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1 Introduction
During RAN4#105, a revised table format for capturing the so-called RSIC was agreed. In this contribution, we discuss the usefulness and limitations of the method proposed in the table for evaluating SBFD feasibility and present some proposed values.
We also further examine receiver considerations on RX linearity, digital processing and filtering, present results on deriving a range for inter-sector isolation, analysis of the potential with TX beamforming and some analysis of the impact of multi-carrier operation.
2 [bookmark: _Ref178064866]Discussion

2.1	Overview of RSIC proposals
2.1.1	General
During RAN4#105, a table format and contents for capturing the so-called RSIC breakdown was agreed in a WF [1]. In the following sections, a breakdown is proposed for different classes of FR1 and FR2 BS.
It is important to take into account that although the table is a convenient means to break down the analysis of self-interference mitigation steps for the purposes of proposing an overall self-interference mitigation solution, the table should be interpreted with care. The individual components in the table are not independent of one another and are not independent of the total TX power level and RX parameters. Thus, the values in the table should not be seen as a generic approach to scaling interference, but rather as a breakdown of how the SBFD may operate under a certain set of assumptions for a certain architecture.
[bookmark: _Toc127538189]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: _Toc127538190]The components of the RSIC are not independent of one another; changing some assumptions for one component can change other components
[bookmark: _Toc127538191]The RSIC breakdown is a snapshot of the gNB at full power with a certain set of assumptions.
Furthermore, the analysis assumes that the behavior of the radio transmitters and receivers is exactly the same and that the level of isolation between the TX panel and each RX sub-array is the same. In reality, this will not be the case, both due to production variations between radios and deviations in the exact level of isolation between TX and RX. The RSIC table should be seen as an overall example of the distribution of interference mitigation performances, but not an exact calculation.
An obvious baseline for assessing the radio performance is a transmitter / receiver that just meets RAN4 minimum requirements. However, it is to be expected that to a reasonable extent the performance could be extended beyond the minimum for 3GPP requirements and thus examples are provided considering both the baseline and some improvement. The associated complexity of improvement needs to be considered.
It is of particular importance to note that the antenna isolation varies depending on the beam direction and that the variation can be 15dB, although this variation with beam direction reduces after beam nulling is applied. The figure presented in the table is an average spatial direction. For “good” beam directions, the residual interference may be reduced. However, there will be other beam steering directions for which the power may greater than used in these estimates.
[bookmark: _Toc127538192]Antenna isolation varies with beam direction (and varies between different RX sub-arrays). The RSIC values in this section are a snapshot with average spatial isolation per RX sub-array. 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.

2.1.2	FR1
2.1.2.1    Wide area BS class
The interference level due to TX leakage is well above the noise floor and, as discussed in section 2.2, the RX power in the receiver is high and the receiver will be saturated. The RX signal level into the receiver will be very large compared to typical blocking performance. Filtering prior to the LNA 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 covering all possible carrier combinations. Each 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.
As discussed in section 2.5, analogue interference cancellation has the problem that it prevents flexibility for sub-band precoding and for multi-carrier transmission from the basestation. Furthermore, for a wide area BS with a large array, the interconnections will be complex and be likely to cause desensitization. 
Since the receiver is saturated, digital interference cancellation is not possible. Even if the receiver would function, due to the large number of transmitters or receivers, the computational load for interference cancellation would be very large.
Regarding the spatial isolation, 80dB can be achieved over a bandwidth of 100-200MHz and for certain beam directions. However, since the isolation needs to be achieved across the whole band and considering that depending on beam direction the isolation in fact varies from around 55dB to more than 80dB, 70dB is adopted as an average antenna isolation over a reasonable bandwidth. 
TX beam nulling has been considered. TX beam nulling can raise the spatial isolation to around 80dB. Furthermore, the 80dB isolation becomes less sensitive on beam direction, since the TX beam nulling is more effective when the antenna isolation is lower. However, TX beam nulling comes at a cost to the DL EIRP, since in effect degrees of freedom are used for creating nulls rather than beamforming gain. The loss in EIRP depends on the TX beam direction but can be as high as 3-5dB. It should be noted that the isolation could be increased to greater than 80dB by adjusting the parameters of the beam nulling algorithm, but this would come at the cost of an unacceptable reduction in DL EIRP.
As discussed in section 2.2.2, digital receiver combining has the potential to mitigate interference. However, digital combining does not avoid the overloading of the RX front end.
For these reasons, it is not possible to give a full RSIC for WA.
[bookmark: _Toc127538193]For FR1 WA BS, the receiver is saturated and transmitter leakage is large. It is not feasible to give an RSIC. 

	FR1 (or FR2-1)
	Ericsson

	BS class
	Wide 
Area BS
	
	

	BS TX Power  = ① dBm
	53 dBm
	
	

	Component 
capability and parameters
	Frequency isolation at TX
	Frequency isolation capability  = ② dBc
	45 dBc
	
	

	
	
	Frequency isolation 
techniques used
	Digital filtering, CFR, DPD

	 
	 

	
	Spatial isolation
	Spatial isolation capability 
 = ③ dBc
	70 dBc
	 
	 

	
	
	Spatial isolation 
techniques used
	A combination of spatial isolation, chokes, absorption, mushroom EBG.
Note that 65dB is an “average” and the exact value depends on TX and RX beam steering direcitons, varying between 55dB and 80dB.
	 
	 

	
	TX Beam nulling /isolation in TX sub-band
= ④ dBc
	10 dBc
Note that the TX beam nulling reduces the variation due to beam direction, and hence spatial isolation + TX nulling can be assumed to be 80dB for most directions.
	
	

	
	DL EIRP impact due to beam nulling in TX sub-band
	3-5dB, depending on TX beam direction
	
	

	
	Self-interference leakage in gNB RX subband due to non-ideal TX, measured at RX ant.   (Note 1)
	-72 dBm
	
	

	
	RF IC and other tech. (before LNA)
	RF IC capability and other tech. in TX sub-band  = ⑤ dBc
	0 dBc
	 
	 

	
	
	RF IC capability and other tech. in RX sub-band  = ⑧ dBc
	0 dBc
	 
	 

	
	
	RF IC techniques and other tech.
(before LNA)
	
Analogue interference cancellation incurs RX sensitivity loss due to insertion and also severe limitations on sub-band pre-coding and multi-carrier. Also, high routing complexity with large number of TX and RX.

