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1 Introduction
RAN#94-e endorsed the new Rel-18 study items on “Study on evolution of NR duplex operation” [1]. The objectives for this SI are shown below:
	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 present our views on SLS evaluation and LLS evaluation for SBFD operation. Also, we provide our views on the draft TP shared in RAN1 reflector. Excel sheets for SLS evaluation results are attached. In addition, we showed our SBFD implementation aspects in Appendix A.

2 Comments on Evaluation Results
2.1 SLS Evaluation Results
RAN1 collected SLS evaluation results for SBFD Deployment scenario 1, 3-2, 4, dynamic TDD, and CLI handling scheme. In this sub-section we provide our perspective on how to summarize/organize the submitted results and how to draw a conclusion. 
BS TX power
We find significantly different evaluation results accoding to BS TX powers, i.e., 49dBm or 53dBm. The draft TP does not distinguish two BS TX power setting cases.
Figure A and B shows the results of companies using 49dBm and 53dBm BS TX power, respectively, given SBFD Alt2, Small packet size, and the same antenna gain (i.e., twice area& the same TxRUs). 
From Figure 1 (49dBm), it is very clear that three sources (LG, Samsung, CATT) with 49 dBm BS TX power showed significant mean/5%-tile UL UPT gain for all loads and for all inter-sector CLI assumptions (including 75dB, 93dB, 100dB, and 100dB+10dB(digital)). The lowest mean UL UPT and 5%-tile UL UPT are 71.55% from Samsung#7, and 173.71% from CATT#10, respectively. Also, DL UPT loss is smaller than the UL UPT gain. These sources (LG, Samsung, CATT) showed higher or lower mean/5%-tile DL UPT for all loads for all inter-sector CLI assumptions. The lowest mean DL UPT and 5%-tile DL UPT are 33.48% and 43.33%, respectively, from CATT#12. 
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Figure A. SBFD Alt 2, 49dBm, Small packet, Same antenna gain
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Figure B. SBFD Alt 2, 53dBm, Small packet, Same antenna gain

From Figure B (53dBm), we can see a little bit different trends. It is observed that mean/5%-tile UL UPT gain becomes smaller and mean/5%-tile DL UPT loss becomes increased. For example, Fujitsu#20 and #21 results indicate mean UL UPT loss for medium load and high load. Also, amost all 5%-tile DL UPT loss is observed by IDCC and Panasnoic.
 We understand that the BS TX power is a key factor to measure co-site inter-sector CLI and inter-site gNB-gNB CLI. So, higher BS TX power results in lower UPT gain due to high co-site inter-sector CLI and inter-site gNB-gNB CLI. Also, RAN4 is only checking implementation feasibility with 49dBm BS TX power. Hence, it is a natural consequence to discuss the SLS evaluation results according to BS TX power settings.

Proposal 1. For FR1 UMa scenario, capture the companies’ evaluation results according to BS TX power 49dBm and 53dBm 

Co-site inter-sector CLI suppression levels
Based on SLS evaluation excel sheet, there are following 4 different co-site inter-sector CLI suppression levels. 
- Option 1: 75dB spatial isolation (RAN4 typical value), 0dB digital isolation
- Option 2: 93dB spatial isolation (RAN4 best value), 0dB digital isolation
- Option 3: 100dB spatial isolation, 0dB digital isolation
- Option 4: 100dB spatial isolation, 10dB digital isolation
In the draft TP shared in 3GPP reflector, sub-cases are classified according to two co-site inter-sector CLI suppression levels.The main intention is to classify sub-cases according the co-site inter-sector CLI suppression levels is to not make many sub-cases. If the number of sub-cases is increased, some of sub-cases may have no sufficient number of samples, so that it cannot be used to draw an observation.
However, the used co-site inter-sector CLI suppression levels is Option A) less than 93dB spatial isolation, and Option B) no less than 93dB spatial isolation. So, Option A only includes Option 1 while Option B includes all other options (i.e., Option 2, 3 and 4). This partitioning is in-balanced. 
The more balanced way is to make Option A) less than 93dB spatial isolation, and Option B) no less than 93 spatial isolation. Then each option includes two options. 
Also, it provides more meaning observations. For option A, whose implementation feasibility is already confirmed by RAN4, RAN1 can draw an observation of performance feasibility. For option B, which implementation feasibility is still under investigation in RAN4, RAN1 can make a guide on how much spatial isolation/digital isolation values required. If RAN4 confirms the implementation feasibility, based on RAN1’s performance feasilibility and RAN4’s implementation fesibility, 3GPP can make a solid conclusion on SBFD operation in terms of potential performance and deployment/implementation upgrade. 
Otherwise, if we keep the two level (Option A) less than 93dB spatial isolation, and Option B) no less than 93dB spatial isolation), RAN1’s performance feasibility is not aligned with the assumptions of RAN4’s implementation feasibility. 

Proposal 2. For FR1 UMa scenario and FR2-1 Dense UMa scenario, sub-cases are classified according to the following two co-site inter-sector CLI suppression levels
For FR1 UMa:
· Option A. 93dBm (RAN4 typical/best value) with/without digital cancelation (including option 1 and option 2 in the excel sheet)
· Option B. 93dBm (higher than RAN4 best value) with/without digital cancelation (including option 3 and option 4 in the excel sheet)
For FR2-1 Dense UMa:
· Option A. 98dBm (RAN4 typical/best value) with/without digital cancelation (including option 1 and option 2 in the excel sheet)
· Option B. 105dBm (higher than RAN4 best value) with/without digital cancelation (including option 3 and option 4 in the excel sheet)

From Proposal 1 and Proposal 2, we propose to make the following sub-cases for SBFD deployment scenario 1 FR1 UMa. 
	

	Co-site: Spatial isolation + digital isolation
	Opt 1:>=93dB

	
	Opt 2: <= 93dB

	SBFD slot configuration
	Alt-4: {DDDSU} vs. {XXXXX}

	
	Alt-2: {DDDSU} vs. {XXXXU}

	
	Alt-1: {DDDSU} vs. {DXXXX}

	
	Alt-3: {DDSUU} vs. {XXXXU}

	SBFD antenna configuration
	Twice area&same TxRUs (Option 2)

	
	Same area&same TxRUs (Option 1)

	
	Same area&half TxRUs (Option 3)

	Packet Size
	Option 1: DL: 4Kbytes, UL: 1Kbyte

	
	Option 2: DL: 0.5Mbytes, UL: 0.125Mbyte



How to capture baseline evaluation results and optional evaluation results
 So far, RAN1 agreed to evaluate baseline evaluation assumptions and optional evaluation assumptions. The draft TP does not distinguish two assumptions. Based on our evaluations, we experienced large performance gaps between baseline evaluation assumptions and optional evaluation assumptions. For example, baseline UE clustering distribution model and optional UE distribution model have a far different DL UPT performance. If two evaluation assumptions is described together, a reader may mis-understanding on SBFD performance. So, we propose to describe performance with baseline evaluation assumptions and then additionally to describe performance with optional evaluation assumptions.
At least the following optional evaluation assumptions describe separately, if any. 
· Optinal UE distribution 
· Optional SBFD subband configurations
· Optional power boosting

Proposal 3. Capture seperately the SLS results with baseline evaluation assumptions and the results with optional evaluation assumptions.
· For example, the following assumptions can be described separately, if the number of samples is enough 
· Optinal UE distribution 
· Optional SBFD subband configurations
· Optional power boosting

Graphic Visualization
We do appreciate a great effort to make graphs in the draft TP. However, we have a few opinions on the graphs. 
· First, regarding the box-and-whisker graph, this is beneficial to check overall evaluation results quickly and easily. Originally, the graph is placed in each sub-case. But, we prefer to move the graph to summary of observations sub-sections. 
· Second, we prefer to add bar-type graph with source name (or corresponding index), instead of histogram graph in each sub case. In each sub-case, we believe that it is important to show source name (or corresponding index). Then, a reader can find corresponding contributions to find difference of evaluation assumptions. As an example, we draw bar graphs for all sub-cases of SBFD deployment scenario 1 in Appendix C.

Proposal 4. Regarding graphic visualization of the evaluation reulsts, we propose
· The box-and-whisker plot can be moved to summary of observations. (not need to add all sub-cases)
· For each sub-cases, bar graph with source name (or corresponding index) can be added instead of histogram.

Summary of the observations
 In the summary of observations, we only compare SBFD performance for SBFD Alt 2 and SBFD Alt 4 and for large packet size and small packet size. For indoor office scenario, this was enough. But, for Urban Macro scenario, we should discuss SBFD performance with other key parameters, such as BS TX power and co-site inter-sector suppression values. For example, we can write the summary of the observations section with the following structure: 
	For Urban Macro (FR1) in SBFD deployment case 1, 
-	In case of using SBFD Alt 4 and large packet size, 
- if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is less than 93 dB (RAN4’s typical/best value):
-….
- if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is no less than 93dB(higher than RAN4’s typical/best value)
-….
- Comparison of two co-site inter-sector CLI levels:
-	In case of using SBFD Alt 4 and small packet size,
- if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is less than 93 dB (RAN4’s typical/best value):
-….
- if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is no less than 93dB(higher than RAN4’s typical/best value)
-….
- Comparison of two co-site inter-sector CLI levels:
-	In case of using SBFD Alt 2 and large packet size, 
- if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is less than 93 dB (RAN4’s typical/best value):
-….
- if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is no less than 93dB(higher than RAN4’s typical/best value)
-….
- Comparison of two co-site inter-sector CLI levels:
-	In case of using SBFD Alt 2 and small packet size,
- if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is less than 93 dB (RAN4’s typical/best value):
-….
- if the total capability of spatial isolation and digital isolation for co-site inter-sector CLI is no less than 93dB(higher than RAN4’s typical/best value)
-….
- Comparison of two co-site inter-sector CLI levels:
- Comparison of SBFD Alt 2 and SBFD Alt 4
- Comparison of large packet size and small packet size
- Comparison of 49dBm and 53dBm BS TX power



Proposal 5. To make the summary of the observations, 
· Add the observations according to different BS TX power (49dBm and 53dBm) 
· Add the observations according to different co-site inter-sector isolation values (option A and option B)

Conclusions and recommendations
Based on the submitted SLS evaluation results so far, we have observed:
· Companies’ results on SBFD performance are far different in some cases (e.g., FR1 UMa scenario)
· Companies’ results on SBFD performance are well-aligned in some cases(e.g., FR1 Indoor office scenario)
It is a very hard to draw conclusions and recommendations based on these dispersed evaluation results. For SBFD operation, it is very challenging or even close to impossible to obtain a converged observation since the SBFD performance is highly affected by the operation of the gNB scheduler and the CLI handling schemes. For example, the gNB may use the coordinated scheduler to reduce gNB-gNB interference instead of increasing UE-UE interference. Hence, it is natural that RAN1 could not draw a solid conclusion for some scenarios. The best way to go, we think, is to focus on a scenario where companies’ observations are well-aligned first. So, RAN1 may try to make a consensus using the following rules:
· Step 1) In scenarios where most of sources submitted well-aligned results, RAN1 strives to make conclusions and recommendations based on the results
· Step 2) In scenarios where a big discrepance across sources is observed, a conclusion and recommendation will not be drawn. Instead, the conclusion and recommendation will indicate the RAN1’s observations on the scenario are diverged.

Proposal 6. To make conclusions and recommendations, RAN1 makes a ground rule, such as 
· Step 1) For a scenario where most of sources showed well-aligned results, RAN1 will strive to make a conclusion and recommendations based on the results
· Step 2) For a scenario where a big discrepance across sources is observed, a conclusion and recommendation will not be drawn. Instead, the conclusion and recommendation will indicate the RAN1’s observations on the scenario are diverged.

2.1 LLS Evaluation Results
 For LLS evaluation results, we observed that the majority of the results from companies’ are well aligned. However, we also noticed that some of LLS results did not follow the agreed RAN1 evaluation assumptions but they were included without adequate clarification. We think that RAN1 first focuses on the agreed/baseline evaluation assumptions. And, if the number of samples is enough, RAN1 can use not-agreed/optional evaluation assumptions to draw another observation and conclusion. Therefore, it is appropriate to include those results accompanied by a note specifying that they are based on non-consensus assumptions.
 Note that we propose the same principle for SLS evaluation (see Proposal 3). 

Proposal 7. Capture the LLS results separately based on the agreed assumptions and on the optional ones.
· For example, the following assumptions can be described separately, if the number of samples is enough 
· Interference generation over multiple SBFD slots

3 SBFD Evaluation Methodologies and Results
3.1 Analytic Analysis
3.1.2 Latency Analysis (U-plane)
Based on IMT-2020 submission [2], UL latency includes UE processing delay, alignment delay, TTI for UL data packet transmission, BS processing delay and HARQ delay, etc. Among these components, the major source of UL latency is from the alignment delay, which is defined as the waiting time for the next available UL transmission occasion. For example, with DDDSU TDD slot format (S = 11D:1F:2U), the alignment delay is nearly 2.5 slots (or 1.25ms at 30 kHz SCS). SBFD can provide significantly lower UL latency since almost zero alignment delay can be achieved (if SBFD UL subband is configured in all DL symbols within TDD period). The UL U-plane latency of a SBFD operation is shown in Table 1. When a configured grant PUSCH transmission is considered, the UL latency of SBFD is almost same as FDD. That is, SBFD can provide 46.1%~73.3 UL U-plane latency reduction compared to static TDD systems with DDDSU.

Table 1. UL U-plane latency for SBFD operation
	UL user plane latency – NR SBFD (DDDSU + FFFFU)
	UE capability 1
	UE capability 2

	
	30 kHz SCS
	30 kHz SCS

	
	TDD SBFD
	TDD SBFD

	PUSCH mapping Type A
	M=4 (4OS non-slot)
	p=0
	1.860.86(53.8%)
	1.650.65(60.6%)

	
	
	p=0.1
	2.111.01(52.1%)
	1.900.75(60.5%)

	
	M=7 (7OS non-slot)
	p=0
	1.910.91(52.4%)
	1.710.70(59.1%)

	
	
	p=0.1
	2.161.06(50.9%)
	1.960.80(59.2%)

	
	M=14(14 OS slot)
	p=0
	2.161.15(46.8%)
	1.960.94(52.0%)

	
	
	p=0.1
	2.411.30(46.1%)
	2.211.06(52.0%)

	PUSCH mapping Type B
	M=2 (2OS non-slot)
	p=0
	1.360.55(59.6%)
	1.100.30(72.7%)

	
	
	p=0.1
	1.600.65(59.4%)
	1.350.36(73.3%)

	
	M=4 (4OS non-slot)
	p=0
	1.630.72(55.8%)
	1.390.43(69.1%)

	
	
	p=0.1
	1.880.84(55.3%)
	1.640.55(66.5%)

	
	M=7 (7OS non-slot)
	p=0
	1.690.77(54.4%)
	1.480.55(62.8%)

	
	
	p=0.1
	1.930.89(53.9%)
	1.730.64(63%)



Observation 1 SBFD (with UL subband configuration for all DL symbols within TDD period) can provide 46.1%~73.3 UL U-plane latency reduction compared to static TDD systems with DDDSU.

Note that NR systems usually configure configured grant based PUSCH transmission to provide lower latency, not grant-based PUSCH transmission. When grant-based UL transmission is considered, we observed the similar latency reduction gain as the configured grant-based PUSCH transmission. The difference is that more alignment delay is needed during PDCCH reception interval since a UE cannot transmit and receive at the same time (i.e., Half-duplex UE capability). Since it may require 3 symbols delay (e.g., 2 symbol PDCCH reception and 1 symbol switching gap), the UL latency gain is slightly decreased.
As showed above, SBFD is mainly able to reduce UL latency but it can also reduce DL latency as well. DL latency includes BS/UE processing delay, DL frame alignment delay, TTI for DL data packet transmission, HARQ retransmission, and UL frame alignment delay, etc. SBFD can reduce the UL frame alignment delay since a UE can transmit PUCCH carrying HARQ-ACK information in SBFD symbol or UL symbol. The DL U-plane latency of SBFD operation is shown in Table 2. It is observed that the DL latency reduction becomes significant when there is no HARQ retransmission since a UE can transmit ACK on SBFD symbols or UL symbols. For HARQ retransmission case, we can see the DL latency reduction gain but the portion of UL frame alignment delay in the DL latency is decreased so that its gain is relatively small, but it is still nearly 10%. Overall, SBFD can provide 2.7~25.6% DL U-plane latency reduction, compared to TDD with DDDSU configuration. 

Observation 2 SBFD (with UL subband configuration for all DL symbols within TDD period) can provide 2.7%~25.6 DL U-plane latency reduction compared to static TDD systems with DDDSU.

