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1. Introduction
Rel-18 Study Item is approved on evolution of NR duplex operation with the target to provide enhanced UL coverage, reduced latency, improved system capacity, and improved configuration flexibility for NR TDD operation. According to latest SID in [1], the feasibility and the RF impact has been included in RAN4 scope, in which the analysis is of importance from UE perspective. 
	· 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).


Accordingly, in this contribution, we would like to further provide our viewpoints on the feasibility and RF impact of SBFD from UE aspects.  
2 Discussion
Based on the agreements and way forwards achieved in RAN4#104-e [3], #104-Bis-e [4] and #105 [6], the agreed TX and RX modellings for both co-channel and adjacent channel are summarized and provided as below table: 
Table 1. TX and RX Modelling for Co-channel and Adjacent Channel CLI
	
	
	FR1
	FR2-1

	Adjacent 
Channel
	UE TX aggressor
	30dBc (ACLR) for Power Class 3
· Frequency flat 
· ACLR2 not modeled
· Improved ACLR with backoff not modeled
	23dBc (by following Occupied BW)
· Frequency flat 
· ACLR2 not modeled

	
	UE RX victim
	33dBc (ACS)
 Modeling by considering ACS and BW difference: 
    
Pinterference_adjacent_channel_FR1 = Pinterferer – (33 dB + 10*log10(max(1,BWinterference /BWvictim_subband)))
	23dBc (ACS)
 Modeling by considering ACS and BW difference: 
    
Pinterference_adjacent_channel_FR2-1 = Pinterferer – (23 dB + 10*log10(max(1,BWinterference /BWvictim_subband)))

	Co-channel
	UE TX aggressor
	IBE-based model (1RB as granularity)
· Provided in clause 6.4.2.3 in TS38.101-1 
· Consider general and IQ image parts of IBE model, while ignore carrier leakage part
	IBE-based model (1RB as granularity)
· Provided in clause 6.4.2.3.4 in TS38.101-2
· Consider general and IQ image parts of IBE model, while ignore carrier leakage part

	
	UE RX victim
	RX sub-band selectivity is FFS: 
· For legacy UE: Companies are encouraged to bring more analysis on the achievable selectivity performance considering FFT operation 
· The analysis shall be based on the assumption that there is no impact on legacy UE implementation. 
· For new SBFD capable UE, further analysis of the possibility to improve selectivity performance under the assumption that UE channel bandwidth not equal the sub-band bandwidth.
AGC impact: 
· Depends on company implementation.
FFS impact.
	Same as FR1 co-channel RX victim: 
· FFS RX sub-band selectivity
· FFS AGC impact.


It can be shown that, RAN4 has concluded the TX and RX modelling for adjacent and co-channel interference for both FR1 and FR2, except the UE receiver modelling for co-channel interreference, particularly receiver sub-band selectivity, which will be further analyzed in the following sub-sections of this contribution. 
2.1 UE Receiver Sub-band Selectivity for Co-Channel Interference
Based upon RAN4 discussion in RAN4#105, the following agreements on UE receiver sub-band selectivity for co-channel interference have been achieved in the approved WF [6]: 
	Receiver sub-band selectivity

Agreement from 11/15 BS session 
· For legacy UE: Companies are encouraged to bring more analysis on the achievable selectivity performance considering FFT operation 
· The analysis shall be based on the assumption that there is no impact on legacy UE implementation. 
· For new SBFD capable UE, further analysis of the possibility to improve selectivity performance under the assumption that UE channel bandwidth not equal the sub-band bandwidth.

Agreement in approved WF [6]
1. For legacy UE: For receiver sub-band selectivity, no rejection/attenuation due to RF/BB filtering is assumed on interference in adjacent sub-band as legacy UEs do not operate this way.
a. Use typical model for UE selectivity value
b. The selectivity and performance of the FFT is included in RAN4 study for co-channel case
i. FFS whether the adjacent channel case requires the selectivity and performance of the FFT. 
c. RAN4 should consider interferer with timing or frequency offset or both w.r.t. the desired signal for the co-channel case
i. FFS whether this applies to the adjacent channel case
2. For new SBFD capable UE, further analysis of the possibility to improve selectivity performance under the assumption that UE channel bandwidth not equal the sub-band bandwidth.
3. Companies come next meeting with technical proposals on the level of interference from an UL sub-band co-channel interferer to the UE DL sub-band. So far companies have proposed:
a. 33 dB at the ADC output (for FR1) based on typical performance. FFS for FR2-1
b. 25 dB (for FR1 and FR2-1)
c. 0 dB (for FR1 and FR2-1)
d. Other values not precluded for discussion next meeting.


