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1. Abstract

This contribution shows that non-static TTI schemes that allow transmissions to span multiple sub-frames provide significant performance enhancements towards LTE top-end targets. Average user throughput gains may be in the 15-25% range, with edge-of-cell (e.g., 5%) user throughput gains substantially higher (>40%). Among non-static TTI schemes, dynamic TTI is shown to provide gains over semi-static TTI. It is therefore recommended to add support for non-static TTI, with the particular semi-static or dynamic method to be decided in the WI:
“On both the DL and the UL, the sub-frame duration corresponds to the minimum downlink TTI. The concatenation of multiple sub-frames into longer TTIs, is supported.”

2. 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 required for services such as VoIP and Gaming applications. However, when extremely low latency is less of a constraint (such as for http traffic), having such a small TTI might result in loss of system performance, especially for high data-rate applications and for cell-edge users. Having a longer TTI would improve both system and user perceived performance.

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. With turbo-codes and LDPC codes, it is well-known that the link performance improves with the information frame size.  It will be explained later in this paper that, a flexible TTI configuration scheme is essential to obtain the benefits of coding gain.
· Reduced segmentation overheads: Longer TTI values help to reduce the number of segments required for transmission of the same amount of user payload. With each MAC segment (aka MAC PDU), there is associated overhead, including: CRC for error detection, plus other required fields such as: 
· Number of packet fragments (N): about 1 byte

· Sizes of each fragment: about 2*N bytes

· Position of the fragments in the IP packet: about 2*N bytes

For example, a PDU containing a fragment of an IP packet will have an overhead of 7 bytes.

· Reduced control overheads: Longer TTI values will result in fewer scheduling events, thereby number of resource assignment messages, hence the control overhead.
The suitable TTI values depend, (at least) on the application traffic type and user characteristics. For example, for high data rate applications such Web browsing, FTP and Streaming, the IP packets are typically large compared to the low data-rate applications such as VoIP. In addition, to send the same IP packet an edge-of-cell user will typically require larger amount of the frame resources than a user near the base station. Another scenario when a configurable TTI would be appropriate is for HARQ retransmission where the retransmissions can be of different size than the initial transmission [3]. Thus, a scheme to configure the TTI on the basis of transmission requirements would help to improve performance.

In this contribution, system simulation results are presented showing the performance benefits of using non-static TTI schemes. 
3. Non-static TTI schemes
In general it should be noted that in R99-Rel-6, the TTI has been defined on a per UE, per Transport Channel basis. In the case of the HS-DSCH, the TTI was fixed to 2 ms for all UEs. Thus the issue of TTI being defined on a UE basis or on a transport channel basis did not arise. No signaling is required for the HS-DSCH. In case of E-DCH, two different TTIs were defined – however, in a given cell it is possible for UEs to be configured with a TTI of 10 ms and other UEs to be defined with a TTI of 2 ms. Thus in E-DCH as well, the TTI is on a per UE basis and is an attribute of the transport channel defined for the UE.  
In the case of E-UTRA, the entire sub-frame is being defined as a shared resource. Different UEs can be assigned resources in the sub-frame and it is possible based on a variety of considerations, such as traffic type and thus packet size, edge-of-cell support and HARQ retransmission requirements, for the TTI to be assigned on a individual UE basis. This means that the control signaling would indicate the TTI associated with the allocation and thus can be dynamically assigned to the UE.
In previous discussions, the focus has been on variable and semi-static TTI definitions. In the variable case, the TTI can be varied for a UE on a frame-by-frame basis. In the most general case, multiple services can be supported for a UE simultaneously with each service being supported through a different TTI. Furthermore, in the general case, the TTI value may also be changed for a retransmission. 

In the semi-static case, a number of possibilities present themselves:

· Semi-static on a per-UE basis, per transport channel basis


In this case, the UE can be assigned multiple transport channels with the TTI being 
semi-static for each of the transport channels. The TTI can be changed only through 
L3 signaling.

· Semi-static on a per-UE basis


In this case all transport channels of the UE support the same semi-static TTI value 
with L3 signaling being used to modify the value assigned to the UE.

· Semi-static across all UEs in cell


In this case, the UE experiences a semi-static value for the TTI with mobility with the 
TTI value potentially changing as it moves from one cell to another. This could be due 
to the cell size changing for example. 

In all cases, the TTI for the retransmission is identical to the TTI used for the initial transmission.

