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Introduction
This contribution provides our view on the evaluation methodology for Duplexing Enhancements building on the agreements and discussion that took place until RAN1#112 and presents SBFD simulation results of case 1 for the following scenarios: FR1 Urban Macro, FR1 Dense Urban Macro layer, FR1 and FR2-1 Indoor Office.
[bookmark: _Hlk510705081]Discussion on remaining issues for evaluation 
gNB blocking model for system-level simulations
In R4-2302885, RAN4 has agreed the following LS reply to RAN1 regarding gNB blocking model for system-level simulations: 
	The first question is related to the modelling of inter-site gNB-gNB co-channel inter-subband CLI.
· RAN1 can assume  (in channel selectivity) is given by gNB ACS unless further RAN4 guidance is received.
· Send LS to RAN4 to confirm RAN1 understanding and check whether  can be modelled depending on the value of the blocker interference, e.g.,

· Note:  can be reported by companies
Answer from RAN4: From RAN4 perspective, the following model is provided for simulation purpose:
· RAN4 can confirm RAN1 can assume ICSBS (in channel selectivity) is given by the value of gNB ACS.
· The noise figure model is provided as below:

[image: ]

· X-axis: Total received power is the linear sum of all received power, including wanted signal, self-interference, inter-gNB interference and inter-sector interference.
· Y-axis: noise figure
· The values of A, B, C and D: 
· A = -43dBm
· B = -25dBm
· C = 5dB
· D = 14dB
· If the total received power is larger than B, the receiver will be blocked.




In essence, the RAN4 reply indicates that the modelling of receiver impairment can be a combination of two separate models: 
· First, there is a degradation due to in channel selectivity. The in-channel selectivity is a linear UL receiver impairment as a consequence of having a strong interfering signal in an adjacent subcarrier, e.g. originating from the crosstalk between subcarriers as described in our companion RAN4 contribution R4-2300690. According to RAN4’s reply, the initially agreed model in RAN1#111 can be used for this purpose with ICSBS (in channel selectivity) given by the value of gNB ACS which was agreed to be 46 dB and 23.5 dB for FR1 and FR2-1, respectively, in RAN1#112 meeting:

	Agreement (RAN1#111)
Regarding the modelling of inter-site gNB-gNB co-channel inter-subband CLI agreed in RAN1#110bis for the case that both large scale fading and small scale fading are modelled for gNB-gNB co-channel channel model, the second part of inter-site gNB-gNB co-channel inter-subband CLI across all Rx chains at one UL RB, caused by receiver selectivity at victim gNB, can be modelled as
 
· , , is modelled as white Gaussian noise
· 
·  
·  is the  channel matrix between aggressor gNB and victim gNB at DL RB , the analog beams of the aggressor gNB and the victim gNB can be taken into account by ,
·  is the digital precoder at DL RB  at aggressor gNB, ,
·  is the symbol transmitted at DL RB  at aggressor gNB with transmission power for each layer as .
·  is the total number of DL RBs in the DL subbands,
· RAN1 can assume  (in channel selectivity) is given by gNB ACS unless further RAN4 guidance is received.
· Send LS to RAN4 to confirm RAN1 understanding and check whether  can be modelled depending on the value of the blocker interference, e.g.,

· Note:  can be reported by companies


Agreement (RAN1#112)
For SLS of SBFD, use the following values for BS ACLR/ACS ( and ).
	 
	FR1
	FR2-1

	BS ACLR
	45 dB
	28 dB

	BS ACS
	46 dB
	23.5 dB






· Second, RAN4 has agreed on a model for receiver blocking and non-linear effects in the gNB receiver by varying the gNB noise figure as a function of the total shor-term average received power in the receiver (corresponding to the linear sum of all received power, including wanted signal, self-interference, inter-gNB interference, inter-sector interference and legacy UL interference). It is important to highlight that, the interference power from other networks in the same operating band, i.e., the adjacent channel interference, shall also be considered for the total received power calculation. The latter applies to SBFD Deployment Case 4.

Proposal 1: Based on RAN4’s LS reply R4-2302885, the gNB receiver impairment is modelled as a combination of two separate effects:
· In-channel selectivity using the model agreed in RAN1#111 with ICSBS (in channel selectivity) given by the value of gNB ACS
· Receiver blocking and non-linear effects by varying the gNB noise figure as a function of the total received power in the receiver (corresponding to the linear sum of all received power, including wanted signal, self-interference, inter-gNB interference and inter-sector interference).

Now, we think it is important to align on how to exactly calculate the total received power in the receiver. The total received power includes not only the gNB-gNB co-channel interference, but any other signal that passes the gNB front-end analogue filter and whose bandwidth occupies the entire operating band. This includes the following interference components: self-interference, co-channel and adjacent channel inter-sector interference, co-channel and adjacent channel inter-gNB interference, co-channel and adjacent channel legacy UL interference as well as desired UL signal transmissions from the UEs served in the cell. Assuming, the effects of a single operator deployment, the input power at the j-th gNB can be defined mathematically as follows:  


where:
·   corresponds to the self-interference, where  corresponds to the gNB DL transmit power and  accounts for analogue suppression mechanisms applied at transmit side e.g. transmit-receive antenna isolation and TX-side beam nulling. Frequency isolation and other receiver-side techniques are not considered in ;
·  is the blocker interference generated from gNB i to gNB j. 
· Modeling of  for each inter-site gNB-pair can be done according to the RAN1 agreement above, i.e. :  with  and  denoting the precoder and transmitted symbol at the aggressor gNB i, and  denoting the channel between gNB i and gNB j.
· Modeling of  for co-site gNB-pairs can be done in a similar manner as for self-interference, i.e. as , with  accounting for analogue suppression mechanisms e.g. inter-sector isolation and potentially inter-sector TX beam nulling if applicable. 

·  is the received power from the k-th UE UL transmission at gNB j.  includes (legacy) inter-cell UL interference as well as the wanted UL signals.
· Note: Depending on gNB wideband Rx analogue filter implementation, blocker interference increases according to the number of operators deployed in the frequency band. If only a single operator's network is simulated but the gNB supports a frequency range in which n operators have networks with similar power and traffic, the formula may consider the factor of n for the interference from base stations and UEs in other networks. This may approximate the other networks' effect if they use the same masts, cause the same intra-band co-site interference, and also use SBFD. In other words, this approximation only applies if 0% grid-shift between networks is assumed. Mathematically, this can be expressed as:


where:
·  is the blocking interference generated at the co-site gNB i towards the gNB j
· is the blocking interference generated at the inter-site gNB l towards the gNB j
·  is the blocking interference generated at the UE k towards the gNB j




Proposal 2: For modeling the blocking effect in the gNB receiver, the total received power at the j-th gNB is defined as follows: 


· where:
·   corresponds to the self-interference, where  corresponds to the gNB DL transmit power and  accounts for analogue suppression mechanisms applied at transmit side e.g. transmit-receive antenna isolation and tx-side beam nulling. Frequency isolation and other receive-side effects are not considered in ;
·  is the blocker interference generated from gNB i to gNB j. 
· Modeling of  for each inter-site gNB-pair can be done as  with  and  denoting the precoder and transmitted symbol at the aggressor gNB i, and  denoting the channel between gNB i and gNB j.
· Modeling of  for co-site gNB-pairs can be done in a similar manner as for self-interference, i.e. as , with  accounting for analogue suppression mechanisms e.g. inter-sector isolation and potentially inter-sector beam nulling if applicable. 

·  is the received power from the k-th UE UL transmission at gNB j.  includes (legacy) inter-cell UL interference as well as the wanted UL signals.

· Note: Depending on gNB wideband Rx analogue filter implementation, blocker interference increases according to the number of operators deployed in the frequency band. If only a single operator's network is simulated but the gNB supports a frequency range in which n operators have networks with similar power and traffic, the formula may consider the factor of n for the interference from base stations and UEs in other networks. This may approximate the other networks' effect if they use the same masts, cause the same intra-band co-site interference, and also use SBFD. In other words, this approximation only applies if 0% grid-shift between networks is assumed. Mathematically, this can be expressed as:

where:
·  is the blocking interference generated at the co-site gNB i towards the gNB j
· is the blocking interference generated at the inter-site gNB l towards the gNB j
·  is the blocking interference generated at the UE k towards the gNB j





SBFD Simulation Results for FR1 UMa Scenario
The following working assumption was reached in RAN1#112 regarding co-site inter-sector inter-subband interference modeling:

	Working Assumption:
For co-site inter-sector co-channel inter-subband CLI modelling, before receiving RAN4’s reply on the value of , RAN1 assume the following only for evaluation:
· FR1:
· 75dB for spatial isolation (RAN4 typical value).
· 93dB for spatial isolation (RAN4 best value).
· 100dB for spatial isolation 
· FR2:
· 88dB for spatial isolation (RAN4 typical value).
· 98dB for spatial isolation (RAN4 best value).
· 105dB for spatial isolation 
· In addition to spatial isolation and frequency isolation, companies can use digital cancelation and report the value, e,g., 10dB. Above does not imply that RAN1 assumes or does not assume digital cancelation is feasible.
· The feasibility of these values is up to RAN4. These values can be revisited based on further RAN4 inputs.
· The 100dB/105dB isolation values for FR1 and FR2 are not from RAN4, but based on RAN4 input that some companies have proposed that isolating material could be added between sectors to increase the isolation. RAN4 has not yet discussed the details whether such approaches can be applied to outdoor sites.