As the most controversial topic of UE RF requirement impact due to SBFD, the sub-band selectivity is one major topic with diverse views from companies: from the selectivity level comparable to UE ACS (i.e., 33dBc for FR1) to no selectivity (i.e., 0dB for FR1 and FR2-1). Considering the big difference behind these proposals which may come from the different understandings of the concept of “sub-band selectivity”, the definition of sub-band selectivity needs to be clarified firstly in RAN4. 
Observation 1: The definition of sub-band selectivity needs to be clarified firstly in RAN4. 
2.1.1 Clarificaiton on UE Receiver Sub-band Selectivity
Similar as ACS, sub-band selectivity should be defined a measure of a receiver's ability to receive an NR signal at its assigned sub-band in the presence of an interference signal in the adjacent sub-band, where the assigned sub-band and adjacent sub-band are both within the channel bandwidth and separated by zero or certain guard band. Specifically, sub-band selectivity shall be understood as the ratio of the receive filter attenuation on the assigned sub-band to the receive filter attenuation on the adjacent sub-band.
Proposal 1: Sub-band selectivity is the ratio of the receive filter attenuation on the assigned sub-band to the receive filter attenuation on the adjacent sub-band.
Comparable to the ACS requirement definition, the sub-band selectivity cannot be measured directly as well. Accordingly, to evaluate the achievable sub-band selectivity performance for both legacy UE and new SBFD-capable UE, a certain set of test parameters should be provided. Here we would like to firstly provide the test parameters below, which is intended for the verification of X dBc sub-band selectivity. 
Proposal 2: For the verification/evaluation of X dBc sub-band selectivity, test parameters are provided as below table (comparable to the test parameters for ACS). 
Table 2. Test parameter example for the verification/evaluation of X dBc sub-band selectivity
	RX parameter
	Units
	Sub-band Channel bandwidth (MHz)

	
	
	BWSB_Channel = 10, 20, 40, 60, 80 ...
(candidate DL subband BW smaller than channel BW)

	Power in transmission bandwidth configuration
	dBm
	REFSENS + 14 dB

	Pinterferer
	dBm
	REFSENS + 14 dB + X dB - 1.5 dB

	BWinterferer
	MHz
	BWinterferer = 20MHz, 40MHz ...
(candidate UL subband BW smaller than channel BW)

	Finterferer (offset)
	MHz
	(BWSB_Channel + BWinterferer)/2 + Guardband
/
- (BWSB_Channel + BWinterferer)/2 - Guardband

	timing or/and frequency offset
	
	TBD
e.g., yy us timing advance for interference signal ahead of DL subband signal



2.1.2 Analysis for UE Receiver Sub-band Selectivity Performance
For SBFD operation, UE-UE co-channel inter-subband CLI where the UL transmission of an aggressor UE on the first set of RBs within the gNB channel BW interferes to DL reception of a victim UE on the second set of RBs within the same gNB channel BW, which is illustrated by the”2) UL-to-DL interference” in the below Figure 1. 
[image: ]
Figure 1. The illustration of inter-gNB/CLI handing for SBFD
The above-mentioned victim and aggressor UE could be positioned in the same cell or different cells. If both are associated in the same cell, the gNB may control scheduling to avoid strong UE-UE co-channel inter-subband CLI (i.e., intra-cell coordinated scheduling). However, if both are associated in the different cells, the coordinated scheduling implementation can be difficult. 
At the victim UE reciever, the baseband operation (including OFDM CP revoming and FFT operaiton) shall be followed by the stages of LNA and ADC.  
[image: ]
Figure 2. Victim UE’s RX processing chain
For SBFD operation, the first set of RBs for UL transmission and the second set of RB for DL reception is not overlapped in the UE-UE co-channel inter-subband CLI, which means that in the ideal case the UL transmission of the aggressor UE shall not be measurable at all at the DL reception of the victim UE due to orthogonality of an OFDM waveform. However, as illustrated in Figure 2 [7], the potential DL performance degradation in the victim UE’s RX processing chain may still exist due to receiver impairments, which comes from the following aspects: (1) Non-linearity in the RF components; (2) ADC saturation because of the lack of ADC dynamic range for the desired signal in the presence of the stronge co-channel interference in the adjancent sub-band; (3) Spectral leakage by FFT block which comes from the interference signal leaking to the desired signal’s sub-band due to timing or frequency offset or both which can not be corrected by the OFDM demodulation operation [7]. 
Observation 2: There are several factors which could impact UE receiver sub-band selectivity performance: (1) non-linearity in RF components; (2) ADC saturation, and (3) spectral leakage by FFT block. 