In this contribution, performance benefits of two different types of non-static TTI schemes have been evaluated. These are: variable TTI scheme and semi-static TTI scheme
3.1. Variable TTI scheme 
With this scheme, the TTI is determined based on the transmission requirement for the users. The TTI size is determined by the user’s channel conditions, the amount of data to be sent (layer 3 packet size) and potentially by the frame resource allocation (e.g. number of RBs allocated to the user in frequency-selective scheduling scheme). Most generally different UEs may benefit from different TTI based on their respective transmission needs.
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 in order to still benefit from channel-aware scheduling. 
3.2. Semi-static TTI scheme
In this scheme, the TTI can vary over time within a cell, but the TTI is same for all the users.  The TTI is equal to the frame length which is some multiple of the fundamental sub-frame duration 0.5ms. When only a single service is simulated, the selected frame length is fixed.
4. System simulation results
The performance benefits of non-static TTI schemes are estimated by system level simulations. The achievable benefits of coding gains and reduction in segmentation overheads using Variable TTI scheme are illustrated in Section 3.1. In Section 3.2, the achievable benefits of semi-static TTI scheme are shown; in these results, in addition to the impacts of coding gain and segmentation overhead reduction, the benefits of control overhead reduction are also illustrated. In Section 3.3, the relative benefits of the variable TTI scheme and the semi-static TTI schemes are discussed.

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

	Parameter
	Assumption

	Bandwidth
	10 MHz

	Number of Resource Blocks (RB)
	24

	Number of sub-carriers per RB (bandwidth of RB)
	25 (375 kHz)



	Cellular Layout
	Hexagonal grid, 19 cell sites, 3 sectors per site

	ISD
	500 m

	Distance-dependent path loss
	L=128.1 + 37.6log10(.R), R in kilometer

	Lognormal Shadowing
	Similar to UMTS 30.03, B 1.41.4

	Shadowing standard deviation
	8 dB

	Correlation distance of Shadowing
	50 m  (See D,4 in UMTS 30.03)

	Shadowing correlation


	Between cells
	0.5

	
	Between sectors
	1.0

	Antenna pattern (horizontal)

(For 3-sector cell sites with fixed antenna patterns)
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	Channel model
	GSM Typical Urban (TU)

	UE speed
	3 km/h

	Total BS TX power (Ptotal)
	46dBm (10MHz)

	Antenna Bore-sight points toward flat side of cell (for 3-sector sites with fixed antenna patterns)
	


	AMC
	ON (0.4<=MCS<=4.8)

	HARQ
	IR with unlimited stop-and-wait HARQ protocol ; size of retransmission=1/8 of 1st transmission size

	OFDM symbols (Data symbols) per subframe
	Dependent on non-static TTI technique

	Scheduler
	PF (both in time and frequency domain); maximum number of users scheduled per sub-frame=8

	Link Mapping
	EESM

	E-UTRA BS Transmitter  x UE Receiver
	1x2



	Other Cell interference
	All BS transmitters always on at full power

	Traffic model
	Full-buffer  (number of users/sector = 10)

	Delay between CQI reporting and scheduling
	For semi-static TTI scheme: 2*TTI (1 msec for TTI=0.5 msec)
For variable TTI scheme: 1 msec

	Number of simulation drops
	20


4.1. Variable TTI simulation
These simulations used a scheme which emulates the variable TTI scheme,. In this scheme, an IP packet is encoded without any layer 2 segmentation. The size of the IP packet is typically equal to the MTU size, such as 1500 bytes (however, it can be smaller, for example, when the packet contains the content of a small Web page or the last fragment of a Web page). If the encoded packet does not fit in a single sub-frame (of duration 0.5 msec), a fragment of it is transmitted in the current sub-frame. Note that this fragment is a physical fragment that does not include the header and CRC associated with a MAC segment. The rest of the encoded packet is transmitted in a non-deterministic way in later sub-frame(s) when the UE is again allocated resources by the scheduler. The receiver UE may attempt to decode the encoded packet after receiving all the systematic bits and early termination scheme can is used to improve system efficiency. Using this scheme of variable TTI transmission, the impacts of coding gain and reduced segmentation overheads (but not reduced control overhead) were investigated for frequency selective scheduling schemes.
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Figure 1 User specific throughput gains in simulations with frequency-selective scheduling (Note: gains due to control overhead reduction have not been included)
In Figure 1 the per-user throughput gains obtained with the above variable TTI scheme over the static 0.5 msec TTI scheme are shown. In this figure, it is seen that users in the low SINR region achieve substantial benefit. Most of their gains are achieved by reduction in segmentation overheads. As the user mean SINR increases, an IP packet requires fewer number of segments for its transmission; hence the gain decreases with increasing SINR.
Even users in the medium to high-SINR region experience gains (e.g. ~4-5%). This is expected, because, even for a high-SINR user, the encoding block-size can be quite small with a static 0.5ms TTI when it is allocated a very small number of resource blocks by the frequency-selective scheduler. The overall system throughput gain is of the order of 5.7%. Note that, the gains due to control overhead reduction would add with this 5.7% gain.
4.2. Semi-static TTI simulations
In the second set of system simulations with semi-static TTI scheme, the benefits of control overhead reduction are explored. In addition, the efficiency of the semi-static scheme in achieving optimum coding gain and reduction in segmentation overheads will be explored. 

