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1	Introduction
A work item on In-Device Co-existence (IDC) enhancements for NR and MR-DC has been approved [1]. For IDC, it is assumed that first the UE detects an internal issue, or the possibility of an internal issue caused by coexistence, and then provides information to the gNB to solve the issue.
An FDM solution has already been specified in NR but is believed to not report the affected frequencies adequately. Furthermore, it was also claimed that introducing a TDM solution would make it possible to handle scenarios for which alternative non-interfered frequencies are not available, for instance to avoid the interference caused by simultaneous uplink transmission on the UL frequencies to non-3GPP RAT.
The first objective contained in the WID is: enhancements to FDM solution, to allow more granular indication of affected frequencies (e.g. granularity of BWP or PRB level). Then if time allows, a second objective aims at the Introduction of TDM solution (e.g. indication of UE preferred TDM pattern for UL/DL).
In addition to FDM solution also TDM solution was defined for LTE. The basic concept of a TDM solution is to ensure that transmission of a radio signal does not coincide with reception of another radio signal. LTE DRX mechanism is used to provide TDM patterns (i.e. periods during which the LTE UE may be scheduled or is not scheduled) to resolve the IDC issues. And as indicated earlier as a secondary objective this work item aims to define TDM solution as well for NR. If such a solution is deemed possible to be done in the WI it would need to be adapted to 5G numerology, bands and spectrum usage. 
So this WI should aim to define better suited FDM solutions to assess new spectrum, bands, markets and applications as envisioned for 5G/NR. whileTDM solution could be introduced as well if seen possible but focus should be to make FDM solution  work in NR environment.
2	Problems
2.1	Motivation for work
For coexistence use cases like multi-SIM and coexistence to systems that make use of unlicensed spectrum (Wi-Fi) the aggressor power level in some cases may be so strong that more than 60 dB degradation of sensitivity is likely to occur. 
[bookmark: _Hlk106017072]For In Device Coexistence use cases between Wi-Fi, NR & 4G the antenna isolation may be as low as 10 dB in many cases; although means to increase it to more than 25 dB has been developed. Guard band between the used spectrum for the two systems is so narrow that providing RF isolation by RF front end filtering is not possible in many cases and other means therefore need to be envisioned. 
Victim reception can therefore not be assumed to be possible at all. Means to detect and communicate the nature of the problem to the network is not obviously inherent in the system. Metrics to measure and detect the severity of the problem seem also to be missing, since reception may not be possible at all. 
Interference cancellation of signals caused by nonlinear effects from active circuitry like amplifiers (LNA/PA) is believed to be very difficult to implement. This is due to the nonlinear nature of the problem which make precise deterministic behavioural modelling very difficult. Dependency of parameters like temperature, battery voltage, device spread and need for different RF output power levels complicates the problem as well. 
Introduction of MIMO complicates it further as the number of cancellation paths that need to be dealt with increases by N*M if N is the number of aggressors and M is the number of victims.
The victim receive system may not have any a’priori knowledge about the aggressor Tx signal at all since it may be inherent in a different device or different separate modem in the same device (Cellular vs Wi-Fi).  
The main problems: 
· Adjacent channel noise from aggressor causing in-channel or co-channel interference into victim receive band.
· Blocking – from aggressors wanted signal drive victim receive chain(s) into its nonlinear region causing gain and noise figure compression. 
· Intermodulation products from aggressor folds directly into the receive band. This can happen well below the victim RF front-end receive compression point and can cause severe degradation of sensitivity.  
Antenna isolation between aggressor and victim may be as low as 8 to 15 dB. This in turn results in aggressor power levels of +5 dBm to +12 dBm at victim receive antenna port. The frequency separation between aggressor and victim is in some cases so small that no added RF isolation can be obtained in the RF front end filters; however, in some cases can 20 dB isolation be obtained from such filters. This in turn implies that the aggressor signal level at the LNA input may in best case be attenuated to -15 dBm to -8 dBm. Intermodulation tests [3GPP TS 38.101, 7.8] is performed using interfering signal levels of -46 dBm, while the wanted signal is at REFSENS +6 dB in some cases. The margin to this test case is expected to be relatively low due to compromises in the RF hardware design. Increasing the interferer level by 30 dB while testing intermodulation do result in more than 60 dB to 90 dB increased signal to IMD3 ratio which translates to similar levels of desensitizing.
Spatial processing in the digital domain at base band works well if the receiver is kept within its linear range. As implied above can linear reception not be ensured for the use cases listed above. Non linearities caused by high order intermodulation products (finite IIP3 performance) while signal reception at low input levels is maintained is problematic. The only solution is to suppress the interference before it reaches the active circuitry that limits the linearity, which is the LNA or the LNA/mixer combination in most cases. 
The RF channel properties at FR1 may in some cases be chaotic and unpredictable due to reflections, UE speed, and change of the radiated coupling path between aggressor and victim.  Predicting and tuning means to control the spatial domain fast enough may for such reasons not be practical. The direction the interference may come from as well as the antenna gain for the wanted signal is therefore expected to be random. This is a particular problem for URLLC use cases where combinations of high reliability and low latency is required. 
Antenna and analogue RF front end HW solutions that can enhance the RF isolation between aggressor and victim has been developed in various research teams. However, reliable quality metrics to adapt to while the receive system is affected by non-linear effects do not seem to exist. 
2.2	FDM solution
In NR we have already currently a mechanism to indicate affected carriers in the IDC assistance information as an information element in UEAssistanceInformation specified in TS 38.331. 
IDC-Assistance-r16 ::=                  SEQUENCE {
    affectedCarrierFreqList-r16             AffectedCarrierFreqList-r16               OPTIONAL,
    affectedCarrierFreqCombList-r16         AffectedCarrierFreqCombList-r16           OPTIONAL,
    ...
}