2.1.3 Theoretical Analysis for UE Receiver Sub-band Selectivity by FFT
Based on the RAN4 agreement and WF [6], the UE receiver sub-band selectivity for co-channel interference shall be analyzed by considering the FFT operation. Here the below analysis is provided by considering the OFDM signal reception by taking the useful OFDM signal and interfering continuous wave (CW) signal into account. 
Firstly, by assuming the useful DL signal (time domain OFDM signal) is 

Where  is the number of sub-carriers in the DL sub-band, which is smaller than , which is the number of sub-carriers in the whole channel BW of the carrier, and  is the symbol period and  is the length of CP, and  is the central frequency, the the sub-carrier spacing between two neighboring sub-carries. 

By assuming the continuous wave (CW) signal to be the uplink interference signal with the amplitude  and frequency , where  and 


In the receiver side, by applying FFT operation, for i-th sub-carrier within the DL sub-band (i.e.,  ), we have




As provided above, the former part of (3b) is denoted by , that is the useful signal in which only  matters due to the sub-carrier orthogonality: 





The latter part of (3b) is denoted by , which is the interference signal due to the UL sub-band: 




It should be noted that the former part in (5c) is obviously larger than the latter part, so the following approximation can be provided by: 




By assuming , then  can be approximated by 


Based on the above equation (7), the impact from the CW-signal UL interference can be well understood, i.e., it is determined by the frequency seperation between the UL CW signal and the concerned DL subcarrier under study, i.e., . We can plot the impact of interference of CW signal to the most impacted sub-carrier (the SC next to the guard band btw. UL and DL sub-bands), i.e., power()/power(), by assuming , obviously, the value of power()/power() also depends on . As expected, the local maximum and local minimum value of power()/power() is achieved in: 
· if   where is  , the value of power()/power() becomes a local maximum.
· if   where is, the value of power()/power() becomes a local minimum.
The below figure is plotted by assuming x-axis is the value of , by assuming , while y-axis is value of power()/power(). 
[image: ]
Figure 3. The plot of power()/power() over M

By assuming more than 12 subcarriers wide guardband, the impact of CW interference can be minimized by at least 38dB (even considering totally non-orthogonality btw. DL subband and CW signal, i.e., when , power()/power()= - 38.57dB), and by 41.5dB for . 
Total non-orthogonality is too pesimmistic so we assume the the CW signal interference is located at 0.25 away from the integral number of subcarrers, i.e., , , .... By considering UL sub-band with different number of BW (in the number of PRB), the worst case impact (by considering the outermost DL subcarrier which is nearest to UL subband, by assuming 12 subcarriers guardband), the achievable subband selectivity is plotted in the below figure. Even we considering the most impacted sub-carrier, the sub-band selectivity can be higher than 30dBc. 
[image: ]
Observation 3: From theoretical analysis, for legacy UE with normal FFT operation, at least 30dB subband selectivity can be achieved at the outermost DL subcarrier, if 12 subcarrier guardband is assumed. 
It should be noted that the above observation is derived for the worst case, i.e., the achievable subband selectivity on the outermost DL subcarrier which is nearest to UL subband, and overall subband selectivity achievable in the whole DL subband can be even higher. 
Of course the above analysis is ignoring the impact of non-linearity of LNA etc., which may further reduce the useful signal. If needed, the above theorectial analysis can be further refined by prvoding a non-linearity modeling for receiver LNA. 
2.2 UE Receiver Sub-band Selectivity for SBFD-capable UE
As required in the WF [6], for the new SBFD capable UE, further analysis is desired on the possibility to improve selectivity performance under the assumption that UE channel bandwidth is not equal to the sub-band bandwidth. 
In the joint research work provided in RAN1 (R1-2210143), KDDI and Samsung perform the study by studying two methods of UE downlink reception, with “BWP off” and “BWP on” respectively. For “BWP off” method illustrated in the below figure, the victim UE’s DL BWP is configured to include all 273 RBs in the gNB channel BW, which contains both DL subband, UL subband and guardband, therefore the victim UE receives all signals including inter-UE CLI in the DL BWP and performs FFT with the given DL BWP. For “BWP on” method, where the victim UE’s DL BWP includes 51 RBs in DL subband only, and does not cover UL subband. With “BWP on”, the victim UE can adjust its RF bandwidth and sampling rate aligning with the DL BWP so that it can suppress the spectral leakage from UL subband of the aggressor UE. With the results demonstrated in R1-2210143, the method of “BWP on” showed significant performance gain over “BWP off”, which justify the possibility of sub-band selectivity improvement. 
[image: ]
Figure 4. Inter-UE CLI Test Environment (from R1-2210143)
Observation 4: UE receiver sub-band selectivity can be further improved with the FFT operating on the DL subband. 