Filtering prior to the LNA would imply the need for the BS hardware to be specifically tuned to the SBFD carrier and no multi-carrier possibilities. Insertion loss would degrade sensitivity.
	 
	 

	
	
	Impacts to RX sensitivity (due to e.g. insertion losses) due to RF IC or other techniques before LNA
	>=5dBc if e.g. filtering or analogue IC would be applied.
	
	

	
	Self-Interference signal in gNB TX subband, measured at the input of LNA  (Note 1)
	-27 dBm
	 
	 

	
	Blocker Suppression at RX


	Frequency isolation capability
⑥ dBc
	xxx dBc
	
	

	
	
	Frequency isolation techniques 
	The RX input level is -27 dBm, and hence the receiver is blocked; no possibility for interference mitigation as part of the digital receive combining algorithms.

Filtering after the LNA reduces insertion loss but does not suppress the RX level sufficiently prior to the filter.
	 
 
	 
 

	
	
	RX IMD


	Rx IIP3 capability (dBm)
	-32dBm (Minimum for RAN4 requirement)
-22dBm (Realistic for AAS)
-10dBm (optimistic for AAS)
	
	

	
	
	
	Rx IM3 contribution (dBm)
	Note: ADC will be overloaded unless AGC is used (which would significantly increase noise figure) or sufficient filtering prior to ADC.

Even without ADC overload:

-17 dBm (RAN4 minimum receiver)
-37 dBm (Realistic)
-61 dBm (Optimistic)
	
	

	
	
	Other RX 
	Any other RX impacts if significant (e.g. ADC noise, phase noise etc.)
	ADC will be overloaded unless AGC used (which would significantly increase noise figure) or sufficient filtering prior to ADC.
	
	

	
	Self-Interference signal in gNB RX subband caused by non-ideal RX selectivity, gain-normalized 
(Note 1, 2)
	Receiver saturated
	
	

	
	RX Beam nulling /isolation in RX sub-band
= ⑨ dBc
	RX processing does not mitigate saturation
	
	

	
	RX sensitivity degradation caused by RX beam nulling
	Receiver saturated
	
	

	
	Digital IC  = ⑦ dBc
	Digital IC not possible due to receiver saturation and would anyhow be highly complex due to large number of TX/RX for wide area.
	 
	 

	Overall RSIC capability  (Note 1)
	Transmitter: 125 dB
Receiver: N/A due to receiver saturation
	
	

	Noise floor ⑩dBm
	-96 dBm/CBW
	
	

	Residual Interference budget with 1 dB desens target (⑪dBm=⑩dBm-6dB)
	-102 dBm
	
	

	Required RSIC budget (①-⑪dBc)
	155 dBc
	
	

	SBFD configuration
	See Annex. 40-20-40 MHz
	
	

	Guardband assumption (if exist)
	See Annex. 5 PRB.
	
	

	bandwidth over which suppression is achieved
	>300 MHz
	
	

	Others
	
	
	

	Note 1: Relevant metrics are derived from other parameters for checking purpose. 
Note 2: The relevant metric is gain-normalized, with reference point assumed to be at RX antenna. 
Note 3: The notations ①②③④⑤⑥⑦⑧⑨⑩⑪ are used to indicate the decimal values of the corresponding metrics.





2.1.2.2     Medium range BS class
Four scenarios are considered for the medium range BS class:
·  A gNB that operates at maximum power and whose receiver conforms to the minimum RAN4 requirements.
· A gNB that operates at maximum power, and whose receiver has a more realistic IIP3 performance.
· A gNB that operates at maximum power, and whose receiver is more linear than is typically needed for a MR BS, and hence may be more complex and resource consuming.
· A gNB that operates 3dB below maximum power, and whose receiver has a more realistic IIP3 performance.

The antenna isolation is estimated to be 65-70dB, with an additional 10dB TX beam nulling. The estimates presented below assume 70dB antenna isolation and are thus biased towards being optimistic regarding antenna isolation. If 65dB antenna isolation would be achieved then the MR BS would need to both incorporate a more complex receiver and operate at a reduced power of around 3dB compared to the maximum.
As for the WA BS, TX beam nulling is considered, but it is noted that up to 3-5dB loss of DL EIRP will be paid. RF IC is not considered for similar reasons to the WA BS; lack of ability to do sub-band pre-coding and multi-carrier and potential routing and coupling losses. Digital filtering prior to the LNA is also not considered for the same reasons as for the WA BS.
Digital interference cancellation of the TX leakage is considered. The exact amount of cancellation depends heavily on the structure of the transmitter considering CFR, DPD etc. as well as impairments in the RX chain. Initial investigations suggest around 10-15dB of digital interference cancellation may be possible.
On the receiver side, as discussed in section 2.2.2, “receive beamforming” can be seen as part of the receiver combining algorithm, which will aim to maximize RX SNR by means of maximizing signal power whilst supressing other interference sources. Other interference sources may include self-interference, other sectors, other nodes and other UEs. The baseline with which SBFD should be compared will consist of a receiver that does RX IC towards other UEs. The amount of receiver suppression of self-interference that is achievable will depend on the amount and power of other interference sources and depending on the array size and number of degrees of freedom, the amount by which self-interference is supressed will trade against other interference suppression and RX gain towards the wanted UE. In order to quantify RX processing gains, a reference baseline scenario and SBFD scenario considering inter-sector and inter-gNB sources needs to be agreed on.
Thus, in the current assessment we have not quantified RX processing gains, but we note that some suppression of interference in the receiver digital baseband may well be feasible and could lead to some improvement of the self-interference (weighed against suppression of other interference and SNR degradation due to lower gain towards the wanted UE). This in turn may lead to the medium range BS being able to operate with a lower isolation, or without the need for power reduction or a more complex receiver.
The complexity of digital IC will not be insignificant and may have an impact on energy consumption, but it is potentially feasible in this case.
Interference due to scattering in the environment around the BS has not been considered in this current RSIC budget, which is a significant omission. In a real environment, the ability of the interference cancellation to supress the reflected interference from the environment should be considered.
For the MR case, in particular for the “optimistic” scenario, the receiver is not in saturation. For the time being, ACS has not been considered when calculating the interference in the RX sub-band due to the TX. This is based on the assumption that with appropriate time alignment, the TX signal in the TX sub-band and the RX signal in the RX sub-band can be kept reasonably orthogonal. The extent to which this is the case is under investigation in RAN1, and the RSIC budget should be re-evaluated if it is observed that the assumption is optimistic.
Due to the above reasons, the estimates in the table are labelled as “preliminary”. The estimates are on the one hand biased towards the optimistic side, because the assumed antenna isolation is on the optimistic side impact of scattering and ACS have not been considered, but on the other hand have not yet considered RX processing gain, since reference scenarios have not been defined.
Based on the table, it can be observed that with these assumptions, to achieve 1dB desensitization it seems necessary to improve the receiver linearity beyond what is needed for a “normal” MR BS, or it may be necessary to use a somewhat lower TX power level than the maximum limit.

