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1 Introduction
Latency is an important aspect of many applications that affects the end user experience. The current latency performance shows potential for large improvements, and a reduced latency can have a major impact on e.g. FTP download speeds. 
At RAN2#90 evaluations of latency reduction were presented and discussed; where [4] showed the potential gains in terms of increased download throughput and reduction of download time for a range of (%) latency reduction levels. In this paper we extend the evaluation by presenting additional results, outline two relevant classes of solutions which both aim at achieving a latency reduction. In these simulations, an attempt is also made to consider the control overhead relative to the payload at a shorter TTI.

As a concluding remark we propose to include the additional results and observation to the TR 36.881.
2 Areas for reducing latency

2.1 TTI shortening

The packet latency can be reduced with a reduction of transport time of data and control by addressing the length of a TTI. This length of the TTI will have an impact both of the time for transmitting over air and on processing time in transmitter and receivers. 

The length of the TTI can be reduced, as compared to the 1 ms sub-frame in LTE release 8, by defining the TTI to be constructed of less than 14 OFDM or SC-FDMA symbols. This reduction in number of symbols is preferably done for both downlink and uplink such that also latency for both DL and UL transmissions could be improved.
The processing time needed to prepare the acknowledgment after receiving a data assignment  is impacted by the number of symbols  of the TTI. That is, if the data assignment is shorter, the receiver may start processing it earlier compared to longer data assignment (normal TTI) and further the processing can be expected to be faster as well. This receiver processing time will have an impact for example to the time budget for HARQ round trip time.
In [TTI contribution] we look at more details on TTI shortening and estimations on the resulting overhead.
2.2 Fast initial uplink grant

As discussed in previous meeting [4], the scheduled uplink transmission for the initial packet includes Scheduling Request transmission and subsequent transmission at the time of the initial grant. Thus, the delay is 10 ms – 20 ms depending on SR periodicity. The SR related components to the total delay, i.e. the delay due to SR periodicity, uplink scheduling delay, processing and uplink grant transmission is a major contributor to the total delay for the initial UL transmission.

A fast uplink grant refers to a concept where there is no need to go through the same lengthy procedure from uplink data arrival at the UE until the UL data transmission. For example, the UE may be scheduled in a way that a grant is always available. With current Semi-Persistent Scheduling (SPS), the eNodeB configures the SPS over RRC and allocates a periodic grant to the UE via L1/L2 control signalling. Current minimum periodicity of the SPS grant is 10ms. Allowing periodicities shorter than 10ms would reduce the latency of initial UL transmissions. From latency perspective, the minimum periodicity should be 1ms to allow UL transmission in consecutive subframes. In current SPS, the UE sends padding if it does not have data to transmit. Consequently, a further improvement to the SPS is the removal of the currently mandatory padding transmissions. This reduces UL interference in the network, which also increases the probability of successfully delivered UL transmissions and improves latency by reducing need for retransmissions.
When the system load is very low, an eNB could enhance UL latency with current specification by assigning SR resources to UE in every subframe. However, as the PUCCH resources are limited and needed for also other purposes, eNB cannot do that in most cases. Further, UE still needs to wait for the eNB response to the SR. Thus, the fast UL grant can be seen as a better approach. The fast uplink scheduling can be achieved with protocol enhancements only in L2 without changing physical layer principles like TTI length though it can be used also with shorter TTIs. 
In [5] we look at more details on fast uplink grants and evaluate the resulting performance.
Observation 1 PUCCH waiting time, SR signalling and padding transmission can be reduced by allowing fast initial uplink grants.