Table 2. DL U-plane latency for SBFD operation
	DL user plane latency – NR SBFD (DDDSU + FFFFU)
	UE capability 1
	UE capability 2

	
	30 kHz SCS
	30 kHz SCS

	
	TDD SBFD
	TDD SBFD

	PDSCH mapping Type A
	M=4 (4OS non-slot)
	p=0
	0.860.76(11.6%)
	0.650.55(15.4%)

	
	
	p=0.1
	1.050.97(7.6%)
	0.840.76(9.5%)

	
	M=7 (7OS non-slot)
	p=0
	0.920.82(10.9%)
	0.710.61(14.1%)

	
	
	p=0.1
	1.111.04(6.3%)
	0.900.82 (8.9%)

	
	M=14(14 OS slot)
	p=0
	1.261.14(9.5%)
	1.060.94(11.3%)

	
	
	p=0.1
	1.461.42(2.7%)
	1.251.17(6.4%)

	PDSCH mapping Type B
	M=2 (2OS non-slot)
	p=0
	0.650.56(13.8%)
	0.390.29(25.6%)

	
	
	p=0.1
	0.830.76(8.4%)
	0.570.45(21.1%)

	
	M=4 (4OS non-slot)
	p=0
	0.710.63(11.3%)
	0.470.37(21.3%)

	
	
	p=0.1
	0.900.83(7.8%)
	0.650.54(16.9%)

	
	M=7 (7OS non-slot)
	p=0
	0.820.72(12.2%)
	0.610.51(16.4%)

	
	
	p=0.1
	1.010.94(6.9%)
	0.800.69(13.8%)



3.1.3 UL Coverage Analysis 
UL coverage gain is computed in Table 3 when SBFD operation is introduced in a TDD band. We assume that TDD periodicity is 5 slots and its UL/DL slot configuration is DDDSU. 
The main UL coverage gains of SBFD operation come from UL repetitions over 5 slots (including SBFD slots and UL slots within a TDD period), its gain is nearly 7dB. In addition, a gNB can configure TDW to a UE for joint channel estimation (JCE), its gain is nearly ~1.5dB from TR38.830. Note that, TDD with DDDSU slot format cannot utilize JCE because two UL transmissions cannot be transmitted with less than 14 symbol gaps. So, the JCE is only applicable to SBFD operation. Note that this gain depends on MCS, TBS, # of RBs and also channel types. So, we don’t consider JCE gain when computing the total gain in Table 3. 
The main loss of SBFD operation is due to the limited # of antenna elements compared to TDD. RAN1 agreed to consider two types of antenna configuration. The first type of antenna configuration is to keep the same number of antenna elements as in TDD. So, for SBFD symbol, where the first half of gNB’s antenna elements are dedicated for DL transmission and the second half are dedicated for UL reception. So, there is 3dB loss. However, for UL slot, all antenna elements can be used for UL reception. Therefore, the overall loss is 2.22dB (3 dB loss in 4 SBFD slots, and 0 dB loss in UL slot), The second type of antenna configuration is to keep the same array gain, which means that the number of antenna elements can be doubled and the same number of antenna elements is used for UL reception in both SBFD slots and UL slot. Thus, no loss is expected. 
Another loss comes from self-interference. Since RAN4 agreed to study feasibility of 1 dB desense and RAN1 took this value for SLS. For UL coverage analysis, we take the same value, i.e., 1dB desense. Note that this is worst-case, i.e., the actual desense is determined by DL RB allocation and DL power spectral density assumption. In the low DL traffic case, the self-interference may be decreased (if DL power boosting is not applied at gNB). 
The other loss is come from invalid symbols for SBFD operation due to DL signal protection. In SBFD discussion, RAN1 agreed to study whether SBFD operation in SSB symbols is supported or not. If not supported (i.e., gNB cannot configure SBFD UL subband in SSB symbols), the full repetition gain (7dB by 5 repetitions) cannot be achieved and there are some degradations. More specifically, suppose Case C SSB configuration, where SSB candidate can be started at symbol indexes of {2,8}+14*n, where n=0,1,2,3. And also suppose 10ms SSB periodicity, i.e., there are 20 slots within 10ms SSB periodicity with 30kHz SCS. 
For the full repetition case (i.e., UL subband can be configured in all DL symbols), gNB can schedule 20 PUSCH repetitions or PUCCH repetitions, each with 14 symbols, over 20 slots. But, for the case where SSB symbols are not used for SBFD operation, the 4 slots (slot 0, 1, 2, and slot 3), where SSB is transmitted, cannot be used for UL transmission. That is, gNB can schedule 16 PUSCH repetitions or PUCCH repetitions, each with 14 symbols, over 16 slots with no SSBs. Note that gNB with a TDD operation can schedule 4 PUSCH repetitions or PUCCH repetitions for the given 20 slots since there are only 4 UL slots. So, the SBFD repetition gain over TDD is 10*log10(16) – 10*log10(4) = 6.04 dB and the loss is 10*log10(5) – 6.04dB = -0.97dB. 
Similarly, we can consider other DL channels/signals, e.g. CORESET0/Type-0 CSS are not supported for SBFD operation. If CORESET0/Type-0 CSS symbols are not used for SBFD symbols, then gNB only schedules 12 PUSCH repetitions or PUCCH repetition, each with 14 symbols, over 20 slots. So, the repetition gain over TDD is 10*log10(12) – 10*log10(4) = 4.77 dB and the loss is 10*log10(5) – 4.77dB = -2.22dB. Here, we assume 14-symbol PUSCH/PUCCH transmission. However, PUSCH or PUCCH can have 12 symbols (avoiding collision of CORESET0/Type-0 CSS symbols, which can be located at the first 2 symbols in a slot where Type-0 CSS is configured). Then, gNB can schedule 16 PUSCH repetitions or PUCCH repetition, each with 12 symbols. So, the SBFD repetition gain over TDD is 10*log10(16*12) – 10*log10(4*14) = 5.35 dB and the loss is 10*log10(5) – 5.35dB = -1.64dB, which is less than 14-symbol based UL transmission. 
There may be other sources of loss. For example, if subband filtering is introduced, then desired signal power is further reduced by filtering loss. In the coverage analysis, we omit this loss in Table 3. 
Overall, SBFD can provide 2.14 ~ 3.78dB UL coverage gain for the case of the same number of antenna elements or 4.36~6dB UL coverage gain for the case of the same antenna gain.
Table 3. UL coverage gain
	
	
	TDD
(DDDSU)
	SBFD
(DDDSU+FFFFU)

	Gain
	1) Repetition gain
	-
	7dB gain, 5-times repetitions (over SBFD slots and UL slot)

	
	2) Channel estimation gain
	-
	~1.5dB gain, joint channel estimation (JCE) across consecutive PUSCHs/PUCCHs transmission

	Loss
	3) Antenna loss
	32R(192AE)
	Opt. 1 (Same # of AEs)
(total # of AEs = 192)
	Opt. 2 (Same array gain)
(total # of AEs = 192*2)

	
	
	
	32R(192AE) for UL slot +
16R(96AE) for SBFD slot
	32R(192AE)

	
	
	
	-2.22dB loss (in avg.)
	0dB loss

	
	4) Residual self-interference
	
	-1dB loss (1dB desense is worst-case, depending on DL RB allocation), 

	
	5) Invalid symbol for DL signal protection
	
	-1.64~0dB loss depending on protected DL signal 
- If SSBs are not allowed for SBFD opeartion  -0.97dB loss
- If SSB/CORESET0 are not allowed for SBFD operation : -1.64dB loss

	Total gain: sum of 1), 3), 4), and 5). 2) is not taken into account
	
	2.14 ~ 3.78dB
	4.36~6dB



Observation 3 SBFD (with UL subband configuration for all DL symbols within TDD period) can provide 2.14 ~ 3.78dB UL coverage gain for the case of the same number of antenna elements or 4.36~6dB UL coverage gain for the case of the same antenna gain.

3.2 Link budget Analysis
In this section, we provide the link budget analysis for FR1 Urban Macro. SBFD deployment case 1 is assumed and SBFD UL subband occupies 20MHz and DL subband(s) occupies 80MHz. gNB-gNB CLI and UE-UE CLI are derived based on frequency isolation capability and coupling loss we agreed in SLS evaluation. 

3.2.1 gNB-gNB CLI and UL Link Budget Analysis
For FR1 Urban Macro, inter-site distance is 500m and Macro BS can have 49dBm of the DL transmission power. The link budget of inter-site gNB-gNB co-channel inter-subband CLI (hereafter, gNB-gNB CLI) is shown in Table 4. Here, we assume 45dBc ACLR and 46dBc ACS. Only one aggressor gNB is considered here. If  dominant aggressor gNBs are considered, the gNB-gNB CLI is increased by a factor of . From Table 4, we can see the interference power in gNB RX subband caused by non-ideal RX selectivity is -82.87dBm for LOS link and -100.41dBm for NLOS link. By taking into account 75% LOS probability, the average interference signal power is -84.09dBm.

Table 4. Link Budget of gNB-gNB Link 
	BS TX Power  = ① dBm
	49 dBm
Note: full DL RB allocation is assumed

	Component 
capability and parameters
	TX/RX antenna array gain
	Depending on # of TX/RX antenna elements 
= ② dBi
	8 (TX) + 8(RX)

	
	Frequency isolation at TX
	Frequency isolation capability  = ③ dBc
	45 dBc

	
	
	Frequency isolation techniques used
	e.g., DPD, subband analog filtering, digital filtering, etc. 

	
	gNB-gNB Coupling loss
	Shadow fading  = ④ dB
Penetration loss  = ⑤ dB
Pathloss  = ⑥ dB
		④ 
	Shadow fading (dB)
	6

	⑤
	Penetration loss (dB)
	0

	⑥
	Path loss, LOS (dB)
Path loss, NLOS (dB)
	99.41
116.95




	
	
	gNB-gNB deployment-dependent
	e.g., 500m ISD, LOS probability = 75%, no penetration loss, etc

	
	Interference leakage in gNB RX subband due to non-ideal TX, measured at RX ant.
①+②-③-(④+⑤+⑥) dBm
	-85.41 dBm for LOS 
-102.95 dBm for NLOS

	
	Blocking Interference signal in gNB TX subband, measured at the input of LNA
①+②-(④+⑤+⑥) dBm
	-40.41 dBm for LOS 
-57.95 dBm for NLOS
Average: -41.41 dBm (75% LOS, 25% NLOS)

	
	Frequency isolation at RX
	Frequency isolation capability ⑦ dBc
	46 dBc

	
	
	Frequency isolation techniques
	e.g., subband analog filtering, etc.

	
	Interference signal in gNB RX subband caused by non-ideal RX selectivity, gain-normalized
 = ⑧ dBm
where  and are converted to linear, and then  is converted back to dB scale
	-82.87 dBm for LOS
-100.41 dBm for NLOS
Average: -84.09 dBm (75% LOS, 25% NLOS)



To investigate UL performance, we derive UE-gNB Link Budget in Table 5, where we assume distance between gNB and UE is 100m, 200m or 300m away. And LOS path between gNB and UE, no penetration loss are assumed. We compare TDD SINR and SBFD SINR. In SBFD SINR, self-interference and gNB-gNB CLI are additionally considered. Comparing gNB-gNB power (e.g., -84.09dBm, averaged over LOS probability), Self-interference power (e.g., -97dBm) and UE-gNB intra-subband power (e.g., -73dBm at 500m distance between gNB and UE), we can notice that UE-gNB intra-subband power is dominant. It is because there is no frequency isolation in UE-gNB intra-subband interference power. So, the SINR degradation of SBFD is no larger than 1dB, compared to TDD. 

Table 5. Link Budget UE-gNB Link
	A
	UE TX power (dBm)
	23
	

	B
	TX/RX antenna array gain (dBi)
	0(TX)+8(RX)
	Analog beamforming toward UE can be further considered 

	C
	Shadow fading (dB) 
	6
	

	D
	Penetration loss (dB) 
	0
	Indoor UE may suffer from I-to-O penetration loss, but not considered

	E
	Path loss (dB) 
	84.0 @ 100m, 90.7 @ 200m, 94.5 @ 300m
	LOS is considered only

	F
	Received signal power (dBm) 
F = A+B-(C+D+E)
	-59.0 @ 100m, -65.7 @ 200m, -69.5 @ 300m
	

	G
	Noise power at UL subband (dBm) 
	-96dBm/20MHz
	5dB noise figure at gNB is assume. 
Small RBs can be scheduled (e.g., 4 RBs or 1.44MHz) with power boosting

	H
	Signal to noise ratio (SNR) (dB), H= F–G
	37.0 @ 100m, 30.3 @ 200m, 26.5 @ 300m

	I
	Self-interference
	-102dBm 
	The residual self-interference power is 6dB lower than the noise power to achieve 1dB desense, which is -102dBm.

	J
	SINR (dB) without UE-gNB intra-subband interference
where considered interference is self-interference (I) and gNB-gNB interference (⑧), 
i.e., F-dB((linear(G)+ linear(I)+ linear(⑧))) 
	23.6 @ 100m, 16.9 @ 200m, 13.1 @ 300m (gNB-gNB CLI, LOS)
34.9 @ 100m, 28.2 @ 200m, 24.4 @ 300m (gNB-gNB CLI, NLOS)
24.8 @ 100m, 18.1 @ 200m, 14.3 @ 300m (gNB-gNB CLI, 75% LOS & 25% NLOS)

	K 
	UE-gNB intra-subband interference
	-73dBm @ 500m 
	23dBm TX power, 6dB SF, -98dB pathloss, 8dBi antenna array gain, 1 UE

	L
	TDD SINR (dB) 
where considered Interference is gNB-UE interference, 
i.e., F-dB(linear(G) + linear(K))
	13.9 @ 100m, 7.2 @ 200m, 3.4 @ 300m 

	M
	SBFD SINR (dB) 
where Interference is self-interference (I)+ gNB-gNB interference (⑧) + UE-gNB interference (K)
i.e., F-dB(linear(G)+ linear(I)+ linear(⑧)+ linear(K))
	13.6 @ 100m, 6.9 @ 200m, 3.1 @ 300m (gNB-gNB CLI, LOS)
13.9 @ 100m, 7.2 @ 200m, 3.4 @ 300m (gNB-gNB CLI, NLOS)
13.7 @ 100m, 7.0 @ 200m, 3.2 @ 300m (gNB-gNB CLI, 75% LOS & 25% NLOS)




Observation 4 Given a specific deployment scenario, UL SINR of SBFD operation is degraded by up to 1dB
· Scenario: Urban Macro deployment with 500m ISD, 100/200/300m UE-gNB distance, 1 aggressor gNB, 1dB desense by self-interference.

3.2.1.1 Impact of different co-site inter-sector CLI Level
 In the last RAN1 meeting, RAN1 made a working assumption for inter-sector CLI suppression capabilities based on RA4’s discussion. For example, for FR1, the following combinations can be considered in SLS. 
· Case1) 100 dB for spatial isolation and 10 dB for digital cancellation
· Case 2) 100 dB for spatial isolation
· Case 3) 93 dB for spatial isolation
· Case 4) 75 dB for spatial isolation
 To understand the impact of the four cases, we add inter-sector CLI into our UE-gNB link budget template (Table 5). First, we need to determine RX desense from the inter-sector CLI, which is summarized in Table 6. Note that we only consider Case 1/3. It is because 75dB is less than the self-interference isolation capability so that it does not take into account future SBFD deployment where inter-sector CLI will be properly managed when deployed. Also, Case 2 is skipped for simplicity. 

Table 6. RX desense of Case 1 (100+10dB) and 3 (93dB)
	　
	Inter-sector (Case 1)
	Inter-sector (Case 3)

	BS power over 100MHz (dBm)
	49
	49

	BS power over 80MHz (dBm)
	48.03
	48.03

	Freq. isolation (ACIR) (dB)
	42.46
	42.46

	Antenna isolation (dB)
	100
	93

	D-SIC/RF-SIC (dB)
	10
	0

	Residual power (dB) from one-sector
	-104.43
	-87.43

	A
	Noise (dBm/20MHz)
	-95.99

	B
	Noise + Agg. Interference (only self-interference) (dB)
	-94.99

	C=B-A
	RX Desense (only self-interference) (dB)*
	1.00

	D
	Aggregated interference (co-sector+two-sector CLI) (dB)
	-94.10
	-84.05

	E=D-A
	RX Desense (co-sector+two-sector CLI) (dB)
	1.89
	11.94


* To meeting 1dB RX desense for self-interference, the self-interference power is assumed to nearly -102dB.

 From Table 6, we can observe that a gNB may suffer from 1.89dB RX desense by self-interference and two-sector CLI in case 1. Comparing 1dB RX desense in case of self-interference only, 0.89dB is additionally degraded. For Case 3, much higher RX desense is observed, i.e., 11.94dB RX desense is obtained, which means that inter-sector CLI is main interference contributor within co-site interference, including self-interference and inter-sector CLI. 
 Even with higher RX desense in Case 3, the system performance is not much degraded. It is because that the co-site inter-sector CLI is marginal compared to gNB-gNB CLI and UE-gNB CLI. From Table 4, gNB-gNB CLI is nearly 84.09dB in average sense and UE-gNB CLI is -73dBm so that the inter-sector CLI in case 3, -87.43dBm (-84.43dBm from two-sectors) is still less than these two interference from other-site. 
To be clear, the SINR performance of SBFD operation is summarized in Table 7. 

