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1. Introduction
At RAN#94e meeting, a new SID [1] on “Study on evolution of NR duplex operation” was approved. The detailed objectives are as follows.

	[bookmark: _Hlk89819652]The objective of this study is to identify and evaluate the potential enhancements to support duplex evolution for NR TDD in unpaired spectrum.

In this study, the followings are assumed:
· Duplex enhancement at the gNB side
· Half duplex operation at the UE side
· No restriction on frequency ranges

The detailed objectives are as follows:
· Identify applicable and relevant deployment scenarios (RAN1).
· Develop evaluation methodology for duplex enhancement (RAN1).
· [bookmark: _Hlk89796625]Study the subband non-overlapping full duplex and potential enhancements on dynamic/flexible TDD (RAN1, RAN4).
· Identify possible schemes and evaluate their feasibility and performances (RAN1).
· Study inter-gNB and inter-UE CLI handling and identify solutions to manage them (RAN1). 
· Consider intra-subband CLI and inter-subband CLI in case of the subband non-overlapping full duplex.
· Study the performance of the identified schemes as well as the impact on legacy operation assuming their co-existence in co-channel and adjacent channels (RAN1).
· Study the feasibility of and impact on RF requirements considering adjacent-channel co-existence with the legacy operation (RAN4).
· Study the feasibility of and impact on RF requirements considering the self-interference, the inter-subband CLI, and the inter-operator CLI at gNB and the inter-subband CLI and inter-operator CLI at UE (RAN4).
· Note: RAN4 should be involved early to provide necessary information to RAN1 as needed and to study the feasibility aspects due to high impact in antenna/RF and algorithm design, which include antenna isolation, TX IM suppression in the RX part, filtering and digital interference suppression.
· Summarize the regulatory aspects that have to be considered for deploying the identified duplex enhancements in TDD unpaired spectrum (RAN4).

Note: For potential enhancements on dynamic/flexible TDD, utilize the outcome of discussion in Rel-15 and Rel-16 while avoiding the repetition of the same discussion. 



In this contribution, we discuss on the feasibility and RF impact of the subband non-overlapping full duplex feature for NR duplex evolution.

2. SBFD feasibility study and RF impact on BS aspects
2.1. Overview
In meeting #104 and #104-bis-e discussions, we discussed the benefits of using RF cancellation in handling 3rd order non-linearity in the low noise amplifier, and discuss the RSIC values achievable with frequency domain beam-forming, beam-nulling and RF cancellation with a set of randomly placed  uplink and downlink UEs. In meeting #106, we showed the performance achievable under 3GPP_38.901_Uma_LOS channel model using models provided by Quadriga [9]. The results continue to show high feasibility of using RF cancellation together with beam-forming and beam-nulling to achieve viable SBFD system.


In this contribution, we further extend our results to show the performance achievable with the effect of inter-sector interference when 3 gNB sectors are operating in SBFD. Essentially, the simulation scenario is setup to have both beam-nulling and RF interference cancellation within the same sector to mitigate self interference, but only using beam-nulling to mitigate interference between sectors. The results continue to show high feasibility of using RF cancellation together with beam-forming and beam-nulling to achieve viable SBFD system.

To recap, our simulation model is as follows:
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Figure 1 Simulation model
The simulation model shows signal flow in black and beam-forming / RF SIC algorithm optimization targets in red. More details on the optimization procedure can be found in [3].

2.2. Self-interference modelling and Simulation Results
2.2.1. Mitigation of LNA 3rd order non-linearity

As in previous contribution, we simulated the effect of worst case antenna isolation 65 dB between the intra-sector pair on the receiver front end LNA, while also extending the simulation to include the effect of the worst case antenna isolation of 85 dB between the inter-sector gNB-gNB antenna pair. The result is summarized as follows.

Our simulation uses 4 DL users and 1 UL user with frequency domain beam-forming per 4 RB span. Both the UL and DL gNB-UE channel is based on 3GPP_38.901_Uma_LOS channel, with DUD channel occupancy (2x40 Mhz total downlink bandwidth and 20MHz uplink bandwidth). For detail of our setup, please reference our contribution (R1-2205815) [3] shared on RAN 1 meeting #110. Further hardware details can be found [4].

