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Introduction
In this contribution, we discuss deployment scenarios and evaluation methodology for the SI “evolution of duplex enhancement” approved in RAN#94e[1]. As described in the SID, applicable and relevant deployment scenarios and evaluation methodology should be identified at the beginning of the SI.
	· 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).


Deployment scenarios
Diverse scenarios have been proposed in RAN#93 and RAN#94, e.g., isolated/non-isolated indoor, Macro/Micro/small cell, HetNet, etc. This SI aims to identify the benefit of duplex evolution to provide reduced latency, enhanced UL coverage and improved system capacity.
From our perspective, smart factories have strong needs of stringent latency and tremendous uplink capacity which could be a typical application of duplex enhancement. First, the feasibility can be evaluated on isolated/non-isolated indoor factory scenario. Then, the conflict of UL dominant traffic load in factory and DL dominant traffic load of Macro cell can be fully evaluated. Further, the potential benefit of UL coverage can also be studied in the scenario of urban Macro.
As a starting point, we’d like to prioritize the evaluation of the performance for non-isolated factory and urban Macro scenarios. In those cases, gNBs are configured with the same subband information, e.g., all gNBs configured with DUD or DU depending on the supported subband number. The only type of cross link interference (CLI) that should be taken into account at gNB side and at UE side is inter-subband CLI. 
Proposal 1: For evolution of duplex operation, isolated/non-isolated indoor factory, Macro & indoor factory and urban Macro are recommended as evaluation scenarios.
· For the first step, non-isolated factory and urban Macro with the same subband configuration are recommended as the highest priority candidate scenarios.
Evaluation metrics
In general, we want to evaluate the SBFD performance in three aspects, e.g., coverage, delay and average throughput.
As a fundamental metric, the geometry should be evaluated which can be used for calibration as well as for the derivation of other metric, e.g., coverage.
Specifically, for coverage we use the MPL as the metric with the following equations:
MPL=PTx+GainTx+GainRx-(Noise figure+SINR+Noise floor),
where PTx stands for the transmitting power, GainTx / GainRx are the antenna gain at Tx/Rx.
For delay performance, we have the assumption that the Minimum traffic delay is 1 slot and the traffic delay is calculated as 
Delay=Slot index (Packet transmission completion) -Slot index (Packet is generated).
To evaluate duplex flexibility, user perceived throughput (UPT) is used as evaluation metric, same as in LTE eIMTA[2]. For UL/DL average UPT, it can be calculated as the ratio of total size of successful transmitted packet to the total evaluation duration for the UE.

Additionally, {5%, 50%, 95%} UPTs are defined from the CDF of average packet throughput from all UEs.
Proposal 2:  At least the following metrics should be considered for SBFD study:
· Geometry
· Coverage
· Delay
· {5%,50%,95%,average} UPTs
Simulation assumptions and results
In this section, the detailed evaluation parameters of isolated/non-isolated indoor factory, Macro + indoor factory and urban Macro are discussed, respectively.
Above all, the mentioned overall parameters are summarize in Table-1.
Table-1. Overall parameters explanations
	
	the channel power at uplink PRB-c of InF gNB-n transmitted from user-m
	
	the total number of uplink marco-gNB

	
	the channel power at downlink PRB-c of user-m belonging to InF gNB-n
	
	the total number of InF-gNB.

	
	The inter-subband CLI from uplink PRB-j in subband-i of InF user-k to downlink PRB-c of InF user-m
	

	Set of downlink subbands for InF gNB-n

	
	The inter-subband CLI from downlink PRB-j in subband-i of InF user-z to uplink PRB-c of InF user-n
	
	Set of uplink subbands for InF gNB-n

	
	The co-hannel interference from downlink PRB-c of InF gNB-z to downlink PRB-c of InF gNB-n
	
	PRB set for uplink subband-i of user-k within InF gNB-n

	
	The co-hannel interference from uplink PRB-c of InF user-k to uplink PRB-c of user-n
	
