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1. Introduction
The duration of the fundamental sub-frame in LTE has been set to 0.5 ms in order to meet highly stringent latency requirements. However there are several performance impacts when the transmit time interval (TTI) is set to such a small sub-frame duration, especially for high data-rate applications and for cell-edge users. Some of the benefits of using a longer TTI of multiple subframes duration are:

· Coding gain: Longer TTI values allow use of longer information block sizes. Modern coding techniques can yield higher performance when code block sizes are larger.

· Reduced segmentation overheads: Longer TTI values help to reduce the number of segments required for transmission of the same amount of user payload.

· Reduced control overheads: Longer TTI values will result in fewer scheduling events, thereby reducing the control overheads.

These performance benefits become more prominent when applied to systems using frequency selective scheduling.  Therefore, in order to accommodate applications with low-latency requirements without degrading system performance, it is necessary to provide a scheme to configure the TTI value for the system depending on the requirements.
In this contribution, system simulation results are presented showing potential performance benefits of such non-static TTI schemes. 
2. Non-static TTI schemes
Performance benefits of two different types of non-static TTI schemes have been evaluated. These are: variable TTI scheme and semi-static TTI scheme.  
2.1. Variable TTI scheme
With this scheme, the TTI is determined based on the transmission requirement for the users. The transmission requirement is determined by the user’s channel condition (i.e. MCR), the amount of data to be sent and the frame resource allocation (e.g. number of RBs allocated to the user in frequency-selective scheduling scheme). Different users may require different TTI for their respective transmission. In the system simulations for variable TTI scheme, a fixed control overhead has been assumed for each sub-frame. Therefore, the performance benefits due to reduction in control overheads are not included. Only the performance benefits of coding gain and reduced segmentation overheads are quantified. It must be noted that, in case of very low-SNR users, the maximum TTI should be limited by the longest duration over which the selected MCS is appropriate for the user’s channel condition. 
2.2. Semi-static TTI scheme
In this scheme, the TTI can vary over time within a cell, but the TTI is same for all users.  The TTI is equal to the frame length (which is some multiple of the fundamental sub-frame duration 0.5ms), and the reduced control overhead is taken into account. When only a single service is simulated, the selected frame length is fixed.
3. System simulation results
The performance benefits of non-static TTI schemes are estimated by system level simulations. Two different sets of simulations were used to illustrate the different benefits as mentioned above. 
3.1. Variable TTI simulation
These simulations used a scheme which closely resembles the variable TTI scheme, but with some differences. In this scheme, whole IP packets are encoded without any layer 2 segmentation; this encoded packet is, then, transmitted over multiple sub-frames as determined by the scheduling policy; thus the sub-frames, over which the encoded IP packet is transmitted, may or may not be contiguous. Using this scheme of variable TTI transmission, the impacts of coding gain and reduced segmentation overheads, but not reduced control overhead were investigated using frequency selective scheduling schemes.

3.1.1. Frequency Selective Scheduling

The simulator configurations for the frequency-selective scheduling performance evaluation are shown in Table 1.
Table 1 Simulation configuration for frequency selective scheduling with full-buffer traffic
	Bandwidth
	10 MHz

	Cell layout
	19 cells, 3 sectors/cell, 1 carrier; only interference is modelled, thermal noise ignored.

	No. of Tx antenna
	1 [i.e. no MIMO]

	No. of Rx antenna
	2

	Channel model
	GSM Typical Urban

	User speed
	3 km/h

	Link adaptation
	Adaptive Modulation and  Coding; 0.4<=MCS<=4.8

	HARQ
	Multi-channel stop-and wait HARQ with IR;

	Scheduling
	Proportional Fair with Frequency Selective allocation; Maximum number of users scheduled/TTI = 8;

	Link Error Prediction
	EESM

	Traffic model
	Full-buffer


In Figure 1, the per-user throughput gains for frequency-selective scheduling scheme are shown. The gains are over a static 0.5ms TTI, and do not include control channel overhead benefits.
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Figure 1 user specific throughput gains in simulations with frequency-selective scheduling
From Figure 1, it is seen that users in the low SNR region, as expected, see substantial benefit. Even users in high-SNR conditions experience gains (e.g., ~4%). This is expected, because, even for a high-SNR user, the encoding block-size can be quite small with the L2 segmentation scheme when it is allocated a very small number of resource blocks by the scheduler. The overall system throughput gain is of the order of 7.5%. The gains due to control overhead reduction would add with this 7.5% gain.
3.2. Control overhead reduction
In the second set of system simulations, the benefits of control overhead reduction are explored. In these simulations, the TTI was fixed for the entire simulation. The PHY characteristics of the simulator configurations are same as described in Table 1. The pilot, control and data baud allocations are shown in Table 2 for the different TTI values. Note that the number of reference and control bauds (baud = OFDM symbol) is appropriate for the single transmit antenna case. Also, the system throughput gains over the 0.5ms TTI configuration are shown in this table.
Table 2 MAC frame configurations for semi-static TTI simulations
	TTI (msec)
	0.5
	1.0
	1.5

	Number of bauds (DL)
	7
	14
	21

	Number of pilot/control bauds (DL)
	2
	2.33
	2.67

	Number of data bauds (DL)
	5
	11.67
	18.33

	Number data symbols per RB (DL)
	125
	291
	458

	number of RB (DL)
	24
	24
	24

	number of sub-carriers per RB (DL)
	25
	25
	25

	Max. number of users scheduled per frame (DL)
	8
	8
	8

	System throughput gains (over 0.5msec TTI config.)
	1.0
	1.21
	1.27


The system throughput gains achieved at 1.0ms and 1.5ms TTI values are roughly 21% and 27% respectively. 
In Figure 2, the per-user throughput improvements over TTI=0.5ms are shown. 
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Figure 2 user specific throughput gains for TTI=1.0msec and TTI=1.5ms (over TTI=0.5ms)
It can be observed that, throughput gains could be achieved for all users. The user throughput gains varied from about 20% to 50% depending on the user mean SINR. For the lowest SINR users, the combination of lower control overhead, coding gain and reduced segmentation overheads leads to the very high throughput gains. Note however that once the control overhead reduction has been taken out, the coding and reduced segmentation gain is much lower than in Figure 1, which clearly indicates that these users would benefit in having an even longer TTI. In the high SINR region however, gains are mostly due to the reduction in control overhead, and the coding gain is fairly small.
4. Conclusions

The various simulation results presented in this paper indicate that, system and user performances for full buffer traffic can be improved through coding gains and control overhead reduction by using TTI values larger than the basic sub-frame duration of 0.5 ms. In particular, cell edge users can see an improvement in throughput even for small cells.
The performance gain can be maximized by using a truly variable TTI size [1] in order to get the control overhead reduction for all the users, and to get the coding and segmentation gain for users with low to medium SINR values.
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