3 Latency impact

3.1 Impact of shorter TTIs on TCP

For each connection, TCP maintains a congestion window to enable flow control such that the number of packets in flight do not exceed the receivers ability to receive the packets and thus to avoid congestion. A TCP connection starts with a slow start period during which the congestion window size is effectively doubled with each TCP acknowledgement received. The window is increased until it reaches a threshold or until packet loss occurs. After reaching the threshold the window size is increased linearly with each TCP acknowledgement received. Thus, in case latency is reduced and shorter RTT can be achieved, the receiver may acknowledge TCP packets faster, which then enables an increase in the TCP window size faster. Due to this effect a reduced UL latency can have a large impact on TCP DL performance. This has impact on both congestion avoidance mode and the slow start phase. 
Additionally, shorter TTI results in shorter HARQ RTT, which enables faster retransmissions in case of packet loss. Over the air packet losses typically happen when link adaptation is off which then again typically happen when e.g. in the beginning of a download where the eNB may not have an accurate CQI. We describe the effect of HARQ RTT to both TCP download and to link adaptation in more detailed [6]
As the initial window size for each TCP connection is very small and the increase steeper for each size increment, this results in that the effect of latency reductions for both RTT and HARQ RTT are more considerable for the slow start phase. This is important, as the impact is large for small file sizes, especially where the slow start period last for the entire duration of the file. For larger file sizes, the proportion of the slow start phase of the whole file is smaller if packet losses can be avoided. 
By accelerating the TCP rates, not only the user perceived throughput increases, but the overall capacity of the system may also increase, since more packets can be delivered.
Observation 2 Enabling shorter RTT and HARQ RTT enables faster window size increase for TCP, which is especially important in the slow start period and may have a significant impact on small file sizes.
3.2 Possible overall capacity benefit with shorter TTIs
In a use case with a given latency budget, the system capacity may benefit from using a more aggressive transport format since the reduced latency per transmission and reduced RTT by shorter TTIs leaves room for retransmissions. That is, a higher MCS may be selected initially with the assumption that combining gain of the retransmissions is higher than what could be achieved by selecting the MCS more conservatively but utilizing the same amount of resource blocks. It should be noted that selecting initially a proper MCS class is quite difficult in practice as the feedback, CQI or SRS, always represents somewhat aged channel conditions than what are present at the actual packet reception. Thus, even though increasing the number of acknowledgements may be seen as increased redundancy, the acknowledgements may be utilized to achieve more accurate (outer loop) link adaptation resulting in overall better performance.
Observation 3 Reducing the TTI size and HARQ RTT may benefit the total system capacity through retransmission combining gain and better link adaptation.
3.3 Effect of shorter TTI and fast UL grant on UE Power consumption

The fast UL grant where the UE does not have to send padding results in less active transmit time as well as increases the opportunities of DRX for the UE. As an example, the UE shall currently monitor PDCCH after every new transmission, whether it was padding only or not. Actual power savings then depend on UE implementation, but the fast UL grant enables more opportunities for optimizing power consumption.
Also, reducing the TTI length in UL may in some cases improve the power saving opportunities for UE if the UE is able to reduce the active transmit time for the same amount of data compared to legacy TTI structure.

On the other hand, to achieve the latency reduction it may be necessary to increase the overhead from control and reference symbols, which would increase the used power per data symbol in UL. To some extent these effects will balance out each other.
4 Potential gain from latency reductions

In this section we provide additional simulation results showing the gain from applying two latency reductions techniques, a faster first UL grant, and Shorter RTT. 
We analyse the performance of a single FTP download over TCP for file sizes between 100 kB and 5 MB. A state-of-the-art TCP model is used, which assumes 10 initial segments in the slow start phase. In addition to the evaluated radio network delays, we have assumed a fixed delay of 10 ms from core, transport and Internet.

For the LTE radio part we consider a system with a 1 or 10 TTI PUCCH cycle, an 8 TTI SR to grant period, and an 8 TTI HARQ round trip time, allowing for 8 HARQ processes. For the LTE baseline we consider a TTI length of 1ms (14 OFDM symbols). With TTI shortening we scale the TTI length to 7, 2, and 1 symbols as examples. The TTI scaling also directly scales the HARQ RTT, and we assume a proportional scaling also of the transport block size in both uplink and downlink. For simplicity, we further assume that a reduction of the TTI length scales also the SR to grant period, as well as the PUCCH cycle. For the shorter TTIs we have assumed an additional UL overhead of 50% due to increased signalling. For the SR period, which correspondents to the PUCCH cycle, we have studied one standard case (10 TTI) and one short case (1 TTI) for comparison.
With a faster first UL grant, the UE does not need to undergo this PUCCH cycle nor SR to grant period, i.e. the grant acquisition delay is assumed to be 0ms with this technique.

In Table 1 below we summarize some of our simulation parameter setups.

	Simulation scenario
	Static UE in a cell

	DL and UL peak throughput
	DL 150 Mb/s, UL 50 Mb/s

	Number of symbols per TTI, same in both DL and UL
	1, 2, 7, 14
corresponding to 
- HARQ RTT: of 0.57 ms, 1.14 ms, 4 ms, 8 ms
- SR to grant period: 0.57 ms, 1.14, 4 ms, 8 ms
- PUCCH cycle: 0.7 ms, 1.4 ms, 5 ms, 10 ms


	HARQ error probability
	0.3 for 1st transmission, 0.1 for 2nd, 0.05 for 3rd, 0.01 for 4th, …

