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1. Introduction
The new RAN1/RAN4 study item on evolution of duplex operation for NR TDD systems in unpaired spectrum was adopted [1]. The assumptions are listed as follows:
· Duplex enhancement at the gNB side
· Half duplex operation at the UE side
· No restriction on frequency ranges
[bookmark: _Hlk97109309]This document concentrates on the detailed objective on studying “subband non-overlapping full duplex” and specifically the impact of RF self-interference at gNB, and inter-subband CLI at both gNB and UE.	
2. Use cases and deployment scenarios
Studying the feasibility and potential enhancements for enabling Sub-band non-overlapping full duplex (SBFD) operation is one of the main objectives of the agreed RAN1/RAN4 study item in [1]. SBFD refers to the possibility of having simultaneous UL reception and DL transmission on separate physical resource blocks (PRBs) of a same unpaired radio carrier, used today for TDD. SBFD is a candidate for improving both coverage and latency as compared to what is currently achieved with traditional DL-heavy TDD in today’s deployments. The coverage improvement comes from allowing more frequent UL transmission opportunities in time-domain which is especially beneficial for cell-edge UEs as these can only transmit over a limited set of PRBs at a time due to the limited UL transmit power. Similarly, a latency improvement is also obtained not only for UL data transmissions, but also for UL signaling (e.g. HARQ feedback) which may translate into a DL latency improvement as well. Based on discussions in 3GPP RAN, the main focus of the work is in improving uplink performance.
With regards to deployment scenarios, urban macro deployments (UMa) are of highest interest due to market penetration but also the fact that UMa deployments may benefit the most from the expected coverage improvements. Additionally, SBFD may also be relevant for small cell deployments as it allows more symmetric UL-DL capacity and also lower latency e.g. required for industrial applications. 
Nevertheless, the envisioned benefits of SBFD do not come for free. From RF perspective, SBFD introduces many challenges related to self, co-channel and adjacent channel interference handling as illustrated in Figure 1 and listed below reusing similar formulation from the agreement reached in RAN1#109e: 
· gNB self-interference (SI) (#1 in Figure 1): Interference caused by DL transmission on a set of DL RBs in a carrier to UL reception on a set of UL RBs in the same carrier at the gNB side, where the two RB sets are non-overlapping in frequency.
· (intra-cell/inter-cell) UE-UE co-channel inter-subband CLI (#2 and #3 in Figure 1): CLI caused by UL transmission of the aggressor UE on a first set of RBs in a carrier to DL reception of the victim UE on a second set of RBs in the same cell or neighboring cell in the same carrier, where the two RB sets are non-overlapping in frequency.
· (inter-cell) inter-site gNB-gNB co-channel inter-subband CLI (#4 in Figure 1): CLI caused by DL transmission of the aggressor gNB on a first set of RBs in a carrier to UL reception of the victim gNB in a different site on a second set of RBs in the same carrier, where the two RB sets are non-overlapping in frequency.
· (inter-cell) co-site inter-sector co-channel inter-subband CLI (not illustrated, for simplicity): CLI caused by DL transmission of the aggressor gNB on a first set of RBs in a carrier to UL reception of the victim gNB in another sector of the same site on a second set of RBs in the same carrier, where the two RB sets are non-overlapping in frequency.
· (inter-cell) UE-UE co-channel intra-subband CLI (#6 in Figure 1): CLI caused by UL transmission of the aggressor UE on a set of RBs in one carrier to DL reception of the victim UE on the same set of RBs in the same carrier. 
· (inter-cell) inter-site gNB-gNB co-channel intra-subband CLI (#5 in Figure 1): CLI caused by DL transmission of the aggressor gNB on a set of RBs in one carrier to UL reception of the victim gNB in a different site on the same set of RBs in the same carrier.
· (inter-cell) co-site inter-sector co-channel intra-subband CLI (not illustrated, for simplicity): CLI caused by DL transmission of the aggressor gNB on a set of RBs in one carrier to UL reception of the victim gNB in another sector of the same site on the same set of RBs in the same carrier.
· gNB-gNB adjacent-channel CLI (#7 in Figure 1): CLI caused by DL transmission of the aggressor gNB in a carrier to UL reception of the victim gNB in another adjacent carrier.
· UE-UE adjacent-channel CLI (#8 in Figure 1): CLI caused by UL transmission of the aggressor UE in a carrier to DL reception of the victim UE in another adjacent carrier.
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[bookmark: _Ref101452658]Figure 1: Types of interference in SBFD deployment
Certainly, not all the interference types are equally relevant for all the deployment scenarios. The handling of the gNB self-interference (SI) can be regarded as one of the biggest challenges to be addressed in order to make SBFD feasible. SI is a problem regardless of the scenario/deployment type, but it is certainly an even larger problem for UMa deployments due to high gNB DL transmit power and the use of active antenna systems (AAS) with beamforming and Multi-user MIMO (MU-MIMO) capabilities as further elaborated in the upcoming sections. If evaluations in the SI are not handled correctly with appropriate modeling of feasible RF implementation and interference cancellation techniques, SBFD deployed based on incorrect assumptions may in fact deteriorate the performance as well as power and spectral efficiency compared to static TDD. As this is envisioned to increase the gNB complexity, size and cost, a fair and thorough study is needed to see whether the benefits of SBFD versus static and dynamic TDD justify the increased complexity.
For small cell deployments, the simpler gNB architecture and lower RF transmit power may make the self-interference more manageable, while challenges related to UE-to-UE and inter-cell interference may also not be a such a huge problem due to similar transmit powers in UL and DL directions. Moreover, dynamic TDD was also found feasible for small cells in the Rel-16 coexistence study in [TR 38.828], therefore it should be considered as part of the baseline when doing the corresponding feasibility evaluation.
Proposal 1: Sufficiently large gain under realistic assumptions should be observed from SBFD as compared to fixed and dynamic TDD to justify the complexity of introducing support for SBFD. 
In Table 1, we summarize the main scenarios of relevance for SBFD as well as possible benefits and corresponding challenges. These scenarios are used as the basis for more detailed RF budgeting and feasibility evaluation in the next Sections. 
Table 1: Scenarios for SBFD
	Scenario
	Potential Benefits of SBFD
	Challenges to be addressed

	Urban Macro (UMa) or  Dense Urban Macro (DU) 
Applicable frequency ranges: FR1 (UMa and DU), FR2 (DU)
ISD 200-700 meters
Number of TxRUs: 64 (FR1), 2-4 (FR2)
Tx power per TxRU: ~37 dBm (FR1), ~23-30 dBm (FR2), i.e. 26-36 dBm TRP
	+++ Coverage
+ Latency 
++ UL throughput/capacity

	– – – gNB self-interference 
– – – gNB inter-sector co-channel interference
– – gNB inter-site co-channel interference
– – – gNB inter-cell adjacent-channel interference
– UE-to-UE co-channel and adjacent-channel interference

	Indoor Hotspot (InH) 
Applicable frequency ranges: FR1-FR2
ISD: 20 – 50 meter
Number of TxRUs: 2-4
Tx power per TxRU: ~26 dBm 
	+ Latency (vs dynamic TDD)
+++ Latency (vs static TDD)
++ UL throughput/capacity (vs static TDD)
	– –  gNB self-interference 
–  gNB inter-cell co-channel interference
– UE-to-UE co-channel and adjacent-channel interference

	
	
	



3. RF impact and feasibility analysis
3.1 gNB RF architectures and SBFD operation
This section concentrates on qualitative evaluation of suitability of gNB RF architectures for SBFD operation. Later sections within clause 3 of this document provide numerical examples and evaluations on the severity of the impacts and issues described in this section.
Commercially available FR1 TDD base stations of today span a wide range in terms of output power, supported bandwidth, number of transceivers, the level of MIMO support and used precoding and beamforming techniques. The simplest implementations can be 2T2R with support only for 2x2 MIMO, no beamforming and low output power. In some cases even 1T1R can be considered. On the other end of the range there are 64 TRX implementations ranging up to couple of hundred watts of total conducted output power and support for advanced mMIMO and beamforming techniques. 
FR2-1 mmWave implementations are a whole another category, where typically low number of TRX is combined with analog and/or hybrid beamforming and large antenna array size of e.g. 256 antenna elements.
Due to the variety of BS implementations, care is needed in evaluating the feasibility and impact of SBFD, as finding a corner case where complex, costly and size/weight-increasing implementation may make SBFD possible to operate with only minor performance penalty, does not mean the same is true for the whole range of implementations. Furthermore, the target needs to be achieving gains for SBFD compared to static TDD or dynamic TDD. 
Observation 1: Different implementations in terms of output power, MIMO and beamforming capabilities need to be considered in feasibility evaluation.
An example of typical TDD RF architecture for a single TRX pipe is shown is Figure 2. RF filter is shared between transmit and receiver chains to reduce cost, size and weight. Own receiver is being protected from high power transmission both by using a circulator as well as connecting the isolated port of the circulator to a 50 ohm load instead of LNA input.
SBFD operation is not possible with the existing RF architecture as during simultaneous TX and RX:
· High power transmission would overload own receiver due to limited Tx-Rx isolation
· Maximum power tolerance of LNA may be exceeded
· ADC dynamic range may be exceeded
· Reflections due to imperfect matching of RF filter and/or antenna result in too high leakage to Rx 
· Reciprocal mixing in receiver mixer may degrade the received signal quality due to large relative power difference between wanted received signal and Tx leakage
· AGC would react to high Rx input power, reducing gain in the Rx chain and increasing receiver noise figure, resulting in significant desensitization of the receiver and therefore loss of coverage and throughput
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[bookmark: _Ref111017203]Figure 2: Example of gNB RF architecture for TDD operation with single TRX pipe
Therefore, SBFD cannot be operated without changes to RF architecture and as such SBFD needs new physical implementations and cannot be software upgraded to existing and deployed base stations.
Observation 2: SBFD cannot be operated without changes to RF architecture and as such SBFD needs new physical implementations and cannot be software upgraded to existing and deployed base stations.
Adding analog interference cancellation between the PA output LNA input is not an attractive option as
· There are multiple interference components to be cancelled, including direct leakage from PA as well as reflections from RF filter and/or antenna and/or clutter and as such interference cancellation structure would be complex
· Analog interference cancellation does not scale well to MIMO where leakage from multiple transmission paths hits each individual receiver path
· Any loss from the cancellation components in the signal path would be present also when SBFD is not used, causing permanent desensitization 
Therefore, it appears that isolation between Tx and Rx need to be obtained by using different antennas for Tx and Rx purposes.
Observation 3: SBFD operation using shared antenna for Tx and Rx does not appear to be feasible.
Regarding reflections from clutter, base station site on a flat roof with a single mast for all sectors may not be well suited for SBFD because at least in one direction, there may be too strong clutter from an edge of the roof (or from anything on the roof), and positioning each sector antenna at the respective edge of the roof would increase the site cost.
Observation 4: Impact of reflections from clutter needs further work.
An example of gNB RF architecture for single TRX using separate Tx and Rx antennas is shown in Figure 3.
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[bookmark: _Ref111017293]Figure 3: An example of gNB RF architecture using separate Tx and Rx antenna, only single TRX shown
It can be seen from Figure 3 that two RF filters and two antennas are needed. This has direct implications to the cost, size, weight and performance of the base station. Compared to a static TDD or dynamic TDD case, if the antenna size is kept equal for SBFD, at most half of the antennas can be used for transmission and other half for reception. This will result in lower antenna area per link direction, lower beamforming gain and thus reduced SNRs and throughput. The resulting impacts include
· Reduced EIRP and therefore reduced DL coverage / throughput
· Higher TRP needed for same EIRP, therefore reduced power efficiency
· Wider DL beamwidths
· Potentially increased interference towards others
· Reduced potential for MU-MIMO in DL direction
· Degraded UL beamforming gain and therefore reduced UL coverage / throughput
· Wider UL beamwidths
· Risk to receive more interference from other users
· Reduced potential for MU-MIMO in UL direction
· Loss of reciprocity