Using an antenna configuration of 32 TX and 32 RX, and a total 192 cancellers, the effect of residue self-interference on the receiver LNA is shown in Figure 2. 
MEAN ISOLATION (WORST RX) = -66.33 dB
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Description automatically generated]MEAN ISOLATION (WORST RX) = -79.39 dB
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	(a) Basic beam-forming
	(b) Beam-forming + beam-nulling without canceller
	(c) Beam-forming + beam-nulling with canceller


Figure 2: 32+32 SBFD configuration: Combined self-interference blocker channels per RX (pre Rx LNA). Each line represents the TX beam-formed channel at one of the 32 receivers. RF cancellation before Rx LNA mitigates saturation of the LNA.
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	(a) Basic beam-forming
	
	(b) Beam-forming + beam-nulling 


[bookmark: _Ref131511821]Figure 3: 32+32 SBFD configuration: Combined sector 2 to sector 1 interference blocker channels per RX (pre Rx LNA). Each line represents the TX beam-formed channel at one of the 32 receivers. RF cancellation before Rx LNA is used only to mitigate self-interference.
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	(a) Basic beam-forming
	
	(b) Beam-forming + beam-nulling 


[bookmark: _Ref131511910]Figure 4: 32+32 SBFD configuration: Combined sector 3 to sector 1 interference blocker channels per RX (pre Rx LNA). Each line represents the TX beam-formed channel at one of the 32 receivers. RF cancellation before Rx LNA is used only to mitigate self-interference.

Figure 2 compares the blocker rejection performance at each receiver, with transmit beam-forming coefficients optimizing for four fixed downlink UE positions, at the relevant TX frequency 3.66 GHz – 3.70  GHz and 3.72 GHz – 3.76 GHz. While the basic beam-forming optimization without beam-nulling performs the worst at ‑66.33 dB (Figure 2(a)), adding beam-nulling into the optimization objective without a canceller improves the isolation to ‑79.39 dB (Figure 2(b)), which is insufficient for receiver protection. With 53dBm transmit power, -79.39 dB isolation results in a -26.39 dBm blocker at the receiver, which would cause saturation on a LNA with IIP3 of -20 dBm as shown in Figure 5(a).

Adding RF cancellers and jointly optimizing with beam-nulling, as shown in Figure 2(c), the isolation improves to ‑105.83 dB, which results in -52.83 dBm blocker power at the receiver in the worst case. Receivers can accommodate this blocker without affecting the signal integrity at the receiver frequency as shown in Figure 5(b). Note that this is a conservative estimate taken from the worst case transmit residue at the input of the receiver LNA. The mean blocker power is about -56.93 dBm.

Figure 3 and Figure 4 (a) and (b) show the inter-sector isolation for the two deployment scenarios namely beam-forming only and beam-forming + beam-nulling respectively. Beam-nulling can reduce the effect of inter-sector interference by several dB, achieving a total of >100dB isolation.
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	(a) Beam-forming + beam-nulling without canceller. Stronger residual blocker causes LNA saturation and higher noise floor on the RX band
	(b)Beam-forming + beam-nulling with canceller. Weaker residual blocker, so no LNA saturation caused


[bookmark: _Ref131511491]Figure 5 RX LNA spectral plot showing the worst case and best case residue for 32+32 Beam-forming + beam-nulling with canceller for combined self-interference ACL channels per RX. The worst case residue is low enough that no saturation is observed at the output of the LNA with IIP3 of -20 dBm when beam-nulling and RF cancellation is jointly performed. The purple line represent the worst case signal passing through an ideal LNA while the red signal represent the worst case signal passing through a LNA with IIP3 of -20 dBm.
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Description automatically generated]MEAN ISOLATION (WORST TX) = -106.64


	(a) Basic beam-forming
	(b) Beam-forming + beam-nulling without self-interference canceller
	(c) Beam-forming + beam-nulling with self-interference canceller


[bookmark: _Ref131687592]Figure 6: 32+32 SBFD configuration: Combined self-interference ACL channels per TX. Each line represents the RX beam-formed channel from one of the 32 transmitters.
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	(a) Basic beam-forming
	
	(b) Beam-forming + beam-nulling 


[bookmark: _Ref131686057]Figure 7: 32+32 SBFD configuration: Combined sector 2 to sector 1 interference ACL channels per TX. Each line represents the RX beam-formed channel from one of the 32 transmitters.
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	(a) Basic beam-forming
	
	(b) Beam-forming + beam-nulling 


[bookmark: _Ref131686060]Figure 8: 32+32 SBFD configuration: Combined sector 3 to sector 1 interference ACL channels per TX. Each line represents the RX beam-formed channel from one of the 32 transmitters.