	Traffic model
	FTP download

	Core, transport and internet network delay
	10ms

	FTP file size
	[100 kB, 500 kB, 1 MB, 5 MB]

	SR period
	[1 TTI, 10 TTI]

	UL overhead
	50% 
(i.e. UL peak throughput reduction to 25Mbit/s)


Table 1. TCP download simulation setup
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Figure 1: Download speed and delay, as well as relative gains in speed and delay compared to baseline for different file sizes and latency reduction techniques in LTE. The baseline is 1 ms TTI and SR. SR period is 10 TTI.
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Figure 2: Download speed and delay, as well as relative gains in speed and delay compared to baseline for different file sizes and latency reduction techniques in LTE. The baseline is 1 ms TTI and SR. SR period is 1 TTI.

From the results in Figure 1, for a SR period of 10 TTI, it is obvious that significant gains in download delay and FTP object bit rate can be achieved at smaller FTP file sizes with the two studied latency reductions. Generally, the smaller the FTP file size is (for a given link level throughput), the larger the fraction of the TCP slow start phase on the overall download time. During the TCP slow start phase the maximum achievable throughput is not fully utilized, instead the performance depends on the RTT, i.e. directly on the latency.

The same trend can be seen in Figure 2, for a SR period of 1 TTI, but compared to the 10 TTI case the baseline is somewhat improved, and therefore the gains with shorter TTI and Fast UL are slightly reduced.
From Figure 1, it becomes evident that a high gain in terms of overall download time reduction can be achieved with a faster first UL grant (green line); compared to the baseline the download time is reduced by 20% for smaller file sizes. A similar and somewhat higher reduction can be achieved with a 7 symbol TTI (0.5ms), i.e. 25% reduction (red line). It is noteworthy that these techniques can complement each other. With a combined use, reductions of about 38% can be achieved for the download time (cyan line). 

Further reductions are achievable with further reduction of the TTI length. In the case of 2 symbol TTI (1/7ms) and use of a fast first UL grant as well (orange line), the total download time reduces by 50% at the smaller file sizes. For a 0.5 MB FTP download this corresponds to a reduction from a 0.35 s to 0.18 s download time. 

An even further reduction to 1 symbol TTI (1/14ms) with faster first UL grant (blue line) shows an additional slight decrease of the FTP download time. 

It is noteworthy that in these simulations we considered a reduction of the achievable peak rate in UL by 50% when TTI reduction techniques are used. This is to model additional L1/L2 overhead when shortening TTIs. For simplicity we assumed the same overhead for all TTI lengths. Since single-user FTP downloads are considered in these set of simulations, the impact of the reduced UL peak rate, and by that a potential additional queuing delay of the TCP ACKs sent in the UL, is however negligible, comparing it to the benefit of the investigated latency reduction techniques.  
5 Summary and Conclusion

In this document we show how a short TTI and a faster grant acquisition may impact the end delay and corresponding performance for an example FTP download payload size. In summary the following observations and conclusions can be made:

Observation 4 PUCCH waiting time, SR signalling and padding transmission can be reduced by allowing fast initial uplink grants.

Observation 5 Enabling shorter RTT and HARQ RTT enables faster window size increase for TCP, which is especially important in the slow start period and may have a significant impact on small file sizes.

Observation 6 Reducing the TTI size and HARQ RTT may benefit the total system capacity through retransmission combining gain and better link adaptation.
It should be noted that not only TCP/IP as exemplified in this contribution benefit from reduced end to end packet delay; and assuming similar boundaries as a result of a shorter TTI, RTT and faster grant acquisition, also the performance impact on other application and transmission protocols and applications should be studied.

In view of the discussion and observations in this document it is proposed to:
Proposal 1 Capture the general findings on improvements based on reduced scheduling latency, shorter RTT and TTI.

Proposal 2 Capture in the TR the additional simulation results showing the gain from applying two latency reductions techniques, a faster first UL grant, and Shorter RTT.
A text proposal for inclusion in the TR can be found in Annex A.
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Appendix A 
Text Proposal to 36.881, v 0.2.0
-- start text proposal –
8
Solutions for latency reduction

8.1 Fast Uplink Grant

Fast uplink grant refers to a solution area where there is no need to go through the same lengthy procedure from SR until data transmission (i.e. a PUCCH cycle nor SR to grant period is not needed). The grant acquisition delay is then assumed to be 0ms For example; one solution is to schedule the UE so that the grant is always available. Fast uplink scheduling can then be achieved with protocol enhancements in L2 like in MAC protocol without changing physical layer principles like TTI length.
--  end text proposal --
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