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Introduction
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]In this paper, the degradation in performance of LTE and ISM technologies due to simultaneous operation in adjacent bands is established. We focus on Bluetooth and WLAN as the ISM technologies in this document. The RF interference analysis showing the extent of desense due to coexistence is presented in Section 2. The performance degradation to both LTE and ISM due to the established RF interference is then presented in Section 3.
We propose to include this analysis in the TR, in order to provide a better motivation and description of the coexistence problems that are the focus of the study. Note that in [2], RAN4 has confirmed that degradation of performance is a concern in several coexistence scenarios. Also, the analysis here was previously presented to RAN4 [3].
Proposal: Include the analysis of the coexistence problem below in the TR for the study on LTE ISM coexistence.
[bookmark: _Ref260389758][bookmark: _Ref260390152][bookmark: _Ref264271386]RF Interference Analysis
LTE and ISM technologies working on adjacent frequencies on the same device will have the following interference effects:
· [bookmark: OLE_LINK5][bookmark: OLE_LINK6]ISM device blocking and spurious emission interference to LTE UE
· LTE UE blocking and spurious emission interference to ISM device
In this section we show the total interference impact (from blocking and spurious) at the LTE receiver and at the ISM receiver. For LTE, we consider operation in Band 40 and Band 7. 
The main interference scenario considered here is having one radio transmitting (aggressor) while the other radio is receiving (victim). The focus is on worst case scenarios where the aggressor is transmitting at maximum power and the victim is receiving at sensitivity. The analysis assumes best known filters (based on FBAR technology) for ISM and LTE where filter response variations over temperature and process are considered. Finally, in all coexistence cases, we assume:
· LTE BW: 20MHz
· LTE power: 23dBm
· LTE sensitivity: -92dBm and -94dBm for Band 7 and Band 40 respectively
· BT power: 10dBm
· BT sensitivity: -90dBm
· WLAN power: 20dBm
· WLAN sensitivity: -79dBm
· Antenna isolation: 12 dB
We start with Band 40 LTE –ISM analysis in the next section followed by Band 7 LTE –ISM analysis.
Coexistence Interference in Band 40
In Figure 2‑1 we show the desense caused by LTE to BT and in Figure 2‑2 we show the desense for WLAN. We define desense here to be 10log10(α) where α is the ratio between the coexistence interference and the noise floor. For instance, for Band 40, the sensitivity is -94dBm and the required SNR is -1dB. Hence, the noise floor (KBT+ Noise Figure) is at      -93dBm. Now, if the coexistence interference comes at -90dBm, we consider that to be a desense of 3dB.[footnoteRef:1] In the figures, each row corresponds to one victim center frequency and each column corresponds to one aggressor center frequency. For a given aggressor and victim center frequencies, the cell color indicates the desense impact on the receiver. The color code is as follows: White means no desense, blue means less than 10dB desense, orange means 10-50dB desense and red means more than 50dB desense.  [1:  Strictly speaking, the desense should be defined as 10log10(α+1), but for most cases the coexistence interference is much higher than the noise floor that we can approximate the desense by 10log10(α).] 

A quick look into the results shows that LTE activities in the highest 30MHz of Band 40 can, in the worst case scenario, disrupt BT/WLAN activity over the entire ISM band. Moreover, LTE activity in any portion of Band 40 will have serious impact on the lowest 20MHz of the ISM band.[footnoteRef:2]     [2:  While this may not be an issue for BT which employs adaptive frequency hopping (AFH) and can avoid transmission/reception in the first 20MHz, it is definitely an issue for WLAN channel 1 if it operates in the infra structure mode.] 


[bookmark: _Ref264050293]Figure 2‑1: Coexistence interference impact from LTE in B40 on BT  

[bookmark: _Ref264051005]Figure 2‑2: Coexistence interference impact from LTE in B40 on WLAN
Figure 2‑3 and Figure 2‑4 show the coexistence interference impact on LTE from BT and WLAN respectively. As shown in the figures, any activity in the lowest 20MHz[footnoteRef:3] of the ISM band can, in the worst case scenario, impact LTE activities across the entire Band 40. Also, BT/WLAN activity anywhere within the ISM band could impact the highest 20-30MHz of Band 40. [3:  Again, this frequency range can be avoided in BT by AFH] 


[bookmark: _Ref264052960]Figure 2‑3: Coexistence interference impact on LTE in B40 from BT

[bookmark: _Ref264052975]Figure 2‑4: Coexistence interference impact on LTE in B40 from WLAN
 Coexistence Interference in Band 7
We now move to Band 7 analysis which, in most countries, has a guard band of 20MHz between its uplink and the ISM band. That limits the coexistence problem to only the lowest channel in Band 7, i.e. UL centered at 2510MHz.
Figure 2‑5 and Figure 2‑6 show the coexistence interference impact from LTE in Band 7 on BT and WLAN respectively. As expected, in the worst case scenario, LTE UL in the 2510MHz channel can desense the entire ISM band. For the remaining LTE channels, AFH on BT is required to limit operation to the first 40-60MHz of the ISM band. 
 

