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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 FR1 UE aspects.  
2 Discussion
Based on the agreements and WFs achieved in RAN4#104-e [3], #104Bis-e [4], #105 [6] and #106 [9], 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

Improved TX modeling: 
•	UE ACLR is modelled as 30 dB at max power, and improves 1dB/dB with backoff up to a maximum 10 dB of improvement. So this means at 10 dB backoff the ACLR is 40 dB.
	2324dBc (by following Occupied BW)
· Frequency flat 
· ACLR2 not modeled

Improved TX modeling: 
•	FR2-1 ACLR mode for SBFD sims: 24 dB based value improved 1 dB/dB for up to 10 dB, similar approach as FR1.

	
	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)))

AGC and NF modelling: 
 Use a fixed value noise figure model for the purpose of system level simulation for SBFD
 FR1 noise figure value in the range [7 to 9 dB]

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

AGC and NF modelling: 
 Use a fixed value noise figure model for the purpose of system level simulation for SBFD
 FR2-1 noise figure value in the range [7.5 to 10 dB]

	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
· For the DUD configuration, the IQ image is contained in the UL subband and can be ignored for the CLI modelling.
	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
· For the DUD configuration, the IQ image is contained in the UL subband and can be ignored for the CLI modelling.

	
	UE RX victim
	For FR1: Pinterference_co-channel_FR1 = Pinterferer – (X dB + 10*log10(max(1,BWinterference /BWvictim_subband)))
· X value is FFS

RX sub-band selectivity is FFS: 
· For legacy UE: further discuss values in the range of [20 to 33 dB] for sub-band/in-channel selectivity with accompanying clarification as how they calculate DL subband interference based on one value from this range and what guard band is assumed.
· For new SBFD capable UE, UE receiver sub-band selectivity can be further improved with the FFT operating on the DL subband.

AGC and NF modelling: 
 Use a fixed value noise figure model for the purpose of system level simulation for SBFD
 FR1 noise figure value in the range [7 to 9 dB]
	For FR2-1: Pinterference_co-channel_FR2-1 = Pinterferer – (Y dB + 10*log10(max(1,BWinterference /BWvictim_subband)))
· Y value is FFS

RX sub-band selectivity is FFS: 
· For legacy UE: further discuss values in the range of [20 to 34 dB] for sub-band/in-channel selectivity with accompanying clarification as how they calculate DL subband interference based on one value from this range and what guard band is assumed
· For new SBFD capable UE, UE receiver sub-band selectivity can be further improved with the FFT operating on the DL subband.

AGC and NF modelling: 
 Use a fixed value noise figure model for the purpose of system level simulation for SBFD
 FR2-1 noise figure value in the range [7.5 to 10 dB]



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
2.1.1 General Discussion based on Existing Agreement
Based upon RAN4 discussion in RAN4#106, the following agreements on UE receiver sub-band selectivity for co-channel interference have been achieved in the approved WF [9]: 
	Receiver sub-band selectivity

Agreement 
General aspects for sub-band selectivity
· The definition of sub-band/in-channel selectivity for SBFD feasibility study purpose
· For one input level and one jammer level, Sub-band/In channel selectivity is the ratio of the receive power on the assigned sub-band to the receive power on the adjacent sub-band after FFT operation. 
· For legacy UE, no sub-band filtering considered
· For new SBFD aware UE: FFS whether sub-filtering can be considered or not  



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

As agreed in the last meeting, for one input level and one jammer level, sub-band/in channel selectivity is the ratio of the receive power on the assigned sub-band to the receive power on the adjacent sub-band after FFT operation, and at least for legacy UE, there is no sub-band filtering assumed. 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) receiver non-linearity leading to inter-modulation products (from UL subband signal, and falling into the DL subband); (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 operation 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]. As long as the UE receiver is not saturated, the ADC saturation shall not be considered as the limiting factor if the UL interference signal from aggressor UE could not cause blockage, therefore the factor (1) and (3) shall be regarded as the major factors.
Observation 1: For UE not saturated by interference signal, the major factors which could impact UE receiver sub-band selectivity performance are: (a) Receiver non-linearity leading to inter-modulation products; (b) spectral leakage by FFT operation due to frequency/time synchronization error. 
Furthermore, based on the relevant theoretical analysis [8] and measurement results [10] [11] from last meeting, RAN4 has reached the conclusion that: 
	Agreement 
Sub-band selectivity performance level for legacy UE - Proposals/observations on frequency/time offset
· Frequency and time offset are not significant factors influencing UE-UE interference.