Table 7. Link Budget of UE-gNB (With co-site inter-sector CLI)
	N
	Co-site inter-sector CLI (from two sectors)
	-101.43 dBm
	Case 1 (100+10dB)

	O
	SBFD SINR (dB), with two-sectors where Interference is self-interference (I) + co-site inter-sector CLI (N) + gNB-gNB interference (⑧) + UE-gNB interference (K)
i.e., F-dB(linear(G)+linear(I)+ linear(N)+linear(⑧)+linear(K))
	13.64 @ 100m, 6.94 @ 200m, 3.04 @ 300m (gNB-gNB CLI, 75% LOS & 25% NLOS)

	P
	Difference of TDD SINR and SBFD SINR, P=L-O
	0.31 @ 100m, 0.31 @ 200m, 0.31 @ 300m (gNB-gNB CLI, 75% LOS & 25% NLOS)

	N
	Inter-sector interference (from two sectors)
	-84.43 dBm
	Case 3 (93dB)

	O
	SBFD SINR (dB), with two sectors where Interference is self-interference (I) + co-site inter-sector CLI (N) + gNB-gNB interference (⑧) + UE-gNB interference (K)
i.e., F-dB(linear(G)+linear(I)+ linear(N)+linear(⑧)+linear(K))
	13.37 @ 100m, 6.67 @ 200m, 2.77 @ 300m (gNB-gNB CLI, 75% LOS & 25% NLOS)

	P
	Difference of TDD SINR and SBFD SINR, P=L-O
	0.61 @ 100/200/300m (gNB-gNB CLI, 75% LOS & 25% NLOS)



 From Table 7, the SINR performance degradation of a SBFD system, compared to legacy TDD system, is nearly 0.31 or 0.61 dB in average sense for Case 1 or Case 3, respectively. The SINR difference between two cases is only 0.3 dB, which does not bring any significant performance degradation. Also, this analysis is confirmed in SLS evaluation in Section 2.3.

3.2.2 UE-UE CLI and DL Link Budget Analysis
A UE can have 23dBm of the UL transmission power. The link budget of UE-UE co-channel inter-subband CLI is shown in Table 8. Here, we assume 30dBc ACLR and 33dBc ACS. 10 aggressor UEs with the same UE-UE coupling loss are considered here. The aggressor UEs are located 10m, 20m, or 30m away from the victim UE. From Table 8, we can see the interference signal power in a victim UE RX subband caused by non-ideal RX selectivity (aggregated 10 UE’s interference) is -60dBm, -66.7dBm, or -70.5dBm for 10m, 20m or 30m, respectively. 

Table 8. Link Budget of UE-UE Link
	UE TX Power  = ① dBm
	23 dBm

	Component 
capability and parameters
	TX/RX antenna array gain
	Depending on # of TX/RX antenna elements 
= ② dBi
	0/0

	
	Frequency isolation at TX
	Frequency isolation capability  = ③ dBc
	30 dBc

	
	
	Frequency isolation techniques used
	e.g., DPD, subband analog filtering, digital filtering, etc.

	
	UE-UE Coupling loss
	Shadow fading  = ④ dB
Penetration loss  = ⑤ dB
Pathloss  = ⑥ dB
		④ 
	Shadow fading (dB)
	6

	⑤
	Penetration loss (dB) 
	0

	⑥
	Path loss, LOS (dB)
	62.0 @ 10m,  68.7 @ 20m,  72.5 @ 30m




	
	
	UE-UE deployment-dependent
	Within a cluster, UE-UE distance of 10m, 20m, or 30m are considered

	
	Interference leakage in UE RX subband due to non-ideal TX, measured at RX ant.
①+②-③-(④+⑤+⑥) dBm
	-75.0 @ 10m, -81.7 @ 20m, -85.5 @ 30m

	
	Blocking Interference signal in UE TX subband, measured at the input of LNA
①+②-(④+⑤+⑥) dBm
	-45.0 @ 10m, -51.7 @ 20m, -55.5 @ 30m

	
	Frequency isolation at RX
	Frequency isolation capability ⑦ dBc
	33 dBc

	
	
	Frequency isolation techniques
	e.g., subband analog filtering, digital filtering, etc.

	
	Interference signal in UE RX subband caused by non-ideal RX selectivity, gain-normalized
 dBm = ⑧ dBm
where  and are converted to linear, and then  is converted back to dB scale
	  1 UE: -73.2 @ 10m, -79.9 @ 20m, -83.7 @ 30m
10 UEs: -63.2 @ 10m, -69.9 @ 20m, -73.7 @ 30m



To investigate DL performance, we derive gNB-UE Link Budget in Table 9, where we assume distance between gNB and UE is 100m, 200m or 300m away. And LOS path between gNB and UE, no penetration loss are assumed. We compare TDD SINR and SBFD SINR. In SBFD SINR, UE-UE CLI are additionally considered. Comparing UE-UE power (e.g., -63.2dBm, -69.9 dBm, -73.7dBm at 10m, 20m 30m, respectively), and gNB-UE intra-subband power (e.g., -47dBm at 500m distance between gNB and UE), we can notice that gNB-UE intra-subband power is dominant. It is because there is no frequency isolation in gNB-UE intra-subband interference power. So, the SINR degradation of SBFD is no larger than 0.2dB, compared to TDD. 

Table 9. Link Budget of gNB-UE Link
	A
	TX power (dBm)
	49
	

	B
	TX/RX antenna array gain (dBi)
	0/8
	Analog beamforming toward UE can be further considered 

	C
	Shadow fading (dB)
	6
	

	D
	Penetration loss (dB) 
	0
	Indoor UE may suffer from penetration loss

	E
	Path loss (dB) 
	84.0 @ 100m,  90.7 @ 200m,  94.5 @ 300m
	LOS is considered. For NLOS , ~20dB can be further reduced 

	F
	Received signal power (dBm),
F = A+B-(C+D+E)
	-33.0 @ 100m, -39.7 @ 200m, -43.5 @ 300m
	

	G
	Noise power on DL subband (dBm) 
	-86
	80MHz DL subband and 9dB noise figure.
Small RBs can be scheduled (e.g., 4 RBs or 1.44MHz) 

	H
	Signal to noise ratio (SNR) (dB), H = F-G
	53.0 @ 100m, 46.3 @ 200m, 42.5 @ 300m

	I
	SINR (dB) without gNB-UE intra-subband interference
where considered Interference is UE-UE interference (⑧)
I = F-dB((linear(G)+ linear(⑧)))
	30.2 @ 100m, 23.5 @ 200m, 19.7 @ 300m (UE-UE interference, 10m, 10UEs)
36.8 @ 100m, 30.1 @ 200m, 26.3 @ 300m (UE-UE interference, 20m, 10UEs)
40.5 @ 100m, 33.8 @ 200m, 30.0 @ 300m (UE-UE interference, 30m, 10UEs)

	K 
	gNB-UE intra-subband interference
	-47dBm @ 500m 
	49dBm TX power, 6dB SF, -98dB pathloss, 8dBi antenna array gain, 1 gNB

	L
	TDD SINR (dB) 
where considered Interference is gNB-UE interference, 
F-dB(linear(G) + linear(K))
	14.0 @ 100m, 7.3 @ 200m, 3.5 @ 300m 


	M
	SBFD SINR (dB) 
where Interference is UE-UE interference (⑧) + gNB-UE interference (K)
F-dB(linear(G)+ linear(⑧)+ linear(K))
	13.9 @ 100m, 7.2 @ 200m, 3.4 @ 300m (UE-UE interference, 10m, 10UEs)
14.0 @ 100m, 7.3 @ 200m, 3.5 @ 300m (UE-UE interference, 20m, 10UEs)
14.0 @ 100m, 7.3 @ 200m, 3.5 @ 300m (UE-UE interference, 30m, 10UEs)




Observation 5 Given a specific deployment scenario, DL SINR of SBFD operation is degraded by up to 0.2dB
· Scenario: Urban Macro deployment with 500m ISD, 100/200/300m gNB-UE distance, 10 aggressor UEs 

3.3 SLS Evaluation 
In this section, we provide evaluation results for single operator (Deployment scenario case 1 and case 3-2) in both of FR1 and FR2, and also two operators (Case 4) in FR1. In here, we focus on the observations which is related to SBFD system level performance according to key assumption. The results of other assumptions can be found in the attached files with R1-2307674.
3.3.1 SBFD Deployment Case 1 (Single operator)
3.3.1.1 FR1 Urban Macro with Large Packet
 This section presents the evaluation results of SBFD in an FR1 macro cell. The overarching assumptions are categorized based on slot configuration.
· Slot Configuration Alt. 2: SBFD {XXXXU}
· Slot Configuration Alt. 4: SBFD {XXXXX}
 In addition, to conduct in-depth observation, evaluation results based on the co-site CLI suppression assumptions are provided. In the single operator scenario, new types of interference are classified into legacy UE-gNB interference, gNB self-interference, co-site CLI and inter-site CLI from the UL perspective. Based on previous RAN1 meetings, we have agreed to assume self-interference as 1 dB Rx desense. Furthermore, legacy UE-gNB interference and inter-site CLI can be calculated based on channel and interference modeling depending on the distribution of gNBs and UEs. RAN1 has agreed to evaluate the suppression capability for co-site CLI by setting it as an optional parameters. Therefore, we have selected and evaluated the low suppression capability and high suppression capability options for co-site CLI.
· Low co-site CLI supression capability: Option 2 (93 dB spatial isolation + 0 dB digital isolation)
· High co-site CLI supression capability: Option 4 (100 dB spatial isolation + 10 dB digital isolation)
Furthermore, we have also evaluated the performance impact according to two different antenna configurations.
· Antenna configuration Option 2 : Twice area&same TxRUs
· Antenna configuration Option 1 : Same area&same TxRUs
Further detailed assumptions are described in attached Excel file of R1-2307674.

3.3.1.1.1 Slot Configuration Alt. 2

The key assumptions for this evaluation are as follow:  
Table 10. Parameters for FR1 UMa (SBFD deployment case 1)
	
	Interference modelling
(e.g., Co-site: Spatial isolation + digital isolation)
	SBFD slot configuration
	BS transmit power
	SBFD antenna configuration
	Packet Size

	
	75
dB
	93
dB
	100
dB
	100
+ 10 
dB
	Alt-2: {DDDSU} vs.   {XXXXU}
	Alt-4:
{DDDSU}
vs. {XXXXX}
	53
dBm
	49
dBm
	Twice 
area
&same TxRUs
	Same
area
&same TxRUs
	DL: 4Kbytes, UL: 
1Kbyte
	DL: 0.5Mbytes, 
UL: 0.125Mbyte

	Slot Configuration Alt. 2
	
	
	
	
	
	
	
	
	
	
	
	



[Resource Utilization]
For DL Type-2 RU, a SBFD system has higher mean RU than a TDD system. This is because of DL frequency resource of the SBFD system is reduced, compared to the TDD system, while the traffic load (packet arrival rate) remains the same. From Figure 1, we observed that the TDD system has 6.1%, 39.4% and 73.2% (Type-2 RU) for low RU, medium RU and high RU, respectively. By using the same traffic rate, the SBFD shows higher RU.
In the case of UL Type-2 RU, the SBFD system has lower mean RU than a legacy TDD. This is because the time/frequency resource of UL in SBFD system has increased.

[image: ]
Figure 1. Mean Type-2 Resource Utilization
[Average-UPT]
- UL Average-UPT
For the UL Average-UPT (Figure 2), with the SBFD slot pattern (XXXXU), more than 1.45 times higher mean Average-UPT gains can be achieved in SBFD operation for all traffic load points and for all assumptions for co-site inter-sector CLI isolation capability and antenna configuration. To be more specific, it can be described based on the high RU cell-edge UE (SBFD: Antenna opt .1 with Co-site CLI suppression opt. 2 on 5%-tile CDF of Figure 2), which is the most interference-rich environment. Considering the actual deployment environment of SBFD, there are additional self-interference, co-site inter-sector CLI, and gNB-gNB CLI. Despite these rich interference environment, it can be seen that more than 40 % UL UPT gain. 
In addition, for the co-site CLI suppression capability comparison, it confirmed that high suppression capability (Option 4: 100 dB spatial isolation + 10 dB digital isolaion) can secure slightly higher gain than low suppression capability (Option 2: 93 dB spatial isolation). As we discussed in our previous contribution [4], co-site CLI is not dominant degradation factor for SBFD UL performance. At low and medium traffic loads, most of the interference power is less than -43dBm, so the gNB NF can be applied as 5 dB. However, the interference power becomes stronger under high traffic load, so more than 5 dB gNB NF is applied. Note that the RX block could be improved by subband filtering. 
 Furthermore, for the antenna configuration comparison, we confirmed high SBFD UL UPT gain even if total number of antenna element for SBFD is reduced than TDD. 
Overall, SBFD can improve the UL performance because the SBFD system can have more chances to allocate UL resource to UEs with poor channel quality, so the UL transmission can obtain the higher transmission power compared to legacy TDD UL. Furthermore, it is worth noting that even if there are new types of interference, including self-interference and gNB-gNB interference (gNB-gNB CLI and co-site inter-sector CLI), by SBFD operation, the UL UPT gain are still significant.
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Figure 2. UL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)

- DL Average-UPT
For DL Average UPT comparison between legacy TDD and SBFD, DL UPT performance is slightly degraded. It is because the reduction of amount of DL resources (nearly 20% DL resource has been converted to UL subband), and inter-UE inter-subband CLI impact. 
The important point in DL Average-UPT is UE-UE CLI impact due to UE clustering. A cluster is considered as a building, and all UEs will be located on the same floor. From this assumptions, the DL UEs suffer from a strong UE-UE CLI, so that not-so-small DL UPT degradation is expected to be observed.
From the mean DL Average-UPT CDF for antenna configuration option 2, 15% (low RU), 25% (medium RU), and 30% loss (high RU) are set for each traffic load point. Based on the results, at the low and medium traffic load points, although UEs are clustered in a building, DL UPT degradation is marginal since reduced DL frequency resource is dominant factor over UE-UE CLI impact. However, at the high traffic load point, the number of UL UEs that are served in SBFD symbols is increased, and the UE-UE CLI impact become dominant.
It is worth noting that we use a scheduler that utilizes CLI reporting information. It is assumed that victim DL UEs measures CLI neighboring aggressor UL UEs and report to gNB. And then, the gNB can know distance between victim DL UEs and aggressor UL UEs. Therefore, the gNB can schedule DL UEs and UL UEs by considering inter-UE CLI. As a results, there is small amount of degradation between DL UPT results of SBFD without and with CLI, as shown in Figure 3.
 On the other hand, the antenna configuration option 1, which maintains a smaller gNB form-factor, may lead to more degradation of DL UPT performance. This is due to the combined effects of reduced DL resources, antenna gain, and gNB Tx power. It can be confirmed that there is trade-off between gNB form-factor and DL performance. Because, as observed in UL Average-UPT sub-section, improvements in SBFD UL UPT performance compared to TDD also evident in the case of smaller gNB form-factor (antenna configuration option 1).
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Figure 3. DL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)
[Packet Latency]
Figure 4 shows DL and UL Mean Packet Latency CDF. For the DL and UL Packet Latency with the SBFD, each results has similarity as in Average-UPT performance. Increase of DL packet latency of SBFD is observed compared to legacy TDD. For UL Packet Latency, it is observed that SBFD can reduce the UL packet latency even if there are new types of interference including self-interference, co-site inter-sector CLI and gNB-gNB CLI.
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Figure 4. Mean CDF of Packet Latency for DL and UL

3.3.1.1.2 Slot Configuration Alt. 4
The key assumptions for this evaluation are as follow:  
Table 11. Parameters for FR1 UMa (SBFD deployment case 1)
	
	Interference modelling
(e.g., Co-site: Spatial isolation + digital isolation)
	SBFD slot configuration
	BS transmit power
	SBFD antenna configuration
	Packet Size

	
	75
dB
	93
dB
	100
dB
	100
+ 10 
dB
	Alt-2: {DDDSU} vs.   {XXXXU}
	Alt-4:
{DDDSU}
vs. {XXXXX}
	53
dBm
	49
dBm
	Twice 
area
&same TxRUs
	Same
area
&same TxRUs
	DL: 4Kbytes, UL: 
1Kbyte
	DL: 0.5Mbytes, 
UL: 0.125Mbyte

	Slot Configuration Alt. 2
	
	
	
	
	
	
	
	
	
	
	
	



[Resource Utilization]
For DL Type-2 RU, a SBFD system has similar or slightly higher mean RU than a TDD system. This is because of DL frequency resource of the SBFD system is reduced, compared to the TDD system, while the traffic load (packet arrival rate) remains the same. From Figure 5, we observed that the TDD system has 6.1%, 39.4% and 73.2% (Type-2 RU) for low RU, medium RU and high RU, respectively. By using the same traffic rate, the SBFD shows higher RU.
In the case of UL Type-2 RU, the SBFD system has lower mean RU than a legacy TDD over all traffic load. Although total UL resource is same or similar with legacy TDD UL resource, SBFD system can have increased HARQ-ACK opportunities. However, under high traffic load condition and antenna configuration option 1, increased RU is observed. The reason is that, despite using UL resources similar to TDD UL, the transmission in SBFD slots is delayed due to interference effects, leading to the utilization of more time resources.

