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1
Introduction

The interference between 3GPP and other radio systems using certain frequency bands has been acknowledged as a significant problem, when the radios are physically located close to each other in the same mobile device. Strong transmit signals of one system can block the concurrent reception of weak signals of the other systems. Inter-system interference is typically mitigated by the front-end filters of each radio, but this has become problematic with LTE bands 7 and 40 and the 2.4 GHz ISM band due to the narrow frequency separation between bands. Problems have also been reported with the co-existence of together with LTE.

As the source of the interference is in the UE, so far the responsibility of solving it has been on the UE side. If the UE can control the frequency or time-domain parameters of some of the conflicting radio systems, it may be able to solve the interference problems locally. This is not the case especially with centrally controlled radios such as cellular systems. Hence new signalling has been proposed between the LTE UE and eNB, to enable the network side to take part in solving the coexistence problems.

This document illustrates first the background of the coexistence problem, and the reports on the amount of interference. Complete analysis on the extent of the interference issues has not been reported. We then proceed to show how the interference could be analyzed based on radio use cases; the same use cases should be used as benchmark for any coexistence solutions. We also present a baseline for the solution framework – in our opinion no single solution can solve all the problems.

2
Background of the coexistence problem
The coexistence problem can be divided into two domains: frequency and time domain. The physical properties of the radio transceivers form the basis of the “amount” of interference between systems, but the victim system suffers only if its reception collides in time with the transmission of the other system. The domains may be analyzed independently to an extent, but ultimately the analysis has to be combined in order to understand the severity of the interference in a real situation. Pure frequency or time domain cases give pessimistic results of the perceived user performance, as has been reported e.g. in [1]
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[2].

2.1
Frequency domain
By frequency domain we mean static radio channel analysis. By setting the radio parameters and calculating the interference power experienced by the victim receiver it is possible to estimate the sensitivity loss. The effects that should be taken into account in the sensitivity loss estimation include at least:

-
Transmitter out-of-band power leakage falling to receive channel (incl. transmit signal harmonics);
-
Receiver blocking and desensitization due to blocking power out-of-channel;

-
Intermodulation of FDD UL and the other transmitter signal to FDD DL channel;

-
Any implementation specific mechanisms that may dominate.
These effects are highly dependent on the actual power levels and frequencies, but also the transceiver properties:

-
Transmitter output power level;

-
Receiver wanted signal power level and bandwidth;

-
Transmitter and receiver carrier frequencies;

-
Transmitter output spectrum mask (including transmitter front-end filter response);

-
Receiver front-end filter response;

-
Receiver blocking tolerance (linearity);

-
Isolation between transmit and receive antennas.
Figure 1 below shows example transmitter properties. Difference of spectral emissions to the specified mask is with typical implementations rather large, regardless of the radio standard. Therefore in the interference analysis realistic transmitter parameters should be used instead of what is specified in the standards.
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Figure 1: Example LTE UL characteristics
By taking into account the antenna isolation and receiver front-end filtering it is possible to plot the interferer spectral density at the receiver, as is done in Figure 2. With this example filter response the received channel noise is increased by up to 50 dB on the highest Bluetooth channels due to the LTE UL signal, but roughly one half of the ISM frequency band remains unhindered.

[image: image2.wmf]
Figure 2: Example received spectrum with interferer
In this example the total LTE UL signal power at the victim receiver after front-end filtering is roughly –19 dBm, and the receiver would have to withstand this. In practice some compression of the receiver front-end might happen, which could be compensated by lowering the gain thereby increasing the receiver noise. It is possible to estimate the combined effect of the interference, as sensitivity losses, over the assigned frequency band, as is shown in an example in Figure 3.
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Figure 3: Example sensitivity losses due to interference
The transmitter leakage power and the desensitization/blocking of the receiver due to strong LTE UL signal are the main interference mechanisms to ISM band radios. LTE DL on band 40 suffers from the same mechanisms in case a collocated ISM band radio is operating. LTE DL on band 7 is susceptible to the intermodulation of the ISM band transmit signals together with LTE UL.

The analysis so far has assumed maximum transmit output power, and realistic front-end filter responses and receiver linearity. This case has also been analyzed in [1]. It seems that in the worst case, current filter technology is incapable of completely mitigating the interference effects between ISM band radios and LTE on bands 7 and 40. However more typical cases, which could cover e.g. 99% of usage have not been studied.

2.2
Time domain
In time domain we look at the dynamic effects of interference, which are not visible in the static frequency domain analysis. For example, the victim receiver is not always active when the interfering radio is transmitting, or the bursts may collide only partially. The sensitivity losses may depend on temporal parameters in case e.g. frequency hopping is used.

The dynamic properties that should be included in analysis include at least:

-
Behavioral radio pattern, incl. reacting to error conditions (e.g. re-transmissions, change of modulation/data rate, frequency hopping patterns);

-
Packet error probability model.

The behavioral radio pattern models the counter-measures the victim radio takes in case of interference. It may change its temporal behaviour which affects to the probability of time-domain conflict. At least the following aspects must be considered:

· Retransmission caused by interference further increase the probability of temporal overlapping of the aggressor and the victim radios;

· Switching to more robust error coding or modulation increases the amount of radio resources needed to maintain the required data rate

For example, the figure 4 illustrates the increased retransmission traffic in use case with TDD-LTE transmitter interfering Bluetooth receiver using extended synchronous connection with 2+2 retransmission slots. 
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Figure 4: Example of the increased retransmission caused by interference

To model the packet error probabilities we must understand how the sensitivity losses estimated in frequency domain analysis affect the radio reception. In this process we must consider the following aspects:

-
Impact of sensitivity loss to link budget. The link budget itself is determined by the power levels, data rates, etc. determined in the high-level use case. We propose not to use worst case link budget, but a reasonable statistical case so that e.g. 99% of all usage would be covered.

