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Introduction
In RAN#48 it is agreed to include study item on “Signalling and procedure for in-device coexistence interference avoidance”. The main intention of this study item is to study the nature of issue, usefulness of existing RRM mechanism to deal with coexistence issues and come up with effective solution for coexistence if required. The purpose of this document is to understand the nature of the issue related with coexistence of LTE with ISM technologies (Bluetooth, Wi-Fi) and GNSS.
Discussion
Coexistence of LTE with ISM (Bluetooth, Wi-Fi) band technologies and GNSS is necessary to be provided as these are becoming very common combinations in mobile handsets [1]. Each of these technologies is developed by different groups to serve specific purpose. Characteristics of each of these technologies are different. They operate in different frequencies; have different access mechanism, have different frame structure and peak transmit power. It is important to understand the nature of coexistence issues with these devices separately.
The main cause of collocated co-existence issues are because of 

1. Receiver Blocking : Limited dynamic range of PA, ADC
2. Out of band Emission: Imperfect filtering
 When two radios operate in adjacent band (small separation e.g. <20MHz) usually 50 dB isolation is required. Small form factor of UE provides only 10-30 dB isolation. As a result transmitter of one radio severely affect receiver of another radio. 
Coexistence with Bluetooth
Separation between LTE band 7 UL and Bluetooth is 20 MHz. Band 7 is FDD so in this case LTE receiver is not affected by Bluetooth where as LTE transmitter can affect Bluetooth receiver. There is very negligible separation of 2MHz between LTE band 40 (TDD) and Bluetooth. This is the case which needs to be taken care of more carefully. It is not possible to stop using higher portion of band 40 in case of coexistence so some solution is required. It is worth understanding what BT SIG is doing to avoid any interference to/from LTE before we start building solution in RAN2. Fig.1 shows the Bluetooth channels and available separations.
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Fig. 1: Bluetooth channels in ISM band

Ongoing Activities in BT standard

1. Pure filter based solution [3]: Filter expert group has recommended at least 20 MHz separation is needed between LTE and BT for co-existence. More Stringent emission mask requirements are proposed so that current filter technologies can be used to provide sufficient rejection for interference. It is possible to use this solution if LTE is operating in band 7 as 20 MHz separation is present and rest of the separation Adaptive Frequency Hopping mechanism of BT can provide by avoiding higher frequencies of ISM band. This solution will not be of much help when LTE is operating in band 40 as there is no separation available
· Specially in India where only one band is available with operators and in some cases it is higher frequencies of band 40

2. Pure TDM solution [2]: Time sharing mechanism between LTE and Bluetooth is getting discussed for Bluetooth standards. Partner companies have voted in favor of completion of time sharing solution. Current study in BT standard is to consider co-existence with LTE when LTE is operating in TDD band 40. Time alignment between BT and LTE will be needed for this solution. It is assumed that it can be provided by LTE in implementation specific manner (no change to LTE spec). Standard (or proprietary) interface for BT called co-existence signaling and messaging is also part of Bluetooth standard. By time alignment Bluetooth will be able to adjust its transmission and reception such that reception in BT coincides with LTE DL and transmission in BT coincides with LTE UL. Some of the specific BT slots will be punctured to avoid interference. Role switch between master and slave is considered so that collocated BT can become master to perform time alignment. BT master schedule transmission and reception in the piconet (master and slave) so that there is no impact to LTE receiver and impact because of LTE transmitter to BT is minimized. Co-existence information mask mechanism is provided so that master can inform the slave about available BT transmission and reception opportunities while LTE is active.
3. Hybrid solution [2]: Hybrid solution is also considered for more robust operation. It is combination of Filter based solution and TDM solution. It is proposed to use reduced ISM band (lower portion of ISM not used for Bluetooth (2400-2420 MHZ). Transmit and receive frequency map to indicate which frequencies are good (even without time alignment so normal BT operation) and which are bad (so TDM operation on those frequencies) is supported. This map is dynamic and can be derived from LTE activity. It is more robust solution however it needs to be judged by manufacturer in which case what is the most suitable solution

Core feature requirements for co-existence are defined in [4]. Three popular application are considered as of now a) conversational audio, b) human interface device, c) high quality uni-directional audio
Initial assessment done by BT SIG suggests that all the performance related requirements in co-existence case are satisfied with TDM/Hybrid mode of operation.
Proposal 1: Coexistence with BT is simple for band 7 because of enough separation. BT SIG is developing it’s own solution for coexistence with LTE (Band 40) so RAN2 doesn’t need to develop it’s own solution targeting BT.
Proposal 2: It is better to send LS to BT SIG to get their status and performance of proposed solution.

