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1 Introduction
During previous RAN4 meetings, SBFD has been discussed. SBFD is a new and interesting BS technology and needs careful evaluation due to large impact on BS feasibility and impact. 
The gain mechanisms of SBFD (UL coverage gain due to longer UL transmission, latency reductions due to continuous UL, ability to switch DL and UL capacity) are intuitive. The ability to obtain gain for SBFD depends fully on the ability to mitigate interference mechanisms such as BS TX and RX self-interference, inter-sector interference and inter-site interference (from the same and different operators). The interference mechanisms are complex and should be modelled and investigated carefully as part of a feasibility study and gain evaluation. Impacts on transmitter, receiver, antenna design, interference suppression and cancellation algorithms need proper assessment in the presence of relevant models. It has been shown that without proper modelling of transmitter impairments, receiver impairments and antenna modelling to capture the isolation due to near field effects there is no reasonable approach to evaluate the feasibility and performance of different cancellation schemes and solutions.
In [1], detailed discussions around transmitter, receiver modelling and high isolation advanced antennas including the impact of beamforming was initiated. As SBFD will affect the BS only, important aspects such as multi-carrier operation, deployment aspects such as isolation on sectorized sites and energy efficiency was further discussed. It was also shown that for both FR1 and FR2, the intra gNB and inter-gNB achievable isolation is dependent on the beamforming.
In this paper, an updated analysis for FR1 and FR2 based on discussions in [1] and new results on inter-gNB isolation are presented. Considering the different receiver structures, some initial analysis around RF filters is also further discussed in this paper.
In addition, preliminary analysis around various RSIC parameters for FR1 and FR2 for different deployment is elaborated.
As feasibility study is part of RAN4 responsibility, we encourage RAN4 to continue and contribute to the technical discussion around BS feasibility for SBFD for different frequency ranges and deployments.
2 [bookmark: _Ref178064866]Discussion

2.1	Overview of RSIC proposals 
2.1.1	General
The so-called RSIC is a tool for describing the different components of the gNB self-interference suppression by means of itemizing different contributions. It should be noted that the RSIC is in fact only valid when the gNB is operating at full power; with lower gNB power the values will change (for example, interference cancellation will decrease, since there is less interference to cancel, receiver suppression will increase because the receiver will operate more linearly). Furthermore, it is not necessarily the case that the components are additive in dB, since several components act on the same quantity (for example, both frequency suppression and digital IC act on residual interference from the transmitter). Nonetheless, the table can provide a snapshot insight into a gNB operating at full power.
[bookmark: _Toc118732539]The RSIC provides a snapshot breakdown of the self-interference for a certain gNB output power and does not generalize to the gNB operating at other power levels.
[bookmark: _Toc118732540]The components of the RSIC are not independent of one another; changing some assumptions for one component can change other components
[bookmark: _Toc118732541]The RSIC breakdown is a snapshot of the gNB at full power with a certain set of assumptions.
It is important to capture both the interference leaking from the transmitter into the UL sub-band and the interference arising in the UL sub-band due to receiver imperfections. The physical mechanisms giving rise to the de-sensitization differ in these cases and thus TX and RX impacts are presented separately. The total interference into the UL sub-band as a combination of TX and RX and the desensitization is then calculated.
[bookmark: _Toc118732542]TX and RX effects should be accounted for
A baseline for performance is a gNB with radio performance that just meets the 3GPP minimum requirements. However, to enable SBFD, the gNB radio performance could be extended above and beyond what is needed to meet minimum 3GPP requirements. For the MR BS, both a 3GPP compliant BS and an improved BS are depicted in section 2.1.2.
In order to properly describe the RSIC, assumptions made on the configuration and hardware should be documented and potential impacts to size, complexity etc. should be documented. Information is provided on these aspects together with the tables.
It is of particular importance to note that the antenna isolation varies depending on the beam direction and that the variation can be 15dB. The figure presented in the table is an average spatial direction. For “good” beam directions, the residual interference will be much reduced. However, there will be other beam steering directions for which the power may be 10-20dB greater than used in these estimates.
[bookmark: _Toc118732543]Antenna isolation varies with beam direction. The RSIC values in this section are a snapshot with average spatial isolation. With some directions the suppression may be better, for other directions worse (for WA and MR).
It is observed in section 2.5 that beam nulling has the capability to reduce this spatial variation, although at the cost of potentially significant DL losses.
For LA BS, the BS is assumed not to have an array. The isolation value is similar to the WA, but it is not expected that there will be variation with beam steering directions.

2.1.2	FR1
2.1.2.1    Wide area BS class
“RSIC” for a Wide Area BS is presented in table 2.1.2.1-1. In the following tables, rows have been added to take the gNB TX power, the residual interference from transmitter leakage in dBm, the residual interference from receiver imperfections in dBm, total residual interference from both sources and sensitivity degradation. It is important to note that the dBm calculation and sensitivity calculation are based on an assumption that all transmitters create the same amount of interference and all receivers experience the same input power. In reality, this will not be the case and a more careful analysis may be needed. However, the analysis presented in this section may still provide insights into general trends.
The TX interference level is well above the noise floor and, as discussed in section 2.2, the receiver will be saturated. The RX signal level into the receiver will be very large compared to typical blocking performance. Filtering is generally not feasible, since the filters would need to be large to achieve the required Q value and the insertion losses would significantly degrade the noise figure. If a filter with a realistic Q value is included, there will be several dBs NF loss and there will not be enough space for a filter bank. Hence the BS filter would need to be tuned to the specific sub-band frequency range. Furthermore, there may not be enough space for the filter needed for the UL and DL only slots.
For these reasons, it is not possible to give a full RSIC for WA.
[bookmark: _Toc118732544]For FR1 WA BS, the receiver is saturated and transmitter leakage is large. It is not feasible to give an RSIC. 

Table 2.1.2.1-1: Wide area RSIC
	FR1 Wide-Area BS
	Transmitter
	Receiver

	Assumed transmit power in DL sub-band
	53 dBm

	Component capability 
	Antenna isolation 
	65 dBc +- 15dB (NOTE 3)
	65 dBc +- 15dB (NOTE 3)

	
	Frequency isolation
	45 dBc 
	Receiver Saturated 

	
	Beam nulling /isolation
	5-10 dBc 
(NOTE 1)
	5-10 dBc
(NOTE 1)

	
	Digital IC 
	0 dBc
(NOTE 2)
	

	Overall RSIC capability 
	120 dBc
	Receiver saturated

	additional implementation details
	SBFD configuration
	DUD structure with 40/20/40MHz assumed. See section 2.3

	
	Guardband assumption (if exist)
	See section 2.3

	
	Sub-band filtering assumption (if exist)
	No TX filtering; filtering Q factor and size too high to be feasible. See section 2.2
	No RX filtering; filtering Q factor and size too high to be feasible and NF degradation too significant. See section 2.2

	
	bandwidth over which suppression is achieved
	Around 500MHz

	
	Others
	Antenna isolation varies by up to 15dB depending on beam direction. The quoted figure of 65dB is an average over beam directions. Thus, for some beam directions the performance may be better, whereas for others the sensitivity degradation can become larger. It is assumed that beam nulling can reduce this variation to provide a total spatial isolation of 70-75dB (with a potentially significant cost to DL)
Single carrier assumed for digital IC and beam nulling assessment. Multi-carrier performance, if at all possible, may be reduced.