[image: ]
Figure 5. Mean Type-2 Resource Utilization

[Average-UPT]
- UL Average-UPT
For the result of antenna configuration option 2 assumption, the SBFD system has a slight increase or similar mean Average-UPT results compared to legacy TDD. This is because total UL resource is same or similar with legacy TDD. Even if there is loss in 95%-tile CDF, we can confirm high gain in 5%-tile and 50%-tile CDF. This results is because more retransmission opportunities can be given to UEs which are located on poor and normal channels. However, for the result of antenna configuration option 1, the benefit of SBFD is limited at high traffic load condition.
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Figure 6. UL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)
- DL Average-UPT
For the result of antenna configuration option 2 assumption, we confirmed better DL performance of SBFD than legacy TDD. It is because total DL resource of SBFD can be same or similar with legacy TDD. There are more opportunities for HARQ-ACK transmission, which allows quick application of behavior such as MCS adaptation. However, for the result of antenna configuration option 1, DL Average-UPT loss is confirmed. This is due to the combined effects of antenna gain, and gNB Tx power. Although there are several factors that can yield benefits as mentioned above, a reduction in antenna gain and gNB Tx power by half results in performance degradation due to deteriorated channel conditions.
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Figure 7. DL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)

[Packet Latency]
Figure 8 shows DL and UL Mean Packet Latency CDF. For the DL and UL Packet Latency with the SBFD, each results has similarity as in Average-UPT performance. 
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Figure 8. Mean CDF of Packet Latency for DL and UL

3.3.1.2 FR1 Urban Macro with Small Packet
3.3.1.2.1 Slot Configuration Alt. 2
For FR1 Urban Macro scenario with small packet size, every evaluation assumption is same except for packet size. 
[Resource Utilization]
For DL, SBFD system has higher mean RU than a TDD system. This is because of DL frequency resource of the SBFD system is reduced compared to the TDD system, while the traffic load (packet arrival rate) remains the same. On the other hand, in the case of UL, SBFD system have lower mean RU than the TDD. This is because of the time resource of UL in SBFD system have increased.
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Figure 9. Mean Type-2 Resource Utilization
[Average-UPT]
- UL Average-UPT
 Figure 10 shows UL Average-UPT performance. Overall, the improved SBFD UL gain over legacy TDD can be confirmed. Since the small size packet is more likely to be processed by one shot transmission, packet processing time including scheduling time can be reduced, effectively. The advantage of SBFD UL being able to utilize more time resources is confirmed. So, compared to evaluation scenario with large packet size, overall better results can be confirmed.
- DL-Average UPT
Figure 11 shows DL Average-UPT performance. Overall, the similar results with evaluation for large packet size is confirmed.
[image: ]
Figure 10. UL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)

- DL Average-UPT
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Figure 11. DL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)
[Packet Latency]
Figure 12 shows DL and UL Mean of Packet Latency CDF. For the DL and UL Packet Latency with the SBFD, each results has similarity as in Average-UPT performance. Increase of DL Packet Latency of SBFD is observed compared to legacy. For UL Packet Latency, it is observed that both SBFD can reduce the UL packet latency.
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Figure 12. Mean CDF of Packet Latency for DL and UL

3.3.1.2.2 Slot Configuration Alt. 4
For this evaluation (SBFD {XXXXX} with small packet size), every assumption is same except for packet size.
[Resource Utilization]
Overall, it tends to similar RU performance with evaluation for large packet size is confirmed. For DL RU, a SBFD system has similar or slightly higher mean RU than a TDD system. In the case of UL RU, the SBFD system has lower mean RU than a legacy TDD over all traffic load.
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Figure 13. Mean Type-2 Resource Utilization
[Average-UPT]
- UL Average-UPT
Figure 14 shows UL Average-UPT performance. Overall, the improved SBFD UL gain over legacy TDD can be confirmed. Since the small size packet is more likely to be processed by one shot transmission, packet processing time including scheduling time can be reduced, effectively. The advantage of SBFD UL being able to utilize more time resources is confirmed.
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Figure 14. UL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)
- DL Average-UPT
Figure 15 shows DL Average-UPT performance. Overall, it tends to be seen similar results compared to evaluation with large packet size. On the other hand, better mean Average-UPT compared to evaluation with large packet size is confirmed. The reason is that, since the size of the packet to be transmitted is small, the packet processing time including scheduling time is reduced. So, in UEs with good channel conditions (50%-tile and 95%-tile CDF), overall better performance is confirmed.

[image: ]
Figure 15. DL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)
[Packet Latency]
Figure 16 shows DL and UL Mean Packet Latency. For the DL and UL Packet Latency with the SBFD, each results has similarity as in Average-UPT performance.
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Figure 16. Mean CDF of Packet Latency for DL and UL

3.3.1.3 FR2-1 Dense Urban Macro Layer with Large Packet
[bookmark: _GoBack]For FR2-1 Dense Urban Macro layer, each site is distributed as far away as the the 200 m ISD. In this sceanrio, the UE clustering is considered, as well. For the UE clustering, one cluster in a macro cell randomly distributed based on minimum distance between macro TRP to UE cluster. In addition, 10 UEs per direction are distributed in one macro cell. Unlike the FR1 Urban Macro scenario, it is assumed that all UEs are distributed in outdoor environment. Among them, 80% UEs are distributed in the cluster, and 20% UEs are unifomrly distributed outside the cluster.
In this evaluation, common assumptions are listed up as below:
· SBFD subband configuration
· Option 1 (200 MHz, <ND, NU, NG = 52, 26, 1>)
· gNB total transmit power:
· TDD: 43 dBm for 200 MHz
· SBFD: Power boosting is not assumed for SBFD symbols compared to DL-only symbols (as in legacy systems)
· SBFD antenna configuration:
· Option 2 (Twice area & same TxRUs)
· Co-site CLI suppression capability:
· Option 2 (98 dB spatial isolation + 0 dB digital isolation)
Further detailed assumptions are described in attached Excel file.
[Resource Utilization]
For overall RU performance, it tend to similar with FR1 Urban Macro scenario. 
- DL RU
For {XXXXU} SBFD slot configuration, SBFD system has higher mean RU than a TDD system. For {XXXXX} SBFD slot configuration, a SBFD system can slightly reduce mean RU than a TDD.
- UL RU
For {XXXXU} SBFD slot configuration, SBFD system have lower mean RU than the TDD. For {XXXXX} SBFD slot configuration, SBFD system have lower mean RU than the TDD. Although total UL resource is same or similar with legacy TDD UL resource, SBFD system can have increased HARQ-ACK opportunities.
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Figure 17. Mean Type-2 Resource Utilization

[Average-UPT]
- UL-Average UPT
Figure 18 shows UL Average-UPT with SBFD slot configuration {XXXXX} and {XXXXU}. 
For {XXXXX} slot configuration, the SBFD system has increased mean Average-UPT results compared to legacy TDD. This is because total UL resource is same or similar with legacy TDD. Even if there is small gain in 95%-tile CDF, we can confirm improved gain in 5%-tile and 50%-tile CDF. This result is because more retransmission opportunities can be given to UEs which are located on poor and normal channels.
For {XXXXU} slot configuration, it can confirm that significantly improved mean Average-UPT gain for all traffic load points. 
Overall, better SBFD UL performance can be confirmed on FR2-1 scenario than FR1 scenario. In the FR2-1 scenario, since not only gNB but also UE uses directional beams, so desired signal between gNB and attached UE can expect to be stronger than interfering signal.
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Figure 18. UL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)
- DL-Average UPT
{XXXXX} configuration show the better performance than legacy TDD. It because total DL resource of {XXXXX} can be same or similar with legacy TDD {DDDSU}. There are more opportunities for HARQ-ACK transmission, which allows quick application of behavior such as MCS adaptation. Because of this, DL performance can be improved.
For {XXXXU} slot configuration, DL Average-UPT loss (high RU) is confirmed for each traffic load point.
Overall, SBFD DL performance on FR2-1 scenario tends to be seen similar with FR1 scenario.
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Figure 19. DL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)

[Packet Latency]
Figure 20 shows DL and UL Mean Packet Latency. For the DL and UL Packet Latency with the SBFD, each results has similarity as in Average-UPT performance.
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Figure 20. Mean CDF of Packet Latency for DL and UL

3.3.1.4 FR2-1 Dense Urban Macro Layer with Small Packet
For FR2-1 Dense Urban Macro scenario with small packet size, every evaluation assumption is same except for packet size.
[Resource Utilization]
Overall, RU performance tend to similar with FR2-1 Dense Urban Macro scenario with large packet size.
- DL RU
For {XXXXU} SBFD slot configuration, SBFD system has higher mean RU than a TDD system. For {XXXXX} SBFD slot configuration, a SBFD system can slightly reduce mean RU than a TDD.
- UL RU
For {XXXXU} SBFD slot configuration, SBFD system have lower mean RU than the TDD. For {XXXXX} SBFD slot configuration, SBFD system have lower mean RU than the TDD.
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Figure 21. Mean Type-2 Resource Utilization
[Average-UPT]
- UL-Average UPT
Figure 22 shows UL Average-UPT with the SBFD slot configuration {XXXXX} and {XXXXU}. Overall, the improved SBFD UL gain over legacy TDD can be confirmed. This is because small size packet is more likely to be processed by one shot transmission. As a results, packet processing time including scheduling time can be reduced, effectively.
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Figure 22. UL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)

- DL-Average UPT
Figure 23 shows UL Average-UPT with the SBFD slot configuration {XXXXX} and {XXXXU}. Overall, the similar results with evaluation for large packet size is confirmed.
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Figure 23. DL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)

[Packet Latency]
Figure 24 shows DL and UL Mean Packet Latency. For the DL and UL Packet Latency with the SBFD, each results has similarity as in Average-UPT performance.
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Figure 24. Mean CDF of Packet Latency for DL and UL


Observation 6 For SBFD {XXXXU} on Macro cell, a SBFD network provides better UL UPT performance than a static TDD network
Observation 7 For SBFD {XXXXU} on Macro cell at high traffic load point, UL UPT gain can be affected by the increased co-site inter-sector CLI and gNB-gNB CLI, but the benefits of SBFD system are still significant.
Observation 8 For SBFD {XXXXX} on Macro cell over low and medium traffic load points, UL performance can be improved thanks to more retransmission opportunities. But, at the high traffic load point, the benefits of SBFD can be limited.
Observation 9 For SBFD {XXXXU} on Macro cell over low and medium traffic load points, DL UPT is reduced since reduced DL frequency resource is dominant rather than UE-UE CLI impact. However, for high traffic load, it is observed that the DL UPT is slightly degraded due to strong UE-UE CLI.
Observation 10 For SBFD {XXXXX} on Macro cell over low and medium traffic load points, DL UPT can be improved due to same or similar total DL resources and more opportunities for HARQ-ACK transmission. But, at the high traffic load point, the benefits of SBFD can be limited.
Observation 11 If the advanced scheduler is applied, DL performance can be further improved.
Observation 12 For co-site CLI suppression capability comparison, high capability can be beneficial to SBFD performance
Observation 13 For antenna configuration comparison, increased the number of antenna elements and TxRUs can be beneficial to SBFD performance.

3.3.1.5 FR1 Indoor Office with Large Packet
For FR1 Indoor Office scenario, 10 UEs per direction are uniformly distributed per TRP. The two SBFD slot pattern (Alt 2. {XXXXU} and Alt 4. {XXXXX}) and antenna configuration option #2 are considered. With the antenna configuration option #2, the usage of TxRUs and antenna elements follow the method 2-1. Overall performance of SBFD system in Indoor Office scenario is similar with Urban Macro scenario. 
[Resource Utilization]
- DL RU
For {XXXXU} SBFD slot configuration, SBFD system has higher mean RU than a TDD system. This is because of DL frequency resource of the SBFD system is reduced compared to the TDD system, while the traffic load (packet arrival rate) remains the same. For {XXXXX} SBFD slot configuration, a SBFD system can slightly reduce mean RU than a TDD. It is because total DL resource is similar with legacy TDD {DDDSU} plus increased HARQ-ACK opportunity.  
- UL RU
For {XXXXU} SBFD slot configuration, SBFD system have lower mean RU than the TDD. This is because the time resource of UL in SBFD system has been increased. 
For {XXXXX} SBFD slot configuration, SBFD system have lower mean RU than the TDD. Although total UL resource is same or similar with legacy TDD UL resource, SBFD system can have increased HARQ-ACK opportunities. As a result of this, SBFD system have lower RU than the legacy TDD.
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Figure 25. Mean DL and UL Resource Utilization

[Average-UPT]
- UL-Average UPT
Figure 26 shows UL Average-UPT with the SBFD slot configuration {XXXXX} and {XXXXU}.
For {XXXXX} slot configuration, the SBFD system has a slight increase or similar mean Average-UPT results compared to legacy TDD. This is because total UL resource is same or similar with legacy TDD. However, even if there is no gain in 50%-tile and 95%-tile CDF, we can confirm more than 20 % gain in 5%-tile CDF. This result is because more retransmission opportunities can be given to UEs which are located on poor channels.
For {XXXXU} slot configuration, more than 60 % higher mean Average-UPT gains can be achieved in SBFD operation for all traffic load points. In Indoor Office scenarios, it shows better channel characteristics between gNB and UE compared to Urban Macro scenario. Therefore, the high UPT gain of SBFD system can be maintained regardless of the traffic load conditions.
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Figure 26. UL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)

- DL Average-UPT
In this scenario, gNB-UE channel is stronger than Urban Macro scenario. From this assumption, small DL UPT degradation is be expected to be observed. 
{XXXXX} configuration show the better performance than legacy TDD. It because total DL resource of {XXXXX} can be same or similar with legacy TDD {DDDSU}. There are more opportunities for HARQ-ACK transmission, which allows quick application of behavior such as MCS adaptation. Because of this, DL performance can be improved.
For {XXXXU} slot configuration, DL Average-UPT loss (high RU) is confirmed for each traffic load point. Based on the results, at low and medium traffic load points, DL UPT degradation is smaller than Urban Macro scenario due to the strong gNB-UE channel characteristics. However, at the high traffic load point, the number UL UEs that are served in SBFD symbol is increased, and the UE-UE CLI impact become dominant.
Likewise, we believe that DL UPT performance can be further improved if advanced scheduling (beam paring or scheduling information exchange …) or mitigation methods taking into account UE-UE CLI are applied.
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Figure 27. DL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)

[Packet Latency]
- DL and UL Packet Latency
Figure 28 shows DL and UL Mean Packet Latency. For the DL and UL Packet Latency with the SBFD, each results has similarity as in Average-UPT performance. Increase of DL Packet Latency of both SBFD slot configuration {XXXXU} and {XXXXX} is observed compared to legacy TDD. For UL Packet Latency, it is observed that SBFD slot configuration {XXXXU} can reduce the UL packet latency. However, SBFD slot configuration {XXXXX} slightly increase the UL packet latency compared to legacy TDD.
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Figure 28. Mean Packet Latency for DL and UL

3.3.1.6 FR1 Indoor Office with Small Packet
For FR1 Indoor Office scenario with small packet size, every evaluation assumption is same except for packet size. 
[Resource Utilization]
- DL RU
For {XXXXU} SBFD slot configuration, SBFD system has higher mean RU than a TDD system. This is because of DL frequency resource of the SBFD system is reduced compared to the TDD system, while the traffic load (packet arrival rate) remains the same. For {XXXXX} SBFD slot configuration, a SBFD system can slightly reduce mean RU than a TDD. It is because total DL resource is similar with legacy TDD {DDDSU} plus increased HARQ-ACK opportunity.
- UL RU
For {XXXXU} SBFD slot configuration, SBFD system have lower mean RU than the TDD. This is because of the time resource of UL in SBFD system have increased. For {XXXXX} SBFD slot configuration, SBFD system have lower mean RU than the TDD. Although total UL resource is same or similar with legacy TDD UL resource, SBFD system can secure increased HARQ-ACK opportunities. As a result of this, SBFD system have lower RU than the legacy TDD.
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Figure 29. Mean DL and UL Resource Utilization

[Average-UPT]
- UL-Average UPT
Figure 30 shows UL Average-UPT with the SBFD slot configuration {XXXXX} and {XXXXU}. Overall, the improved SBFD UL gain over legacy TDD can be confirmed. This is because most UEs are located in a good environment as Indoor Office scenario, so then small size packet is more likely to be processed by one shot transmission. As a results, packet processing time including scheduling time can be reduced, effectively.
For {XXXXX} slot configuration, more than 95 % higher mean Average-UPT gains can be achieved in SBFD operation for all traffic load points unlike large size packet assumption. Even if the SBFD slot configuration Alt 4 {XXXXX} has the same UL resource as legacy TDD {DDDSU}, the UL UPT gain can be obtained since the time required to schedule and process generated packets is reduced compared to TDD.
For {XXXXU} slot configuration, more than 95 % higher mean Average-UPT gains can be achieved in SBFD operation for all traffic load points. Compared to {XXXXX} slot configuration, the UL UPT gain of {XXXXU} slot configuration slightly higher thanks to UL only slot.
- DL-Average UPT
Overall, the similar results with evaluation for large packet size is confirmed.
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Figure 30. UL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)
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Figure 31. DL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)

[Packet Latency]
- DL and UL Packet Latency
Figure 32 shows DL and UL Mean Packet Latency. For the DL and UL Packet Latency with the SBFD, each results has similarity as in Average-UPT performance. Increase of DL Packet Latency of SBFD slot configuration {XXXXU} is observed compared to legacy TDD. On the other hand, the reduction of DL packet latency of SBFD slot configuration {XXXXX} is observed. For UL Packet Latency, it is observed that both SBFD slot configuration {XXXXU} and {XXXXX} can reduce the UL packet latency.
[image: ]
Figure 32. Mean Packet Latency for DL and UL

3.3.1.7 FR2-1 Indoor Office with Large Packet
For FR2-1 Indoor Office scenario, 10 UEs per direction are uniformly distributed per TRP. The two SBFD slot pattern (Alt 2. {XXXXU} and Alt 4. {XXXXX}) and antenna configuration option #2 are considered. With the antenna configuration option #2, the usage of TxRUs and antenna elements follow the method 2-1.