	FR1 (or FR2-1)
	Ericsson (preliminary)

	BS class
	Medium Range (3GPP minimum requirements)
	Medium range (Realistic)
	Medium Range (Optimistic RX)
	Medium Range (Realistic, lower power)

	BS TX Power  = ① dBm
	38 dBm
	38 dBm
	38 dBm
	35 dBm

	Component 
capability and parameters
	Frequency isolation at TX
	Frequency isolation capability  = ② dBc
	45 dBc
	45 dBc
	45 dBc
	45 dBc

	
	
	Frequency isolation 
techniques used
	Digital filtering, CFR, DPD

	
	Spatial isolation
	Spatial isolation capability 
 = ③ dBc
	65-70 dBc
	 65-70 dBc
	 65-70 dBc
	65-70 dBc

	
	
	Spatial isolation 
techniques used
	A combination of spatial isolation, chokes, absorption, mushroom EBG.
Note that 65dB is an “average” and the exact value depends on TX and RX beam steering directions, varying between 55dB and 80dB. 

	
	TX Beam nulling /isolation in TX sub-band
= ④ dBc
	10 dBc
Note that the TX beam nulling reduces the variation due to beam direction, and hence spatial isolation + TX nulling can be assumed to be 80dB for most directions.

	
	DL EIRP impact due to beam nulling in TX sub-band
	3-5dB, depending on TX beam direction

	
	Self-interference leakage in gNB RX subband due to non-ideal TX, measured at RX ant.   (Note 1)
	-87 dBm
	-87 dBm
	- 87 dBm
	-92 dBm

	
	RF IC and other tech. (before LNA)
	RF IC capability and other tech. in TX sub-band  = ⑤ dBc
	0 dBc
	0 dBc
	0 dBc
	0 dBc

	
	
	RF IC capability and other tech. in RX sub-band  = ⑧ dBc
	0 dBc
	0 dBc
	0 dBc
	0 dBc

	
	
	RF IC techniques and other tech.
(before LNA)
	Analogue interference cancellation incurs RX sensitivity loss due to insertion and also severe limitations on sub-band pre-coding and multi-carrier. Also, high routing complexity with large number of TX and RX.

Filtering prior to the LNA would imply the need for the BS hardware to be specifically tuned to the SBFD carrier and no multi-carrier possibilities. Insertion loss would degrade sensitivity.
 
 

	
	
	Impacts to RX sensitivity (due to e.g. insertion losses) due to RF IC or other techniques before LNA
	>=5dBc if e.g. filtering or analogue IC would be applied.

	
	Self-Interference signal in gNB TX subband, measured at the input of LNA  (Note 1)
	-42 dBm
	 -42 dBm
	 -42 dBm
	-47 dBm

	
	Blocker Suppression at RX


	Frequency isolation capability
⑥ dBc
	xxx dBc

	
	
	Frequency isolation techniques 
	Digital IC of TX. The impact of scattering / reflection in the environment has not been considered.
For RX, the 3rd column represents improved receiver linearity in the analogue domain.
Digital baseband combining may improve self-interference suppression, effectively at the cost of suppression of other interferers and RX beamforming gain. Reference scenarios are needed to assess the overall potential from RX baseband combining.
 It is assumed that RX ACS is very large due to time alignment and achieving orthogonality between the TX and RX signals in the digital domain. This assumption should be reviewed by RAN1. 

	
	
	RX IMD


	Rx IIP3 capability (dBm)
	-27.6 dBm
	-17.6 dBm
	-13 dBm
	-17.6 dBm

	
	
	
	Rx IM3 contribution (dBm)
	-70.8 dBm
	-90.8 dBm
	-100 dBm
	-100 dBm

	
	
	Other RX 
	Any other RX impacts if significant (e.g. ADC noise, phase noise etc.)
	No significant issues for medium range BS power level other than mentioned above. Phase noise reciprocal mixing is not significant for this frequency range and power levels.

	
	Self-Interference signal in gNB RX subband caused by non-ideal RX selectivity, gain-normalized 
(Note 1, 2)
	-70.8 dBm
	-90.8 dBm
	-100 dBm
	-100 dBm

	
	RX Beam nulling /isolation in RX sub-band
= ⑨ dBc
	TBC dBc
RX beam nulling is in effect part of the digital baseband combining. Digital baseband combining may improve self-interference suppression, effectively at the cost of suppression of other interferers and RX beamforming gain. Reference scenarios are needed to assess the overall potential from RX baseband combining.


	
	RX sensitivity degradation caused by RX beam nulling
	TBC dBc

	
	Digital IC  = ⑦ dBc
	10-15 dBc (Transmitter)
 
 

	Overall RSIC capability  (Note 1)
	109 dBc
	128 dBc
	  135 dBc
	  135 dBc

	Noise floor ⑩dBm
	-90 dBm/CBW
	-90 dBm/CBW
	-90 dBm/CBW
	-90 dBm/CBW

	Residual Interference budget with 1 dB desens target (⑪dBm=⑩dBm-6dB)
	-96 dBm
	-96 dBm
	-96 dBm
	-96 dBm

	Required RSIC budget (①-⑪dBc)
	134 dBc
	134 dBc
	134 dBc
	131 dBc

	SBFD configuration
	40-20-40, see annex

	Guardband assumption (if exist)
	5 PRB, see annex

	bandwidth over which suppression is achieved
	<300MHz

	Others
	Preliminary estimates due to lack of final conclusion on RX ACS and scattering effects.