	Interference in UL sub-band
	-67 dBm
	Receiver saturated

	Total interference in UL sub-band from TX and RX
	Receiver saturated

	Desensitization in UL sub-band from TX and RX
	Receiver saturated

	NOTE 1: Beam nulling depends on the tolerated degradation to far field energy and MIMO performance, which has not been discussed. Hence tentative values are presented. 
NOTE 2: Digital IC is highly complex for a large antenna array an not possible due to the receiver being saturated.
NOTE 3: Antenna isolation varies +-15dB depending on beam direction. Average is 65dB. 




2.1.2.2     Medium range BS class
“RSIC” for a medium range BS is provided in tables 2.1.2.2-1 to 2.1.2.2-3. As for WA, it is important to note that the dBm calculation and sensitivity calculation are based on an assumption that all transmitters create the same amount of interference, and all receivers experience the same input power. In reality, this will not be the case and a more careful analysis may be needed. However, the analysis presented in this section may still provide insights into general trends. The BS is assumed to just meet 3GPP requirements in most respects, but to achieve an IIP3 of -14.6dB, which is 10dB greater than the minimum necessary for meeting 3GPP requirements. It may be expected that a typical receiver may have a somewhat larger IIP3 than strictly needed to meet 3GPP requirements.
The table indicates that SBFD can be operated with a medium range BS with a sensitivity degradation of just below 15dB. The degradation may be acceptable in scenarios where the target performance metric is latency and coverage is not limited.

Table 2.1.2.2-1 MR BS RSIC with transmitter and receiver meeting 3GPP requirements
	FR1 Medium range BS
	Transmitter
	Receiver 

	Assumed transmit power in DL sub-band
	38 dBm

	Component capability 
	Antenna isolation 
	65 dBc +/- 15dB (NOTE 3)
	65 dBc +/- 15dB (NOTE 3)

	
	Frequency isolation
	45 dBc 
	39 dBc (NOTE 2)

	
	Beam nulling /isolation
	5-10 dBc 
(NOTE 1)
	5-10 dBc
(NOTE 1)

	
	Digital IC 
	10-15 dBc

	

	Overall RSIC capability 
	125-135 dBc
	114 dBc

	additional implementation details
	SBFD configuration
	DUD structure with 40/20/40MHz assumed. See section 2.3

	
	Guardband assumption (if exist)
	See section 2.3

	
	Sub-band filtering assumption (if exist)
	No TX filtering; filtering Q factor and size too high to be feasible. See section 2.2
	No TX filtering; filtering Q factor and size too high to be feasible. See section 2.2

	
	bandwidth over which suppression is achieved
	Around 500MHz

	
	Others
	Digital IC suppression based on assumed isolation levels and TX model presented in [1]
Antenna isolation varies by up to 15dB depending on beam direction. The quoted figure of 65dB is an average over beam directions. Thus, for some beam directions the performance may be better, whereas for others the sensitivity degradation can become larger. It is assumed that beam nulling can reduce this variation to provide a total spatial isolation of 70-75dB (with a potentially significant cost to DL)
Single carrier assumed for digital IC and beam nulling assessment. Multi-carrier performance, if at all possible, may be reduced.

	Interference in UL sub-band
	-87 to -97 dBm
	-76 dBm

	Total interference in UL sub-band from TX and RX
	-76 dBm

	Desensitization in UL sub-band from TX and RX
	14.8 dB

	NOTE 1: Beam nulling depends on the tolerated degradation to far field energy and MIMO performance, which has not been discussed. Hence tentative values are presented.
NOTE 2: The receiver “frequency isolation” depends on IM3 performance. The residual interference has been calculated based on the RX power level into the receiver. The “suppression” value in the table is indicative and is based on the difference between the residual interference level considering other suppression factors and the actually achieved interference level. The “suppression” is only valid for the considered power and spatial isolation levels. It also only indicates the receiver suppression for receivers experiencing TX power at the average levels, not better / worse receivers.
NOTE 3: Antenna isolation varies +-15dB depending on beam direction. Average is 65dB.



Table 2.1.2.2-2 depicts MR BS performance with the receiver further improved to -12dB IIP3. This represents a considerable improvement over what is needed for a medium range BS to meet 3GPP requirements. The improvement reduces the desensitization to around 5-7dB.

Table 2.1.2.2-2 MR BS RSIC with more complex receiver
	FR1 Medium range BS with improved RX
	Transmitter
	Receiver 

	Assumed transmit power in DL sub-band
	38 dBm

	Component capability 
	Antenna isolation 
	65 dBc +/- 15dB (NOTE 3)
	65 dBc +/- 15dB (NOTE 3)

	
	Frequency isolation
	45 dBc 
	50 dBc (NOTE 2)

	
	Beam nulling /isolation
	5-10dBc 
(NOTE 1)
	5-10 dBc
(NOTE 1)

	
	Digital IC 
	10-15 dBc

	

	Overall RSIC capability 
	125-135 dBc
	125 dBc

	additional implementation details
	SBFD configuration
	DUD structure with 40/20/40MHz assumed. See section 2.3

	
	Guardband assumption (if exist)
	See section 2.3

	
	Sub-band filtering assumption (if exist)
	No TX filtering; filtering Q factor and size too high to be feasible. See section 2.2
	No TX filtering; filtering Q factor and size too high to be feasible. See section 2.2

	
	bandwidth over which suppression is achieved
	Around 500MHz

	
	Others
	Digital IC suppression based on assumed isolation levels and TX model presented in [1]
Antenna isolation varies by up to 20dB depending on beam direction. The quoted figure of 65dB is an average over beam directions. Thus for some beam directions the performance may be better, whereas for others the sensitivity degradation can become larger. It is assumed that beam nulling can reduce this variation to provide a total spatial isolation of 70-75dB (with a potentially significant cost to DL)
Single carrier assumed for digital IC and beam nulling assessment. Multi-carrier performance, if at all possible, may be reduced.