Figure 6 shows the ACL rejection performance at the RX frequency, 3.7 – 3.72 GHz, from each transmitter with receiver beam-forming optimizing for a fixed UL UE location. Like the blocker channel results, beam-nulling alone cannot provide the needed isolation, as shown in Figure 4(b), because ‑76.75 dB isolation would result in 53dBm TX Pwr – 45dB ACLR – 76.75 dB isolation = -68.75 dBm on-channel noise at the receiver which degrades the RX sensitivity significantly.

However, the joint optimization with cancellers achieves a worst case isolation of ‑106.64 dB (Figure 4(c)), and mean isolation is -111.74, which is about 5 dB better than the worst case, which results in -98.64 dBm and  -103.74 dBm of RSI respectively.

For the inter-sector interference, beam-nulling can reduce the interference residue by about 10 dB as shown in figure Figure 7 and Figure 8. The average isolation achieved is 101.47 dB.
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[bookmark: _Ref126859901]Figure 9 Overall self-Interference Residue in the RX Band after Rx Beam-nulling and RF cancellation. 
Figure 9 shows the overall self-interference residue after receive beam-nulling and RF cancellation in the receive band when a 16-QAM signal is transmitted.
As a reference, we first calculate the total noise power at the receiver without any interference present. The receiver combines 32 chains, so the noise from all chains also gets combined. The noise power at the receiver over 100MHz assuming 5dB noise figure at every receive chain is:
-89 dBm + 15.02 dB = -74.02 dBm.
As Figure 9 shows, the overall signal residue, when no receive non-linearity is present, is about -86.4 dBm. When accounting for IIP3 effects of all the receiver links, the combined signal residue is -84.7 dBm. This is still significantly lower than the -74.02dBm total noise power. The receiver degradation is thus merely 0.6 dB.
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[bookmark: _Ref131688557]Figure 10 Overall sector 2 to sector 1 Interference Residue in the RX Band after Rx Beam-nulling. 
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[bookmark: _Ref131688565]Figure 11 Overall sector 3 to sector 1 Interference Residue in the RX Band after Rx Beam-nulling. 
Figure 10 and Figure 11 show the interference residue in sector 1 from sector 2 and sector 3 respectively when beam-nulling is used. They were at comparable level as the self-interference level and would have similar impact on the receiver sensitivity. 


Observation 1: 

Using 3GPP_38.901_Uma_LOS channel, we show that having RF cancellation before the receiver LNA have the benefits of achieving the desired self-interference cancellation residue floor as well as preventing saturation of the Rx LNAs. This is the case even when beam-nulling is also used in mitigating inter-sector interference. When considering the viability of SBFD, RF cancellation plays a critical part and should be considered in the evaluation of overall RSIC capability.

Proposal 1: 

RF cancellation should be used in SBFD to mitigate self-interference pre Rx LNA in terms of minimizing non-linearity effects and overall self-interference residue.


Observation 2:

Considering mitigating inter-sector interference using beam-nulling , we show that the mean case rx sensitivity degradation is 0.6 dB. The degree of freedom remaining after self-interference cancellation (using beam-nulling and RF cancellation) provides up to 10 dB additional isolation when beam-nulling of inter-sector interference cancellation is applied.

Proposal 2:

We support using overall Rx sensitivity degradation of 1 dB for SBFD system simulation and evaluation.

Proposal 3: Inter-sector interference reporting should consider beam-nulling based interference mitigation for feasibility analysis.

Based on the above-described simulation results, we report the following table for RSIC capability for SBFD gNB operation:

	FR1 (or FR2-1)
	Kumu Networks, Inc.