	Note 1: Relevant metrics are derived from other parameters for checking purpose. 
Note 2: The relevant metric is gain-normalized, with reference point assumed to be at RX antenna. 
Note 3: The notations ①②③④⑤⑥⑦⑧⑨⑩⑪ are used to indicate the decimal values of the corresponding metrics.



[bookmark: _Toc127538194]SBFD for MR BS may achieve self-interference suppression, although a more complex receiver may be needed or 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
For the local area BS class, the antenna isolation in simulations is observed to also be around 65-75dB. TX beam nulling is not assumed due to the smaller array size, since with a more limited number of degrees of freedom the impact to DL EIRP will be greater. The middle value of 70dB is used in the analysis.
Analogue IC has not been assumed, although for the local area BS it may be more realistic, as long as only a single carrier is intended to be transmitted. Digital IC of TX emissions of around 15dBc is assumed.
Two types of receiver are considered; a receiver meeting the minimum 3GPP requirements and a receiver that may be more realistic. The minimum 3GPP requirements receiver is not sufficiently linear, although with further digital processing it may be sufficient. 
As described in section 2.2.2, in order to assess the gain from RX processing, reference scenarios relating to other interferers and the wanted signal are needed, since the array needs to use it’s degrees of freedom to mitigate all interferers and maximize RX beamforming gain . A LA array will be smaller and have fewer degrees of freedom, but on the other hand there are also likely to be fewer interference sources compared to other types of deployment. 
The potential impact of scattering around the BS, and also possible ACS interference in the digital domain have not been considered, and so similar to the MR BS, the estimates are biased somewhat towards being optimistic when considering scattering and ACS, but potentially pessimistic when considering RX combining.
It should be noted that for the LA BS, if the main objective of SBFD is latency and considering the small cell size, some level of RX sensitivity degradation greater than 1dB may be acceptable. This could imply a reduced amount of IC needed and/or reduced requirements on the receiver.

	FR1 (or FR2-1)
	Ericsson (preliminary)

	BS class
	Local Area BS (3GPP minimum)
	Local Area BS (Realistic RX)
	

	BS TX Power  = ① dBm
	24 dBm
	24 dBm
	

	Component 
capability and parameters
	Frequency isolation at TX
	Frequency isolation capability  = ② dBc
	45 dBc
	45 dBc
	

	
	
	Frequency isolation 
techniques used
	Digital filtering, CFR, DPD

	 

	
	Spatial isolation
	Spatial isolation capability 
 = ③ dBc
	70 dBc
	70 dBc
	 

	
	
	Spatial isolation 
techniques used
	Physical distance, isolation structures
 
	 

	
	TX Beam nulling /isolation in TX sub-band
= ④ dBc
	0 dBc
	0 dBc
	

	
	DL EIRP impact due to beam nulling in TX sub-band
	TX beam nulling not assumed due to array size
	

	
	Self-interference leakage in gNB RX subband due to non-ideal TX, measured at RX ant.   (Note 1)
	-91 dBm
	-91 dBm
	

	
	RF IC and other tech. (before LNA)
	RF IC capability and other tech. in TX sub-band  = ⑤ dBc
	0 dBc
	 0 dBc
	 

	
	
	RF IC capability and other tech. in RX sub-band  = ⑧ dBc
	0 dBc
	 0 dBc
	 

	
	
	RF IC techniques and other tech.
(before LNA)
	Analogue IC could be considered for this case, but is restrictive on pre-coding and multi-carrier. Digital IC has instead been assumed.
 
	 

	
	
	Impacts to RX sensitivity (due to e.g. insertion losses) due to RF IC or other techniques before LNA
	0 dBc
	0 dBc
	

	
	Self-Interference signal in gNB TX subband, measured at the input of LNA  (Note 1)
	-46 dBm
	 -46 dBm
	 

	
	Blocker Suppression at RX


	Frequency isolation capability
⑥ dBc
	xxx dBc
	

	
	
	Frequency isolation techniques 
	Digital IC of TX. The impact of scattering / reflection in the environment has not been considered.
 It is assumed that RX ACS is very large due to time alignment and achieving orthogonality between the TX and RX signals in the digital domain. This assumption should be reviewed by RAN1.  

	
	
	RX IMD


	Rx IIP3 capability (dBm)
	-24.6 dBm
	-14 dBm
	

	
	
	
	Rx IM3 contribution (dBm)
	-88.8 dBm
	-110 dBm
	

	
	
	Other RX 
	Any other RX impacts if significant (e.g. ADC noise, phase noise etc.)
	No other significant impacts other than those mentioned above

	
	Self-Interference signal in gNB RX subband caused by non-ideal RX selectivity, gain-normalized 
(Note 1, 2)
	-88.8 dBm
	-110 dBm
	

	
	RX Beam nulling /isolation in RX sub-band
= ⑨ dBc
	TBC dBc
RX beam nulling is in effect part of the digital baseband combining. Digital baseband combining may improve self-interference suppression, effectively at the cost of suppression of other interferers and RX beamforming gain. Reference scenarios are needed to assess the overall potential from RX baseband combining.


	
	RX sensitivity degradation caused by RX beam nulling
	TBC dBc
	

	
	Digital IC  = ⑦ dBc
	15 dBc on transmitter
 
	 

	Overall RSIC capability  (Note 1)
	112 dBc
	124 dBc
	

	Noise floor ⑩dBm
	-87 dBm/CBW
	-87 dBm/CBW
	

	Residual Interference budget with 1 dB desens target (⑪dBm=⑩dBm-6dB)
	-93 dBm
	-93 dBm
	

	Required RSIC budget (①-⑪dBc)
	117 dBc
	117 dBc
	

	SBFD configuration
	40-20-40, see annex

	Guardband assumption (if exist)
	5 PRB, see annex

	bandwidth over which suppression is achieved
	<300MHz

	Others
	Preliminary estimates due to lack of final conclusion on RX ACS and scattering effects.

	Note 1: Relevant metrics are derived from other parameters for checking purpose. 
Note 2: The relevant metric is gain-normalized, with reference point assumed to be at RX antenna. 
Note 3: The notations ①②③④⑤⑥⑦⑧⑨⑩⑪ are used to indicate the decimal values of the corresponding metrics.



