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In RAN4#106, progress was made on studying the feasibility of base stations (BSs) that are capable of subband full duplex (SBFD) operation [1]. Additionally, there is a need to further assess the RF impacts of SBFD operation on the different BS transceiver components. In this paper, we continue the discussion on the feasibility and impact of SBFD deployments on BS RF requirements via analyzing varied factors impacting self-interference and cross link interference (CLI) mitigation.
Self-interference modelling
To enable proper reception of the uplink signal at the SBFD gNB receiver, the gNB should mitigate the direct self-interference ‘leakage’ and any significant clutter reflections. The amount of residual self-interference into the UL subband depends on several factors such as the BS class, the BS Tx power of the DL signal, and the BS self-interference mitigation capability. To address such analysis, a framework was agreed in RAN4#105 [1] where it is planned to be populated by companies in RAN4 to further discuss the feasibility of an SBFD-capable BS and understand the cancellation capabilities at the various stages as well as the underlying conditions to achieve such cancellation. 
Table 1 FR1 self-interference cancellation framework
	FR1

	BS class
	Wide 
Area BS
	Medium 
Range BS

	BS TX Power  = ① dBm
	[49] dBm
	38 dBm

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

	
	
	Frequency isolation 
techniques used
	DPD or sub-band filtering

	DPD or sub-band filtering

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

	
	
	Spatial isolation 
techniques used
	Two separate panels with added electro-magnetic spatial duplexer for additional cancellation
	 Two separate panels with added electro-magnetic spatial duplexer for additional cancellation 

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

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

	
	Self-interference leakage in gNB RX subband due to non-ideal TX, measured at RX ant.   (Note 1)
	-91 dBm
(=①-②-③-④)
	-97 dBm
(=①-②-③-④)

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

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

	
	Self-Interference signal in gNB TX subband, measured at the input of LNA  (Note 1)
	x dBc
(①-③-④-⑤)
	

	
	Blocker Suppression at RX


	Frequency isolation capability
⑥ dBc
	15 dBc

	
	
	Frequency isolation techniques 
	Filtering (does not protect most of the receiver. Right in front of the ADC, by the time blocker is there, damage already has been done). 

	
	
	RX IMD


	Rx IIP3 capability (dBm)
	Not a significant contributor on the gNb Rx capability. When the total input power (Pin) (signal + jammer) is lower than -52 dBm, IM3 contribution is not significant (see Section 3.12 for more details). 

	
	
	
	Rx IM3 contribution (dBm)
	

	
	
	Other RX 
	Any other RX impacts if significant (e.g. ADC noise, phase noise etc.)
	Increase in Noise figure when total input power (Pin) exceeds -52 dBm. Noise figure can be modeled as a function of total input power (signal + jammer) with a piecewise linear model as show Section 3.1.1.

	
	Self-Interference signal in gNB RX subband caused by non-ideal RX selectivity, gain-normalized 
(Note 1, 2)
	-
(①-③-④-⑤-⑥)

	
	RX Beam nulling /isolation in RX sub-band
= ⑨ dBc
	-

	
	RX sensitivity degradation caused by RX beam nulling
	-

	
	Digital IC  = ⑦ dBc
	15 dBc
	10 dBc

	Overall RSIC capability  (Note 1)
	155 dBc
(②+③+④+⑦)
	145 dBc
(②+③+④+⑦)

	Noise floor ⑩dBm
	-96 dBm/20 MHz @ 5dB noise figure
	-91 dBm/20 MHz @ 10 dB NF

	Residual Interference budget with 1 dB desens target (⑪dBm=⑩dBm-6dB)
	-102 dBm
	-97 dBm

	Required RSIC budget (①-⑪dBc)
	151 dBc
	135 dBc

	SBFD configuration
	DUD

	Guardband assumption (if exist)
	5 PRBs 

	bandwidth over which suppression is achieved
	100MHz



Observation self-interference framework for FR1: Table-1 shows that it is feasible to meet the 1 dB sensitivity degradation for FR1 SBFD-capable BS considering the different self-interference mitigation stages (i.e., spatial isolation, frequency isolation, beam nulling, and digital cancellation).
Following FR1 framework, Table 2 below presents the different cancellation stages and assumptions that were considered for FR2 wide area and medium range base stations. 
Table 2 FR2 self-interference cancellation framework
	FR2

	BS class
	Wide 
Area BS

	BS TX Power  = ① dBm
	30 dBm

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

	
	