	BS class
	Wide 
Area BS (High)
	Wide 
Area BS (Mean)
	-

	BS TX Power  = ① dBm
	53 dBm
	53
	

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

	
	
	Frequency isolation 
techniques used
	e.g., DPD, sub-band analog filtering, digital filtering, etc.
Note: List all relevant techniques used in TX
 
	 

	
	Spatial isolation
	Spatial isolation capability 
 = ③ dBc
	65 dB
	65
	 

	
	
	Spatial isolation 
techniques used
	e.g., spatial separation between TX/RX panel; cross polarization; circulator; shielding case; metal fences, etc.
Note: List all relevant techniques used in the evaluation
 
	 

	
	TX Beam nulling /isolation in TX sub-band
= ④ dBc
	14.39 dB
	16.98
	

	
	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)

	-57 dBm
	-57 dBm
	

	
	RF IC and other tech. (before LNA)
	RF IC capability and other tech. in TX sub-band
 = ⑤ dBc
	26.44 dB
	27.95
	 

	
	
	RF IC capability and other tech. in RX sub-band
 = ⑧ dBc
	29.89 dB 
	30.66
	 

	
	
	RF IC techniques and other tech.
(before LNA)
	Analog RF IC joint tune with beam-nulling
RF SIC Complexity : 192 RF taps for 32 Tx and 32 Rx antennas  
	 

	
	
	Impacts to RX sensitivity  (due to e.g. insertion losses) due to RF IC or other techniques before LNA
	0.2 dB (assuming 15 dB Rx coupler)
	0.2
	

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

	<-52.83 dBm 
	-56.93
	 

	
	Frequency isolation at RX
	Frequency isolation capability ⑥ dBc
	0 dB
	0
	 

	
	
	[Frequency isolation] techniques
	e.g., sub-band analog filtering, digital filtering, etc.
Note: List all relevant techniques used in RX
 
	 

	
	Rx IMD
	Rx IIP3 capability (dBm)
	-20
	-20
	

	
	
	Rx IM3 contribution (dBm)
	-118.49
	-130.79
	

	
	Other RX
	Any other RX impacts if significant (e.g. ADC noise, phase noise etc.)
	5 dB (noise figure)
	5
	

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

	-118.49 dBm 
	-130.79
	

	
	RX Beam nulling /isolation in RX sub-band
= ⑨ dBc
	11.75 dB
	16.08
	

	
	RX sensitivity degradation caused by RX beam nulling
	TBD (?)
	TBD
	

	
	Digital IC  = ⑦ dBc
	0 dB
	0
	 

	Overall RSIC capability  (Note 1) ②+③+⑧+⑨
	151.64 dB
	156.64
	

	Noise floor ⑩dBm
	-89 dBm/100MHz
	-89 dBm/100MHz
	

	Residual Interference budget with 1 dB desens target (⑪dBm=⑩dBm-6dB)
	-95 dBm
	-95
	

	Required RSIC budget (①-⑪dBc)
	148 dB
	148
	

	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.




Observation 3:

Combining inter-sector beam-nulling for inter-sector interference mitigation, and RF cancellation and beam-nulling for self-interference mitigation, the worst case RSIC capability is 151.64 dB and the mean case RSIC capability is 156.64 dB.

We further report the inter-sector interference simulation results in the following table:

	FR1 (or FR2-1)
	Kumu Networks, Inc.

	BS class
	Wide 
Area BS (Mean)
	
	-

	BS TX Power  = ① dBm
	53 dBm
	
	

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

	
	
	Frequency isolation 
techniques used
	e.g., DPD, sub-band analog filtering, digital filtering, etc.
Note: List all relevant techniques used in TX
 
	 

	
	Spatial isolation
	Spatial isolation capability 
 = ③ dBc
	85 dB
	
	 

	
	
	Spatial isolation 
techniques used
	e.g., spatial separation between TX/RX panel; cross polarization; circulator; shielding case; metal fences, etc.
Note: List all relevant techniques used in the evaluation
 
	 

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

	
	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)

	-57 dBm
	
	

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

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

	
	
	RF IC techniques and other tech.
(before LNA)
	None used for inter-sector interference cancellation  
	 

	
	
	Impacts to RX sensitivity  (due to e.g. insertion losses) due to RF IC or other techniques before LNA
	0.2 dB (assuming 15 dB Rx coupler)
	
	

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

	<-51.65 dBm 
	
	 

	
	Frequency isolation at RX
	Frequency isolation capability ⑥ dBc
	0 dB
	
	 

	
	
	[Frequency isolation] techniques
	e.g., sub-band analog filtering, digital filtering, etc.
Note: List all relevant techniques used in RX
 
	 

	
	Rx IMD
	Rx IIP3 capability (dBm)
	-20
	
	

	
	
	Rx IM3 contribution (dBm)
	-115.0
	
	

	
	Other RX
	Any other RX impacts if significant (e.g. ADC noise, phase noise etc.)
	5 dB (noise figure)
	
	

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

	-115.0 dBm 
	
	

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

	
	RX sensitivity degradation caused by RX beam nulling
	TBD (?)
	