AffectedCarrierFreqList-r16 ::= SEQUENCE (SIZE (1.. maxFreqIDC-r16)) OF AffectedCarrierFreq-r16

AffectedCarrierFreq-r16 ::=     SEQUENCE {
    carrierFreq-r16                 ARFCN-ValueNR,
    interferenceDirection-r16       ENUMERATED {nr, other, both, spare}
}

AffectedCarrierFreqCombList-r16 ::= SEQUENCE (SIZE (1..maxCombIDC-r16)) OF AffectedCarrierFreqComb-r16

AffectedCarrierFreqComb-r16 ::=     SEQUENCE {
    affectedCarrierFreqComb-r16         SEQUENCE (SIZE (2..maxNrofServingCells)) OF  ARFCN-ValueNR    OPTIONAL,
    victimSystemType-r16                VictimSystemType-r16
}

VictimSystemType-r16 ::=    SEQUENCE {
    gps-r16                     ENUMERATED {true}        OPTIONAL,
    glonass-r16                 ENUMERATED {true}        OPTIONAL,
    bds-r16                     ENUMERATED {true}        OPTIONAL,
    galileo-r16                 ENUMERATED {true}        OPTIONAL,
    navIC-r16                   ENUMERATED {true}        OPTIONAL,
    wlan-r16                    ENUMERATED {true}        OPTIONAL,
    bluetooth-r16               ENUMERATED {true}        OPTIONAL,
    ...
}

So, UE can indicate affected carrier or multiple carriers in case of CA for any candidate serving cell having center frequency as indicated by NW in the candidateServingFreqListNR in the IDC configuration. In the WI it was said that one would need to consider: “enhancements to FDM solution, to allow more granular indication of affected frequencies (e.g. granularity of BWP or PRB level”. It can be seen that it is possible due to BWP concept in NR that purely indicating center frequency of affected serving cell might not always be optimal as it can be that only part of the bandwidth of the serving cell is affected but one could solve the issue in the NW by not always changing completely serving cell frequency but just adjusting bandwidth usage of the cell:
Observation 1: It would be possible by abstaining of using part of the band instead of changing serving cell to solve IDC problem
In order to enable this, one would need to be able to indicate affected part of the serving cell to the NW. From NW point of view, it would be good to get as granular view as possible about affected parts of serving cells in order to optimize PRB/BWP usage. Using a BWP as indication as proposed by one example in the WI seems to be a bit difficult to realize in the real life as it would require NW to configure multiple possible BWPs for which UE would indicate which one(s) are affected or not, but it would not be possible to get information which actual part of the BWP is affected. Thus, from our point of view it would be desirable to get more granular indication on affected part of bandwidth of the serving cell.
In the RAN2 email discussion option 1 was deemed by rapporteur as having most support although it was clear that no strong opinions were stated – In the option UE would report center frequency with associated bandwidth (in kHz/MHz). Basic alternative was option 2 where a starting frequency + bandwidth (e.g. in kHz/MHz) is reported. 
To us reporting the frequency range of affected part of band in hertz is not really practical as in reality it would require modifications in the network side to determine the affected PRBs  Thus, we would prefer UE directly reporting in the PRB domain i.e. similar to what is currently done in the SCS-SpecificCarrier. If the IDC affected frequency is reported in kHz/MHz it would require the NW to somehow convert it to affected PRBs and now if we report center-frequency + bandwidth it would actually, in most scenarios, lead to situation that it is not clear which are affected PRBs. Are all PRBs that are even partly touched by the IDC problem unusable or not? As the UE has best understanding of this, it would be better if UE will clearly state this to the network without requiring interpretation from the network side. Especially this would be beneficial for any serving frequency where UE would be possibly scheduled. This could be easily achieved by following existing signaling style with absolutreFrequencyPointA + SCS-SpecificCarrier’s bandwidth signalling with physical resource blocks. The IE could be something like this:
 