[bookmark: _Toc127538195]SBFD with 1dB sensitivity degradation can likely be achieved for FR1 LA BS with digital IC.

2.1.3	FR2
A RSIC breakdown for FR2 is provided in the table below. Previously presented simulations demonstrated an antenna isolation capability of at least 80dB over the FR2 bands from 24-30GHz with a separation of 10cm between TX and RX panels. A further tentative assumption of 5dB TX beam nulling is added. Investigation is ongoing on the impact to the DL of the nulling.
For the receiver, an IIP3 performance of -35dBm is assumed. The IIP3 may be increased further but increasing to more than around -30dBm would likely necessitate more complex and carrier frequency specific filtering arrangement. However, this would be undesirable for a commercial product, and it can anyhow be seen that receiver linearity is not a single dominant issue for FR2 BS. 
Phase noise reciprocal mixing is a more important factor for receiver imperfections than for FR1, although also the phase noise level will not cause significant desensitization.
As with FR1, reference scenarios considering all sources of interference and the wanted RX signal gain are needed in order to assess the performance of receiver combining in supressing interference. Also, the RX combining gain will depend on the beamforming structure in the FR2 array. RX combining has the potential to further supress the interference.
Similar to FR1, it is assumed that RX ACS in the digital domain can be mitigated by time alignment, but this should be further checked and may be an optimistic assumption. 
Scattering and reflection back from the environment has not yet been taken into account and is a potential area where the assumptions may be optimistic.
Due to the large bandwidths and TX-RX combinations, we assume that TX interference cancellation would not be feasible when considering complexity, power consumption etc. for FR2.
The current analysis suggests a sensitivity degradation of 22dB for the 40dB TRP, 1.5dB for the 30dBm TRP and less than 1dB with 24dBm TRP.

	FR1 (or FR2-1)
	Ericsson

	BS class
	40 dBm TRP
	30 dBm TRP
	24 dBm TRP

	BS TX Power  = ① dBm
	40 dBm
	30 dBm
	24 dBm

	Component 
capability and parameters
	Frequency isolation at TX
	Frequency isolation capability  = ② dBc
	28 dBc
	28 dBc
	28 dBc

	
	
	Frequency isolation 
techniques used
	Filtering, CFR
 
 

	
	Spatial isolation
	Spatial isolation capability 
 = ③ dBc
	80 dBc
	 80 dBc
	 80 dBc

	
	
	Spatial isolation 
techniques used
	A combination of spatial isolation, chokes, absorption, mushroom EBG.
 
 

	
	TX Beam nulling /isolation in TX sub-band
= ④ dBc
	5 dBc
	5 dBc
	5 dBc

	
	DL EIRP impact due to beam nulling in TX sub-band
	TBC
	TBC
	TBC

	
	Self-interference leakage in gNB RX subband due to non-ideal TX, measured at RX ant.   (Note 1)
	-73 dBm
	-83 dBm
	-89 dBm

	
	RF IC and other tech. (before LNA)
	RF IC capability and other tech. in TX sub-band  = ⑤ dBc
	0 dBc
	0 dBc
	0 dBc

	
	
	RF IC capability and other tech. in RX sub-band  = ⑧ dBc
	0 dBc
	0 dBc
	0 dBc

	
	
	RF IC techniques and other tech.
(before LNA)
	
	 
	 

	
	
	Impacts to RX sensitivity (due to e.g. insertion losses) due to RF IC or other techniques before LNA
	0 dBc
	0 dBc
	0 dBc

	
	Self-Interference signal in gNB TX subband, measured at the input of LNA  (Note 1)
	-45 dBm
	 -55 dBm
	 -61 dBc

	
	Blocker Suppression at RX


	Frequency isolation capability
⑥ dBc
	
	
	

	
	
	Frequency isolation techniques 
	
	 
 
	 
 

	
	
	RX IMD


	Rx IIP3 capability (dBm)
	-35 dBm
	-35 dBm
	-35 dBm

	
	
	
	Rx IM3 contribution (dBm)
	-65 dBm
	- 95 dBm
	-113 dBm

	
	
	Other RX 
	Any other RX impacts if significant (e.g. ADC noise, phase noise etc.)
	Reciprocal phase noise  mixing will add noise at around -95dBm.
	Reciprocal phase noise mixing will add noise at around -105dBm 
	Reciprocal phase noise mixing will add noise at around -110dBm

	
	Self-Interference signal in gNB RX subband caused by non-ideal RX selectivity, gain-normalized 
(Note 1, 2)
	-65 dBm
	-94.6 dBm
	-108 dBm

	
	RX Beam nulling /isolation in RX sub-band
= ⑨ dBc
	TBC dBc
RX beam nulling is in effect part of the digital baseband combining. Digital baseband combining may improve self-interference suppression, effectively at the cost of suppression of other interferers and RX beamforming gain. Reference scenarios are needed to assess the overall potential from RX baseband combining.

	
	

	
	RX sensitivity degradation caused by RX beam nulling
	TBC dBc
RX beam nulling is in effect part of the digital baseband combining. Digital baseband combining may improve self-interference suppression, effectively at the cost of suppression of other interferers and RX beamforming gain. Reference scenarios are needed to assess the overall potential from RX baseband combining.

	
	

	
	Digital IC  = ⑦ dBc
	10 dBc
	 10 dBc
	10 dBc

	Overall RSIC capability  (Note 1)
	105 dBc
	120,7dBc
	122.5 dBc

	Noise floor ⑩dBm
	-87 dBm/CBW
	-87 dBm/CBW
	-87 dBm/CBW

	Residual Interference budget with 1 dB desens target (⑪dBm=⑩dBm-6dB)
	-93 dBm
	-93 dBm
	-93 dBm

	Required RSIC budget (①-⑪dBc)
	133 dBc
	123 dBc
	117 dBc

	SBFD configuration
	75-50-75 (See Annex)

	Guardband assumption (if exist)
	3 RB (See Annex)

	bandwidth over which suppression is achieved
	Several GHz

	Others
	
	
	

	Note 1: Relevant metrics are derived from other parameters for checking purpose. 
Note 2: The relevant metric is gain-normalized, with reference point assumed to be at RX antenna. 
Note 3: The notations ①②③④⑤⑥⑦⑧⑨⑩⑪ are used to indicate the decimal values of the corresponding metrics.