[Resource Utilization]
 For overall RU performance, it tend to similar with FR1 Indoor Office scenario. 
- DL RU
For {XXXXU} SBFD slot configuration, SBFD system has higher mean RU than a TDD system. For {XXXXX} SBFD slot configuration, a SBFD system can slightly reduce mean RU than a TDD. 
- UL RU
For {XXXXU} SBFD slot configuration, SBFD system have lower mean RU than the TDD. For {XXXXX} SBFD slot configuration, SBFD system have lower mean RU than the TDD. Although total UL resource is same or similar with legacy TDD UL resource, SBFD system can have increased HARQ-ACK opportunities.
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Figure 33. Mean Type-2 Resource Utilization

[Average-UPT]
- UL Average-UPT
Figure 34 shows UL Average-UPT with SBFD slot configuration {XXXXX} and {XXXXU}. 
For {XXXXX} slot configuration, the SBFD system has a slight increase or similar mean Average-UPT results compared to legacy TDD. This is because total UL resource is same or similar with legacy TDD.
For {XXXXU} slot configuration, significantly higher mean Average-UPT gains can be achieved in SBFD operation for all traffic load points. In Indoor Office scenarios, it shows better channel characteristics between gNB and UE compared to Urban Macro scenario. Therefore, the high UPT gain of SBFD system can be maintained regardless of the traffic load conditions.
Overall, better SBFD UL performance can be confirmed on FR2-1 scenario than FR1 scenario. In the FR2-1 scenario, since not only gNB but also UE uses directional beams, so desired signal between gNB and attached UE can expect to be stronger than interfering signal.
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Figure 34. UL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)


- DL Average-UPT
{XXXXX} configuration show the better performance than legacy TDD. It because total DL resource of {XXXXX} can be same or similar with legacy TDD {DDDSU}. There are more opportunities for HARQ-ACK transmission, which allows quick application of behavior such as MCS adaptation. Because of this, DL performance can be improved.
For {XXXXU} slot configuration, DL Average-UPT loss (high RU) is confirmed for each traffic load point. 
Overall, SBFD DL performance on FR2-1 scenario tends to similar with FR1 scenario.
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Figure 35. DL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)

[Packet Latency]
Figure 36 shows DL and UL Mean Packet Latency. For the DL and UL Packet Latency with the SBFD, each results has similarity as in Average-UPT performance.
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Figure 36. Mean CDF of Packet Latency for DL and UL

3.3.1.8 FR2-1 Indoor Office with Small Packet
For FR2-1 Indoor Office scenario with small packet size, every evaluation assumption is same except for packet size. 

[Resource Utilization]
Overall, RU performance tend to similar with FR2-1 Indoor Office scenario with large packet size.
- DL RU
For {XXXXU} SBFD slot configuration, SBFD system has higher mean RU than a TDD system. For {XXXXX} SBFD slot configuration, a SBFD system can slightly reduce mean RU than a TDD.
- UL RU
For {XXXXU} SBFD slot configuration, SBFD system have lower mean RU than the TDD. For {XXXXX} SBFD slot configuration, SBFD system have lower mean RU than the TDD. Although total UL resource is same or similar with legacy TDD UL resource, SBFD system can secure increased HARQ-ACK opportunities.
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Figure 37. Mean Type-2 Resource Utilization

[Average-UPT]
- UL Average-UPT
Figure 38 shows UL Average-UPT with the SBFD slot configuration {XXXXX} and {XXXXU}. Overall, the improved SBFD UL gain over legacy TDD can be confirmed. This is because most UEs are located in a good environment as Indoor Office scenario, so then small size packet is more likely to be processed by one shot transmission. As a results, packet processing time including scheduling time can be reduced, effectively.
For {XXXXX} slot configuration, higher mean Average-UPT gains can be achieved in SBFD operation for all traffic load points unlike large size packet assumption. Even if the SBFD slot configuration Alt 4 {XXXXX} has the same UL resource as legacy TDD {DDDSU}, the UL UPT gain can be obtained since the time required to schedule and process generated packets is reduced compared to TDD.
For {XXXXU} slot configuration, more than 95 % higher mean Average-UPT gains can be achieved in SBFD operation for all traffic load points. Compared to {XXXXX} slot configuration, higher UL UPT gain of {XXXXU} slot configuration can be confirmed thanks to UL only slot.

- DL Average-UPT
Overall, the similar results with evaluation for large packet size is confirmed.
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Figure 38. UL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)
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Figure 39. DL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)

[Packet Latency]
Figure 40 shows DL and UL Mean Packet Latency. For the DL and UL Packet Latency with the SBFD, each results has similarity as in Average-UPT performance.
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Figure 40. Mean CDF of Packet Latency for DL and UL

Observation 14 For SBFD {XXXXU} on Indoor scenario, UL UPT performance is significantly improved thanks to SBFD operation. And, For SBFD {XXXXX} on Indoor scenario, UL UPT performance can be beneficial to UE which is located poor channel environment.
Observation 15 For SBFD {XXXXU} on Indoor scenario, DL UPT performance is degraded due to reduced total DL resource. And, For SBFD {XXXXX} on Indoor scenario, DL UPT performance can be improved or maintained.

3.3.2 SBFD Deployment Case 4 (Two operators)
Deployment case 4 is defined as two operators each using one carrier are considered and the two carriers are adjacent carriers. One operator uses legacy TDD operation (static TDD operation) while the other operator uses SBFD operation with the same SBFD subband configuration. 
In this evaluation, it is possible to see the performance impact of interference between adjacent channels in addition to single operator environment. In here, we focus on SBFD UL performance impact due to additional co-site legacy TDD gNB-to-SBFD gNB adjacent-channel CLI (can be evaluated in 0 % Grid Shift) and additional inter-site legacy TDD gNB-to-SBFD gNB adjacent-channel CLI (can be evaluated in 100 % Grid Shift).
In order to compare the performance impact to co-existence, we have established based on RAN1 SBFD SLS assumption.
· Baseline: Legacy TDD for Operator #1 - Legacy TDD for Operator #2
· Co-existence: Legacy TDD for Operator #1 – SBFD for Operator #2
 Based on the above criteria, the result comparison can be done as Legacy TDD for Operator #2 (baseline) vs. SBFD for Operator #2 (Co-existence). Through this, SBFD UL performance impact from interference which is induced by adjacent-channel legacy TDD can be confirmed.
 Common evaluation assumptions are listed up as below:
· gNB total transmit power:
· TDD: 49 dBm
· SBFD: Power boosting is not assumed for SBFD symbols compared to DL-only symbols (as in legacy systems)
· SBFD antenna configuration:
· Option 2 (Twice area & same TxRUs)
· Packet size:
· Option 2 (Large packet size; 0.5 Mbytes for DL and 0.125 Mbytes for UL)
Further detailed assumptions are described in attached Excel file of R1-2307674.

3.3.2.1 FR1 Urban Macro with Large Packet (0 % Grid Shift) 
0% Grid shift is a layout in which two FR1 Urban Macro consisting of 7 sites, 21 cells (21 gNBs) are completely overlapped. Accordingly, from one SBFD gNB perspective, there are three co-site adjacent-channel CLI sources within the same site, and an gNB-gNB adjacent channel CLI source at a point as far away as the ISD. In particular, for co-site adjacent channel CLI modeling, the isolation capability of the each co-site CLI used in this evaluation can be summarized as follows.
· Co-channel : 93 dB spatial isolation + 42.46 frequency isolation
· Adjacent-channel : 93 dB spatial isolation + 42.46 frequency isolation

[Resource Utilization]
Figure 41 is show the Type-2 RU for both DL and UL.
- DL RU
 For SBFD {XXXXU}, compared to single operator scenario, there are no additional interference factors affecting performance on the X slot. Therefore, there is no influence from other systems. On the other hand, for SBFD {XXXXX}, compared to single operator scenario, DL RU performance is degraded due to TDD UL UE-to-SBFD DL UE CLI which is occured on each 5th X slot (i.e., {XXXXX} and {DDDSU}). 
- UL RU
For {XXXXU}, as discussed in single operator, the SBFD system has lower mean RU than a legacy TDD. This is because of the time resource of UL in SBFD system have increased. However, it can be seen that the RU may increase compared to the single operator due to the increase in packet processing time due to adjacent channel interference, but the UL RU is still lower than the baseline. On the other hand, for {XXXXX}, under high traffic load condition, increased RU is observed. 
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Figure 41. Mean Type-2 Resource Utilization

[Average-UPT]
- UL Average-UPT
Figure 42 shows SBFD UL Average-UPT CDF result. For SBFD {XXXXU}, overall UL Average-UPT gain is reduced compared to single operator scenario. To be specific, at the low traffic load point, UL Average-UPT gain is maintained compared to single operator scenario. But, SBFD UL Average-UPT gain is reduced as traffic load is increased. This is because there are three co-site adjacent-channel CLI sources within the same site, and gNB-gNB adjacent channel CLI source at a point as far away as the ISD. However, although low co-site CLI suppression capability is assumed for both of co-channel and adjacent-channel, we have confirmed that the UL Average-UPT gain of SBFD remains high due to the use of UL subband. On the other hand, for SBFD {XXXXX}, UL Average-UPT loss is confirmed on high traffic load point.
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Figure 42. UL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)
- DL Average-UPT
As discussed above in RU, for SBFD system using {XXXXU} slot configuration, there are very minor interference factors affecting performance on X slot. Therefore, we confirmed that it is similar to single operator.
For SBFD {XXXXX}, Average-UPT performance is maintained similar with single operator scenario at low traffic load condition. However, as the traffic load increases, DL performance is degraded compared to legacy TDD due to TDD UL UE-to-SBFD DL UE CLI on every 5th slot
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Figure 43. DL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)

[Packet Latency]
Figure 44 shows SBFD DL and UL Mean Packet Latency. For the DL and UL Packet Latency with the SBFD, each results has similarity as in Average-UPT performance.
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Figure 44. Mean CDF of Packet Latency for DL and UL

3.3.2.2 FR1 Urban Macro with Large Packet (100 % Grid Shift)
100% Grid shift is a layout in which among two FR1 Urban Macro consisting of 7 sites, 21 cells (21 gNBs) one operator is shifted by some distance. Accordingly, from one SBFD gNB perspective, there may be inter-site gNB-gNB adjacent channel CLI source at a point which has shorter distance than ISD. In this evaluation, unlike 0% Grid Shift, co-site gNB-gNB adjacent channel CLI is not considered.
[Resource Utilization]
Figure 45 is show the Type-2 RU for both DL and UL. Overall RU performance tend to similar with 0 % Grid shift scenario.
- DL RU
 For SBFD {XXXXU}, compared to single operator scenario, there are no additional interference factors affecting performance on the X slot. Therefore, there is no influence from other systems. On the other hand, for SBFD {XXXXX}, compared to single operator scenario, DL RU performance is degraded due to TDD UL UE-to-SBFD DL UE CLI. These CLI will occured on each 5th X slot (i.e., {XXXXX} and {DDDSU}). 
- UL RU
For {XXXXU}, as discussed in single operator, the SBFD system has lower mean RU than a legacy TDD. This is because of the time resource of UL in SBFD system have increased. However, it can be seen that the RU may increase compared to the single operator due to the increase in packet processing time due to adjacent channel interference, but the UL RU is still lower than the baseline. On the other hand, for {XXXXX}, under high traffic load condition, increased RU is observed.
[image: ]
Figure 45. Mean Type-2 Resource Utilization

[Average-UPT]
- UL Average-UPT
Figure 46 shows SBFD UL Average-UPT CDF result. For SBFD {XXXXU}, overall UL Average-UPT gain is reduced compared to single operator scenario. To be specific, at the low traffic load point, UL Average-UPT gain is maintained compared to single operator scenario. But, SBFD UL Average-UPT gain is reduced as traffic load is increased. This is because there are gNB-gNB adjacent-channel CLI source at a point which has shorter distance than ISD. Nevertheless, we have confirmed that the UL Average-UPT gain of SBFD remains high due to the use of UL subband. On the other hand, for SBFD {XXXXX}, performance impact from adjacent-channel CLI tend to similar with 0 % Grid Shift scenario.
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Figure 46. UL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)

- DL Average-UPT
Figure 47 shows SBFD DL Average-UPT performance. For both of SBFD {XXXXU} and SBFD {XXXXX}, each results has similarity as in DL Average-UPT of 0 % Grid Shift scenario.
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Figure 47. DL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)

[Packet Latency]
Figure 48 shows SBFD DL and UL Mean Packet Latency. For the DL and UL Packet Latency with the SBFD, each results has similarity as in Average-UPT performance.
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Figure 48. Mean CDF of Packet Latency for DL and UL

Observation 16 For SBFD {XXXXU} on Macro cell with multi-operator scenario, UL UPT gain can be affected from co-site inter-sector CLI, gNB-gNB CLI and even adjacent-channel gNB-gNB CLI, but the benefits of SBFD system are still significant.
Observation 17 For SBFD {XXXXX} on Macro cell with multi-operator scenario over low and medium traffic load points, UL performance can be improved thanks to more retransmission opportunities. But, at the high traffic load point, the benefits of SBFD can be limited.

3.3.3. SBFD Deployment Case 3-2 (2-Layer Scenario B)
Deployment case 3-2 is defined as 2-layer scenario on co-channel are considered. The first layer is Urban Macro cell with TDD operation and the second layer is Indoor Office cell with SBFD operation which is located in a Macro cell.
In this evaluation, it is possible to see the performance impact of co-channel interference between TDD cell and SBFD cell in addition to Deployment Case 1 scenario. The new types of interference is below:
· Co-channel TDD gNB-to-SBFD gNB inter-site CLI
· Co-channel TDD UL UE-to-SBFD DL UE CLI 
· It can be excluded according to SBFD slot configuration.
Detailed assumptions are described in attached Excel file of R1-2307674.

3.3.3.1 FR1 with Large Packet
[Resource Utilization]
- DL RU
For {XXXXU} SBFD slot configuration, SBFD system has higher mean RU than a TDD system. For {XXXXX} SBFD slot configuration, a SBFD system can slightly reduce mean RU than a TDD. 
- UL RU
For {XXXXU} SBFD slot configuration, SBFD system have lower mean RU than the TDD. For {XXXXX} SBFD slot configuration, SBFD system have lower mean RU than the TDD.
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Figure 49. Mean Type-2 Resource Utilization

[Average-UPT]
- UL Average-UPT
Figure 50 shows UL Average-UPT with the SBFD slot configuration {XXXXX} and {XXXXU}.
For {XXXXX} slot configuration, the SBFD system has a slight increase or similar mean Average-UPT results compared to legacy TDD. This is because total UL resource is same or similar with legacy TDD. However, even if there is no gain in 50%-tile and 95%-tile CDF, we can confirm improved gain in 5%-tile CDF. This result is because more retransmission opportunities can be given to UEs which are located on poor channels.
For {XXXXU} slot configuration, significantly higher mean Average-UPT gains can be achieved in SBFD operation for all traffic load points. It tends to be seen similar results with Indoor Office scenario in Deployment Case 1. It is because that Indoor SBFD gNB is located in building, the pathloss will be increased due to penetration loss. In addition, the boresight of Macro TDD gNB and Indoor SBFD gNB cannot be matched with each other, so low antenna gain is expected between them. From this, we can confirm that interference from the Macro TDD gNB is not significantly affect UL reception of the Indoor SBFD gNB.
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Figure 50. UL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)

- DL Average-UPT
Figure 51 shows UL Average-UPT with the SBFD slot configuration {XXXXX} and {XXXXU}.
Likewise, it tends to be seen similar results with Indoor Office scenario in Deployment Case 1.
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Figure 51. DL Average-UPT CDF (Mean, 5%-tile, 50%-tile and 95%-tile)

[Packet Latency]
Figure 52 shows SBFD DL and UL Mean Packet Latency. For the DL and UL Packet Latency with the SBFD, each results has similarity as in Average-UPT performance.
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Figure 52. Mean CDF of Packet Latency for DL and UL

Observation 18 For Case3-2 (2-layer scenario), It has been confirmed that the interference from the Macro TDD gNB dose not significantly affect UL reception of the Indoor SBFD gNB.



