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1 Introduction

The study item on LTE Coverage enhancements concluded in [1] that for deployments with 2 eNodeB Rx antennas the LTE coverage is limited by the uplink data channel PUSCH, especially for a deployment targeting a mobile broadband experience also at cell edge, exemplified by a 384 kbps cell edge bit rate. It was also concluded that also for a network deployed for voice coverage the PUSCH was limiting coverage. It was concluded at RAN1#68 [3] that enhancements to TTI bundling could potentially improve coverage in these situations by at least 1 dB. A few different schemes for improving TTI bundling have been discussed and in this document we present an analysis of performance, applicability and standardization complexity of a few different schemes. 
2 TTI Bundling improvements for VoIP
TTI bundling was designed in LTE Rel8 targeting coverage enhancements and control signal limitations, mainly for VoIP. At that timeframe a typical allowed latency budget for VoIP was 80 ms, giving the current scheme, with 4 bundled TTIs with a round trip time of 16 ms, good performance utilizing up to 20 TTIs per VoIP frame. Today a more commonly used latency budget for VoIP evaluations is ~50 ms, restricting the current TTI bundling scheme to only 12 (50 ms latency) or 16 TTIs (52 ms latency), resulting in a energy combining loss of 2.2 or 1.0 dB respectively. On top of the energy loss there is also a diversity loss, on the other hand the benefits for going to more TTIs may be less due to time-correlation. 

Table 1: Distribution of transmission attempts with and without (8 ms RTT) segmentation


	
	Segmentation
	No segmentation

	SNR
	-4
	-4

	packet error rate, 20 ms
	0,068
	0,036

	packet error rate, 24 ms
	0,029
	0,018

	mean TTIs
	11,043
	8,691

	6 tx
	0,040
	0,018

	5 tx
	0,045
	0,040

	4 tx
	0,181
	0,072

	3 tx
	0,103
	0,158

	2 tx
	0,631
	0,387

	1 tx
	N/A
	0,324
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Figure 1: Link performance for different bundling schemes


It is observed from the contributions to RAN1#68bis that the main benefit in improving the TTI bundling schemes for VoIP comes from being able to utilize more subframes. In Figure 1 we see the link performance of VoIP with Rel8 TTI bundling, with and without segmentation, we also compare this to a scheme with a 12 and 8 ms RTT resulting in 20 and 24 TTI usage. We also in Table 1 show the statistics of transmissions needed for an average SINR of -4 dB. It can be observed form Table 1 that even at cell edge all available transmission attempts are not needed. It can be observed that with a limitation of 20 TTIs per frame, bundling without segmentation out-performs bundling without segmentation. If instead up to 24 TTIs are allowed, performance of segmentation is better. From Table 1 we see that even if 24 TTIs are allowed, the average resource usage at -4 dB is only 11 TTIs with segmentation and 8.5 without. We see a benefit of a bundling scheme being able to use 20 TTIs is in the order of 1 dB with a greater improvement if 24 TTIs are possible. From this we can draw a few conclusions. Firstly any new design scheme would benefit from HARQ operation with limited number of bundled TTIs per HARQ feedback. Secondly a scheme that dynamically can utilize more than 20 TTIs would provide coverage improvements in many cases. 

Observation 1 Enhancements to TTI bundling may provide coverage gains in the order of 1 dB

Observation 2 Any scheme that provide up to 20 TTI transmission time will capture majority of coverage gain. 

Observation 3 Significant benefits can be seen from HARQ operation.

Observation 4 If possible a new defined scheme should allow for more than 20 TTIs within the latency budget.

Based on these observation we can conclude that any proposed scheme should have limited an opportunity to use at least up to 20 TTIs for transmission of one VoIP frame and use significantly less when possible. Any scheme complying with this can be considered based on standardization and product impact. We have identified 4 schemes with varying flexibility and standard impact. 

2.1 Reduced round trip time

One proposed solution to improve TTI bundling is to reduce the round-trip time of the HARQ processes to 12 ms, shown in Figure 2.
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Figure 2: TTI bundling with 12 ms HARQ RTT


The option of reducing the round trip time has the merits of fulfilling both the stated requirements. The standardization impact is deemed to be limited with updated timing values for this configuration in section 8 and 8.0 of 36.213, and new number of HARQ processes. HARQ process mapping and signalling support would be needed from RAN2. The reduced round-trip time may however have large impact on scheduler implementations needing to handle multiple different RTTs for different users. This scheme could allow for more then 20 TTI transmissions but not while keeping the time delay budget. 

