 
Making fundamental design choices to an existing radio interface technology is usually controversial as it likely breaks backwards compatibility and significantly impacts product development. 
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To avoid such big design changes it is advisable to consider the particular requirements and demands of unlicensed spectrum already in the initial design phase of the 5G radio interface. 
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In [2] discuss a number of key characteristics of the New Radio interface that require careful investigation with respect to operation in unlicensed or share-licensed spectrum. 
Conclusion
In section 2 we made the following observations:
Observation 1	Unlicensed spectrum cannot substitute licensed spectrum for all use cases, services and deployments due to e.g. reduced reliability, less predictable latency and lower transmit power (resulting in lower coverage).
Observation 2	Unlicensed spectrum is suitable for many services and deployments and it may enable new use-cases for which licensed spectrum is not applicable or not available.
Observation 3	Wide allocations of unlicensed spectrum are available globally with different regulation requirements.
Observation 4	Support of unlicensed spectrum both stand-alone as well as in combination with licensed spectrum is an essential requirement for the next generation radio access technology.
Observation 5	Adding support for unlicensed spectrum to an existing and established technology is challenging

Based on the discussion in section 2 we propose the following:
Proposal 1	Throughout the design phase the new radio interface should be optimized for operation in licensed, unlicensed and shared-licensed spectrum.
Proposal 2	The design of the new radio interface should support as many services and deployment scenarios as possible using unlicensed spectrum.
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