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1
Introduction

In the last few RAN2 meetings there has been discussion related to what may trigger an IDC indication in the UE. A Way Forward proposal has been prepared in [1], stating that “IDC indication should be triggered based on ongoing coexistence interference on the serving or non-serving frequencies”.

There has also been some discussion on what is ongoing interference, but the matter is not fully concluded yet. At least one contribution [2] has tried to clarify the difference between potential and ongoing interference. This contribution further clarifies the interference scenarios, and describes an indication mechanism that combines the potential and ongoing interference indications into single reporting, which allows flexibility for the network in deciding how to help the UE with IDC problems.

2
Potential vs. on-going interference scenarios

The baseline assumption in the study item phase has been that when the UE has IDC problems that it cannot solve by itself, it may send an indication to the network. Further, it has been agreed in RAN2, that “The IDC mechanism should preferably trigger upon ongoing interference and not based on assumptions/prediction.”
It has been argued that indicating potential interference is not useful from the eNB point of view, because nothing needs to be done based on the indication. On one extreme the UE could report potential problems as soon as it turns on its in-device Wi-Fi or Bluetooth. On the other hand, if the UE needs to first detect and measure the problem, it can only react to the problem condition and not prevent it beforehand. But when it comes to triggering of the IDC indication based on measurements of the interference, as is explained in [3] it will be difficult to specify any requirements or test cases in RAN4/5.

To clarify the difference between potential and on-going interference [2] lists the following cases:
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Figure 1: Possible IDC interference cases in a band [2]
The left hand side cases represent strong interference at the victim receiver, and the right hand side interference levels that can still be tolerated (interference power domain). In time domain, the activity of the aggressor radio can be rather constant (cases 1,2), frequent (cases 3,4), infrequent (cases 5,6), or happening seldomly (case 7).

It is not clear which of these cases would be considered ongoing interference. There are two aspects to determining this:

-
Amount of RF interference (power domain). If the interference at victim receiver is strong enough, that the receiver’s link margin becomes negative, all receive bursts that collide with the aggressor transmissions can be considered lost. To determine whether the RF interference is strong enough, we must consider the victim radio link margin, and the transceiver properties of both radios (static properties such as filter characteristics, transceiver linearity, and antenna isolation, as well as dynamic properties such as transmit power and receive signal strength/quality).

-
Activity of the aggressor and the victim radios in time domain (similar to duty cycle). If the aggressor radio utilizes most of the transmit opportunities (e.g. LTE UL is scheduled in most sub-frames, WiFi transmitter has lots of data to transmit), the victim radio does not have many opportunities for uninterrupted packet reception. On the other hand, if the aggressor radio is only using transmit opportunities infrequently, the victim radio has much more freedom to operate. If the remaining time share for the victim radio cannot sustain the data throughput requirements (taking into account re-transmissions due to lost transmission opportunities etc.) we can say the aggressor activity in time domain is too high.

If the power domain limit is not exceeded, the victim radio can operate freely without interference. If the time domain limit is not exceeded, the victim radio can still meet the radio link throughput and other quality requirements (perhaps through re-transmissions). Thus, for the IDC problem to be on-going, both the aggressor power and time activity need to be above the limit.

Observation 1: For the IDC problem to be on-going, both the aggressor transmit power and time activity need to be above respective thresholds.
3
Discussion on finding the power/time domain limits

The UE has the best knowledge of its radio links (LTE and non-LTE). This section discusses how the power and time domain limits can be determined based on the current radio links and their properties.
3.1
Power domain interference limit

The TR 36.816 provides simulation results of the amount of RF interference for the worst cases. In principle these analysis assume maximum LTE uplink transmission power (+22 or +23 dBm) and decent band filters for both LTE and ISM radios.

When considering the effect of RF interference at a victim receiver, multiple interference mechanisms need to be taken into account. The transmitter leaks unwanted emissions on the receive channel; the victim receiver has finite linearity and begins to overload by a strong blocking signal; there may be frequency dependent non-linear effects such as intermodulation. To give an example, in the following analysis we only look at the receiver overloading due to blocking, though the other effects would deserve consideration as well.

The following figure shows the noise level degradation of an example Bluetooth receiver due to blocking signal [4]. The receiver automatic gain control algorithm reduces the front-end gain as a response to a strong blocker, to prevent overloading. This increases the receiver noise figure, directly cutting the link margin.
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5.2 RECEIVER BLOCKING PERFORMANCE 
For frequency offsets greater than 20 MHz from the edge of the received channel, receiver blocking should 
take place in the RF front end, with the mixer being the weak link. Each receiver has an appropriate RF front-
end + Wideband RSSI + AGC algorithm to defend against interference. A block diagram of such a system is 
shown below: 



 



 
F igure 3  Example R F F ront-End + Wideband RSSI + A G C 



 