	PRB set for downlink subband-i of InF gNB-n

	
	The co-channel interference from downlink PRB-c of macro gNB-z to uplink PRB-c of InF gNB-n
	
	the noise power for uplink PRB-c of user-m within InF gNB-n

	
	The co-channel interference from uplink PRB-c of InF user-k to downlink PRB-c of macro user-m
	
	the noise power for downlink PRB-c of user-m within InF gNB-n

	
	The co-channel interference from downlink PRB-c of macro gNB-z to downlink PRB-c of macro gNB-n
	
	the noise power for uplink PRB-c of user-m within macro gNB-n

	
	the total number of uplink users in marco cells
	
	the noise power for downlink PRB-c of user-m within macro gNB-n

	.
	the total number of uplink users in InF
	
	



Indoor factory
The indoor factory models have been thoroughly summarized in TR38.901 involving five types, e.g., InF-SL, InF-DL, InF-SH, InF-DH and InF-HH. The main differences among those models are clutter type, clutter density, etc. In our evaluation, we choose InF-DH as a starting model to see the impact of using SBFD, and will evaluate other types in the future. The relevant proposed simulation settings are shown in Appendix 7.1.
For indoor factory, firstly we evaluate a standalone scenario with only one BS. Obviously, the interference is expected to be limited compared with other complex scenarios. The performance can be regarded as an upper-bound of SBFD. Then, we will also evaluate the multi-BS case and each BS operated in SBFD mode.


Figure-1. Illustration of SBFD indoor factory scenario
Isolated InF
As shown in Figure-1, among 18 BSs we will choose the marked one to see its standalone performance. Both DL and UL performance have been evaluated. The types of interference (interference of the same direction is not included) at gNB/UE sides are shown in Table-2 and Table-3
Table-2. Interference types for isolated indoor factory at gNB
	            Interference
     scenarios
	SI
	Co-channel CLI
	Adjacent CLI

	
	
	Inter-subband CLI
	Intra-subband CLI
	

	Isolated InF
	√
	
	
	


Table-3. Interference types for isolated indoor factory at UE
	            Interference
     scenarios
	Co-channel CLI
	Adjacent CLI

	
	Inter-subband CLI
	Intra-subband CLI
	

	Isolated InF
	√
	
	


The SINR of user-m’s uplink PRB-c at InF gNB-n can be expressed as 
 ,
where the first term of denominator corresponds the gNB-n’s SI.
The downlink PRB-c of user-m’s SINR belonging to InF gNB-n can be expressed as 
 ,
where the first term of denominator is the uplink interference from other UEs.
Non-Isolated InF
Under non-Isolated InF-DH SBFD scenario, all 18 BSs in Figure-1 are evaluated and they all function under SBFD mode with same subband configuration. Compared with isolated scenario, the interference model becomes more complex. There are SI and inter-gNB inter-subband CLI at gNB side and intra/inter cell inter-subband CLI at UE side as shown in Table-4 and Table-5.
Table-4. Interference types for non-isolated indoor factory at gNB
	            Interference
     scenarios
	SI
	Co-channel CLI
	Adjacent CLI

	
	
	Inter-subband CLI
	Intra-subband CLI
	

	Non-isolated InF
	√
	√
	
	


Table-5. Interference types for non-isolated indoor factory at UE
	      Interference
     scenarios
	Co-channel CLI
	Adjacent CLI

	
	Intra-cell CLI
	Inter-cell CLI
	

	
	Inter-subband CLI
	Inter-subband CLI
	Intra-subband CLI
	

	Non-isolated InF
	√
	√
	
	


