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1 Introduction
In RAN2 it was discussed that current RRM such as RSRP, RSRQ, CQI cannot be relied to detect that ISM interference is affecting LTE DL in band 40. Intermittent operation of ISM and the averaging across multiple sub-frames hides the effect of ISM interference. It is suggested by some companies that that if coordinator between LTE and ISM module informs LTE module exactly when ISM is performing transmission so that LTE can take that sub-frame and perform measurement to find out the effect of ISM. In this document we analyze the relevance of trigger based on measurement performed only on those sub frames where ISM transmission took place. It is also discussed in this paper that this puts a very stringent requirement and high complexity in implementation.
2 Limitation of measurements as a trigger
In-device interference depends on the separation between the LTE and ISM frequencies, degree of transmit receive overlap between the two technologies in time domain, the transmit power level and spurious emissions of LTE and ISM technologies, antenna isolation, LTE and ISM RF filter and receiver blocking characteristics. Different levels of ISM activities have different levels of interference to LTE DL and hence different levels of packet losses.
In-device interference detection and indication trigger by UE is the starting point for the subsequent solution. Following points should be taken into account for the way forward for interference detection and trigger. 

1. Data and ACK transmission by WiFi 

IEEE 802.11g is most popular WiFi system.  It can operate at a max data rate of 54 Mbps. We can calculate how much time it can take for WiFi to transmit 1500 bytes. 

	Calculation:
· Data rate of 54 Mbps means 0.25M Symbols per second. Each symbol is having 216 bits and is of 4usec.
· In 802.11g every data frame has a preamble of 20μs and a signal extension of 6μs at the end of each packet.
· Duration to transmit 1500 bytes of data (in 802.11g) = 20us (preamble) + (1500*8)/(54 Mbit/s) + 6 us (extension) = 248.22 us ~= 3.4 LTE OFDM Symbol.



In 802.11g whenever data is received it is acknowledged by sending ACK frame. ACK frame is of 14 bytes i.e. 112 bits which will take one symbol of 4usec for transmission. 

	Calculation:
· Data rate of 54 Mbps means 0.25M Symbols per second. Each symbol is having 216 bits and is of 4usec.
· In 802.11g every data frame has a preamble of 20μs and a signal extension of 6μs at the end of each packet.
· Duration to transmit 14 bytes of data (in 802.11g) = 20us (preamble) + (14*8)/(54 Mbit/s) + 6 us (extension) ~= 30us ~= ½ LTE OFDM Symbol.



Observation 1: WiFi transmission can be in the range of 30-250 us in general. This time corresponds to ½ LTE OFDM symbol to ~3 ½OFDM symbols.
Let us consider a likely scenario that UE is in good signal strength condition so if there is no ISM interference then measurements will be good. As mentioned above that WiFi transmission can overlap for 3-4 LTE OFDM symbol time duration. Instead of considering extreme cases of continuous WiFi transmission let us consider that there is one WiFi transmission per LTE sub frame time. In this case 3-4 LTE OFDM symbols out of 14 OFDM symbols will be fully corrupted. In LTE 4 OFDM symbols contain Reference Signals (RS) which are used for measurement. OFDM symbols containing RS are distributed in time.. When we consider other amount of data transmission or only ACK transmissions for receiving data, then it is possible that not even a single OFDM symbol carrying RS is affected which means measurement will not detect presence of interference. So it is quite likely that even if because of loss of few OFDM symbol the decoding will fail but still RSRP values might not be affected much because OFDM symbol containing RS might not get affected.
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Figure 1: Corruption of LTE OFDM symbols by WiFi Transmission
If this happens in all sub frames then measurement will not reflect the presence of ISM where as all the packets will be getting lost. In this case if measurement is taken as criteria to trigger the indication then UE will end up silently suffering from ISM. This will ultimately lead to many retransmissions and hence throughput loss and possibly RLF. 
Observation 2: WiFi transmission might not cause significant change in measurement even if measurements are performed exactly on those LTE sub-frames when WiFi has performed transmission. This is because of very short transmission pulse of WiFi.
Issue will become even more sever with 802.11n which is the enhanced version of WiFi for higher data rate. In this case the WiFi transmission time will become shorter even for large amount of data per packet. It will be difficult to accurately locate the WiFi transmission pulse.
Observation 3: IEEE 802.11n which is successor of 802.11g the WiFi transmission pulse will become much shorter and hence impractical to capture the effect in performed measurement.
2. Bluetooth transmission