In reality, using half of the antenna elements is an optimistic assumption, as leakage between immediately adjacent antenna elements of the same antenna panel would be too high. Therefore, physical separation between Tx and Rx antenna elements would be needed, which either reduces further the number of usable antenna elements or increases the size, weight and cost of the gNB RF implementation.
If the performance degradations resulting from at least halving the number of Tx and Rx antenna elements are not acceptable, another option would be to (at least) double the total amount of antennas so that the number of Tx paths and number of Rx paths are equal to static or dynamic TDD capable base station. This however does not come for free:
· Significant increase in cost, size and weight due to increased number of RF components
· Increased wind load
· Potentially reduced deployment possibilities
· Loss of reciprocity
· Higher power consumption
· E.g. for 64 TRX case 64 transmitter and 64 receiver paths are operating simultaneously vs. only either transmit or receive path being active in static or dynamic TDD
Observation 5: gNB RF architecture based on separate Tx and Rx antennas results in
· Inferior performance in case total antenna area is kept equal
· Significant increase in cost, size and weight in case antenna area is increased to avoid performance loss
· Permanent loss of reciprocity even if antenna area is increased
Observation 6: SBFD results in increased power consumption compared to static or dynamic TDD
Depending on the amount of over-the-air Tx-Rx isolation obtained from separating the antennas, analog cancellation might still be needed. The same negatives apply for analog cancellation as in single antenna case, and therefore realistic implementation would need to reach the required analog isolation between antennas.
Observation 7: Analog interference cancellation in the circuit board does not appear feasible at least in case multiple antenna elements are used, which is the case in nearly all commercial base stations.
Given that implementations with shared antenna for Tx and Rx are not feasible and despite the fact the use of separate Tx and Rx antenna has significant drawbacks compared to static or dynamic TDD, let’s explore further the case with separate antennas. In order for the SBFD operation be feasible, the following targets should be met:
· Antenna isolation needs to be sufficient to avoid Tx leakage from exceeding maximum power tolerance of Rx components
· Antenna isolation needs to be sufficient to avoid Tx leakage from pushing the Rx components to non-linear operation, ref. ACS and in-band blocking requirements
· 6 dB desensitization is allowed in ACS and in-band blocking test cases, which is unacceptable for SBFD 
· Tx ACLR leaked to Rx needs to be well below receiver noise floor
· Relative power difference between wanted received signal and Tx leakage needs to be sufficiently low at mixer input to avoid negative impact from reciprocal mixing
· AGC should be able to operate with maximum gain while Tx leakage is present to avoid noise figure increase and therefore receiver desensitization
· Signals need to fit within ADC dynamic range
· RF system needs to be able to tolerate blockers while SBFD operation is active
· Need for digital interference cancellation should be minimized to avoid increased digital processing
· Leakage model(s) can be extremely complex taking into account N Tx antennas and M Rx antennas
· Digital interference cancellation may not provide gains above what DPD was able to reach, as non-linear model is unlikely to be better at Rx due to the increased complexity coming from need to handle simultaneous leakage from multiple Tx branches into single Rx branch.
· Deployment location of the BS should be one with no clutter near the antenna, i.e. there should be no reflections from objects near the BS antenna
· Sufficient margins are needed to account for different environmental conditions as well as process and manufacturing tolerances

It should be noted also that in case beam nulling needs to used to reach sufficient isolation, there may be reduction in quality of the wanted beam or limitations on beam directions.
In the following we explore the performance: what would be needed to simultaneously reach all targets and what could be considered realistic taking into account current BS RF minimum requirements.
3.2 gNB internal link budgets 
The analysis on gNB internal link budgets is approached from two perspectives: Firstly, a range of different antenna-to-antenna isolations and 3rd order input intercept point (IIP3) values is looked to provide an overview of the impact to RF performance. Secondly, more detailed budgeting on the receiver dynamic range have been provided together with justification for the chosen budgeting selection to provide more insight on the burden SBFD operation puts on the receiver.
3.2.1 Overview of impact of non-linearities and antenna-to-antenna isolation in receiver performance
Figure 4 illustrates how much isolation between aggressor transmitter and victim receiver is required to ensure the receiver functions close to the sensitivity threshold assuming 5 dB RF front end Noise figure. The purpose of the plots and data used here is to illustrate the magnitude of the problem and they are not an accurate behavioral model.
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[bookmark: _Ref111017434]Figure 4: Signal to interference and noise ratio (SINR) as a function of isolation between aggressor and victim. 
The data in Figure 4 is agnostic as it is valid for UE -> UE interference or gNB -> gNB as well as for SBFD considerations related to TX/RX isolation. 100 % overlap between aggressor and victim in time domain is assumed. Higher or lower aggressor RF power level can simply be estimated by shifting the horizontal axis. The numbers in the table above all refer to the antenna terminal.
ACLR contributions from the aggressor transmit signal and IMD 3 products have been considered in the calculations as well as the thermal noise floor of -101 dBm/20MHz as indicated in the Figure.  IMD3 products have been estimated by use of a simple 2 tone calculation.  
Receive RF front end IIP3 of -15 dBm to -10 dBm is used as it can be considered representative.  The flat part of the graph to the right, assuming very high isolation, shows SINR if SBFD is not implemented at all.  Maximum SINR is limited by the wanted signal level.
An important detail to note is that the IMD3 products as well as the ACLR products cannot be attenuated by any means of RF filtering, since the assumed frequency separation is too small. Base band filtering cannot attenuate it, as the noise and intermodulation product are already “in-band” at the input of the base band receive circuitry. For typical and practical ACLR and RX front end linearity performance, ACLR contributes slighly more. 
In short: 
At least 80 to 90 dB isolation from aggressor transmitter(s) to a victim receiver is required with an aggressor output power of 25 dBm and 100 to 110 dB is required if an aggressor output power of 52 dBm is assumed. 

Linearity performance of the RX front-end might be as important and problematic as the direct ACLR performance of the aggressor transmit signal. 
Observation 8: Dynamic range and linearity of Rx front-end needs to be taken into account in addition to direct Tx ACLR contribution when analysing feasibility of SBFD operation.
Observation 9: More than 100 dB of isolation from Tx antenna(s) to individual Rx antenna is required to avoid desensitization of the receiver in a typical FR1 macro scenario.

3.2.2 Receiver dynamic range analysis
As stated in the previous section, the gNB needs to minimize the impact of self-interference in SBFD operation, otherwise the feature will not have meaningful gains. The starting point should be that the receiver can use the normal maximum gain operating mode without significant desensitization, i.e. the same receiver gain and ADC budget as is used during normal TDD slots without self-interference. Overall, ADC resolution and receiver dynamic range from power tolerance and linearity perspective need to be balanced: having more bits in the ADC does not help if performance is limited by non-linearity.
The ADC quantization noise level is typically set at well below the thermal noise floor, to minimize the quantization noise contribution to overall receiver performance. From the quantization noise level, the maximum peak input level is determined by the ADC dynamic range (SFDR). An ideal 12-bit ADC has been assumed in the following analysis relevant for FR1 macro base stations. The maximum input RMS level can be calculated from the peak level, by subtracting the headroom and signal PAPR. These levels can be referred to the receiver antenna connector, and therefore straightforwardly used to calculate minimum isolation from the transmit antenna. Defining the isolation as the difference between the total radiated power (TRP) of the transmitter, and the power at a single receive branch, Table 2 shows example calculations for Urban Macro and Dense Urban scenarios:
[bookmark: _Ref111017548]Table 2: Example gNB minimum isolation considering receiver dynamic range
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First, the calculations shown in Table 2 indicate that for a reasonable ADC dynamic range, about -44 dBm maximum RMS level at the receiver antenna inputs need to be tolerated at maximum gain setting. The RMS input level is low enough also from reciprocal mixing perspective, i.e. no meaningful desensitization due to phase noise is expected. Second, using this maximum input level, the minimum isolation can be in the order of up to 98 dB using the macro scenario assumptions. It should be noted that the minimum isolation scales directly with the output power, as well as with receiver sensitivity (with better sensitivity the isolation requirement will increase). 
Observation 10: Required antenna-to-antenna isolation scales dB-to-dB with transmit output power and sensitivity.
Comparing the transmitter’s residual self-interference signal to wide area base station receiver selectivity and blocking requirements, the power levels are similar (e.g. adjacent channel interferer at -52 dBm, in-band blocker at -43 dBm). However both ACS and in-band blocking tests allow 6 dB REFSENS degradation in the test cases, whereas in SBFD operation little to no degradation should occur. 
Using the same isolation that was calculated based on receiver dynamic range above, Table 3 shows the effect of desensitization due to transmitter leakage in SBFD operation. To mitigate desensitization due to transmitter leakage, significantly higher isolation performance is required as can be seen in the table. Transmitter leakage is the dominant impairment in SBFD, compared to receiver dynamic range.
[bookmark: _Ref111017669]Table 3: Example gNB receiver desensitization considering transmitter leakage
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In the above calculations, it is assumed that the transmitter unwanted emissions relative performance on the UL sub-band during SFBD operation is similar to the unwanted emissions performance on the adjacent channel during legacy TDD operation (i.e. using “nominal ACLR” as the suppression). The gNB may need to implement filtering and/or windowing methods to suppress the IFFT linear leakage across the sub-bands. The performance and complexity of such filtering or windowing is relative to the guard band between the sub-bands. 