	Interference in UL sub-band
	-87 to -97 dBm
	- 87 dBm

	Total interference in UL sub-band from TX and RX
	-84 to -86,6 dBm

	Desensitization in UL sub-band from TX and RX
	5.5 to 7,5 dB

	NOTE 1: Beam nulling depends on the tolerated degradation to far field energy and MIMO performance, which has not been discussed. Hence tentative values are presented.
NOTE 2: The receiver “frequency isolation” depends on IM3 performance. The residual interference has been calculated based on the RX power level into the receiver. The “suppression” value in the table is indicative and is based on the difference between the residual interference level considering other suppression factors and the actually achieved interference level. The “suppression” is only valid for the considered power and spatial isolation levels. It also only indicates the receiver suppression for receivers experiencing TX power at the average levels, not better / worse receivers.
NOTE 3: Antenna isolation varies +-15dB depending on beam direction. Average is 65dB.



Table 2.1.2.2-3 indicates medium range BS performance with TX power set to 32dBm and the improved receiver. In this scenario, the sensitivity degradation can be reduced to below 1 dB if the beam nulling and IC function sufficiently well.

Table 2.1.2.2-3 MR BS RSIC with more complex receiver and 32dBm TX power
	FR1 Medium range BS with improved RX and reduced power
	Transmitter
	Receiver 

	Assumed transmit power in DL sub-band
	32 dBm

	Component capability 
	Antenna isolation 
	65 dBc +/- 15dB (NOTE 3)
	65 dBc +/- 15dB (NOTE 3)

	
	Frequency isolation
	45 dBc 
	62 dBc (NOTE 2)

	
	Beam nulling /isolation
	5-10dBc 
(NOTE 1)
	5-10 dBc
(NOTE 1)

	
	Digital IC 
	10-15 dBc

	

	Overall RSIC capability 
	125-135 dBc
	137 dBc

	additional implementation details
	SBFD configuration
	DUD structure with 40/20/40MHz assumed. See section 2.3

	
	Guardband assumption (if exist)
	See section 2.3

	
	Sub-band filtering assumption (if exist)
	No TX filtering; filtering Q factor and size too high to be feasible. See section 2.2
	No TX filtering; filtering Q factor and size too high to be feasible. See section 2.2

	
	bandwidth over which suppression is achieved
	Around 500MHz

	
	Others
	Digital IC suppression based on assumed isolation levels and TX model presented in [1]
Antenna isolation varies by up to 15dB depending on beam direction. The quoted figure of 65dB is an average over beam directions. Thus, for some beam directions the performance may be better, whereas for others the sensitivity degradation can become larger. It is assumed that beam nulling can reduce this variation to provide a total spatial isolation of 70-75dB (with a potentially significant cost to DL)
Single carrier assumed for digital IC and beam nulling assessment. Multi-carrier performance may be reduced.

	Interference in UL sub-band
	-93 to -103 dBm
	- 105 dBm

	Total interference in UL sub-band from TX and RX
	-100.1 to -92.7

	Desensitization in UL sub-band from TX and RX
	0.5 to 2,1 dB

	NOTE 1: Beam nulling depends on the tolerated degradation to far field energy and MIMO performance, which has not been discussed. Hence tentative values are presented.
NOTE 2: The receiver “frequency isolation” depends on IM3 performance. The residual interference has been calculated based on the RX power level into the receiver. The “suppression” value in the table is indicative and is based on the difference between the residual interference level considering other suppression factors and the actually achieved interference level. The “suppression” is only valid for the considered power and spatial isolation levels. It also only indicates the receiver suppression for receivers experiencing TX power at the average levels, not better / worse receivers.
NOTE 3: Antenna isolation varies +-15dB depending on beam direction. Average is 65dB.



For medium range BS, we conclude that SBFD is feasible although the sensitivity degradation may be rather high. The sensitivity degradation can be acceptable if the TX power is around 32dBm and a significantly higher performance receiver than a BS just compliant to 3GPP, together with TX interference cancellation is assumed. 
[bookmark: _Toc118732545]SBFD for MR BS can be operated, although a somewhat more complex receiver may be needed and the gNB TX power may need to be lower than the 3GPP maximum to achieve 1dB sensitivity degradation. 


2.1.2.3    Local area BS class
Table 2.12.3-1 captures the performance expectation for a local area BS. The local area BS can just about achieve 1dB sensitivity degradation with sufficient digital IC. The local area BS is assumed not to have beamforming and so the result will not vary with beam direction.
Table 2.1.2.3-1 RSIC for FR1 LA BS

	FR1 Local area BS
	Transmitter
	Receiver 

	Assumed transmit power in DL sub-band
	24 dBm

	Component capability 
	Spatial isolation 
	65 dB
	65 dB

	
	Frequency isolation
	45 dBc 
	53 dB (NOTE 1)

	
	Beam nulling /isolation
	0dBc 

	0 dBc


	
	Digital IC 
	10-15 dBc

	

	Overall RSIC capability 
	120 – 125 dB
	118 dB

	additional implementation details
	SBFD configuration
	DUD structure with 40/20/40MHz assumed. See section 2.3

	
	Guardband assumption (if exist)
	See section 2.3

	
	Sub-band filtering assumption (if exist)
	No TX filtering; filtering Q factor and size too high to be feasible. See section 2.2
	No TX filtering; filtering Q factor and size too high to be feasible. See section 2.2

	
	bandwidth over which suppression is achieved
	Around 500MHz

	
	Others
	Digital IC suppression based on assumed isolation levels and TX model presented in [1]
Single carrier assumed for digital IC assessment. Multi-carrier performance may be reduced.

	Interference in UL sub-band
	-101 to -96 dBm
	-94 dBm

	Total interference in UL sub-band from TX and RX
	-91.9 to -87.6 

	Desensitization in UL sub-band from TX and RX
	1.05 to 1.4 dB

	NOTE 1: The receiver “frequency isolation” depends on IM3 performance. The residual interference has been calculated based on the RX power level into the receiver. The “suppression” value in the table is indicative and is based on the difference between the residual interference level considering other suppression factors and the actually achieved interference level. The “suppression” is only valid for the considered power and spatial isolation levels. It also only indicates the receiver suppression for receivers experiencing TX power at the average levels, not better / worse receivers.



