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Introduction
Reduced latency was a key requirement when developing LTE. And the low latency of LTE can probably be considered as one of the key advantages from end user perspective when compared to earlier mobile systems. 
Also the recent “Study Item on latency reduction for LTE” [1] revealed aligned views among companies that even mobile broadband applications will benefit significantly from further reduced latency. Enhancements both on protocol level as well as shortened TTIs have been found to be beneficial. In many cases, the performance measured at the end points and perceived by the end-user benefits more from reduced radio access latency than from an increased L1 data rate.
	From [1]:
In protocol evaluations, the potential gains in terms of increased download throughput and reduction of download time for reduced latency in LTE has been performed and evaluated. 
For TCP, and TCP slow start specifically, results show that reduced UL latency, shorter RTT and HARQ RTT can have a positive impact on TCP performance depending on cell load and L1/L2 overhead. This is due to the fact that the receiver may acknowledge TCP packets faster which enables a faster increase in the TCP window size. Latency reduction has shown a positive impact on both TCP congestion avoidance mode and in TCP slow start phase.
As the initial window size for each TCP connection is very small and the increase is steeper for each size increment, the effect of latency reductions for both RTT and HARQ RTT are more considerable for the slow start phase. This impact is large for small file sizes, especially where the slow start period lasts for the entire duration of the file transfer.



The TSG RAN Study on Scenarios and Requirements for Next Generation Access Technologies [2] requires control plane latency[footnoteRef:2] of 10 ms and, of mobile broadband services, a user plane latency[footnoteRef:3] of 4 ms.  [2:  Time to move from a battery efficient state (e.g., IDLE) to start of continuous data transfer (e.g., ACTIVE)]  [3:  Time it takes to successfully deliver an application layer packet/message from the radio protocol layer 2/3 SDU ingress point to the radio protocol layer 2/3 SDU egress point via the radio interface in both uplink and downlink directions, where neither device nor Base Station reception is restricted by DRX] 