3.2.3 Impact of blockers and other systems aspects needing further study
In band blocking test is in some cases (3GPP TS 38.104, chapter 7.4.2) performed with an interfering signal level of -35 dBm at the “victim antenna terminal” for base stations. Assuming an aggressor level due to SBFD of +52 dBm and 87 dB analog/antenna isolation the blocker level and the SBFD aggressor are both at the same level and the Signal/IMD3 ratio can be calculated to: 
 -17 dB (@IIP3 =  -15 dBm)
 - 7  dB (@IIP3 =  -10 dBm) 
Other important non-linear effects that have not been considered above include:  
· Gain compression 
· Noise figure compression 
· Higher order intermodulation products 
· IIP2 is critical for RF architectures that make use of zero IF or Low IF receive techniques as they are sensitive to two tone intermodulation. The result of IIP2 is the same as IIP3 if observed at the baseband receive input
The different mixing products and other effects do all add up and the real result can therefore be expected to be worse than the IIP3 calculation illustrated above.
Observation 11: Impacts from blockers and IIP2 need to be further analyzed.


3.3 UE-to-UE interference 
Worst case UE performance according to TS 38.101 has been analyzed in Figure 5. Power class 3 and 20 MHz bandwidth were assumed. The purpose is to illustrate the magnitude of the UE receiver desensitization due to UE-to-UE interference and not to provide an accurate behavioral model. 
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[bookmark: _Ref111017754]Figure 5: UE to UE cross link interference and desensitization

9 dB victim RF front end noise figure was assumed. In case UE’s with better RF front end noise figure is assumed, the expected desensitization will be worse. The problem of UE receiver desensitization due to UE-to-UE interference may occur in case UE’s connected to a legacy network are operating near a network and associated UE’s that supports SBFD as well as between different UEs in a single network operating SBFD.
Observation 12: In case no degradation of UE performance is desired for SBFD use cases, the physical separation (> 200 m) or coupling loss (>90 dB) between aggressor UE and victim UE need to be very large. 
Observation 13: If worst case UE ACLR performance is considered, ACLR contribution to the in-band noise at the receive input seem to be the strongest contribution compared with IMD3 contributions. 


4. Self-interference modeling at gNB 
On self-interference modeling, the following information and questions were provided by RAN1 in the LS R1-2205543:
	Agreement
[bookmark: _Hlk103894324][bookmark: _Hlk103894493]Regarding gNB self-interference modelling for system level simulation purpose, consider introducing ratio of self-interference (RSI) to represent the overall self-interference suppression capability of gNB by means of spatial isolation, subband frequency isolation, digital interference cancellation and beamform nulling/isolation, etc. RSI also takes into account the impact of Tx/Rx antenna element gain on self-interference. The RSI, denoted as ,  can be defined as the ratio of the total power transmitted by gNB across all transmit chains on a frequency unit m (e.g., subband/RB/subcarrier m) in a SBFD carrier to the residual self-interference received by the same gNB on a single receiver chain on a different frequency unit n (e.g., another subband/RB/subcarrier n) in the same SBFD carrier.
· FFS: Model for link level simulations and relevant questions to ask RAN4
· FFS: details of gNB self-interference modelling using RSI in SLS. As one example based on per-RB-RSI, the gNB self-interference on a single receiver chain at UL RB n can be modelled as
· , wherein,
· 
· is the gNB self-interference on a single receiver chain at UL RB n caused by DL transmission on DL RB m.
· m is the DL RB index in DL subbands.
·  is gNB’s DL transmission power across all transmit chains at RB m (in dBm).
·  is the per-RB-RSI. 
· FFS: consider a statistical clutter model based on statistics of clutter strength and AoA.
· The following should be asked to RAN4:
· Question 1-1: What is the value range of RSI  for each frequency range, and under what assumptions on the self-interference suppression means the value range of RSI is provided?
· RAN1 understands the RSI can be described per subband, per RB, or per subcarrier depending on the granularity of the frequency unit, and it is up to RAN4 to provide the RSI in which granularity.
· Question 1-2: Whether it is possible for RAN4 to provide RAN1 the respective capabilities of different self-interference suppression means? e.g., is it possible to provide the separate estimates for spatial isolation, subband frequency isolation, beamform nulling/isolation, and digital cancellation, etc., as below?
·  +… 
·  denotes the spatial isolation.
·  denotes the suband frequency isolation between the Tx frequency unit m and the Rx frequency unit n.
·  denotes the beamform nulling or beam isolation.
·  denotes the digital cancellation capability.
· Question 1-3: Whether it is possible to simplify the RSI as frequency flat model, and under which condition(s) the dependency of the RSI on frequency can be ignored?
· Question 1-4: The feasibility of provided value range of RSI regarding factors such as blocking, AGC, etc.
· Question 1-5: Does RSI have any dependency with the following factors or any other factors? What are the dependencies?
· gNB’s antenna aspects, e.g., the assumed antenna architecture, the number of transmit chains and receive chains, etc.
· Frequency aspects, e.g., the frequency distance between the Tx frequency unit m and the Rx frequency unit n, the number of RBs allocated for DL transmission, etc.
· Beam aspects, e.g., Tx/Rx beam-pair for FR1/FR2 especially for clutter echo, etc.
· Note: RAN1’s consideration on the frequency locations and sizes of SBFD DL subband and SBFD UL subband assumed in SBFD operation can be provided to RAN4.




A generic model for gNB self-interference is discussed in the following building on the model provided by RAN1 in [R1-2205543], but with a few modifications to accommodate our main findings from our RF analysis in Section 3. As depicted in Figure 6, the frequency grid is divided into N resource blocks (RBs) which can be used for DL transmission or UL reception at the gNB. DL RBs are regarded as ‘aggressor RBs’ which generate interference to the UL ‘victim RBs’. For simplicity, the model is presented with RB granularity, although it can be straightforward extended to e.g. sub-carrier granularity. 
The interference generated from aggressor RB m towards a victim RB n is denoted as .  can be expressed as a proportion of the gNB’s DL transmit power in RB m (denoted as  in dBm). In dB domain, this leads to the following expression:
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[bookmark: _Ref111017862]Figure 6: Modeling of gNB self-intererence between an aggressor DL RB and a victim UL RB

where  is the ‘ratio of self-interference’ (RSI) representing the overall self-interference suppression capability of gNB between an aggressor and victim RB (m,n) pair. This includes the frequency isolation between subbands and one or more of spatial isolation, subband frequency isolation, digital interference cancellation, beamform nulling/isolation, etc. Theoretically, the value of  has a dependency on the frequency separation between the m-th and n-th RB, i.e. more interference (lower ) is expected between RBs that are nearby or adjacent to each other (e.g. < 1 MHz separation) as compared to RBs with more frequency separation. This is e.g. the modelling assumed for UE in-band emissions (IBE) in TS 38.101-1, Section 6.4.2.3, where the ‘general’ component consist of the maximum among three sub-components, one of the three (depicted in orange in Figure 7  below) dependant on the RB separation with respect to the edge of the UE transmission.
Proposal 2: Regarding gNB self-interference modelling for system level simulations, principles for the model for UE in-band emissions (IBE) in TS 38.101-1, Section 6.4.2.3 can be used as a starting point for modelling the frequency-separation dependency of the gNB self-interference between an aggressor and victim RB/SC.
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[bookmark: _Ref111037565]Figure 7: Example of the General component UE IBE following the model in TS 38.101-1, Section 6.4.2.3. The three sub-components are depicted in blue, orange and gray, respectively, while dashed-red line indicates the resulting value as the maximum of the three sub-components.
Similar dependency on the frequency separation could be applied for gNB self-interference modeling. However, agreeing on a unified model may be difficult considering different gNB architectures, RF implementations, power levels, etc. A simplification to the model can be achieved if assuming sufficient separation or guard band between UL and DL subbands/RBs such that the UL RB are placed on the ‘flat region’ of the DL emission mask, i.e. RBs inmediately adjacent to the DL subband are not used for neither UL nor DL reception thus self-interference do not need to be accurately modeled on those PRBs. In this case, a fixed value of  can be assumed (which we denote as ) regardless of the aggressor-victim RB separation. Assuming also fixed gNB transmit power density (i.e. gNB transmit power varies over time depending on number of allocated RBs), the accumulated interference from all DL RBs towards a victim RB n can be expressed as follows:
 ;
,
[bookmark: _Hlk110872247]where M is the total number of allocated DL RBs at a given time, i.e. the more RBs are allocated the higher the interference observed at a UL RB. This ‘frequency-flat’ model also assumes that there is sufficient (analog) isolation between Tx-Rx such that the receiver still operates in linear region. If not the case, intermodulation products will be dominant which may introduce some frequency dependent components thus making the presented model not valid.
Using this generic model, the assumed value of  in the simulation can be selected depending on the assumed e.g. subband frequency isolation, Tx-Rx isolation, and other analog and/or digital self-interference cancellation (SIC) capabilities. For example, for an subband frequency isolation of 45 dB[footnoteRef:2], and 100 dB of self-interference suppression (which includes Tx-Rx isolation, and potentially other digital and/or analog means as depicted in Figure 8), the value of  can be set as dB, where  is a scaling factor to cancel out the accumulative effect from the contribution of all DL RBs (assuming 100 MHz carrier bandwidth and 30 kHz SCS) towards each victim RB. In other words, the scaling factor ensures that the 45 dB subband frequency isolation performance is achieved for 100% DL PRB allocation conditions, while the subband frequency isolation will naturally increase for fractional DL load conditions. Example calculations using this proposed model are shown in Table 4 for 3 different DL RB load conditions: 10%, 80%, 100% resulting in residual inter-subband interference ratio (post analog suppression) of 100+55 dB, 100+46 dB and 100+45 dB, respectively. [2:  Assuming sufficient frequency-separation between DL and UL subbands, the inter-subband frequency isolation can achieve similar performance as the (adjacent-channel) ACLR/ACIR performance. ] 