	

	
	Digital IC  = ⑦ dBc
	0 dB
	
	 

	Overall RSIC capability  (Note 1) ②+③+⑧+⑨
	146.47 dB
	
	

	Noise floor ⑩dBm
	-89 dBm/100MHz
	
	

	Residual Interference budget with 1 dB desens target (⑪dBm=⑩dBm-6dB)
	-95 dBm
	
	

	Required RSIC budget (①-⑪dBc)
	148 dB
	
	

	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.



3. Conclusion
In this contribution, we discussed on the evaluation of NR duplex operation. In particular, our simulation shows the worst case RSIC capability is 151.64 dB and the mean case RSIC capability is 156.64 dB. Further, we showed with simulation that RF cancellation and beam-nulling for self-interference mitigation combined with beam-nulling for inter-sector interference mitigation meet the noise figure targets for SBFD feasibility
Based on the discussion we made the following observations and proposals.

Observation 1: 

Using 3GPP_38.901_Uma_LOS channel, we show that having RF cancellation before the receiver LNA have the benefits of achieving the desired self-interference cancellation residue floor as well as preventing saturation of the Rx LNAs. This is the case even when beam-nulling is also used in mitigating inter-sector interference. When considering the viability of SBFD, RF cancellation plays a critical part and should be considered in the evaluation of overall RSIC capability.



Observation 2:

Considering mitigating inter-sector interference using beam-nulling , we show that the mean case rx sensitivity degradation is 0.6 dB. The degree of freedom remaining after self-interference cancellation (using beam-nulling and RF cancellation) provides up to 10 dB additional isolation when beam-nulling of inter-sector interference cancellation is applied.

Observation 3: 

Combining inter-sector beam-nulling for inter-sector interference mitigation, and RF cancellation and beam-nulling for self-interference mitigation, the worst case RSIC capability is 151.64 dB and the mean case RSIC capability is 156.64 dB.

Proposal 1: 

RF cancellation should be used in SBFD to mitigate self-interference pre Rx LNA in terms of minimizing non-linearity effects and overall self-interference residue.

Proposal 2:

We support using overall Rx sensitivity degradation of 1 dB for SBFD system simulation and evaluation.

Proposal 3: Inter-sector interference reporting should consider beam-nulling based interference mitigation for feasibility analysis.
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Appendix
A. Simulation Parameters

	
	Parameters
	Scenario

	 
 
 
 
 
 
 
 
System parameters
	Carrier Frequency
	4 GHz

	
	Duplex Type
	SBFD

	
	SBFD pattern
	40:20:40 SBFD (DUD)

	
	Channel bandwidth
	40:20:40 MHz (DUD) for SBFD

	
	Guard Band
	0 MHz

	
	Available resource blocks
	108:52:108 (DUD) for SBFD

	
	Sub-Carrier spacing
	30 kHz 

	
	Number of active UEs
	5 (4 DL and 1 UL)

	
	Channel model
	gNB-UE: 3GPP_38.901_Uma_LOS 


	 
 
 
 
BS
 
	Array Configuration
	32x32

	
	Max gNB Tx Power
	53 dBm (same antenna gain)


	
	(dv, dh)
	(0.8λ, 0.5λ)

	
	Antenna element gain
	7 dBi

	
	Beam-forming method
	Frequency domain

	
	Antenna Isolation
	65 dB

	
	Noise figure
	5 dB

	
	Max modulation
	256 QAM

	
	BS height
	10 m

	
	Panel HW assumptions
	Same antenna gain, same antenna area

	
	UE antenna
	1TX 1RX

	
	Antenna model
	isotropic

	
	Antenna element gain
	0 dBi

	
	Max UE TX Power
	23 dBm

	 
 
 
 
UE
	SNR target
	16 dB

	
	Noise figure
	9 dB

	
	Max modulation
	64 QAM

	
	UE distribution 
	Random cluster

	
	Traffic split
	40:20:40 DL:UL:DL
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