[bookmark: _Toc118732546]SBFD with 1dB sensitivity degradation can be achieved for FR1 LA BS with digital IC.
2.1.3	FR2
2.1.3.1   40dBm TRP
Initial RSIC estimates for the transmitter for a 40dBm FR2 BS are shown in table 2.1.3.1-1. Interference cancellation for FR2 involves larger bandwidths and a larger number of TX-RX combinations and is likely to have a prohibitively high degree of complexity. The ability to perform beam nulling will depend on the assumptions for the antenna array structure and the amount of flexibility for the beam shaping and should be further considered.
The desensitization depends on the RX sensitivity.
Receiver behaviour is difficult to characterize without further discussions on expectations for RX sensitivity and array structure.
Initial estimates for the TX interference suggest a large desensitization and low likelihood of feasibility with a 40dBm TRP BS considering that also receiver degradations will exist.
Table 2.1.3.1-1 RSIC for FR2 40dBm BS
	FR1 Local area BS
	Transmitter

	Assumed transmit power in DL sub-band
	40 dBm

	Component capability 
	Spatial isolation 
	80 dB

	
	Frequency isolation
	28 dB

	
	Beam nulling /isolation
	

	
	Digital IC 
	

	Overall RSIC capability 
	108 dB

	additional implementation details
	SBFD configuration
	DUD structure with 75/50/75MHz assumed. See section 2.3

	
	Guardband assumption (if exist)
	See section 2.3

	
	Sub-band filtering assumption (if exist)
	No TX filtering; filtering Q factor and size too high to be feasible. See section 2.2
	No TX filtering; filtering Q factor and size too high to be feasible. See section 2.2

	
	bandwidth over which suppression is achieved
	4 GHz

	
	Others
	RX impacts not yet added

	Interference in UL sub-band from TX
	-68 dBm

	Desensitization in UL sub-band from TX only
	Around 16dB if receiver has 10dB NF




2.1.3.2   30dBm TRP
Table 2.1.3.2-1 RSIC for FR2 30dBm BS
	FR1 Local area BS
	Transmitter

	Assumed transmit power in DL sub-band
	30 dBm

	Component capability 
	Spatial isolation 
	80 dB

	
	Frequency isolation
	28 dB

	
	Beam nulling /isolation
	

	
	Digital IC 
	

	Overall RSIC capability 
	108 dB

	additional implementation details
	SBFD configuration
	DUD structure with 75/50/75MHz assumed. See section 2.3

	
	Guardband assumption (if exist)
	See section 2.3

	
	Sub-band filtering assumption (if exist)
	No TX filtering; filtering Q factor and size too high to be feasible. See section 2.2
	No TX filtering; filtering Q factor and size too high to be feasible. See section 2.2

	
	bandwidth over which suppression is achieved
	4 GHz

	
	Others
	RX impacts not yet added

	Interference in UL sub-band
	-78 dBm

	Desensitization in UL sub-band from TX only
	Around 6dB if receiver has 10dB NF



Initial RSIC estimates for the transmitter for a 30dBm FR2 BS are shown in table 2.1.3.2-1. Interference cancellation for FR2 involves larger bandwidths and a larger number of TX-RX combinations and is likely to have a prohibitively high degree of complexity. The ability to perform beam nulling will depend on the assumptions for the antenna array structure and the amount of flexibility for the beam shaping and should be further considered.
The desensitization depends on the RX sensitivity.
Receiver behaviour is difficult to characterize without further discussions on expectations for RX sensitivity and array structure.
Initial estimates for the TX interference suggest a there may be some gap to avoid significant desensitization for a 30dBm FR2 BS. Potentially the frequency isolation can be improved, and beam nulling could be investigated.
It is important to remember that the receiver performance will also impact the overall desensitization.

2.2	Receiver considerations on linearity and selectivity /blocking 
2.2.1      Receiver blocking and non-linearity
For a Wide Area BS with 53dBm TRP, the antenna isolation is around 65dB for the average beam direction, and we assume up to 10dB available from beam nulling. The power arriving at the receiver would thus be 53 – 65 – 10dB = -22 dBm. This is considerably above the -43dBm blocking level for a WA receiver. The spatial isolation would need to be as high as 106dB to achieve the blocking level, which is not feasible.
As outlined in section 2.2, RX filtering is not achievable for a WA BS, and even with extremely large filters placed before the LNA, the insertion losses would lead to substantial desensitization.
Hence, for a wide area BS with 53dBm TRP, the receiver will be saturated. The fact that the receiver is saturated means that digital IC will not be able to operate.
[bookmark: _Toc118732547]For a WA BS with 53dB TRP, the receiver will be saturated.

For the other BS classes, it is useful to consider the IIP3 performance. During RAN4#104bis-e, there was some question as to whether, for a BS just meeting 3GPP requirements the IIP3 is dimensioned by the general blocking requirement or by the RX IM requirement.
The general blocking requirement involves an interferer placed in the second adjacent channel. Although the interferer power is high, IM components fall mostly outside of the wanted channel

[image: ]
Figure 2.2.1-1 General blocking requirement frequency arrangement

On the other hand, the RX IM requirement is dimensioned so that the IM product falls directly into the wanted signal.
Based on the RX IM requirement, the IIP3 requirement can be calculated as follows:

Table 2.2.1-1 IM3 to meet 3GPP RX IM requirement
	
	
	MR BS
	LA BS

	A
	RAN4 noise floor
	~-90.6
	~-87.6

	B
	RAN4 RX intermodulation interferer power
	-47
	-44

	C
	RAN4 allowed desensitization
	6
	6

	D
	Implied DNR = 10*LOG10(10^(C/10)-1)
	4.7
	4.7

	E
	Implied gain-normalized distortion = A+D
	-85.9
	-82.9

	F
	Estimated minimum IIP3dB = (3*B-E)/2
	-27.6
	-24.6




We assume that in a practical BS design, the IIP3 performance is 10dB better than that needed for the minimum requirement. Also, for the medium range BS, we have considered a more complex receiver design in which the IIP3 requirement is -12 dBm/MHz. This will be a more complex and power consuming receiver than needed for a typical medium range BS, but as outlined in section 2.1 is needed to achieve a sensitivity degradation of less than 1dB for medium range (together with an output power level of 32dBm).

	
	
	MR BS
	MR BS
	LA BS

	A
	RAN4 REFSENS
	-90.6
	-90.6
	-87.6

	B
	TX power
	38
	38
	24

	D
	Assumed antenna isolation
	-75
	-75
	-65

	F
	TX power in DL subbands = B+D
	-37
	-37
	-41

	G
	Assumed IIP3dB
	-17.6
	-12
	-14.6

	H
	Gain normalized IM3 power in UL subband =3*F-2*G
	-75,8
	-87.0
	-93.8





2.2.2      Receiver RF filtering
In [1], different receiver structures such as heterodyne, homodyne and direct RF sampling depicted in Figure 2.2.2-1 for UL SBFD and possibility for filtering to address the self-interference were discussed.