	Frequency isolation 
techniques used
	DPD or sub-band filtering


	
	Spatial isolation
	Spatial isolation capability 
 = ③ dBc
	85-95 dBc

	
	
	Spatial isolation 
techniques used
	Two separate panels with added electro-magnetic spatial duplexer for additional cancellation

	
	TX Beam nulling /isolation in TX sub-band
= ④ dBc
	5-10 dBc

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

	
	Self-interference leakage in gNB RX subband due to non-ideal TX, measured at RX ant.   (Note 1)
	-88 dBm
(=①-②-③-④)

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

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

	
	Self-Interference signal in gNB TX subband, measured at the input of LNA  (Note 1)
	-
(①-③-④-⑤)

	
	Blocker Suppression at RX


	Frequency isolation capability
⑥ dBc
	15 dBc

	
	
	Frequency isolation techniques 
	Filtering

	
	
	RX IMD

	Rx IIP3 capability (dBm)
	Similar conclusion as FR1 (i.e., IIP3 and IM3 are not dominant) following the same analysis that was conducted for FR1 (Section 3.1.2). 

	
	
	
	Rx IM3 contribution (dBm)
	

	
	
	Other RX 
	Any other RX impacts if significant (e.g. ADC noise, phase noise etc.)
	Noise figure degradation for FR2 is given in Section 3.2. 

	
	Self-Interference signal in gNB RX subband caused by non-ideal RX selectivity, gain-normalized 
(Note 1, 2)
	-
(①-③-④-⑤-⑥)

	
	RX Beam nulling /isolation in RX sub-band
= ⑨ dBc
	-

	
	RX sensitivity degradation caused by RX beam nulling
	-

	
	Digital IC  = ⑦ dBc
	10 dBc

	Overall RSIC capability  (Note 1)
	128 dBc
(②+③+④+⑦)

	Noise floor ⑩dBm
	-88 dBm/40 MHz @ 10dB noise figure

	Residual Interference budget with 1 dB desens target (⑪dBm=⑩dBm-6dB)
	-94 dBm

	Required RSIC budget (①-⑪dBc)
	124 dBc

	SBFD configuration
	DUD

	Guardband assumption (if exist)
	5 PRBs

	bandwidth over which suppression is achieved
	200MHz



Observation self-interference framework for FR2: Table-2 shows that it is feasible to meet the 1 dB sensitivity degradation for FR1 SBFD-capable BS considering the different self-interference mitigation stages (i.e., spatial isolation, frequency isolation, beam nulling, and digital cancellation).
BS transceiver modelling
FR1 BS Receiver
Based on a developed SBFD BS prototype, shown in Figure 1, several studies over the air were conducted. More details on the prototype and the different cancellation techniques employed can be found in [2]. In this section we consider the performance of that design and how to model different major components of the BS transceiver. Our metric of interest is the SINR performance and especially the accompanied degradation with SBFD deployments. The following is considered:

[image: ]
[bookmark: _Ref125557983]Figure 1 SBFD BS prototype

Noise figure (thermal noise)
To maintain linearity over the dynamic range and to fit the signal into the ADC, the receiver uses multiple gain states. The gain states improve the intermod performance as the input power increases, while at the same time the noise figure increases. In Figure 3, we show a simplified NF model based on measurement. The NF is a function of total power into the receiver. 
[image: ]
Figure 2 FR1 BS Noise figure
In [1] clause 2.2, an NF model was proposed to study the effect of non-linearities at the BS receiver as a linear increase (with slope SL1 and SL2) of the base station noise figure as a function of the RF peak input power. In alignment with the preliminary model in [1], we propose to model the NF as a function of total average input power (signal + jammer) with a piecewise linear model. In contrast to the model in [1] which is quantified with the peak input power, also a single threshold to be used (i.e., a in [1]) which equals to [-52 dBm]). Beyond this threshold value, the AGC impacts would be observed on the BS leading to an increase in the BS noise figure.
Proposal FR1 BS NF model: For FR1 BS NF, RAN4 to adopt a noise figure model (shown below) that is dependent on the total average (not peak as in [1]) input power (signal + jammer) with a piecewise linear model. The NF is 5 dB below -52 dBm, and 25.2 dB above -21 dBm. In between there is a linear slope. 
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Observation FR1 BS NF: For FR1 BS NF, beyond the total input power value of -52 dBm, the AGC impacts are observed and lead to increase in the BS noise figure. 
Third-order intermodulation (IM3)
IM3 can be a contributor to SINR degradation as the input power increases. IM3 does not distinguish whether it arises from signal or from jammer. It is reasonable to consider IM3 as a function of total power in, just as in NF above.
As above in the receiver the IM3 improves as signals get larger and the receiver switches its gain states. We have analysed the IIP3 of the BS, and in the figure below we show a simplified model using linear segments.
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 Figure: BS IIP3
Proposal FR1 BS IIP3 model: For FR1 BS IM3 model, RAN4 to adopt a Pin-dependent (average total input power) piecewise linear model as shown in the Figure above to characterizes IIP3. The proposed model captures IM3 contributions and AGC impact on IIP3 which can be utilized by RAN4 to progress the SBFD feasibility work. 
Observation FR1 BS IM3: The IM3 contributions are not significant when the total input power signal + jammer is lower than -52 dBm. 
Other distortions: Phase noise, ADC quantization noise, Residual sideband, ADC distortions
We have included these aspects in our analysis and have found that either noise or IM3 dominate.
Observation: For FR1 BS, other distortions such as ADC quantization noise and distortions were considered in our simulation and measurements, and it was observed that ADC performance is not limiting. Similarly, phase noise and residual sideband are not significant contributors
RX sub-band selectivity
It is feasible to implement sub-band filtering in the BS receiver. In our design we have implemented analog filtering that reduces the out-of-subband jammer at the ADC input. The effect of this filtering is to ease requirements on the ADC. There is no significant effect on IM3.
Observation FR1 BS RX subband filtering: Enhanced Rx selectivity can be realized in a SBFD-capable BS visa subband analog filtering. 