2.2	Receiver considerations on linearity and selectivity /blocking
2.2.1      Receiver blocking and non-linearity
2.2.1.1 	FR1
During RAN4#105, there was some discussion and a preliminary agreement to consider -43dBm as a level at which the receiver becomes blocked for FR1 WA. The RAN4 requirement states that the blocking requirement is -43dBm, however the blocker is applied in the second adjacent channel and 6dB sensitivity degradation is allowed. Thus, handling -43dBm in the DL sub-band with less than 1dB degradation would require a receiver that is more linear than the 3GPP minimum. However, with improved IIP3 improvement may be feasible. 
It is to be expected that the ADC range of a receiver designed to meet 3GPP requirements should be sufficient with a -43dBm input to avoid ADC saturation or AGC reducing the gain (and hence desensitizing the receiver).
Achieving a significantly higher input power level than -43dBm without receiver degradation would necessitate a much higher receiver linearity and ADC range, and so in our view considering a performance improvement such that -43dBm in the DL sub-band can be handled is a reasonable assumption. Achieving this improvement will require a more complex receiver than generally used for WA BS.
For a 53dBm TRP, to achieve an RX power level of -43dBm, an isolation of 96dB is needed. Our simulations, and previously presented measurements suggest that an isolation of 75-80dB is achievable.
Analogue cancellation could theoretically be used to reduce the input power to the receiver. However, analogue cancellation is not compatible with frequency varying beamforming, which is necessary for sub-band precoding and for multi-carrier/multi-band transmission. Furthermore, with a large array the complexity and losses from the interconnection is not insignificant. Thus, practically we do not believe that analogue IC is a useful solution for larger WA basestations.

[bookmark: _Toc127538196]For a WA BS with 53dBm TRP, the receiver is likely to be saturated.

For the MR and LA BS classes, with reasonable spatial isolation assumptions the DL sub-band power will be at or below the RX blocking level. To determine the receiver analogue performance, it is useful to consider the IIP3. One way to consider the IIP3 is to calculate the IIP3 consistent with just meeting RAN4 requirements.
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 2.2.1.1-1 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 2.2.1.1-1 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



2.2.1.1 	FR2
For FR2 operation, the same principles apply and the receiver blocking and linearity should be considered. The FR2 blocking is defined differently to FR1 as 33dB relative to OTA sensitivity. The relationship between the OTA blocking level and the blocking signal experienced at receivers depends on the architecture and is complex to consider. The same is the case for RX IM.
Thus, for FR2 we have not attempted to estimate a performance based on meeting minimum 3GPP requirements. Instead, we propose to consider an IIP3 of -35dBm for each receiver and that the receiver ADC is not saturated in any of the scenarios. Potentially, the IIP3 can be improved towards -30dBm or higher, however improvement beyond -30dBm may require more complex receivers and/or filtering solutions that are carrier specific.
The analysis of section 2.1.3 suggests that with TX power of below around 35dBm, receiver linearity will not be a significant issue for FR2 with a -35dBm IIP3. Somewhat higher linearity would be needed for higher TRP, but currently TX emissions leakage dominates the interference for higher power levels.
Phase noise reciprocal mixing will case more interference than receiver non-linearity for FR2 than for FR1, although the phase noise level is also not likely to significantly reduce sensitivity.
Orthogonality in the baseband between the DL OFDM signal and the UL sub-band is assumed in the current analysis to be significant as long as a timing alignment is achieved. Whether this is a reasonable assumption or not may need further discussion in RAN1.
[bookmark: _Toc127538197]For FR2 SBFD, in general receiver linearity is not a major issue for output power below around 35dBm.

2.2.2      Receiver RF filtering summary
In [2], 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 prior to the LNA 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.
As discussed in previous meetings, 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 handle 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 and polarization.
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 [1] 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.
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 4-6 dB.
[bookmark: _Toc127538198]An RF filtering solution prior to the LNA for a single carrier, custom designed BS for a specific carrier with little DUD configuration flexibility would incur an NF increase of up to 6dB (with questionable feasibility due to filter size)
[bookmark: _Toc127538199]A reasonable RF filtering solution prior to the LNA 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.
Filtering may be used in some structures prior to the ADC if necessary to protect the ADC dynamic range. Such filtering would not be likely to impact the noise figure, as it would be placed later in the receive chain. However, filtering prior to the ADC would not improve the receiver linearity.

2.2.3      Receiver “beam nulling” and baseband combining
The combining of RX sub-arrays of a receiver will happen in baseband. In a modern BS, the baseband combining will be at least an MMSE-IRC algorithm that maximizes SINR. The receiver in effect uses the degrees of freedom available due to the multiple RX chains in order to (i) maximize RX power and (ii) supress interference sources in a mathematical trade off.
“Beam Nulling” in the RX does not exist as a separate stage but is part of the SINR maximization in an optimal receiver.
[bookmark: _Toc127538200]RX beam nulling is part of the receiver SINR optimization in the receive baseband.

If the only source of interference for the SBFD is self-interference, then there is potential for the RX combining to achieve good suppression of the TX interference. In a real implementation, two things are necessary for self-interference suppression in the receiver:
1. Good quality channel estimates for the wanted signal
2. Interference co-variance matrix estimates

The channel estimates for the wanted signal are needed for each RX branch prior to any combining gain. The quality (i.e., SNR) of the channel estimates will depend on the SINR at each individual receiver prior to combining. Also, the quality of the channel estimates will be reduced by any receiver IM due to high power arriving at the receiver. Thus, the ability to achieve gains from receiver combining will depend on the self-interference already being sufficiently supressed that good quality channel estimates can be obtained.
[bookmark: _Toc127538201]For good SINR optimization, the self-interference must be sufficiently supressed that channel estimations are possible at each receiver and that there is no distortion form the receiver analogue front end.

The suppression of the self-interference may reduce the gain towards the wanted signal. Improvement of the overall SINR should be considered. The SINR achievable by the receiver in the presence of self-interference can be significantly greater than the SINR if simply signal power / interference power is considered, but it still appears not to reach the SINR achieved by UL with no SBFD unless the TX interference is already sufficiently supressed to enable channel estimation.