3.4 LLS Evaluation on UL coverage enhancements
3.4.1 LLS Evaluation Results
	Agreement (RAN1#112b-e)
For LLS coverage evaluation, RAN1 should consider self-interference, co-site inter-sector interference, inter-site gNB-gNB co-channel inter-subband CLI and UE-gNB interference in TDD system and SBFD system. 
Option-1
· The modelling method is as below:
· For TDD UL slot, additive white Gaussian noise with variance of  is generated, where 
·  is UE-gNB interference and  is noise (in linear scale).
· For SBFD slot, additive white Gaussian noise with variance of  is generated, where 
· , , ,  are self-interference, co-site inter-sector interference, inter-site gNB-gNB co-channel inter-subband CLI and UE-gNB interference (in linear scale), respectively
· Companies to report the details of deriving  and . Some examples are as below:
· Example-1:  and  are derived based on a certain assumption of the topology of gNBs and UEs ( is derived based on 1dB desense and   is derived based on  as agreed in last meeting). In this example, the interference is pre-receiver interference.
· Note: link budget analysis can be applied in this example
· Example-2:  is derived based on statistic in SLS, and then  is used in LLS to increase the Gaussian noise power in SBFD symbol compared to TDD UL symbol. In this example, the interference is post-receiver interference.
· Example-3:  and  can be derived based on statistic in SLS. In this example, the interference is post-receiver interference.
· Companies to report the RU assumption for the interference.
· Note: For simplicity, the interference is independently updated/generated in each slot.
· Note: Companies are encouraged to report whether and how channel estimation and interference estimation will be impacted by  and .
· Based on the modelling method, the following high-level evaluation method can be used as an example for coverage performance evaluation:
· Step 1: For legacy TDD system, assume the SNR in UL only slot is , perform LLS to get the required SNR () with which UE can achieve a certain bit rate in UL
· Step 2: For SBFD system with frame structure XXXXU, assume the SNR in UL only slot is  and the SNR in SBFD slot is . Perform LLS to get the required SNR () with which UE can achieve a certain bit rate in UL for a given SBFD coverage enhancement scheme (e.g., SBFD with PUSCH repetition type A, etc.)
· Step 3: Use Link budget template to obtain MPL, MCL and MIL for legacy TDD and SBFD.
· For legacy TDD, the required SNR () obtained in Step 1 is used to calculate MPL, MCL, MIL. For SBFD, the required SNR () obtained in Step 2 is used to calculate MPL, MCL, MIL.
……



In this section, we outline the methodology and present the results of the coverage evaluation for the SBFD system using both the example-1 and the example-2 from the option-1. For the example-1,  and  are derived based on a certain assumption of the topology of gNBs and UEs,  is assumed to be a 1 dB desense and   is calculated based on . In FR1, to calculate  and , the topology representing an urban macro deployment with a 500m ISD is considered as illustrated in Figure 45. For , only one aggressor UE is considered, assuming a distance of 500m between the aggressor UE and the victim gNB. The antenna gain between the UE and the gNB is assumed to be 3.7 dB per receiving antenna port. This value is determined by placing multiple UEs at a distance of 500m from the gNB, and then selecting the antenna gain from the UE that yields the highest RSRP. For , we derive the antenna gain between an aggressor gNB and a victim gNB from SLS evaluation (by considering three-sector antenna’s boresights). As depicted in Figure 45, there are four neighboring gNBs equidistant from the victim gNB. Of these four, two have an antenna gain of 0.34dB per receiving antenna port, whereas the remaining two have a significantly lower antenna gain of -9.8 dB. So, we only consider the two aggressor gNBs with the most dominant antenna gain of 0.34 dB. In the case of FR2-1, we utilize the topology with an ISD of 200m, indicative of a dense urban macro deployment. To determine the value of antenna gain, the same approach as used in FR1 is employed. For , the antenna gain between the aggressor UE and the victim gNB is assumed to be 16.4 dB per receiving antenna port. For , the two aggressor gNBs with the antenna gain of -16.93 dB are considered. In comparison to FR1, there’s a significant difference between the antenna gain values of  and  in FR 2-1. Unlike in FR1, where the gNB considers only a single bore-sight beam and the UE has only an omnidirectional beam, in FR2-1, both the gNB and UE consider 12 beams each. Note that these beams in FR2-1 have a much narrower beamwidth compared to FR1. When the beams from the UE and the gNB align, they can achieve a significant beam gain. However, misalignment can result in a substantial reduction in gain. Proper beam pairing between the UE and gNB can lead to enhanced antenna gain for . Conversely, achieving beam alignment between two gNBs with fixed positions is more challenging, resulting in reduced antenna gain for . 
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Figure 45. The topology in FR1

· gNB-gNB CLI()
The value of interference power is determined based on the inter-site gNB-gNB co-channel inter-subband CLI model agreed for SLS in the above agreement. The coupling loss between two gNBs is calculated using the agreed formula for SLS, too. The path loss is calculated based on 3GPP TR 38.901, section 7.4.1 assuming gNB-gNB LOS:NLOS = 3:1. Table 12 shows a link budget template for determining the power of gNB-gNB CLI. In this calculation, we assum that the gNB has full resource allocation and keep the same PSD. Therefore, for FR1, we consider 49 dBm for 100 MHz, specifically 48.03 dBm for 80 MHz, in the urban macro scenario. For FR 2-1, 43 dBm for 200 MHz is taken into consideration, specifically 42.03 dBm for 160 MHz. Power boosting is not concerned. ACSBS are assumed to be 45 and 46 dB for FR1 and 28 and 23.5 dB for FR2-1, respectively.

Table 12. Link budget template for gNB-gNB CLI power
	
	
	FR 1
	FR 2-1

	A
	BS Power over 80MHz [dBm]
	48.03
	42.03

	B
	Pathloss-LOS [dB]
defined in TR 38.901
	99.42
	108.17

	C
	Pathloss-NLOS [dB]
defined in TR 38.901
	116.96
	118.91

	D
	Shadow fading (LOS) [dB]
	0.00
	0.00

	E
	Shadow fading (NLOS) [dB]
	0.00
	0.00

	F
	Antenna gain [dB]
	0.34
	-16.93

	G
	The number of antenna ports
	64.00
	2.00

	H
	Coupling loss (LOS) [dB]
= B+D-(F+10log10(G))
	81.02
	122.08

	I
	Coupling loss (NLOS) [dB]
= C+E-(F+10log10(G))
	98.56
	132.83

	J
	Coupling loss (Average) [dB]
75% LOS, 25% NLOS
	82.24
	123.21

	K
	Frequency isolation (ACIR) [dB]
1/ACLR+1/ACS
	42.46
	22.18

	L
	gNB-gNB CLI power per RB [dB]
= A-J-K-10log10(N_RB), N_RB = 273 (FR1) or 132 (FR2-1)
	-101.03
	-124.57

	M
	gNB-gNB CLI power per RB (2 aggressors) [dB]
	-98.03
	-121.57

	N
	Noise power for 1 RB [dBm]
= 174 + NF + 10log10(bandwidth), NF = 5 (FR1) or 7 (FR2-1)
	-113.44
	-105.42

	O
	INR of gNB-gNB CLI [dB]
=M-N
	15.40
	-16.15


	
· UE-gNB interference()
 The power of UE-gNB interference experienced by the victim gNB on each receiver chain at one UL RB can be modelled as 
·  
·  is the power of UE-gNB interference from the aggressor UE to the victim gNB on each receiver chain at one UL RB (linear value)
·  is UL transmission power of the aggressor UE across all transmit chains per RB (linear value). , where  is the maximum transmission power of UE.
·  is the number of UL RBs allocated for UL transmission by the aggressor UE.
·  is the coupling loss between the aggressor UE and victum gNB (linear value), accounting for beamforming at the both sides.
·  is the total number of UL RBs in the UL subbands. 
The coupling loss is calculated using the agreed formula for SLS and the path loss is calculated based on 3GPP TR 38.901, section 7.4.1 assuming only LOS. Table 13 is a link budget template for calculating the power of UE-gNB interference. A UE transmission power is assumed to be 23 dBm. For simplicity, it is assumed that the aggressor UE allocates 55 RBs for uplink transmission in FR1, and 26 RBs in FR2-1. These values are the maximum number of RBs for uplink transmission in SBFD for FR1 and FR2-1, respectively. If you consider the lower number of RBs allocation for uplink transmission, e.g., 30RBs or 25RBs, the UE-gNB interference may be higher than the values in Table 13.  

Table 13. Link budget template for UE-gNB interference power
	
	
	FR1
	FR2-1

	A
	UE Power [dBm]
	23.00
	23.00

	B
	Pathloss-LOS [dB]
defined in TR 38.901
	99.43
	108.23

	C
	Shadow fading (LOS) [dB]
	0.00
	0.00

	D
	Antenna gain [dB]
	3.7
	16.4

	E
	The number of antenna ports
	1.00
	1.00

	F
	Coupling loss [dB]
= B+C-(D+10log10(E))
	95.73
	91.83

	G
	UE-gNB interference power per RB [dB]
= A-F-10log10(N_RB), N_RB = 55 (FR1) or 26 (FR2-1)
	-90.13
	-82.98

	H
	Noise power for 1 RB [dB]
= 174 + NF + 10log10(bandwidth), NF = 5 (FR1) or 7 (FR2-1)
	-113.44
	-105.42

	I
	INR of UE-gNB interference [dB]
	23.30
	22.44



· Co-site inter-sector CLI()
 For the co-site inter-sector CLI, the power of it can also be calculated using a link budget template based on assumption of αco-site, ACLRBS and ACSBS. Table 14 provides a detailed calculation of the interference power using a link budget template. Since the victim sector receives interference from two other sectors, the interference for each sector is calculated and summed up. Two CLI powers were calculated for each frequency band based on the assumptions of the antenna isolation and the digital cancellation. For FR1, two assumptions were used: the first one considers only 93 dB of spatial isolation, while the second one assumes 100 dB of spatial isolation and 10 dB of digital cancellation. For FR2, the first one considers only 98 dB of spatial isolation, while the second one assumes 105 dB of spatial isolation and 10 dB of digital cancellation, as well.
Table 14. Link budget template for co-site inter-sector CLI power
	
	
	FR1
	FR1
	FR2-1
	FR2-1

	A
	BS Power over 80MHz [dBm]
	48.03
	48.03
	42.03
	42.03

	B
	Frequency isolation (ACIR) [dB]
1/ACLR+1/ACS
	42.46
	42.46
	22.18
	22.18

	C
	Antenna isolation [dB]
	93
	100.00
	98.00
	105.00

	D
	D-SIC/RF-SIC [dB]
	0
	10.00
	0.00
	10.00

	E
	Residual interference power [dB]
= A-(B+C+D)
	-87.43
	-104.43
	-88.15
	-95.15

	F
	Residual interference power (2 sectors) [dB]
	-84.43
	-101.43
	-85.15
	-92.15

	G
	Noise power over UL subband [dB]
= 174 + NF + 10log10(bandwidth)
	-95.99
	-95.99
	-90.98
	-90.98

	I
	INR of co-site inter-sector CLI [dB]
= F-G
	11.57 
	-5.44 
	15.83 
	-1.17 



Finally, the self-interference power () is derived based on 1dB desense, i.e., the self-interface power is 6dB lower than the noise power, i.e., INR of the self-interference is -6dB.  
Table 15 summarizes the interference power of each interference contributor for FR1 and FR2-1.
Table 15. The value of Interference power of each components
	Frequency range
	
	
	
	

	FR1
	-6 [dB]
	11.57 or -5.44 [dB]
	15.40 [dB]
	23.30 [dB]

	FR2-1
	
	15.83 or -1.17 [dB]
	-16.15 [dB]
	22.44 [dB]



In UL symbols (in a UL slot in a TDD system or a SBFD system), the interference power is equal to the UE-gNB interference power while in SBFD symbols, the total interference power is equal to the sum of self-interference, co-site CLI, gNB-gNB CLI and UE-gNB interference. Table 16 presents the total interference power for each symbol type. It is notable that in our LLS evaluation assuptions, the UE-gNB interference is predominant. As a result, other interference have marginal influence on the total interference level, leading to a difference of less than 1.0 dB between the interference in the two different slot types.  
Table 16. The value of Interference power of two symbol types
	Frequency
range
	UL only symbol (A)

	SBFD symbol (B)

	Difference (B-A)

	FR1
	23.30 [dB]
	23.96 or 24.20 [dB]
	0.66 or 0.90 [dB]

	FR2-1
	22.44 [dB]
	22.47 or 23.30 [dB]
	0. 03 or 0.86 [dB]



In the case of example-2, a value of delta () is derived from SLS depending on the load level. Based on the agreement, we obtained the dalte value in FR1, as shown in Table 17.
Table 17. The value of 
	Load
	Low
	Medium
	High

	
	0.31 [dB]
	0.43 [dB]
	1.76 [dB]



To evaluate UL coverage performance for SBFD and compare with TDD operation, we conduct link-level simulations using PUSCH repetition type A and TBoMS as illustrated in Figure 46. The simulation assumptions are based on the parameters agreed in the RAN1#112b-e meeting. Joint channel estimation is applied only for the same symbol type. 
[image: ]
Figure 46. Configuration for each transmission scheme

 In the simulations, we consider one TDD cycle with 5 slots (2.5ms with 30 kHz SCS) and use MCS index 4 to meet the target data rate of 1 Mbps in FR1. For FR 2-1, we consider one TDD cycle with 5 slots (0.625ms with 120 kHz SCS) and MCS index 6 is used to achieve a data rate of 5 Mbps. For TDD, only one UL slot is used for UL transmission within one TDD period. For PUSCH repetition type A in SBFD, 4 SBFD slots and 1 UL slot can be used for UL transmission while transmitting the same TB repeatedly 5 times within one TDD period. In both cases, 30 PRBs are allocated for UL transmission in SBFD/UL slot in FR 1, while for FR2-1, 25 PRBs are used. For TBoMS in SBFD, 4 SBFD slots and 1 UL slot are used for UL transmission and one TB is transmitted over 5 SBFD/UL slots. Note that only a fifth of the PRBs used in other schemes are used for TBoMS transmission. For UL slots, we generate additive Gaussian noise with INR of 23.3 dB for UE-gNB interference power and for SBFD slots, we generate additive Gaussian noise with INR of 23.96 dB for self-interference, co-site inter-ector CLI, gNB-gNB CLI and UE-gNB interference. For FR2, INRs of 22.44 dB and 22.47 dB are used, respectively. 
Figure 47-50 shows the demodulation performance of SBFD with PUSCH repetition type A and TBoMS when utilizing example 1 and 2. We can see the SNR gain in scheme-1 and scheme-3 which represent the performance of PUSCH repetition type A at 10% target BLER. On the other hand, it seems that an SNR gain is hardly observed in scheme-2 and scheme-4 which represent the performance of TBoMS. However, given the number of PRBs, the transmission power per RB of TBoMS is higher than that of the TDD system. Thus, when TBoMS is used, we can expect a power boosting gain, which is reflected in MCL. 
It is worth noting that we apple 2D-MMSE joint channel estimation where the interference power also taken into account in the channel estimator. That is, the channel estimation performance is slightly degraded in SBFD symbols due to higher interference. In addition we assume that the power of interference and noise can be perfectly estimated at the receiver end.
In Table 17-24, required SNR and maximum coupling loss (MCL) are summarized for each transmission scheme. This metric is calculated based on the link-budget template of Rel-17 coverage enhancement. For TBoMS in SBFD, it has a similar required SNR value to that of TDD, but due to the higher power spectrum density associated with the fewer number of PRBs, similar value for MCL can be obtained when using TBoMS as well as when using PUSCH repetition type A. We do not consider the receiver blocking model during the link-budget analysis.  
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Figure 47. Link-level simulation results for FR1 with maximum resource utilization at gNB (Ex 1)
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Figure 48. Link-level simulation results for FR2 with maximum resource utilization at gNB (Ex 1)
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Figure 49. Link-level simulation results for FR1 (Ex 2, Repetition Type A)
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Figure 50. Link-level simulation results for FR1 (Ex 2, TBoMS)

Table 17: UL coverage metrics for Scheme-1 (FR1)
	Sample
	TDD/SBFD
	Required SNR
	MCL
	Key assumptions

	Samsung
	TDD
	1.67
	128.58
	Evaluation method: Option-1 (Example-1)
- INR of co-site inter-sector interference (dB): -5.44 dB
- total INR of all inter-site gNB-gNB CLI (or number of aggressor inter-site gNBs and INR of each inter-site gNB-gNB CLI): 15.4 dB
- total INR of all UE-gNB CLI (or number of aggressor UEs and  INR of each UE-gNB interference): 23.3 dB
Others: 30 RB per slot, 5 slot, Repetition# = 5, MCS=4, w/o frequency hopping, 2 DMRS symbol, TDL-C

	
	SBFD
	-4.15
	134.4
	

	
	Gain
	5.82
	5.82
	

	
	TDD
	1.67
	128.58
	Evaluation method: Option-1 (Example-2)
- Load level: Low
- △=0.31 dB
Others: 30 RB per slot, 5 slot, Repetition# = 5, MCS=4, w/o frequency hopping, 2 DMRS symbol, TDL-C

	
	SBFD
	-4.6
	134.85
	

	
	Gain
	6.27
	6.27
	

	
	TDD
	1.67
	128.58
	Evaluation method: Option-1 (Example-2)
- Load level: Medium
- △=0.43 dB
Others: 30 RB per slot, 5 slot, Repetition# = 5, MCS=4, w/o frequency hopping, 2 DMRS symbol, TDL-C

	
	SBFD
	-4.33
	134.58
	

	
	Gain
	6.00
	6.00
	

	
	TDD
	1.67
	128.58
	Evaluation method: Option-1 (Example-2)
- Load level: High
- △=1.76 dB
Others: 30 RB per slot, 5 slot, Repetition# = 5, MCS=4, w/o frequency hopping, 2 DMRS symbol, TDL-C

	
	SBFD
	-3.05
	133.3
	

	
	Gain
	4.72
	4.72
	



Table 18: UL coverage metrics for Scheme-1 (FR2-1)
	Sample
	TDD/SBFD
	Required SNR
	MCL
	Key assumptions

	Samsung
	TDD
	4.5
	104.73
	Evaluation method: Option-1 (Example-1)
- INR of co-site inter-sector interference (dB): -1.17 dB
- total INR of all inter-site gNB-gNB CLI (or number of aggressor inter-site gNBs and INR of each inter-site gNB-gNB CLI): -16.15 dB
- total INR of all UE-gNB CLI (or number of aggressor UEs and  INR of each UE-gNB interference): 22.44 dB
Others: 25 RB per slot, 5 slot, Repetition# = 5, MCS=6, w/o frequency hopping, 2 DMRS symbol, TDL-A