The SINR of user-m’s uplink PRB-c to gNB-n can be expressed as 
 .
Compared with standalone uplink scenario, we have two additional types of interference. The second term of denominator is the inter-subband downlink interference from other gNBs; the third term of denominator is the legacy uplink interference from other uplink UEs in other cells.
Similarly, the SINR of user-m’s downlink PRB-c of gNB-n can be expressed as 
 ,
where the first term of denominator is uplink interference from other UEs and the second term of denominator is the legacy downlink interference from other gNBs.
Macro & indoor factory
In order to solve the asymmetry of uplink and downlink services between indoor factory and Macro-cell outside the factory, UL dominant TDD configuration or non-overlapping subband full duplex can be used to achieve the UL capacity enhancement in factories and DL dominant TDD configuration is reserved in Macro cell. For no detailed evaluation on different TDD DL/UL configuration in the same carrier frequency in LTE eIMTA or R16 CLI&RIM, careful evaluation should be conducted in Rel-18.
Macro & dynamic TDD indoor factory
In Figure-2, it illustrates the scenario and CLI where Marco-cell and indoor factory are configured with different TDD configurations, respectively. Since more UL slots are used in factory, the UL reception of factory gNB suffers severe co-channel interference from DL transmission of Macro gNB. Besides, the DL data in macro cell will suffer co-channel CLI from the UEs transmitting UL signal in factory. Our proposed SLS simulation parameters for Macro & dynamic TDD indoor factory are shown in Appendix 7.2.
[image: ]
Figure-2. Macro & indoor factory scenarios with different UL-DL TDD configuration
For the 2nd to the 4th slot, the interference types are shown in Table-6 and Table-7. Accordingly, the UL SINR of indoor factory is

where the first term of denominator is downlink co-channel interference from marco gNBs; the second term of denominator is the uplink interference from indoor uplink UEs within others gNBs.
For the 2nd to the 4th slot, the DL SINR of user-m within Macro-cell is
 ,
where the first term of denominator is downlink co-channel interference from other marco gNBs; the second term of denominator is the uplink cross link interference from indoor uplink UEs.
Table-6. Interference types for gNB interference of Macro & dynamic TDD indoor factory
	            Interference
     scenarios
	SI
	Co-channel CLI
	Adjacent CLI

	Macro & dynamic TDD InF
	
	√
	


Table-7. Interference types for Macro UE interference of Macro & dynamic TDD indoor factory
	           Interference 
scenarios
	Co-channel CLI
	Adjacent CLI