In these simulations, the TTI was fixed for the entire simulation time. Most of the PHY and MAC layer characteristics of the simulator configurations are same as described in Table 1 except for the pilot, control and data OFDM symbol allocations, which are shown in Table 2 for the different TTI values. Note that the numbers of reference and control OFDM symbols are appropriate for the single transmit antenna case. Also, the system throughput gains over the 0.5ms TTI configuration for two different pilot and control overhead assumptions are shown in this table.
Table 2 MAC frame configurations for semi-static TTI simulations
	TTI (msec)
	0.5
	1.5
	1.5

	Number of OFDM symbols (DL) per TTI
	7
	21
	21

	Number of pilot (control) OFDM symbols (DL) per TTI
	1/3 (5/3)
	1 (3)
	1 (5/3)

	Number of data OFDM symbols (DL) per TTI
	5
	17
	18.33

	System throughput gains (over 0.5msec TTI config.)
	1.0
	1.16
	1.27


The system throughput gains achieved at 1.5ms TTI value is 16% (for the configuration with 1 pilot OFDM symbol and 3 control OFDM symbols). Note that most of the achieved system throughput gains come from the reduction in control overhead: compared to the 0.5msec TTI scheme, there are 13.3% additional frame resources (in number of symbols) available for data bearer traffic in the 1.5msec TTI scheme (with 1 pilot and 3 control OFDM symbols). 

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=1.5ms with 1 pilot OFDM symbol and 3 control OFDM symbols (over TTI=0.5ms)
It can be observed that, throughput gains could be achieved for all users. The user throughput gains varied from about 13% to 45% depending on the user mean SINR. The reduction in control overheads benefits all users across the entire cell, irrespective of their location. For The lowest SINR users also benefits from the segmentation overhead reduction and from additional coding gain.
4.3. Comparison between Variable TTI and Semi-static TTI scheme benefits
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Figure 3 Comparison of gains between Variable TTI and Semi-static TTI schemes (gains due to control overhead reductions are excluded) 
In Figure 3 the gains achieved in these two non-static TTI schemes are compared. In this comparison, gains from reduction in segmentation overhead and coding gain are included and the gains from control overhead reduction have been excluded. Both variable TTI and semi-static TTI schemes improve system and user performance by reducing segmentation overheads and are getting some coding gains, particularly for low (edge-of-cell) and moderate SINR users. However, the benefits of segmentation overhead reduction and coding gains in variable TTI scheme is higher than in semi-static TTI schemes. The higher gains in variable TTI scheme can be attributed to the following:

· Segmentation overheads: While the size of the PDU segments are limited by the TTI value in semi-static TTI scheme, IP packets need not be segmented in variable TTI schemes. Thus, the segmentation overheads in variable TTI scheme is always lower than that in semi-static TTI scheme.
· Coding gain: For the same reason as above, the information block sizes in variable TTI scheme can be larger than the information block sizes in semi-static scheme, in which they are limited by the TTI value.
Resource allocation granularity: In semi-static scheme, the frame resources are allocated in units of a resource block (RB) and the size of the RB is fixed (as determined by the fixed TTI value). This may result in not being able to use the desired MCS or retransmission size. For example, if a scheduler would desire to transmit a certain number of modulation symbols at a certain code rate but that would result in idle (unused) resources within a RB, there is a loss even if the scheduler uses frame filling to decrease the coding rate such that the RB does not have unused resources. Such loss of frame resources is avoided in variable TTI scheme due to the flexibility in units of resource allocation and large information block sizes 

5. Conclusions

Although the fundamental sub-frame duration 0.5 msec helps to meet the latency constraints of various delay-sensitive applications such as VoIP and Gaming, a TTI value of such a small duration significantly degrades system and user perceived performances for high data-rate applications and edge-of-cell users due to high control and MAC layer transmission overheads. Longer TTI values not only can reduce the control and MAC layer overheads, but also can benefit from coding gains of modern coding techniques. In this paper, two different methods have been evaluated which uses longer TTI values, semi-static and variable TTI schemes. Both of these schemes can reduce control and MAC layer segmentation overheads. However, due to the fixed limit on the TTI size, the semi-static TTI scheme can achieve only limited amount of segmentation overhead reduction, whereas, the variable TTI scheme can potentially achieve its full benefit. Also, the semi-static scheme may not be effective in obtaining any coding gain benefits due to the large granularity of resource allocation; whereas the variable TTI scheme can obtain coding gain due to its flexible TTI duration.  The benefits of variable TTI scheme is more pronounced in edge-of-cell users and frequency-domain allocation schemes.
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