Proposal 3: With respect to question 1-3 from the RAN1 LS R1-2205543 on ‘Whether it is possible to simplify the RSI as frequency flat model, and under which condition(s) the dependency of the RSI on frequency can be ignored?’:
· a fixed value of  can be assumed (for any (m,n) RB pair) if there is sufficient separation or guard band between UL and DL subbands/RBs such that the UL RB are placed only on the ‘flat region’ of the DL emission mask.
· Under the additional assumption of fixed gNB transmit power density (i.e. gNB transmit power varies depending on number of allocated RBs), the accumulated interference from all DL RBs towards a victim UL RB n can be simplified as follows: 
·  wherein,
·  is the transmit power per RB
·  is the total number of allocated DL RBs at a given time
· Note: This model is conditioned on sufficient (analog) isolation between Tx-Rx such that the receiver still operates in linear region. If not the case, intermodulation products will be dominant which may introduce some frequency dependent components making the presented model not valid
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[bookmark: _Ref111018057]Figure 8: Visualization of subband frequency-isolation and self-interference components

[bookmark: _Ref111018184]Table 4: Example self-interference calculations for different RB load conditions
	 
	Parameter
	Value
	Unit
	Notes

	1
	Total Number of PRBs
	273
	PRB
	100 MHz carrier, 30 kHz SCS

	2
	Total DL Tx power 
	52.0
	dBm
	 

	3
	DL Tx power per RB
	27.6
	dBm
	(2)-dB(1)

	4
	αSI 
	169.4
	dB
	45(subband frequency-isolation)+100(Tx-Rx suppression)+10∙log10(273)

	5
	Interference per RB @100% DL RB load
	-117.4
	dBm
	(3)-(4)+dB((1)*1)

	6
	Inter-subband interference ratio ((3)-(5))
	145.0
	dB
	 45 dB subband frequency-isolation (145-100) for 100% load conditions

	7
	Interference per RB @80% DL RB load
	-118.3
	dBm
	(3)-(4)+dB((1)*0.8)

	8
	Inter-subband interference ratio ((3)-(7))
	146.0
	dB
	 46 dB subband frequency-isolation (146-100) for 100% load conditions

	9
	Interference per RB @10% DL RB load
	-127.4
	dBm
	(3)-(4)+dB((1)*0.1)

	10
	Inter-subband interference ratio ((3)-(9))
	155.0
	dB
	 55 dB subband frequency-isolation (155-100) for 100% load conditions






5. Inter-subband crosslink interference 
Regarding inter-subband crosslink interference, the following information and questions were provided by RAN1 in the LS R1-2205543:
	For discussion of gNB-gNB and UE-UE co-channel inter-subband CLI modelling in system level simulation, RAN1 understands at least the following two aspects need to be considered:
· Aspect 1: The unwanted emissions due to Tx non-linearity at the transmitter of the aggressor from the allocated RBs to the non-allocated RBs in the same carrier.
· Aspect 2: The receiver selectivity at the victim to receive the desired signal in the allocated RBs in the presence of the unwanted signals at the non-allocated RBs. (e.g. receiver blocking at the victim, overload of the receiver dynamic range, etc)
The following questions should be asked to RAN4: 
· Question 2-1: Whether it is feasible to consider the above two aspects for gNB-gNB and UE-UE co-channel inter-subband CLI modelling in system level simulation? Are there any other aspects should also be taken into account?
· Question 2-2: For a specific pair of DL frequency unit m (e.g., subband/RB m) and UL frequency unit n (e.g., subband/RB n) of gNB-gNB link, where the DL frequency unit m and UL frequency unit n are in the same carrier and non-overlapping in frequency, and assuming the aggressor gNB transmits on the DL frequency unit m and the victim gNB receives on the UL frequency unit n, 
· How to model the interference from DL frequency unit m to UL frequency unit n due to Aspect 1 (defined above) at the gNB transmitter?
· How to model the interference from DL frequency unit m to UL frequency unit n due to Aspect 2 (defined above) at the gNB receiver?
· How to model the above interferences for the following two cases:
· inter-site gNB-gNB co-channel inter-subband CLI
· co-site inter-sector co-channel inter-subband CLI
· Question 2-3: For a specific pair of DL frequency unit m (e.g., subband/RB m) and UL frequency unit n (e.g., subband/RB n) of UE-UE link, where the DL frequency unit m and UL frequency unit n are in the same carrier and non-overlapping in frequency, and assuming the aggressor UE transmits on the UL frequency unit n and the victim UE receives on the DL frequency unit m, 
· How to model the interference from UL frequency unit n to DL frequency unit m due to Aspect 1 (defined above) at the UE transmitter?
· How to model the interference from UL frequency unit n to DL frequency unit m due to Aspect 2 at the UE receiver?
FFS: Usage of the above model provided by RAN4 in the evaluation


The inter-subband cross-link interference is SBFD-specific type of interference. This interference is caused by an aggressor node transmitting in a first set of RBs which power leaks into a second set of RBs that is used for reception by a victim node. Both sets of RBs are non-overlapping in the frequency domain and have oppositive link directions. This interference mainly depends on two aspects: i) the unwanted emissions leaked into the second set of RBs due to transmitter non-linearities and ii) the receiver selectivity at the victim node to receive the wanted signal in presence of interfering unwanted signals. It is assumed that the cross-link interference is low enough so that receiver RF front-end operates in linear region and receiver non-linearities do not cause a meaningful interference component.
5.1 Inter-subband cross-link interference at gNB
In this case, the inter-subband CLI is generated by an aggressor gNB transmitting in downlink set of RBs while a victim gNB is receiving in uplink on a different set of RBs. Different aspects should be considered depending on whether the aggressor gNB is from the same operator as the victim gNB, i.e., co-channel inter-subband interference, or whether they are gNBs from different operators, i.e., adjacent-channel inter-subband interference.
5.1.1 Co-channel inter-subband cross-link interference
Regarding unwanted emissions at the base station, 3GPP defines the adjacent channel leakage power ratio (ACLR) requirement as the ratio of the filtered mean power center on the assigned channel frequency to the filtered mean power centered on an adjacent channel frequency. The RAN4 specifications currently set to 45 dB the minimum ACLR requirements for gNBs operating in unpaired spectrum. In SBFD context, instead of requirements per channel, the leakage power ratio should be defined with sub-carrier/RB/sub-band granularity. Given this, a new power leakage ratio requirement could be defined for SBFD. The requirement can be referred as inter-subband leakage ratio (ISLR) and it defines the ratio of the filtered mean power transmitted by the aggressor gNB on sub-carrier/RB/sub-band to the filtered power received by the victim gNB on a different sub-carrier/RB/sub-band on the same SBFD channel. 
Alternatively, the unwanted emission could be modelled with the in-band emission model. The in-band emission requirements limit the unwanted emissions power This model is only standardized for the UE in TS 38.101 and therefore, either an extension of the model or a new model for the BS in-band emissions is required. In contrast to the ACLR, the unwanted emissions are dependent, among others, on the number of allocated RBs as well as the frequency separation between the allocated RBs and the non-allocated RB - in which the unwanted emissions are measured. 
Assuming that the frequency separation between 2 sub-bands of opposite direction is large enough, it is safe to assume that the ISLR approach can be used to model the gNB unwanted emissions in SBFD.
Observation 14: The unwanted emissions at the gNB are currently modelled with the adjacent channel power leakage (ACLR). An extension of the ACLR for adjacent sub-bands in the same carrier, namely the inter-subband leakage ratio (ISLR), can be used to model the unwanted emissions for SBFD gNBs. This assumes there is suffiency frequency separation between 2 sub-bands of opposite link direction.
Regarding the receiver requirements, 3GPP defines the adjacent channel selectivity (ACS) to measure the receiver ability to receive a wanted signal at a given frequency in presence of an adjacent channel signal whose center frequency is offset from the wanted signal frequency. Currently, the RAN4 specifications in TS 38.104 set the capability for wide area base stations of receiving a wanted signal with 6 dB higher power than the REFSENS with the presence of an interfering signal of -52 dBm in the adjacent channel. As discussed for the ACLR, the receiver selectivity for SBFD should be defined between sub-bands and with smaller granularity than channel. This results in a new term, the inter-subband selectivity (ISS) and it can be defined as the receiver ability to receive a wanted signal at one sub-carrier/RB/sub-band in presence of an unwanted signal at another sub-carrier/RB/sub-band of the same SBFD channel.
Observation 15: The new inter-subband selectivity (ISS) defines the gNB receiver selectivity with finer frequency granurality as compared to existing gNB adjacent channel selectivity requirements.
Combining the inter-subband leakage ratio (ISLR) and the inter-subband selectivity (ISS), the inter-subband interference ratio (ISIR) is defined. The ISIR describes the ratio of power transmitted by the aggressor gNB in one sub-carrier/RB/sub-band to the total interference received by the victim gNB in another sub-carrier/RB/sub-band of the same carrier. Together with the ISIR, the received inter-subband CLI depends on the coupling loss between aggressor and victim as well as on the aggressor transmit power. With this, the co-channel inter-subband CLI received at a given sub-carrier/RB/sub-band (n) and generated by an individual sub-carrier/RB/sub-band (m) can be expressed as:

Where:
  is the transmit power at the aggressor gNB on the m sub-carrier/RB/sub-band,
 is the coupling loss between the aggressor gNB (A) and the victim gNB (B) and includes path-loss, penetration loss, shadow fading and Tx/Rx antenna gain, including beamforming gain,
 is the inter-subband interference ratio (ISIR) for a given m and n sub-carriers/RBs/sub-bands
Observation 16: For modelling the co-channel inter-subband CLI, the inter-subband interference ratio (ISIR) is proposed. The ISIR resembles the existing ACIR requirement but it is defined with finer granurality.
The total gNB-gNB co-channel inter-subband CLI in the n sub-carrier/RB/sub-band is calculated as the sum of the individual contributions of each m sub-carrier/RB/sub-band of the DL subband:

Note that the gNB-gNB co-channel inter-subband CLI depends on the number of active DL resource blocks, resulting in higher interference as the number of allocated RBs increases. Also note that, unlike the self-interference, the original signal is not known at the victim gNB and therefore it increases the complexity for cancellation as digital interference cancelation can’t be applied.
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Figure 9: gNB-to-gNB co-channel inter-subband cross-link interference

5.1.2  Co-site inter-sector co-channel inter-subband CLI
Current propagation models, e.g., TR 38.901, do not apply for path-loss calculation between co-site sectors. For modelling the co-channel inter-subband CLI between sectors, a simple model based on a dedicated parameter for the inter-sector interference suppression should be adopted. In this respect, we think similar model as for the self-interference can be adopted but replacing  with a new parameter e.g., ‘’ expressing the overall isolation between Tx and Rx across co-located sectors A and B, including spatial isolation, beamforming, etc. Differently from the self-interference suppression parameter,  does not include digital interference cancelation since it is not feasible that sector A is aware of the transmitted signal in sector B. On the other hand, considering that cells in the same site are pointing to different directions, most of the interference will be received from the sidelobes and back lobes of the antenna. Thus it is reasonable to assume higher analog suppression of the inter-sector interference as compared to what is achieved for the self-interference. For instance, system-level simulations can be run assuming  dB. Note that we assume that all the sectors in a site are fully synchronized in time and operate with same subband UL/DL PRB partitioning, therefore the presented model only applies to inter-subband interference but not intra-subband interference.  
Proposal 4: For the modelling of intra-site inter-subband inter-sector interference, reuse the same model as for self-interference but replacing  with a new parameter  expressing the overall isolation between Tx and Rx across co-located sectors A and B, including spatial isolation, beamforming, etc.
· Considering that the major sources of inter-sector interference are due to the radiation via sidelobes and back lobes of the gNB antenna,  can be assumed to be higher or at least equal to .

5.1.3 Adjacent-channel inter-subband cross-link interference
For the adjacent-channel inter-subband CLI, the concept of adjacent-channel interference ratio (ACIR) defined in 3GPP can be applied. However, modifications to the ACIR definition are required to specify it per sub-carrier/RB/sub-band instead of per channel. The new ACIR could be described as the ratio of the power transmitted by the aggressor gNB on a one subcarrier/RB/sub-band in one channel to the total interference received by the victim gNB on another sub-carrier/RB/sub-band in the adjacent channel. 
Observation 17: For adjacent channel inter-subband CLI, the existing BS ACIR requirements can be extended for SBFD simulations. Finer frequency granurality in the ACIR assumptions could be needed. 
The gNB-to-gNB adjacent channel inter-subband CLI received at a given sub-carrier/RB/sub-band (n) and generated by an individual sub-carrier/RB/sub-band (m) can be calculated as:

Where:
  is the transmit power at the aggressor gNB on the m sub-carrier/RB/sub-band,
 is the coupling loss between the aggressor gNB (C) and the victim gNB (B) and includes path-loss, penetration loss, shadow fading and Tx/Rx antenna gain,
 is the adjacent-channel interference ratio for a given m and n sub-carriers/RBs/sub-bands
The total gNB-to-gNB adjacent channel inter-subband CLI in the n sub-carrier/RB/sub-band is calculated as the sum of the individual contributions of each m sub-carrier/RB/sub-band of the DL subband:
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Figure 10: gNB-to-gNB adjacent-channel inter-subband cross-link interference

5.2 Inter-subband cross-link interference at UE
In this case, the inter-subband CLI is generated by an aggressor UE transmitting in uplink on a set of RBs while a victim UE is receiving in downlink on a different set of RBs. Different aspects should be consider depending on whether the aggressor UE is from the same operator as the victim UE, i.e., co-channel inter-subband interference, or whether they are UE from different operators, i.e., adjacent-channel inter-subband interference.
5.2.1 Co-channel inter-subband cross-link interference
The co-channel inter-subband interference at the UE side requires the definition of the inter-subband interference ratio (ISIR), as discussed in the previous sections for the gNB co-channel interference. The ISIR combines the unwanted emissions of the aggressor UE as well as the receiver selectivity of the victim UE. Regarding the UE unwanted emissions, TS 38.101 uses the in-band emisisons model to describe the ratio of the UE output power in a non-allocated RB to the UE output power in an allocated RB. This model is dependent, among others, on the number of allocated RBs as well as the frequency separation between the allocated RBs and the non-allocated RB. The current model can be used for co-channel inter-subband cross-link interference calculations. For the UE receiver selectivity, the existing UE adjacent channel selectivity should be defined with sub-carrier/RB/sub-band granurality before applying it for SBFD. Note that there is no in-band channel selectivity (ICS) requirements for the UE side in current RAN4 specifications. The UE ISIR could be defined as the ratio of power transmitted by an aggressor UE on a sub-carrier/RB/sub-band to the total interference received by the victim UE on another sub-carrier/RB/sub-band in the same SBFD channel. 
Observation 18: The current UE in-band emission model can be applied for modelling the UE unwanted emissions on SBFD.
Observation 19: No ICS requirements are defined for the UE. Existing UE ACS requirements could be applied with finer frequency granurality.
The UE-to-UE co-channel inter-subband CLI received at a given sub-carrier/RB/sub-band (m) and generated by an individual sub-carrier/RB/sub-band (n) can be calculated as:

Where:
  is the transmit power at the aggressor UE on the n sub-carrier/RB/sub-band,
 is the coupling loss between the aggressor UE (A) and the victim UE (B) and includes path-loss, penetration loss, shadow fading and Tx/Rx antenna gain,
 is the inter-subband interference ratio (ISIR) at the UE for a given n and m sub-carriers/RBs/sub-bands
The total inter-subband interference experienced by the victim UE in a given sub-carrier/RB/sub-band (m) is calculated as the sum of the individual contributions of each n sub-carrier/RB/sub-band of the UL subband:
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Figure 11: UE-to-UE co-channel inter-subband cross-link interference

Note that in this case, the co-channel inter-subband interference occurs between UEs from the same cell (intra-cell) and between UEs from different cells (inter-cell).

5.2.2 Adjacent-channel inter-subband cross-link interference
The UE-to-UE adjacent-channel inter-subband interference requires the definition of the adjacent-channel interference ratio (ACIR) with sub-carrier/RB/sub-band granularity, as discussed in the previous sections for the gNB adjacent channel interference. The new UE ACIR can be defined as the ratio of the power transmitted by the aggressor UE on a subcarrier/RB/sub-band in one channel to the total interference received by the victim UE on another sub-carrier/RB/sub-band in the adjacent channel. The ACIR, in turn, is dependent on the UE ACLR and ACS which should defined with finer granurality. 
Observation 20: For adjacent channel inter-subband CLI, the existing UE ACIR requirements can be extended for SBFD simulations. Finer frequency granurality in the ACIR requirements could be needed. 
The UE-to-UE adjacent-channel inter-subband CLI generated by an individual sub-carrier/RB/sub-band (n) and received at another sub-carrier/RB/sub-band (m) can be calculated as:

Where:
  is the transmit power at the aggressor UE on the n sub-carrier/RB/sub-band,
 is the coupling loss between the aggressor UE (C) and the victim UE (B) and includes path-loss, penetration loss, shadow fading and Tx/Rx antenna gain,
 is the UE adjacent-channel interference ratio for a given m and n sub-carriers/RBs/sub-bands
The total UE-UE adjacent channel inter-subband interference experienced by the victim UE in a given sub-carrier/RB/sub-band (m) is calculated as the sum of the individual contributions of each n sub-carrier/RB/sub-band of the UL subband:
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Figure 12: UE-to-UE adjacent-channel inter-subband cross-link interference
6. [bookmark: _Hlk106970747]Example system-level simulation results
Simulation results for co-channel scenario are presented in the following based on the models discussed in Sections 4 and 5. In line with the agreements reached RAN1#109-e meeting (see RAN1 chairman notes), Deployment Case 1 is considered where one single operator is simulated and all the cells belonging to the operator use SBFD operation with the same SBFD subband configuration. The network layout corresponds to FR1 Urban Macro as defined in TR 38.901. Static TDD is also simulated for comparison purposes, where a TDD radio frame configuration with DDDSU (S=[12D:2G:0U]) is assumed, while the SBFD frame configuration corresponds to XXXXX with X denoting a SBFD with ~20% UL RBs; this corresponds to ‘Alt 4’ agreed by RAN1 where the goal is to have the same UL/DL resource ratio between Legacy TDD and SBFD. With respect to gNB antenna configurations, an antenna array of (M, N, P, Mg, Ng) = (8, 8, 2, 1, 1) is assumed, where the top and bottom 4 rows are used for SBFD transmission and reception, respectively, while the entire antenna array is used for both transmission and reception when simulating TDD; this corresponds to ‘Opt 1’ agreed by RAN1 in RAN1#109-e.
For the assumed scenario, gNB self-interference and gNB-gNB, UE-UE inter-subband cross link interference are present with SBFD. The gNB self-interference is modelled using the frequency-flat model discussed in Section 4, with three different levels of ratio of self-interference or : 138 dB, 148 dB, and 168 dB. These values correspond to an ACLR of 44 dB plus 70 dB, 80 dB, and 100 dB of self-interference suppression and a scaling factor of 10*log10(250) = 24 dB due to the presence of 250 RBs in the 100 MHz carrier. For the modelling of intra-site inter-sector gNB-gNB inter-subband interference, the same level of suppression as for the RSI is assumed, i.e. . To understand the upper-bound of the SBFD performance, the case with ideal self-interference suppression and ideal gNB-gNB intra-subband suppression is also included. Other simulation assumptions are found in Table 6.
Figure 10 and Table 5 show the CDF and different percentiles of the average UL throughput per UE for TDD and SBFD with different levels of self-interference cancellation. For 80 dB SIC or more, SBFD is shown to provide a significant improvement in the coverage/5%-ile UE UL throughput performance as compared to static TDD. Specifically, up to 4.78x higher 5%-ile UE UL throughput is observed with 100 dB SIC which performs closely to the ideal SBFD case. The coverage gain come from providing the cell-edge power-limited UEs with more UL transmit opportunities over time, as compared to static TDD. Naturally, there is some reduction of the 50%- and 95%-ile UE throughput but this is partly due to larger amount of resources that are assigned to the coverage limited users. Looking at the mean UE UL throughput which gives an indication of the UL spectral efficiency of the system, even in the ideal SBFD case there is a throughput reduction of 14% which is mainly due to the lower number of transmit and receive antennas used for SBFD as compared to static TDD.
Observation 21: For FR1 UMa simulations, SBFD is shown to provide a >2x improvement in the UL coverage/5%-ile UE UL throughput performance as compared to static TDD, if assuming a ratio of self-interference (RSI) of at least 148 dB or more (45 dB ACLR + 80 dB analog suppression + scaling factor). 
Observation 22: For FR1 UMa simulations, UL spectral efficiency of SBFD is generally worse than with static TDD (60%-16% worse depending on the RSI) since half the amount of transmit and receive antennas is used for SBFD. 
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[bookmark: _Ref110952576]Figure 10: Average UL throughput per UE.
[bookmark: _Ref111018741]Table 5: Average UL throughput per UE at different percentile points
	
	TDD
	SBFD – RSI: 138 dB
	SBFD – RSI: 148 dB
	SBFD – RSI: 168 dB
	SBFD - ideal

	5%-ile UE UL throughput [Mbps]
	0.278
	0.17 (-39%)
	0.65 (134%)
	1.15 (314%)
	1.33 (378%)

	50%-ile UE UL throughput [Mbps]
	4.1
	1.15 (-72%)
	2.25 (-45%)
	3.36 (-18%)
	3.6 (-12%)

	95%-ile UE UL throughput [Mbps]
	10.55
	3.75 (-64%)
	5.76 (-45%)
	6.57 (-38%)
	6.85 (-35%)

	Mean UE UL throughput [Mbps]
	4.4
	1.7 (-61%)
	2.7 (-39%)
	3.7 (-16%)
	3.8 (-14%)




[bookmark: _Ref111043115]Table 6: Simulation assumptions
	1. Parameters
	1. Value

	Scenario
	Urban Macro (TR 38.901) with 7x3=21 cells and 500 meter ISD.
SBFD Deployment Case 1 with single operator and all gNBs using the same UL-DL SBFD sub-band partitioning

	SCS
	30 kHz

	Carrier bandwidth
	100 MHz, 250 RBs

	gNB total transmit power
	52 dBm

	UE Tx power
	23 dBm

	UE position
	3D-UMa assumptions from TR 38.901/TR36.873: (80% indoor UE ratio located in buildings and uniformly distributed across floors)

	Traffic model
	Full buffer in DL and UL

	Channel modelling
	gNB-UE: TR 38.901 UMa

gNB-gNB: TR 38.901 UMa with replacement of the UE’s antenna height with gNB’s antenna height and updated angular spread

UE-UE: TR 38.901 UMi for outdoor-indoor and outdoor-outdoor UE-UE links; TR 38.901 InH for indoor-indoor UE links

	BS antenna configurations
	TDD: 16 Tx/16 Rx antenna ports 
(M, N, P, Mg, Ng; Mp, Np) = (8, 8, 2, 1, 1; 2, 4);

SBFD: 8 Tx/8 Rx antenna ports 
(M, N, P, Mg, Ng; Mp, Np) = (4, 8, 2, 1, 1; 1, 4);

dH = 0.5λ, dV = 0.8λ;
No mechanical tilt 


	UE antenna configuration
	4 Tx/4 Rx antenna ports 
(M, N, P, Mg, Ng; Mp, Np) = (1, 2, 2, 1, 1; 1, 2)
dH=0.5

	UE & BS receiver
	MMSE-IRC 

	Number of UEs per cell
	10 

	SCS 
	30 kHz 

	UE speed
	3 km/h for modeling fading channel 

	UE power control
	Open-loop power control with alpha = 0.9 and p0=-100

	DL/UL Transmission mode
	Single user MIMO with rank 1.

	Frame structure
	TDD: DDDSU with S=[12D:2G:0U]
SBFD: XXXXX with X denoting a SBFD slot with DGUGU = [96, 4, 50, 4, 96] PRB assignment. “D”, “U” and “G” refers to downlink subband, uplink subband and guard bands, respectively.

	SBFD interference modeling
	ACIR = 44 dB; SIC = [70, 80, 100] dB
 [138, 148, 168] dB (see modeling of self-interference in Section 4)
 [138, 148, 168] dB (see modeling of intra-site inter-sector interference in Section 5)
= 68 dB




8. 
9. 
10. 
11. 
12. Reply to RAN1 LS
In this section we provide our view on the questions asked by RAN1 in the LS R1-2205543 based on the analysis in previous sections. On the first set of questions, our view is the following:
	Agreement
Regarding gNB self-interference modelling for system level simulation purpose, consider introducing ratio of self-interference (RSI) to represent the overall self-interference suppression capability of gNB by means of spatial isolation, subband frequency isolation, digital interference cancellation and beamform nulling/isolation, etc. RSI also takes into account the impact of Tx/Rx antenna element gain on self-interference. The RSI, denoted as ,  can be defined as the ratio of the total power transmitted by gNB across all transmit chains on a frequency unit m (e.g., subband/RB/subcarrier m) in a SBFD carrier to the residual self-interference received by the same gNB on a single receiver chain on a different frequency unit n (e.g., another subband/RB/subcarrier n) in the same SBFD carrier.
· FFS: Model for link level simulations and relevant questions to ask RAN4
· FFS: details of gNB self-interference modelling using RSI in SLS. As one example based on per-RB-RSI, the gNB self-interference on a single receiver chain at UL RB n can be modelled as
· , wherein,
· 
· is the gNB self-interference on a single receiver chain at UL RB n caused by DL transmission on DL RB m.
· m is the DL RB index in DL subbands.
·  is gNB’s DL transmission power across all transmit chains at RB m (in dBm).
·  is the per-RB-RSI. 
· FFS: consider a statistical clutter model based on statistics of clutter strength and AoA.
· The following should be asked to RAN4:
· Question 1-1: What is the value range of RSI  for each frequency range, and under what assumptions on the self-interference suppression means the value range of RSI is provided?
· RAN1 understands the RSI can be described per subband, per RB, or per subcarrier depending on the granularity of the frequency unit, and it is up to RAN4 to provide the RSI in which granularity.
· Question 1-2: Whether it is possible for RAN4 to provide RAN1 the respective capabilities of different self-interference suppression means? e.g., is it possible to provide the separate estimates for spatial isolation, subband frequency isolation, beamform nulling/isolation, and digital cancellation, etc., as below?
·  +… 
·  denotes the spatial isolation.
·  denotes the suband frequency isolation between the Tx frequency unit m and the Rx frequency unit n.
·  denotes the beamform nulling or beam isolation.
·  denotes the digital cancellation capability.
· Question 1-3: Whether it is possible to simplify the RSI as frequency flat model, and under which condition(s) the dependency of the RSI on frequency can be ignored?
· Question 1-4: The feasibility of provided value range of RSI regarding factors such as blocking, AGC, etc.
· Question 1-5: Does RSI have any dependency with the following factors or any other factors? What are the dependencies?
· gNB’s antenna aspects, e.g., the assumed antenna architecture, the number of transmit chains and receive chains, etc.
· Frequency aspects, e.g., the frequency distance between the Tx frequency unit m and the Rx frequency unit n, the number of RBs allocated for DL transmission, etc.
· Beam aspects, e.g., Tx/Rx beam-pair for FR1/FR2 especially for clutter echo, etc.
· Note: RAN1’s consideration on the frequency locations and sizes of SBFD DL subband and SBFD UL subband assumed in SBFD operation can be provided to RAN4.



With respect to Question 1-1:
	The ratio of self-interference (RSI) will depend on variety of things in the base station implementation (such as base station class, power capability, number of transceivers, antenna configuration, etc.) and deployment (e.g., clutter and reflections in front of the base station), and specific values will need further studies in RAN4. 



With respect to Question 1-2:
	Spatial isolation will depend on the frequency range, assumptions on antenna size and volume constraints, number of antenna elements, etc. and specific values will need further studies in RAN4.
Frequency isolation can be based on existing base station unwanted emissions requirement, and 45 dB may be used as a starting point for FR1, assuming sufficient guard band between the transmit and receive sub-bands. For FR2, the respective ACLR and ACS requirements (i.e. resulting in adjacent channel interference ratio) can be used as a starting point.
Beam isolation may be used to restrict those DL beams that would couple the strongest to the UL receive antenna, at a cost to DL performance. Specific values for beam isolation need further studies in RAN4.
Digital cancellation may only be relevant for low number of transceivers (e.g., 2T2R), and moreover unlikely to provide gains above what transmitter digital predistortion achieves. Performance for specific implementations in scope would need further studies in RAN4.



