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1. Introduction

LTE has been designed for operation in licensed bands. In some regulatory domains such as Europe and Japan [2], LBT is required for a system operating in some unlicensed bands of interest to LAA (Licensed-Assisted Access). With LBT, on the downlink there are occasions an eNB’s transmission has to be inhibited due to backoff or detecting an ongoing transmission from another device; that can create uncertainties in the UE behavior and it may lead to detrimental effects to the system performance.  On the uplink, a UE’s transmission can be also inhibited due to LBT. 
In this contribution, we analyze eNB LBT behavior’s effects on the LAA downlink operation and propose the corresponding solution. 


2. eNB LBT behavior’s effects on LTE operation
We check the effects of LBT on the downlink operation from CSI measurement/reporting and and PDSCH reception. We assume the UCI for a LAA carrier including CSI feedback and HARQ-ACK for DL transmission is carried over the uplink of a licensed carrier. Further in this contribution we consider a DL only design for LAA.

The following physical channels/signals/resource are defined in the LTE downlink:

1. CRS

2. PSS/SSS

3. PBCH

4. PCFICH

5. PDCCH/EPDCCH
6. PDSCH

7. PHICH

8. CSI-RS

9. CSI-IM
With LBT, at a LAA carrier there is no guarantee that an eNB is able to transmit any signal at a fixed schedule. In a companion contribution [3], we give our design on the LAA frame structure. It is important to differentiate 3 types of LAA subframes as shown in figures 1, 2 and 3:
1. Type 1: transmission starting from somewhere after the beginning a subframe to  the end of the subframe;

2. Type 2: transmission starting from the beginning of a subframe to the end of the subframe

3. Type 3: transmission starting from the beginning of a subframe to somewhere before the end of the subframe.
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Figure 1 Type 1 LAA subframe
[image: image2.emf]12

11

10

9

8

7

6

5

4

3

2

1

0 1 2 3 4 5 6 7 8 9 10 11 12 13

eNB transmission 

Type 2


Figure 2 Type 2 LAA subframe
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Figure 3 Type 3 LAA subframe
A UE cannot reliably use BCH and SIB messages on the LAA carrier to acquire system information.  We assume a UE acquires the system information concerning the LAA carrier from a licensed carrier. As we focus on the DL only design in this contribution, PHICH is not discussed here.
2.1 CSI measurement
Depending on the configured transmission mode at a LAA carrier, a UE need to use CRS (e.g. at transmission mode 4) or NZP CSI-RS and CSI-IM (at transmission mode 10) to derive channel state information.  
At a CRS based transmission mode, a UE can estimate the channel response of a serving cell from its CRS signal, and measure noise and interference through subtracting the CRS estimate from the received signal. As the eNB may be inhibited from transmission any signal at a TTI or part of a TTI, it is important for UE to ensure when it performs CSI measurements the serving cell is actually transmitting and it is under the measurement condition intended by the eNB. To that end, the UE needs to secure some proof that the eNB is transmitting. It seems detection on the CRS signal is a possible way to achieve it: for example the instantaneous SINR (Signal to Inteference/Noise Ratio) is tested against a detection threshold, and when the SINR is higher than the threshold the UE assumes the eNB is transmitting. For Type 1 and Type 3 subframes, there is no guarantee if a CRS signal at a port   is transmitted in the first slot in a subframe then it is transmitted in the second slot of that subframe or vice versa. If Type 1 and Type 3 LAA subframes are used in CSI measurement, then a test on the CRS SINR needs to conducted on a per-OFDM symbol basis  for each CRS port. As CRS ports 0 and 1 are located on the same OFDM symbols, the higher SINR from CRS port 0 and CRS port 1 at an OFDM symbol can be used to determine whether the eNB transmits on that symbol or not, and the same procedure can be used for CRS ports 2 and 3. In [3], we also propose the LAA transmission duration of the current burst is signaled in the Type 1 LAA subframe. The LAA transmission duration information can be also used to help a UE decide what OFDM symbols can be used for channel measurement. 
At transmission modes 9 and 10, NZP CSI-RS is used to measure the channel response from a serving cell. Similar to the case with CRS based transmission modes, a determination on whether the eNB is transmitting at an OFDM symbol is necessary. The instantaneous SINR of CRS or the configured NZP CSI-RS can be used to do that. At transmission mode 10, CSI-IM is configured to measure interference in the network. CSI-IM can be used in all kinds of ways to measure interference at different setups in the context of CoMP and eICIC. One benefit of LAA over Wifi is LAA allows nodes to operate in a frequency reuse one fashion, and in past releases various interference mitigation schemes have been standardized to make frequency reuse one works well. Hence it is desirable to keep CSI-IM work at a commensurate level as on a licensed carrier and the measurement derived from CSI-IM is what is intended by the network. To that end, a UE also needs to determine when it measures CSI-IM, it is under the network configured condition. It seems testing the instantaneous CRS SINR against a detection threshold as discussed above is a possible solution. The LAA transmission duration as proposed in our companion contribution [3] can be also used to help a UE decide what OFDM symbols can be used for interference measurement.