It is well known fact that Bluetooth supports frequency hopping and advanced frequency hopping (AFH) to mitigate the interference from neighbor ISM device. Hopping sequence is random and it hops across all the Bluetooth channels and for AFH it can dynamically restrict its hopping across some of the channels. Hopping takes place for each transmission. It can easily be understood that taking case of LTE band 40 sometimes Bluetooth transmission can be very close to LTE channel and some time it can be far away from LTE because of hopping. Because of this effect even if measurements are performed in those sub-frames where BT performed the transmission it cannot reliably detect the presence of BT transmission because it might so happen that at that instance BT has done transmission at frequency far away from LTE.
Observation 4: Frequency hopping (and AFH) in Bluetooth causes very high variation in interference caused to LTE and cannot be reliably detected by measurement even if it is performed exactly at the same sub-frame when BT performs transmission.
3. Band 40 case when only ISM DL is affected

LTE TDD band 40 it is possible that only LTE UL is affecting ISM DL. This can happen because the transmission power levels of ISM and LTE can be very different. For example BT performs transmission at 0dBm where as LTE can perform transmission at 23 dBm at cell edge. In this case since only ISM DL is affected no measurement at LTE side can detect the interference.
4. Band 7 case

LTE FDD band 7 only LTE UL affect ISM DL. Similarly for LTE (LTE FDD band 13/14) and GNSS case only LTE UL affects the GNSS. Whereas there is no possibility of LTE DL getting affected and hence no measurement performed on LTE DL will reflect the in-device co-existence. Also since only ISM/GNSS DL are getting affected and they belong to different standards group so RAN2 can’t define trigger conditions to announce that ISM/GNSS are affected by in-device interference. UE implementations will find out what is best way to identify when to send indication to eNB informing there is issue of interference to ISM/GNSS.
Observation 5: There are various scenarios where measurement can not at all detect the in-device interference even if measurements are performed exactly on those sub-frames where ISM transmission took place. 
Observation 6: It is not advisable to have different method of interference detection for different scenario because of UE implementation complexity point of view. 

3 UE implementation complexity issues

So far we have analyzed that there are many scenarios where measurement cannot detect the presence of in-device interference reliably. Now we will discuss the UE implementation complexity to achieve it. 
It is assumed that there is one coordinator between LTE module and ISM module and communication between LTE and ISM is done through the coordinator. 

802.11g follows the principle of CSMA so each WiFi device waits for DIFS (can be 28 us for 802.11g) period and if medium is free during whole DIFS period then it can immediately perform the transmission. Else if medium becomes busy during DIFS period it waits for DIFS period and then starts the contention period based on a generated random number (say R)  between 0-15 (CWmin). 

It waits for R*Slot time before performing the transmission. If channel is still free for this contention period then it performs transmission but if it detects any transmission then it again waits for DIFS period and starts contention period again. The mechanism is shown in Figure 2 below. 
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Figure 2: WiFi CSMA operation
It can be seen that in some cases almost there is no time available for ISM module to inform LTE module that ISM is about to start the transmission and LTE module should start its DL measurement so that interference can be detected and measured. Whereas in some case few microseconds as low as 9-10 us are available for inter-module communication which is very stringent requirement for two chip implementation. 
Observation 7: Mostly the time available for inter-module communication between ISM and LTE is very small in the order of few us (and some case no time available at all). These kinds of timeline are very stringent requirements to meet from UE implementation point of view.
Since received signal changes to a high dynamic range an Automatic Gain Control (AGC) is used to provide almost constant output of the received signal so that rest of the circuits does not need to have a very large dynamic range. If the circuit is exposed to a sudden pulse of interference (WiFi Transmission) then there is possibility that AGC loop handling becomes complicated. 
It is well know that when ISM (say WiFi) operate very close to LTE the desense level can be as high as 50dB or more depending on ISM power level. It means there can be addition power of more than 50 dB will be received by LTE RF chain. If we consider that UE is at cell center where it will be receiving very good power from base station and if additional power of more than 50dB from ISM is added then there could be issue with RF circuit as the RF circuits are very sensitive. However it is possible to have RF limiter to protect sensitive RF circuit and some protection mechanism for AGC but it is not good to mandate intentionally exposing UE RF circuit to severe ISM power for the purpose of measuring it directly. 

Observation 8: It is not good to mandate intentionally exposing UE RF circuit to severe ISM power for the purpose of measuring it directly. 
As discussed above measurement as trigger to indicate eNB about in-device interference is not reliable and in many cases it is not at all applicable. It put very stringent requirement for inter-module communication which are quite complex from UE implementation point of view.  Also there is not enough gain for UE to misbehave or rather misuse this trigger for certain advantage as it is more probable that UE might get affected more rather than gaining something from this mechanism by false reporting the in-device interference issue to eNB. 

So it is better that it is left to the UE implantation to identify the in-device interference and trigger the indication to inform the eNB about in-device interference. 
Proposal 1: Measurement at LTE DL has low relevance and very high implementation complexity to be used as trigger for sending in-device interference indication. 

Proposal 2: It is better that it is left to the UE implementation to identify the in-device interference and trigger the indication to inform the eNB about in-device interference.  
4 Proposal
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Proposal 2: It is better that it is left to the UE implementation to identify the in-device interference and trigger the indication to inform the eNB about in-device interference.  
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