With respect to Question 1-3:
	A frequency flat model can be used, as long as sufficient guard band is assumed between DL and UL sub-bands.




With respect to Question 1-4:
	The values for RSI will need to accommodate sufficient margins for different environmental conditions, process and manufacturing tolerances, implementation considerations, and interference environment in practical deployments in the field.



With respect to Question 1-5:
	Yes, the RSI will have dependency at least on the listed factors, but further details will need to be studied in RAN4.



On the second set of questions on co-channel inter-subband interference, our view is the following: 
	Agreement
[bookmark: _Hlk103807408]For discussion of gNB-gNB and UE-UE co-channel inter-subband CLI modelling in system level simulation, RAN1 understands at least the following two aspects need to be considered:
· Aspect 1: The unwanted emissions due to Tx non-linearity at the transmitter of the aggressor from the allocated RBs to the non-allocated RBs in the same carrier.
· Aspect 2: The receiver selectivity at the victim to receive the desired signal in the allocated RBs in the presence of the unwanted signals at the non-allocated RBs. (e.g. receiver blocking at the victim, overload of the receiver dynamic range, etc)
The following questions should be asked to RAN4: 
· Question 2-1: Whether it is feasible to consider the above two aspects for gNB-gNB and UE-UE co-channel inter-subband CLI modelling in system level simulation? Are there any other aspects should also be taken into account?
· Question 2-2: For a specific pair of DL frequency unit m (e.g., subband/RB m) and UL frequency unit n (e.g., subband/RB n) of gNB-gNB link, where the DL frequency unit m and UL frequency unit n are in the same carrier and non-overlapping in frequency, and assuming the aggressor gNB transmits on the DL frequency unit m and the victim gNB receives on the UL frequency unit n, 
· How to model the interference from DL frequency unit m to UL frequency unit n due to Aspect 1 (defined above) at the gNB transmitter?
· How to model the interference from DL frequency unit m to UL frequency unit n due to Aspect 2 (defined above) at the gNB receiver?
· How to model the above interferences for the following two cases:
· inter-site gNB-gNB co-channel inter-subband CLI
· co-site inter-sector co-channel inter-subband CLI
· Question 2-3: For a specific pair of DL frequency unit m (e.g., subband/RB m) and UL frequency unit n (e.g., subband/RB n) of UE-UE link, where the DL frequency unit m and UL frequency unit n are in the same carrier and non-overlapping in frequency, and assuming the aggressor UE transmits on the UL frequency unit n and the victim UE receives on the DL frequency unit m, 
· How to model the interference from UL frequency unit n to DL frequency unit m due to Aspect 1 (defined above) at the UE transmitter?
· How to model the interference from UL frequency unit n to DL frequency unit m due to Aspect 2 at the UE receiver?
FFS: Usage of the above model provided by RAN4 in the evaluation



With respect to Question 2-1:
	The inter-subband cross-link interference mainly depends on two aspects: i) the unwanted emissions leaked into the second set of RBs due to transmitter non linearities and ii) the receiver selectivity at the victim node to receive the wanted signal in presence of interfering unwanted signals. These 2 aspects are sufficient, and they should be taken into account for the SBFD system-level simulations. The above assumes sufficient coupling loss between aggressor and victim nodes such that the receiver RF front-end operates in the linear region. Otherwise, other aspects such as issues with the receiver AGC, non-linearities, reciprocal mixing, and others will appear.



With respect to Question 2-2:
	The unwanted emissions (Aspect 1) at the gNB transmitter can be modelled by extending the existing BS ACLR model to sub-bands of the same SBFD carrier. Our view is that the inter-subband leakage ratio (ISLR) should be introduced. It defines the ratio of the filtered mean power transmitted by the aggressor gNB on one sub-carrier/RB/sub-band to the filtered power received by the victim gNB on a different sub-carrier/RB/sub-band on the same SBFD channel. The receiver selectivity (Aspect 2) at the gNB receiver can be modelled by extending the BS ACS model to sub-bands of the same SBFD carrier. Our view is that inter-subband selectivity (ISS) should be introduced. It defined as the receiver ability to receive a wanted signal at one sub-carrier/RB/sub-band in presence of an unwanted signal at another sub-carrier/RB/sub-band of the same SBFD channel.
These 2 aspects combine to define the inter-subband interference ratio (ISIR) which is then used for the inter-site gNB-gNB co-channel inter-subband CLI. The co-channel inter-subband CLI received at a given sub-carrier/RB/sub-band (n) and generated by an individual sub-carrier/RB/sub-band (m) can be expressed as:

Where:
  is the transmit power at the aggressor gNB on the m sub-carrier/RB/sub-band,
 is the coupling loss between the aggressor gNB (A) and the victim gNB (B) and includes path-loss, penetration loss, shadow fading and Tx/Rx antenna gain,
 is the inter-subband interference ratio (ISIR) for a given m and n sub-carriers/RBs/sub-bands
And the total gNB-to-gNB co-channel inter-subband CLI in the n sub-carrier/RB/sub-band is calculated as the sum of the individual contributions of each m sub-carrier/RB/sub-band of the DL subband:


Co-site inter-sector co-channel inter-subband CLI modelling
Current propagation models, e.g., TR 38.901, do not apply for path-loss calculation between co-site sectors. For modelling the co-channel inter-subband CLI between sectors, a simple model based on a dedicated parameter for the inter-sector interference suppression should be adopted. In this respect, we think similar model as for the self-interference can be adopted but replacing  with a new parameter e.g., ‘’ expressing the overall isolation between Tx and Rx across co-located sectors A and B, including spatial isolation, beamforming, etc. Differently from the self-interference suppression parameter,  does not include digital interference cancelation since it is not feasible that sector A is aware of the transmitted signal in sector B. On the other hand, considering that cells in the same site are pointing to different directions, most of the interference will be received from the sidelobes and back lobes of the antenna. Thus it is reasonable to assume higher analog suppression of the inter-sector interference as compared to what is achieved for the self-interference. For instance, system-level simulations can be run assuming  dB. Note that we assume that all the sectors in a site are fully synchronized in time and operate with same subband UL/DL PRB partitioning, therefore the presented model only applies to inter-subband interference but not intra-subband interference.  



With respect to Question 2-3:
	The unwanted emissions (Aspect 1) at the UE transmitter can be modeled using the existing in-band emission model from TS 38.101. The receiver selectivity (Aspect 2) at the UE receiver can be modelled using the adjacent channel selectivity (ACS) but finer granurality than per-carrier/channel might be needed in SBFD. These 2 aspects combined are denoted as inter-subband interference ratio (ISIR). The UE ISIR could be defined as the ratio of power transmitted by an aggressor UE on a sub-carrier/RB/sub-band to the total interference received by the victim UE on another sub-carrier/RB/sub-band in the same SBFD channel. The UE-to-UE co-channel inter-subband CLI received at a given sub-carrier/RB/sub-band (m) and generated by an individual sub-carrier/RB/sub-band (n) can be calculated as:

Where:
  is the transmit power at the aggressor UE on the n sub-carrier/RB/sub-band,
 is the coupling loss between the aggressor UE (A) and the victim UE (B) and includes path-loss, penetration loss, shadow fading and Tx/Rx antenna gain,
 is the inter-subband interference ratio (ISIR) at the UE for a given n and m sub-carriers/RBs/sub-bands
The total inter-subband interference experienced by the victim UE in a given sub-carrier/RB/sub-band (m) is calculated as the sum of the individual contributions of each n sub-carrier/RB/sub-band of the UL subband:




On the third set of questions on gNB-gNB and UE-UE adjacent channel CLI , our view is the following: 
	Agreement
Regarding gNB-gNB and UE-UE adjacent-channel CLI modelling for system level simulation, RAN1 understands at least the following aspects need to be considered:
· Aspect 1: The unwanted emissions due to Tx non-linearity at the transmitter of the aggressor from the allocated RBs in one carrier to the non-allocated RBs in the adjacent carrier.
· Aspect 2: The receiver selectivity at the victim to receive the desired signal in the allocated RBs in one carrier in the presence of the unwanted signals at the non-allocated RBs in the adjacent carrier. (e.g. receiver blocking at the victim, overload of the receiver dynamic range, etc)
The following questions should be asked to RAN4: 
· Question 3-1: Whether it is feasible to consider the above two aspects for gNB-gNB and UE-UE adjacent-channel CLI modelling in system level simulation? Are there any other aspects should also be taken into account?
· [bookmark: _Hlk103931113]Question 3-2: For a specific pair of DL frequency unit m (e.g., subband/RB m) and UL frequency unit n (e.g., subband/RB n) of gNB-gNB link, where the DL frequency unit m and UL frequency unit n are in adjacent carriers and non-overlapping in frequency, and assuming the aggressor gNB transmits on the DL frequency unit m and the victim gNB receives on the UL frequency unit n, 
· How to model the interference from DL frequency unit m to UL frequency unit n due to Aspect 1 (defined above) at the gNB transmitter?
· How to model the interference from DL frequency unit m to UL frequency unit n due to Aspect 2 (defined above) at the gNB receiver?
· How to model the above interferences for the following cases:
· the two gNBs are from the same sector of the same site in adjacent carriers, i.e., co-site co-sector gNB-gNB adjacent-channel CLI
· the two gNBs are from different sectors of the same site in adjacent carriers, i.e., co-site inter-sector gNB-gNB adjacent-channel CLI
· the two gNBs are from different sites in adjacent carriers, i.e., inter-site gNB-gNB adjacent-channel CLI
· Whether it is feasible to define a similar interference ratio as BS-BS ACIR in TR38.828 but in the subband of the adjacent carrier, with finer granularity (e.g., per subband or per RB), to represent the overall effect of the Aspect 1 and Aspect 2 described above? 
· For example, whether it is feasible to define gNB-gNB-adjacent-channel-per-RB/subband interference ratio as the ratio of the power transmitted by the aggressor gNB on DL frequency unit m to the interference received by the victim gNB on UL frequency unit n? If it is feasible, then what is the value range of the gNB-gNB-adjacent-channel-per-RB/subband interference ratio for each frequency range?
· Question 3-3: For a specific pair of DL frequency unit m (e.g., subband/RB m) and UL frequency unit n (e.g., subband/RB n) of UE-UE link, where the DL frequency unit m and UL frequency unit n are in adjacent carriers and non-overlapping in frequency, and assuming the aggressor UE transmits on the UL frequency unit n and the victim UE receives on the DL frequency unit m, 
· How to model the interference from UL frequency unit n to DL frequency unit m due to Aspect 1 (defined above) at the UE transmitter?
· How to model the interference from UL frequency unit n to DL frequency unit m due to Aspect 2 at the UE receiver?
· Whether it is feasible to define a similar interference ratio as UE-UE ACIR in TR38.828 but in the subband of the adjacent carrier, with finer granularity (e.g., per subband or per RB), to represent the overall effect of the Aspect 1 and Aspect 2 described above? 
· For example, whether it is feasible to define UE-UE-adjacent-channel-per-RB/subband interference ratio as the ratio of the power transmitted by the aggressor UE on UL frequency unit n to the interference received by the victim UE on DL frequency unit m? If it is feasible, then what is the value range of the UE-UE-adjacent-channel-per-RB/subband interference ratio for each frequency range?




