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1
Introduction
Following the evaluation methodology agreed in [1], we illustrate in this contribution the benefits of reducing TTI size on the downlink UE perceived throughput as well as the system resource usage. 
2
Low Latency Operation in LTE
Please refer to [2] for a brief description of the LTE low latency operation.

3
System performance

3.1 Simulations assumptions 

The below table summarizes key assumptions especially the company specific ones in [1] used throughout this contribution.
	Parameter
	Assumptions

	Layout
	7 Macro eNBs, 3 sectors per site

	System bandwidth per carrier
	10MHz

	Inter-site distance
	500m

	TTI length
	1/2/7 symbols

	Control signaling overhead
	1 downlink DCI per TTI, and 50 REs per DCI as baseline;

Also consider a high-efficiency DCI design for 1-symbol low latency

	HARQ RTT
	Scalable with TTI length

	CSI report period
	5 ms if not specifically defined

	CSI report delay
	6 TTIs

	UE speed
	3 km/h

	Antenna configuration
	2TX (cross-polarized) and 2RX (cross-polarized)

	Traffic Model
	Poisson FTP traffic with burst size of 100kb/100kB/500kB/1MB, variable burst intervals to sweep RU between 20% and 80%

	TCP Model
	TCP Reno, 1 ACK per MTU


3.2 Low latency benefits with TCP
The basic framework for system performance evaluations with TCP has been described in [2]. We follow the same framework in this contribution but replace the simplified TCP slow-start process therein with a TCP Reno implementation as required by [1]. A fixed delay (i.e., 8 TTIs) is assumed for uplink TCP ACKs when considering the “Uu-only latency”, and an additional fixed delay of 6ms is introduced when simulating the core/transport/internet latency. The burst delay over a TCP link is defined as the lag between the instant when a Poisson burst arrived at eNB and that when eNB receives the TCP ACK corresponding to the last MTU. 

Downlink control overhead is modelled throughout the performance evaluations. Specifically, it is assumed as the baseline that there is one DCI per TTI and each DCI consumes about 50 REs (i.e., for 10MHz BW the DCI control overhead is about 0.6% and 1.2%,  for the LTE baseline and the 7-symbol low latency, respectively). To accommodate more spectral efficient DCI design for 1- or 2- symbol low latency, we have simulated as well a “High-eff DCI” scheme, which is assumed to have the same amount of DCI overhead as the 7-symbol based low latency does. 
See Figure 1 for the median and the 95-th percentile burst delay when the Poisson burst is of 100kb size, transmitting over a 10MHz downlink with the Uu-only latency. To fully understand the performance at different system loads, we have swept the burst interval between 0.06 seconds to 0.14 seconds, which leads to the mean resource usage between 0.25 and 0.85 as shown in Figure 2. It can be observed from Figure 1 that the 1- or 2-symbol low latency can provide superior TCP user experience that has never been approached with LTE baseline (no matter the system load under investigations). Moreover Figure 2 shows that in supporting the same offered load, the 1- or 2- symbol low latency consumes about 15% less mean resource usage than the LTE baseline. Basically a longer TTI leads to degrading performance, but the 7-symbol low latency still achieves significantly smaller burst delays than the LTE baseline. 
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Figure 1 Burst delay of TCP with 100kb burst size, 10MHz BW, and Uu-only latency
[image: image2.jpg]o
o))

Mean Resoure Usage
o o
S (o))

o
w

o
N
T

—=-LTE Baseline

—e—7-symbol Low Latency
—~—2-symbol Low Latency
——1-symbol Low Latency
/| =#—1-symbol Low Latency(High-eff DCI)

(906

0.09

L
0.1 0.1 0.12 0.13 0.14
Burst Interval (s)




Figure 2 Mean resource usage of TCP with 100kb burst size, 10MHz BW, and Uu-only latency
Very similar observations can be made from Figure 3 and Figure 4, where we have reported the evaluation results for burst size of 100kB. With this kind of relatively small bust sizes, the TCP slow-start process plays a key role in determining the burst delay—as a consequence, the shorter TCP ACK turn-around enabled by low latency leads to significantly reduced burst delay. At the same time, transmission of small bursts results in very burst other-cell interference (OCI), which may trigger HARQ re-transmissions. With the commonly assumed per-5ms CSI update, a HARQ retransmission with the LTE baseline has to unfortunately utilize the outdated CSI. On the contrary, the shorter HARQ RTT with low latency (note that we have assumed that the HARQ RTT scales with TTI) enables the re-transmission to use much less outdated CSI which is especially true for the 1- or 2-symbol low latency system. In summary, being friendly to latency-sensitive TCP protocol and the potentials for significantly improved spectral efficiency make low latency a very promising feature for LTE evolution in the coming years. 
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Figure 3 Burst delay of TCP with 100kB burst size, 10MHz BW, and Uu-only latency
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Figure 4 Mean resource usage of TCP with 100kB burst size, 10MHz BW, and Uu-only latency
To complete our studies on benefits with TCP, we reported in below Figure 5 to Figure 8 the evaluation results with other two larger burst sizes specified in [1]. It can be observed that low latency provides performance benefits for all specified TCP burst sizes yet the benefits reduce with burst size. This can be intuitively explained as that a larger burst usually works more with the TCP congestion-avoidance procedure, and at the same time a larger burst usually leads to less bursty OCI. 