	Macro & dynamic TDD InF
	√
	



Macro & SBFD indoor factory
Non-overlapping subband duplex in factory and legacy DL dominant configuration in Macro cell is shown in Figure-3. Co-channel CLI of gNB in factory in the first case is replaced by inter/intra-subband CLI from DL transmission of Macro gNB. The impact of inter/intra-subband CLI on performance and the relevant modeling method should be studied. At UE side, UEs in factory suffer the intra-cell inter-subband CLI and UEs in Macro cell suffer inter/intra-subband CLI instead of co-channel CLI in the first case. Most SLS simulation parameters are the same as scenario of Macro & dynamic TDD indoor factory except the SBFD configuration shown in Appendix 7.3.
[image: ]
Figure-3. Macro & indoor factory scenarios with UL-DL TDD configuration in Macro and SBFD in factory
Take the 2nd slot as an example, the DL SINR of PRB-c for user-m in Macro gNB-n is
 ,
where the first term of first equation’s denominator is the interference with the same link direction from other macro gNBs; the second term of first equation’s denominator is the downlink co-channel interference from all indoor gNBs; the third term of first equation’s denominator is the uplink inter-subband cross link interference from all indoor uplink UEs; the first term of second equation’s denominator is the downlink co-channel interference from other gNBs; the second term of second equation’s denominator is the uplink intra subband cross link interference from all indoor uplink UEs. 
The SINR of downlink PRB-c for user-m in InF gNB-n is
 ,
where the first term of denominator is downlink co-channel interference from all macro gNBs; the second term of denominator is the downlink co-channel interference from other indoor gNBs; the third term of denominator is inter-subband interference from all indoor uplink UEs.
The SINR of uplink user-m’s uplink PRB-c in InF gNB-n is
 ,
where the first term of denominator is downlink interference from all marco gNBs’ downlink transmission; the second term of denominator is the uplink interference from other indoor uplink UEs; the third term of denominator is the gNB-m’s SI; the fourth term of denominator is the inter-subband CLI from other InF gNBs.
Urban macro
The key characteristics of urban macro scenarios are continuous and ubiquitous coverage on the large cells [3] which can be a duplex scenario for UL coverage enhancement. Macro cells in the same carrier frequency with the same subband configuration have the high priority. The types of interferences in this case are the same with indoor factory scenarios which is shown in Figure-4. Every gNBs suffer inter cell inter subband CLI from the other gNB. UEs are suffered intra/inter cell inter subband CLI from UEs in the same/different cell. The relevant simulation assumption can be seen in Appendix 7.4.
[image: ]
Figure-4. Interference analysis of urban macro with the same subband configuration
Macro cells with different subband configuration are shown in Figure-5. When same macro gNBs adopt non-overlapping subband full duplex and the other macro gNBs adopt TDD configuration, this case become a co-channel co-existence case with legacy TDD operation. Considering the degradation of performance caused by intra subband CLI at gNB side and UE side, the priority of this case is low.
The UL/DL SINR of urban macro is the same as the indoor factories, thus we won’t give details on SINR’s explanations.
[image: ]
Figure-5. Interference analysis of urban macro with different subband configuration
Simulation evaluation
In this section, the preliminary evaluation results of urban macro with SBFD for 4GHz are presented. Three-subband configuration with 20% center RBs for UL is adopted for all macro gNBs and the TDD configuration of DDDSU is used as baseline shown in Appendix 7.4. FTP traffic model-3 with 0.5M bytes DL packet size is used and the ratio of DL/UL traffic load is 4:1. It is observed that uplink UPT is significantly increased for more uplink resource and matching well the instantaneous need of DL and UL traffic as shown in Figure-6 and Table-8 . Meanwhile, the downlink UPT without CLI mitigation is slightly degraded considering inter-subband CLI and less downlink resources as shown in Figure-7 and Table-9. Thus, CLI handling should be studied to improve the DL performance.
Table-8. UL UPT performance of urban Macro
	Feature
	5% UPT
	50% UPT
	95% UPT

	TDD
	1x
	1x
	1x

	SBFD
	1.16x
	2.59x
	2.55x



[image: ]
Figure-6. Uplink UPT of urban macro with same subband configuration
Table-9. DL UPT performance of urban Macro
	Feature
	5% UPT
	50% UPT
	95% UPT

	TDD
	1x
	1x
	1x

	SBFD
	0.85x
	0.79x
	0.96x



[bookmark: _GoBack]
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Figure-7. Downlink UPT of urban macro with same subband configuration
Observation 1: Downlink UPT of SBFD is slightly degraded while significant improvement of uplink UPT is observed in urban Macro scenario.
The uplink and downlink geometry is given in Figure-8 and Figure-9. Baseline is the transmission direction of all cells are downlink/uplink and the transmission direction of all cells in SBFD is based on three-subband configuration and the number of DL UEs and UL UEs is with a 50% probability. In the preliminary evaluation, 105dB and 130dB are taken as the gNB SI cancellation capability and 43dB degradation is used to model the inter-gNB inter-subband CLI. At UE side, 28dB degradation is adopted to model UE-to-UE inter-subband CLI. Significant degradation of UL SINR with 105dB SI cancellation capability is observed in Figure-8 compared with that of 130dB SI cancellation capability. For DL geometry, SINR decreases slightly considering inter-subband CLI of UEs which bring less impact UE. Therefore, SI and CLI mitigation at gNB should be studied in Rel-18 for UL performance optimization.
Observation 2: SI cancellation capability has a great impact on the performance of geometry in urban Macro scenario.
[image: ][image: ]
Figure-8. Uplink geometry of urban Macro
[image: ]
Figure-9. Downlink geometry of urban Macro
Proposal 3: Simulation assumptions including baseline, SBFD configuration, FTP model and interference modeling are recommended to be calibrated ASAP.
Conclusion
In this contribution, we presented some considerations for the deployment scenarios, evaluation assumptions and methodology on duplex enhancement, and have the following observation and proposals:
Observation 1: Downlink UPT of SBFD is slightly degraded while significant improvement of uplink UPT is observed in urban Macro scenario.
Observation 2: SI cancellation capability has a great impact on the performance of geometry in urban Macro scenario.
Proposal 1: For evolution of duplex operation, isolated/non-isolated indoor factory, Macro & indoor factory and urban Macro are recommended as evaluation scenarios.
· For the first step, non-isolated factory and urban Macro with the same subband configuration are recommended as the highest priority candidate scenarios.
Proposal 2:  At least the following metrics should be considered for SBFD study:
· Geometry
· Coverage
· Delay
· {5%,50%,95%,average} UPTs
Proposal 3: Simulation assumptions including baseline, SBFD configuration, FTP model and interference modeling are recommended to be calibrated ASAP.
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Appendix
Simulation parameters for indoor factory.
	Layout
	· Scheme-Room size:1000m3
· Ceiling height:10m
· Effective clutter height: 5m
· External wall and ceiling type: Concrete walls and ceiling with metal-coated windows

