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Introduction
One of the most important design goals of LAA is fair coexistence with other radio access technologies (RATs) such as Wi-Fi and/or other LAA networks deployed by other operators. To meet the design goal, Listen before Talk (LBT) has been considered as a key enabling technology, where data packets are transmitted only when the channel is sensed to be idle. 
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 for the UL LBT options studied.
Design options for LAA UL 
In this section, we discuss possible design options for LAA UL transmission, with emphasis on UL scheduling, eNB LBT, and UE LBT. The possible options are classified into three methods,  (1) scheduled UE performing no LBT for PUSCH transmission,  (2) scheduled UE performing an LBT faster than the eNB’s LBT with more aggressive choice of parameters than eNB,  and (3) scheduled UE performing LBT with same parameter choices as eNB LBT. We assume self-carrier scheduling, i.e., the UL grant transmission by the eNB and the corresponding PUSCH transmission occur in the same unlicensed band. We assume the LBT mechanism performed by the eNB prior to sending DL data and/or UL grant is the category 4 LBT that was agreed as working assumption at RAN#80Bis [1]. For the options that require UL LBT, upon reception of the UL grant in sub-frame n, the scheduled LAA UEs also perform LBT before transmitting PUSCH in subframe n+4. 
Option 1a: DL transmission with reservation signal and no LBT for PUSCH transmission (see Figure 1.)
In this option, eNB performs LBT before sending DL data and/or UL grant, while the scheduled UE does not perform any sensing. Furthermore, eNB after performing LBT ensures that it transmits PDCCH and/or reservation signal (when there is no DL data), so that channel is occupied until the expected start of the PUSCH transmission. After sending UL grant(s), in case there is not sufficient DL data to fill out the subframes with PDSCH transmission until the corresponding PUSCH transmission(s) starts, the eNB transmits a reservation signal until the corresponding PUSCH transmission(s) start so as to continue occupying the channel. The reservation signal may include some DL signals such as DRS and CSI-RS. Figure 1, shows an illustration describing possible sequence of PDSCH and PUCCH transmission. In this example, one of the DL sub-frames uses reservation signal, as PDSCH data is not present. 



Figure 1. An illustration of a series of eNB LBT, UL grant transmission, and PUSCH transmission without UL LBT when reservation signal is used

Option 1b: DL transmission without reservation signal,  No LBT for PUSCH transmission (see Figure 2.)
   
In this option, the only difference from Option 1a is that although there is no PDSCH transmission for a certain set of subframes until the scheduled PUSCH transmission(s) starts, the eNB does not send any reservation signal to hold the channel, as illustrated in Figure 2.  




Figure 2. An illustration of a series of eNB LBT, UL grant transmission, and PUSCH transmission without UL LBT and reservation signal


Option 2a: DL transmission with reservation signal,  Fast LBT for PUSCH transmission
In this option, both eNB and UE perform LBT before PUSCH transmission. However, UE LBT parameters are chosen so that UL LBT is faster than eNB LBT.  An example of UL LBT is presented in Figure 3. In this example, after receiving a UL grant, UE performs an LBT during one symbol of the sub-frame before the actual PUSCH transmission is scheduled.  To allow the sensing in the last symbol, PDSCH and/or PUSCH transmission is shortened to e.g., 13 symbols.  If the LBT cannot be completed during the allowed duration of one symbol, the scheduled PUSCH is not transmitted.  One possible design option is, as illustrated in Figure 3, that when a UE is transmitting PUSCH in a subframe and the next subframe is also assigned to the UE, the UE does not perform LBT for the next subframe. However, this particular option may be limited to the case when frequency domain multiplexing is not use, i.e., only one UE is scheduled in one subframe.  
In one of the possible options, contention window of UE can be fixed, without exponential backoff to a lower value than eNB. For instance, the CW can be fixed to 4,  keeping the other parameters of the UE LBT implementation same as eNB LBT. With this choice of contention window, CCA+ECCA for UE can be completed within one symbol (34us+3*9us). Similar to option 1a, reservation signal is transmitted in downlink, if PDSCH is not transmitted.




Figure 3. An illustration of a series of eNB LBT, UL grant transmission, and PUSCH transmission with UL LBT when reservation signal is used



Option 2b: DL transmission without reservation signal, Fast LBT for PUSCH transmission
Similar to option 2a, in this option, eNB and UE perform LBT. Compared to 2a, reservation signal is not transmitted. However, if DL traffic is present, PDSCH is transmitted to occupy the channel.  Figure 4 shows an illustration describing possible sequence of PDSCH and PUCCH transmission when,  reservation signal is not used.



Figure 4: An illustration of a series of eNB LBT, UL grant transmission, and PUSCH transmission with UL LBT and without reservation signal


Option 3: DL transmission with reservation signal, Regular LBT for PUSCH transmission
Similar to option 2b, in this option, eNB and UE perform LBT, while reservation signal is not transmitted.  However, instead of UE performing a fast LBT, UE performs a regular LBT with the parameters same as used for DL LBT.