[bookmark: _Toc60777238][bookmark: _Toc124553217][bookmark: _Hlk127176797]–	FrequencyInfoIDC
The IE FrequencyInfoIDC provides basic parameters of a IDC impacted carrier
FrequencyInfoIDC information element
-- ASN1START
-- TAG-FREQUENCYINFODL-START

FrequencyInfoIDC ::=                 SEQUENCE {
    absoluteFrequencyPointA             ARFCN-ValueNR,
    offsetToCarrier                     INTEGER (0..2199),
    subcarrierSpacing                   SubcarrierSpacing,
    carrierBandwidht                    INTEGER (1..maxNrofPhysicalResourceBlocks
    ...
}

-- TAG-FREQUENCYINFODL-STOP
-- ASN1STOP
	FrequencyInfoIDC field descriptions

	carrierBandwidth
Width of this carrier in number of PRBs (using the subcarrierSpacing defined for this carrier) (see TS 38.211 [16], clause 4.4.2).

	offsetToCarrier
Offset in frequency domain between Point A (lowest subcarrier of common RB 0) and the lowest usable subcarrier on this carrier in number of PRBs (using the subcarrierSpacing defined for this carrier). The maximum value corresponds to 275*8-1. See TS 38.211 [16], clause 4.4.2.

	subcarrierSpacing
Subcarrier spacing used by UE for calculating affected PRBs. It is used to convert the offsetToCarrier into an actual frequency. Only the values 15 kHz, 30 kHz or 60 kHz (FR1), and 60 kHz or 120 kHz (FR2) are applicable.

	absoluteFrequencyPointA
Absolute frequency of the reference resource block (Common RB 0). Its lowest subcarrier is also known as Point A. Note that the lower edge of the actual carrier is not defined by this field but rather in the scs-SpecificCarrierList (see TS 38.211 [16], clause 4.4.4.2).




For serving frequencies, it seems quite easy to use this as UE has all the relevant information. For non-serving cells then UE would basically need to use some values for SCS and absoluteFrequencyPointA that UE finds relevant e.g. UE could always use smallest possible SCS (60kHz for FR1 and 120kHz for FR2) in the reporting for non-serving cells. 
Proposal 1: Consider UE to report affected frequencies on PRB level e.g. as proposed above in order to give NW explicit understanding of what are affected PRBs (especially for serving frequencies)
Additionally, to more granular indication of affected frequency one could consider:
1. Add other IEs such as direction of interference. 
2. Add combination of frequencies for addressing IMD scenarios
As discussed above in motivation section also intermodulation products within UE could be great cause for IDC issues and we consider that it would be worthwhile to consider how to prevent issues caused by intermodulation products. One way would be to to enable IDC to indicate which frequencies are impacted by IMD products – this would be beneficial in situations where 3GPP controlled radios (LTE/NR) cause these IMD issues. Then network could try to make assessments and make modifications to 3GPP radio resource allocations to remove IMD problems. 