	SBFD configuration
	· Scheme-1: DDDSU     red slot is FD slot
· 2 subbands (subband-1:D;subband-2:U)
· FD slot: (S: DL M-RB, Guard: Total-M-N PRBs, UL N-RBs) D:U=M:N
· S slot: x1 DL symbols, x2 gap symbols, x3 UL symbols
· Scheme-2: DDDSU   red slot is FD slot
· 3 subbands, (subband-1:D;subband-2:U;subbband-3:D)
· within FD slot, y% centre RBs are for UL, Guard band RB: same as scheme-1
· S slot: x1 DL symbols, x2 gap symbols, x3 UL symbols

	Baseline
	· DDDSU
· DSSSU
· Frame structure based on the values of M, N

	Clutter type
	Small to medium metallic machinery and objects with irregular structure.

	Small to medium metallic machinery and objects with irregular structure. 
	2m

	Clutter density
	High clutter density (≥40%)

	BS antenna height
	Above clutter

	UT location
	· LOS and NLOS
· Clutter-embedded



Simulation parameters for Macro & non-SBFD indoor factory.
	Layout
	· Two layers
· Macro layer: Hex. Grid, 21 BSs
· Indoor: refer to 7.1 indoor layout
[image: ]

	UL-DL TDD configuration
	· TDD configuration for Macro-Cell
· DDDSU (S slot: x1 DL symbols, x2 gap symbols, x3 UL symbols)
· TDD configuration for indoor
· DSUUU (S slot: x1 DL symbols, x2 gap symbols, x3 UL symbols

	Baseline
	· TDD configuration for Macro-Cell/indoor
· DDDSU (S slot: x1 DL symbols, x2 gap symbols, x3 UL symbols)

	Traffic Model
	· FTP traffic model 3
· DL/UL Packet size: 0.5 Mbyte/0.125Mbyte
· DL/UL file arriving rate λ chosen from [2.5, 5, 10, 15, 20, 25, 50, 75]
· 𝜆DL:𝜆𝑈L= 4:1/2:3 

	Antenna Configuration 
	· BS: (dH, dV) = (0.5, 0.8)λ
· 192 antenna elements, (M,N,P,Mg,Ng) = (12,8,2,1,1)
· (optional) 128 antenna elements, (M,N,P,Mg,Ng) = (8,8,2,1,1)
· UE: (dH, dV) = (0.5, 0.5)λ
· (M, N, P, Mg, Ng) = (1, 1, 2, 1, 1)
· Optional: (Mg,Ng,M,N,P) = (1,2,2,2,2)
· BS antenna height：25m
· BS antenna element gain + connector loss：8 dBi, including 3dB cable loss
· UE antenna height：1.5m
· UE antenna gain：0 dBi

