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Discussion and Decision
1 Introduction 
In RAN2-71 meeting, the coexistence scenarios, usage scenarios and potential solutions for the in-device coexistence interference issue were discussed and the following wayfords were arrived at last [1]:
	1. Four usage scenarios:

1) LTE + BT earphone
2) LTE + WiFi portable router

3) LTE + WiFi offload

4) LTE + GNSS Receiver
2. Three potential modes:

1)Uncoordinated mode

2)Coordinated within UE only

3)Coordinated within UE and with network

3. Three potential solutions:

1)Move LTE Signal away from ISM Band

2)Move ISM Radio Signal away from LTE Frequency Band

3)Time Division Multiplexing (TDM)


Among the above four usage scenarios, for scenrario 1) LTE+BT earphone, it’s thought that the BT SIG is developing it’s own solution for coexistence with LTE (Band 40)[2]. For scenario 4) LTE+GNSS Receiver, LTE side will not be interfered but only the GSNN side will be affected, and besides that, the minimum time required for GNSS receiver to receive useful signal is quite long to compute the position which may make us take more considerations to find out a suitable solution. For the remaining two scenarios (i.e. scenario 2) and scenario 3)), WiFi is now widely used in some areas, so in this contribution, we focus on these two scenarios and discuss the possible solutions.
2 Discussion
The LTE Band40 will impact on ISM Band (2.4G) and vice versa. For the other Bands in LTE, e.g. Band7/13/14, only the in-device radio with LTE will be impacted while LTE will not be impacted at all. In this contribution, the potential solutions for avoiding the in-device coexistence interference in usage scenario 2) and 3) are discussed considering the LTE Band40 and ISM Band (2.4G).
2.1 frequency domain solutions
	The in-device coexistence interference will arise if the two radios collocated in the same device operate in adjacent band with small frequency separation. On the contrary, if the frequency space between the two collocated radios is large enough, i.e. exceeds the Minimum Center Frequency Space, there will be no in-device coexistence interference any more. Table 1 is the experimental results of the Minimum Center Frequency Space of LTE Band40 and ISM Band /WLAN (2.4G) [3].
Aggressor
	Victim
	Minimum Center Frequency Space（MHz）

	
	
	Antenna isolation

	
	
	10dB
	15dB
	20dB

	LTE band 40
	WLAN
	58MHz
	52MHz
	50MHz

	WLAN
	LTE band 40
	56MHz
	50MHz
	46MHz

	LTE band7
	WLAN
	60MHz
	52MHz
	50MHz


Table 1
According to the experimental Minimum Center Frequency Space result in Table 1, take the antenna isolation 15dB for example, if WiFi uses channel1 (2.412G) then we get the Danger zone (LTE working on the frequencies in Danger zone will cause interference to WiFi) and Safety zone (LTE working on the frequencies in Safety zone will not cause interference to WiFi) in Band40 (illustrated in Figure 1). Similarly, If LTE uses 2.390G as center frequency we can also get the Danger zone (WiFi working on the frequencies in Danger zone will cause interference to LTE) and Safety zone (WiFi working on the frequencies in Safety zone will not cause interference to LTE) in ISM Band 2.4G (illustrated in Figure 1). Thus we can see that if both LTE and WiFi work on the crossponding safety zone, there will be no in-device coexistence interference between LTE and WiFi.
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Figure 1
Observation1: LTE works on the safety zone of Band40 (e.g. 2.300~2.360GHz) will not cause interference to WiFi. WiFi works on the safety zone of ISM Band (e.g. 2.440~2.480GHz) will not cause interference to LTE. Both LTE and WiFi work on the corresponding safety zone will not cause interference to each other.
We now have two wayforwards for in-device coexistence interference avoiding, one is frequency domain solutions and the other is time domain solutions. Frequency domain solutions are less complex compared to the time domain solutions. So we should consider frequency domain solutions first and then the time domain solutions if the former can’t resolve the issue. There are two frequency domain solutions on talbe：1)Move LTE Signal away from ISM Band and 2)Move ISM Radio Signal away from LTE Frequency Band. The two frequency domain solutions are analysed below one by one.
Move LTE Signal away from ISM Band
From the analysis above, we can see that if LTE uses the frequencies in the safety zone of Band40 (e.g. 2.310~2.360GHz) or frequencies on other LTE Bands, LTE will not cause interference to WiFi and if WiFi uses the frequencies in the safety zone of ISM Band at the same time, there will be no interference at all. So if the network has such frequencies in the safety zone of Band40 or on other LTE Bands, the LTE UE could be switched to these frequencies to avoid in-device coexistence interference. Unfortunately, there’s no such frequency in all of the real deployments, for example, in the network of deployed only with single sub-band [4] and in all the other scenarios indicated in [4].
In addition, from our analysis in [5], we believe that the current RRM measurement and CQI measurement in LTE is not sufficient to detect and report the interference from WiFi. Thus, if the solution ‘Move LTE Signal away from ISM Band’ wanted to be adopted, the ‘coordinated within UE and with network’ mode must be used to detect and inform the eNB the interference as soon as possible.
Conclusion1: The frequency domain solution Move LTE Signal away from ISM Band could be applied only if the UE can find a cell working on the safety zone of Band40 or on other LTE Bands. And the ‘coordinated within UE and with network’ mode must be adopped to detect the in-device coexistence interference.