Figure 2.2.2-1 Receiver structures
Super heterodyne
[image: ]



Homodyne / Zero-IF
[image: ]

Direct RF-sampling
[image: ]

During previous meetings, the possibility to apply some RF filtering to supress the TX signal and reduce receiver non-linearities has been suggested. RF filter solutions need to provide flexibility for configuration to different carriers or potentially DUD configurations with different UL and DL sub-band sizes, which requires a bank of multiple filters. 
Taking into account the filtering need and guard sizes, filter Q-values should be calculated. The following analysis covers FR1. RF filtering is much more complicated for FR2 bands due to the high frequencies and highly integrated structures, as was studied in-depth during rel-15 work when the first version of NR was released.
The needed filter attenuation was assumed to be ~25 dB averaged over larger bandwidth to allow for less stringent design.  The needed attenuation considered the blocking capability (-43 dBm). Thus, assuming a 53 dBm TX power and 80 dB of spatial isolation, the received interference level will be -27 dBm. The needed filter attenuation would be 16 dB + 10.7 dB (1 dB desensitization instead of 6 dB) = 26.7 dB.
The attenuation used in this analysis considered the blocking requirement level (-43 dBm). Blocking is specified for the second adjacent channel, but due to limited guard between UL and DL sub-bands an SBFD BS will experience interference from the adjacent DL sub-bands. Note that the assumption that the receiver can hanle the blocking requirement level is optimistic when considering what a 3GPP compliant receiver needs to do. A baseline 3GPP requirement in the adjacent channel is ACS, which is -52dBm for FR1. Hence, for a BS receiver designed to meet the adjacent channel ACS, 9dB more filter suppression would be needed.
The following DUD bandwidth configurations implying UL sub-band sizes of ~10, ~20 and 30 MHz with a fixed guard of 5PRB between UL-sub-band and DL-sub-band are considered
· 40 MHz-20 MHz-40 MHz
· 35 MHz-30 MHz-35 MHz
· 45 MHz-10 MHz-45 MHz

For frequency bands around 3.5 GHz, a typical Q-value for RF filters is around 1500 which is a realistic implementation for AAS BS considering that any BS would require two RF filters per sub-array.
For SBFD capable BS with limited flexibility (based on UL sub-band sizes of 10, 20 and 30 MHz) and restricted to single carrier support, the needed number of filters per sub-array would be 8, since beside the 3 filters needed for supported UL sub-band sizes, one more RF filter to cater the UL only slot applied is needed (and there are two polarizations). Due to limited mechanical available size of sub-array, it is likely not even be feasible to incorporate 8 RF filters together with mechanisms to switch between the three different sub-band sizes even at reasonable Q-values. In reality, a BS would need to be able to support multiple carriers and carrier configurability, which would necessitate even more filters.
The simulated RF filter performance and corresponding losses for Q-value of 1500 for UL-sub-band sizes of 10, 20 and 30 MHz is depicted in figure 2.2.2-2. All simulated filters are based on 5-6 poles and 4 transmission zeroes.

Figure 2.2.2-2 Analogue filter performance for Q=1500
[image: ][image: ]
[image: ]

For a feasible filter design with reasonable Q-value, the insertion losses of the RF filters both considering the edge losses (market with red circle) and average losses over UL sub-band (marked with blue circle) is excessively high and will linearly affect the receiver sensitivity. Table 2.2.2-1 is summarizing the filter insertion losses.

Table 2.2.2-1 Insertion losses for Q=1500 filters
	Filter type
	Edge insertion loss
	Average insertion loss

	10 MHz UL sub-band
	7.6 dB
	4.4 dB

	20 MHz UL sub-band
	7.4 dB
	3.1 dB

	30 MHz UL sub-band
	7.8 dB
	2.6 dB



Note that there is also a need to have a switching structure where each switch will have insertion losses around ~0.2 dB, increasing the sensitivity degradation in addition to filter insertion losses by ~ 0.5dB.
Making a hypothetical assumption that the Q-value is increase to unreasonable 10000, which is not at all feasible for AAS BS, the corresponding filter performance is depicted in Figure 2.2.2-3. The size of each RF filter will be excessively larger than the RF filters with Q-value of 1500 and in practice impossible to fit into available mechanical space for a AAS BS considering that even with restricted flexibility, the needed number of filters per sub-array would be at least 8 filters. 

Figure 2.2.2-3 Filter performance with Q=10,000
[image: ]
[image: ]
[image: ]
Note that there are additional implications such as temperature stability of the RF filters and production yield margins which in addition complicates and further degrades the filter performance. In principle all of the guard would need to be used to accommodate temperature, mechanical and production variation and so a significantly larger guard than 5 PRB would be needed for realistic filters when these factors are taken into account.
In addition, if RF filters are supposed to be used in the TX chains to reduce the unwanted emissions from DL sub-bands towards UL sub-band, for a single carrier case, additional two more filters would be needed.
With some other receiver improvements (such as greater linearity, larger ADC dynamic range etc.), it might be speculated that the needed filtering could be reduced somewhat, which could lead to less insertion loss. Still insertion loss would be significant though, and still RF filtering would not be able to offer enough flexibility for configuring carrier configurations, and enough guard would be needed to accommodate temperature variations etc., and hence we assume it is not practical.
Thus, it can be observed that RF filtering solutions with reasonable configurability and size are not feasible. A limited flexibility RF filtering solution for a fixed carrier with few DUD configuration options would need a larger guard and incur an insertion loss (and corresponding NF increase) of up to 5-6 dB.
[bookmark: _Toc118732548]An RF filtering solution for a single carrier, custom designed BS for a specific carrier with little DUD configuration flexibility would incur an NF increase of around 6dB (with questionable feasibility due to filter size)
[bookmark: _Toc118732549]A reasonable RF filtering solution is not feasible.
For multi-carrier cases which is a common case for BS, the RF filtering and corresponding structures for proper routing of transmit and receive signals is extremely difficult to envision.
2.3	Assumptions on carrier structures and guard-bands

For FR1, we assume a 100MHz, 30kHz SCS carrier in DUD configuration with 40MHz downlink sub-bands and a 20MHz UL sub-band. The DL sub-bands are allocated with 106 PRBs and the UL sub-band 51 PRB. A guard of 5 PRB is assumed either side of the UL sub-band.

[image: ]

For FR2, we assume a 200MHz, 120kHz SCS carrier in DUD configuration with 75MHz DL sub-bands and a 50MHz UL sub-band. The DL sub-bands are allocated with 47 PRBs each and the UL sub-band with 32 PRBs. A guard of 3 PRB is assumed at either side of the UL sub-band

[image: ]

2.4	Antenna isolation aspects
2.4.1      On intra-gNB and inter-gNB antenna isolation
In [1], full-electromagnetic simulations were performed to analyze the power leakage from the TX panel to RX branches considering FR1 and FR2. These simulations investigate the isolation performance of an antenna design with a specific isolation enhancement structure. 
In addition to intra-gNB analysis, the inter-gNB leakage between different sectors for both FR1 and FR2 was presented. Electromagnetic simulations were used to capture the near-field aspects even for inter-gNB and it could be observed that beam-forming influence the achievable isolation between different sectors
The coupling magnitude between the TX panels and RX branches for both co- and cross-polarized ports without considering the impact of radome was presented in [1] and the near field radiation patterns were shown. 