In this section we present system-level simulation results according to the latest agreements and latest working assumptions regarding the inter-sector interference. Simulation results for co-channel scenario are presented in the following based on the agreements up to RAN WG1 #112 meeting. Deployment Case 1 is considered where one single operator is simulated and all the cells belonging to the operator use SBFD operation with the same SBFD subband configuration. The network layout corresponds to FR1 Urban Macro (UMa) as defined in TR 38.901 with clustered UE distribution with one cluster per macro cell area of radius 25 meter each. Static TDD is also simulated for comparison purposes, where a TDD radio frame configuration with DDDSU (S=[12D:2G:0U]) is assumed, while the SBFD frame configuration corresponds to XXXXX with X denoting a SBFD with ~20% UL RBs; this corresponds to ‘Alt 4’ agreed by RAN1 where the goal is to have the same UL/DL resource ratio between Legacy TDD and SBFD. FTP3 traffic model with payload sizes of 0.125 MB in uplink and 0.5 MB in downlink is assumed. With respect to gNB antenna configurations, an antenna array of (M, N, P, Mg, Ng) = (8, 8, 2, 1, 1) is assumed for TDD, while for SBFD only Opt 2 (same antenna gain) is considered. Other simulation assumptions are found in Table A in the Annex A. 
In line with latest agreements on inter-sector co-channel isolation assumptions, the following settings for RSI and inter-sector interference are assumed:
· Setting 1: 149 dB RSI and 135.5 dB for inter-sector interference ratio (); this could correspond to a "well-planned" (in terms of inter-sector isolation) site deployment, where the 135.5 dB could be achieved by a combination of 93 dB spatial isolation (RAN4 best value), and 42.5 dB of combined ACLR and ACS effects. 
· Setting 2: 149 dB RSI and 117.5 dB for inter-sector interference ratio (); this could correspond to a realistic case according to today's deployment where the inter-sector isoluation is achieved by a combination of 75 dB spatial isolation (RAN4 typical value), and 42.5 dB of combined ACLR and ACS effects . 
· Note that 149 dB RSI may still not be a feasible assumption; however, here the focus is to understand the impact of the inter-sector isolation while the value of RSI will not have a major effect on the final performance. 

Error! Reference source not found. shows the UL throughput performance obtained with static TDD and SBFD. The UL and DL throughput performance corresponds to the average/5%/50%/95%-ile of all the generated FTP3 packets during the simulation. SBFD brings benefits on the 5%-ile of the UL throughput as compared to static TDD at low loads. The reason for this is the continuous UL resources available for transmissions specially for those UEs which are further away from the serving base station and are power limited. The table also shows the importance of the inter-sector isolation. Increasing the load on the system has a severe impact on SBFD, removing any of the benefits due to an increase of the self-interference, but mostly because an increase of the inter-sector interference and inter-gNB interference for which the gNB receiver has worse mitigation capabilities.

Observation 1: In low load conditions, SBFD improves the UL throughput performance at the 5%-ile for cell-edge UEs, thanks to the presence of UL resources in each SBFD slot. The UL throughput gains diminishes as the load increases since self-interference, inter-sector interference and inter-gNB interference starts to play a role. 
Observation 2: For the same RSI capabilities, the SBFD UL performance is quite dependent on the inter-sector isolation. SBFD reported larger gains when 93 dB of spatial isolation for the co-site inter-sector interference is assumed.

Table 1: UL throughput performance for different inter-sector interference settings. Assumptions: same antenna gain for SBFD and TDD (Opt 2), 0.125 MB payload size, XXXXX vs DDDSU. Green/red colors are shown to highlight performance gain or degradation exceeding 10% with respect to static TDD.
	Uplink
	Static TDD
	SBFD – 149 dB RSI and  135.5 dB 
	SBFD – 149 dB RSI and  117.5 dB 

	
	
	
	
	

	Load
	Low 
	Medium
	Low
	Medium
	Low
	Medium
	

	5%-ile Average UL UPT [Mbps]
	0.00
	0.00
	1.19
	 100%
	0.00
	-
	0.69
	100%
	0.00
	-
	

	50%-ile Average UL UPT [Mbps]
	12.86
	4.26
	15.75
	22%
	6.05
	-53%
	8.74
	-32%
	3.27
	-23%
	

	95%-ile Average UL UPT [Mbps]
	40.63
	31.29
	36.49
	-10%
	26.92
	-34%
	35.48
	-13%
	19.61
	-37%
	

	Mean Average UL UPT [Mbps]
	15.80
	8.75
	16.72
	6%
	9.12
	-42%
	12.51
	-21%
	5.71
	-35%
	



Table 2.DL throughput performance for different inter-sector interference settings. Assumptions: same antenna gain for SBFD and TDD (Opt 2), 0.5 MB payload size, XXXXX vs DDDSU. Green/red colors are shown to highlight performance gain or degradation exceeding 10% with respect to static TDD.
	Downlink
	Static TDD
	SBFD – 149 dB RSI and 135.5 dB 
	SBFD – 149 dB RSI and 117.5 dB 

	
	
	
	
	

	Load
	Low 
	Medium
	Low
	Medium
	Low
	Medium
	

	5%-ile Average DL UPT [Mbps]
	79.60
	41.76
	2.84
	-96%
	0
	-100%
	2.84
	-96%
	0
	-100%
	

	50%-ile Average DL UPT [Mbps]
	417.93
	306.85
	282.88
	-32%
	162.32
	-61%
	282.88
	-32%
	162.32
	-47%
	

	95%-ile Average DL UPT [Mbps]
	666.70
	662.70
	666.63
	0%
	654.92
	-2%
	666.63
	0%
	654.92
	-1%
	

	Mean Average DL UPT [Mbps]
	411.01
	339.70
	318.15
	-23%
	228.29
	-44%
	318.15
	-23%
	228.29
	-33%
	



Error! Reference source not found.2 shows the UE DL throughput performance obtained with static TDD and SBFD. Especially in the 5%-ile, SBFD introduces a significant degradation of DL throughput of close to 100%. The main reason for this DL performance degradation is the UE receiver blocking due to the UE-to-UE inter-subband interference. Specifically, considering one or more UL UEs and DL UEs are placed close to each other in the same building/cluster with large coupling loss towards the serving cell, the UL UE(s) would generally transmit over a few RBs (e.g. 4 RBs) with full 23 dBm transmit power in order to meet a certain power-spectral density target in the base station receiver. The resulting UE in-band emission (IBE) of the UE is very high which causes blockage in the nearby DL UE(s) (especially if the DL signal is relatively weak due to the large coupling loss towards the serving cell). 
Figure 1 (right) shows the CDF of the interference components presents at the DL reception: the inter-subband UE-to-UE CLI, the legacy gNB interference and the total interference. The figure shows the interference conditions the lowest of the considered offered loads, and already for this load, the UE-to-UE CLI plays a crucial role on the total interference power in DL. It is important to note that this UE-to-UE interference is expected to be present over most of the SBFD slots even at low load, as the coverage-limited UL UE(s) require a large amount of UL data transmissions to be able to deliver the generated UL traffic. Figure 1 (left) shows how this is translated into a worse DL SINR which is especially worse for indoor UES. The reason for SBFD not showing any degradation at the 95%-ile is because outdoor UEs have similar SINR than static TDD since the UE-to-UE CLI is not that critical as compared to the indoor UEs.
 [image: ]
Figure 1. DL SINR for both indoor and outdoor UEs (left) and DL interference components power (right) at low loads

Observation 3: With clustered UE distribution in UMa Scenario, there is significant degradation of UE DL throughput due to UE-UE CLI even at low load. This mainly occurs when one or more coverage-limited UEs transmit over a few, e.g. 4, RBs with full 23 dBm UL transmit power which generates large amount of UL leakage interference to other UEs receiving in DL. 
Noise figure model analysis

The performance shown above do not model the non-linearities of the gNB receiver as indicated by RAN4 in the latest LS reply. Now, in this section we address the new piece-wise noise figure model suggested by RAN4 and analyze the SBFD performance under this new assumption.
  [image: ]
Figure 2. Noise figure at the gNB with RAN4 proposed model (left) and interference components of the blocking power at the gNB at medium load (right) 
 
Figure 2(left) shows the changes on the noise figure levels for the gNB according to the RAN4 proposed model for the considered inter-sector isolation. For RSI, it is assumed to be 149 dB for all the considered cases. First, for a given inter-sector isolation, the noise figure increases with the offered load. It is also noted that the  dB results in noise figure values higher than the 14 dB, which is the threshold considered by RAN4 before the receiver shall be considered as blocked. To better understand the noise figure curves, on the right-hand side of Figure 2 we show the blocking power separated into different components. Namely, the co-channel inter-sector interference, the self-interference, the inter-subband gNB-gNB CLI and the legacy UL interference. 
Table 3 shows the UL performance of the Urban Macro scenario when the new noise figure modeled is adopted. As compared to Table 1, in which the constant 5 dB gNB noise figure is assumed, the effects on the increase noise figure are visible at any percentiles and for both low and medium loads. It is especially noticeable at medium loads, and it is expected that the performance further degrades at higher offered loads.