	Tx power
	· Macro Layer: 41dBm 
· Indoor: 33dBm
· UE: 23 dBm 

	Scheduling Method
	PF

	BS NF
	5 dB

	UE NF
	10 dB

	HARQ
	· Enable or disable
· HARQ
· Min. HARQ retransmission delay: 8 slots
· Packet dropping time
· 30 slots(A packet is in outage if this packet failed to be successfully received by destination receiver beyond “Packet dropping timer)

	PDSCH/PUSCH
	RANK-1 Ideal channel estimation as a baseline

	gNB receiver
	MMSE-IRC

	UE receiver
	MMSE-IRC


SBFD parameters for indoor factory.
	SBFD configuration
	· Scheme-1: DDDSU     red slot is FD slot
· 2 subbands (subband-1:D;subband-2:U)
· FD slot: (S: DL M-RB, Guard: Total-M-N PRBs, UL N-RBs) D:U=M:N
· S slot: x1 DL symbols, x2 gap symbols, x3 UL symbols
· Scheme-2: DDDSU   red slot is FD slot
· 3 subbands, (subband-1:D;subband-2:U;subbband-3:D)
· within FD slot, y% centre RBs are for UL, Guard band RB: same as scheme-1
· S slot: x1 DL symbols, x2 gap symbols, x3 UL symbols



Simulation parameters for Urban Macro.
	Layout
	· Macro layer: Hex. Grid, 21 BSs



	SBFD configuration
	· Scheme-1: DDDSU     red slot is FD slot
· 2 subbands (subband-1:D;subband-2:U)
· FD slot: (S: DL M-RB, Guard: Total-M-N PRBs, UL N-RBs) D:U=M:N
· S slot: x1 DL symbols, x2 gap symbols, x3 UL symbols
· Scheme-2: DDDSU   red slot is FD slot
· 3 subbands, (subband-1:D;subband-2:U;subbband-3:D)
· within FD slot, y% centre RBs are for UL, Guard band RB: same as scheme-1
· S slot: x1 DL symbols, x2 gap symbols, x3 UL symbols

	Baseline
	· DDDSU
· DSSSU

	Traffic Model
	· FTP traffic model 3
· DL/UL Packet size: 0.5 Mbyte/0.125Mbyte
· DL/UL file arriving rate λ chosen from [2.5, 5, 10, 15, 20, 25, 50, 75]
· 𝜆DL:𝜆𝑈L= 4:1/2:3 

	Antenna Configuration 
	· BS: (dH, dV) = (0.5, 0.8)λ
· 192 antenna elements, (M,N,P,Mg,Ng) = (12,8,2,1,1)
· (optional) 128 antenna elements, (M,N,P,Mg,Ng) = (8,8,2,1,1)
· UE: (dH, dV) = (0.5, 0.5)λ
· (M, N, P, Mg, Ng) = (1, 1, 2, 1, 1)
· Optional: (Mg,Ng,M,N,P) = (1,2,2,2,2)
· BS antenna height：25m
· BS antenna element gain + connector loss：8 dBi, including 3dB cable loss
· UE antenna height：1.5m
· UE antenna gain：0 dBi

	Tx power
	· Macro Layer: 41dBm 
· Indoor: 33dBm
· UE: 23 dBm 

	Scheduling Method
	PF

	BS NF
	5 dB

	UE NF
	10 dB

	HARQ
	· Enable or disable
· HARQ
· Min. HARQ retransmission delay: 8 slots
· Packet dropping time
· 30 slots(A packet is in outage if this packet failed to be successfully received by destination receiver beyond “Packet dropping timer)

	PDSCH/PUSCH
	RANK-1 Ideal channel estimation as a baseline

	gNB receiver
	MMSE-IRC
Capability of Interference cancelation (dB):
· Antenna isolation: 35 (depends isolation methods)
· Tx/Rx filter: 40
· RF-SIC: 30
· Digital SIC: -
Total 105
Observation: The total IC at gNB can achieve around 105dB, so sub-band full duplex is promising at gNB side.

	UE receiver
	MMSE-IRC
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