Blocking Level 
The agreement on maximum blocking level from [1] is shown below:
	Agreement: 
· RAN4 further study on LNA saturation/non-linearity: 
· FFS the value as the maximum blocking level to ensure the receiver of UL sub-band is not blocked and maintain an acceptable reference sensitivity, for FR1 WA BS.
· Option 1: -43dBm (baseline)
· Option 2: Other improvements are not precluded



Our analysis shows Option 1 is reasonable and achievable. We are ok with option 1.
Proposal FR1 BS maximum blocking level: We are OK with -43 dBm

FR2 BS receiver model
We analyzed the thermal noise and receiver generated for our FR2-1 BS design. 
Noise type degradations
The design utilizes multiple gain-states to provide good SNR and SIR across the dynamic ranges. There are multiple noise-type degradations in the receiver, input referred thermal noise being the dominant contributor as low input power levels. We have analyzed the receiver performance over many conditions of jammer and signal power levels. The result is shown in the figure below.
We have added a proposed model for with the NF = 5 dB up to -52 dBm Pin, and then a sloped section rising 1 dB/dB with Pin > -52 dBm.

[image: ]
Proposal FR2 BS NF:  For FR2-1 BS NF = 5 dB up to -52 dBm Pin, and then a sloped section rising 1 dB/dB with Pin > -52 dBm.

Interference from co-channel jammer
We analyzed the design of the FR2-1 receiver. There are multiple considerations in the receiver design … for example residual sideband, reciprocal mixing, integrated phase noise, IM3 distortion, and ADC distortions. The receiver performance is simply modelled as being 34 dB below the total input power level Pin.
Proposal FR2 BS interference model with co-channel jammer: FR2 BS interference can be modelled as a fixed level of interference 34 dB below the total input power.


Co-channel CLI aspects 
Co-site inter-sector inter-gNB CLI modelling
Discussions on how to model the inter-gNB CLI for the co-site inter-sector case has been ongoing in RAN4 and multiple aspects are still open to discussion [1]. Currently, TS 38.104 defines co-location requirements equal to 30 dB and 45 dB for FR1 and FR2 which will intuitively fail to yield SBFD operation feasible at an SBFD-capable BS. In addition, Rel-16 CLI considered only 100% grid shift scenarios whereas the zero grid-shift calculations were done analytically based on the BS Tx power and isolation between co-located BSs of 30 dB. Accordingly, it is reasonable to consider similar mitigation techniques (e.g., spatial isolation between sectors) for the inter-gNB CLI as those considered for the self-interference case to further study the feasibility of co-site inter-sector inter-gNB CLI. To progress the adjacent channel coexistence work, it is this proposed that RAN4 accounts for that CLI via the [1] dB sensitivity degradation as baseline target for the ongoing adjacent channel coexistence study.
Proposal: For co-channel co-site inter-sector inter-gNB CLI, RAN4 to reuse the self-interference analysis framework with revisited mitigation capabilities if found necessary. 
Regarding the framework to model the inter-gNB CLI, some mitigation capabilities will not be the same as the self-interference (i.e., RSIC framework). For an example, it is expected that better antenna isolation can be achieved between the different antenna panels belonging to the different sectors. An example for enhanced antenna isolation can be realized by the deployment of an electromagnetic absorber on the sides of each sector and additionally between the sectors if needed, as shown in. 
[image: ]
Figure 3 Improved spatial isolation between sectors in one site