Co-existence with Wi-Fi

There are 14 channels demarcated in ISM band for Wi-Fi operation. Each channel has 5 MHz separation from other channel with an exception of channel number 14 where separation is 12 MHz. Channel 1 starts with 2401 MHz so there is almost nil separation between LTE band 40 and Wi-Fi. Channel 14 of Wi-Fi ends at 2495 MHz so theoretically only 5 MHz separation is available between LTE band 7 and Wi-Fi. Different countries have different policies for number of allowed channels of Wi-Fi. Most of the countries allow only channel 1 to 13 where as only in Japan usage of channel number 14 is allowed that too only for IEEE 802.11b. Most popular Wi-Fi version is IEEE 802.11g. This suggest even though in theory only 5 MHz separation is available between Wi-Fi and LTE band 7 but in practice at least 17 MHz is available.

[image: image2.emf]ISM Band Band 40 TDD TDD Band 7 FDD UL Band 7 FDD DL

2500MHz 2400 MHz 2300MHz 2600MHz

2483.5MHz

G

u

a

r

d

B

a

n

d

Wi-Fi 14 Channels

(2401-2495 MHz)


Fig. 2: Wi-Fi channels in ISM band

Multi access PDN connectivity and IP flow mobility [4] is gaining popularity. Network operators will be having choice to offload less important (less revenue generating) traffic to Wi-Fi (if available) to reduce the congestion on LTE NW. This makes it very important to consider in device coexistence with Wi-Fi as primary candidate for coexistence solution.
It is possible if UE vendors avoid using Wi-Fi channels near adjacent band then implementation specific filter based solutions will be sufficient. However if there is strong justification to have coexistence with Wi-Fi even in channels very close to adjacent LTE band then it needs to be carefully investigated if existing RRM solutions in LTE are sufficient or some new solution need to be provided in RAN2.
Wi-Fi works in principles of CSMA/CA so it’s activities are not easy to predict. Whenever channel is free it sends RTS/CTS and data. Some inferences can be drawn from Wi-Fi study:

1. For LTE band 7 possibly nothing is required to do as Wi-Fi can sense the channel and operate as and when there is no inference. To provide some more relief a loose co-ordination can be provided where it is informed to eNB about collocation scenario and eNB can schedule UE with collocation activity in resource blocks which are higher side (near PUCCH) in frequency to provide more separation so that filters can work properly.

2.  For LTE band 40 since there is no separation available so some kind of time sharing mechanism might be required.

3. IEEE 802.11y operates in 3.6GHz range and when 3.4-3.6 GHz spectrum will be used for LTE-A then also there is no issues as almost 50MHz separation is available.

4. IEEE 802.11v has defined co-existence interference reporting mechanism between terminal and Access point. But this might not be sufficient to rely on it.

Proposal 3: Defined solution cannot be band specific so for Wi-Fi coexistence with LTE some time sharing solutions will be required if existing RRM solutions are not sufficient to handle the interference.
Proposal 4: Send LS to RAN4 to get understanding that is it sufficient to have some co-existence mechanism with Wi-Fi for LTE band 40 (TDD) or LTE band 7(FDD) also needs to be considered.
Co-existence with GNSS

Positioning systems based on GNSS are very popular in handset. Examples of GNSS include GPS, Modernized GPS, Galileo, GLONASS, Space Based Augmentation Systems (SBAS), and Quasi Zenith Satellite System (QZSS) [5][6]. GNSS systems operate in various frequencies globally with country specific deviations. Operator countries of various GNSS systems are planning upgrade into system by introducing new signals for better utilities
· Frequencies of operation for GPS, Modernised GPS: L1 (1575.42 MHz), L2(1227.6 MHz), L1C (1575.42 MHz), L2C (1227.6MHz), L5(1176.45 MHz)
· Frequencies of operation for Galileo: E1(1575.42MHz), E5A(1176.45 MHz), ALTBOC(1191.795MHz), E5B (1207.14 MHz), E6(1278.75 MHz)
· Frequencies of operation for GLONASS:  L1(1602.0 MHz), L2 (1246.0 MHz)
· Frequencies of operation for Compass: Same frequencies as Galileo
· Frequencies of operation for QZSS and SBAS: Same frequencies as GPS
It is important to divide complete issue of collocated coexistence so worth investigating that can GNSS be affected by band 40 and band 7 LTE operation. Some inferences can be drawn that:

1. It is evident from above that; frequencies for GNSS are far from band 7 and band 40 so should not be any effect of collocation in these bands.
2. Atleast there is a separation of approximately 80MHz available between GNSS [L1 (GPS) E1 (Galilio)] and closest LTE band i.e. band 21.GNSS signals are very week and usually require double amount of separation from their bandwidth [1] but still possibly filters can provide some relief
Problematic cases for collocated GNSS and LTE

1. For GNSS it is important to understand that intermediation and harmonics can also cause issues, e.g. band 13/14 can cause interference to L1/E1 frequency of GNSS as it is close to second harmonics of band 13/14.

2. Galileo is supporting proposal for new global allocation at 2.5 GHz for GNSS. World Radio communication Conference meeting to be held in2012 in this regard [5]

·  Will be affected by band 7 LTE collocated operation

3. Indian Regional Navigation Satellite System uses (IRNSS standard position and restricted services are transmitted on L5 (1164-1215 MHz) and S (2483.5-2500 MHz) bands. [5]

· Will be affected by band 7 LTE collocated operation
Proposal 3: GNSS and LTE operation in certain bands can cause coexistence issues and some solution is needed if existing RRM mechanism are not sufficient.
However it is important to understand that frame structure of GNSS is very long (e.g. Galileo minimum page is 1 sec, multiple pages make sub frame, and multiple sub frames make frame). So minimum time required for GNSS receiver to receive useful signal is in the order of 600ms to 1s to compute the position (Hot state). This operation repeats every few seconds so it makes time sharing solution little bit impractical because in that case LTE UL has to wait for unreasonably long time. 
Proposal

In this contribution, we present the exact nature of different technologies with which LTE need to coexist in one device. From the reasoning given above following inferences can be drawn
Proposal 1: Coexistence with BT is simple for band 7 because of enough separation. BT SIG is developing it’s own solution for coexistence with LTE (Band 40) so RAN2 doesn’t need to develop it’s own solution targeting BT.
Proposal 2: It is better to send LS to BT SIG to get their status and performance of proposed solution.

Proposal 3: Defined solution cannot be band specific so for Wi-Fi coexistence with LTE some time sharing solutions will be required if existing RRM solutions are not sufficient to handle the interference.

Proposal 4: Send LS to RAN4 to get understanding that is it sufficient to have some co-existence mechanism with Wi-Fi for LTE band 40 (TDD) or LTE band 7(FDD) also needs to be considered.

Proposal 5: GNSS and LTE operation in certain bands can cause coexistence issues and some solution is needed if existing RRM mechanism are not sufficient.

Proposal 6: Discuss and adopt the proposed text for TR-36.816 “Signalling and procedure for in-device coexistence interference avoidance”.
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Text for TR-36.816 “Signalling and procedure for in-device coexistence interference avoidance”
1. Introduction
Coexistence of LTE with ISM (Bluetooth, Wi-Fi) band technologies and GNSS is necessary to be provided as these are becoming very common combinations in mobile handsets [1]. Each of these technologies is developed by different groups to serve specific purpose. Characteristics of each of these technologies are different. They operate in different frequencies; have different access mechanism, have different frame structure and peak transmit power. When these devices operate simultaneously in one platform there is severe interference from one radio to another radio and collocated co-existence issues arise. 
The main cause of collocated co-existence issues are because of 

1. Receiver Blocking : Limited dynamic range of PA, ADC
2. Out of band Emission: Imperfect filtering
 When two radios operate in adjacent band (small separation e.g. <20MHz) usually 50 dB isolation is required. Small form factor of UE provides only 10-30 dB isolation. As a result transmitter of one radio severely affect receiver of another radio.
To solve co-existence issues it is essential to first understand the characteristics of target technologies to exist in one platform and operate simultaneously.  
2. Target Technologies for Co-located coexistence
2.1.  Bluetooth