The rest of the receiver has been omitted for clarity. The LNA/mixer RSSI (or saturation detector) indicates 
when the receiver front end is being overloaded by a strong blocking signal. The AGC algorithm reduces the 
receiver front end gain in response so as to prevent overload. The penalty for this is an increase in receiver 
noise figure, but this is better than allowing saturation to take place. A plot of receiver noise figure rise vs 
blocker level for a candidate Bluetooth receiver is shown below: 



 
F igure 4  Bluetooth Receiver Noise Degradation vs. Blocker Level With L N A A G C stealing 



 



For the curve in Figure 4 to hold true: 



1. Square law distortion due to IP2 is always below the receiver noise floor. 



2. Reciprocal mixing from the receiver synthesizer is always below the receiver noise floor. 
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Figure 2: Bluetooth receiver noise degradation vs. blocker level with LNA AGC stealing [4]

The above figure assumes peak envelope power, which is in the case of LTE UL the average power (e.g. +23 dBm) plus the peak-to-average ratio, about 6 dB for single carrier transmission.

Before getting into the Bluetooth receiver, the LTE UL blocker is attenuated by antenna isolation (10 dB assumed), and by the ISM band filter. In this example, we use the filter data provided in the appendix, and only focus on LTE band 7 uplink:

-
At least 5 dB attenuation on the 20 MHz channel at 2500-2520 MHz (total 15 dB with antenna isolation);

-
At least 10 dB attenuation on the 20 MHz channel at 2510-2530 MHz (total 20 dB with antenna isolation);

-
At least 24 dB attenuation on the 20 MHz channels with channel edge above ≥2520 MHz (total 34 dB with antenna isolation).

From this information we can derive the receiver noise level increase when LTE UL is transmitted at maximum power.

Table 1: Bluetooth receiver noise increase due to LTE UL blocker at maximum output power (example)

	
	LTE center frequency (20 MHz carrier)

	
	2510 MHz
	2520 MHz
	2530+ MHz

	Maximum LTE UL transmit power
	23 dBm
	23 dBm
	23 dBm

	Peak to average power
	6 dB
	6 dB
	6 dB

	Antenna+filter attenuation
	15 dB
	20 dB
	34 dB

	Maximum blocker level at receiver
	14 dBm
	9 dBm
	–5 dBm

	BT RX noise increase at maximum blocker level*
	N/A
	N/A
	18 dB

	*Only receiver blocking considered, unwanted emissions and other effects not taken into account


If we allow certain receiver noise increase at the Bluetooth receiver, for example to match the available link margin, we can calculate the maximum LTE UL output power.
Table 2: Highest allowed LTE UL output power vs. allowed BT RX noise increase (example)

	
	LTE carrier frequency (20 MHz carrier)

	Allowed BT RX noise increase*
	2510 MHz
	2520 MHz
	2530+ MHz

	0 dB
	–15 dBm
	–10 dBm
	4 dBm

	5 dB
	–4 dBm
	1 dBm
	15 dBm

	10 dB
	2 dBm
	7 dBm
	21 dBm

	20 dB
	12 dBm
	17 dBm
	31 dBm

	*Only receiver blocking considered, unwanted emissions and other effects not taken into account


Even though the above analysis only looks at receiver blocker and no other interference mechanisms, in general for a given UE with given filter and transceiver characteristics, we can determine a threshold for LTE UL transmit power (on the currently serving frequency), where the ISM or GNSS receiver begins to suffer from intolerable interference with its current link margin.

Looking at ISM transmitter interference to LTE DL reception, we would generally allow e.g. 0-1 dB noise increase, making the power threshold quite low. In some cases, where the DL performance is not dominated by thermal noise, but rather inter-cell interference, some further noise increase could be allowed. Also, if the cell capacity and effects to other UEs are not concerns, for example for a home eNB, the MCS could be adjusted more robust to allow even significant DL interference. In DL, the measure of interference is RSRQ and CQI, and with internal coordination the UE is able to determine the ISM transmitter effects on these values. However, in general if there is ISM interference to LTE DL, we would need to block the ISM transmitter in the sub-frames which the LTE modem needs to receive.
Observation 2: After considering the current radio link conditions, the UE can determine UL transmit power threshold, where the victim radio (ISM/GNSS) begins to suffer from interference. The UE can also determine ISM transmitter effect on CQI, thereby getting a DL MCS threshold where the transport block decoding begins to degrade from interference.
3.2
Time domain activity limit

The time domain activity limitation for the aggressor radio may be found by considering worst case interference conditions in the power domain (i.e. each packet reception colliding with a transmission burst fails), and then looking at the victim radio throughput requirements for the given use scenario. The TR 36.816 gives some guidelines.

LTE + BT earphone (Multimedia service):

-
The LTE scheduling period is to be less than [60] msec

-
The LTE unscheduled period is to be around [15-60] msec

LTE + WiFi portable router:

· Scheduling periods and unscheduled periods should be typically not more than [20-60] ms. 