Table 3: UL throughput performance for different inter-sector interference settings. Assumptions: same antenna gain for SBFD and TDD (Opt 2), 0.125 MB payload size, XXXXX vs DDDSU, RAN4 noise figure model. Green/red colors are shown to highlight performance gain or degradation exceeding 10% with respect to static TDD.
	Uplink
	Static TDD
	SBFD – 149 dB RSI and 135.5 dB 
	SBFD – 149 dB RSI and 117.5 dB 

	
	
	
	
	

	Load
	Low 
	Medium
	Low
	Medium
	Low
	Medium
	

	5%-ile Average UL UPT [Mbps]
	0.00
	0.00
	1.21
	100%
	0.0
	- 
	0.46
	100%
	0.0 
	-
	

	50%-ile Average UL UPT [Mbps]
	12.86
	4.26
	15.3
	19%
	5.22
	-59%
	6.5
	-49%
	0.0
	-100%
	

	95%-ile Average UL UPT [Mbps]
	40.63
	31.29
	35.69
	-12%
	25.87
	-36%
	33.7
	-17%
	3.19
	-90%
	

	Mean Average UL UPT [Mbps]
	15.80
	8.75
	16.29
	3%
	8.39
	-47%
	10.7
	-32%
	0.54
	-94%
	



Finally, Table 4 shows the performance difference between SBFD when either the constant noise figure model or the RAN4 noise figure model is adopted. The RAN4 model highly impacts the UL performance of SBFD and it is especially noticeable at medium loads. As shown above, the lower are the interference mitigation capabilities, e.g., inter-sector interference ratio, the higher is the performance loss. 

Table 4: UL throughput SBFD performance for different inter-sector interference settings and different gNB noise figure model. Assumptions: 0.125 MB payload size, SBFD radio format = XXXXX. Green/red colors are shown to highlight performance gain or degradation exceeding 10% with respect to static TDD.
	Uplink
	SBFD – 149 dB RSI and  135.5 dB (NF constant)
	SBFD – 149 dB RSI and 135.5 dB
 (RAN4 NF model)
	SBFD – 149 dB RSI and 117.5 dB 
(NF constant)
	SBFD – 149 dB RSI and 117.5 dB 
(RAN4 NF model)

	
	
	
	
	

	
	
	
	
	

	Load
	Low 
	Medium
	Low
	Medium
	Low
	Medium
	Low 
	Medium

	5%-ile Average UL UPT [Mbps]
	1.19
	0.0
	1.21
	2%
	0.0
	- 
	0.69
	0.0
	0.46
	-33%
	 0.0
	- 

	50%-ile Average UL UPT [Mbps]
	15.75
	6.05
	15.3
	-3%
	5.22
	-14%
	8.74
	3.27
	6.5
	-26%
	0
	-100%

	95%-ile Average UL UPT [Mbps]
	36.49
	26.92
	35.69
	-2%
	25.87
	-4%
	35.48
	19.61
	33.7
	-5%
	3.19
	-84%

	Mean Average UL UPT [Mbps]
	16.72
	9.12
	16.29
	-3%
	8.39
	-8%
	12.51
	5.71
	10.7
	-14%
	0.54
	-91%



Observation 4: The RAN4 proposed noise figure further degrades the UL performance of SBFD in the UMa FR1 scenario and it is especially impactful for cases with modest self-interference and inter-sector interference mitigation capabilities.


Impact of UE transmit power in TDD
So far, SBFD has been shown to provide an improvement especially in terms of cell coverage (represented by the 5%-ile of the UL user throughput). This comes as an effect of increased number of UL transmission opportunities in time, particularly 5x times more UL slots as compared to static TDD with DDDSU. A UE maximum transmission power of 23 dBm was assumed for both TDD and SBFD; however, it is worth noting that, according to TS38.101-1, when maximum UL duty cycle is lower than 50% (or maxUplinkDutyCycle-PC2-FR1) e.g., for TDD DDDSU, the UE may have the capability for up to 26 dBm maximum UL transmit power which is expected to bring some UL throughput benefits especially in terms of coverage without requiring any changes to the gNB hardware. 
To illustrate the benefits of this, we compare in Table 5 the UL throughput performance of static TDD with 26 dBm vs SBFD with 23 dBm max transmit power. Note that SBFD assumes ideal settings in terms of RSI and inter-sector interference ratio which ensure that the combined effect of self-interference and inter-sector interference results in 1 dB desensitization in the receiver. Simulation assumptions are updated with the agreements up to RAN1 #111 meeting. Looking at the average UL throughput, TDD with 26 dBm max output power provides similar performance at low load, while it exceeds the SBFD performance by 54% and 265% at medium load and high load, respectively. On the 5%-ile user throughput, TDD provides a small degradation of 17% and 30% gain at low and medium load, while significant improvement is obtained at high load.

Observation 5: For static TDD with low UL duty cycle (e.g. DDDSU), some UEs may have the capability for up to 26 dBm maximum UL transmit power. Comparing SBFD with 23 dBm UL max transmit power vs static TDD DDDSU with 26 dBm max UL transmit power, static TDD performs as good or better in terms of UL average throughput performance, with only 20%-30% lower 5%-ile user UL throughput. 

[bookmark: _Ref127444878]Table 5: UL throughput performance of TDD DDDSU with 26 dBm vs SBFD with 23 dBm maximum transmit power. Assumptions: 0.1 MB payload size. Green/red colors are shown to highlight performance gain or degradation exceeding 10% with respect to the TDD 26 dBm baseline.
	Uplink
	SBFD – 154 dB RSI and 154 dB  
	Static TDD 26 dBm (Low Uplink duty cycle)

	
	
	
	

	Load
	Low 
	Medium
	High
	Low 
	Medium
	High
	

	5%-ile Average UL UPT [Mbps]
	1,13
	0,54
	0,016
	0,94
	-17%
	0,38
	-30%
	0,07
	356%
	

	50%-ile Average UL UPT [Mbps]
	20,26
	6,95
	0,98
	19,96
	-1%
	14,39
	107%
	8,7
	788%
	

	95%-ile Average UL UPT [Mbps]
	43,12
	28,40
	12,3
	39,71
	-8%
	36,76
	29%
	27,77
	126%
	

	Mean Average UL UPT [Mbps]
	20,08
	10,35
	2,95
	19,66
	-2%
	15,95
	54%
	10,76
	265%
	



Based on the results and the multiple observations for FR1 UMa scenario, the following proposal is made:

Proposal 3: When evaluating the benefits of SBFD, the performance evaluation needs to be done under realistic assumptions of inter-sector isolation and self-interference suppression levels as well as the proposed noise figure model by RAN4. The performance evaluation should also include possible alternatives already allowed by the current NR standard, e.g.: TDD with power class 2 UE (max 26 dBm output transmit power).

SBFD Simulation Results for FR1 Dense Urban Scenario
Simulation results for co-channel scenario are presented in the following based on the agreements up to RAN WG1 #112 meeting. Deployment Case 1 is considered where one single operator is simulated and all the cells belonging to the operator use SBFD operation with the same SBFD subband configuration. The network layout corresponds to FR1 Dense Urban Macro single layer as defined in TR 38.858 with clustered UE distribution with one per macro cell area of radius 25 meter each. Static TDD is also simulated for comparison purposes, where a TDD radio frame configuration with DDDSU (S=[12D:2G:0U]) is assumed, while the SBFD frame configuration corresponds to XXXXX with X denoting a SBFD with ~20% UL RBs; this corresponds to ‘Alt 4’ agreed by RAN1 where the goal is to have the same UL/DL resource ratio between legacy TDD and SBFD. FTP3 traffic model with payload sizes of 0.125 MB in uplink and 0.5 MB in downlink is assumed. With respect to gNB antenna configurations, an antenna array of (M, N, P, Mg, Ng;Mp,Np) = (8, 8, 2, 1, 1; 2, 8) is assumed for TDD, while for SBFD only Opt 2 (same antenna gain) is considered. Other simulation assumptions are found in Table B in the Annex B. 

In line with the agreement cited above, the following settings for RSI and inter-sector interference are assumed:
· Setting 1: 140 dB RSI and 135.5 dB for : 135.5 this could correspond to a "well-planned" (in terms of inter-sector isolation) site deployment, where the 135.5 dB could be achieved by a combination of 93 dB spatial isolation, and 42.5 dB of combined ACLR and ACS effect. 
· Setting 2: 140 dB RSI and 117.5 dB for inter-sector interference ratio; this could correspond to a realistic case according to today's deployment. The inter-sector isolation is achieved by a combination of 75 dB spatial isolation (RAN4 typical value), and 42.5 dB of combined ACLR and ACS effects .

In this scenario, the recently RAN4 model is adopted as baseline. Figure X, shows the effect of the model on the gNB noise figure. It can be noted that for  equal to 133.5 dB, the noise figure remains constant to 5 dB even at high load conditions. With  equal to 117.5 dB, the noise figure at the gNB ranges from 5 dB to 13 dB depending on the load conditions.
[image: ]
Figure 3. gNB noise figure with RAN4 piece-wise noise figure model

In Table 6, the UL performance of SBFD with RSI = 140 dB and  = 135.5 dB is presented. Due to the decrease gNB transmit power of Dense Urban scenario as compared to the Urban Macro scenario, the benefits of SBFD are increased. The reason is for this is the lower inter-sector and inter-gNB interference. At high load conditions, the gNB is harmed by the presence of the above mentioned SBFD-specific CLI interferences.