Figure 1 Aggressor signals in ISM band causing IMD 3 products on top of 3GPP RX victim in NR band. The exact same problem can occur in the other direction: NR aggressor causing IMD products into the WiFI receive circuitry. 
It should be noted that due to nature of IMD issue it might be necessary to report multiple affected frequencies to cover higher order of intermodulation products. And for the IMD issues it is also  critical to have  information about  the interfering signals, and which combinations thereof that cause problems for specific affected victim frequencies. This  enable the network to resolve the problem in case resources are available to do so.
So, the signaling could be something like this:
-- ASN1START
-- TAG-UEASSISTANCEINFORMATION-START
 
UEAssistanceInformation ::=         SEQUENCE {
    criticalExtensions                  CHOICE {
        ueAssistanceInformation             UEAssistanceInformation-IEs,
        criticalExtensionsFuture            SEQUENCE {}
    }
}
 
<skipped>
 
UEAssistanceInformation-v1610-IEs ::= SEQUENCE {
    idc-Assistance-r16                  IDC-Assistance-r16                  OPTIONAL,
    <skipped>
    nonCriticalExtension                UEAssistanceInformation-v1700-IEs   OPTIONAL
}
 
UEAssistanceInformation-v1700-IEs ::= SEQUENCE {
    ul-GapFR2-Preference-r17              UL-GapFR2-Preference-r17              OPTIONAL,
    musim-Assistance-r17                  MUSIM-Assistance-r17                  OPTIONAL,
    overheatingAssistance-r17             OverheatingAssistance-r17             OPTIONAL,
    maxBW-PreferenceFR2-2-r17             MaxBW-PreferenceFR2-2-r17             OPTIONAL,
    maxMIMO-LayerPreferenceFR2-2-r17      MaxMIMO-LayerPreferenceFR2-2-r17      OPTIONAL,
    minSchedulingOffsetPreferenceExt-r17  MinSchedulingOffsetPreferenceExt-r17  OPTIONAL,
    rlm-MeasRelaxationState-r17           BOOLEAN                               OPTIONAL,
    bfd-MeasRelaxationState-r17           BIT STRING (SIZE (1..maxNrofServingCells)) OPTIONAL,
    nonSDT-DataIndication-r17             SEQUENCE {
        resumeCause-r17                       ResumeCause                       OPTIONAL
    }                                                                           OPTIONAL,
    scg-DeactivationPreference            ENUMERATED { scgDeactivationPreferred, noPreference }    OPTIONAL,
    uplinkData-r17                        ENUMERATED { true }                   OPTIONAL,
    rrm-MeasRelaxationFulfilment-r17      BOOLEAN                               OPTIONAL,
    propagationDelayDifference-r17        PropagationDelayDifference-r17        OPTIONAL,
    nonCriticalExtension                  UEAssistanceInformation-v18xy-IEs    OPTIONAL
}

UEAssistanceInformation-v18xy-IEs ::= SEQUENCE {
    idc-Assistance-r18                IDC-Assistance-r18                  OPTIONAL,    nonCriticalExtension                  SEQUENCE {}                           OPTIONAL
}

 
IDC-Assistance-r16 ::=                  SEQUENCE {
    affectedCarrierFreqList-r16             AffectedCarrierFreqList-r16               OPTIONAL,
    affectedCarrierFreqCombList-r16         AffectedCarrierFreqCombList-r16           OPTIONAL,
    ...
}

IDC-Assistance-r18 ::=                  SEQUENCE {
fdm-AssistanceInfo-r18				FDM-AssistanceInfo-r18						OPTIONAL,
    ...
}

FDM-AssistanceInfo-r18::=						SEQUENCE {
    affectedCarrierFreqRangeList-r18      AffectedCarrierFreqRangeList-r18       OPTIONAL,
    IMD-affectedCarrierFreqRangeList-r18   IMD-AffectedCarrierFreqRangeList-r18       OPTIONAL,
...
}

AffectedCarrierFreqList-r16 ::= SEQUENCE (SIZE (1.. maxFreqIDC-r16)) OF AffectedCarrierFreq-r16
 
AffectedCarrierFreq-r16 ::=     SEQUENCE {
    carrierFreq-r16                 ARFCN-ValueNR,
    interferenceDirection-r16       ENUMERATED {nr, other, both, spare}
}
 
AffectedCarrierFreqCombList-r16 ::= SEQUENCE (SIZE (1..maxCombIDC-r16)) OF AffectedCarrierFreqComb-r16
 
AffectedCarrierFreqComb-r16 ::=     SEQUENCE {
    affectedCarrierFreqComb-r16         SEQUENCE (SIZE (2..maxNrofServingCells)) OF  ARFCN-ValueNR    OPTIONAL,
    victimSystemType-r16                VictimSystemType-r16
}
 