From the above discussion, we have

Proposal 1: A UE shall ascertain the serving cell is actually transmitting through CRS detection, e,g. comparing the instantaneous SINR of CRS/NZP CSI-RS signal(s) against a threshold when measuring the channel response from CRS/NZP CSI-RS for CSI feedback.

Proposal 2: When measuring interference from CSI-IM, a UE shall ascertain the measurement condition intended by network is met, e.g. comparing the instantaneous SINR of CRS against a threshold.

2.2 CSI report
Due to eNB LBT, there can be issues in CSI reporting. It may happen when the scheduled CSI reporting time comes, a UE has not got a chance to perform the necessary CSI measurement due to eNB LBT. We can consider several solutions for this:

For PUCCH, there are priority handling rules to decide which report is transmitted when there is a collision between CSI reports. After going through the priority handling rules, if the final chosen CSI report is not available due to eNB LBT, the UE can either drop the CSI report or use a code state to indicate to the eNB. For example, for PUCCH report type 1 (sub-band CQI), report type 1a (sub-band CQI and 2nd PMI), report type 2a (1st PMI), report type 3 (RI), report type 5 (RI and 1st PMI) and report type 6 (RI and PTI), the CSI report can be dropped. For PUCCH report type 2/2b/2c/4, as CQI the wideband CQI can use CQI Index at 0 (“Out of Range”), CQI index at 0 and a fixed value for PMI can be used to indicate to the eNB to discard the CSI report. 
In a PUCCH feedback mode, a CSI report can have dependence on another CSI report sent by the UE previously. This point is illustrated through PUCCH mode 1-1. In PUCCH mode 1-1, if a type 3 (RI) report is not available at the report timing, according to the rule proposed above, the RI report is dropped. After that, when it is time for the UE to feed back Type 2 report (Wideband CQI/PMI) and at that time the UE may have got a chance to make a determination on RI, eNB does not have enough information on RI to make use of the feedback to be sent by the UE. In this case, we have two alternatives:
· Alt. 1: Assume the Wideband CQI/PMI is computed under the undetermined RI as during eNB LBT yield, hence CQI Index at 0 is reported;

· Alt. 2: Assume the Wideband CQI/PMI is computed under the newly determined RI, and the CQI/PMI corresponding to that is reported. 

Alt. 1 does not provide too much useful information to the eNB, and Alt. 2 provides more information which has the potential to be useful for the eNB. Depending on eNB implementation and deployment scenario, the propagation channel and interference may be quite static, then a previously reported RI can be used along with the type 2(CQI/PMI) report. Though one can also argue due to the propagation channel and interference being static, there is no urgency to update CSI at eNB. Yet Alt. 1 runs the risk to feedback not so useful information to eNB for most of the time. From this, we slightly prefer Alt. 2: when eNB LBT yield situation is relieved, a dependent CSI is allowed to be computed and reported with updated channel information which was previously not available. This is somewhat similar to the case at a licensed carrier  a UE is just configured with PUCCH mode 1-1, and its very first CSI report towards eNB is of type 2 (CQI/PMI) rather than type 3 (RI). We have  
Proposal 3: When a CSI report is not available due to eNB LBT yield, the CSI report is dropped or a code state is used to indicate to the eNB to discard the CSI report; in PUSCH carried CSI, the lowest CQI Index is used.

Proposal 4: a dependent CSI is allowed to be computed and reported with updated channel information which was previously not available.
2.3 PDSCH scheduling and reception
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Figure 4 Using Type 3 LAA subframe for PDSCH
If PDSCH assignment is limited to Type 2 LAA subframes, then the detection of a downlink assignment DCI at a subframe in the LAA carrier or in cross carrier scheduling (e.g. passing CRC check) is sufficient for a UE to know that the PDSCH transmission goes to the end of the subframe and no test on the transmission status of the eNB is necessary beyond the successful reception of the DCI. However, that practice may be wasteful as Type 3 LAA subframes are not available for PDSCH transmission. We note as the channel occupancy time in Japan is 4 ms at maximum, there is a high chance a LAA subframe is of Type 3. 
When PDSCH assignment is allowed on Type 3 LAA subframes, there may be a problem a UE does not know at which OFDM symbol the PDSCH transmission stops.  It is noted when a UE does not have a definite information on where the PDSCH transmission stops, eNB may have to use puncturing instead of rate matching in the case the PDSCH transmission does not go all the way to the end of a subframe. If rate matching is used (e.g. if the eNB performed rate matching up to the 9th OFDM symbol on the PDSCH transmission as in figure 4, the UE will need to try multiple hypotheses (e.g. the PDSCH transmission stops at symbol 9, symbol 10, etc) to find the correct rate matching if the accumulated soft bits so far at the UE allow a successful decoding at all. If the decoding is not successful, the UE’s soft buffer can be corrupted. Using puncture instead of rate matching also makes the link adaption and MCS level selection at eNB quite challenging. We see a great value in indicating to the UE the PDSCH transmission duration. When the LAA transmission duration proposed in our companion paper [3] is available, it can be useful here, as that gives a UE the definite information on the eNB’s transmission duration. 
We can also consider other means to indicate to a UE the PDSCH transmission duration within a LAA subframe:

Similar to PCFICH, we can introduce a physical channel say PTDCH (Physical Transmission Duration Channel) to indicate the duration of PDSCH transmission in the current subframe. As the detection of PTDCH depends on the number of different PTDCH waveforms, it is advantageous to reduce number of possibilities to be indicated by PTDCH. From figure 4, in the case of 2Tx at eNB, it can be seen the PDSCH transmission can after a CRS resided symbol or 3 symbols away after a CRS resided symbol, as a UE should be able to determine the CRS resided symbols with high accuracy, indicating the distance to the last CRS residing symbol is enough. It seems 4 waveforms should be enough for PTDCH. In this case, PTDCH can take REs first just as PCFICH and PHICH, and the remaining REs are given to PDCCH and consequently the PDCCH RE mapping will be changed compared to previous releases. 
To avoid changes to PDCCH, another option is to introduce in the downlink assignment DCI a new field for the PDSCH transmission duration or its equivalent distance to a CRS symbol. From analysis above, 2 bits should be enough for the new field.
A third option to indicate the transmission duration in a TTI, a new DCI format can be introduced to indicate the transmission duration of PDSCH in the current TTI, and the new DCI format is scrambled by a fixed RNTI say PTD-RNTI (PDSCH Transmission Duration RNTI) and it is transmitted in the common search space of PDCCH. The new DCI format preferably has the same size as an existing DCI format such as 1A or 1C, so no additional blind decoding is required and only a simple CRC mask checking is necessary. 
Note the first/third option provides all UEs on the LAA carrier a way to determine the eNB’s transmission status, not only for the currently scheduled UEs. For example, a UE may not be receiving PDSCH but it is trying to find out whether it should take CSI measurements on the current TTI (i.e. ascertain the eNB’s transmission status) as discussed in Section 2.1. 
We have 

Proposal 5: PDSCH transmission on a Type 3 LAA subframe is rate matched according to the number of actually OFDM symbols in a subframe, not according to the maximum number of OFDM symbols in a subframe.
Proposal 6: The transmission duration in a subframe or over multiple subframes from eNB is signaled to UE.  
2.4 Timing/frequency synchronization

As there is no guarantee an eNB can continuously transmit a signal such as CRS on a LAA carrier, yet a UE depends on CRS for frequency and timing synchronization, a UE’s receiver performance may be degraded compared to the case where it operates on a licensed carrier and is able to track its frequency and timing with the CRS from a licensed carrier as reference. To close the UE performance at a licensed carrier and unlicensed carrier, it is beneficial to provide a UE on a LAA carrier a reference which is highly synchronized with the LAA carrier’s transmission, with that a UE is able to derive and maintain the frequency and timing for the LAA carrier. In a small cell deployment, it is possible a LAA carrier and a licensed carrier derive their frequency and timing from the same source. From this, it is beneficial for the network to provide necessary signaling support so the linkage between a licensed carrier and unlicensed carrier sharing the same frequency/timing source is made known at a UE, this is reminiscent to the quasi-collocation information in CoMP, though two carriers here are at different frequencies.
We have 

Proposal 7:  Study the signaling support to provide the linkage between a licensed carrier and LAA carrier sharing the same frequency/timing source.


3. Conclusion
In this contribution, we analyze eNB LBT behavior’s effect on the LTE downlink operation and propose the corresponding solution. We have 
Proposal 1: A UE shall ascertain the serving cell is actually transmitting through CRS detection, e,g. comparing the instantaneous SINR of CRS/NZP CSI-RS signal(s) against a threshold when measuring the channel response from CRS/NZP CSI-RS for CSI feedback.

Proposal 2: When measuring interference from CSI-IM, a UE shall ascertain the measurement condition intended by network is met, e.g. comparing the instantaneous SINR of CRS against a threshold.

Proposal 3: When a CSI report is not available due to eNB LBT yield, the CSI report is dropped or a code state is used to indicate to the eNB to discard the CSI report; in PUSCH carried CSI, the lowest CQI Index is used.

Proposal 4: a dependent CSI is allowed to be computed and reported with updated channel information which was previously not available.
Proposal 5: PDSCH transmission on a Type 3 LAA subframe is rate matched according to the number of actually OFDM symbols in a subframe, not according to the maximum number of OFDM symbols in a subframe.
Proposal 6: The transmission duration in a subframe or over multiple subframes from eNB is signaled to UE.  
Proposal 7:  Study the signaling support to provide the linkage between a licensed carrier and LAA carrier sharing the same frequency/timing source.
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