Table 6. UL throughput performance comparison between static TDD and SBFD. Assumptions: same antenna gain for SBFD and TDD (Opt 2), 0.125 MB payload size, XXXXX vs DDDSU, RAN4 noise figure. Green/red colors are shown to highlight performance gain or degradation exceeding 10% with respect to static TDD.
	Uplink
	Static TDD
	SBFD – 140 dB RSI and 135.5 dB

	
	
	
	

	Load
	Low 
	Medium
	High
	Low 
	Medium
	High
	

	5%-ile Average UL UPT [Mbps]
	8.14
	6.45
	3.93
	21.79
	168%
	11.75
	82%
	2.48
	-37%
	

	50%-ile Average UL UPT [Mbps]
	45.69
	41.71
	33.42
	48.25
	6%
	35.80
	-14%
	17.57
	-47%
	

	95%-ile Average UL UPT [Mbps]
	77.56
	76.03
	72.94
	86.90
	12%
	77.32
	2%
	47.14
	-35%
	

	Mean Average UL UPT [Mbps]
	45.23
	41.58
	34.91
	50.44
	12%
	38.88
	-6%
	20.47
	-41%
	




In Table 7, the downlink performance of SBFD is analyzed and compared against static TDD. Similar as what happens for the Urban Macro scenario, the UES deployed inside buildings are transmitting with very high transmit power (23 dBm) and created quite large UE-to-UE interference, especially towards nearby UEs within the same cluster/building.  That is the reason for the degradation in DL throuhgput for SBFD at the 5%-ile. The performance loss gets larger if the load in the deployment increases.
Table 7. DL throughput performance comparison between static TDD and SBFD. Assumptions: same antenna gain for SBFD and TDD (Opt 2), 0.5 MB payload size, XXXXX vs DDDSU, RAN4 noise figure. Green/red colors are shown to highlight performance gain or degradation exceeding 10% with respect to static TDD.
	Downlink
	Static TDD
	SBFD – 140 dB RSI and 135.5 dB

	
	
	
	

	Load
	Low 
	Medium
	High
	Low 
	Medium
	High
	

	5%-ile Average DL UPT [Mbps]
	262.28
	163.95
	69.41
	230.45
	-12%
	96.23
	-41%
	26.65
	-62%
	

	50%-ile Average DL UPT [Mbps]
	632.70
	586.30
	372.10
	639.90
	1%
	509.05
	-13%
	286.43
	-23%
	

	95%-ile Average DL UPT [Mbps]
	674.63
	670.67
	666.63
	674.60
	0%
	670.60
	0%
	658.88
	-1%
	

	Mean Average DL UPT [Mbps]
	567.40
	493.94
	388.79
	564.20
	-1%
	458.64
	-7%
	321.6
	-17%
	



Observation 6: In the Dense Urban FR1 scenario, SBFD brings benefits to the UL performance specially for the cell-edge users (5%-ile of the throuhgput).. Due to the lower transmit power at the gNBs, the benefits of SBFD in UL are larger than the observed in Urban Macro FR1 scenario.
Observation 7: With clustered UE distribution in Dense Urban FR1 scenario, there is significant degradation of UE DL throughput due to UE-UE CLI. This mainly occurs when one or more coverage-limited UEs transmit over a few, e.g. 4, RBs with full 23 dBm UL transmit power which generates large amount of UL leakage interference to other UEs receiving in DL.   
Similarly, Table 8 and Table 9 contain the performance of SBFD with RSI = 140 dB and  = 117.5 dB for uplink and downlink, respectively. The most interesting aspects of this analysis are in uplink, where the effect of the RAN4 noise figure model (as a consequence of a low inter-sector isolation) is visible. In downlink, the effect of the UE-to-UE CLI is visible in a similar manner as for the Dense Urban scenario with  = 135.5 dB.

Table 8. UL throughput performance comparison between static TDD and SBFD. Assumptions: same antenna gain for SBFD and TDD (Opt 2), 0.125 MB payload size, XXXXX vs DDDSU, RAN4 noise figure. Green/red colors are shown to highlight performance gain or degradation exceeding 10% with respect to static TDD.
	Uplink
	Static TDD
	SBFD – 140 dB RSI and 117.5 dB

	
	
	
	

	Load
	Low 
	Medium
	High
	Low 
	Medium
	High
	

	5%-ile Average UL UPT [Mbps]
	8.14
	6.45
	3.93
	14.64
	80%
	3.14
	-51%
	0.78
	-80%
	

	50%-ile Average UL UPT [Mbps]
	45.69
	41.71
	33.42
	38.36
	-16%
	16.84
	-60%
	2.52
	-92%
	

	95%-ile Average UL UPT [Mbps]
	77.56
	76.03
	72.94
	74.02
	-5%
	43.35
	-43%
	18.66
	-74%
	

	Mean Average UL UPT [Mbps]
	45.23
	41.58
	34.91
	40.25
	-11%
	19.21
	-54%
	5.14
	-85%
	




Table 9. DL throughput performance comparison between static TDD and SBFD. Assumptions: same antenna gain for SBFD and TDD (Opt 2), 0.5 MB payload size, XXXXX vs DDDSU, RAN4 noise figure. Green/red colors are shown to highlight performance gain or degradation exceeding 10% with respect to static TDD.
	Downlink
	Static TDD
	SBFD – 140 dB RSI and 117.5 dB

	
	
	
	

	Load
	Low 
	Medium
	High
	Low 
	Medium
	High
	

	5%-ile Average DL UPT [Mbps]
	262.28
	163.95
	69.41
	215.40
	-18%
	66.90
	-59%
	21.83
	-69%
	

	50%-ile Average DL UPT [Mbps]
	632.70
	586.30
	372.10
	636.39
	1%
	451.66
	-23%
	268.5
	-28%
	

	95%-ile Average DL UPT [Mbps]
	674.63
	670.67
	666.63
	674.60
	0%
	670.60
	0%
	654.9
	-2%
	

	Mean Average DL UPT [Mbps]
	567.40
	493.94
	388.79
	560.08
	-1%
	430.72
	-13%
	304.56
	-22%
	



Observation 8: In the Dense Urban FR1 scenario, the importance of good inter-sector isolation is increased when the RAN4 piece-wise noise figure model is adopted. 

SBFD Simulation Results for Indoor Office Scenario

Simulation results for Deployment Case 1 Indoor office scenario for both FR1 and FR2-1 are presented in this section. Regarding the general simulation assumptions, a “DDDSU” with S=[12D:2G:0U] radio frame configuration is assumed for static TDD, while the SBFD frame configuration adopted is “XXXXX” with X denoting a {D-U-D} SBFD slot with ~20% UL RBs. This corresponds to ‘Alt 4’ agreed by RAN1 where the goal is to have the same UL/DL resource ratio between Legacy TDD and SBFD. Regarding the traffic model, asymmetric DL-UL FTP Model 3 with large payloads of 0.125 Mbytes and 0.5 Mbytes in UL and DL respectively is assumed. Moreover, a small payload size of 1 kBytes in UL and 4 kBytes in DL is also simulated. The gNB antenna configurations correspond to Option 2 where double number of antenna elements is assumed for SBFD to keep the same antenna gain between SBFD and TDD. The recently agreed piecewise model for the noise figure at the gNB is compared as well. Other simulation assumptions are found in Annex C and Annex D for FR1 and FR-2 scenarios respectively.
FR1 Indoor Office scenario
As baseline, the value of RSI corresponds to 120 dB which is the value required to achieve 1 dB of desense in the gNB receiver due to self-interference; this can be achieved by a combination of e.g., 45 dB frequency separation, 65 dB Tx-Rx isolation and 10 dB beam nulling. 

Performance analysis
Large payload of 0.125 Mbytes in UL and 0.5 Mbytes in DL
We first present performance results for FTP3 traffic with asymmetric payload size of 0.125 Mbytes in UL and 0.5 Mbytes in DL. Performance comparison between static TDD and SBFD in DL and UL is shown in Table 10 and 11, respectively. In uplink, SBFD shows worse UL user perceived throughput (UPT), reporting an average of 5% performance degradation as compared to static TDD. The main reason for this degradation is the fact that the FTP3 payloads can actually be transmitted faster (i.e. with lower latency) with TDD than with SBFD. For instance, for a relatively high MCS, in the case of TDD UL, on average at least 3 ‘full’ UL slots are needed to transmit the 0.125 Mbytes payload to the base station, while 18 ‘partial’ SBFD slots are needed in the case of SBFD. In TDD, in the best case, the 3 UL slots may come as UDDDSUDDDSU (over 11 slots in total) while in SBFD at least 7 additional slots are needed. It is worth noting that we have not seen any significant effect of self-interference. In fact, we observe minor changes in the SBFD UL performance even if we relax the RSI assumption from 120 dB down to 100 dB. For downlink, the performance difference between TDD and SBFD is minimal. The effect of the intra-cell and inter-cell inter-subband UE-UE CLI does not play a big role in the SBFD performance and only the 5%-ile DL UPT is affected. The dominant component of the downlink interference is the legacy DL interference generated at neighbour gNBs. This is expected as the UE Tx power is kept relatively low.
Observation 9: For FR1 Indoor Office scenario with 0.125 Mbytes FTP3 payload size and assuming similar ratio of DL resources for SBFD and TDD (XXXXX vs DDDSU), SBFD results in a UL throughput degradation of around 5% compared to static TDD. The reason is that with TDD there are more resource blocks available simultaneously for the same link direction (either UL or DL) which allows to upload the 0.125 Mbytes payloads faster than in SBFD.
Observation 10: For FR1 Indoor Office scenario, no UL performance degradation due to self-interference is observed even with relaxed assumption of RSI=100 dB. The reason of this is that the required receiver sensitivity in this local-area scenario is much lower than in wide-area deployments due to higher received power from the UEs.
[bookmark: _Ref127193637]Table 10: UL throughput performance comparison between TDD and SBFD. Assumptions: same antenna gain for SBFD and TDD (Opt 2), 0.125 MB payload size, XXXXX vs DDDSU. Green/red colours are shown to highlight performance gain or degradation exceeding 10% with respect to static TDD.
	125 kB - UL
	Static TDD
	SBFD with RSI = 120 dB