Move ISM Radio Signal away from LTE Frequency Band
From the analysis above, we can see that if WiFi uses the frequencies in the safety zone of ISM band (e.g. 2.440~2.480GHz), WiFi will not cause interference to LTE. Thus it is quite intuitive to change the channel to the channels in the safety zone to avoid in-device coexistence interference on LTE.
In usage scenario 2) LTE + WiFi portable router, the WiFi transceiver is operated as an AP and has full control on frequency channel and transmitting power. If the WiFi-AP can get the frequency configuration information of LTE, it is quite easy for the operators or users to manually or using smart software to configure/change AP's working channel to the safety zone 
In usage scenario 3) LTE + WiFi offload, the WiFi transceiver of the UE operates as a terminal (not AP) in infrastructure mode. It is difficult for the WiFi radio to change the configured frequency channel. But in fact in this case, in order to support to offload some of the traffics to LTE, the operator, who knows well about the LTE frequency configuration, can configure the associated AP to work on the safety zone. This depends on the policy of the operator.
From the analysis above, we find that in both usage scenarios, the frequency domain solution Move ISM Radio Signal away from LTE Frequency Band could work utilizing the ‘Coordinated within UE only’ mode, with the cost that the channels in danger zone can’t be used by the WiFi network. 
Conclusion2: The frequency domain solution Move ISM Radio Signal away from LTE Frequency Band could work utilizing the ‘Coordinated within UE only’ mode, with the cost that the channels in danger zone can’t be used by the WiFi network.
Based on the analysis above, the frequency domain solution Move ISM Radio Signal away from LTE Frequency Band could work utilizing the ‘Coordinated within UE only’ mode, but it depends on the policy of the operator/user, and will restrict the WiFi network to work only on the safety zone, which may be unacceptable to some operators. While the other frequency domain solution Move LTE Signal away from ISM Band could be applied only if the UE can find a cell working on the safety zone of Band40 or on other LTE Band. But unfortunately, there’s not always such frequency in all of the real deployments. Thus, we believe that the time domain solutions need to be explored anyway, although it is more complex than the frequency domain solutions.
Proposal1: The time domain solutions need to be explored anyway, although it is more complex than the frequency domain solutions.
2.2 time domain solutions
In usage scenario 2) LTE + WiFi portable router, LTE is considered as a backhaul link to access the Internet, and the connectivity is shared by the WiFi. The WiFi here is an Access Point and may have one or more non-STAs associated with it and the collocated LTE device here is quite like a Relay Node (illustrated in Figure 3), which makes the condition quite complicated. In addition, considering that the application is not really popular yet, we think that we should first focus on usage scenario 3). Thus the potential time domain solutions are analysed based on usage scenario 3) in the following discussion.
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Figure 3
The WiFi MAC architecture has three kinds of functions, DCF (Distributed Coordination Function), PCF (Point Coordination Function) and HCF (Hybrid coordination function, including EDCA and HCCA). Among the three functions, DCF is the fundamental medium access protocol and shall be implemented in all STAs while HCF is only supported by QoS STAs. So when looking for the time domain solutions for usage scenario 2) and 3), we could first start with the DCF access method.
DCF is the fundamental access method of the IEEE 802.11 MAC which is known as carrier sense multiple access with collision avoidance (CSMA/CA). A STA (both non-AP STA and AP STA) desiring to initiate transfer of data MPDUs and/or MMPDUs shall invoke the CS mechanism to determine the busy/idle state of the medium. If the medium is determined to be idle for a duration of DIFS (DCF interframe space), the STA will invoke a backoff procedure. After the backoff timer is decreased to zero, the frame that triggers the above CS mechanim could be transmitted.
If the medium is determined to be busy at any time during a backoff slot, then the backoff procedure is suspended; that is, the backoff timer shall not decrement for that slot. The backoff procedure is resumed if the medium is determined to be idle for the duration of DIFS.