-
Bit error probabilities based on interference-free link budget as well as the link budget when under interference.

-
Error coding and the like.

The last two points may be difficult in many cases, and may be better to left abstract. In the end we should have understanding of the impact of interference on data reception. Then it is possible to combine this info with the behavioural pattern e.g. in simulation environment, to produce estimate of actual link performance in the use case.

For example, figure 5 represents the simulation results of one LTE-TDD and BT-eSCO use case when all BT RX data packet interfered by LTE TX are considered lost. BT- RX packets considered lost are shown as red. The re-transmission mechanism allows every second packet to be received by using one backup slot, while half of the packet are lost in spite of two backup slots used. Figure 6 illustrates the simulation results of the same use with annotated frequency domain analysis results (sensitivity loss info (figure 3) converted to bit error rates). Over 99% of BT packets can now be received correctly, and over 70% without retransmissions. Note that this example does not take into account the adaptive frequency hopping mechanism that may be available in Bluetooth.
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Figure 5: Example of LTE-TDD UL to Bluetooth interference, when every collided BT-RX burst is considered having interference
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Figure 6: Example of LTE-TDD UL to Bluetooth interference, with backannotated data from frequency analysis (not all Bluetooth channels suffer from interference)
2.3
Conclusion on problem background
While the interference between the ISM band radios and LTE on bands 7 and 40 has been studied in both frequency and time domain in various bodies, comprehensive analysis combining the problem domains has not been reported. The probability, extent and effects of this interference are not yet fully understood from end user or operator point of view.

In frequency domain, it would be possible to evaluate the interference in reasonable statistical cases, which would cover e.g. 99% of all usage. This would mean that LTE UL output power is slightly below maximum, the ISM band radios have a reasonable link budget, etc. The results of frequency domain analysis could then be used in the time domain analysis, to provide estimates of actual performance. This would also give an idea of effectiveness of individual coexistence solutions.

Conclusion 1:
The evaluation of in-device co-existence problems and solutions should be based on reasonable joint statistical analysis of different factors (e.g. frequency vs. time) instead of absolute worst cases.

3
Coexistence use cases
LTE should co-exist with ISM band radios and other non-cellular radios that exist in the user equipment. Some performance degradation seems inevitable in the worst cases even with state of the art filters and transceiver design. The final implementation complexity of the co-existence solutions should be low to keep costs down for user and network equipment manufacturers, but at the same time the end user performance must be sufficient (comparable to situation where no interference is present).

High-level use cases can be used to set boundaries for many variables in the analysis:

-
Used radio combination, i.e. transmitter(s) and victim receiver(s);

-
Link types for the used radios, incl. data rates, acceptable Quality of Service, etc.;

-
Countermeasures the radios take in case of performance deterioration;

By limiting to a representing set of use cases the problem domains have bounds and more thorough analysis is possible. At least the following use cases must work well with LTE UE:

-
LTE Voice over IP call, voice routed to a Bluetooth headset;

-
Multimedia downloading (e.g. HD video) using LTE, voice routed to a Bluetooth headset;

-
Internet connectivity using LTE, shared using WLAN (UE acts as an access point);

Proposal 1:
The work in this study item focuses on a set of prioritized use cases including at least the three listed above.

The analysis, as well as the solutions, should take into account both mobile phone and LTE connectivity dongle (attached to a laptop) type of products.

4
Coexistence solution considerations
4.1
Existing proposals
[4] describes a time-domain controller that gathers from collocated radios the time slots they are using, and informs these to the LTE eNB so that no resource blocks are allocated during these times, while frequency domain solutions (like heavy filtering) are not considered feasible at the moment. In our view frequency domain methods should be brought as far as possible before this time domain method is employed, to minimize the extra communication bandwidth and limitations on resource block allocation.

[5] describes a solution using RLF mechanism to switch channels (in case of multiple available LTE frequencies) or the radio access technology (in case of a single LTE frequency), while it is acknowledged that if no uninterfered frequencies or RATs are available, the corrupted channel must be used. The solution might be very effective if a channel/RAT switch is possible.

[6] presents multiple solutions, some very costly (e.g. dynamic guard band).

4.2
Our understanding
The coexistence problem is not fully understood. It seems like no single solution is able to cover all use cases; at least no comprehensive analysis has been provided so far.

We believe it is sensible to study these “spot” solutions (in RAN2/RAN4 as appropriate), but also how the interference condition is detected, and the right solution is chosen and executed in the problematic UE. For instance, new frequency selection may be the most effective way of coping with the frequency-selective interference, but is not always possible.

To minimize the communication overhead, the information sent to the network should be processed as far as the UE reasonably can. The UE should also try to do whatever it can internally and with the other radio networks it is communicating with – it may be simple to switch e.g. WLAN channels in some use cases. If nothing else can be done to mitigate the channel interference, time division multiplexing mechanisms must be used. 

5
Conclusion

In this contribution, we discuss the in-device co-existence intereference problem and conclude with the following:

Conclusion 1:
The evaluation of in-device co-existence problems and solutions should be based on reasonable joint statistical analysis of different factors (e.g. frequency vs. time domain) instead of absolute worst cases.

Proposal 1:
The work in this study item focuses on a set of prioritized use cases including at least:

-
LTE Voice over IP call, voice routed to a Bluetooth headset;

-
Multimedia downloading (e.g. HD video) using LTE, voice routed to a Bluetooth headset;

-
Internet connectivity using LTE, shared using WLAN (UE acts as an access point);

Conclusion 2:
No single solution is likely to solve all the problems.

Proposal 2:
It is assumed that the UE does all it can with radios other than LTE to tackle the problems; one significant enabler for this is DRX in LTE.
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