Proposal: For co-channel co-site inter-sector inter-gNB CLI, at least similar or improved spatial isolation compared to the self-interference framework (e.g., by means of additional electromagnetic absorbers between the different sectors or radiation mask) should be considered to provide sufficient inter-gNB CLI mitigation. 
Inter-site inter-gNB co-channel CLI modelling
It is intuitive to consider that the inter-site inter-gNB CLI depends on 1) Tx inter-subband leakage and 2) gNB inter-subband receiver selectivity. The inter-subband leakage is typically generated due to transmitter non-linearities, which may leak to receiver, and cause an increase in the receiver’s thermal noise floor. As a baseline, existing ACLR and ACS can be used to provide protection against adjacent inter-gNB CLI. 
Proposal: For co-channel inter-site inter-gNB CLI, RAN4 to reuse existing BS ACLR and ACS to model inter-gNB CLI in the feasibility study as well as the adjacent channel coexistence study. 

Since multiple gNB classes are studied in RAN4 (i.e., wide area, medium range, and local area BS), an important aspect to address is if the inter-subband selectivity, modeled via the baseline gNB ACS would be the same for the different gNB classes or not. According to TS 38.104, the ACS requirement is presented directly but evaluated several metrics such as the interference signal mean power, REFSENS, desensitization, and noise figure. We have calculated the ACS for FR1 different BS classes in Figure 4 and it is observed that even though there are differences in the above metrics, the baseline ACS (~46 dB) is the same for the different BS classes. Similarly, for FR2, the ACS is the same for the different gNB classes as shown in Figure 5. Accordingly, it is proposed that RAN4 consider a single ACS value to model the co-channel inter-subband gNB selectivity. 
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[bookmark: _Ref126921095]Figure 4 FR1 ACS calculation
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[bookmark: _Ref126921661]Figure 5 FR2 ACS calculation
Proposal: RAN4 to adopt baseline ACS requirements given in TS 38.104, which are 46 dB and 24 dB for FR1 and FR2, respectively for all base station classes (i.e., wide area, medium range, and local area gNBs).
Ongoing adjacent channel coexistence work in RAN4 aims to investigate whether any SINR or throughout degradation occurs when gNBs are SBFD-capable. Initial findings have shown that inter-UE CLI is negligible when compared to inter-gNB CLI in UMa deployments. In addition, due to the expected impact of inter-gNB CLI, enhanced RF requirements (ACLR/ACS) might be proposed to suppress the inter-site inter-subband inter-gNB CLI.
Proposal: RAN4 to investigate the applicability of RAN4 baseline ACLR and ACS for the inter-subband leakage and inter-subband selectivity depending on the findings in the adjacent channel coexistence work. 
Draft RAN1 LS reply
In [4], an LS was sent from RAN1 to RAN4 on interference modelling for SBFD. In this section we provide a draft reply to RAN1 LS. 
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Title:	LS response to RAN1 for interference modelling for duplex evolution
[bookmark: OLE_LINK58][bookmark: OLE_LINK57]Response to:	R1-2212963
[bookmark: OLE_LINK61][bookmark: OLE_LINK60][bookmark: OLE_LINK59]Release:	Rel-18
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Contact person:	x
	
Send any reply LS to:	3GPP Liaisons Coordinator, mailto:3GPPLiaison@etsi.org

Attachments:	-

1	Overall description
RAN4 would like to thank RAN1 for their LS (R1-2212963) and for sharing the progress on the interference modeling for duplex evolution. For the four agreements regarding the interference modelling for SBFD operation, RAN4 has discussed and concluded the reply as follows:  
· Regarding RAN1 Agreement-1 in R1-2212963:
· RAN4 confirms RAN1 modeling of the inter-site inter-gNB co-channel CLI considering the large scale and small-scale fading components. 
· RAN4 recommends that  to be modelled by a single value which equals the gNB ACS for the different gNB classes (i.e., 46 dB and 24 dB for FR1 and FR2, respectively).
· RAN4 would like to point out that inter-subband selectivity and its enhancements should be considered for only SBFD-capable gNBs while legacy gNBs should not be impacted. 
· Regarding RAN1 Agreement-2 in R1-2212963:
· RAN4 confirms RAN1 the co-site inter-sector co-channel inter-subband CLI modelling carried out in RAN1. 
· RAN4 has considered so far baseline values for ACLR and ACS (based on TS 38.104) to be reused for inter-subband co-channel CLI modeling. Additionally, RAN4 has not yet precluded possible improvements on receiver performance compared to baseline gNB ACS. The ACLR/ACS values for FR1 and FR2 are shown in the table below. 
	Range
	ACLR [dB]
	ACS [dB]