However, it is also important to note that in the evaluation, a 10MHz system bandwidth is assumed. It is expected under a larger bandwidth configured for a UE, e.g., using a 20MHz carrier and/or a set of carriers in carrier aggregation or dual-connectivity (up to 32 carriers) configured for the UE, the operation of larger burst sizes will become very similar to the smaller burst sizes using a smaller bandwidth. In other words, the smaller burst sizes such as 100k bits and 100k bytes, provide good insights for larger burst sizes when a larger system bandwidth is available to a UE.
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Figure 5 Burst delay of TCP with 500kB burst size, 10MHz BW, and Uu-only latency
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Figure 6 Mean resource usage of TCP with 500kB burst size, 10MHz BW, and Uu-only latency
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Figure 7 Burst delay of TCP with 1MB burst size, 10MHz BW, and Uu-only latency
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Figure 8 Mean resource usage of TCP with 1MB burst size, 10MHz BW, and Uu-only latency
So far we have been focused on the Uu-only latency and hence the so-reported burst delays can serve as lower bound for cases with additional core/transport/internet latency. This is illustrated in Figure 9, where we compare the burst delay CDF’s with Uu-only latency and those with addition 6ms delay as specified in [1]. Intuitively, since the shorter TTI only reduces the Uu-latency, the presence of additional core/transport/internet delay results in reduced burst delay gains. 
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Figure 9 Burst delay of TCP with 100kb burst size, 10MHz BW, Uu and core/transport/internet latency
 3.3 Low latency benefits with UDP
When a Poisson burst is transmitted over a UDP link, its burst delay is measured as the lag between the instant when the burst arrived at eNB and that eNB receives the ACK corresponding to the last HARQ Tx/ReTX. We report in Figure 10 and Figure 12 the median and the 95-th percentile burst delay when the Poisson burst of 100kb/100kB, respectively, and is transmitting over an UDP link with Uu-only latency. It can be observed that the 1- or 2-symbol low latency provides significantly reduced burst latency compared with the LTE baseline. As in the TCP case, longer TTI leads to degraded system performance but that the benefits achieved by 7-symbol low latency are still considerable. As for air-interface efficiency, Figure 11 and Figure 13 show that the 1- or 2- symbol low latency consumes about 10% less mean resource usage than the LTE baseline in supporting the same offered load. 
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Figure 10 Burst delay of UDP with 100kb burst size, 10MHz BW, and Uu-only latency
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Figure 11 Mean resource usage of UDP with 100kb burst size, 10MHz BW
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Figure 12 Burst delay of UDP with 100kB burst size, 10MHz BW, and Uu-only latency
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Figure 13 Mean resource usage of UDP with 100kB burst size, 10MHz BW

Comparing with what is achieved with TCP, the burst delay gains with UDP is reasonably smaller due to the absence of delay-sensitive upper-layer protocol. In fact, the burst delay gain of low latency for UDP is achieved here only through reduced HARQ timeline as explained below:
· Reduced HARQ RTT leads to faster HARQ ACK to the last packet segment;

· Reduced HARQ RTT leads to smaller gap between HARQ TX and ReTX, which is important for smaller burst sizes when there is not enough packet segments for multiplexing through the parallel HARQ processes;
· Reduced HARQ RTT improves spectral efficiency in the presence of burst OCI (as explained in 3.2).

It is obvious that all these gain factors will diminish with increasing burst size. As a consequence, the burst delay benefits (especially the benefits in median delay) become marginal as evidenced in Figure 14, which compares the burst delay of difference schemes when the burst size is of 1MB. At the same time, as noted earlier, when the available system bandwidth configured for a UE (e.g., via carrier aggregation) is larger, the operation of larger burst sizes is expected to be similar to that of smaller burst sizes (such as 100kbits or 100kB) under the assumed 10MHz system bandwidth herein.
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Figure 14 Burst delay of UDP with burst size of 1MB, 10MHz BW, and Uu-only latency
3.3 Faster CSI
As pointed out in [2], low latency in fact opens the door for much faster CSI than LTE baseline, which, if being properly utilized, can lead to much more accurate rate control. This potential is further illustrated in Figure 15, where we compare the mean resource usage ratios achieved by the LTE baseline with per-5ms CSI update, by the 1-symbol low latency with per-5ms CSI update, and by the 1-symbol low latency with per-5/14ms CSI update. It can be observed that the faster CSI can leads to more than 12% further reduction in mean resource usage. This gain may reduce when either the OCI is less bursty (e.g., when the burst size compared with the available bandwidth if relatively large) or too bursty to be predicted (e.g. when TCP instead of UDP is employed) by the current sample-and-hold CSI updating scheme. 
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Figure 15 Mean resource usage of UDP with burst size of 100kb, 10MHz BW
4
Conclusions 
In this contribution, we illustrated the potential benefits of low latency design on UE perceiver latency and network throughput based on the agreed evaluation methodology in [1]. Significant benefits are observed and the shorter the TTI the better the results. Therefore, we draw the following observation:
Observation: Shorter TTI, faster ACK/NACK and faster CSI feedback can significantly improve UE experience and network throughput.   
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