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[bookmark: _Ref465963108]Introduction
In RAN4#104-e, work on the new Study Item regarding the evolution of NR duplex operation was started [1]. In RAN4#104-bis-e, additional progress on the gNB feasibility as well as additional modeling aspects for co-and adjacent-channel inter-gNB was achieved [2]. In this paper, we continue the discussion on the feasibility and impact of SBFD deployments on gNB RF requirements considering the self-interference, the inter-subband CLI, and other considerations for feasibility study.
Self-interference mechanisms and mitigation techniques
In RAN4#104-bis-e, the following agreements on feasibility and self-interference modelling were reached [1]:
	Topic 1: BS class and feasibility for self-interference modelling
· Considering BS classes for deriving the different value ranges of the RSIC and corresponding RF feasibility study 
· FR1: Different power limits, selectivity level associated with BS classes 
· FR2: The assumption of values for output power (TRP level) with the candidate range {30 ~40 dBm}
· Others values out of above candidate range not precluded
· Note 1: Companies are encouraged to provide the detailed assumption with corresponding proposed upper limit value




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 the following factors: 
1. gNB Tx power of the DL signal, and thus, the BS class
2. gNB self-interference mitigation capability

The amount of residual self-interference at the UL subband depends on the Tx power of the DL signal and the gNB RSI capability (Ratio of Self Interference). The self-interference could be mitigated by different techniques such as spatial isolation, analog subband filter, analog interference cancellation, beamforming and digital interference cancellation, as explained in detail in our feasibility paper [3]. Based on RAN4 agreements and its reply to LS to RAN1 [1], the residual self-interference can be modelled as frequency flat (i.e., fixed value) across the UL subband. 


To quantify the gNB self-interference capability, we have shown in detail in [3] the different mitigation values and what assumptions and considerations are in place to achieve them. Based on RAN4#104-bis-e WF [2], we amend the different components of  for the different BS classes and frequency ranges as shown in Table 1.
[bookmark: _Ref118382198]Table 1 WA and MR BS self-interference mitigation capability
	
	FR1 Wide-Area BS
	FR2 Wide-Area BS

	Component capability 
	Spatial isolation 
	80 dB
	85-95 dB

	
	Frequency isolation
	45 dB
	28 dB

	
	Beam nulling /isolation
	10~15 dB
	5~10 dB

	
	Digital IC 
	10~15 dB
	10 dB

	Overall RSIC capability 
	145-155 dB
	125-145 dB

	Additional implementation details
	SBFD configuration
	Applicable for both DUD and DU configurations

	
	Guardband assumption
	5 PRBs

	
	bandwidth over which suppression is achieved
	100MHz

	
	Others
	Two separate panels with added electromagnetic spatial duplexer which facilitate gNB full duplex without the need of complex RF circuitry of analogy interference cancelation or subband filters.



Proposal: RAN4 to agree on the value range of the different components of RSIC RSI  and the aggregate self-interference mitigation of 145-155 dB (125-145 dB) for FR1 (FR2) as shown in Table 1. 
In the following sections, we provide more details regarding the spatial, frequency isolation, and digital IC isolation capabilities to ensure feasible SBFD deployment. 
Enablers for spatial isolation
gNB Radio unit architecture with two physically separated panels for simultaneous transmission and reception enable large spatial isolation. A large spatial isolation capability of the gNB would facilitate the SBFD operation without the need of subband filters. The physical separation between the two panels could be used to add electro-magnetic spatial duplexer that enhances the spatial isolation between the panels. In [3], information about Qualcomm’s prototype is given for a 3.4 GHz Massive MIMO antenna arrays with spatial duplex as show in Figure 1 and validated the feasibility of self-interference mitigation without needs of subband filters. 
Observation: Two separate panels with added EM spatial duplexer enables large spatial isolation which facilitate gNB full duplex without the need of complex RF circuitry of analogy interference cancelation or subband filters. 

        
[bookmark: _Ref118382597]Figure 1 Massive MIMO antenna arrays with spatial duplexer
RF measurements for the Tx-Rx spatial has been conducted and results are shown in Figure 2. Each curve represents the spatial isolation measured between all transmit chains of one array to one receiver chain of the other array. This includes the near field transmit and receive antenna gains. The results show more than 80 dB of isolation is achieved at the band of interest. 
Observation: For FR1, at least 80 dB of spatial isolation could be achieved using two separate panels with spatial duplexer.