With respect to Questions 3-1, 3-2 and 3-3:
	RAN4 has previously analyzed adjacent channel CLI in a co-existence study performed during the Rel-16 work item for cross-link interference and remote interference management, and the co-existence study results are captured in TR 38.828. 
RAN4 sees that the same deployment scenarios of interest as well as the interference types of interest for SBFD have been already covered in the Rel-16 study and meaningful difference in the scenarios and/or simulation parameters would need to be done to justify further adjacent channel studies.
In our view, for BS and UE adjacent channel CLI modelling, the existing ACLR (Aspect 1) and ACS (Aspect 2) requirements could be used.  Modifications on the existing requirements could be needed to have finer frequency granurality. 




Proposal 5: Use the answers provided in this section in the reply LS to RAN1.
13. Conclusion
1. 
2. 
3. 
4. 
5. 
6. 
In this contribution the impact of RF self-interference at gNB, and inter-subband CLI at both gNB and UE during sub-band non-overlapping full duplex operation was discussed. Following observations and proposals were made:
Observation 1: Different implementations in terms of output power, MIMO and beamforming capabilities need to be considered in feasibility evaluation.
Observation 2: SBFD cannot be operated without changes to RF architecture and as such SBFD needs new physical implementations and cannot be software upgraded to existing and deployed base stations.
Observation 3: SBFD operation using shared antenna for Tx and Rx does not appear to be feasible.
Observation 4: Impact of reflections from clutter needs further work.
Observation 5: gNB RF architecture based on separate Tx and Rx antennas results in
· Inferior performance in case total antenna area is kept equal
· Significant increase in cost, size and weight in case antenna area is increased to avoid performance loss
· Permanent loss of reciprocity even if antenna area is increased
Observation 6: SBFD results in increased power consumption compared to static or dynamic TDD
Observation 7: Analog interference cancellation in the circuit board does not appear feasible at least in case multiple antenna elements are used, which is the case in nearly all commercial base stations.
Observation 8: Dynamic range and linearity of Rx front-end needs to be taken into account in addition to direct Tx ACLR contribution when analysing feasibility of SBFD operation.
Observation 9: More than 100 dB of isolation from Tx antenna(s) to individual Rx antenna is required to avoid desensitization of the receiver in a typical FR1 macro scenario.
Observation 10: Required antenna-to-antenna isolation scales dB-to-dB with transmit output power and sensitivity.
Observation 11: Impacts from blockers and IIP2 need to be further analyzed.
Observation 12: In case no degradation of UE performance is desired for SBFD use cases, the physical separation (> 200 m) or coupling loss (>90 dB) between aggressor UE and victim UE need to be very large. 
Observation 13: If worst case UE ACLR performance is considered, ACLR contribution to the in-band noise at the receive input seem to be the strongest contribution compared with IMD3 contributions. 
Observation 14: The unwanted emissions at the gNB are currently modelled with the adjacent channel power leakage (ACLR). An extension of the ACLR for adjacent sub-bands in the same carrier, namely the inter-subband leakage ratio (ISLR), can be used to model the unwanted emissions for SBFD gNBs. This assumes there is suffiency frequency separation between 2 sub-bands of opposite link direction.
Observation 15: The new inter-subband selectivity (ISS) defines the gNB receiver selectivity with finer frequency granurality as compared to existing gNB adjacent channel selectivity requirements.
Observation 16: For modelling the co-channel inter-subband CLI, the inter-subband interference ratio (ISIR) is proposed. The ISIR resembles the existing ACIR requirement but it is defined with finer granurality.
Observation 17: For adjacent channel inter-subband CLI, the existing BS ACIR requirements can be extended for SBFD simulations. Finer frequency granurality in the ACIR assumptions could be needed. 
Observation 18: The current UE in-band emission model can be applied for modelling the UE unwanted emissions on SBFD.
Observation 19: No ICS requirements are defined for the UE. Existing UE ACS requirements could be applied with finer frequency granurality.
Observation 20: For adjacent channel inter-subband CLI, the existing UE ACIR requirements can be extended for SBFD simulations. Finer frequency granurality in the ACIR requirements could be needed. 
Observation 21: For FR1 UMa simulations, SBFD is shown to provide a >2x improvement in the UL coverage/5%-ile UE UL throughput performance as compared to static TDD, if assuming a ratio of self-interference (RSI) of at least 148 dB or more (45 dB ACLR + 80 dB analog suppression + scaling factor). 
Observation 22: For FR1 UMa simulations, UL spectral efficiency of SBFD is generally worse than with static TDD (60%-16% worse depending on the RSI) since half the amount of transmit and receive antennas is used for SBFD. 
Proposal 1: Sufficiently large gain under realistic assumptions should be observed from SBFD as compared to fixed and dynamic TDD to justify the complexity of introducing support for SBFD. 
Proposal 2: Regarding gNB self-interference modelling for system level simulations, principles for the model for UE in-band emissions (IBE) in TS 38.101-1, Section 6.4.2.3 can be used as a starting point for modelling the frequency-separation dependency of the gNB self-interference between an aggressor and victim RB/SC.

Proposal 3: With respect to question 1-3 from the RAN1 LS R1-2205543 on ‘Whether it is possible to simplify the RSI as frequency flat model, and under which condition(s) the dependency of the RSI on frequency can be ignored?’:
· a fixed value of  can be assumed (for any (m,n) RB pair) if there is sufficient separation or guard band between UL and DL subbands/RBs such that the UL RB are placed only on the ‘flat region’ of the DL emission mask.
· Under the additional assumption of fixed gNB transmit power density (i.e. gNB transmit power varies depending on number of allocated RBs), the accumulated interference from all DL RBs towards a victim UL RB n can be simplified as follows: 
·  wherein,
·  is the transmit power per RB
·  is the total number of allocated DL RBs at a given time
· Note: This model is conditioned on sufficient (analog) isolation between Tx-Rx such that the receiver still operates in linear region. If not the case, intermodulation products will be dominant which may introduce some frequency dependent components making the presented model not valid

Proposal 4: For the modelling of intra-site inter-subband inter-sector interference, reuse the same model as for self-interference but replacing  with a new parameter  expressing the overall isolation between Tx and Rx across co-located sectors A and B, including spatial isolation, beamforming, etc.
· Considering that the major sources of inter-sector interference are due to the radiation via sidelobes and back lobes of the gNB antenna,  can be assumed to be higher or at least equal to .
Proposal 5: Use the answers provided in this section (section 7) in the reply LS to RAN1.
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Parameter Unit Notes

Nominal transmit power (TRP) 55.0 52.0 46.0 44.0 dBm 100 MHz bandwidth

SBFD transmit power (TRP) 54.0 51.0 45.0 43.0 dBm 2x40 MHz bandwidth

Receiver noise figure 5.0 5.0 5.0 5.0 dB Including ADC

Receiver noise floor (ref: antenna) -89.0 -89.0 -89.0 -89.0 dBm 100 MHz bandwidth

ADC Nth-to-Nq level 16 16 16 16 dB

ADC quantization noise (ref: antenna) -105.0 -105.0 -105.0 -105.0 dBm 100 MHz bandwidth

ADC SFDR 74 74 74 74 dB

ADC max peak input (ref: antenna) -31.0 -31.0 -31.0 -31.0 dBm

ADC headroom 3 3 3 3 dB

Peak-to-average ratio 10 10 10 10 dB

ADC max RMS input (ref: antenna) -44.0 -44.0 -44.0 -44.0 dBm

Minimum isolation 98.0 95.0 89.0 87.0 dB From all TX to single RX
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Parameter Unit Notes

Nominal transmit power (TRP) 55.0 52.0 46.0 44.0 dBm 100 MHz bandwidth

SBFD transmit power (TRP) 54.0 51.0 45.0 43.0 dBm 2x40 MHz bandwidth

Nominal ACLR 45 45 45 45 dB

TX leakage on SBFD UL (ref: TX antenna) 2.0 -1.0 -7.0 -9.0 dBm 20 MHz bandwidth

Isolation 98.0 95.0 89.0 87.0 dB From previous calculation

TX leakage on SBFD UL (ref: RX antenna) -96.0 -96.0 -96.0 -96.0 dBm

Receiver noise floor (ref: RX antenna) -96.0 -96.0 -96.0 -96.0 dBm 20 MHz bandwidth

Receiver desensitization 3.0 3.0 3.0 3.0 dB

Isolation 107.0 104.0 98.0 96.0 dB

TX leakage on SBFD UL (ref: RX antenna) -105.0 -105.0 -105.0 -105.0 dBm

Receiver noise floor (ref: RX antenna) -96.0 -96.0 -96.0 -96.0 dBm 20 MHz bandwidth

Receiver desensitization 0.5 0.5 0.5 0.5 dB
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Table 6.4.2.3-1: Requirements for in-band emissions
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