	FR-1
	45
	46

	FR-2
	28
	24



· For spatial isolation values, RAN4 is still discussing whether similar spatial isolation capabilities as the self-interference framework should be considered for the co-site inter-sector or not. 
· Regarding RAN1 Agreement-3 in R1-2212963:
· RAN4 recommends option 1.
· RAN4 has not yet converged on average IBEs for FR1 and FR2 value that can be assumed. 
2	Actions
To RAN WG1 
ACTION: 	RAN4 kindly asks RAN1 to consider above replies in the future discussion. 
3	Dates of next RAN WG 4 meetings
TSG RAN WG4 Meeting #107			22nd – 26th May, 2023   	    		Korea



Proposal reply LS: RAN4 to consider the draft LS in this paper. 
Conclusions
In this paper we have provided additional views on the gNB SBFD feasibility, proposed modelling for various aspects at the gNB receiver as well as co-channel CLI modelling aspects. In summary, we have made the following observations/proposals: 
Observation self-interference framework for FR1: Table-1 shows that it is feasible to meet the 1 dB sensitivity degradation for FR1 SBFD-capable BS considering the different self-interference mitigation stages (i.e., spatial isolation, frequency isolation, beam nulling, and digital cancellation).
Observation self-interference framework for FR2: Table-2 shows that it is feasible to meet the 1 dB sensitivity degradation for FR1 SBFD-capable BS considering the different self-interference mitigation stages (i.e., spatial isolation, frequency isolation, beam nulling, and digital cancellation).
Observation FR1 BS NF: For FR1 BS NF, beyond the total input power value of -52 dBm, the AGC impacts are observed and lead to increase in the BS noise figure. 
Proposal FR1 BS IIP3 model: For FR1 BS IM3 model, RAN4 to adopt a Pin-dependent (average total input power) piecewise linear model as shown in the Figure above to characterizes IIP3. The proposed model captures IM3 contributions and AGC impact on IIP3 which can be utilized by RAN4 to progress the SBFD feasibility work. 
Observation FR1 BS IM3: The IM3 contributions are not significant when the total input power signal + jammer is lower than -52 dBm. 
Observation: For FR1 BS, other distortions such as ADC quantization noise and distortions were considered in our simulation and measurements, and it was observed that ADC performance is not limiting. Similarly, phase noise and residual sideband are not significant contributors
Observation FR1 BS RX subband filtering: Enhanced Rx selectivity can be realized in a SBFD-capable BS visa subband analog filtering. 
Proposal FR1 BS maximum blocking level: We are OK with -43 dBm
Proposal FR2 BS NF:  For FR2-1 BS NF = 5 dB up to -52 dBm Pin, and then a sloped section rising 1 dB/dB with Pin > -52 dBm.
Proposal FR2 BS interference model with co-channel jammer: FR2 BS interference can be modelled as a fixed level of interference 34 dB below the total input power.
Proposal: For co-channel co-site inter-sector inter-gNB CLI, RAN4 to reuse the self-interference analysis framework with revisited mitigation capabilities if found necessary. 
Proposal: For co-channel co-site inter-sector inter-gNB CLI, at least similar or improved spatial isolation compared to the self-interference framework (e.g., by means of additional electromagnetic absorbers between the different sectors or radiation mask) should be considered to provide sufficient inter-gNB CLI mitigation. 
Proposal: For co-channel inter-site inter-gNB CLI, RAN4 to reuse existing BS ACLR and ACS to model inter-gNB CLI in the feasibility study as well as the adjacent channel coexistence study. 

Proposal: RAN4 to adopt baseline ACS requirements given in TS 38.104, which are 46 dB and 24 dB for FR1 and FR2, respectively for all base station classes (i.e., wide area, medium range, and local area gNBs).
Proposal: RAN4 to investigate the applicability of RAN4 baseline ACLR and ACS for the inter-subband leakage and inter-subband selectivity depending on the findings in the adjacent channel coexistence work. 
Proposal reply LS: RAN4 to consider the draft LS in this paper. 
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