	
	SBFD
	-3.96
	113.19
	

	
	Gain
	8.46
	8.46
	




Table 19: UL coverage metrics for Scheme-2 (FR1)
	Sample
	TDD/SBFD
	Required SNR
	MCL
	Key assumptions

	Samsung
	TDD
	1.67
	128.58
	Evaluation method: Option-1 (Example-1)
- INR of co-site inter-sector interference (dB): -5.44 dB
- total INR of all inter-site gNB-gNB CLI (or number of aggressor inter-site gNBs and INR of each inter-site gNB-gNB CLI): 15.4 dB
- total INR of all UE-gNB CLI (or number of aggressor UEs and  INR of each UE-gNB interference): 23.3 dB
Others: 6 RB per slot, 5 slot, Repetition# = 1, MCS=4, w/o frequency hopping, 2 DMRS symbol, TDL-C

	
	SBFD
	2.93
	134.31
	

	
	Gain
	-1.26
	5.73
	

	
	TDD
	1.67
	128.58
	Evaluation method: Option-1 (Example-2)
- Load level: Low
- △=0.31 dB
Others: 6 RB per slot, 5 slot, Repetition# = 1, MCS=4, w/o frequency hopping, 2 DMRS symbol, TDL-C

	
	SBFD
	2.54
	134.7
	

	
	Gain
	-0.87
	6.12
	

	
	TDD
	1.67
	128.58
	Evaluation method: Option-1 (Example-2)
- Load level: Medium
- △=0.43 dB
Others: 6 RB per slot, 5 slot, Repetition# = 1, MCS=4, w/o frequency hopping, 2 DMRS symbol, TDL-C

	
	SBFD
	2.87
	134.37
	

	
	Gain
	-1.2
	5.79
	

	
	TDD
	1.67
	128.58
	Evaluation method: Option-1 (Example-2)
- Load level: High
- △=1.76 dB
Others: 6 RB per slot, 5 slot, Repetition# = 1, MCS=4, w/o frequency hopping, 2 DMRS symbol, TDL-C

	
	SBFD
	3.94
	133.3
	

	
	Gain
	-2.27
	4.72
	



Table 20: UL coverage metrics for Scheme-2 (FR2-1)
	Sample
	TDD/SBFD
	Required SNR
	MCL
	Key assumptions

	Samsung
	TDD
	4.5
	104.73
	Evaluation method: Option-1 (Example-1)
- INR of co-site inter-sector interference (dB): -1.17 dB
- total INR of all inter-site gNB-gNB CLI (or number of aggressor inter-site gNBs and INR of each inter-site gNB-gNB CLI): -16.15 dB
- total INR of all UE-gNB CLI (or number of aggressor UEs and  INR of each UE-gNB interference): 22.44 dB
Others: 25 RB per slot, 5 slot, Repetition# = 5, MCS=6, w/o frequency hopping, 2 DMRS symbol, TDL-A

	
	SBFD
	3.83
	112.39
	

	
	Gain
	0.67
	7.66
	



Table 21: UL coverage metrics for Scheme-3 (FR1)
	Sample
	TDD/SBFD
	Required SNR
	MCL
	Key assumptions

	Samsung
	TDD
	1.67
	128.58
	Evaluation method: Option-1 (Example-1)
- INR of co-site inter-sector interference (dB): -5.44 dB
- total INR of all inter-site gNB-gNB CLI (or number of aggressor inter-site gNBs and INR of each inter-site gNB-gNB CLI): 15.4 dB
- total INR of all UE-gNB CLI (or number of aggressor UEs and  INR of each UE-gNB interference): 23.3 dB
Others: 6 RB per slot, 5 slot, Repetition# = 1, MCS=4, w/o frequency hopping, 2 DMRS symbol, TDL-C

	
	SBFD
	-4.59
	134.84
	

	
	Gain
	6.26
	6.26
	

	
	TDD
	1.67
	128.58
	Evaluation method: Option-1 (Example-2)
- Load level: Low
- △=0.31 dB
Others: 6 RB per slot, 5 slot, Repetition# = 1, MCS=4, w/o frequency hopping, 2 DMRS symbol, TDL-C

	
	SBFD
	-5.08
	135.33
	

	
	Gain
	6.75
	6.75
	

	
	TDD
	1.67
	128.58
	Evaluation method: Option-1 (Example-2)
- Load level: Medium
- △=0.43 dB
Others: 6 RB per slot, 5 slot, Repetition# = 1, MCS=4, w/o frequency hopping, 2 DMRS symbol, TDL-C

	
	SBFD
	-4.99
	135.24
	

	
	Gain
	6.66
	6.66
	

	
	TDD
	1.67
	128.58
	Evaluation method: Option-1 (Example-2)
- Load level: High
- △=1.76 dB
Others: 6 RB per slot, 5 slot, Repetition# = 1, MCS=4, w/o frequency hopping, 2 DMRS symbol, TDL-C

	
	SBFD
	-3.63
	133.88
	

	
	Gain
	5.3
	5.3
	



Table 22: UL coverage metrics for Scheme-3 (FR2-1)
	Sample
	TDD/SBFD
	Required SNR
	MCL
	Key assumptions

	Samsung
	TDD
	4.5
	104.73
	Evaluation method: Option-1 (Example-1)
- INR of co-site inter-sector interference (dB): -1.17 dB
- total INR of all inter-site gNB-gNB CLI (or number of aggressor inter-site gNBs and INR of each inter-site gNB-gNB CLI): -16.15 dB
- total INR of all UE-gNB CLI (or number of aggressor UEs and  INR of each UE-gNB interference): 22.44 dB
Others: 25 RB per slot, 5 slot, Repetition# = 5, MCS=6, w/o frequency hopping, 2 DMRS symbol, TDL-A

	
	SBFD
	-4.26
	113.49
	

	
	Gain
	8.76
	8.76
	



Table 23: UL coverage metrics for Scheme-4 (FR1)
	Sample
	TDD/SBFD
	Required SNR
	MCL
	Key assumptions

	Samsung
	TDD
	1.67
	128.58
	Evaluation method: Option-1 (Example-1)
- INR of co-site inter-sector interference (dB): -5.44 dB
- total INR of all inter-site gNB-gNB CLI (or number of aggressor inter-site gNBs and INR of each inter-site gNB-gNB CLI): 15.4 dB
- total INR of all UE-gNB CLI (or number of aggressor UEs and  INR of each UE-gNB interference): 23.3 dB
Others: 6 RB per slot, 5 slot, Repetition# = 1, MCS=4, w/o frequency hopping, 2 DMRS symbol, TDL-C

	
	SBFD
	2.7
	134.54
	

	
	Gain
	-1.03
	5.96
	

	
	TDD
	1.67
	128.58
	Evaluation method: Option-1 (Example-2)
- Load level: Low
- △=0.31 dB
Others: 6 RB per slot, 5 slot, Repetition# = 1, MCS=4, w/o frequency hopping, 2 DMRS symbol, TDL-C

	
	SBFD
	2.31
	134.93
	

	
	Gain
	-0.64
	6.35
	

	
	TDD
	1.67
	128.58
	Evaluation method: Option-1 (Example-2)
- Load level: Medium
- △=0.43 dB
Others: 6 RB per slot, 5 slot, Repetition# = 1, MCS=4, w/o frequency hopping, 2 DMRS symbol, TDL-C

	
	SBFD
	2.67
	134.57
	

	
	Gain
	-1.00
	5.99
	

	
	TDD
	1.67
	128.58
	Evaluation method: Option-1 (Example-2)
- Load level: High
- △=1.76 dB
Others: 6 RB per slot, 5 slot, Repetition# = 1, MCS=4, w/o frequency hopping, 2 DMRS symbol, TDL-C

	
	SBFD
	3.51
	133.73
	

	
	Gain
	-1.84
	5.15
	



Table 24: UL coverage metrics for Scheme-4 (FR2-1)
	Sample
	TDD/SBFD
	Required SNR
	MCL
	Key assumptions

	Samsung
	TDD
	4.5
	104.73
	Evaluation method: Option-1 (Example-1)
- INR of co-site inter-sector interference (dB): -1.17 dB
- total INR of all inter-site gNB-gNB CLI (or number of aggressor inter-site gNBs and INR of each inter-site gNB-gNB CLI): -16.15 dB
- total INR of all UE-gNB CLI (or number of aggressor UEs and  INR of each UE-gNB interference): 22.44 dB
Others: 25 RB per slot, 5 slot, Repetition# = 5, MCS=6, w/o frequency hopping, 2 DMRS symbol, TDL-A

	
	SBFD
	3.67
	112.55
	

	
	Gain
	0.83
	7.82
	



Observation 19 In scheme-1, we can observe a coverage gain of 5.82 dB through example-1, and 6.27, 6, 4.72 dB for low, medium, and high loads, respectively, via example-2. For FR2-1, a coverage gain of 8.46 dB can be observed through example-1. 
Observation 20 In scheme-2, we can observe a coverage gain of 5.73 dB through example-1, and 6.12, 5.79, 4.72 dB for low, medium, and high loads, respectively, via example-2. For FR2-1, a coverage gain of 7.66 dB can be observed through example-1.
Observation 21 In scheme-3, we can observe a coverage gain of 6.26 dB through example-1, and 6.75, 6.66, 5.3 dB for low, medium, and high loads, respectively, via example-2. For FR2-1, a coverage gain of 8.76 dB can be observed through example-1.
Observation 22 In scheme-4, we can observe a coverage gain of 5.96 dB through example-1, and 6.35, 5.99, 5.15 dB for low, medium, and high loads, respectively, via example-2. For FR2-1, a coverage gain of 7.82 dB can be observed through example-1.

4 Conclusion
In this contribution, we made the following observations and proposals:
Observation 1 SBFD (with UL subband configuration for all DL symbols within TDD period) can provide 46.1%~73.3 UL U-plane latency reduction compared to static TDD systems with DDDSU.
Observation 2 SBFD (with UL subband configuration for all DL symbols within TDD period) can provide 2.7%~25.6 DL U-plane latency reduction compared to static TDD systems with DDDSU.
Observation 3 SBFD (with UL subband configuration for all DL symbols within TDD period) can provide 2.14 ~ 3.78dB UL coverage gain for the case of the same number of antenna elements or 4.36~6dB UL coverage gain for the case of the same antenna gain.
Observation 4 Given a specific deployment scenario, UL SINR of SBFD operation is degraded by up to 1dB
· Scenario: Urban Macro deployment with 500m ISD, 100/200/300m UE-gNB distance, 1 aggressor gNB, 1dB desense by self-interference.
Observation 5 Given a specific deployment scenario, DL SINR of SBFD operation is degraded by up to 0.2dB
· Scenario: Urban Macro deployment with 500m ISD, 100/200/300m gNB-UE distance, 10 aggressor UEs 

Proposal 1. For FR1 UMa scenario, capture the companies’ evaluation results according to BS TX power 49dBm and 53dBm 
Proposal 2. For FR1 UMa scenario and FR2-1 Dense UMa scenario, sub-cases are classified according to the following two co-site inter-sector CLI suppression levels
For FR1 UMa:
· Option A. 93dBm (RAN4 typical/best value) with/without digital cancelation (including option 1 and option 2 in the excel sheet)
· Option B. 93dBm (higher than RAN4 best value) with/without digital cancelation (including option 3 and option 4 in the excel sheet)
For FR2-1 Dense UMa:
· Option A. 98dBm (RAN4 typical/best value) with/without digital cancelation (including option 1 and option 2 in the excel sheet)
· Option B. 105dBm (higher than RAN4 best value) with/without digital cancelation (including option 3 and option 4 in the excel sheet)
Proposal 3. Capture seperately the SLS results with baseline evaluation assumptions and the results with optional evaluation assumptions.
· For example, the following assumptions can be described separately, if the number of samples is enough 
· Optinal UE distribution 
· Optional SBFD subband configurations
· Optional power boosting
Proposal 4. Regarding graphic visualization of the evaluation reulsts, we propose
· The box-and-whisker plot can be moved to summary of observations. (not need to add all sub-cases)
· For each sub-cases, bar graph with source name (or corresponding index) can be added instead of histogram.
Proposal 5. To make the summary of the observations, 
· Add observations according to different BS TX power (49dBm and 53dBm) 
· Add observations according to different co-site inter-sector isolation values (option A and option B)
Proposal 6. To make conclusions and recommendations, RAN1 makes a ground rule, such as 
· Step 1) For a scenario where most of sources showed well-aligned results, RAN1 will strive to make a conclusion and recommendations based on the results
· Step 2) For a scenario where a big discrepance across sources is observed, a conclusion and recommendation will not be drawn. Instead, the conclusion and recommendation will indicate the RAN1’s observations on the scenario are diverged.
Proposal 7. Capture the LLS results separately based on the agreed assumptions and on the optional ones.
· For example, the following assumptions can be described separately, if the number of samples is enough 
· Interference generation over multiple SBFD slots

References
[bookmark: _Ref77157032]RP-222110 “Revised SID: Study on evolution of NR duplex operation”; RAN#97
TR 37.910, “Study on self evaluation towards IMT-2020 submission”
R1-2303947, “Summary#3 on evaluation on NR duplex evolution”; Moderator (CMCC)
R1-2303126, “Discussion on evaluation for NR duplex evolution”; Samsung

Appendix A: SBFD feasibility and implementation aspects
When SBFD is implemented at the gNB, the received UL signal at the gNB is subject to co-channel cross-link interference (CLI) from the gNB side transmitter. Methods to cancel the CLI include passive methods which rely on the antenna isolation between Tx and Rx antennas, active methods which utilize RF or digital signal processing, hybrid methods using a combination of these, and filtering.
Achieving a sufficient level of SIC is the most critical part when implementing SBFD at the gNB. Without adequate SIC capability, the interference from the transmitted DL signal would corrupt the received UL signal (Figure A-1(a)). To solve this problem, various SIC schemes can be used. Using the example of Figure A-1(b), SIC capability can be provided through the antenna or panel design (A), can be applied in RF domain to the RF signal (B) or in digital signal domain (C), or a combination of these.
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Figure A-1: gNB transceiver architecture with self-interference cancellation capability

For example, antenna SIC can be used to minimize the leakage power from the Tx ports to the Rx ports of the panel, and digital SIC is then used to handle any residual interference after antenna SIC. DL out-band signal power flowing into the UL Rx path can be effectively suppressed below the noise floor level to guarantee the UL receiver performance. Also, by combining digital pre-distortion (DPD) at the Tx path and digital SIC at the Rx path, the out-band interference from the DL signal to the UL signal can be effectively mitigated by the gNB such that the need for a guard band between the UL and DL signals is minimized. In FR2, the use of separate antenna panels can provide additional spatial isolation.
To check and demonstrate the feasibility and viability of SBFD, Samsung has developed and tested two different testbeds, one operating at FR1 3.5 GHz and one for FR2-1 26 GHz. These validate the feasibility of SBFD operation when implemented at the gNB-side.

A.1	Self-interference Cancellation
A.1.1	Spatial-domain and antenna isolation
To simultaneously transmit and receive in the TDD gNB radio unit using SBFD, sufficient Tx/Rx isolation is required. NR TDD radio units use duplexers and multiplexers for the antenna panels which are shared for Tx-mode and Rx-mode in TDM. Such existing RF components alone do not provide sufficient isolation when introducing SBFD in the TDD gNB radio unit.
One solution to increase the Tx/Rx isolation during simultaneous transmission and reception by the gNB is to physically separate the Rx panel and the Tx panel, e.g., separation in antenna domain. Tx/Rx isolation can be increased first simply by increasing the spatial distance. Tx/Rx isolation performance can be further increased when an additional RF barrier structure is used. Using the RF barrier between the Tx and Rx panels affects the required spatial distance separating the Tx and Rx panels. A well-designed RF barrier can minimize the need for large spatial separation and mostly preserve the existing antenna form factor and enclosed volume when compared to legacy TDD. To design an efficient RF barrier, various electromagnetic resonator structures can be incorporated into the antenna design, e.g., wall(s), gap(s), or a combination of them. These result in surface wave nulling and can further block the undesired leakage signals from the Tx panel to the Rx panel.
Figure A-2 shows measurement results with respect to the distance between upper and lower antenna panels in our FR1 3.5 GHz SBFD testbed.
While it can be expected that spatial isolation numbers vary depending on the form and particular layout configuration of antenna elements in the upper and lower panels, we have shown that >80 dB antenna isolation is possible between the Tx and Rx panels in FR1.
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Figure A-2: FR1 testbed and SIC performance when varying distance between upper and lower panel

We observe similar and even better antenna isolation performance with the FR2-1 26 GHz testbed where panel separation can be exploited.
Figure A-3 shows the FR2-1 testbed using 2 Tx panels and 2 Rx panels. Unlike the FR1 3.5 GHz testbed where SBFD performance is verified for a single NR carrier setup, the FR2-1 gNB-side testbed uses intra-band contiguous CA with 4 (or 3 CCs). Total aggregated BW is 400 (or 300) MHz with 100 MHz per CC. 3 (or 2) CCs are used for the DL and 1 CC for the UL.
Like described in the case of the FR1 3.5 GHz testbed, the Tx panel and the Rx panel in the FR2-1 26 GHz testbed are separated by a separation distance. Additional Tx/Rx isolation performance is then enabled by using an RF barrier, e.g., an additional EM resonant between the panels. In the case of FR2-1 26 GHz, since each panel can perform more directive beamforming in analog domain than possible in FR1 using mMIMO panels, the FR2-1 antenna isolation performance is better than what is achievable in FR1. An average of 87 dB antenna isolation can be observed based on the measurement results obtained from our FR2-1 testbed.
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Figure A-3: FR2-1 testbed and SIC performance when varying the operating frequency

An important design consideration for increased spatial isolation provided by the RF barrier is whether such stopband performance is stable over a wide enough frequency range. EM isolators and resonant structures are designed around a specific center frequency, e.g., 3.5 GHz. Therefore, design of the resonant structure must account properly for the channel BW and NR operating band under consideration to provide a sufficiently large stopband between Tx and Rx panel. Another consideration is that undesired Tx/Rx interference is created by multiple EM sources, e.g., antenna elements in the Tx panel. Therefore, diffusion of the corresponding surface waves is more challenging when isolating the Tx and Rx panel. Despite these challenges, our FR1 3.5 GHz and FR2-1 26 GHz testbeds have achieved isolation performance that show almost uniform antenna and panel isolation performance with respect to frequency for the 100 MHz channel BW of the NR carrier in 3.5 GHz and 100 MHz CC BW in 26 GHz. Figure A-3 shows measurement results from the FR2-1 testbed with respect to achievable antenna isolation as a function of the operating frequency.
Observation 3: 80 dB in FR1 and 87 dB in FR2-1 antenna isolation using spatial separation and RF barrier can be achieved.
Observation 4: Stopgap performance of the RF barrier for FR1 100 MHz and FR2-1 100 MHz channel BW is feasible.