Therefore, TR shall capture the relevant theoretical analysis and measurement results to justify the above agreement, and accordingly the text proposal in the Appendix is provided in this contribution.  
Proposal 1: TR 38.858 shall capture the relevant theoretical analysis and measurement results to justify: Spectral leakage by FFT operation due to frequency/time synchronization error is not major factor. 

Furthermore, we would like further compare the relevant agreements for UE-UE co-channel subband selectivity: 
	RAN4 Agreement (based on RAN4#106, R4-2302977)
General aspects for sub-band selectivity
· The definition of sub-band/in-channel selectivity for SBFD feasibility study purpose
· For one input level and one jammer level, Sub-band/In channel selectivity is the ratio of the receive power on the assigned sub-band to the receive power on the adjacent sub-band after FFT operation. 
· For legacy UE, no sub-band filtering considered
· For new SBFD aware UE: FFS whether sub-filtering can be considered or not  

	RAN4 Agreement (based on RAN4#105, R4-2220245)
Proposed agreement (Clarification on co-channel RX model):
For FR1: Pinterference_co-channel_FR1 = Pinterferer – (X dB + 10*log10(max(1,BWinterference /BWvictim_subband)))
· X value is FFS
For FR2-1: Pinterference_co-channel_FR2-1 = Pinterferer – (Y dB + 10*log10(max(1,BWinterference /BWvictim_subband)))
· Y value is FFS

	RAN1 Agreement (based on LS R1-2302087)
For SLS in RAN1, if only large scale fading is modelled and small scale fading is not modelled for UE-UE co-channel channel model, the power of UE-UE co-channel inter-subband CLI experienced by the victim UE on each receiver chain at DL RB n can be modelled as

where
·  is the power of UE-UE co-channel inter-subband CLI from aggressor UE  to victim UE  on each receiver chain at one DL RB n (linear value).
·  is UL transmission power of UE  across all transmit chains over the allocated UL RBs (linear value)
·  is the coupling loss between UE  and UE  (linear value), accounting for analog beamforming at the aggressor UE and victim UE
·  is the total number of UL RBs in the UL subband
·  is in linear scale. For the value of , it is up to RAN4. Companies can report the value used in their simulation before receiving RAN4’s further input.


It can be observed that the RAN1 agreement matchs with RAN4 agreement from RAN4#105, i.e., the ratio between power spectral density to power spectral density, rather than the ratio of power to power. Therefore, we would like to further clarify on this, to make sure the concept of subband selectivity level defined/discussed in RAN4 are aligned. 
[bookmark: _Hlk131846798][bookmark: _Hlk131846655][bookmark: _Hlk131846603]Proposal 2: RAN4 shall clarify that the definition of sub-band/in-channel selectivity for SBFD feasibility study purpose, i.e., the definition is provided with being scaled by the ratio of UL and DL subband BWs, 
· The definition of sub-band/in-channel selectivity for SBFD feasibility study purpose
· For one input level and one jammer level, Sub-band/In channel selectivity is the ratio of the receive power density on the assigned sub-band to the receive power density on the adjacent sub-band after FFT operation. 
Which is aligned with the following existing RAN4 agreement:
	RAN4 Agreement (based on RAN4#105, R4-2220245)
Proposed agreement (Clarification on co-channel RX model):
For FR1: Pinterference_co-channel_FR1 = Pinterferer – (X dB + 10*log10(max(1,BWinterference /BWvictim_subband)))
· X value is FFS
For FR2-1: Pinterference_co-channel_FR2-1 = Pinterferer – (Y dB + 10*log10(max(1,BWinterference /BWvictim_subband)))
· Y value is FFS