Beyond mobile broadband, several new applications do not only benefit from but rather require very low end-to-end latency. In order to cater also for those services, the TR [2] requires that “for URLLC the target for user plane latency should be 0.5ms for UL, and 0.5ms for DL”. 
[bookmark: _Ref447032474]Discussion
As mentioned above, low latency was already a key requirement during the development of LTE. Obviously there is a trade-off between latency and other performance metrics. Shorter transmission time intervals enable finer scheduling granularity but also tend to increase the relative L1 control overhead (PDCCH) and the processing requirements both for the UE and for the network. A 1 ms subframe was found to be a good trade-off when designing Rel-8.
[bookmark: _Toc447029918][bookmark: _Toc447029936][bookmark: _Toc447032467][bookmark: _Toc447032485][bookmark: _Toc447032569][bookmark: _Toc447032584][bookmark: _Toc447032607][bookmark: _Toc447093224][bookmark: _Toc447125655][bookmark: _Toc447280961][bookmark: _Toc447281321][bookmark: _Toc447281601]Shorter TTIs are beneficial from an end-to-end performance perspective (see [1]).
A contention based non-scheduled uplink access has the potential to provide lower latency than an eNB-scheduled uplink. But at medium or even higher system load a scheduled uplink access scheme achieves significantly higher per-user data rates and system throughput. Therefore, the latter was chosen for LTE in Rel-8. 
[bookmark: _Toc447029919][bookmark: _Toc447029937][bookmark: _Toc447032468][bookmark: _Toc447032486][bookmark: _Toc447032570][bookmark: _Toc447032585][bookmark: _Toc447032608][bookmark: _Toc447093225][bookmark: _Toc447125656][bookmark: _Toc447280962][bookmark: _Toc447281322][bookmark: _Toc447281602]A pre-scheduled or contention based uplink access scheme offers lower protocol latency at low system load (see [1]).
Besides those fairly obvious trade-offs there are a number of other design choices that may be beneficial from one perspective but that contribute to the end-to-end latency. In LTE the reference signals used for channel estimation are spread across the subframe. While this is beneficial for channel estimation (and hence for L1 data rate and system capacity), it makes it very difficult for UEs to start the data decoding prior to the end of the subframe. This contributed to the long HARQ feedback delay in LTE. More details as well as a frame structure intending to avoid these issues are provided in [3].
[bookmark: _Toc447029920][bookmark: _Toc447029938][bookmark: _Toc447032469][bookmark: _Toc447032487][bookmark: _Toc447032571][bookmark: _Toc447032586][bookmark: _Toc447032609][bookmark: _Toc447093226][bookmark: _Toc447125657][bookmark: _Toc447280963][bookmark: _Toc447281323][bookmark: _Toc447281603]A frame structure with reference signals in the beginning of the subframe reduces the decoding delay.
Similarly, upon reception of an uplink grant on the (E)PDCCH, the MAC layer requests RLC to generate RLC PDUs so that they fit (together with possible MAC CEs) into the transport block size. Subsequently, the MAC PDU needs to be encoded and scrambled. The on-the-fly PDU generation fits obviously very well to the eNB-based UL scheduling and link adaptation, which enables outstanding resource efficiency and L1 throughput. But it may also increase the delay compared to a protocol stack where the UE is able to pre-build L2 PDUs. 
[bookmark: _Toc447029921][bookmark: _Toc447029939][bookmark: _Toc447032470][bookmark: _Toc447032488][bookmark: _Toc447032572][bookmark: _Toc447032587][bookmark: _Toc447032610][bookmark: _Toc447093227][bookmark: _Toc447125658][bookmark: _Toc447280964][bookmark: _Toc447281324][bookmark: _Toc447281604]The impact of L1&2 functions such as ciphering, segmentation, multiplexing, CRC, encoding and scrambling on the latency should be studied and reduced. 
For NR we should aim for a significant reduction of the time between the reception of an UL grant and the corresponding uplink data transmission. Preferably, the actual gap between the end of the downlink reception and the beginning of the uplink transmission should be in the order of one symbol. This does not only reduce the end-to-end latency and hence the L1/L2 memory requirements. It is also beneficial for operating in unlicensed spectrum as had been discussed in the context of the LTE LAA work. 
[bookmark: _Toc447029922][bookmark: _Toc447029940][bookmark: _Toc447032471][bookmark: _Toc447032489][bookmark: _Toc447032573][bookmark: _Toc447032588][bookmark: _Toc447032611][bookmark: _Toc447093228][bookmark: _Toc447125659][bookmark: _Toc447280965][bookmark: _Toc447281325][bookmark: _Toc447281605]Low protocol latency is desirable in terms of end-to-end performance, L2/L1 memory requirements and for operation in unlicensed spectrum. 
These are just a couple of examples to show that low latency does not come for free. It requires a careful design on all protocol layers and a trade-off with other performance metrics. Considering the impact that latency has on the end-to-end performance and the importance of low latency for operation in unlicensed spectrum, we consider it vital to verify all design choices with respect to their impact on the latency. 
[bookmark: _Toc444015344][bookmark: _Toc445482002][bookmark: _Toc447280966][bookmark: _Toc447281326][bookmark: _Toc447281606][bookmark: _Toc447028816][bookmark: _Toc447029923][bookmark: _Toc447029941][bookmark: _Toc447032472][bookmark: _Toc447032490][bookmark: _Toc447032574][bookmark: _Toc447032589][bookmark: _Toc447032612][bookmark: _Toc447093229][bookmark: _Toc447125660]The impact on the higher-layer- and end-to-end latency shall be investigated and considered for all L1 & L2 design choices. 
[bookmark: _Toc447028817][bookmark: _Toc447029924][bookmark: _Toc447029942][bookmark: _Toc447032473][bookmark: _Toc447032491][bookmark: _Toc447032575][bookmark: _Toc447032590][bookmark: _Toc447032613][bookmark: _Toc447093230][bookmark: _Toc447125661][bookmark: _Toc447280967][bookmark: _Toc447281327][bookmark: _Toc447281607]At least the following latency-reducing enhancements should be studied for the New Radio interface: 
a) Numerologies with shorter symbol duration, 
b) Shorter subframes e.g. by fewer symbols per subframe or by shorter symbols, 
c) Flexible TTI duration, 
d) Frame structure optimized for early decoding (e.g. reference signals in the front; no interleaving across the symbols of a subframe), 
e) Layer-2 User Plane stack enabling low “GrantTX delay”, 
f) Pre-scheduled or contention based uplink. 

[bookmark: _GoBack]Conclusion
In section 2 we made the following observations:
Observation 1	Shorter TTIs are beneficial from an end-to-end performance perspective (see [1]).
Observation 2	A pre-scheduled or contention based uplink access scheme offers lower protocol latency at low system load (see [1]).
Observation 3	A frame structure with reference signals in the beginning of the subframe reduces the decoding delay.
Observation 4	The impact of L1&2 functions such as ciphering, segmentation, multiplexing, CRC, encoding and scrambling on the latency should be studied and reduced.
Observation 5	Low protocol latency is desirable in terms of end-to-end performance, L2/L1 memory requirements and for operation in unlicensed spectrum.

Based on the discussion in section 2 we propose the following:
Proposal 1	The impact on the higher-layer- and end-to-end latency shall be investigated and considered for all L1 & L2 design choices.
Proposal 2	At least the following latency-reducing enhancements should be studied for the New Radio interface:  a) Numerologies with shorter symbol duration,  b) Shorter subframes e.g. by fewer symbols per subframe or by shorter symbols,  c) Flexible TTI duration,  d) Frame structure optimized for early decoding (e.g. reference signals in the front; no interleaving across the symbols of a subframe),  e) Layer-2 User Plane stack enabling low “GrantTX delay”,  f) Pre-scheduled or contention based uplink.
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