· The scheduling and unscheduled periods should be large enough for reasonable operation of the LTE and WiFi timelines. Corresponding numbers are FFS.

· Since LTE has typically lower data rate than the WiFi link, the LTE scheduling periods should be longer than the unscheduled periods in order to achieve roughly the same throughput on both links.

LTE + WiFi offload:

-
The scheduling and unscheduled periods should typically be not more than [40-100] ms.
-
The scheduling and unscheduled periods should be large enough for reasonable operation of the LTE and WiFi timelines. Corresponding numbers are FFS.

-
Aligning the LTE unscheduled period with WiFi beacons is important.
-
The ratio of the scheduling and unscheduled periods should be aligned to the ratio of the volume of non-offloaded and offloaded traffic.

So far it has not been discussed in great detail what is the TDM assistance information the UE provides to the eNB. In principle the TDM assistance information needs to indicate the minimum TDM conditions or LTE pattern, that allows the non-LTE radio of the UE to operate, assuming IDC interference. This is generally saying the same as the time domain activity limit. In the analysis it would also be useful to consider how the freedom for eNB actions like eNB scheduling decisions can be kept as high as possible. When time domain activity limit is considered instead of an explicit TDM pattern, more optimization freedom is left for eNB scheduling and RRM decisions for helping the UE with IDC problem. 
Observation 3: It is apparent that the time domain activity limit can be aligned with the TDM assistance information.

4
Proposed indication
As the UE can determine power and time domain thresholds on the operation, it will know explicitly what are the conditions for on-going interference. If the same information is indicated to the eNB, the confusion between potential and on-going interference is solved: as long as the eNB schedules the UE below the threshold levels, there is no on-going interference, and if the thresholds are exceeded, there is on-going interference and some IDC solution is necessary to satisfy UE quality of service requirements on each active radio link. Applying LTE power control solution or making the MCS more robust are straightforward in this case, since the power domain limits are in fact the same as the required assistance information for these solutions.
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Figure 3: Proposed IDC indication for UL (UE indicates ‘point A’ in the power/time axis)
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Figure 4: Proposed IDC indication for DL (UE indicates ‘point A’ in the power/time axis)

The above figures capture the basic idea for the indication. As shown in Figures 3 and 4, through this indication method the UE would be able inform the “point A”, which UL operation “areas” in terms of combined UL time domain actity and UL transmitted power/UL allocation size are possible without IDC problems and which combinations should be avoided in the network scheduling and configuration decisions. For DL direction, the UE would be able to inform the CQI for interfered subframes (in addition to the required “clean” CQI containing only LTE system interference), and a similar time domain activity threshold. Freedom for network decisions how to ease the UE in IDC problems can be maintained, and the network does not solely have to rely on UE judgement in the interference situation.
Proposal: Adopt the combined power/time domain IDC indication as a baseline for Scenarios 1 and 2 (on-going interference on serving frequency, potential interference on serving frequency).
5
Conclusion

In this contribution we have discussed potential IDC problem and its identification more in detail and provide additional results indicating how potential or already ongoing IDC problem could be identified and then also indicated to the network.  

Based on the analyses we presented a model for IDC indication, for the Scenarios 1 and 2 (on-going and potential interference on serving frequency). This model provides to the eNB explicit thresholds in power and time domain, similar or same as the assistant information for LTE PC and TDM solutions. If the eNB schedules the UE so that both thresholds are exceeded simultaneously, the UE suffers from on-going interference that it cannot solve by itself; LTE network controlled solutions are needed. If the eNB schedules the UE so that both thresholds are not exceeded, the UE can solve IDC problems by itself and no LTE solution is needed. This type of IDC problem indication from the UE to eNB leaves freedom for the eNB to decide how to help the UE. UE IDC problem can be avoided as long as eNB scheduling is kept within the indicated thresholds. This indication method also does not require eNB to have any knowledge about UE implementation or how interference from aggressor system to victim system degrades the performance.
Proposal: Adopt the combined power/time domain IDC indication as a baseline for Scenarios 1 and 2 (on-going interference on serving frequency, potential interference on serving frequency).
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Appendix: ISM band filter data

Passband and narrowband attenuation characteristics for two published commercial ISM band filters are provided for the example calculations done in this document.

The data is for typical performance in room temperature. Note that minimum attenuation in for LTE bands 40 and 7 (uplink) is not specified for either filter. This may be for example due to yield reasons, temperature drift, etc.

The attenuation on the transition band is difficult to estimate. For band 7 uplink starting at 2500 MHz, we estimate at least 5 dB for the first 20 MHz channel, at least 10 dB for the channel 2510-2530 MHz, and at least 24 dB for the channels starting ≥2520 MHz (data from the EPCOS filter).
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