In a real network, the SBFD BS receiver will not only experience self-interference, but will also experience interference from other sectors, other gNB and other cell UEs. The degrees of freedom provided by the multiple RX chains are limited, and thus the SINR improvement that is obtainable in a real network will depend on the positions and interference levels from all interference sources.
[bookmark: _Toc127538202]The receiver combining performance should not be assessed considering only self-interference. A reference scenario(s) is needed considering all sources of inter-sector, inter-gNB and other cell UE interferences.

Care also needs to be taken when assessing the baseline receiver performance with no SBFD. In the baseline scenario, and UL receiver will experience interference from other UEs, which it will mitigate as part of the receiver SINR optimization. Thus, in order to define the expected benefit of RX combining algorithms for SBFD, desensitization compared to a reference baseline scenario that might include non AWGN interference should be considered.
[bookmark: _Toc127538203]A reference baseline scenario is needed considering other UE interferences at the BS in order to assess desensitization caused by SBFD when considering RX combining algorithms.

With these things in mind, in order to understand the ability of RX combining algorithms to mitigate SBFD interference, appropriate reference and baseline scenarios considering all sources of interference need to be stated, or preferable identified by RAN4.

RAN4 should discuss and identify appropriate scenarios for assessing RX combining algorithm performance, including all sources of interference.

2.4 Antenna isolation aspects
In previous contributions, 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 [2] and the near field radiation patterns were shown. 

2.4.1      Intra-gNB isolation summary of previous results

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 for FR1 and 2.4.1-2 for FR2 respectively. The underlying simulations and assumptions are described in more detail in [3].

 
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 for FR1, the achievable isolation depends on the polarization but also beamforming within the steering range of the antenna, and on the frequency of the carrier.


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

	
	
	



FR2 intra gNB results indicate that, the achievable isolation has less dependency on the polarization and also beamforming within the steering range of the antenna, but frequency dependent behavior remains.

Based on the summary results presented in this paper, following observations can be made:
[bookmark: _Toc127538204]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: _Toc127538205]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 of inter-gNB isolation 
[bookmark: _Hlk118377929]Sectorized site deployments are typically used to provide full coverage in the horizontal plane. This means that up to three antennas will be mounted close together on the mast as illustrated by the photos of representative WA and MR commercial sites in 2.4.2-1. As can be seen in these site deployments, the edge-to-edge distance dH between antennas in different sectors can be quite small, e.g., on the order of 40 cm.
[image: ]        [image: ]        
[bookmark: _Ref118378259]Figure 2.4.2-1: Representative WA and MR commercial sectorized sites showing that the edge-to-edge distance dH between antennas in different sectors can be quite small.

It is also important to note that, in general sites may be complex, accommodating several bands and/or operators and are subject to planning and other kinds of restrictions. Figure 2.4.2-2 provides some further examples.

[image: A street light with trees in the background

Description automatically generated with medium confidence][image: A picture containing tree, outdoor, street

Description automatically generated]
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Figure 2.4.2-2: Some examples of site deployments

Full electromagnetic simulations were performed to investigate the achievable isolation between antenna panels in a 3-sector site. The TX panels are placed at the bottom part of the mast and the RX panels at the upper part. This way, TX beam down tilting does not steer the main beam toward the RX. Four scenarios were examined with the following parameters:
1. FR1 Wide Area: 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 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. This scenario is illustrated in Figure 2.4.2-1. This result was presented previously in [2].
2. FR1 Medium Range: Antenna panels of 6x4 dual-polarized radiators, each consisting of a 3 GHz cross-polarized half-wavelength dipole with -degree slant. The vertical inter-element distance is  and the horizontal is . The edge-to-edge distance between the panels in the azimuth and elevation directions are respectively 400 mm and 300 mm. This scenario is illustrated in Figure 2.4.2-1.
3. FR2 100mm separation: Antenna panels of 8x8 dual-polarized radiators, each consisting of a 30 GHz dual-polarized patch radiator with -degree slant. The vertical inter-element distance is  and the horizontal is . The edge-to-edge distance between the panels in the azimuth and elevation directions are respectively 100 mm and 100 mm. This scenario is illustrated in Figure 2.4.2-4.
4. FR2 400mm separation: Same to Scenario 2, but the edge-to-edge panel distance in the elevation direction is 400 mm. This scenario is shown in Figure 2.4.2-6.

Furthermore, the following assumptions were considered in the full electromagnetic simulations:
· When applying beam steering in the azimuth direction, the TX panel in Sector 1 steers its main beam toward Sector 3. The RX panels are steering to boresight. Also, all the plots presented in this section refers to the coupling between Sectors 1 and 3. The RX panels always steer their beam to boresight.
· 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 degrade 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. Panel-sub-array isolation is around 15dB greater than the panel-panel isolation numbers.

The simulation results in figure 2.4.2-2 indicate that the panel-panel isolation for the 3-GHz Wide Area system in varies from 55 – 70dB (as discussed in [2]).
The simulation results in Figure 2.4.2-3 indicate that the largest panel-panel isolation for the 3-GHz system in the FR1 medium range scenario is 70 dB. As the TX steers its main beam along the azimuth direction toward Sector 3, the isolation drops to 60 dB. Beam steering in the elevation direction with 0-degree azimuth does not seem to have a strong effect on isolation in this scenario.
The simulation results for the 30-GHz systems are reported in Figures 2.4.2-5 and 2.4.2-7. For 100 mm edge-to-edge distance in azimuth direction, the best achievable panel-panel isolation is 75 dB while the worst is 60 dB. The isolation beam steering might improve with beam steering or degrade, depending on the beam direction. Since the antenna panels are quite close to each other, the coupling mechanisms are involved and not necessarily straightforward. When the edge-to-edge distance is increased to 400 mm, the best achievable isolation is 87 dB, which is obtained with 15-degree down tilt, and the worst is 70 dB.
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Figure 2.4.2-1 FR1 antenna
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(a) Azimuth beam steering with elevation at boresight
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(b) Downtilt elevation beam steering with azimuth at boresight

	
	


Figure 2.4.2-2 FR1 WA antenna coupling magnitude
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(a) Azimuth beam steering with elevation at boresight
	[image: ]
(b) Downtilt elevation beam steering with azimuth at boresight