A backoff procedure shall be performed immediately after the end of every transmission with the More Fragments bit set to 0 of an MPDU of type Data, Management, or Control with subtype PS-Poll, even if no additional transmissions are currently queued.
Figure 2 depicts the basic access mode of DCF in WiFi. The function is with no difference for AP STA and non-AP STA. 
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Figure 2
The wireless medium is determined as available only if it is detected be in the idle state for a period of DIFS. And the backoff procedure will be supended if the medium is determined to be busy at any time during a backoff slot. So the actual transmission time of the in-device coexistence WiFi is largely depended on the amount of STAs/transmissions. If there is only one STA/transmission or a few STAs/transmissions, the defer acess time between two consecutive frames for a particular STA will be quite short. While in contrast, if there are quite a few STAs/transmissions the defer acess time between two consecutive frames for a particular STA will be much longer than the previous case. To ensure the Qos requirement of the traffic(s) both in LTE and WiFi, when searching for the detail time domain solutions for usage scenario 2) and 3), we should differentiate the above two cases.
The most popular WiFi version now is IEEE802.11g. Providing 11g case, the air interface data rate could reach 54Mbps. But considering the MAC overhead, the effective MAC throughput might be 35%~40% of the AI data rate, e.g. around 20Mbps in best case. Thus, in the following analysis, we assume the OFDM PHY and with the data rate of 20Mbps.
Proposal2: The time domain solutions should be anslysed based on the principle that both the Qos requirement of the traffic(s) in LTE and WiFi should be ensured as much as possible.
Case1. one STA/transmission or a few STAs/transmissions
Each time after a successful transmission, the STA will trigger a backoff procedure with the CW (contention window) parameter cleared and setted to the initial value of aCWmin, which is typically less than 200us (the caculation of the backoff time is in Annex). If there is only one STA/transmission, the number of STAs contending and using the medium will be quite few and thus the time span between two successive transmissions of a specific STA could be very short, such as a duration of 253us [Annex]. That is, when considering the time domain solution for the in-device coexistence interference, if there is only on STA/transmission or a few STAs/transmissions in the environment, and if the in-device WiFi has consecutive data to transimit, there’s hardly any spare time (i.e. WiFi is not transmitting and will not cause interference to LTE) could be assigned for LTE during the consecutive data being transmitted according to the DCF function.
Take the FTP traffic for example [7]. 
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Figure 4
Assuming the file size is 5Mbytes, then the time needed to transmit one file is (not including the DIFS+Backoff time between two successive frame in DCF):
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The WiFi will impact on LTE during this 2000ms period.
For usage scenario 3), both the LTE and WiFi transmitter operates as a terminal (i.e. non eNB and non AP). The transmission of WiFi will impact only on one LTE user, vice versa. Considering the above analysis into consideration, the first one come to mind is either to restrict the downlink scheduling of LTE UE in this 2000ms period or to take some actions to make WiFi not contend for medium resource consecutively to complete sending the FTP file. Of couse, both should guarantee the Qos requirement of the traffic(s) in LTE and WiFi.
If the LTE UE has few data to receive, such as LTE UE is in a long DRX state (the longest DRX cycle in LTE is 2560ms [8], which is longer than 2000ms), the LTE could inform the in-device STA about this time information and the STA could send the FTP file during the off-duration time of the LTE long DRX. In this situation, the ‘Coordinated within UE only’ is applied and could solve the in-device coexistence interference issue.
If the LTE UE has quite a lot data to receive, such as LTE UE is in a short DRX state or non-DRX state, we think that there may be two potential time domain solutions. One is the LTE inform the in-device STA about the short DRX time information (The active time of the DRX is affected by a lot aspects in LTE, so here only some coarse statistical information is transferred.) and the in-device STA contends for medium resource taking the above time information into consideration to ensure that the STA transmission occurs in the duration of LTE’s off-duration period as much as possible, if both the Qos requirement in LTE and WiFi could be guaranteed. This is also a kind of ‘Coordinated within UE only’ mode. The other one is the LTE and WiFi negotiate some kind of distributing time for one radio to receive but the other radio not to transmit at the same time. This solution can be realised only with the ‘Coordinated within UE and with network’ mode.
In all of the above potential solutions, the WiFi should adjust its time for contending wireless medium which is a kind of implementation issue without impacting the standard working. 
Conclusion3: some kind of time domain solutions should be explored using ‘Coordinated within UE only’ or ‘Coordinated within UE and with network’ mode in case1.
Case2. quite a few STAs/transmissions

