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[bookmark: _Ref298777854]Introduction
It has been agreed that the UE can use the first 25 μs of PUSCH symbol #0 to perform a short CCA before transmission.
In this contribution, we provide performance investigation and analysis of potential solutions for muting 25 μs in PUSCH symbol #0 to perform short CCA.
Solutions to support partial symbol muting
When the UE uses the first 25 μs of PUSCH symbol #0 for LBT, the first 768 time domain samples are pruned by the muted transmitter chain as shown in Figure 1. In the following, we discuss two possible solution categories to support such pruning of the transmission samples.
· Option 1: No change to existing PUSCH signal generation and let the 25 μs muting puncture modulation symbols in PUSCH symbol #0. We identified severe performance losses using this option in [1].
· Option 2A/B: Rate matching around the muted/impacted modulation symbols in PUSCH symbol #0.
· Option 3: PUSCH symbol #0 is not used for carrying UL data.
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[bookmark: _Ref448932871]Figure 1 Muting of transmitter chain for LBT.
Option 2A/B: Rate matching around muted/impacted modulation symbols in PUSCH symbol #0
To avoid the negative impact of additional puncturing of modulation symbols in Option 1, rate matching around the impacted modulation symbols should be considered. 
Option 2A: rate matching around muted modulation symbols
For Option 2A, the rate matching routine is instructed to produce fewer coded bits based on the modulation order Qm and . The modulation symbols mapped from these coded bits are interleaved around the muted modulation symbols in PUSCH symbol #0 as shown in Figure 2. Zero values can be inserted into the  unused modulation symbols in PUSCH symbol #0. As discussed in [1],  is given by:
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[bookmark: _Ref449003797]Figure 2 Illustration of Option 2A.
The performance of Option 2A is provided in Figure 3 for the EVA 5km/hr channel. It can be observed that the severe performance degradation in Option 1 is avoided. For MCSs up to 26, the performance losses have been reduced down to around 0.5 dB. For MCS 27 and 28, the performance losses are still severe.
Note further that, with Option 2A, PUSCH symbol #0 consists of LBT period and useful data as shown in Figure 2. There is no need to define additional signal to fill up gap between the end of LBT period and symbol #1. This is beneficial toward getting wide acceptance for the LAA technology.

Observation 2A
With Option 2A, PUSCH with LBT muting has improved performance compared to the default Option 1. Since PUSCH symbol #0 consists of LBT period and useful data, there is no need to define any additional signal for PUSCH symbol #0.
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[bookmark: _Ref449004467]Figure 3 Transport block performance of MCS 12—28 with Option 2A. EVA 5km/hr channel with 10-interlace allocation is tested.

Option 2B: rate matching around impacted modulation symbols
The above discussion focuses on avoiding putting data carrying modulation symbols into the LBT muting period. The time domain behavior of Option 2A solution discussed so far can be illustrated in Figure 4. It can be verified that the data carrying modulation symbols are outside of the LBT muting period. However, one can further observe that a correct cyclic prefix insertion is not possible because of the LBT muting period. As a result, the PUSCH symbol #0 will not experience a circular channel. This will lead to inter-carrier interference of the received signals within its own signal and/or between the UEs.
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[bookmark: _Ref449013577]Figure 4 Time domain view of PUSCH symbol #0 with Option 2A.
[image: ]
[bookmark: _Ref449014009]Figure 5 Time domain view of PUSCH symbol #0 with Option 2B.
As shown in Figure 5, the inter-carrier interference issue can be easily avoided by rate matching also around the last  modulation symbols corresponding to the cyclic prefix length:

With this solution (referred to as Option 2B), the rate matching routine is instructed to produce  fewer coded bits. In SC-FDMA symbol #0, the first  REs and the last  REs are set to zero and do not carry data modulation symbols.
The performance of Option 2B is provided in Figure 6. It can be observed that the performance of Option 2B is very close to that of no muting. In particular, the error floor problem of MCS 28 in Option 2A has been removed. The performance advantage of Option 2B is expected to be even more pronounced when 256QAM is considered.
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[bookmark: _Ref450568123]Figure 6 Transport block performance of MCS 12—28 with Option 2B. EVA 5km/hr channel with 10-interlace allocation is tested.
Observation 2B
Option 2B can further enhance robustness of PUSCH signal reception. There is negligible performance impact of LBT muting when Option 2B is employed. The performance advantage of Option 2B is expected to be even more pronounced when 256QAM is considered.

Option 3: PUSCH symbol #0 is not used for carrying UL data
In Option 3, PUSCH symbol #0 is excluded from carrying UL data. This option can also avoid harmful additional modulation symbol puncturing problems in Option 1. However, there are several drawbacks. 
First, the PUSCH code rates increase by 9% because of the loss of one complete SC-FDMA symbol. Such increases in code rates generally degrade link performance as shown in Figure 7. There are losses of around 1 dB for most MCSs. In the case of MCS 28, the code rate increases from 0.87 to 0.95. This causes a performance degradation of almost 4 dB. 
Secondly, there is a need to fill up the gap between the end of a 25 μs LBT period and the start of SC-FDMA symbol #1. Although it is possible to define some signal to fill this gap, such procedure is generally undesirable and adds specs and implementation complexity when compared to Option 2A/2B.
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[bookmark: _Ref449009737]Figure 7 Transport block performance of MCS 12—28 with Option 3. EVA 5km/hr channel with 10-interlace allocation is tested.

Observation 3 
With Option 3, PUSCH link performance is degraded because of loss of one complete SC-FDMA symbol. There is also a need to define an additional signal to fill a gap in PUSCH symbol #0.

Conclusion
In this contribution, we provide extensive performance investigation and solution analysis for muting 25 μs in PUSCH symbol #0. The relative performance of the three discussed options to the case of no muting is summarized in Figure 8 for EVA channel.
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[bookmark: _Ref449100805]Figure 8 Relative performance losses (at 10% transport block error rate) of the discussed options compared to case of no muting. MCS 12—28 over EVA 5km/hr channel with 10-interlace allocation is tested.
We made the following observations.
Observation 1 [1]
Simply puncturing modulation symbols from existing LTE PUSCH signal in Option 1 results in substantial losses in link performance and throughput. The losses are higher for MCSs with higher coding rates. In some cases, unexpectedly higher losses can happen in certain combinations.
Observation 2A
With Option 2A, PUSCH with LBT muting has improved performance compared to the default Option 1. Since PUSCH symbol #0 consists of LBT period and useful data, there is no need to define any additional signal for PUSCH symbol #0.
Observation 2B
Option 2B can further enhance robustness of PUSCH signal reception. There is negligible performance impact of LBT muting when Option 2B is employed. The performance advantage of Option 2B is expected to be even more pronounced when 256QAM is considered.
Observation 3 
With Option 3, PUSCH link performance is degraded because of loss of one complete SC-FDMA symbol. There is also a need to define an additional signal to fill a gap in PUSCH symbol #0.
Based on these observations and extensive analysis, we propose
Proposal 1
Option 2B rate matching around impacted modulation symbols is used to support 25 μs LBT period in PUSCH symbol #0.
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Appendix – Performance for the AWGN Channel
In the following figures, we provide simulation results for the AWGN channel corresponding to the results shown for the EVA channel above.
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Figure 9 Relative performance losses of the discussed options compared to case of no muting. AWGN channel with 10-interlace allocation is tested. 
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(c) Option 2A					(d) Option 2B
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(e) Option 3
Figure 10 Transport block error performance of MCS 12—28. AWGN channel with 10-interlace allocation is tested.
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Channel: EVA 5 km/h. SNR loss at BLER = 0.1
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