The summary of achievable isolation using combined structures considering TX full panel towards RX sub-arrays (the RX sub-arrays closest to isolation enhancing structures) including impact of beam steering (+/-15 degree in elevation) was investigated and the results are summarized in Figure 2.4.1-1. The underlying simulations and assumptions are described in more detail in [1].

 
Figure 2.4.1-1 EM simulation results for spatial isolation for FR1
	[image: ] 
a. 0 degree (boresight) 
	[image: ] 
b. 15 degrees (TX steers main beam toward RX) 
	[image: ] 
c.  -15 degrees (TX steers main beam away from RX) 


 
	[image: ](da) 0 degree (boresight) 
	[image: ](eb) 15 degrees (TX steers main beam toward RX) 
	[image: ](fc) -15 degrees (TX steers main beam away from RX) 


TX panel to RX sub-array coupling magnitude curves considering co-polarized (top) and cross polarized (bottom) ports. Each curve represents the coupling magnitude of the TX panel to a single RX sub-array. Each sub-figure corresponds to a specific elevation angle. It is evident that the achievable isolation depends on the polarization but also beamforming within the steering range of the antenna, and on the frequency of the carrier.

 The antenna isolation results for FR2 and corresponding near field radiation pattern are depicted in figure 2.4.1-2. Again, the analysis is described in more detail in [1].

Figure 2.4.1-2: EM simulation results for spatial isolation for FR2

	[image: ] 
a. boresight 
	[image: ] 
b. +15 deg. toward RX 
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c. -15 deg. away from RX 
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d. boresight
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e. +15 deg. toward RX 
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f. -15 deg. away from RX
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Beam nulling as a mean to enhance the isolation is being discussed and TX beam nulling is further elaborated in section 2.6 with regard to performance but also impact on radiated power. 

Based on the summary results presented in this paper, following observations can be made:
[bookmark: _Toc118732550]For FR1 WA BS (without considering radome), for panel to sub-array isolation better than 70 dB over sufficiently large bandwidth is achievable as long as the beam is steered in boresight. When the beam is steered elsewhere, the isolation may reduce by ~up to 15-20dB.


[bookmark: _Toc118732551]For FR2 WA (without considering radome), using a structure with RF chokes, 80dB of isolation is achievable over a reasonable bandwidth. Unlike FR1, the isolation does not seem to vary significantly with beam steering.

2.4.2      Further analysis for inter-gNB antenna isolation
Full electromagnetic simulations were performed to investigate the achievable isolation between antenna panels in a 3-sector site scenario as illustrated in Figure 2.4.2-1. Antenna panels of 8x8 cross-polarized radiators were considered. Each radiator consists of a 3 GHz cross-polarized half-wavelength dipole with 45-degree slant. The vertical inter-element distance is  and the horizontal is . The following assumptions were considered in the full electromagnetic simulations:
· The antenna array radiators are not grouped in sub-arrays. Therefore, each radiator in the antenna panel is connected to an individual phase shifting element. This assumption leads to increased system complexity but also implies better isolation performance as the influence of grating lobes is reduced. 
· Radome was not yet considered. It is understood that its presence may impact the isolation.
· To reduce computational complexity, the simulations were performed considering a single TX panel at Sector 1 and a single RX panel at both Sectors 2 and 3. Therefore, the performed simulations provide the leakage from a single TX panel to a single RX panel. To account the leakage from the sector that was not included in the simulation, the obtained isolation results should be adjusted. For instance, a 3 dB correction can be assumed as there would be 2 coherent TX panels.
· Inter-sector interference is measured at the Rx panel in Sector 3 due to transmissions from the Tx panel in Sector 1. The received power is summed over all antenna elements for the co-polarized ports in the Rx panel.

Figure 2.4.2-1: 3-sector site setup for inter-gNB electromagnetic simulations. The horizontal edge-to-edge distance is 400 mm.


Figure 2.4.2-2: Conventional BS sector configuration (non-shifted panels scenario).
[image: ]
In the first simulation scenario, the horizontal (xy plane) edge-to-edge distance between the panels is 400 mm, and they are placed at the same vertical height, as shown in Figure 2.4.2-2. The simulation results shown in Figure 2.4.2-3 indicate that the isolation between Sectors 1 and 3 could vary from 20 dB to 60 dB at 3 GHz, depending on the beam steering. This scenario represents the isolation between conventional BS sectors.
Figure 2.4.2-3: Simulated isolation for conventional BS sector configuration (non-shifted panels scenario).
	[image: ]
(a) Azimuth steering with elevation at boresight
	[image: ]
(b) Downtilt elevation steering with azimuth at boresight



In the second simulation scenario, an SBFD system with two panels per sector is modelled: one for TX operation and another for RX operation, as illustrated in Figure 2.4.2-4(a). The horizontal (xy plane) edge-to-edge distance between the panels is 400 mm, and the vertical (z axis) edge-to-edge distance is 300 mm. To reduce the simulation complexity, the Rx panel from Sector 1 and the Tx panels from Sectors 2 and 3 were not considered in the actual simulation, as shown in Figure 2.4.2-4(b). 
Figure 2.4.2-4: SBFD scenario with TX and RX panels (a) and actually simulated panels (b).
	

(a)
	

(b)


Figure 2.4.2-5: Simulated isolation for SBFD scenarios.
	[image: ]
(c) Azimuth beam steering with elevation at boresight
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(d) Downtilt elevation beam steering with azimuth at boresight



The results presented in Figure 2.4.2-5 indicate that increasing the distance between the TX and RX panels for the SBFD scenario improves the isolation compared to the conventional BS sector scenario, as expected. Specifically, the isolation in the SBFD scenario could vary between 55 dB and 70 dB depending on the beam steering.
As previously stated, the results presented in this section are optimistic as neither the effects of radome, other mechanical aspects such as metallic cooling flanges, screws etc., nor sub-array modelling are included. Also, site aspects will influence the isolation such as available space separation between BS, other equipment, leakage from other BS at the site, etc.