A.1.2	Frequency-domain and digital cancellation
On top of the spatial isolation to prevent undesired Tx-Rx interference from the Tx panel to the Rx panel during simultaneous transmission and reception by the gNB radio unit, additional Tx/Rx isolation can be achieved in frequency-domain.
The Tx signal and the Rx signal are respectively allocated to non-overlapping frequency-domain resources on the same time-domain symbol during simultaneous transmission and reception, e.g., SBFD. At least the waveform roll-off therefore reduces the magnitude of the Tx-Rx interference to which the Rx signal is subjected. Additionally, BB filtering can be applied to further increase the achievable isolation.
The use of frequency-domain isolation between the Tx and Rx signal allocations is primarily an approach that serves the purpose of reducing the amount of self-interference which must be further cancelled by a digital cancellation stage. Note that TDD gNB radio unit design must also account for ADC and LNA in the receiver path, e.g., to prevent Rx saturation or blocking by the spectral leakage created from the undesired Tx signal.
In the case of gNB-side SBFD operation, the SBFD UL subband can be considered as out-of-channel with respect to the 1 or 2 SBFD DL subband(s). Undesired spectral leakage from the DL Tx signal in the gNB into the Rx path are reduced similar to the case of out-of-channel leakage, e.g., comparable to the gNB Tx-side Adjacent Channel Leakage Ratio (ACLR) for coexistence between two operators on adjacent channels in the same NR band. Note that ACLR is determined by the non-linear characteristics of the PA and corresponding RF requirements are set by RAN4, e.g., 45 dBc for the gNB Tx.
While it can be considered to assume that the achievable Tx-to-Rx interference from the SBFD DL subband to the UL subband can only guarantee performance according to the less stringent in-channel RF requirements, our FR1 3.5 GHz testbed implementation shows that the use of digital pre-distortion (DPD) techniques to improve upon the non-linearity characteristics of the PA can achieve 45 dBc isolation between the SBFD DL and UL subbands.
Figure A-4 shows the achievable isolation in frequency domain for FR1 SFBD when Tx-to-Rx leakage is also compensated for by DPD based on the FR1 3.5 GHz testbed.
Observation 5: 45 dBc subband leakage ratio between the SBFD DL and UL subband when using non-overlapping frequency resources with digital pre-distortion can be achieved in FR1.
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Figure A-4: FR1 testbed and PSD for SBFD DL and UL SBs after antenna isolation and digital pre-distortion

In the case of FR2-1, frequency-domain isolation for SBFD is of particular importance. Non-linear characteristics of mmWave PAs are worse than those of FR1 mid-band PAs. 3GPP ACLR requirements are more relaxed in FR2-1 when compared to FR1. This is due to beamforming providing isolation in FR2-1, implying that the probability of a blocker coming from the same direction is much lower than in FR1. Another consideration is that in FR1, the difference between the out-of-channel requirements like the ACLR and in-channel requirements like EVM is large. The PA linearity requirement is therefore dominated by out-of-channel requirements, e.g., ACLR. In FR2-1, these are at comparable levels. Spectral regrowth due to IM3 is dominant for in-channel requirements and as such, PA linearity requirements are rather driven by EVM and possibly in-band emissions. Another design challenge for DPD in FR2-1 is that PA characteristics must be carried through a feedback link from the output of the PA. In the case of mmWave, it is more difficult than in FR1 to create such a feedback link due to signal attenuation. Therefore, it is significantly more challenging to exploit DPD in FR2-1 such as done for FR1.
Despite these design challenges for gNB-side SBFD operation, our FR2-1 26 GHz testbed measurement results in Figure A-5 show that 28 dBc leakage ratio between DL and UL subband (or component carriers) are still possible, e.g., similar to ACLR as existing out-of-channel requirement for FR2-1.
Observation 6: 28 dBc subband leakage ratio between the SBFD DL and UL subband when using non-overlapping frequency resources can be achieved in FR2-1.
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Figure A-5: FR2-1 testbed and PSD for SBFD DL and UL subbands after antenna isolation and filtering


A.1.3	Additional design aspects
Frequency-domain separation to achieve a 45 dBc leakage ratio in FR1 benefits from the presence of a few RBs guard-band, e.g., 5 RBs, between the SBFD DL and UL subband. Since DPD is affected not only by the non-linear PA characteristics but also by noise caused from memory effects and PA temperature, absence of guard RBs is not meaningful to assume. In addition, presence of a few guard RBs between the DL and UL subband helps to balance the interference power per subcarrier in the UL subband which helps digital SIC performance.
Time-domain digital SIC can be used to further reduce the number of guard RBs. For example, if there is sufficient spatial isolation such that no ADC or LNA saturation in the Rx path occurs, the residual amount of interference power per subcarrier does not impact the digital SIC performance with time-domain SIC. Instead of using the frequency-domain digital SIC after FFT, time-domain filter taps which adapt according to the self-interference channel estimation can be applied to the Tx signal and remove the estimated leakage signal from the time-domain received signal. Using time-domain SIC, the guard-band size does not impact the digital SIC performance. The guard band can be smaller or the gNB radio unit can even operate without any guard band between the SBFD DL and UL subband.
Figures A-6 (FR1) and A-7 (FR2-1) show the achievable performance using time-domain SIC in our FR1 3.5 GHz and FR2-1 26 GHz testbeds respectively. Note that no guard band between the SBFD DL subband and UL subband was used.
Observation 7: Both in FR1 and FR2-1, SBFD can operate with only a few guard RBs between DL and UL subband when sufficient spatial isolation is guaranteed.

Another consideration is that the desired received signal is mixed with the undesired DL leakage signal in the Rx path of the gNB radio, e.g., after ADC. The unwanted DL leakage signal must be removed by receiver processing using digital SIC. It is necessary to estimate the interference channel between the Tx panel and the Rx panel. Digital SIC performance is helped when synchronization to accurately remove the Tx signal from the Rx signal can be obtained. In principle, two methods exist to estimate the interference channel. One approach is to store information on a Tx signal that has passed through the PA with a feedback link and then estimate the interference channel over-the-air to remove the interference from the Rx signal. Another approach is to use only over-the-air estimation. Without a feedback link, the whole combined channel can still be estimated through the Rx panel. We used the first approach in the FR1 3.5 GHz testbed and the second approach in the FR2-1 26 GHz testbed.
As we observed, both approaches can effectively estimate the interference channels and eliminate undesired Tx-to-Rx interference. Based on the measurement results in the testbeds, multiple interference channels can be removed simultaneously. No more than 0.9 dB noise rise (INR) was measured in our FR1 testbed. In the case of FR2-1, noise rise performance of 0.7 dB for 1T1R and 1 dB for 2T2R configurations were measured as shown in Figures A-6 and A-7.
Observation 8: Digital SIC to remove Tx-to-Rx interference in the Rx path results in a noise rise of 0.9dB for SFBD in FR1.
Observation 9: Digital SIC to remove Tx-to-Rx interference in the Rx path results in a noise rise of 0.7 dB with 1T1R and 1 dB with 2T2R panel configurations for SBFD in FR2-1.
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Figure A-6: FR1 testbed and Rx signal after digital SIC for INR < 0.9 dB
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Figure A-7: FR2-1 testbed and Rx signal after digital SIC for 1T1R (left) and 2T2R (right)

To prevent ADC saturation in the Rx path of the gNB radio unit supporting SBFD, Rx filtering can be used to suppress the leakage from the Tx side interfering signal. Additional Rx filters can provide protection to avoid potential dynamic range and saturation issues for ADC or LNA when demodulating the UL subband in the Rx path of the gNB. Note that for RF filters with sharp roll-off’s, the order of the filter must increase, and so must then the size of the filter. Additional insertion losses are incurred which negatively affect the link budget. Additionally, analog filters such as IF and BB filters can be employed. For example, when the receiver is designed to use zero IF architecture, the receiver can use the lowpass filter to further remove the leakage signal after applying the mixer. By combining multiple LNAs, filter loss can be compensated more easily.
Observation 10: Additional Rx filtering can be applied for FR1 and FR2-1 receivers to increase robustness of the gNB Rx path with respect to ADC and LNA dynamic range without incurring undue insertion losses.

A.2	FR1 and FR2-1 testbed performance
We show end-to-end performance results for SBFD based on our FR1 and FR2-1 testbeds in Table 1 and Table 2. Note that FR2-1 results were obtained using an outdoor test environment.
In the case of SBFD in FR1 n78, performance is compared for 1-slot PUSCH transmission without DL interference for the legacy TDD case and 5-slots repeated PUSCH transmissions with DL interference for the first 4 slots (Table 1). For PUSCH transmission, MCS index 4 is selected and PUSCH transmitted over a 20 MHz UL subband placed in the center of the 100 MHz channel BW. When all repeated PUSCH transmissions are combined by the gNB receiver, an SNR gain of 6.1 dB is observed. Note that the FR1 testbed used the fully implemented SIC capability.
In the case of SBFD in FR2-1, we tested throughput performance over 4x100 MHz carriers. 1 CC among 4 CCs is used for the SBFD UL transmissions from the UE. PUSCH uses MCS index 24. For the legacy TDD case, only one FR2-1 CC is used for the PUSCH transmission without DL self-interference. Despite DL leakage somewhat degrading the UL receiver performance, we observe that SBFD using SIC allows for 4.13x throughput gain compared to legacy TDD in our FR2-1 testbed.

Table 1: FR1 testbed subband configuration for PUSCH and SNR performance
	Uplink throughput
	TDD
	SBFD

	SBFD
Subband setting
	DDDDU (100 MHz)
	DDDD-- (40 MHz)
UUUUU (20 MHz)
DDDD-- (40 MHz)

	SNR gain using repetitions
	0 dB
	6.1 dB



Table 2: FR2-1 testbed CC configuration for PUSCH and throughput performance
	Uplink throughput
	TDD
	SBFD

	SBFD
carrier setting
	DDDD-- (4th CC, 100MHz)
DDDDU (3rd CC, 100MHz)
DDDD-- (2nd CC, 100MHz)
DDDD-- (1st CC, 100MHz)
	DDDD-- (4th CC)
UUUUU (3rd CC)
DDDD-- (2nd CC)
DDDD-- (1st CC)

	Throughput gain with new transmission
	75 Mbps (1x)
	310 bps (4.13x)



A.3	gNB power consumption
When evaluating the feasibility and performance of SBFD schemes for Local Area (LA), Medium Range (MR) and Wide Area (WA) base station classes in the Rel-18 SID NR duplex evolution, gNB power consumption must be considered as part of the feasibility analysis.
The SBFD implementation approach selected by a network vendor may affect the observed gNB power consumption profile during sustained system operation in a variety of ways, e.g., RFFE components, gNB scheduling, and site deployment aspects.
The direct Tx-Rx self-leakage link budgets for LA, MR and WA BS classes should be considered first when analyzing the need for higher linearity Tx RFFE or more RF components in the gNB implementation. In the case of the LA BS class, FR1 antenna isolation of 75 – 80 dB or more avoids Rx desensitization. There is little need for additional SI mitigation measures. The MR BS class somewhat more benefits from increased Tx linearity but relying on Tx-side analog/digital DPD or Rx-side digital SIC are meaningful design alternatives while preserving existing gNB implementations. In both cases, we do not expect significantly impacted gNB power consumption incurred by the RFFE components. WA BS classes are more challenging not only because of the larger Tx-Rx self-leakage budget, but also due to the very high Tx power regime of the PAs. In the Rx path, analog filtering may be required.
We would like to point out however, that even for the WA BS class, expected hardware and power consumption impacts when implementing SBFD are highly dependent on the vendor baseline. For example, the complexity of the analog/digital DPD component does not necessarily scale linearly with the number of Tx and Rx ports, respectively, depending on the selected SBFD implementation. Pre-distortion to increase the linearity in the self-interference channel(s) can be implemented with respect to the Rx ports only to reduce complexity. Power consumption then scales accordingly. Similar considerations apply to the eventual need of higher linearity or high-power filtering components. If the existing baseline implementation uses a PA supporting ACLR = -45 dBc for the 100 MHz channel bandwidth to meet out-of-band requirements, and the vendor design already maintains the -45 dBc leakage power ratio even for the in-band case, then no additional components and no corresponding power consumption increase for PA and pre-distortion components is incurred.
When the base station implementation supports SBFD operation, the impact of gNB scheduling must be considered. SBFD in a slot uses a smaller DL transmission BW, e.g., 2x40 or 80 MHz than the TDD channel BW, e.g., 100 MHz in a DL-only slot. The Tx PA efficiency is increased with SBFD when compared to TDD due to less DC bias which in turn increases the linearity of Tx PA. The need to run pre-distortion and digital SIC components in the base station also depends on the DL-UL co-scheduling allocations. gNB power consumption is increased in slots with simultaneous DL and UL transmissions. SBFD DL slots scheduled for UL-only allocations may see decreased gNB power consumption.
Site deployment aspects such as the selected antenna and panel architecture when SBFD is deployed affect the gNB power consumption primarily through the number of TRXs. However, the use of antenna option 1 where half of the antenna panel is used for Tx when compared to the TDD baseline would result in less power consumption with SBFD. The use of antenna option 2 and 3 would result in a higher power consumption, but this increase can be considered equivalent to the deployment of a second antenna panel in the TDD baseline case.
In summary, gNB power consumption should be considered as part of the SBFD feasibility analysis required by the Rel-18 SID. When SBFD is implemented, the gNB power consumption profile can be affected by several contributing factors, e.g., gNB RFFE components, gNB scheduling, and site deployment aspects. Based on our results presented in this section for the FR1 and FR2-1 testbeds, we consider that gNB power consumption and complexity when implementing SBFD is very manageable. We also note that some of these such as the potential need for more high-linearity RFFE components highly depend on the existing vendor baseline and their selected SBFD implementation approach.
Observation 11: gNB power consumption aspects are considered in the SBFD feasibility analysis.



Appendix B. Evaluation assumptions on LLS 

Table B-1. Selected parameters for FR1
	Parameter
	Value

	Channel model for link-level simulation
	TDL-C

	Number of antenna elements for BS
	SBFD antenna configuration option-2,
· 192 antenna elements 
· (M,N,P,Mg,Ng) = (12,8,2,1,1)
· Note: it is the same for both SBFD and non-SBFD slots

	Number of TxRUs for BS
	SBFD antenna configuration option-2,
· 64 TxRUs
· Note: it is the same for both SBFD and non-SBFD slots
gNB modelling in LLS for TDL: 2

	Number of UE transmit chains 
	2 

	HARQ configuration 
	No HARQ is adopted.

	PRBs/TBS/MCS for eMBB
	30 PRBs for the baseline and SBFD with PUSCH repetition,
6 PRBs for SBFD with TBoMS



Table B-2. Selected parameters for FR2
	Parameter
	Value

	Channel model for link-level simulation
	TDL-A

	Number of antenna elements for BS
	SBFD antenna configuration option-2,
· 256 antenna elements 
· (M,N,P,Mg,Ng) = (16,8,2,1,1)
· Note: it is the same for both SBFD and non-SBFD slots

	Number of TxRUs for BS
	SBFD antenna configuration option-2,
· 2 TxRUs
· Note: it is the same for both SBFD and non-SBFD slots
gNB modelling in LLS for TDL: 2

	Number of UE transmit chains 
	2 

	HARQ configuration 
	No HARQ is adopted.

	PRBs/TBS/MCS for eMBB
	25 PRBs for the baseline and SBFD with PUSCH repetition,
5 PRBs for SBFD with TBoMS





Appendix C. Bar Graphs for Each Sub-Cases of SBFD Deployment Case 1
C.1	FR1 Indoor Office
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C.2	FR1 UMa
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C.3	FR1 Dense Urban Macro Layer
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C.4	FR2-1 Indoor Office
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C.5	FR2-1 Dense Urban Macro Layer
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