2.1.2 Spectral leakage by FFT operation by legacy UE
In the appendix section, we refined the analysis from last meeting [8] to provide the results for the effect of spectral leakage by FFT operation due to frequency/time synchronization error. Accordingly, the text proposal is given accordingly to be captured in TR38.858. 
Specifically, in last meeting, based on the theoretical analysis [8], we add the time synchronization error into account, and the numerical results are updated by considering the following configuration (by following R1-2210601 agreement):
· FR1 (SCS = 30kHz, 100MHz BW, 273PRB), DUD Subband config:
      [104RB DL, 5RB guard band, 55RB UL, 5RB guard band, 104RB DL]
By assuming the CW signal interference is located at 0.25 or 0.5 away from the integral number of subcarrers, the frequency offset due to imperfect frequency synchronization is 0.25 or 0.5. Among the DL subcarriers in the DL subband, the outermost DL subcarrier which is nearest to UL subband experiences the worst case impact, while the spectral leakage by FFT operation can be largely mitigated if the subcarriers far away from UL subband are considered. 
By scaling based on UL and DL subband BW (X dB = Pinterferer – Pinterference_co-channel_FR1 - 10*log10(max(1,BWinterference /BWvictim_subband))), accordingly the subband selectivity contributed by spectral leakage by FFT operation is plotted in the below figure for the above FR1 case, based on the theoretical analysis provided in the Appendix: 
[image: ]
Figure 3. subband selectivity contributed by spectral leakage by FFT operation
With the above results obtained, we can observe that the below RAN4 agreement from last meeting can be confirmed, and the corresponding results to be captured in TR as proposed in Proposal 1. 
2.1.3 Sub-band selectivity performance level for legacy UE
Based on the last meeting’s discussion, the agreement of sub-band selectivity performance level for legacy UE is provided in [9]: 
	Receiver sub-band selectivity

Agreement 
Sub-band selectivity performance level for legacy UE - Proposals/observations on sub-band selectivity performance
· Companies are encouraged to provide their method of calculation of sub-band/in-channel selectivity
· Different methods are provided to assist companies to understand the achievable sub-band selectivity performance, while not for alignment purpose.
· Values for FR1
· For FR1 companies are encouraged to further discuss values in the range of [20 to 33 dB] for sub-band/in-channel selectivity with accompanying clarification as how they calculate DL subband interference based on one value from this range and what guard band is assumed.



Since the spectral leakage by FFT operation (from frequency and time offset) is not the significant source influncing UE-UE interference, receiver non-linearity leading to inter-modulation products shall be the major souce. Another factor to be noted is the scaling factor due to the difference between bandwidths of UL subband (i.e. BWinterference in existing RAN4 agreement) and DL subband (i.e. BWvictim_subband in existing RAN4 agreement), and tyically BWinterference < BWvictim_subband, which is usually helping UE to achieve a higher level of subband selectivity performance. 
Observation 2: The factor 10*log10(max(1, BWvictim_subband/BWinterference)) could further increase the level of subband selectivity performance based on the clarified definition in Proposal 2. 

Furthermore, the UE TX/RX modeling shall follow the parameters to reflect typical performance rather than worst-case, by further observing the measurement results, we suggest the following sub-band selectivity performance level for legacy UE:
Proposal 3: For the sub-band selectivity performance level typical for legacy UE, the following is used for SBFD feasibility study purpose: 
· FR1: Subband selectivity (or in-band selectivity) level is 33dB. 
· Note 1: based on the performance typical for legacy UE
· Note 2: Scaling factor 10*log10(max(1, BWvictim_subband/BWinterference)) considered in subband selectivity performance level, based on RAN1/4 definition.
3. Conclusion
In this contribution, we provided our viewpoints on the feasibility of SBFD from FR1 UE aspects, accordingly the following observations and proposals are obtained: 
Observation 1: For UE not saturated by interference signal, the major factors which could impact UE receiver sub-band selectivity performance are: (a) Receiver non-linearity leading to inter-modulation products; (b) spectral leakage by FFT operation due to frequency/time synchronization error. 
Proposal 1: TR 38.858 shall capture the relevant theoretical analysis and measurement results to justify: Spectral leakage by FFT operation due to frequency/time synchronization error is not major factor. 
Proposal 2: RAN4 shall clarify that the definition of sub-band/in-channel selectivity for SBFD feasibility study purpose, i.e., the definition is provided with being scaled by the ratio of UL and DL subband BWs, 
· The definition of sub-band/in-channel selectivity for SBFD feasibility study purpose
· For one input level and one jammer level, Sub-band/In channel selectivity is the ratio of the receive power density on the assigned sub-band to the receive power density on the adjacent sub-band after FFT operation. 
Which is aligned with the following existing RAN4 agreement:
	RAN4 Agreement (based on RAN4#105, R4-2220245)
Proposed agreement (Clarification on co-channel RX model):
For FR1: Pinterference_co-channel_FR1 = Pinterferer – (X dB + 10*log10(max(1,BWinterference /BWvictim_subband)))
· X value is FFS
For FR2-1: Pinterference_co-channel_FR2-1 = Pinterferer – (Y dB + 10*log10(max(1,BWinterference /BWvictim_subband)))
· Y value is FFS



