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1 Introduction
In order to improve the UL VoIP coverage in the LTE standard, it is proposed to bundle a few consecutive sub-frames to carry a single VoIP packet. In this contribution, we study the performance of sub-frame bundling for UL VoIP packets in the LTE system. Such bundling methods are discussed in [1]. The difference between the two methods is the ACK/NAK signal timing.
2 System Description
To improve the UL coverage in LTE, especially for VoIP packets, cell edge users concentrate their transmit power over one or a few RBs. This allows such users to improve their link budget figure. However, accommodating a single VoIP packet over one RB for UEs with a very low geometry requires a high rate MCS. In such cases, the UE may bundle a few consecutive sub-frames and fragment its coded VoIP packet over those sub-frames. On the other hand, in order to reduce the signalling overhead and NAK-to-ACK probability, only one ACK/NACK signal will be transmitted. 
There are two proposed methods to transmit the ACK/NAK signal. In the first method, which proposes transmitting the ACK/NAK signal at the end of bundle, a persistent UE misses the first HARQ retransmission opportunity in case such transmissions are required. To overcome this, method 2 proposes to transmit the ACK/NAK signal right after the first sub-frame in each bundle at the cost of resource wasting because of unnecessary HARQ retransmissions. The two methods with bundling order of 2 and 4 are illustrated in Figures 1 and 2. In this figures, each rectangle illustrates one sub-frame. The detailed ACK/NAK timing information is available in [1].
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Figure 1. ACK/NAK signalling methods for sub-frame bundling of order 2. 
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Figure 2. ACK/NAK signalling methods for sub-frame bundling of order 4. 

3 Simulation Parameters

The following parameters are used to simulate the performance of these schemes, unless otherwise is specified.
· Channel bandwidth = 10 MHz

· Number of total sub-carriers = 601 (including DC)
· Sub-frame = 1 msec = 14 OFDM symbols

· FFT size = 1024

· Sampling frequency = 15.36 MHz
· Carrier frequency: 2 GHz
· Channel model: uncorrelated TU 3, 30 and 120 km/h
· Cyclic Prefix: 72 samples
· Resource assignment: one RB.
· Channel estimation: Perfect
· Receiver: MRC
· Symbol constellation: QPSK
· Channel coding: Turbo code of rate 5/6 (effective code rate of 5/12 – 5/72 after bundling and retransmissions)
· VoIP Packet size = 240 bits.

· HARQ: IR within the same bundle. CC over different bundles.

· RB hopping: No intra-subframe hopping. Pre-assigned inter-subframe hopping.

· VoIP packet maximum delay: 20 msec

· HARQ delay: 8 msec.

· Maximum one retransmission for method 1

· Maximum two retransmissions for method 2.

4 Link Level Simulation Results
4.1 Bundling of Two Sub-frames

4.1.1 Comparison of different open loop schemes in low speed
Figure 3 shows the residual performance of a system when two consecutive sub-frames are bundled together for a mobile speed of 3 km/h. The x-axis represents the link budget when the UE transmit power is concentrated over one RB. This Figure shows that with a residual BLER target of 1%, the SNR requirements for the two methods are about -1.5 and -3.5 dB, respectively. The difference is mainly due to the fact that alternative 2 is able to transmit over 50% more sub-frames compared to alternative 1.
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Figure 3. Residual BLER performance of bundling 2 sub-frames at 3 km/h

Figures 4 and 5 show the average delay and resources used by the two methods for different SNR values. As shown in Figure 4, although method 2 shows a consistent lower delay over method 1, both methods show an average delay of about 8 msec at their respective SNR targets. Figure 5 shows that method 2 uses on average about 1.5-2 sub-frames due to pre-mature ACK/NAK transmission. 
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Figure 4. Average decoding delay of bundling 2 sub-frames at 3 km/h.
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Figure 5. Average used resources of bundling 2 sub-frames at 3 km/h.
4.1.2 Comparison of different open loop schemes in moderate speed