	Load
	Low 
	Medium
	High
	Low 
	Medium
	High

	5%-ile Average UL UPT [Mbps]
	89.7
	72.1
	42.4
	78.39
	-13%
	61.73
	-14%
	38.09
	-10%

	50%-ile Average UL UPT [Mbps]
	97.2
	85.9
	70.4
	92.8
	-5%
	81.6
	-5%
	68.52
	-3%

	95%-ile Average UL UPT [Mbps]
	102.5
	98
	90.6
	97.18
	-5%
	96.6
	-1%
	91.6
	1%

	Mean Average UL UPT [Mbps]
	96.75
	85.59
	69.29
	90.9
	-6%
	81.02
	-5%
	67.09
	-3%



[bookmark: _Ref127193639]Table 11: DL throughput performance comparison between TDD and SBFD. Assumptions: same antenna gain for SBFD and TDD (Opt 2), 0.5 MB payload size, XXXXX vs DDDSU. Green/red colors are shown to highlight performance gain or degradation exceeding 10% with respect to static TDD.
	500 kB - DL
	Static TDD
	SBFD with RSI = 120 dB

	Load
	Low 
	Medium
	High
	Low 
	Medium
	High

	5%-ile Average DL UPT [Mbps]
	562.8
	261.9
	120
	545.3
	-3%
	243.4
	-7%
	116.6
	-3%

	50%-ile Average DL UPT [Mbps]
	605.03
	447.95
	319.6
	617.6
	2%
	466
	4%
	336.5
	5%

	95%-ile Average DL UPT [Mbps]
	633.32
	574.1
	535.6
	653.15
	3%
	615.4
	7%
	566.5
	6%

	Mean Average DL UPT [Mbps]
	602.88
	436.8
	325
	610.93
	1%
	452.1
	4%
	340.5
	5%




Small payload of 1 KBytes in UL and 4 KBytes in DL
Now we present results with smaller payload size of 1 KBytes in UL and 4 KBytes in DL in Table 12 and Table 13 below. Contrary to the large payload results, SBFD gives an overall improvement of UL throughput compared to TDD of at least 60%. The reason for this is that the transmission of the entire 1 kB payload can fit a single slot for both SBFD and TDD. The main difference is the UL resource availability and the impact on the queuing delay. In SBFD, an UL packet is transmitted almost immediately in the case of SBFD, while there is generally some waiting time in the case of TDD UL (an average of 2 slots to get the next UL scheduling opportunity). This problem becomes even larger for the high load cases in which packets are queued for more than 1 full radio frame before they get served in TDD. The benefits on the UL throughput are also visible in the average UL packet delay as shown in the last row of Table 12. 
Observation 11: For FR1 Indoor Office scenario with small 1 kB FTP3 payload size and assuming similar ratio of DL resources for SBFD and TDD (XXXXX vs DDDSU), SBFD provides significant UL throughput and UL latency improvement as compared to static TDD. As compared to the case with large 125 kB payload, here the transmission of the entire 1 kB payload can generally fit a single radio slot, thus it is transmitted almost immediately in the case of SBFD, while there is generally some waiting time in the case of TDD.

Observation 12: For Indoor Office, SBFD performance shall be compared with dynamic TDD or more UL-centric TDD radio frames rather than “DDDSU” static TDD. It is expected that such alternatives can provide similar gains as SBFD.
[bookmark: _Ref127194895]Table 12: UL throughput performance comparison between TDD and SBFD. Assumptions: same antenna gain for SBFD and TDD (Opt 2), 1 kB payload size, XXXXX vs DDDSU. Green/red colors are shown to highlight performance gain or degradation exceeding 10% with respect to static TDD.
	1 kB - UL
	Static TDD
	SBFD with RSI = 120 dB

	Load
	Low 
	Medium
	High
	Low 
	Medium
	High

	5%-ile Average UL UPT [Mbps]
	3.6
	2.4
	2.1
	5.83
	62%
	5.8
	142%
	5.36
	155%

	50%-ile Average UL UPT [Mbps]
	3.7
	3.3
	3.6
	5.87
	59%
	5.85
	77%
	5.77
	60%

	95%-ile Average UL UPT [Mbps]
	3.79
	3.79
	3.77
	5.94
	57%
	5.92
	56%
	5.89
	56%

	Mean Average UL UPT [Mbps]
	3.73
	3.27
	2.93
	5.88
	58%
	5.87
	80%
	5.69
	94%

	Mean Average UL Latency [ms]
	2.38
	2.97
	3.41
	1.37
	-42%
	1.37
	-54%
	1.47
	-57%



[bookmark: _Ref127194896]Table 13: DL throughput performance comparison between TDD and SBFD. Assumptions: same antenna gain for SBFD and TDD (Opt 2), 4 kB payload size, XXXXX vs DDDSU. Green/red colors are shown to highlight performance gain or degradation exceeding 10% with respect to static TDD.
	4 kB - DL
	Static TDD
	SBFD with RSI = 120 dB

	Load
	Low 
	Medium
	High
	Low 
	Medium
	High

	5%-ile Average DL UPT [Mbps]
	26.39
	16.05
	11.52
	27.73
	5%
	23.33
	45%
	14.8
	28%

	50%-ile Average DL UPT [Mbps]
	26.64
	24.65
	20.56
	27.97
	5%
	27.81
	13%
	22.66
	10%

	95%-ile Average DL UPT [Mbps]
	26.79
	26.79
	26.56
	28.19
	5%
	28.19
	5%
	27.95
	5%

	Mean Average DL UPT [Mbps]
	26.6
	23.41
	19.97
	27.96
	5%
	27.06
	16%
	22.24
	11%

	Mean Average DL Latency [ms]
	1.25
	1.84
	3.56
	1.16
	-7%
	1.28
	-30%
	2.02
	-43%



In DL, the performance is also improved, and the UE-to-UE CLI is not sufficient to show a penalty on the DL SBFD performance. One explanation for the performance gain to be higher in the high loads is that SBFD is capable of constantly serve UEs in DL, keeping the queuing delay as low as possible. However, in static TDD, the presence of the UL slot increases the amount of UEs with data and it takes more time for the scheduler to fully serve each user. Effectively, for this type of small payloads that can be transmitted in a single slot, SBFD can be seen as 5 DL consecutive slots whereas TDD only has 4 DL slots.
Observation 13: For FR1 Indoor Office scenario with small 4 kB FTP3 payload size and assuming similar ratio of DL resources for SBFD and TDD (XXXXX vs DDDSU), SBFD provides gains in DL throughput and DL latency. The reason is the low impact on the UE-to-UE CLI and that fact that small DL payloads can be transmitted in a single radio slot.
Noise figure model analysis
This section provides an analysis of the impact on the SBFD performance of the proposed piece-wise noise figure model. This model attempts to mimic the non-linear effects that occur on the gNB receiver by increasing the receiver noise figure as a function of the total input power received at the gNB. For the Scenario 1, where a single operator is assumed, this means that the total received power depends on the self-interference, the co-channel inter-subband inter-gNB interference, the legacy UL interference from UEs transmissions in other cells and the wanted UL signal. The noise figure is then dependent on the total received power, resulting in higher noise figure, the higher is the power.
Figure 4 (left) depicts the CDF of the noise figure at the gNB for several combinations of RSI and load conditions. It can be noted that, at least for some cases, the noise figure is no longer constant at 5 dB but rather takes values in the range of 5 dB to 10 dB. According to the RAN4, model, the noise figure is increased is caused by a total received power higher than -43 dBm. To understand better the nature of the blocking interference, Figure 4 (right), shows the several components that add-up to the total blocking power. It can be noted that the self-interference is the component that contributes the most and it is the responsible for having a blocking power larger than -43 dBm. However, it is worth noticing that for an RSI of 120 dB (which target to achieve 1 dB desense), the self-interference component is kept well below the -43 dBm threshold and the blocking power is overall below as well. 
[image: ]
Figure 4. Noise figure at the gNB with the new piecewise RAN4 model (left) and power of the individual components of the blocking power at the gNB receiver (right)

Observation 14: Given the interference conditions and the assumptions for an RSI to match 1 dB desense, the noise figure proposed by RAN4 has no impact for the indoor office scenario in FR1 (Deployment case 1).