Observation 2: The factor 10*log10(max(1, BWvictim_subband/BWinterference)) could further increase the level of subband selectivity performance based on the clarified definition in Proposal 2. 
Proposal 3: For the sub-band selectivity performance level typical for legacy UE, the following is used for SBFD feasibility study purpose: 
· FR1: Subband selectivity (or in-band selectivity) level is 33dB. 
· Note 1: based on the performance typical for legacy UE
· Note 2: Scaling factor 10*log10(max(1, BWvictim_subband/BWinterference)) considered in subband selectivity performance level, based on RAN1/4 definition.

4. Appendix: TP to TR 38.858 on UE-UE co-channel inter-subband CLI modeling
Based on the approved TR skeleton (R4-2302887) for TR38.858, the following subsection and contents are proposed for 10.6.1.1 UE-UE co-channel inter-subband CLI modeling:
< START OF Text Proposal >
10.6. FR1 Feasibility of UE aspects
10.6.1	Interference analysis
10.6.1.1	UE-UE co-channel inter-subband CLI modeling
Editor's note: This section captures the CLI modeling. 
10.6.1.1.x RAN4 Agreement
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. 
[image: ]
Figure 10.6.1.1.x-1. The illustration of inter-gNB/CLI handing for SBFD
Based on RAN4 conclusion, the definition of sub-band/in-channel selectivity is provided below for SBFD feasibility study purpose: 
· For one input level and one jammer level, Sub-band/In channel selectivity is the ratio of the receive power density on the assigned sub-band to the receive power density on the adjacent sub-band after FFT operation. 
· For legacy UE, no sub-band filtering considered
· For new SBFD aware UE: FFS whether sub-filtering can be considered or not  

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 as below figure.  
[image: ]
Figure 10.6.1.1.x-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 in the above figure, 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) receiver non-linearity leading to inter-modulation products (from UL subband signal, and falling into the DL subband); (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 operation 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. As long as the UE receiver is not saturated, the ADC saturation shall not be considered as the limiting factor if the UL interference signal from aggressor UE could not cause blockage, therefore the factor (1) and (3) shall be regarded as the major factor.
Furthermore, based on RAN4 analysis provided in the following subsection, it is concluded that spectral leakage by FFT operation due to frequency/time synchronization error is not significant factor influencing UE-UE interference.

10.6.1.1.y Theoretical Analysis for UE spectral leakage by 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 , and the timing error  is included: 


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 . 
[image: ]
Figure 10.6.1.1.y-1. The plot of power()/power() over M
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.
Specifically, the numerical results below are provided under the following configuration (by following R1-2210601 agreement):
· FR1 (SCS = 30kHz, 100MHz BW, 273PRB), DUD Subband config:
      [104RB DL, 5RB guard band, 55RB UL, 5RB guard band, 104RB DL]
By assuming the CW signal interference is located at 0.25 or 0.5 away from the integral number of subcarrers, the frequency offset due to imperfect frequency synchronization is 0.25 or 0.5. Among the DL subcarriers in the DL subband, the outermost DL subcarrier which is nearest to UL subband experience the worst case impact, while the spectral leakage by FFT operation can be largely mitigated if the subcarriers far away from UL subband are considered. 
By scaling based on UL and DL subband BW (X dB = Pinterferer – Pinterference_co-channel_FR1 - 10*log10(max(1,BWinterference /BWvictim_subband))), accordingly the subband selectivity contributed by spectral leakage by FFT operation is plotted in the below figure for the above FR1 case: 
[image: ]
Figure 10.6.1.1.y-2. Subband selectivity contributed by spectral leakage by FFT operation
The above analysis results justify that spectral leakage by FFT operation due to frequency/time synchronization error is not major factor. 


10.6.1.2    UE-UE adjacent channel CLI modeling
Editor's note: This section captures the CLI modeling. 
10.6.2	Summary
Editor's note: This section captures the conclusion of feasibility.
< END OF Text Proposal>
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