2.5	Interference cancellation 
As discussed in previous contributions, the performance of interference cancellation has some dependency on the structure of the signal to be cancelled [1]. The signal that leaks into the RX sub-band is a product of at least clipping and filtering, PA non-linearity and DPD. If interference is suppressed at the transmitter using advanced linearization algorithms, then the remaining signal becomes more noise like and difficult to cancel. Suppression of interference at the transmitter can be attractive because RX cancellation requires cancellation of the signal arriving from every transmitter at every receiver, whereas TX suppression only needs to be carried out at each transmitter.
[bookmark: _Toc118732552]The IC suppression depends on the interference structure
The relative suppression of an interference cancellation algorithm will depend on the level of the interference. Clearly if the interference signal is strong and is mostly removed then the suppression will appear to be large, whereas if the interference is close to the noise floor then the ability of the IC algorithm to suppress the interference beyond the noise floor will be limited and so the relative suppression of the IC algorithm in dB will be more limited. 
[bookmark: _Toc118732553]The interference suppression depends on the interference power (INR)
For the reasons indicated above, the dB level of suppression of the IC algorithm is not independent of the TX power, spatial isolation and frequency isolation components.
[bookmark: _Toc118732554]The interference suppression has dependencies on the TX power, antenna isolation and frequency isolation.
Where a signal is sampled at the receiver and fed back to the receiver for cancellation, there are several factors in a real implementation that will impact the effectiveness of the algorithm:
· The IC algorithm will need to accurately model all factors that influence the signal between the point at which it is sampled at the transmitter and the receiver, including the antenna array, filtering and receiver non-linearities. The accuracy of this modelling will limit the IC algorithm.
· Also, the timing alignment between the transmitter and receiver will have a strong impact on the performance of IC.
[bookmark: _Toc118732555]A number of implementation issues can impact the level of interference suppression, such as modelling of receiver behavior, non-linearities and filtering and TX-RX timing alignment.
The level of interference in the receiver from the transmitter can also be influenced by reflections of the interference from the environment. To suppress the reflected interference, accurate channel estimation and an increased number of taps in the IC algorithm are required. The number of taps, accuracy of the channel estimation algorithm and the time domain coherency of the channel estimate will all impact the effectiveness of the interference cancellation algorithm.
[bookmark: _Toc118732556]The interference suppression for reflections depends on the number of taps provided, the coherence time and channel estimation.
With perfect time alignment, estimation of the receiver effects, no reflections etc., then in principle very high levels of digital TX related interference cancellation can be achieved. However, in a real environment the effectiveness of IC is quickly degraded. To provide an unequivocal estimate for IC suppression there is a need to discuss and agree on models for the transmitter signal, environment, timing imperfections, receiver etc. 
For WA BS, IC is likely to involve a very large amount of processing due to the large number of TX-RX combinations. Even with advanced methods to reduce the rank of the IC, complexity will still be large. For smaller array sizes, an initial estimate for the effectiveness of interference cancellation is in the range 10-15dB. This estimate should be further refined based on discussions on the TX signal structure, imperfection model etc. to be assumed and on the expected deployment environment.

2.6      Beam Nulling
Beam nulling refers to the TX antenna using degrees of freedom to steer a null, and hence reduce power towards the receiver. Placing nulls in this way will reduce the number of degrees of freedom available for DL performance and hence can reduce DL SNR or reduce MIMO performance. The degree of beam nulling gain will depend on the sacrifice of DL performance.

For RX IM interference to the UL sub-band, it is not fully clear that the interference signal will have the same phase characteristics as the wanted signal and hence that the beam nulling will also act on the interference. In the analysis of section 2.1, however, we have assumed that the beam nulling efficiency for the TX signal IM interference into the UL sub-band is the same as for the TX signal itself.

Our antenna isolation evaluation has shown that 
· The self-interference isolation levels between the TX and RX arrays are dependent on the directivity of the desired TX DL beams. In particular, we have identified that vertically tilted TX DL beams can reduce the self-interference isolation by 10 dB.
· For each TX DL beam directivity, different RX subarrays may experience different self-interference isolation at different frequencies. It’s desirable to ensure the worst self-interference isolation levels of any RX subarrays are no worse than a prescribed upper bound such that the hardware can be dimensioned correctly. 

In the following, we present preliminary TX beam nulling evaluation results for a 2x4 antenna array shown below.
[image: ]

In Figure 2.6-1, we provide a TX beam nulling evaluation to ensure the worst self-interference isolation for any RX subarray is no worse than a target isolation.
· In the upper panel, we show the per RX subarray isolation levels without nulling relative to the target in dashed blue lines. The worst isolation across all RX subarrays without nulling is shown by the solid blue curve.
· In the upper panel, we show we show the per RX subarray isolation levels with nulling relative to the target in dashed orange lines. The worst isolation across all RX subarrays with nulling is shown by the solid orange curve.
· In the lower panel, we show the losses to the desired TX DL beam.

For this boresight TX DL beam, we observe that
· TX beam nulling can reduce the worst-case self-interference isolation across RX subarrays and across frequencies down by 7 dB.
· However, such beam null reduces the desired TX DL beam gains by up to 1.5 dB across a wide range of frequency. The average desired TX DL beam gain loss across all frequencies is 0.9 dB.

Figure 2.6-1: Beam nulling performance when the desired TX beam is boresight
[image: ]
In Figure 2.6-2, we evaluate using TX beam nulling to bring the heightened self-interference levels caused by TX DL beam vertical tilting. We can observe that
· When TX DL beam is tilted toward the RX array, the worst-case self-interference level is 10 dB higher than when the TX DL beam is not tilted toward the RX array.
· Beam nulling is capable of bring the heightened self-interference levels down to the same target as set for the boresight beam evaluation shown in Figure 2.6-1.
· However, the price of this strong beam nulling is rather steep. As shown in the lower panel of Figure 2.6-2, the desired TX DL beam gains are reduced by up to 5.5 dB. The average desired TX DL beam gain loss across all frequencies is 4.6 dB.


Figure 2.6-2: Beam nulling performance when the desired TX beam is tilted downward
[image: ]
Since DL resources are reallocated for UL uses in an SBFD system, DL capacity and DL coverage (because heightened resource utilization on the remaining DL resources increased intercell interference) are already negatively impacted. Applying beam nulling to address the self-interference issues for the UL subbands introduce further direct degradation to the DL coverage and performance. As shown in the above, applying strong TX beam nulling to counter downtilted beams results in excessive DL losses to the range of more than 5 dB. This loss is a power loss in downlink, but the overall reduction in DL SNR to a UE may be impacted further due to reduced degrees of freedom to perform SU- and MU-MIMO.

[bookmark: _Toc118732557]The gain from beam nulling increases when the TX beam is steered and the antenna isolation decreases. Thus, beam nulling can to some extent reduce the variation of the overall spatial isolation due to beam steering. It may also reduce the frequency variation. However, with increasing steering, the cost in DL of beam nulling increases.
[bookmark: _Toc118732558]The cost of beam nulling in downlink can be substantial; we have observed up to 5dB DL power loss. There may be further DL losses due to lower degrees of freedom for MIMO operation.
[bookmark: _Toc118732559]When deciding beam nulling gains, downlink impacts should be taken into account.