2.3 Necessity of RAN4 Requirement for UE Sub-Band Selectivity
Based on the existing RAN4 agreement, even though the companies are encouraged to provide analysis on the achievable selectivity performance considering FFT operation, the analysis shall still be based on the assumption that no impact on the legacy UE implementation [6]:  
	Receiver sub-band selectivity

Agreement from 11/15 BS session 
· For legacy UE: Companies are encouraged to bring more analysis on the achievable selectivity performance considering FFT operation 
· The analysis shall be based on the assumption that there is no impact on legacy UE implementation. 
· For new SBFD capable UE, further analysis of the possibility to improve selectivity performance under the assumption that UE channel bandwidth not equal the sub-band bandwidth.



Therefore, we assume there is no necessity to introduce new RAN4 requirement for sub-band selectivity, at least for legacy UE not capable of SBFD operation. 
Proposal 3: RAN4 shall not introduce new RAN4 requirement for sub-band selectivity for legacy UE, which is not capable of SBFD operation. 

For new SBFD capable UE, although we see the possibility to further improve UE sub-band selectivity, further analysis on the selectivity performance shall still be further studied, while the conclusion is hard and not necessary to be concluded in the study item phase. 
Proposal 4: For SBFD-capable UE, whether or not new sub-band selectivity requirement shall be introduced can be further discussed in Rel-18 duplex evolution study item, and will be decided in the normative work item phase if any. 

3. Conclusion
In this contribution, we provided our viewpoints on the feasibility and RF impact of SBFD from UE aspects, accordingly the following observations and proposals are obtained: 
Observation 1: The definition of sub-band selectivity needs to be clarified firstly in RAN4. 
Proposal 1: Sub-band selectivity is the ratio of the receive filter attenuation on the assigned sub-band to the receive filter attenuation on the adjacent sub-band.
Proposal 2: For the verification/evaluation of X dBc sub-band selectivity, test parameters are provided as below table (comparable to the test parameters for ACS). 
Table 2. Test parameter example for the verification/evaluation of X dBc sub-band selectivity
	RX parameter
	Units
	Sub-band Channel bandwidth (MHz)

	
	
	BWSB_Channel = 10, 20, 40, 60, 80 ...
(candidate DL subband BW smaller than channel BW)

	Power in transmission bandwidth configuration
	dBm
	REFSENS + 14 dB

	Pinterferer
	dBm
	REFSENS + 14 dB + X dB - 1.5 dB

	BWinterferer
	MHz
	BWinterferer = 20MHz, 40MHz ...
(candidate UL subband BW smaller than channel BW)

	Finterferer (offset)
	MHz
	(BWSB_Channel + BWinterferer)/2 + Guardband
/
- (BWSB_Channel + BWinterferer)/2 - Guardband

	timing or/and frequency offset
	
	TBD
e.g., yy us timing advance for interference signal ahead of DL subband signal



Observation 2: There are several factors which could impact UE receiver sub-band selectivity performance: (1) non-linearity in RF components; (2) ADC saturation, and (3) spectral leakage by FFT block. 
Observation 3: From theoretical analysis, for legacy UE with normal FFT operation, at least 30dB subband selectivity can be achieved at the outermost DL subcarrier, if 12 subcarrier guardband is assumed. 
Observation 4: UE receiver sub-band selectivity can be further improved with the FFT operating on the DL subband. 
Proposal 3: RAN4 shall not introduce new RAN4 requirement for sub-band selectivity for legacy UE, which is not capable of SBFD operation. 
Proposal 4: For SBFD-capable UE, whether or not new sub-band selectivity requirement shall be introduced can be further discussed in Rel-18 duplex evolution study item, and will be decided in the normative work item phase if any. 
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