2.1.1. Characteristics of Bluetooth

Bluetooth operates in 79 channels of 1 MHz each in ISM band. Frequency hopping mechanism is defined in the spec so that BT master and slave can hop across all 79 channels to minimise the effect of interference from other devices operating in already crowded ISM band. Fig.1 given below captures the BT operating band and neighbor bands.
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Fig. 1: Bluetooth channels in ISM band

In case of collocation with BT and LTE band 40 (TDD) there is only 2 MHz separation available so transmitter of LTE will affect receiver of BT and vice-versa. There is a separation of 20 MHz available in case of collocation of BT and LTE band 7. Since band 7 is FDD band so there is no effect of LTE receiver because of BT transmitter but BT receiver will be affected by LTE transmitter. Problem is less serious in case of band 7 LTE and BT coexistence compared to band 40 LTE and BT coexistence.
BT SIG has identified this issue and developing their own solution so that there is minimal impact of LTE onto BT and vice-versa.

2.1.2. Ongoing activities in Bluetooth SIG

There are three possible solutions are under discussion:

1. Pure filter based solution [3]: Filter expert group has recommended at least 20 MHz separation is needed between LTE and BT for co-existence. More Stringent emission mask requirements are proposed so that current filter technologies can be used to provide sufficient rejection for interference. It is possible to use this solution if LTE is operating in band 7 as 20 MHz separation is present and rest of the separation Adaptive Frequency Hopping mechanism of BT can provide by avoiding higher frequencies of ISM band. This solution will not be of much help when LTE is operating in band 40 as there is no separation available. In principle pure filter based solutions are possible but cost and size of such solution put limit to its usefulness.
2. Pure TDM solution [2]: Time sharing mechanism between LTE and Bluetooth is getting discussed for Bluetooth standards. Partner companies have voted in favor of completion of time sharing solution. Current study in BT standard is to consider co-existence with LTE when LTE is operating in TDD band 40. Time alignment between BT and LTE will be needed for this solution. It is assumed that it can be provided by LTE in implementation specific manner (no change to LTE spec). Standard (or proprietary) interface for BT called co-existence signaling and messaging is also part of Bluetooth standard. By time alignment Bluetooth will be able to adjust its transmission and reception such that reception in BT coincides with LTE DL and transmission in BT coincides with LTE UL. Some of the specific BT slots will be punctured to avoid interference. Role switch between master and slave is considered so that collocated BT can become master to perform time alignment. BT master schedule transmission and reception in the piconet (master and slave) so that there is no impact to LTE receiver and impact because of LTE transmitter to BT is minimized. Co-existence information mask mechanism is provided so that master can inform the slave about available BT transmission and reception opportunities while LTE is active.

3. Hybrid solution [2]: Hybrid solution is also considered for more robust operation. It is combination of Filter based solution and TDM solution. It is proposed to use reduced ISM band (lower portion of ISM not used for Bluetooth (2400-2420 MHZ). Transmit and receive frequency map to indicate which frequencies are good (even without time alignment so normal BT operation) and which are bad (so TDM operation on those frequencies) is supported. This map is dynamic and can be derived from LTE activity. It is more robust solution however it needs to be judged by manufacturer in which case what is the most suitable solution

Core feature requirements for co-existence are defined in [4]. Three popular application are considered as of now a) conversational audio, b) human interface device, c) high quality uni-directional audio
Initial assessment done by BT SIG suggests that all the performance related requirements in co-existence case are satisfied with TDM/Hybrid mode of operation.

2.2.  Wi-Fi

2.2.1. Characteristics of Wi-Fi
There are 14 channels demarcated in ISM band for Wi-Fi operation. Each channel has 5 MHz separation from other channel with an exception of channel number 14 where separation is 12 MHz. Channel 1 starts with 2401 MHz so there is almost nil separation between LTE band 40 and Wi-Fi. Channel 14 of Wi-Fi ends at 2495 MHz so theoretically only 5 MHz separation is available between LTE band 7 and Wi-Fi. Different countries have different policies for number of allowed channels of Wi-Fi. Most of the countries allow only channel 1 to 13 where as only in Japan usage of channel number 14 is allowed that too only for IEEE 802.11b. Most popular Wi-Fi version is IEEE 802.11g. This suggest even though in theory only 5 MHz separation is available between Wi-Fi and LTE band 7 but in practice at least 17 MHz is available.
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Fig. 2: Wi-Fi channels in ISM band

Multi access PDN connectivity and IP flow mobility [4] is gaining popularity. Network operators will be having choice to offload less important (less revenue generating) traffic to Wi-Fi (if available) to reduce the congestion on LTE NW. This makes it very important to consider in device coexistence with Wi-Fi as primary candidate for coexistence solution.