FR2-1 Indoor Office Scenario
Similarly, as for the FR1 scenario, we assume an RSI of 115 dB which corresponds to the needed self-interference mitigation to achieve 1 dB desense at the receiver. A scenario with ideal self-interference cancellation was also simulated and resulted in very similar UL performance as compared to the RSI = 115 dB. In the following we present the results for both the large and the small payload cases.
Large payload of 0.125 Mbytes in UL and 0.5 Mbytes in DL
According to our results in Table 14, SBFD shows benefits in UL UPT at the 5% percentile as compared to static TDD. As the load increases and/or the observation percentile increases, the benefits of SBFD start to diminish. Our interpretation of these results is that, differently from the InH FR1 scenario, the InH FR2-1 scenario contains UEs that are power limited and can’t use the full bandwidth (132 RBs) when transmitting during the UL slot. One of the reasons is the increase in path-loss when switching from FR1 to FR2-1 as shown also in the calibration results collected before RAN1 #112. On the other hand, UEs which can utilize larger bandwidths for transmission do not benefit from SBFD as it is shown in the 50th and 95th percentile. The main reason is the same as for the InH FR1, UEs are able to transmit the full packet is less slots when adopting static TDD than when using SBFD.

Table 14: UL throughput performance comparison between TDD and SBFD. Assumptions: same antenna gain for SBFD and TDD (Opt 2), 125 kB payload size, XXXXX vs DDDSU. Green/red colors are shown to highlight performance gain or degradation exceeding 10% with respect to static TDD.
	125 kB - UL
	Static TDD
	SBFD with RSI = 120 dB

	Load
	Low 
	Medium
	High
	Low 
	Medium
	High

	5%-ile Average UL UPT [Mbps]
	50.2
	46.5
	39.9
	135.5
	170%
	109.2
	135%
	55.2
	38%

	50%-ile Average UL UPT [Mbps]
	169.9
	156.5
	131
	175.2
	3%
	151.4
	-3%
	112.5
	-14%

	95%-ile Average UL UPT [Mbps]
	197.35
	191.4
	174.86
	187.5
	-5%
	175.8
	-8%
	155
	-11%

	Mean Average UL UPT [Mbps]
	156.1
	145.6
	123.5
	170.8
	9%
	147.7
	1%
	110.4
	-11%



In downlink, SBFD and TDD report quite similar throughput for both low and medium load conditions. However, a performance degradation of SBFD with respect to TDD at high load. We observe that the SBFD DL SINR is more sensitive to the offered load than TDD. This is due to an increase of the legacy DL interference as well as the frequent presence of intra-cell and inter-cell inter-subband UE-UE CLI. 

Table 15: DL throughput performance comparison between TDD and SBFD. Assumptions: same antenna gain for SBFD and TDD (Opt 2), 500 kB payload size, XXXXX vs DDDSU. Green/red colors are shown to highlight performance gain or degradation exceeding 10% with respect to static TDD.
	500 kB - DL
	Static TDD
	SBFD with RSI = 120 dB

	Load
	Low 
	Medium
	High
	Low 
	Medium
	High

	5%-ile Average DL UPT [Mbps]
	338.8
	276.4
	226.3
	346.6
	2%
	267.3
	-3%
	146.2
	-35%

	50%-ile Average DL UPT [Mbps]
	654.2
	549.2
	506.8
	674.7
	3%
	568.46
	4%
	421.2
	-17%

	95%-ile Average DL UPT [Mbps]
	716.7
	676.6
	670.2
	740.35
	3%
	699.1
	3%
	622
	-7%

	Mean Average DL UPT [Mbps]
	607.13
	522.3
	485
	624.37
	3%
	536.92
	3%
	407.01
	-16%



Observation 15: For the large payload size, SBFD shows UL UPT gains for 5%-ile of the users in the Indoor office FR2-1 scenario. As compared with static TDD, UEs can spread their transmissions over time in SBFD which helps especially to the power limited UEs.

Observation 16: For the large payload size, SBFD shows no gain or even degradation in performance in terms of DL UPT and latency in the Indoor office FR2-1 scenario. This is especially noticeable at high loads where the co-channel inter-subband UE-to-UE CLI plays an important role.

Small payload of 1 KBytes in UL and 4 KBytes in DL

Similar as for the FR1 InH scenario, the SBFD benefits are highly visible in UL for the small payload size. Both the UL UPT and the UL packet latency are improved. The reason for this is a combination of the following: good link budget that results in high SINR, sufficient self-interference isolation, 100% availability of UL resources at any SBFD slot and UL packets mostly fitting into 1 radio slot.

Table 16: UL throughput and UL latency performance comparison between TDD and SBFD. Assumptions: same antenna gain for SBFD and TDD (Opt 2), 1 kB payload size, XXXXX vs DDDSU. Green/red colors are shown to highlight performance gain or degradation exceeding 10% with respect to static TDD.
	1 kB - UL
	Static TDD
	SBFD with RSI = 120 dB

	Load
	Low 
	Medium
	High
	Low 
	Medium
	High

	5%-ile Average UL UPT [Mbps]
	13.3
	12.06
	6.5
	21.05
	58%
	19.03
	58%
	12.3
	89%

	50%-ile Average UL UPT [Mbps]
	14.25
	13.4
	11.35
	23.16
	63%
	22.31
	66%
	20.23
	78%

	95%-ile Average UL UPT [Mbps]
	15.09
	14.69
	14.2
	23.59
	56%
	23.29
	59%
	22.61
	59%

	Mean Average UL UPT [Mbps]
	14.18
	13.38
	10.87
	22.83
	61%
	21.79
	63%
	19.08
	76%

	Mean Average UL Latency [ms]
	0.66
	0.74
	2.38
	0.36
	-45%
	0.4
	-46%
	1.53
	-36%



In downlink, we noted that SBFD provides very similar performance DL UPT and DL packet latency for low and medium loads. The reason is that, in most of the cases, 1 slot is enough to transmit the 4 kB DL packet. The benefit of SBFD comes from the 100% availability of DL resource at any slot. At high loads, degradation is visible for SBFD due to the presence of inter-subband UE-to-UE CLI, whose power is higher than observed legacy DL interference. This is especially noticeable for those UEs with lowest SINR, and it is shown in the 5%-ile DL UPT.

Table 17: DL throughput and DL latency performance comparison between TDD and SBFD. Assumptions: same antenna gain for SBFD and TDD (Opt 2), 4 kB payload size, XXXXX vs DDDSU. Green/red colors are shown to highlight performance gain or degradation exceeding 10% with respect to static TDD.
	4 kB - DL
	Static TDD
	SBFD with RSI = 120 dB

	Load
	Low 
	Medium
	High
	Low 
	Medium
	High

	5%-ile Average DL UPT [Mbps]
	90.7
	80.8
	63.75
	95.06
	5%
	82.45
	2%
	54.2
	-15%

	50%-ile Average DL UPT [Mbps]
	105.55
	103.44
	98.42
	110.3
	5%
	105.3
	2%
	94.97
	-4%

	95%-ile Average DL UPT [Mbps]
	107.79
	106.34
	105.3
	112.57
	4%
	110.6
	4%
	108.75
	3%

	Mean Average DL UPT [Mbps]
	101.65
	98.04
	92.04
	105.94
	4%
	100.12
	2%
	89.93
	-2%

	Mean Average DL Latency [ms]
	0.35
	0.38
	0.47
	0.33
	-6%
	0.36
	-5%
	1.38
	194%



Observation 17: For the small payload size, SBFD shows significant gains in both the UL UPT and the UL packet latency in the Indoor office FR2-1 scenario. The reason for this is a combination of the following: good link budget that results in high SINR, sufficient self-interference isolation, 100% availability of UL resources at any SBFD slot, and UL packets mostly fitting into 1 radio slot.
Observation 18: For the small payload size, SBFD shows no gain or even degradation in performance in terms of DL UPT and latency in the Indoor office FR2-1 scenario. This is especially noticeable at high loads where the co-channel inter-subband UE-to-UE CLI plays an important role.
Conclusion
In this contribution, we have provided our view on the evaluation assumptions for dynamic TDD and sub-band full duplex (SBFD) Rel-18 studies, and presented performance results for FR1 Urban Macro, FR1 Dense Urban Macro layer and FR1 and FR2-1 Indoor Office scenarios. 
We have the following observations and proposals:
Proposals:
Proposal 1: Based on RAN4’s LS reply R4-2302885, the gNB receiver impairment is modelled as a combination of two separate effects:
· In-channel selectivity using the model agreed in RAN1#111 with ICSBS (in channel selectivity) given by the value of gNB ACS
· Receiver blocking and non-linear effects by varying the gNB noise figure as a function of the total received power in the receiver (corresponding to the linear sum of all received power, including wanted signal, self-interference, inter-gNB interference and inter-sector interference).

