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1. Introduction

During the previous LTE ad-hoc meeting, the E-UTRA TTI structure was discussed. Although the assumption for the basic sub-frame structure of 0.5 msec was agreed, no decision could be reached regarding

a) the minimum TTI size

b) support of dynamically varying TTI lengths among simultaneous transmissions from UEs having different service requirements

In this contribution, we review the U-plane latency achieved as a function of the TTI length and the benefits of supporting dynamically varying TTI lengths. 

2. U-Plane Latency as a Function of the TTI Length
In this section, we review the impact of the TTI length on the achievable U-plane latency. For the 0.5 msec TTI, a basic analysis was provided in [1]. This analysis is now generalized and a minor error in [1] is corrected.

In TR 25.913 the following is stated:

U-Plane Delay Definition – U-plane delay is defined in terms of the one-way transit time between a packet being available at the IP layer in either the UE/RAN edge node and the availability of this packet at IP layer in the RAN edge node/UE. The RAN edge node is the node providing the RAN interface towards the core network.

Specifications shall enable an E-UTRA U-plane latency of less than 5 ms in unload condition (ie single user with single data stream) for small IP packet, e.g. 0 byte payload + IP headers E-UTRAN bandwidth mode may impact the experienced latency.

Note: This requirement, more specifically the exact definition of latency, may be revisited and further clarified once there is a 3GPP system end-to-end requirement agreed and the overall system architecture is settled, including the RAN and core network functional split. This means that the network entities between which the U-plane latency requirement of E-UTRA and E-UTRAN applies, will finally be defined at a later stage.

Therefore, the U-pane latency is defined in terms of the one-way transit time between a packet being available at the IP layer of the UE (or RAN) edge node and the availability of this packet at IP layer in the RAN (or UE) edge node, respectively. This implies that the U-plane latency is measured above the PDCP layer and it is therefore the latency between aGW and UE. 

The “unloaded condition” means that there are no scheduling delays both at the radio (immediate scheduling) and the aGW-eNB interface (no queuing delays). Moreover, no RLC re-transmission delays need to be considered as there are no constraints on the radio resource and HARQ can be assumed eventually successful (MAC ARQ does not include acknowledgement delay). The small IP packet means no segmentation delays (packet fits in 1 TTI).   
In the following, we consider the downlink communication from the aGW to the UE. The same analysis and results apply for the uplink communication from the UE to the aGW. Figure 1 shows the communication link and the different functionalities involved in computing the U-plane latency.
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Figure 1: Delay Components for U-Plane Latency
Based on the previous discussion, the current assumptions are for the access gateway (AGW) to host header compression and ciphering functionality, and for the eNode B to host the RLC, MAC and HARQ functionalities. 

Then, the transmitter and receiver combined MAC processing delay is given in Table 1. Note that although certain delays, such as for packet fragmentation/concatenation, protocol error detection, etc, do not apply, in reality the hardware will have to incur them. However, they are small compared to other delays and are not included in Table 1 as the mentioned delays also include some margin.  
Table 1: Combined UE/Node B MAC and aGW Delay
	Process Blocks
	Description
	Latency bound

	IP Header (De-)Compression and (De-)Ciphering: ROHC
	Total for aGW and UE
	0.2 ms

	MAC/RLC Delays
	(De-)Assemble packet    channel (De-)Mapping /       (De-)multiplexing, etc.
	0.1 ms

	Total
	
	0.3 ms


Taking into account that HARQ retransmission occurs after 5 TTIs, the U-plane latency for IP packet transmission from eNode B to the UE is now given in Table 2 for the cases of no re-transmission, 1 re-transmission, and with an average of P re-transmission probability. Layer 1 processing times of 2 x T msec with a TTI of T msec are assumed for both transmission and receiving entities. 
Table 2: Physical Layer Delay (L1 Processing at Node B and UE and Transmission Time)
	eNB L1 Processing (ms)
	0.8*T + 0.3

	Sub-Frame Alignment (ms)
	T/2

	TTI transmission (ms)
	T

	HARQ retransmission (ms)
	0 x T
	5 x T
	5 x T x P/(1-P)

	UE L1 processing (ms)
	0.8*T + 0.3

	Total (ms)
	3.1xT + 0.6         (no retransmission)
	8.1xT + 0.6         (1 retransmission)
	3.1xT + 5xTxP/(1-P) + 0.6                    (P% retransmission)