Each time a STA desiring to initiate transfer shall invoke the CS mechanism to determine the busy/idle state of the medium. And the frame could be transfered only if the medium is determined to be idle for a duration of DIFS and the STA’s backoff procedure finished (referred as defer access time). If there are quite a lot STAs/transmissions the defer access time between two consecutive frames for a particular STA will be much longer than case1, reaching dozens of ms (e.g 50ms [10]). 
For WiFi, the max MSDU size is 2304 bytes and max A-MSDU size is 3839/7935 bytes depending on STA's capability on 20MHz/40MHz in 11n. The corresponding max A-MPDU might be 7995 bytes. If we take the maximum A-MPDU size as 7995bytes (≈8kbytes) and the defer access time between two successive frames as 50ms for example, assuming the the OFDM PHY and with the data rate of 20Mbps, the transmission and slience (time that STA is not transmitting) time distribution is depicted as in Figure 4.
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Figure 5
From the time distribution character in Figure2, we find that the transmission time of STA is quite less compared to the long silence period, which is quite similar like the measurement gap in LTE ,e.g 6ms MGL within the 40ms/80ms MGPR[9]. So if the measurement gap information could be transfered to the in-device STA and then the in-device STA take this information into consideration when contending for medium to ensure that the STA transmission occurs in the duration of MGL of LTE as much as possible.
LTE Band 40 is just for TDD mode and from the analysis in Figure 4 we can find that the transmission time is almost 3ms. So we can also make use of the TDD Uplink-downlink configurations when looking for the time domain solutions. For example in the Uplink-downlink configurations 0/3/6, we will have 3 consecutive uplink subframs. If the LTE UE happens to use these 3 configurations, the Uplink-downlink configurations could be transfered to the in-device STA and then the in-device STA should take this information into consideration when contending for medium to ensure that the STA transmission occurs in the duration of uplink subframe of LTE as much as possible. 

All of the above potential solutions utilize the ‘Coordinated within UE only’ mode and the WiFi should adjust its time for contending wireless medium which is a kind of implementation issue without impacting the standard working. The Qos requirement of both the LTE traffic and WiFi traffic could be ensured and the in-device coexistence interference could be avoided in this way.
Conclusion4: The time domain solution could be explored based on the ‘Coordinated within UE only’ mode in case2, such as utilizing the measurement gap or Uplink-Downlink configurations in LTE.
Based on the above analysis, we propose that the time domain solutions should be carefully researched basen on the coordinated mode, utilizing the DRX/measurement gap/ Uplink-Downlink configurations in LTE as much as possible.
Proposal3: The time domain solutions should be carefully researched basen on the coordinated mode, utilizing the DRX/measurement gap/ Uplink-Downlink configurations in LTE as much as possible.
3 Conclusion 
Observation1: LTE works on the safety zone of Band40 (e.g. 2.300~2.360GHz) will not cause interference to WiFi. WiFi works on the safety zone of ISM Band (e.g. 2.440~2.480GHz) will not cause interference to LTE. Both LTE and WiFi work on the corresponding safety zone will not cause interference to each other.
Conclusion1: The frequency domain solution Move LTE Signal away from ISM Band could be applied only if the UE can find a cell working on the safety zone of Band40 or on other LTE Bands. And the ‘coordinated within UE and with network’ mode must be adopped to detect the in-device coexistence interference.
Conclusion2: The frequency domain solution Move ISM Radio Signal away from LTE Frequency Band could work utilizing the ‘Coordinated within UE only’ mode, with the cost that the channels in danger zone can’t be used by the WiFi network.
Proposal1: The time domain solutions need to be explored anyway, although it is more complex than the frequency domain solutions.
Proposal2: The time domain solutions should be anslysed based on the principle that both the Qos requirement of the traffic(s) in LTE and WiFi should be ensured as much as possible.
Conclusion3: some kind of time domain solutions should be explored using ‘Coordinated within UE only’ or ‘Coordinated within UE and with network’ mode in case1.
Conclusion4: The time domain solution could be explored based on the ‘Coordinated within UE only’ mode in case2, such as utilizing the measurement gap or Uplink-Downlink configurations in LTE.

Proposal3: The time domain solutions should be carefully researched basen on the coordinated mode, utilizing the DRX/measurement gap/ Uplink-Downlink configurations in LTE as much as possible.
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5 Annex
Backoff time caculation formula in 802.11

	Backoff Time = Random() × aSlotTime
where

Random() = Pseudo-random integer drawn from a uniform distribution over the interval [0,CW], where CW is an integer within the range of values of the PHY characteristics aCWmin and aCW-max, aCWmin  ≤ CW  ≤ aCWmax. It is important that designers recognize the need forstatistical independence among the random number streams among STAs.

aSlotTime = The value of the correspondingly named PHY characteristic.


Take the typical initial CW attempt 7 for example, and assume the OFDM PHY with 5MHz channel spacing, the aSlotTime is 21us:
Backoff Time = 7 * 21 = 147us

DIFS calculation formula in 802.11

	DIFS = aSIFSTime + 2 × aSlotTime


Assume the OFDM PHY with 5MHz channel spacing, the aSIFSTime is 64us:
DIFS = 64 + 2* 21 = 106us
Then the total time span between two successive frame is DIFS +Backoff Time = 253us
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