2.7	Multi-carrier aspects
During previous meetings, the need for relevant and realistic assessment of feasibility for SBFD BS is an important part of the Duplex evolution SI. This is a responsibility allocated to RAN4. Given the objectives of the SI, the UE RF is more or less unaffected while the BS feasibility aspects of antennas, receiver, transmitter, algorithms and cancellation schemes is emphasised.
· RAN4 should be involved early to provide necessary information to RAN1 as needed and to study the feasibility aspects due to high impact in antenna/RF and algorithm design, which include antenna isolation, TX IM suppression in the RX part, filtering and digital interference suppression.

An important aspect for any BS regardless of access technology is the multi-carrier capability and operation for the BS. For the majority of types of deployment, basestations need to be capable of multiple carriers, and deploying BS only capable of single carrier operation is not useful.  Thus, most BS are multi-carrier capable nodes, where multiple independent carriers are supported by same transmitter and receiver. In case of AAS BS, each sub-array is connected to a transceiver supporting multiple carrier operation. and the feasibility should take to account this important and necessary property of the BS. Assuming a simple scenario with a BS capable of operating with e.g. 3 carriers, there are aspects related to multi-carrier operation as depicted in the example in Figure 2.7-1.
It should be noted that, BS can declare and operate different carriers belonging to different RATs but for simplicity, we disregard from multi-RAT capabilities and operation.
Figure 2.7-1: Multi-carrier examples
[image: ]

The carriers are independent and support the needed traffic scenario within each carrier but as all carriers go through same transmitter and receiver, the changes in one carrier will affect the other carrier.
The linearization in general is more difficult when bandwidth increases, since the linearization bandwidth for FR1 is at least 5 times larger than the RF bandwidth to cater for third and fifth order intermodulation products. For SBFD capable BS, assuming current 45 dBc linearization as baseline, any needed additional suppression of unwanted emissions falling into UL sub-bands increases the complexity significantly for multi-carrier compared to single carrier case.
Similarly, the filtering becomes quite a challenge in particular for RF filtering as if the intention is to apply a RF filter bank on UL sub-bands to protect the receiver from DL sub-band power, the complexity of filtering structure will be excessive as well as number of filters. Since all carrier goes through same sub-array and limited mechanical space, the filtering becomes even more unfeasible.
If some kind of filtering/filter banks is applied to protect the ADC in base-band, the complexity increases significantly when considering multi-carrier operation compared to single carrier operations.
Beam nulling also adds additional implications due to the fact that beam nulling has to address the null space to all independent carriers which may need to support UEs. The computational complexity would increase would linearly increase with the number of carriers. Also, the beam nulling may need to provide nulls to multiple UL sub-bands, which would further increase the complexity and potentially decrease the performance gains.
The digital IC becomes also more challenging as due to frequency dependency of the coupling between RX and TX sub-arrays, the number of taps of the channel responses increase accordingly.
Thus, multi-carrier operation poses different feasibility aspects which need to be properly studied during the duplex evolution SI as feasibility study on single carrier case does not cover the feasibility aspects for multi-carrier capable BS which is the normal mode of operation for BS.
Based on the discussion above, it can be observed that:
[bookmark: _Toc118732560]The BS is usually a multi-carrier node by default and multi-carrier aspects affect many related feasibility aspects such as improved linearization, filtering, beam nulling and digital interference cancellation. Thus, feasibility study assuming single carrier operation for BS is not sufficient.
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Conclusion
In the previous sections we made the following observations: 
Observation 1	The RSIC provides a snapshot breakdown of the self-interference for a certain gNB output power and does not generalize to the gNB operating at other power levels.
Observation 2	The components of the RSIC are not independent of one another; changing some assumptions for one component can change other components
Observation 3	The RSIC breakdown is a snapshot of the gNB at full power with a certain set of assumptions.
Observation 4	TX and RX effects should be accounted for
Observation 5	Antenna isolation varies with beam direction. The RSIC values in this section are a snapshot with average spatial isolation. With some directions the suppression may be better, for other directions worse (for WA and MR).
Observation 6	For FR1 WA BS, the receiver is saturated and transmitter leakage is large. It is not feasible to give an RSIC.
Observation 7	SBFD for MR BS can be operated, although a somewhat more complex receiver may be needed and the gNB TX power may need to be lower than the 3GPP maximum to achieve 1dB sensitivity degradation.
Observation 8	SBFD with 1dB sensitivity degradation can be achieved for FR1 LA BS with digital IC.
Observation 9	For a WA BS with 53dB TRP, the receiver will be saturated.
Observation 10	An RF filtering solution for a single carrier, custom designed BS for a specific carrier with little DUD configuration flexibility would incur an NF increase of around 6dB (with questionable feasibility due to filter size)
Observation 11	A reasonable RF filtering solution is not feasible.
Observation 12	For FR1 WA BS (without considering radome), for panel to sub-array isolation better than 70 dB over sufficiently large bandwidth is achievable as long as the beam is steered in boresight. When the beam is steered elsewhere, the isolation may reduce by ~up to 15-20dB.
Observation 13	For FR2 WA (without considering radome), using a structure with RF chokes, 80dB of isolation is achievable over a reasonable bandwidth. Unlike FR1, the isolation does not seem to vary significantly with beam steering.
Observation 14	The IC suppression depends on the interference structure
Observation 15	The interference suppression depends on the interference power (INR)
Observation 16	The interference suppression has dependencies on the TX power, antenna isolation and frequency isolation.
Observation 17	A number of implementation issues can impact the level of interference suppression, such as modelling of receiver behavior, non-linearities and filtering and TX-RX timing alignment.
Observation 18	The interference suppression for reflections depends on the number of taps provided, the coherence time and channel estimation.
Observation 19	The gain from beam nulling increases when the TX beam is steered and the antenna isolation decreases. Thus, beam nulling can to some extent reduce the variation of the overall spatial isolation due to beam steering. It may also reduce the frequency variation. However, with increasing steering, the cost in DL of beam nulling increases.
Observation 20	The cost of beam nulling in downlink can be substantial; we have observed up to 5dB DL power loss. There may be further DL losses due to lower degrees of freedom for MIMO operation.
Observation 21	When deciding beam nulling gains, downlink impacts should be taken into account.
Observation 22	The BS is usually a multi-carrier node by default and multi-carrier aspects affect many related feasibility aspects such as improved linearization, filtering, beam nulling and digital interference cancellation. Thus, feasibility study assuming single carrier operation for BS is not sufficient.

[bookmark: _In-sequence_SDU_delivery]References
[bookmark: _Ref174151459][bookmark: _Ref189809556]R4-2216404, SBFD gNB Radio and antenna considerations, Ericsson, RAN4#104bis-e, October 2022
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