[bookmark: _Ref118383198]Figure 2 RF measurements of Tx-Rx spatial isolation between for FR1
For FR2, RF measurements for the Tx-Rx spatial has been conducted at 28 GHz frequency with two separate panels. The Tx and Rx measurement setup of the full duplex antenna array is shown in Figure 3. This measurement setup is on top of the building roof with antenna pointing to the sky, in which case could be without clutter impact or with negligible clutter impact. In this setup, the Tx and Rx beam sweeping is synchronized which is the worst-case scenario - without including clutter. The measurement results show at least 80-90 dB spatial isolation can be achieved between the two Tx and Rx panels. If the antenna array center-to-center distance is 65 cm, the spatial isolation could be achieved at -86.9 dB or better. If the antenna array center-to-center distance is adjacent, the spatial isolation could be achieved at -83.7 dB or better.
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[bookmark: _Ref118383268]Figure 3 Measurement setup for Tx-Rx spatial isolation of the full duplex antenna array at 28 GHzFigure 4 RF measurements of Tx-Rx spatial isolation between two subarrays for FR2
Worse case isolation -83.7dB. 
Worse case isolation -86.9dB. 

Observation: For FR2, more than 80-90 dB of spatial isolation could be achieved using two separate panels at 28 GHz frequency.
Digital residual self-interference cancellation
The nonlinearities introduced within the gNB front’s end due to non-ideal components of the Tx chain will lead to residual non-linear self-interference that cannot be fully captured in the RF or analog domain due to the associated high complexity, high sensitivity of the canceler and the system’s stability. In this regard, leveraging adaptive filtering and non-linear modeling of the residual self-interference to accurately model and cancel the residual self-interference is performed to provide additional mitigation in the digital domain and enable higher MCS. A non-linear interference cancellation measurement has been reported in [5] and it was shown that 10-15 dB of additional mitigation can be achieved in the digital domain. 
Observation: Additional 10~15 dB of residual self-interference cancellation can be achieved utilizing non-linear digital self-interference cancellation for FR1 and FR2 SBFD deployments. 
Guard band assumptions 
A guardband may be needed at the gNB to protect UL reception within the UL subband and reduce the impact of self-interference. In some scenarios, depending on the gNB implementation, a very small guardband or even no guardband may be needed at all. However, from UE perspective, given that there is no UE selectivity, a guardband may be needed to protect the DL reception from the inter-UE CLI. To further analyse this, 80 MHz system bandwidth, the 60 MHz DL subband is allocated with 161 RBs (starting from first RBs at band edge) and the 20 MHz UL subband is allocated with 51 RBs. A guard band of 5RBs in between UL and DL subband. The Tx waveform is pushed to the PA to derive max Tx power of 47 dBm. The subband frequency isolation is defined at the ratio between the power leakage within the 20 MHz UL subband as compared to the transmit signal power within the 60 MHz DL subband as shown in Figure 6.
[image: ]
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[bookmark: _Ref118390568]Figure 6 PSD of DL waveform and frequency isolation
Observation: More than 45 dB of frequency isolation for FR1 is achievable with 5 RBs guard band and max DL Tx Power which is aligned with the assumption of 45 dB ACLR.
Feasibility analysis 
Utilizing the provided mitigation capabilities in Table 1, we provide below a feasibility analysis for the SBFD deployment for the agreed criterion of 1dB de-sensitivity. RAN4 had some discussions on adopting lower values than 1 dB, such as 0.1 dB, which leads to around 16 dB difference, which might lead to overestimation of the self-interference as well as additional burdens on the design complexity and cost which might yield the feature infeasible. Also, if the analysis showed that the 1 dB margin cannot be met, it is safe to say that other scenarios/ assumptions will need to be revisited.
	Parameter
	FR1 (wide area BS)
	FR1 (medium range BS)
	Unit

	gNB parameters

	Nominal BW
	100.00
	100.00
	MHz

	Frequency
	4.00
	4.00
	GHz

	Tx power 
	49.00
	38.00
	dBm/nominal BW

	Noise figure 
	5.00
	8.00
	dB 

	Antenna isolation
	85.00
	80.00
	dBm

	Digital IC
	15.00
	10.00
	dB

	Nominal ACLR
	45.00
	45.00
	dBc

	DL subband BW 
	80.00
	80.00
	MHz

	UL subband BW
	20.00
	20.00
	MHz

	Self-interference mitigation

	SBFD DL Tx power
	48.03
	37.03
	dBm/ DL subband BW

	Tx leakage on UL subband @ Tx 
	-3.96
	-14.96
	dBm/ DL subband BW

	Tx leakage on UL subband @ Rx
	-88.96
	-94.96
	dBm/ UL subband BW

	Residual interference after digital IC
	-103.96
	-104.96
	 dBm/UL subband

	Rx Noise floor
	-95.99
	-92.99
	dBm/UL subband BW

	Rx desens due self-interference
	0.64
	0.27
	dB



Observation: With spatial, frequency and digital IC cancellation, it is feasible to meet the 1 dB receiver desensitization target for wide area and medium range base stations, wig Maximum Tx power equals 49 dBm and 38 dBm, respectively. 
Co-channel CLI aspects 
In RAN4#104-bis-e, the following agreements on the co-channel inter-subband inter-gNB CLI [1]:
	similar modelling as for self-interference (RSI) can be applied but may with different parameters especially on antenna isolation
· Compared to self-interference, FFS the antenna isolation (with the achievable coupling loss). 
· Practical issues to achieve antenna isolation can be considered: e.g. increasing sector separation, mounting isolating materials on the site and the physical characteristics of such materials (size, weight etc.)



