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Introduction
In this contribution, we evaluate various UL LBT design options. In particular, we present coexistence evaluation results for the case when both Wi-Fi and LAA have DL and UL traffic, where LAA UL on unlicensed carrier is self-carrier scheduled. 
Design options for LAA UL 
In this section, we discuss possible design options for LAA UL transmission. The possible options are classified into following methods: (1) scheduled UE performing no LBT for PUSCH transmission, (2) scheduled UE performing LBT with single interval based LBT, and (3) scheduled UE performing Cat 4 LBT [1]. 
We consider self-carrier scheduling, i.e., the UL grant transmission by the eNB and the corresponding PUSCH transmission occurs in the same unlicensed carrier. Cat 4 LBT is performed by the eNB prior to sending DL data and/or UL grant. For the options that require UL LBT, upon reception of the UL grant in sub-frame n, the scheduled LAA UEs perform LBT before transmitting PUSCH in subframe n+4.
Option 1: No LBT for PUSCH transmission
In this option, scheduled PUSCH is transmitted without performing LBT at the UE. Specifically, for a UL grant transmitted in subframe n, the scheduled UE transmits PUSCH in number n+4. 


Figure 1: Illustration of PUSCH transmission without UL LBT
Option 2:  Single interval LBT for PUSCH transmission 
In this option, scheduled UE performs sensing for a single CCA interval (e.g. 25 us or 34 us) before PUSCH transmission.   As shown in Figure 2, the scheduled UE performs LBT during first symbol of the sub-frame scheduled for UL transmission. If the LBT cannot be completed during the allowed duration of one symbol, the scheduled PUSCH is not transmitted. 



Figure 2: Illustration of PUSCH transmission with single interval based LBT: sensing at the end of first symbol of UL subframe.
Option 3:  Cat 4 based LBT for PUSCH transmission 
In this option, UE performs Cat 4 LBT before PUSCH transmission with maximum contention window Y = {3, 4, 5, 6, 7}, while the minimum contention size is assumed to be 3 (X = 3).  Initial CCA duration can be chosen to be 25 us (same as PIFS) or 34 us (same as DIFS). The random backoff counter used for extended CCA is generated at the eNB and the related information is signalled to UE.  As shown in Figures 3 and 4, after receiving a UL grant, UE performs Cat 4 LBT during a sensing duration of one or two symbols of the sub-frame scheduled for UL transmission. A short guard period can be introduced to account for any potential propagation delays or timing error on the downlink transmission from the serving eNB before UL LBT is started at the scheduled UE.   
The number of symbols used for sensing is based on chosen value of Y.  If is less than the first symbol duration, then one SC-FDMA symbol can be sufficient for channel sensing.  E.g., if Y ≤ 4, with initial CCA of 25 us,  then only one SC-FDMA symbol is enough for sensing, otherwise, two symbols may be required depending on the choice of guard period. 
If the LBT cannot be completed during the allowed sensing duration, the scheduled PUSCH is not transmitted.  If LBT is completed before the symbol boundary used for sensing, a reservation signal is transmitted for the remaining sensing duration. 



Figure 3: Illustration of PUSCH transmission with Cat 4 LBT when Y ≤ 4.