Proposal 2: For modeling the blocking effect in the gNB receiver, the total received power at the j-th gNB is defined as follows: 

· where:
·   corresponds to the self-interference, where  corresponds to the gNB DL transmit power and  accounts for analogue suppression mechanisms applied at transmit side e.g. transmit-receive antenna isolation and tx-side beam nulling. Frequency isolation and other receive-side effects are not considered in ;
·  is the blocker interference generated from gNB i to gNB j. 
· Modeling of  for each inter-site gNB-pair can be done as  with  and  denoting the precoder and transmitted symbol at the aggressor gNB i, and  denoting the channel between gNB i and gNB j.
· Modeling of  for co-site gNB-pairs can be done in a similar manner as for self-interference, i.e. as , with  accounting for analogue suppression mechanisms e.g. inter-sector isolation and potentially inter-sector beam nulling if applicable. 
·  is the received power from the k-th UE UL transmission at gNB j.  includes (legacy) inter-cell UL interference as well as the wanted UL signals.
· Note: Depending on gNB wideband Rx analogue filter implementation, blocker interference increases according to the number of operators deployed in the frequency band. If only a single operator's network is simulated but the gNB supports a frequency range in which n operators have networks with similar power and traffic, the formula may consider the factor of n for the interference from base stations and UEs in other networks. This may approximate the other networks' effect if they use the same masts, cause the same intra-band co-site interference, and also use SBFD. In other words, this approximation only applies if 0% grid-shift between networks is assumed. Mathematically, this can be expressed as:

where:
·  is the blocking interference generated at the co-site gNB i towards the gNB j
· is the blocking interference generated at the inter-site gNB l towards the gNB j
·  is the blocking interference generated at the UE k towards the gNB j
Proposal 3: When evaluating the benefits of SBFD, the performance evaluation needs to be done under realistic assumptions of inter-sector isolation and self-interference suppression levels as well as the proposed noise figure model by RAN4. The performance evaluation should also include possible alternatives already allowed by the current NR standard, e.g.: TDD with power class 2 UE (max 26 dBm output transmit power).

Observations:
Observation 1: In low load conditions, SBFD improves the UL throughput performance at the 5%-ile for cell-edge UEs, thanks to the presence of UL resources in each SBFD slot. The UL throughput gains diminishes as the load increases since self-interference, inter-sector interference and inter-gNB interference starts to play a role. 
Observation 2: For the same RSI capabilities, the SBFD UL performance is quite dependent on the inter-sector isolation. SBFD reported larger gains when 93 dB of spatial isolation for the co-site inter-sector interference is assumed.
Observation 3: With clustered UE distribution in UMa Scenario, there is significant degradation of UE DL throughput due to UE-UE CLI even at low load. This mainly occurs when one or more coverage-limited UEs transmit over a few, e.g. 4, RBs with full 23 dBm UL transmit power which generates large amount of UL leakage interference to other UEs receiving in DL. 
Observation 4: The RAN4 proposed noise figure further degrades the UL performance of SBFD in the UMa FR1 scenario and it is especially impactful for cases with modest self-interference and inter-sector interference mitigation capabilities.
Observation 5: For static TDD with low UL duty cycle (e.g. DDDSU), some UEs may have the capability for up to 26 dBm maximum UL transmit power. Comparing SBFD with 23 dBm UL max transmit power vs static TDD DDDSU with 26 dBm max UL transmit power, static TDD performs as good or better in terms of UL average throughput performance, with only 20%-30% lower 5%-ile user UL throughput. 
Observation 6: In the Dense Urban FR1 scenario, SBFD brings benefits to the UL performance specially for the cell-edge users (5%-ile of the throuhgput).. Due to the lower transmit power at the gNBs, the benefits of SBFD in UL are larger than the observed in Urban Macro FR1 scenario.
Observation 7: With clustered UE distribution in Dense Urban FR1 scenario, there is significant degradation of UE DL throughput due to UE-UE CLI. This mainly occurs when one or more coverage-limited UEs transmit over a few, e.g. 4, RBs with full 23 dBm UL transmit power which generates large amount of UL leakage interference to other UEs receiving in DL.   
Observation 8: In the Dense Urban FR1 scenario, the importance of good inter-sector isolation is increased when the RAN4 piece-wise noise figure model is adopted. 
Observation 9: For FR1 Indoor Office scenario with 0.125 Mbytes FTP3 payload size and assuming similar ratio of DL resources for SBFD and TDD (XXXXX vs DDDSU), SBFD results in a UL throughput degradation of around 5% compared to static TDD. The reason is that with TDD there are more resource blocks available simultaneously for the same link direction (either UL or DL) which allows to upload the 0.125 Mbytes payloads faster than in SBFD.
Observation 10: For FR1 Indoor Office scenario, no UL performance degradation due to self-interference is observed even with relaxed assumption of RSI=100 dB. The reason of this is that the required receiver sensitivity in this local-area scenario is much lower than in wide-area deployments due to higher received power from the UEs.
Observation 11: For FR1 Indoor Office scenario with small 1 kB FTP3 payload size and assuming similar ratio of DL resources for SBFD and TDD (XXXXX vs DDDSU), SBFD provides significant UL throughput and UL latency improvement as compared to static TDD. As compared to the case with large 125 kB payload, here the transmission of the entire 1 kB payload can generally fit a single radio slot, thus it is transmitted almost immediately in the case of SBFD, while there is generally some waiting time in the case of TDD.
Observation 12: For Indoor Office, SBFD performance shall be compared with dynamic TDD or more UL-centric TDD radio frames rather than “DDDSU” static TDD. It is expected that such alternatives can provide similar gains as SBFD.
Observation 13: For FR1 Indoor Office scenario with small 4 kB FTP3 payload size and assuming similar ratio of DL resources for SBFD and TDD (XXXXX vs DDDSU), SBFD provides gains in DL throughput and DL latency. The reason is the low impact on the UE-to-UE CLI and that fact that small DL payloads can be transmitted in a single radio slot.
Observation 14: Given the interference conditions and the assumptions for an RSI to match 1 dB desense, the noise figure proposed by RAN4 has no impact for the indoor office scenario in FR1 (Deployment case 1).
Observation 15: For the large payload size, SBFD shows UL UPT gains for 5%-ile of the users in the Indoor office FR2-1 scenario. As compared with static TDD, UEs can spread their transmissions over time in SBFD which helps especially to the power limited UEs.
Observation 16: For the large payload size, SBFD shows no gain or even degradation in performance in terms of DL UPT and latency in the Indoor office FR2-1 scenario. This is especially noticeable at high loads where the co-channel inter-subband UE-to-UE CLI plays an important role.
Observation 17: For the small payload size, SBFD shows significant gains in both the UL UPT and the UL packet latency in the Indoor office FR2-1 scenario. The reason for this is a combination of the following: good link budget that results in high SINR, sufficient self-interference isolation, 100% availability of UL resources at any SBFD slot, and UL packets mostly fitting into 1 radio slot.
Observation 18: For the small payload size, SBFD shows no gain or even degradation in performance in terms of DL UPT and latency in the Indoor office FR2-1 scenario. This is especially noticeable at high loads where the co-channel inter-subband UE-to-UE CLI plays an important role.



Annex A: Simulation assumptions for FR1 UMa Scenario 
[bookmark: _Ref111043115]Table A: Simulation assumptions for FR1 UMa Scenario
	Parameters
	Value

	Scenario
	Urban Macro (TR 38.901) with 7x3=21 cells and 500 meter ISD.
SBFD Deployment Case 1 with single operator and all gNBs using the same UL-DL SBFD sub-band partitioning

	SCS
	30 kHz

	Carrier bandwidth
	100 MHz, 273 RBs

	gNB total transmit power
	53 dBm

	UE Tx power
	23 dBm

	UE position
	UE clustering in line with RAN1#111 agreements: 10 UEs per cell at 1.5 meter height. 80% of the UEs in 1 clusters per macro cell area with 25 meter radius.
UEs dropped within the UE cluster are indoor with 3km/h; UEs dropped outside the UE cluster are outdoor in car with 30km/h

	Traffic model
	FTP3 UL and DL traffic; 0.125 MB payload size in UL and 0.5 MB in DL 

	Channel modelling
	gNB-UE: TR 38.901 UMa

gNB-gNB: TR 38.901 UMa with replacement of the UE’s antenna height with gNB’s antenna height and updated angular spread. 75% of LOS probability for gNBs within ISD distance

UE-UE: TR 38.901 UMi with O2I according to TR 38.802. 

Both large-scale and small-scale fading effects are modeled between all gNB-gNB links.
Only large-scale fading is modeled between UE-UE links.

	BS antenna configurations
	TDD: 16 Tx/16 Rx antenna ports 
(M, N, P, Mg, Ng; Mp, Np) = (8, 8, 2, 1, 1; 2, 4);

SBFD: 16 Tx/16 Rx antenna ports (Opt 2)
(M, N, P, Mg, Ng; Mp, Np) = (8, 8, 2, 1, 1; 1, 4) (per panel group)

dH = 0.5λ, dV = 0.8λ;
6 degree electrical tilt. No mechanical tilt 


	UE antenna configuration
	2 Tx antenna ports:
(M, N, P, Mg, Ng; Mp, Np) = (1, 2, 2, 1, 1; 1, 1)

4 Rx antenna ports:
(M, N, P, Mg, Ng; Mp, Np) = (1, 2, 2, 1, 1; 1, 2)
dH=0.5

	UE & BS receiver
	MMSE-IRC 

	Number of UEs per cell
	10 

	UE power control
	Open-loop power control with alpha = 0.7 and p0=-80

	DL/UL Transmission mode
	DL: Single user MIMO with rank 2
UL: Single user MIMO with rank 1

	Frame structure
	TDD: DDDSU with S=[12D:2G:0U]
SBFD: XXXXX with X denoting a SBFD slot with DGUGU = [104, 5, 55, 5, 104] PRB assignment. “D”, “U” and “G” refers to downlink subband, uplink subband and guard bands, respectively.