Simulation Assumptions
In this section, detailed simulation assumptions are presented.
3.1. LAA DL LBT
We assume the Cat. 4 LAA DL LBT scheme given in Figure 5 which was agreed as working assumption at RAN1#80Bis. More detailed assumptions are given below. 
· Initial CCA duration and extended CCA defer period (BiCCA & DeCCA): 34 s 
· eCCA slot duration: 9 s
· CCA ED thresholds: -82 dBm
· Dynamic exponential backoff with the CW of [16, 1024]
· If the LAA burst has any TB error, double the CW. If no error in the LAA data burst is observed, reset the CW to 16.
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Figure 5. The current RAN1 working assumption on Cat. 4 based LAA DL LBT mechanism
3.2. LAA UL scheduling and LBT
We evaluate the 5 UL LBT options discussed above. We use the following parameter values. 
· For Option 2a and Opton 2b
· Initial CCA duration and extended CCA defer period (BiCCA & DeCCA): 34 s 
· eCCA slot duration: 9 s
· CCA ED thresholds: -62 dBm
· Fixed CW size of 4, i.e., random number N ~ [0, 3]
· To support UL LBT operation, the last OFDM/SC-FDMA symbol of a relevant subframe is punctured. 
· For Option 3
· Same as DL LBT described above.  
3.3. Other Simulation Assumptions 
We follow the evaluation assumptions defined in the TR [2]. Further detailed assumptions for LAA and Wi-Fi are given below.
LAA
· Max DL LAA burst length
a) 10 msec when there is no UL grant
b) 5 msec when there is UL grant.
· Max UL LAA burst length: 5 msec
· Forward and backward partial sub-frames are used (please refer to [3] for more details)
· 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
Wi-Fi 
· DL: 2x2 OL MIMO (spatial multiplexing)
· UL: 1x2 OL link adaptation
· RTS/CTS: Not applied.
· Long GI for each OFDM symbol 
Other Assumptions
· Scenario: Wi-Fi + LAA
· 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 the same UL/DL traffic arrival rate ratio, 50%:50%

Simulation Results
We next present the UPT performance for indoor one channel scenario. Figure 8 shows the uplink UPT performance for WiFi and LAA with different UL LBT options. Figure 9 shows the downlink UPT performance for WiFi and LAA with different UL LBT options. Figure 10 and 11show additional statistics that help understand the UPT performance results shown in Figure 8 and 9. Figure 10 shows the LAA UL grant efficiency for different UL LBT options, where the UL grant efficiency is defined as the ratio of the number of PUSCH transmissions to the number of UL grants. Figure 11 shows the LAA reservation signal overhead for different UL LBT options, where the reservation signal overhead is defined as the ratio of the total time duration of the reservation signal transmissions to the total transmission time of reservation signal + PDSCH + PUSCH.
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Figure 8. UL UPT performance for different options of UL LAA LBT
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Figure 9. DL UPT performance for different options of UL LAA LBT
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Figure 10. UL Grant Efficiency for different UL LAA LBT options
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Figure 11. Reservation signal overhead for different LBT options


Observations and discussion 
· Characteristics of each option 
· Option 1a: DL transmission with reservation signal,  No LBT for PUSCH transmission   
In this option, reservation signal protects the scheduled UL transmission. However, such redundant reservation transmission can significantly increase overhead and interference in the network. Particularly, in low load where it’s is likely that there is no DL data when UL grant is transmitted, reservation signal overhead can be high compared to the high load case, causing a noticeable degradation to WiFi and LAA DL throughput.  
· Option 1b: DL transmission without  reservation signal,  No LBT for PUSCH transmission   
In this option, reservation signal does not protect UL transmission for potential channel access from other contenting transmitter. This causes significant collisions with WiFi and UL LAA transmissions, reducing the LAA and WiFi throughput. However, the performance of WiFi is better compared to the case with reservation signals at the expense of LAA throughput. 
· Option 2a: DL transmission with reservation signal,  Fast  LBT for PUSCH transmission   
This option performs worst among all evaluated options. The reservation signals increase significant interference to the WiFi and LAA transmissions, thereby increasing the number of wasted UL grants as shown in Figure 8. This increases the need for the reservation signal (as shown in Figure 9), further increasing the interference and requirements for more UL grants. This also increases the buffer occupancy and make the system load higher.  
· Option 2b: DL transmission without  reservation signal,  Fast LBT for PUSCH transmission
This option provides the best co-existence performance among all evaluated options, i.e., the Wi-Fi performance improves when coexisting with LAA, while the LAA performance itself is the best among all the options. In this option, removal of reservation signal in the downlink significantly reduces the network interference. Furthermore, faster LBT help UEs grab the channel earlier than other contending nodes during the allowed one symbol sensing.
· Option 3: DL transmission without  reservation signal,  Regular LBT for PUSCH transmission   
Although in the option, the Wi-Fi performance is the best among all the evaluation options, the LAA UL performance is really poor. This is because too many UL grants are wasted, e.g., 85% of the UL grants are ineffective as shown in Figure 10. 

· Further discussion
· When the LAA uplink is scheduled by the LAA eNB, the number of contending nodes in the network is reduced, which improves the Wi-Fi performance.  Note that in the Wi-Fi network, all active UEs contend to access the medium. By contrast, in the LAA network where scheduled UL transmissions are assumed, only LAA eNB and the scheduled LAA UEs attempt to access the medium. This aspect can cause significant unfairness between Wi-Fi UL and LAA UL, much worse for LAA UL.  
· It can be observed that LAA UL throughput is constrained by the fact that PUSCH can be scheduled only in the n+4th sub-frame after the transmission of UL grant. In the context of self-carrier scheduling, the UL throughput is constrained to 50% of the achievable throughput when 100% resources were used for LAA UL.

Conclusion
In this contribution, we evaluated various UL LBT design options. In particular, we present and discuss coexistence evaluation results for the case when both Wi-Fi and LAA have DL and UL traffic for the UL LBT options studied.  We make following observations from the evaluation results.
Observation 1:
Option 2b (fast UL LBT & no reservation signal from eNB) provides the best co-existence performance among all evaluated options, i.e., the Wi-Fi performance improves when coexisting with LAA, while the LAA performance itself is the best among all the options. 

Observation 2:
When both LAA eNB and UE perform a regular LBT to transmit UL grant and the scheduled PUSCH, respectively, the LAA UL performance is really poor. This is due to severely unfair channel access between Wi-Fi and LAA, worse for LAA. 
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