Figure 2.4.2-3 FR1 MR antenna coupling magnitude
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Figure 2.4.2-4 FR2 antenna, 100 mm edge to edge in both elevation and azimuth directions
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(a) Azimuth beam steering with elevation at boresight
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(b) Downtilt elevation beam steering with azimuth at boresight


Figure 2.4.2-5 FR2 antenna, 100 mm edge to edge, coupling magnitude
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Figure 2.4.2-6 FR2 antenna, 400 mm edge to edge in both elevation and azimuth directions
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(a) Azimuth beam steering with elevation at boresight
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(b) Downtilt elevation beam steering with azimuth at boresight


Figure 2.4.2-7 FR2 antenna with 400 mm edge to edge coupling magnitude
2.5	TX Interference cancellation
As discussed in previous contributions, the performance of TX interference cancellation has some dependency on the structure of the signal to be cancelled [2]. 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: _Toc127538206]The IC gain 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: _Toc127538207]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: _Toc127538208]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: _Toc127538209]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: _Toc127538210]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, digital 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 digital 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.
As an alternative to digital interference cancellation, analogue IC has theoretical advantages in that it can reduce the signal input level to the receiver. However, analogue IC implies a need to apply the same beamforming weights across the DL domain, which significant restricts the precoding to be non-frequency-specific and severely limits multi-carrier and multi-band transmission. The ability to support multi-carrier is essential for commercial wide area BS. Furthermore, complexity and losses associated with interconnections and routing needed between TX and RX sub-arrays can be significant for large arrays. Analogue IC may be more appliable to smaller BS that transmit a single carrier.

2.6      TX 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 TX 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 in [2] 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 is 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. 

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: _Toc127538211]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: _Toc127538212]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: _Toc127538213]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. An important aspect for any BS regardless of access technology is the multi-carrier capability and operation for the BS. For the vast majority of deployments, base-stations need to be capable of handling multiple carriers and deploying BS only capable of single carrier operation is not useful nor representative.  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.
CFR to mitigate the high OFDM PAPR is a key part of any BS transmitter implementation. To apply frequency discriminating suppression of CFR distortion leaking into UL sub-bands for multi-carrier scenarios with more than one SBFD capable carriers also implies significant complexity increase. 
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.
The impact on digital IC and possible beam nulling in presence of multiple carrier due to independent traffic but mutual dependencies between carriers both for transmit and receiver could be an issue and non-intuitive the complexity growth likely is not growing linearly with the number of carriers. This aspect need to be further investigated.
In addition, with introduction of SBFD, TDD bands also could suffer from Passive Inter-Modulation (PIM) where until now TDD bands with synchronized operation so far has been spared from PIM interference. This is further discussed in sub-section 2.7.1.
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: _Toc127538214]The BS is usually a multi-carrier node by default and multi-carrier aspects affect many related feasibility aspects such as improved linearization, CFR, filtering, PIM, beam nulling and digital interference cancellation. Thus, feasibility study assuming single carrier operation for BS is not sufficient.


2.7.1 	PIM   aspects 
Passive Inter-Modulation (PIM) has been one of the main challenges for all RATs for FDD bands. Careful considerations on site and significant site mitigation measures have been taken to mitigate the PIM which degrade the receiver sensitivity and thus UL coverage. 
PIM has yet not been any issue for synchronized TDD systems as when PIM is generated during DL slots, there is no reception on the BS side simultaneously. 
With introduction of SBFD and presence of UL in DL slots in frequency domain, PIM can become serious issue to address, in particular for PIM being generated from either multi-carrier operation or adjacent carriers in multi-operator scenario. 
The PIM can arise from site equipment or any addition of site isolation enhancements structures to attempt to improve the inter-sector isolation or from adjacent sites and also PIM generating structure outside the sites. 
PIM should also be taken into account when considering inter-gNB isolation structures on the site as PIM within such structures could potentially result in much higher noise induced in UL sub-band compared to the self-interference and sector isolation.
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	Antenna isolation varies with beam direction (and varies between different RX sub-arrays). The RSIC values in this section are a snapshot with average spatial isolation per RX sub-array. With some directions the suppression may be better, for other directions worse (for WA and MR).
Observation 5	For FR1 WA BS, the receiver is saturated and transmitter leakage is large. It is not feasible to give an RSIC.
Observation 6	SBFD for MR BS may achieve self-interference suppression, although a more complex receiver may be needed or the gNB TX power may need to be lower than the 3GPP maximum to achieve 1dB sensitivity degradation.
Observation 7	SBFD with 1dB sensitivity degradation can likely be achieved for FR1 LA BS with digital IC.
Observation 8	For a WA BS with 53dBm TRP, the receiver is likely to be saturated.
Observation 9	For FR2 SBFD, in general receiver linearity is not a major issue for output power below around 35dBm.
Observation 10	An RF filtering solution prior to the LNA for a single carrier, custom designed BS for a specific carrier with little DUD configuration flexibility would incur an NF increase of up to 6dB (with questionable feasibility due to filter size)
Observation 11	A reasonable RF filtering solution prior to the LNA is not feasible.
Observation 12	RX beam nulling is part of the receiver SINR optimization in the receive baseband.
Observation 13	For good SINR optimization, the self-interference must be sufficiently supressed that channel estimations are possible at each receiver and that there is no distortion form the receiver analogue front end.
Observation 14	The receiver combining performance should not be assessed considering only self-interference. A reference scenario(s) is needed considering all sources of inter-sector, inter-gNB and other cell UE interferences.
Observation 15	A reference baseline scenario is needed considering other UE interferences at the BS in order to assess desensitization caused by SBFD when considering RX combining algorithms.
Observation 16	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 17	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 18	The IC gain depends on the interference structure
Observation 19	The interference suppression depends on the interference power (INR)
Observation 20	The interference suppression has dependencies on the TX power, antenna isolation and frequency isolation.
Observation 21	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 22	The interference suppression for reflections depends on the number of taps provided, the coherence time and channel estimation.
Observation 23	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 24	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 25	When deciding beam nulling gains, downlink impacts should be taken into account.
Observation 26	The BS is usually a multi-carrier node by default and multi-carrier aspects affect many related feasibility aspects such as improved linearization, CFR, filtering, PIM, beam nulling and digital interference cancellation. Thus, feasibility study assuming single carrier operation for BS is not sufficient.
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Annex A: 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
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