In [1], a minor error was that the denominator term (1-P) in the third column of Table 2 for the HARQ retransmission was not included. Also, unlike [1], tighter numbers (70% the delay for the 0.5 ms TTI) are assumed for the Node B and UE L1 processing while still allowing for some modest margin. This tightening will be for the benefit of larger TTIs. At the UE receiver, we assume the turbo decoder delay to be 0.4 ms for the 0.5 ms TTI and that it scales linearly with the TTI length. The channel estimation, FFT, and equalization and MIMO decoding delays are assumed to be 0.3 ms regardless of the TTI length. For the Node B transmitter L1 processing, is assumed to be confined by the UE receiver latency requirements and is kept symmetrical.
Combining the delays from Table 1 and Table 2, we have the following:

· For a TTI length T = 0.5 ms and re-transmission probability P = 10%, the U-plane latency will be about 2.43 ms. For P  = 30%, the U-plane latency will be about 3.22 ms.

· For a TTI length T = 1.0 ms and re-transmission probability P = 10%, the U-plane latency will be about 4.26 ms. For P  = 30%, the U-plane latency will be about 5.84 ms.   

Therefore, a TTI length of 0.5 ms can comfortably meet the E-UTRA target for the maximum of 5 msec for the U-plane latency. Notice that the latency upper bound is met (barely) even when assuming 1 re-transmission on average, thereby allowing for very aggressive schedulers.

A TTI length of 1 ms barely meets the U-plane latency requirements with 10% retransmission probability, allowing only for small implementation margins. Moreover, it fails when a somewhat aggressive scheduler applies a larger retransmission probability (e.g. P=30%). Notice that a larger re-transmission probability may also often occur in practice due to imperfect CQI estimation, especially in the UL, CQI quantization, or CQI that is not “up-to-date”. 

The aGW-eNB delay was not included in the evaluation as it depends on the network topology. However, when an aGW is remote from an eNB, this delay will not be negligible and may be as large as 0.5-1 ms (for a 100-200 Km separation between aGW and eNB). While a 0.5 ms TTI can accommodate such delays and meet the EUTRA U-plane latency requirement, a 1 ms TTI fails. Even without any HARQ retransmission, the U-plane latency for the 1 ms TTI is too close to the requirement.
Based on the U-plane latency analysis in this contribution, and the need to allow for implementation margin, aggressive schedulers, scheduling imperfections, large aGW-eNB distances, and improve on the upper bound of the EUTRA requirement, it is suggested that:

E-UTRA should adopt the minimum TTI value of 0.5 msec.
3. Variable TTI Length

The sub-frame duration of 0.5 msec was verified during the last LTE ad-hoc meeting and it allows for a 0.5 msec TTI. As we discussed in the previous section, a minimum TTI length of 0.5 msec allows the fulfillment of the U-plane latency requirements that are necessary for delay sensitive applications such as VoIP and gaming. However, for applications that are not delay sensitive, such as web browsing, FTP downloads, etc. a 0.5 msec TTI is not required. Varying TTI schemes allowing TTIs to span multiple sub-frames can provide significant performance enhancements by

· Reduced control overheads for delay non-sensitive applications as longer TTIs result in fewer scheduling events
· Increased control channel coverage (through repetition over sub-frames)

· Improved performance [2]
· Larger coding gain due to longer information block sizes

· Reduced segmentation overheads as longer TTIs reduce the number of segments required for transmission of the same amount of user payload

The number of possible TTI lengths and their values are FFS, but possible additional TTI values should be within the channel coherence time to enable scheduling for the low to moderate speeds of interest (e.g. 2 msec) and may include one or two larger values for stationary applications (e.g. 10 msec). 

Whether the TTI length is semi-static or dynamic (only for first HARQ transmission) is FFS. Semi-static (UE or cell specific) TTIs seem to offer somewhat less flexibility but avoid additional complexity and additional control overhead and associated errors related to TTI length signaling. Semi-static TTIs also appear more easily avoid conflicts related to ACK/NAK signaling from UEs using different TTI lengths (for UE specific TTIs – cell specific TTIs do not have this issue but also offer much less flexibility).
The substantial throughput gains afforded from the above enhancements were evaluated in [3]. Therefore, in order for LTE to achieve its full potential and avoid any design shortcomings relative to competing systems, the TTI length should depend on the application traffic type and user characteristics. 
Therefore, TTIs longer than 0.5 msec should be allowed in E-UTRA.
4. Conclusions

This contribution considered the minimum TTI length in E-UTRA and the possibility of having varying TTI lengths. Based on the arguments in the previous section, it is recommended that:

a) E-UTRA adopts the minimum TTI length of 0.5 msec 

b) E-UTRA allows for a few TTIs longer than 0.5 msec. 
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