2.2 Extended bundle size

A different approach to reaching more transmitted TTIs in shorter time is to bundle more TTIs per transmission attempt, an example with 8 ms is shown in Figure 3.
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Figure 3: TTI bundling with 8 TTI bundles

This option offers less flexibility but have lower signalling overhead compared to the reduced round trip time. The standard impact is very similar with the addition that one additional bundle size needs to be defined in the MAC specification. Different sizes of the bundling scheme could be considered. To bundle 8 TTIs has the benefit that the existing round trip time can be kept, but transmitting a VoIP frame for 20 TTIs is not possible. Other bundle sizes can be considered together with a change in round trip time such as 10 TTIs. It is obvious that the resource consumption for a scheme with extended bundling will increase. At the coverage border at an SINR of -4 dB we see, from Table 1, a 25% resource increase, for better SINR the increase is expected to be even higher. For the extreme cell edge that extra loss may be ok, but it reduces the SINR range for when the system would like to use it. Since RRC configuration is needed it may result in the feature not being configured until the UE losses coverage or to larger resource waste. 

2.3 Flexible bundle size

 An alternative to extending the bundle size for all transmissions is to only do it for a subset of the transmissions; two examples are given in Figure 4.
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Figure 4: Variable bundle size


The benefit with the variable bundle size is that it regains some of the complexity lost in the extended bundling option. It is also possible to utilize 20 TTIs, and even more, within the latency budget. The main drawback is the somewhat extended standardization and product complexity. Different options could be considered for how to signal he bundle size, it could be connected to if the transmission is triggered by uplink grant or a non adaptive retransmission, it could otherwise be connected to the redundancy version indicated in the grant, or to the RNTI carrying the grant, such as SPS C-RNTI or regular C-RNTI. Also this scheme would have a resource consumption increase from lower HARQ granularity in the order of 10%. In this case it will not necessarily increase at higher SINR. Standardization impact would still be limited to 36.213 mainly section 8 and 8.0 but with larger implications in the MAC specification. 

2.4 Asynchronous HARQ  

On last option would be to apply asynchronous HARQ where retransmissions can be scheduled from the eNodeB. This is exemplified in Figure 5.
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Figure 5: Asynchronous HARQ bundling


 The benefit of the asynchronous HARQ for TTI bundling is the full scheduler flexibility in assigning resources allowing for optimal resource usage. The drawback is the much larger standardization and product impact mainly in the MAC specification where a more detailed HARQ process mapping would need to be defined.  The impact on physical layer standardization would still be limited. Another drawback with this scheme is the increase the downlink control channel signalling. 
2.5 Recommendations

Based on the observations in previous sections we can conclude that most of the schemes have limited standard impact. It should be noted that the impact on product implementations, and hence cost, may be significantly larger. Reducing the round trip time to 12 ms has the least standard impact capturing most of the performance benefits, but the flexible bundle size is likely to provide the best coverage gain. 
3 TTI Bundling improvements for medium data rate

In [2] we showed significant benefits of extending the allowed number of assignable resource blocks for data rates in the order of 400 kbps. In the region where this type of bitrates can be sustained TTI bundling improvements such as overhead reduction and extended code-length are typically not needed. However, TTI bundling is configured via RRC reconfiguration and will hence not be changed often. Due to the ambiguity period in when the UE applies the new configuration scheduling of the UE may be restricted. This implies that if larger resource allocation sizes are not allowed significant data rate loss could be experienced for cell edge users since channel peaks can not be utilized. It may otherwise lead to a more restrictive configuration of TTI bundling that could imply worse cell edge performance and even increased handover failure. 
4 Conclusion

In this contribution we make the following observations regarding TTI bundling improvements for VoIP.

Observation 1
Enhancements to TTI bundling may provide coverage gains in the order of 1 dB
Observation 2
Any scheme that provide up to 20 TTI transmission time will capture majority of coverage gain.
Observation 3
Significant benefits can be seen from HARQ operation.
Observation 4
If possible a new defined scheme should allow for more than 20 TTIs within the latency budget.

Based on these observations we investigate a set of different possible improvements to the current TTI bundling concept. Based on a complexity and performance analysis we recommend focusing on reduced round trip time or flexible bundling size if further improvements to TTI bundling are to be standardized. 

It is also observed that TTI bundling can provide coverage gains also for data service users, but performance with current design is limiting utilization of better channel conditions. If this use case is to be supported with better performance it is recommended to remove the resource block restriction from the bundling configuration. 
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