[bookmark: _Ref264054045]Figure 2‑5: Coexistence interference impact from LTE in B7 on BT

[bookmark: _Ref264054052]Figure 2‑6: Coexistence interference impact from LTE in B7 on WLAN
Note that Band 7 DL is far enough away from the ISM band to suffer interference. While there may be an interference mechanism here such that a simultaneous transmission of ISM and LTE UL mixes due to non-linearities and falls in LTE, we do not consider such mechanisms in this paper.  
In conclusion, the presented analysis shows significant degradation in sensitivity due to LTE-ISM coexistence on the same device. While the analysis assumes worst case conditions in terms of aggressor transmit power, receiver RSSI and filter variations, we note that coexistence interference extends to a number of cases in nominal conditions. For instance, LTE transmit activities in 2380-2400MHz and/or ISM transmissions in 2400-2420MHz can severely disrupt receive activities in the whole victim band. In addition, the FBAR filters used in the analysis come with additional cost compared to the typically used SAW and ceramic filters. 
The analysis above clearly shows that in a number of LTE and ISM channel combinations, RF filtering is not enough to prevent significant desensing. 

[bookmark: _Ref264275369]Link performance degradation due to simultaneous operation 
As established in Section 2, there are scenarios where simultaneous operation of LTE and ISM can cause severe desense to the technology that is receiving while the other technology is transmitting on the same device. In this section, we consider the performance degradation to LTE and ISM due to this in-device interference. We consider LTE deployed in either the upper 20MHz of Band 40 or at 2510MHz in Band 7 and also consider the  transmit power and received signal strength to be as stated in the assumptions in Section 2.
We show a delay sensitive case for BT which is of interest from an application viewpoint and also difficult from a co-existence viewpoint. The coexistence problem also exists in delay tolerant applications such as WLAN or BT tethering but we don’t consider those in detail here. The degradation in LTE performance is presented in Section 3.1, wherein we only consider LTE TDD deployed in Band 40 since the RF analysis shows that LTE DL in Band 7 may not be affected by BT interference. The degradation in BT performance in presented in Section 3.2, wherein we consider both LTE TDD in Band 40 and LTE FDD deployed in Band 7. 
For the use case of voice traffic over BT, the extended synchronous connection oriented (eSCO) mode with a 6 slot interval (3.75ms) is typically used to send packets. In each eSCO interval, the first two slots are reserved slots which are either a Tx slot followed by Rx slot for Master or an Rx slot followed by Tx slot for Slave. There are opportunities for two retransmissions in the remaining two pairs of slots in the eSCO interval. In order to model the effects of the RF interference shown in Section 2, we use the assumption that whenever BT transmits, the overlapping LTE DL subframes experience an error when LTE is in Band 40. Also, whenever LTE transmits, the overlapping BT Rx slots experience an error. 

[bookmark: _Ref264272117]Degradation in LTE performance
Consider the case of LTE deployed in Band 40 with TDD configuration 1 which effectively has 3 DL subframes and 2 UL subframes in a half-frame (5ms). Since LTE frame structure repeats every 5ms and BT frame structure repeats ever 3.75ms, we only need to consider a time period of length 15ms to evaluate the impact of co-located timelines.
The case of BT having the role of a Master is shown in Figure 3‑1. Since BT can adjust its timing if it is a Master, we show a relative offset such that one of the eSCO interval has a reserved slot pair such that BT Tx overlaps with LTE Tx and BT Rx overlaps with LTE Rx. As seen in the figure, even with the alignment of the timelines, we see that out of the 9 DL subframes within a 15ms interval, four subframes overlap with a BT transmission and would be lost. Therefore, the LTE DL error rate on PDSCH in this case is 4/9 = 44.4%. 


3‑1: LTE TDD in Band 40 and BT Master
The case of BT having the role of a Slave is shown in Figure 3‑2. In this case, the relative offset between the frame structures of LTE and BT can be arbitrary and slowly varying (but fixed for the 15ms interval in our analysis). We see that 5 out of the 9 LTE DL subframes are lost leading to an error rate of 55.5 %. 


3‑2: LTE TDD in Band 40 and BT Slave
[bookmark: _Ref264272230]Degradation in BT performance
In both Master and Slave cases shown with LTE TDD in Section 3.1, we have assumed that there are no additional errors on BT due to the link quality degradation itself and so each eSCO interval ultimately has a successful Tx and Rx slot. However, when realistic link errors are considered, even BT performance will be degraded since the coexistence scenario reduces the number of available slots for proper transmission/reception. For instance, in Figure  3‑1, the third eSCO interval has only one Rx slot remaining and if this is in error then the eSCO Rx packet in this interval is lost. 
For LTE deployed in 2375MHz,  BT->LTE interference can be avoided by BT AFH (leading to no loss to LTE) and the effect of LTE->BT interference is circumvented if there are no BT link errors. However, as mentioned in the previous example, with realistic link errors BT performance degradation will become apparent in this situation also.
In the situation where FDD LTE is deployed in Band 7, the LTE UL subframes will exist all the time for high data rate fullbuffer applications. As shown in Figures 3‑3 and 3‑4, all BT Rx opportunities will be lost in such a scenario leading to 100% error rate for BT Rx (with no loss to LTE). This total loss on BT Rx will also be suffered by any other traffic type on BT such as best effort data or streaming audio (which use the asynchronous connection link, ACL) and irrespective of whether BT is a Master or Slave. A similar issue will exist for WLAN traffic also. In addition to the BT Rx errors, BT Slave suffers from a 100% Tx error rate as well since it needs to receive packets from the Master in order to get transmit opportunities.  


3‑3: FDD LTE in Band 7 with BT Master



3‑4: FDD LTE in Band 7 with BT Slave
Conclusion
In this paper, we have established that severe in-device coexistence issues between LTE and ISM cannot be solved by RF filtering alone. We have provided examples of LTE/ISM timelines to demonstrate the impact of the residual RF interference and showed that simultaneous LTE/ISM operation can lead to high error rates for the LTE downlink and/or ISM packet receptions. 
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