Figures 6 to 8 show the performance of the same systems as in Figures 3 to 5 except that the mobile speed is 30 km/h. At 30 km/h, the same trend as it was seen at 3 km/h, is observed. However, at 30 km/h, the required SNR is slightly lower compared to 3 km/h, because of higher temporal diversity.
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Figure 6. Residual BLER performance of bundling 2 sub-frames at 30 km/h
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Figure 7 Average decoding delay of bundling 2 sub-frames at 30 km/h.
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Figure 8. Average used resources of bundling 2 sub-frames at 30 km/h.
4.1.3 Comparison of different open loop schemes in high speed

Figures 9 to 11 show the performance of UL VoIP bundling at 120 km/h. Now, the temporal diversity is very high and the performance improves by about 2 dB. However, at 120 km/h, the channel estimation loss would cut the gain of such diversity.
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Figure 9. Residual BLER performance of bundling 2 sub-frames at 120 km/h
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Figure 10 Average decoding delay of bundling 2 sub-frames at 120 km/h.
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Figure 11. Average used resources of bundling 2 sub-frames at 120 km/h.
4.2 Bundling of Four Sub-frames

4.2.1 Comparison of different open loop schemes in low speed

Figure 12 shows the residual performance of a system when four consecutive sub-frames are bundled together for a mobile speed of 3 km/h. This Figure shows that with a residual BLER target of 1%, the SNR requirements for the two methods are about -4 and -6 dB, respectively. 
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Figure 12. Residual BLER performance of bundling 4 sub-frames at 3 km/h

Figures 13 and 14 show the average delay and resources used by the two methods for different SNR values. As shown in Figure 13, although method 2 shows a consistent lower delay over method 1, both methods show an average delay of about 7-8 msec at their respective SNR targets. Figure 5 shows that method 2 uses on average about 3-4 sub-frames due to pre-mature ACK/NAK transmission. 
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Figure 13. Average decoding delay of bundling 4 sub-frames at 3 km/h.
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Figure 14. Average used resources of bundling 4 sub-frames at 3 km/h.
4.2.2 Comparison of different open loop schemes in moderate speed

Figures 15 to 17 show the performance of the same systems as in Figures 12 to 14 except that the mobile speed is 30 km/h. At 30 km/h, the same trend as it was seen at 3 km/h, is observed. Similar to bundling order of 2, at 30 km/h, the required SNR at 30 km/h, is slightly lower compared to 3km/h case, because of higher temporal diversity.
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Figure 15. Residual BLER performance of bundling 4 sub-frames at 30 km/h
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Figure 16. Average decoding delay of bundling 4 sub-frames at 30 km/h.
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Figure 17. Average used resources of bundling 4 sub-frames at 30 km/h.
4.2.3 Comparison of different open loop schemes in high speed

Figures 18 to 20 show the performance of UL VoIP bundling at 120 km/h. Now, the temporal diversity is very high and the performance improves by about 2 dB. However, at 120 km/h, the channel estimation loss would cut the gain of such diversity.
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Figure 18. Residual BLER performance of bundling 4 sub-frames at 120 km/h
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Figure 19. Average decoding delay of bundling 4 sub-frames at 120 km/h.
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Figure 20. Average used resources of bundling 4 sub-frames at 120 km/h.
5 Performance Comparisons and Conclusion
In this contribution, we study the performance of TTI bundling in order to improve the UL VoIP coverage. We compare two methods for ACK/NAK transmissions for persistent users. Simulation results show that 

· Bundling of four sub-frames along with method 2 provides the highest UL coverage at the cost of very low spectral efficiency for users with UL SNR values as low as -6 dB. 

· Method 2 requires more resources due to unnecessary HARQ retransmissions. This overhead is more considerable when higher bundling sizes.
· For SNR values of around 0 dB, method 1 and bundling order of 2 meets the BLER 1% target with the lowest delay and resource overhead.

· For SNR values around -3 dB, method 1 with bundling of four sub-frames and method 2 with bundling of 2 sub-frames satisfy the 1% BLER constraint. At SNR value of -3 dB, the two methods would require 4.5 and 4 sub-frames per packet and an average delay of 6 and 7.5 msec, respectively.
Based on simulation results provided in this contribution, we recommend adopting method 1 for ACK/NAK signalling for UL sub-frame bundling.
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