It is possible if UE vendors avoid using Wi-Fi channels near adjacent band then implementation specific filter based solutions will be sufficient. However if there is strong justification to have coexistence with Wi-Fi even in channels very close to adjacent LTE band then it needs to be carefully investigated if existing RRM solutions in LTE are sufficient or some new solution need to be provided in RAN2.

Wi-Fi works in principles of CSMA/CA so it’s activities are not easy to predict. Whenever channel is free it sends RTS/CTS and data. Some inferences can be drawn from Wi-Fi study:

1. For LTE band 7 possibly nothing is required to do as Wi-Fi can sense the channel and operate as and when there is no inference. To provide some more relief a loose co-ordination can be provided where it is informed to eNB about collocation scenario and eNB can schedule UE with collocation activity in resource blocks which are higher side (near PUCCH) in frequency to provide more separation so that filters can work properly.

2.  For LTE band 40 since there is no separation available so some kind of time sharing mechanism might be required.

3. IEEE 802.11y operates in 3.6GHz range and when 3.4-3.6 GHz spectrum will be used for LTE-A then also there is no issues as almost 50MHz separation is available.

4. IEEE 802.11v has defined co-existence interference reporting mechanism between terminal and Access point. But this might not be sufficient to rely on it.

2.3.  GNSS

2.3.1. Characteristics of GNSS 
Positioning systems based on GNSS are very popular in handset. Examples of GNSS include GPS, Modernized GPS, Galileo, GLONASS, Space Based Augmentation Systems (SBAS), and Quasi Zenith Satellite System (QZSS) [5][6]. GNSS systems operate in various frequencies globally with country specific deviations. Operator countries of various GNSS systems are planning upgrade into system by introducing new signals for better utilities
· Frequencies of operation for GPS, Modernised GPS: L1 (1575.42 MHz), L2(1227.6 MHz), L1C (1575.42 MHz), L2C (1227.6MHz), L5(1176.45 MHz)
· Frequencies of operation for Galileo: E1(1575.42MHz), E5A(1176.45 MHz), ALTBOC(1191.795MHz), E5B (1207.14 MHz), E6(1278.75 MHz)
· Frequencies of operation for GLONASS:  L1(1602.0 MHz), L2 (1246.0 MHz)
· Frequencies of operation for Compass: Same frequencies as Galileo
· Frequencies of operation for QZSS and SBAS: Same frequencies as GPS
It is important to divide complete issue of collocated coexistence so worth investigating that can GNSS be affected by band 40 and band 7 LTE operation. Some inferences can be drawn that:

1. It is evident from above that; frequencies for GNSS are far from band 7 and band 40 so should not be any effect of collocation in these bands.
2. Atleast there is a separation of approximately 80MHz available between GNSS [L1 (GPS) E1 (Galilio)] and closest LTE band i.e. band 21.GNSS signals are very week and usually require double amount of separation from their bandwidth [1] but still possibly filters can provide some relief

Problematic cases for collocated GNSS and LTE

1. For GNSS it is important to understand that intermediation and harmonics can also cause issues, e.g. band 13/14 can cause interference to L1/E1 frequency of GNSS as it is close to second harmonics of band 13/14.

2. Galileo is supporting proposal for new global allocation at 2.5 GHz for GNSS. World Radio communication Conference meeting to be held in2012 in this regard [5]

·  Will be affected by band 7 LTE collocated operation

3. Indian Regional Navigation Satellite System uses (IRNSS standard position and restricted services are transmitted on L5 (1164-1215 MHz) and S (2483.5-2500 MHz) bands. [5]

· Will be affected by band 7 LTE collocated operation
It is important to understand that frame structure of GNSS is very long (e.g. Galileo minimum page is 1 sec, multiple pages make sub frame, and multiple sub frames make frame). So minimum time required for GNSS receiver to receive useful signal is in the order of 600ms to 1s to compute the position (Hot state). This operation repeats every few seconds so it makes time sharing solution little bit impractical because in that case LTE UL has to wait for unreasonably long time. 
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