Figure 4: Illustration of PUSCH transmission with Cat 4 LBT when Y > 4.
Simulation Assumptions
In this section, detailed simulation assumptions are presented.
3.1. LAA DL LBT
We assume the Cat 4 DL LBT [1]. More detailed assumptions are given below. 
· Initial CCA duration and extended CCA defer period: 34 s 
· eCCA slot duration: 9 s
· ED threshold: -72 dBm
· Dynamic exponential backoff with the [X,Y] =  [15, 63]
3.2. LAA UL scheduling and LBT
We evaluate various UL LBT options discussed above. We use the following parameter values. 
· For UL LBT option 2 and option 3
· Initial CCA duration: 25 s 
· CCA ED thresholds: -62 dBm
· For UL LBT option 3, following LBT cat 4 related options considered: 
· [X, Y] =  [3, 3]
· [X, Y] =  [3, 7]
3.3. Other Simulation Assumptions 
We follow the evaluation assumptions defined in the TR [1]. Further detailed assumptions for LAA and Wi-Fi are given below.
LAA
· Max DL LAA burst length: 5 msec
· Max UL LAA burst length: 5 msec
· Unlicensed only (i.e., licensed band is not used for PDSCH/PUSCH transmission)
· Self-carrier scheduling with the control region of 3 OFDM symbols. 
· 2x2 for DL: TM4 with CSI feedback.
· 1x2 for UL: MCS adaptation based on SRS. 
· SRS transmitted only with PUSCH transmission 
Wi-Fi 
· DL: 2x2 CL MIMO (spatial multiplexing)
· UL: 1x2 OL link adaptation 
· TXOP = 5ms 
· RTS/CTS: Not applied.
· Short GI for each OFDM symbol 
Others
· Scenario: Wi-Fi+Wi-Fi at Step 1 and Wi-Fi + LAA at Step 2 [1]
· Indoor, 1 channel 
· 20 UEs/operator
· Traffic model: FTP
· Independent traffic generation on the DL and UL for both WiFi and LAA for FTP traffic model
· Each UE has UL/DL traffic arrival rate ratio of 80:20. 
Simulation Results
Figures 5 and 6 show the downlink UPT performance and uplink UPT performance, respectively, with various options of LAA UL LBT.   
[image: ]
Figure 5: DL UPT performance for different options of UL LBT when LAA co-exists with WiFi
[image: ]
Figure 6: UL UPT performance for different options of UL LBT when LAA co-exists with WiFi
Observations and discussion 
· Option 1: No LBT for PUSCH transmission
In this option, UL transmissions are not protected for potential channel access from other contenting transmitters. This can cause collisions between WiFi and UL LAA transmissions, which will result in the reduction of LAA and WiFi throughput compared to the option when LBT is used for UL LAA transmission. It can be observed that without UL LBT, WiFi DL and UL performance can be degraded. 
· Option 2: Single interval LBT for PUSCH transmission
Option 2 provides better coexistence performance compared to Option 1. To be specific, the Wi-Fi performance improves when compared to the case when no LBT is applied for UL by reducing the hidden node problem. 
· Option 3: Cat 4 based LBT for PUSCH transmission
Option 3 with [X,Y] = [3,3] provides superior performance across various load conditions when compared to option 1 and option 2. 
Cat 4 based LBT has potential to mitigate collisions between UL transmissions from neighbouring LAA cells whose subframe boundaries are aligned. In addition, hidden node issue can be mitigated similar to option 2.  The mitigation of collisions between UL transmissions comes from randomizing the UL transmission starting position using different backoff counters. However, the contention window sizes for such randomizations should be limited. Otherwise, UL transmissions may not get sufficient UL opportunities, thereby increasing the UL traffic load and reducing the overall system performance, as suggested by our results. 
Observation 1: WiFi DL and UL performance can be degraded if UL LBT is not performed.
Observation 2: Single interval based LBT provides improved performance when compared to no UL LBT case by reducing the hidden node problem. In addition to reducing the hidden node issue, Cat 4 based UL LBT has potential to mitigate collisions between UL transmissions from neighbouring LAA cells whose sub-frame boundaries are aligned. However, maximum contention window sizes for UL LBT should be limited to increase the UL transmission opportunities. 
[bookmark: _GoBack]Cat 4 LBT may provide better throughput performance, however, additional signalling from eNB is required to convey the LBT related information including the random backoff counters to the scheduled UEs. With single interval LBT, the scheduled users can simultaneously sense the channel, without additional eNB signalling. Thus, single interval LBT has lesser implementation impact than Cat 4 based LBT and should be continued to be considered as a feasible UL LBT option. 
Furthermore, for Cat 4 based LBT, the choice of Y determines the number of symbols to be punctured within UL subframe for UL LBT. With higher values of Y (> 4), two symbols need to punctured, which may reduce the UL throughput.  Based on these observations and system performance, our is preference is to choose Y = 3 for Cat 4 based LBT. 
Regarding the choice of sensing interval between 25 us (PIFS) or 34 us (DIFS), we do not have a particular preference as we do not see a noticeable impact on the coexistence performance. 
Proposal: Consider single interval LBT and Cat 4 LBT as possible options for UL LBT. 
Conclusion
In this contribution, we evaluated possible UL LBT options for LAA UL transmission. We make the following observations from the evaluation results.
Observation 1: WiFi DL and UL performance can be degraded if UL LBT is not performed. 
Observation 2: Single interval based LBT provides improved performance compared to no UL LBT case by reducing the hidden node problem. In addition to reducing the hidden node issue, Cat 4 based UL LBT has potential to mitigate collisions between UL transmissions from neighbouring LAA cells whose sub-frame boundaries are aligned. However, maximum contention window sizes for UL LBT should be limited to increase the UL transmission opportunities
Proposal: Consider single interval LBT and Cat 4 LBT as possible options for UL LBT. 
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Average DL UPT scenario: Indoor, #unlicensed ch=1
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Average UL UPT scenario: Indoor, #unlicensed ch =1
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