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1   Introduction
In this document, we analyze the system-level performance of using 1ms vs. 0.5ms TTI. The focus of our investigations is to study the impact of TTI length on the system performance when FTP traffic is carried over the TCP protocol. 
2   Discussion

TCP uses “Slow-start” and “congestion avoidance” mechanisms to control the transmission rate. The data rate of a system employing the TCP protocol depends on the round trip time (RTT), which in turn depends on the TCP-ACK delay. Users experience DL data-rate improvement if the TCP-ACK delay is reduced for example through shortened TTI. The extent of the improvement depends on the traffic characteristics running on the TCP protocol. 
2.1 TCP Modelling 
TCP starts with slow-start mechanism (using an initial window) and then the TCP window grows (effectively increasing the transmission rate) as TCP ACKs are received. If the TCP window reaches a large enough value, the congestion avoidance mechanism takes over slowing down the TCP window growth. The TCP window growth rate is quite sensitive to the TCP-ACK delay as the window grows at a rate that depends on the frequency at which ACKs are received at the transmitter. 
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Figure 1 -  Impact of TCP slow start for FTP Model 1 and FTP Model 3.

Figure 1 shows impact of TCP slow start for FTP Model 1 and FTP Model 3. For FTP Model 1, each user has a single packet and system load is varied by changing user arrival rate. Since the packet for each user is the first (and only) packet, slow start is essentially incorporated in each data packet transmission in the simulation corresponding to different users in the system. For FTP Model 3, each user has multiple packets and system load is varied by changing packet arrival rate. For typical simulated system load levels, inter-arrival time between packets is in the order of a few seconds. Since TCP connections are generally not torn down within a few seconds, most simulated packet transmissions for a user in FTP Model 3 do not experience slow start, especially for relatively low load situations where there are no delayed TCP ACKs and TCP window is not reset due to congestion. 
Based on the above discussion, FTP Model 1 can be considered to provide a close to worst-case scenario for studying the negative effects of longer TCP-ACK delay on system performance while FTP Model 3 provides a scenario that is closer to typical usage.
In section 2.2, we provide simulation results comparing the impact of TCP slow start between 1ms TTI and 0.5ms TTI for FTP Model 1. Results for FTP Model 3 are provided in section 2.3. Detailed simulation assumptions are described in Annex A.
2.2 Evaluation Results for FTP Model 1
Figure 2.2-1, 2.2-2 show user perceived throughput (UPT) evaluation results for FTP Model 1 with 12TTI TCP-ACK delay. Figure 2.2-3, 2.2-4 show UPT evaluation results for FTP Model 1 with 8TTI TCP-ACK delay.  
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Figure 2.2-1 -  UPT for FTP Model 1 (12 TTI TCP-ACK delay)
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Figure 2.2-2 -  UPT gain (0.5ms TTI vs. 1ms TTI) for FTP Model 1, 12TTI TCP-ACK delay
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Figure 2.2-3 -  UPT for FTP Model 1 (8 TTI TCP-ACK delay)
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Figure 2.2-4 -  UPT gain (0.5ms TTI vs. 1ms TTI) for FTP Model 1, 8TTI TCP-ACK delay

2.3 Evaluation Results for FTP Model 3

Figure 2.3-1, 2.3-2 show user perceived throughput (UPT) evaluation results for FTP Model 3 with 12TTI TCP-ACK delay.
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Figure 2.3-1 -  UPT for FTP Model 3 (12 TTI TCP-ACK delay)
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Figure 2.3-2 -  UPT gain (0.5ms TTI vs. 1ms TTI) for FTP Model 3, 12TTI TCP-ACK delay

3    Conclusions

In this document, the impact of TTI length on the user perceived throughput (UPT) is studied for the case where traffic is carried using the TCP protocol
 Evaluations using system simulations were performed for two different traffic models: FTP Model 1 and FTP Model 3.  We make the following observations based on the evaluation results.
· For FTP Model 1 assuming 12TTI TCP-ACK delay and 0.5MB packet size,
· TTI shortening from 1ms TTI to 0.5ms TTI shows significant performance improvement 
· 40-65% median UPT gain, 24-26% cell edge UPT gain. 
· For FTP Model 3 assuming 12TTI TCP-ACK delay and 0.5MB packet size,
· TTI shortening from 1ms TTI to 0.5ms TTI shows relatively lower performance improvement 
· 5-7% median UPT gain, 3-8% cell edge UPT gain.
· System performance is primarily impacted by packet delays caused during TCP slow start phase, and TCP contention window growth rate. 
· For FTP Model 1, since only one packet is simulated for each user, and that packet is the first packet for the user, TCP slow start and TCP contention window growth rate have a significant impact on overall system performance. 
· For FTP Model 3, multiple packets are simulated for each user. The TCP connection for each user is maintained for the duration of the simulation since inter-arrival time between packets is in the order of a few seconds
. Due to this, TCP slow start and TCP contention window growth rate affect only the first few simulated packets of each user and do not have a significant impact on overall system performance.
· TCP-ACK delay reduction for a given TTI length also improves performance and other latency reduction techniques that reduce TCP-ACK delay (e.g. UL CB PUSCH) can provide complimentary gains in addition to the gains provided by TTI shortening.
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5   Annex A (Simulation Assumptions)
	Parameter
	Assumption/Value

	Layout
	Small cell scenario 2a, 7Macro eNBs

	System bandwidth per carrier
	10MHz

	TTI length
	14symbols, 7 symbols

	Fast UL Access schemes
	None

	RS and control signaling overhead
	Same overhead assumed for 0.5ms and 1ms TTI 

	TBS determination
	Scalable with TTI length

	Antenna configuration
	2Tx(eNB)

	Number of UEs
	10UEs per macro-cell (FTP3), 
User arrival varied according to load (FTP1)

Mixture of latency reduction capable UEs and legacy UEs is not simulated

	Traffic Model
	FTP Model 3 (0.5MB pkt size)

FTP Model 1 (0.5MB pkt size)

	TCP Modeling
	1500 Byte MTU Size (including headers)

Initial SSThreshold value  - 65535 Bytes

Three-way handshake modeled for the first packet of each user

Ideal TCP-ACK transmission is assumed

TCP connection is maintained for the duration of simulation

	Duration of simulation
	40s for FTP Model 1

120s for FTP Model 3


Other evaluation assumptions are as described in [1].

� For the simulated cases, the average inter-packet arrival times are 1.66s, 2.22s and 3.33s for high, medium and low load cases respectively.
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