In order to ensure that the co-site co-sector inter-gNB CLI is properly mitigated, similar modelling as the self-interference was agreed. Accordingly, similar antenna isolation should be assumed between the different sectors to ensure that Rx desensitization is below the 1 dB target. One possible solution to further improve the spatial isolation, especially for co-site deployments, is the addition of an EM absorber on the sides of each sector and additionally in between the sectors (if needed) as shown in Figure 5. This structure could bring at least similar spatial isolation as the case of self-interference. In addition, if further isolation is needed, digital cancellation can be used. Another solution is based on having some specification on the maximum radiation pattern (e.g., radiation mask) for angles towards other two sectors (i.e., past +/- 60 degrees).


[bookmark: _Ref118384084]Figure 5 improved spatial isolation between sectors in one site
Proposal: Improved spatial isolation (e.g., by means of additional electromagnetic absorbers between the different sectors or radiation mask) should be considered to address the inter-gNB in co-site co-sector deployments. 
Adjacent channel CLI aspects
In order to determine the impact of CLI on the RF requirements, adequate modelling of the CLI is required. Adjacent inter-gNB CLI depends on the following components: 
· Inter-gNB channel (i.e., inter-gNB coupling loss, cross antenna gain, etc.)
· Tx leakage 
· gNB receiver selectivity

The 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. At the gNB side, BS ACLR and ACS are used as a baseline to provide protection against adjacent inter-gNB CLI. 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 with uniform UE deployment. In addition, due to the expected impact of inter-gNB CLI, enhanced RF requirements (ACLR/ACS) might be proposed to suppress the dominating inter-gNB CLI. 
Observation: Improved RF requirements (ACLR/ACS) are expected to compensate for the high inter-gNB CLI within SBFD deployments. 
Conclusion
Throughout this contribution, we provided our views on CLI modelling and self-interference mitigation in SBFD. Our proposals can be summarized as follows:
Proposal 1: RAN4 to agree on the value range of the different components of RSIC RSI  and the aggregate self-interference mitigation of 145-155 dB (125-145 dB) for FR1 (FR2) as shown in Table 1. 
Table 1 WA and MR BS self-interference mitigation capability
	
	FR1 Wide-Area BS
	FR2 Wide-Area BS

	Component capability 
	Spatial isolation 
	80 dB
	85-95 dB

	
	Frequency isolation
	45 dB
	28 dB

	
	Beam nulling /isolation
	10~15 dB
	5~10 dB

	
	Digital IC 
	10~15 dB
	10 dB

	Overall RSIC capability 
	145-155 dB
	125-145 dB

	Additional implementation details
	SBFD configuration
	Applicable for both DUD and DU configurations

	
	Guardband assumption
	5 PRBs

	
	bandwidth over which suppression is achieved
	100MHz

	
	Others
	Two separate panels with added electromagnetic spatial duplexer which facilitate gNB full duplex without the need of complex RF circuitry of analogy interference cancelation or subband filters.



Proposal 2: Improved spatial isolation (e.g., by means of additional electromagnetic absorbers between the different sectors or radiation mask) should be considered to address the inter-gNB in co-site co-sector deployments. 

Observation: Two separate panels with added EM spatial duplexer enables large spatial isolation which facilitate gNB full duplex without the need of complex RF circuitry of analogy interference cancelation or subband filters. 
Observation: For FR1, at least 80 dB of spatial isolation could be achieved using two separate panels with spatial duplexer.
Observation: For FR2, more than 80-90 dB of spatial isolation could be achieved using two separate panels at 28 GHz frequency.
Observation: Additional 10~15 dB of residual self-interference cancellation can be achieved utilizing non-linear digital self-interference cancellation for FR1 and FR2 SBFD deployments. 
Observation: More than 45 dB of frequency isolation for FR1 is achievable with 5 RBs guard band and max DL Tx Power which is aligned with the assumption of 45 dB ACLR.
Observation: With spatial, frequency and digital IC cancellation, it is feasible to meet the 1 dB receiver desensitization target for wide area and medium range base stations, wig Maximum Tx power equals 49 dBm and 38 dBm, respectively. 
Observation: Improved RF requirements (ACLR/ACS) are expected to compensate for the high inter-gNB CLI within SBFD deployments. 
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