	SBFD interference modeling
	Setting 1: 149 dB RSI and 135.5 dB for : 
Setting 2: 149 dB RSI and 117.5 dB for . 
gNB-to-gNB inter-site: ACLR: 45 dB, ACS: 46 dB.
UE-to-UE: IBE requirements defined in TS38.101-1 and TS38.101-2 for Tx model.
UE selectivity model according to recent RAN1 working assumptions. UE ICS = 33 dB





Annex B: Simulation assumptions for FR1 Dense Urban macro layer
Table B: Simulation assumptions for FR1 Dense Urban macro layer
	Parameters
	Value

	Scenario
	Dense Urban Macro layer with 7x3=21 cells and 200 meter ISD.
SBFD Deployment Case 1 with single operator and all gNBs using the same UL-DL SBFD sub-band partitioning

	SCS
	30 kHz

	Carrier bandwidth
	100 MHz, 273 RBs

	gNB total transmit power
	44 dBm

	UE Tx power
	23 dBm

	UE position
	UE clustering in line with RAN1#111 agreements: 10 UEs per cell at 1.5 meter height. 80% of the UEs in 1 clusters per macro cell area with 25 meter radius.
UEs dropped within the UE cluster are indoor with 3km/h; UEs dropped outside the UE cluster are outdoor in car with 30km/h

	Traffic model
	FTP3 UL and DL traffic; 0.125 MB payload size in UL and 0.5 MB in DL 

	Channel modelling
	gNB-UE: TR 38.901 UMa

gNB-gNB: TR 38.901 UMa with replacement of the UE’s antenna height with gNB’s antenna height and updated angular spread. 75% of LOS probability for gNBs within ISD distance

UE-UE: TR 38.901 UMi with O2I according to TR 38.802. 

Both large-scale and small-scale fading effects are modeled between all gNB-gNB links.
Only large-scale fading is modeled between UE-UE links.

	BS antenna configurations
	TDD: 16 Tx/16 Rx antenna ports 
(M, N, P, Mg, Ng; Mp, Np) = (8, 8, 2, 1, 1; 2, 4);

SBFD: 16 Tx/16 Rx antenna ports (Opt 2)
(M, N, P, Mg, Ng; Mp, Np) = (8, 8, 2, 1, 1; 1, 4) (per panel group)

dH = 0.5λ, dV = 0.8λ;
6 degree electrical tilt. No mechanical tilt 


	UE antenna configuration
	2 Tx antenna ports:
(M, N, P, Mg, Ng; Mp, Np) = (1, 2, 2, 1, 1; 1, 1)

4 Rx antenna ports:
(M, N, P, Mg, Ng; Mp, Np) = (1, 2, 2, 1, 1; 1, 2)
dH=0.5

	UE & BS receiver
	MMSE-IRC 

	Number of UEs per cell
	10 

	UE power control
	Open-loop power control with alpha = 0.7 and p0=-86

	DL/UL Transmission mode
	DL: Single user MIMO with rank 2
UL: Single user MIMO with rank 1

	Frame structure
	TDD: DDDSU with S=[12D:2G:0U]
SBFD: XXXXX with X denoting a SBFD slot with DGUGU = [104, 5, 55, 5, 104] PRB assignment. “D”, “U” and “G” refers to downlink subband, uplink subband and guard bands, respectively.

	SBFD interference modeling
	Setting 1: 140 dB RSI and 135.5 dB for : 
Setting 2: 140 dB RSI and 117.5 dB for . 
gNB-to-gNB inter-site: ACLR: 45 dB, ACS: 46 dB.
UE-to-UE: IBE requirements defined in TS38.101-1 and TS38.101-2 for Tx model.
UE selectivity model according to recent RAN1 working assumptions. UE ICS = 33 dB





Annex C: Simulation assumptions for FR1 Indoor Scenario
[bookmark: _Ref127300680]Table C18: Simulation assumptions for FR1 Indoor Scenario
	Parameters
	Value

	Scenario
	TR 38.901 Indoor Office of 120x50x3 meter with 12 cells deployed in the ceiling with 20 meter inter-site distance.
SBFD Deployment Case 1 with single operator and all gNBs using the same UL-DL SBFD sub-band partitioning

	SCS
	30 kHz

	Carrier bandwidth
	100 MHz, 273 RBs

	gNB total transmit power
	24 dBm

	UE Tx power
	23 dBm

	UE position
	120 randomly distributed UEs in the office area.

	Traffic model
	FTP3 UL and DL traffic; 0.125 MB payload size in UL and 0.5 MB in DL 
FTP3 UL and DL traffic; 1kB payload size in UL and 4kB in DL

	Channel modelling
	gNB-UE, UE-UE and gNB-gNB: TR 38.901 InH

Both large-scale and small-scale fading effects are modeled between all gNB-gNB and UE-UE links.

	BS antenna configurations
	TDD: 32 Tx/32 Rx antenna ports 
(M, N, P, Mg, Ng; Mp, Np) = (4, 4, 2, 1, 1; 4, 4);

SBFD: 32 Tx/32 Rx antenna ports (Opt 2)
(M, N, P, Mg, Ng; Mp, Np) = (4, 4, 2, 1, 1; 4, 2); (per panel group)

dH = 0.5λ, dV = 0.5λ;
90 degree mechanical tilt (pointing to the floor)


	UE antenna configuration
	2 Tx antenna ports:
(M, N, P, Mg, Ng; Mp, Np) = (1, 2, 2, 1, 1; 1, 1)

4 Rx antenna ports:
(M, N, P, Mg, Ng; Mp, Np) = (1, 2, 2, 1, 1; 1, 2)
dH=0.5

	UE & BS receiver
	MMSE-IRC 

	UE power control
	Open-loop power control with alpha = 0.6 and p0=-60

	DL/UL Transmission mode
	DL: Single user MIMO with rank 2
UL: Single user MIMO with rank 1

	Frame structure
	TDD: DDDSU with S=[12D:2G:0U]
SBFD: XXXXX with X denoting a SBFD slot with DGUGU = [104, 5, 55, 5, 104] PRB assignment. “D”, “U” and “G” refers to downlink subband, uplink subband and guard bands, respectively.

	SBFD interference modeling
	gNB Self-interference RSI: 120 dB
gNB-to-gNB inter-site: ACLR: 45 dB, ACS: 46 dB.
UE-to-UE: IBE requirements defined in TS38.101-1 and TS38.101-2 for Tx model.
UE selectivity model according to recent RAN1 working assumptions. UE ICS = 33 dB













Annex D: Simulation assumptions for FR2-1 Indoor Scenario
Table D: Simulation assumptions for FR2-1 Indoor Scenario
	Parameters
	Value

	Scenario
	TR 38.901 Indoor Office of 120x50x3 meter with 12 cells deployed in the ceiling with 20 meter inter-site distance.
SBFD Deployment Case 1 with single operator and all gNBs using the same UL-DL SBFD sub-band partitioning

	SCS
	120 kHz

	Carrier bandwidth
	200 MHz, 132 RBs

	gNB total transmit power
	24 dBm

	UE Tx power
	23 dBm

	UE position
	120 randomly distributed UEs in the office area.

	Traffic model
	FTP3 UL and DL traffic; 0.125 MB payload size in UL and 0.5 MB in DL 
FTP3 UL and DL traffic; 1kB payload size in UL and 4kB in DL 

	Channel modelling
	gNB-UE, UE-UE and gNB-gNB: TR 38.901 InH

Both large-scale and small-scale fading effects are modeled between all gNB-gNB and UE-UE links.

	BS antenna configurations
	TDD: 
(M, N, P, Mg, Ng; Mp, Np) = (16, 8, 2, 1, 1; 1, 1);

SBFD (Opt 2):
(M, N, P, Mg, Ng; Mp, Np) = (16, 8, 2, 1, 1; 1, 1);

dH = 0.5λ, dV = 0.5λ;
90 degree mechanical tilt (pointing to the floor)


	UE antenna configuration
	4Tx/4 Rx antenna ports 
(M, N, P, Mg, Ng; Mp, Np) = (2, 4, 2, 1, 2; 1, 1)
dH=0.5

	UE & BS receiver
	MMSE-IRC 

	UE power control
	Open-loop power control with alpha = 0.6 and p0=-60

	DL/UL Transmission mode
	DL: Single user MIMO with rank 1
UL: Single user MIMO with rank 1

	Frame structure
	TDD: DDDSU with S=[12D:2G:0U]
SBFD: XXXXX with X denoting a SBFD slot with DGUGU = [52, 1, 26, 1, 52] PRB assignment. “D”, “U” and “G” refers to downlink subband, uplink subband and guard bands, respectively.

	SBFD interference modeling
	gNB Self-interference RSI: 120 dB
gNB-to-gNB inter-site: ACLR: 28 dB, ACS: 23.5 dB.
UE-to-UE: IBE requirements defined in TS38.101-1 and TS38.101-2 for Tx model.
UE selectivity model according to recent RAN1 working assumptions. UE ICS = 23 dB
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