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Introduction
In the original LTE design, the radio resources are assigned in a time/frequency resource grid with fixed subframe durations. While this is highly desirable for a fully scheduled system with frequency domain multiplexing, it has certain limitations with respect to achievable latency and coverage. 
NR is required to support both, very low latency as well as very good coverage. In this contribution we discuss how both can be achieved in NR and propose some design principles for MAC to enable this. 
Background
LTE uses a single L1 numerology[footnoteRef:1] with fixed subframe duration of 1 ms (14 OFDM symbols). The eNB aims to adjust the size of a MAC PDU to the number of bits that fit into the allocated physical layer resources considering the estimated link quality. Even if the data available could be sent in less than 14 OFDM symbols, the transmission of the MAC PDU takes still one entire subframe[footnoteRef:2]. If more data is available than what may be sent in one subframe, the data is segmented by RLC and sent in subsequent subframes. Each subframe uses its own L1 control signalling, a separate CRC, separate L2 headers. Interleaving and coding is applied to individual subframes only. Obviously, this static division in the time domain introduces some restrictions. On the other hand, it proved to be very efficient in a scheduled system that is intended to support frequency domain multiplexing of many users, accurate link adaptation and QoS based scheduling.  [1:  A secondary numerology with 3.75 kHz subcarrier spacing was introduced for NB-IoT in uplink]  [2:  Either by choosing more robust coding or by padding] 

Already in Rel-8 it was observed that in bad coverage situations the amount of data that could be transmitted in a single uplink subframe is small and hence the control signalling overhead is significant. To address this problem, “TTI Bundling” was introduced. Once configured for a UE, each UL grant is valid for four subsequent subframes. The link adaptation chooses the transport block size to match the number of information bits that can likely be transmitted within 4 subframes (4 ms). By this principle, L1 control signalling (UL grants) and L2 protocol header overhead are reduced significantly for bad coverage situations. 
In Rel-13, it was decided to aim for further coverage enhancements of about 20 dB. Of course, this could only be achieved by a significant reduction of the data rate which may be as low as ~1 kbps at the cell edge. This corresponds to ~1 bit per 1 ms subframe. Following the principle of TTI bundling, eMTC and NB-IoT introduce the possibility to span a transport block over several tens or even hundreds of subframes. And similar repetitions were introduced for the L1 control signalling (M-PDCCH/N-PDCCH). 
On the other hand, RAN2 also studied in Rel-13 how to reduce the latency of LTE. Besides protocol enhancements for UL MAC scheduling, RAN1 is introducing the possibility to shorten the TTI in LTE Rel-14 while keeping the existing LTE numerology. This will be realized by allocating a MAC PDU to only 7 or 2 (rather than 14) OFDM symbols. Obviously, this mode of operation will be efficient primarily in good coverage situations where a reasonable amount of data can be transmitted within the fewer symbols.
Introducing support for TTIs spanning multiple subframes or just fractions of a subframe was not as easy as it would have been if it was considered from the start. Therefore we think RAN2 should study these aspects early for NR. 
[bookmark: _Ref178064866]Discussion
[bookmark: _Toc458508373]RAN1 agreed to use the same numerology as LTE (15 kHz subcarrier spacing) as baseline for NR. Similarly as in LTE, several symbols will form a subframe leading to a resource grid similarly as used in LTE. 
For higher carrier frequencies, wider carriers should be supported whereas the coverage of cells will shrink. RAN1 hence agreed to support also multiples of the base numerology, wider subcarrier spacing and consequently shorter symbols. The shorter symbol duration automatically leads to a lower latency and the wider subcarrier spacing enables use of wide carriers with reasonable hardware complexity. However, the shorter symbol- and subframe duration limits the amount of transmittable data at the cell edge. 
The NR L1 design envisioned by RAN1 builds on a flexible subframe structure, i.e., a subframe may comprise of only DL symbols, only UL symbols or (for TDD) a combination of both UL and DL symbols. The latter enables particularly low latency since the UL HARQ feedback for the DL data in the first part of a subframe could be conveyed in the latter part of the same subframe (see [2] for more details on the subframe structure). Obviously, the short transmission duration available for the UL and DL signals limits the coverage. It is hence primarily usable for UEs in good coverage. Upon observing decreasing channel quality, the eNB will typically use an entire subframe for one transmission direction. In even worse radio conditions, the number of bits transmittable in a subframe may still be so low that the UP protocol and L1-control overhead results in an unacceptable overhead ratio. Like in eMTC coverage enhancements, it should hence be possible to extend (repeat) a transport block over several subframes. To enable this mode of operation, RAN2 should ensure that the NR MAC protocol supports dynamically or semi-statically adjustable (multi-subframe) TTI durations for control signalling and for data channels. 
[bookmark: _Toc458508374][bookmark: _Toc458510991][bookmark: _Toc458531590][bookmark: _Toc458796319]The NR MAC protocol should support dynamically or semi-statically adjustable (multi-subframe) TTI durations for control signalling and for data channels.
In LTE a downlink assignment conveyed by the PDCCH is valid for the same subframe. With the extended coverage solutions introduced for eMTC in Rel-13, also the transmission of the PDCCH may take several subframes. The UE knows only upon successful decoding of the PDCCH whether it has been scheduled or not. If the DL data (PDSCH) would be transmitted in parallel to the PDCCH, the UE might have to store a substantial amount of soft information. In particular for low-end massive MTC use cases this complexity was considered unacceptable. Therefore, LTE Rel-13 introduces a scheduling mode where the PDCCH precedes the corresponding PDSCH. With the same justification and for the same purpose, the NR protocols should support this too.
[bookmark: _Toc458508375][bookmark: _Toc458510992][bookmark: _Toc458531591][bookmark: _Toc458796320]The NR MAC protocol should support different timing relation of downlink control signalling (UL grants and DL assignments) and the corresponding data transmission.
Extending the transmission of a single MAC PDU across several subframes increases of course the latency observed by higher layers. However, accumulating more energy over time is only way to increase coverage and we consider this latency increase to be preferable over loosing coverage and connectivity entirely when approaching the cell edge. And as shown in the recent LTE Latency Reduction SI and in [1], end-to-end protocols require low latency in particular in order to utilize high data rates offered by lower layers. On the other hand, at lower L1 data rates, higher latency has less impact to the end-to-end throughput. 
[bookmark: _Toc458508372][bookmark: _Toc458510990][bookmark: _Toc458531589][bookmark: _Toc458796323]End-to-end protocols require low latency in order to utilize high data rates offered by lower layers. At lower L1 data rates, higher latency has less impact to the end-to-end throughput. 

Conclusion
In section 3 we made the following observations:
[bookmark: _GoBack]Observation 1	End-to-end protocols require low latency in order to utilize high data rates offered by lower layers. At lower L1 data rates, higher latency has less impact to the end-to-end throughput.

Based on the discussion in section 3 we propose the following:
Proposal 1	The NR MAC protocol should support dynamically or semi-statically adjustable (multi-subframe) TTI durations for control signalling and for data channels.
Proposal 2	The NR MAC protocol should support different timing relation of downlink control signalling (UL grants and DL assignments) and the corresponding data transmission.
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