VictimSystemType-r16 ::=    SEQUENCE {
    gps-r16                     ENUMERATED {true}        OPTIONAL,
    glonass-r16                 ENUMERATED {true}        OPTIONAL,
    bds-r16                     ENUMERATED {true}        OPTIONAL,
    galileo-r16                 ENUMERATED {true}        OPTIONAL,
    navIC-r16                   ENUMERATED {true}        OPTIONAL,
    wlan-r16                    ENUMERATED {true}        OPTIONAL,
    bluetooth-r16               ENUMERATED {true}        OPTIONAL,
    ...
}
 
AffectedCarrierFreqRangeList-r18::= SEQUENCE (SIZE (1.. maxFreqIDC-r18)) OF FrequencyInfoIDC


IMD-AffectedCarrierFreqRangeList-r18::= SEQUENCE (SIZE (1.. maxFreqIDC-r18)) OF FrequencyInfoIDC

<skipped>

-- TAG-UEASSISTANCEINFORMATION-STOP
-- ASN1STOP

	UEAssistanceInformation field descriptions

	affectedCarrierFreqList
Indicates a list of NR carrier frequencies that are affected by IDC problem.

	affectedCarrierFreqCombList
Indicates a list of NR carrier frequencie combinations that are affected by IDC problems due to Inter-Modulation Distortion and harmonics from NR when configured with UL CA.

	AffectedCarrierFreqRangeList
Indicates a list of NR carrier frequencies range that are affected by the IDC problem

	IMD-AffectedCarrierFreqRangeList
Indicates a list of carrier frequencies range that are causing IMD-generated IDC problem. The list includes non-NR frequencies as well as NR carrier frequencies that can cause interference including IMD products into NR carrier frequencies as well as into Non-NR frequency bands. 

	victimSystemType
Indicate the list of victim system types to which IDC interference is caused from NR when configured with UL CA. Value gps, glonass, bds, galileo and navIC indicates the type of GNSS. Value wlan indicates WLAN and value bluetooth indicates Bluetooth.



Proposal 2: It should be possible to report multiple frequencies causing IMD interference 
It is also possible that there is no way for network to resolve the IMD issue and only solution would be then UE to try to move e.g. wifi  channel (if the wifi was vicitim of IMD problem). Possibly this could be determined by UE in time if NW does not do anything to resolve the problem but this could take quite long time before it is clear NW is not doing anything. In such a scenario it would be beneficial for the UE and the overall system performance if NW indicates to the UE that it cannot do anything to resolve the IDC/IMD problem. 
Proposal 3: NW would indicate to UE that it cannot resolve the IMD problem and UE needs to resolve it on it’s own (e.g. moving wifi channel) 
For LTE we did introduce an indication about interference direction:
interferenceDirection Indicates the direction of IDC interference. Value eutra indicates that only E-UTRA is victim of IDC interference, value other indicates that only another radio is victim of IDC interference and value both indicates that both E-UTRA and another radio are victims of IDC interference. The other radio refers to either the ISM radio or GNSS (see TR 36.816 [63]).
Non-3GPP systems (eg. Wi-Fi/BT) and NR can be aggressors or victims in both directions due to IMD products generated in RX front ends, ACLR from aggressor or receive compression. In case the NR systems is causing interference into the Wi-Fi receiver in a UE and the use case mandates that 3GPP as well as Wi-Fi is active while the UE WiFi is connected to a WiFi access point can the UE not move the WiFi channel. The result is likely more retransmissions lower coding schemes which all result in increased duty cycle for the WiFi transmitter in the UE which in turn may cause increased interference in NR frequency band. Moving (Hand over) the used NR frequency should result in better use of the RF spectrum, lower power consumption and resulting better quality of service. Awarenes of the interferenceDirection by the NR system as indicated above is for obvious reasons important. 
In our view this would be also useful in the NR in order for NW to understand what solution it would use (if any) to solve IDC problem.
Proposal 4: Indicate direction of interference whenever the IDC problem is indicated by the UE
3	Conclusion
Proposal 1: Consider UE to report affected frequencies on PRB level e.g. as proposed above in order to give NW explicit understanding of what are affected PRBs (especially for serving frequencies)
Proposal 2: It should be possible to report multiple frequencies causing IMD interference 
Proposal 3: NW would indicate to UE that it cannot resolve the IMD problem and UE needs to resolve it on it’s own (e.g. moving wifi channel) 
Proposal 4: Indicate direction of interference whenever the IDC problem is indicated by the UE
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